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odern Organic Synthesis: An Introduction is based on the lecture notes of 
a special topics course in synthesis designed for senior undergraduate and 
beginning graduate students who are well acquainted with the basic con- 

cepts of organic chemistry. Although a number of excellent textbooks covering 
advanced organic synthesis have been published, we saw a need for a book that would 
bridge the gap between these and the organic chemistry presented at the sophomore 
level. The goal is to provide the student with the necessary background to begin 
research in an academic or industrial environment. Our precept in selecting the topics 
for the book was to present in a concise manner the modern techniques and methods 
likely to be encountered in a synthetic project. Mechanisms of reactions are discussed 
only if they might be unfamiliar to the student. To acknowledge the scientists whose 
research fomed the basis for this book and to provide the student access to the origi- 
nal work, we have included after each chapter the relevant literature references. 

The book is organized into the following nine chapters and an epilogue: 

* Retrosynthetic analysis: strategies for designing a synthetic project, 
including construction of the carbon skeleton and control of stereochemistry 
and enantioselectivity 

Conformational analysis and its effects on reactivity and product formation 

Problems for dealing with multiple functionality in synthesis, and their 
solutions 

Functional group transformations: classical and chemoselective methods for 
oxidation and reduction of organic substrates, and the availability and 
utilization of regio-, chemo-, and stereoselective agents for reducing 
carbonyl compounds 

Reactions of carbon-carbon n bonds: dissolving metal reductions, 
conversions to alcohols and enantiomerically pure alcohols, chemo- and 
enantioselective epoxidations, procedures for cleavage of carbon-carbon 
double bonds, and reactions of carbon-carbon triple bonds 

Formation of carbon-carbon single bonds via enolate anions: improvements 
in classical methods and modern approaches to stereoselective aldol 
reactions 

* Methods for the construction of complex carbon-carbon frameworks via 
organometallics: procedures involving main group organometallics, and 
palladium-catalyzed coupling reactions for the synthesis of stereodefined 
alkenes and enynes 

Formation of carbon-carbon n-bonds: elaboration of alkynes to 
stereodefined alkenes via reduction, current olefination reactions, and 
transposition of double bonds 

Synthesis of carbocyclic systems: intramolecular free-radical cyclization, 
the Diels-Alder reaction, and ring-closing metathesis 

An epilogue featuring selected natural product targets for synthesis 
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Pumiliotoxin C, a cis-decahydroquinoline from 
poison-dart frogs, Dendrobates pumilio. 

In character, in manners, in style; in all things, the supreme excellence is simplicity 
Henry Wadsworth Longfellow 

hemistry touches everyone's daily life, whether as a source of important 
drugs, polymers, detergents, or insecticides. Since the field of organic chem- 
istry is intimately involved with the synthesis of these compounds, there is a 

strong incentive to invest large resources in synthesis. Our ability to predict the use- 
fulness of new organic compounds before they are prepared is still rudimentary. 
Hence, both in academia and at many chemical companies, research directed toward 
the discovery of new types of organic compounds continues at an unabated pace. Also, 
natural products, with their enormous diversity in molecular structure and their possi- 
ble medicinal use, have been and still are the object of intensive investigations by syn- 
thetic organic chemists. 

Faced with the challenge to synthesize a new compound, how does the chemist 
approach the problem? Obviously, one has to know the tools of the trade: their poten- 
tial and limitations. A synthetic project of any magnitude requires not only a thorough 
knowledge of available synthetic methods, but also of reaction mechanisms, commer- 
cial starting materials, analytical tools (IR, UV, NMR, MS), and isolation techniques. 
The ever-changing development of new tools and refinement of old ones makes it 
important to keep abreast of the current chemical literature. 

What is an ideal or viable synthesis, and how does one approach a synthetic proj- 
ect? The overriding concern in a synthesis is the yield, including the inherent concepts 
of simplicity (fewest steps) and selectivity (chemoselectivity, regioselectivity, 
diastereoselectivity, and enantioselectivity). Furthermore, the experimental ease of the 
transformations and whether they are environmentally acceptable must be considered. 

Synthesis of a molecule such as pumiliotoxin C involves careful planning and 
strategy. How would a chemist approach the synthesis of pumiliotoxin C?' This chap- 
ter outlines strategies for the synthesis of such target molecules based on retrosyn- 
thetic analysis. 

E. J .  Corey, who won the Nobel Prize in Chemistry in 1990, introduced and pro- 
moted the concept of retrosynthetic analysis, whereby a molecule is disconnected, 
leading to logical  precursor^.^ Today, retrosynthetic analysis plays an integral and 
indispensable role in research. 

The following discussion on retrosynthetic analysis covers topics similar to those in 
Warren's Organic Synthesis: The Disconnection  roach^' and Willis and Will's 
Organic Synthe~is.~g For an advanced treatment of the subject matter, see Corey and 
Cheng's The Logic of Chemical 



Basic Concepts The construction of a synthetic tree by working backward from the target molecule 
(TM) is called retrosynthetic analysis or antithesis. The symbol + signifies a reverse 
synthetic step and is called a transform. The main transforms are disconnections, or 
cleavage of C-C bonds, and functional group interconversions (FGI). 

Retrosynthetic analysis involves the disassembly of a TM into available starting 
materials by sequential disconnections and functional group interconversions. 
Structural changes in the retrosynthetic direction should lead to substrates that are 
more readily available than the TM. Syntlzons are fragments resulting from discon- 
nection of carbon-carbon bonds of the TM. The actual substrates used for the forward 
synthesis are the synthetic equivalents (SE). Also, reagents derived from inverting the 
polarity (IP) of synthons may serve as SEs. 

transform 
synthetic 1 ---------> equivalents - u I or reagents I 

Synthetic design involves two distinct steps3": (1) retrosynthetic analysis and 
(2) subsequent translation of the analysis into a "forward direction" synthesis. In the 
analysis, the chemist recognizes the functional groups in a molecule and disconnects 
them proximally by methods corresponding to known and reliable reconnection reac- 
tions. 

Chemical bonds can be cleaved heterolytically, lzomolytically, or through con- 
certed transform (into two neutral, closed-shell fragments). The following discussion 
will focus on heterolytic and cyclic disconnections. 

heterolytic I I I 1 -  - 1  + I  
cleavage C - C -  j -c+ :c- or -c: C- 

I I I I I 1  

Donor md Acceptor Heterolytic retrosynthe 
Synthons3">g breaks the TM into an acceptor synthon, a carbocation, and a donor synthon, a 

carbanion. In a fomal sense, the reverse reaction - the formation of a C-C bond - then 
involves the union of an electrophilic acceptor synthon and a nucleophilic donor syn- 
thon. Tables 1.1 and 1.2 show some important acceptor and donor synthons and their 
synthetic eq~ivalents.~" 



1.1 Retrosynthetic Analysis 3 
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Acceptor Synthons 
e d n d a ~ ~ ~ H ~ * ~ v a ~ z - - ~ -  

S ynthon Synthetic equivalent 

Rf (alkyl cation = carbenium ion) RCI, RBr, RI, ROTS 

Arf (aryl cation) ,4rh2 X- 

+ 
HC=O (acylium ion) 

fl 
HC-X (X = NR2, OR) 

+ 
RC=O (acylium ion) 

:: 
RC-x (X = CI, NR;, OR') 

-I- 

HO-C=O (acylium ion) Go2 

0 
I I 

CH2=CHC-R (R = alkyl, OR') 

+ 
CH20H (oxocarbenium ion) HCHO 

+ 
RCH-OH (oxocarbenium ion) RCHO 

+ 
R2C-OH (oxocarbenium ion) R2C=0 

a Note that a-halo ketones also may serve as synthetic equivalents of enolate ions 
(e.g., the Reformatsky reaction, Section 7.7). 

S ynthon 
Synthetic 

Derived reagent equivalent 

R- (alkyl, aryl anion) RMgX, RLi, R2CuLi R-X 

-CN (cyanide) NaCEN HCN 

RC-C- (acetylide) RC=CMgX, RC=CLi RC-CH 

0- O-M A- x e n o l a t e )  A (M = Li, BR2) 

+ -/ 
P h3P-C (ylide) 

\ 

/ [P~.~-(-HI x- H-c-x \ 

R& ~0~ (a-nitro anion) R- No2 
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Often, more than one disconnection is feasible, as depicted in retrosynthetic 
analyses A and B below. In the synthesis, a plan for the sequence of reactions is draft- 
ed according to the analysis by adding reagents and conditions. 

Retrosynthetic analysis A 

C-C 
0 FG I OH disconnection OH 

dph 3 -ihPh + +I Ph 

Synthesis A 

donor acceptor 
synthon synthon 

X =  Br, I wX sMgX ),, 
6' 6- H Ph 

SE of donor synthon SE of 
acceptor synthon 

I P reconnection 

Retrosynthetic analysis B 

TM acceptor donor 
synthon synthon 

u 
PhLi 

A C I  

SE of acceptor synthon 

up 
Ph-Br 

SE of 
donor synthon 

Synthesis B 

n-BuLi 
Ph-Br PhLi 

THF, -78 "C 
0 

2 PhLi + CuBr Ph2CuLi TM 
THF 

cuprate 
reagent 

Alternating Polarity The question of how one chooses appropriate carbon-carbon bond disconnections is 
 disconnection^^^,^ related to functional group manipulations since the distribution of formal charges in 

the carbon skeleton is determined by the functional group(s) present. The presence of 
a heteroatom in a molecule imparts a pattern of electrophilicity and nucleophilicity to 
the atoms of the molecule. The concept of alternating polarities or-latent polarities 
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Consonant patterns: Positive charges are placed at 
carbon atoms bonded to the E class groups. 

Dissonant patterns: One E class group is bonded 
to a carbon with a positive charge, whereas the 
other E class group resides on a carbon with a 
negative charge. 

(imaginary charges) often enables one to identify the best positions to make a discon- 
nection within a complex molecule. 

Functional groups may be classified as follows:4" 

E class: Groups conferring electrophilic character to the attached carbon (i-): 

---NH2, -OH, -OR, =0, =NR, -X (halogens) 

G class: Groups conferring nucleophilic character to the attached carbon (-): 
-Li, -MgX, -AlR2, -SiR3 

A class: Functional groups that exhibit ambivalent character (+ or -): 
----BR2, C=CR2, CECR, -NO2, EN, ---SIX, ----S(O)R. -S02R 

The positive charge (+) is placed at the carbon attached to an E class functional 
group (e.g., =0, -OH, -Br) and the TM is then analyzed for consonant and dissonant 
patterns by assigning alternating polarities to the remaining carbons. In a consonant 
pattern, carbon atoms with the same class of functional groups have matching polari- 
ties, whereas in a dissonant pattern, their polarities are unlike. If a consonant pattern 
is present in a molecule, a simple synthesis may often be achieved. 

Examples of choosing reasonable disconnections of functionally substituted mol- 
ecules based on the concept of alternating polarity are shown below. 

One Functional Group 
;a 

Analysis 

OH 

43, I 8 - I 5 A- + + 

TM donor 

"i 
acceptor 

synthon synthon 

-MgBr 

acceptor donor 
synthon synthon 
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-- - - 

Synthesis (path a) 

In the example shown above, there are two possible ways to disconnect the TM, 
2-pentanol. Disconnection close to the functional group (path a) leads to substrates 
(SE) that are readily available. Moreover, reconnecting these reagents leads directly to 
the desired TM in high yield using well-known methodologies. Disconnection via 
path b also leads to readily accessible substrates. However, their reconnection to fur- 
nish the TM requires more steps and involves two critical reaction attributes: quanti- 
tative formation of the enolate ion and control of its monoalkylation by ethyl bromide. 

Two Functional Groups in a 1,3-Relationship 

Analysis 

TM donor acceptor 
(consonant pattern) synthon synthon 

FGI 0 
I I 

XK Ph 
SE 

(X = GI, Br) 

Synthesis (path a) 

acceptor donor 
synthon synthon 

LDA = LiN(i-Pr)* 

0 0 
[HI 

/ q ‘ / I ‘ ~ h  - s k i t & -  b- 

I J I P h  
VS. 

reduction? 
0 OH 
I I  I 

- ~ h  

not the desired TM 
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Synthesis (path b) 

desired TM 

Thc consonant chargc pattern and the presence of a P-hydroxp ketolle moiety in 
the TM suggest a retroaldol transform. Either the hydroxy-bearing carbon or the car- 
bony1 carbon of the TM may serve as an electrophilic site and the corresponding 
a-carbons as the nucleophilic sites. However, path b is preferable since it does not 
require a selective functional group interconversion (reduction). 

Two Functional Groups in a 1,4-Relationship 
0 

Analysis 

donor 
synthon 

acceptor 
synthon 

0 
TM 

enolate enamine SE 

(dissonant patterns) a a 
S E  S E  

Synthesis 

The dissonant charge pattern for 2,5-hexanedione exhibits a positive (+) polari- 
ty at one of the a-carbons, as indicated in the acceptor synthon above. Thus, the 
a-carbon in this synthon requires an inversion of polarity (Umpolung in German) 
from the negative (-) polarity normally associated with a ketone a-carbon. An appro- 
priate substrate (SE) for the acceptor synthon is the electrophilic a-bromo ketone. 
It should be noted that an enolate ion might act as a base, resulting in deprotonation 
of an a-halo ketone, a reaction that could lead to the formation of an epoxy ketone 
(Darzens condensation). To circumvent this problem, a weakly basic enarnine is used 
instead of the enolate. 



In the case of 5-hydroxy-2-hexanone shown below, Umpol~lng of the polarity in 
the acceptor synthon is accomplished by using the electrophilic epoxide as the corre- 
sponding SE. 

Analysis 

OH donor acceptor 
or synthon synthon 

TM enolate 

(dissonant patterns) A 
S E  

Synthesis 

The presence of a C-C-OH moiety adjacent to a potential nucleophilic site in a 
TM, as exemplified below, points to a reaction of an epoxide with a nucleophilic 
reagent in the forward synthesis. The facile, regioselective opening of epoxides by 
nucleophilic reagents provides for efficient two-carbon homologation reactions. 

CARBBNYL CROUP POLARITY XX^X-X--_^XI-I .-.I--- (61MPOLUAIG)5 -,--" .--,---s--,w,--- 

In organic synthesis, the carbonyl group is intimately involved in many reactions that 
create new carbon-carbon bonds. The carbonyl group is electrophilic at the carbon 
atom and hence is susceptible to attack by nucleophilic reagents. Thus, the carbonyl 
group reacts as a formyl cation or as an acyl cation. A reversal of the positive polari- 
ty of the carbonyl group so it acts as a forrnyl or acyl anion would be synthetically 
very attractive. To achieve this, the carbonyl group is converted to a derivative whose 
carbon atom has the negative polarity. After its reaction with an electrophilic reagent, 
the carbonyl is regenerated. Reversal of polarity of a carbonyl group has been 
explored and systematized by Seeba~h .~~ , "  

Urnyolung in a synthesis usually requires extra steps. Thus, one should strive to 
take maximum advantage of the functionality already present in a molecule. 



1.2 Reversal of t h e  Carbonyl Group  Polarity (Umpolung) -- 9 

"traditional" approach 

q6- 9- 
R$Y\ 

Nu ' Nu- 

Umpolung approach (E' = electrophile) 

0 
I I  

/c\ E 

formyl anion when R = H 
acyl anion when R = alkyl 

The following example illustrates the normal disconnection pattern of a 
carboxylic acid with a Grignard reagent and carbon dioxide as SEs (path a) and a dis- 
connection leading to a carboxyl synthon with an "unnatural" negative charge (path b). 
Cyanide ion can act as an SE of a negatively charged carboxyl synthon. Its reaction 
with R-Br furnishes the corresponding nitrile, which on hydrolysis produces the 
desired TM. 

approach 

Since formyl and acyl anions are not accessible, one has to use synthetic equiva- 
lents of these anions. Several reagents are synthetically equivalent to formyl or acyl 
anions, permitting the Umpolung of carbonyl reactivity. 

Foamyl and A q l  Anions The most utilized Umpolung strategy is based on formyl and acyl anion equivalents 
Derived from derived from 2-lithio- 1,3-dithiane species. These are readily generated from 1,3- 

1.3-Dithiane~~~~'~' dithianes (thioacetals) because the hydrogens at C(2) are relatively acidic (pK, -3 I ) . ~  
In this connection it should be noted that thiols (EtSH, pK, 11) are stronger acids com- 
pared to alcohols (EtOH, pK, 16). Also, the lower ionization potential and the greater 
polarizability of the valence electrons of sulfur compared to oxygen make the divalent 
sulfur compounds more nucleophilic in S,2 reactions. The polarizability factor may 
also be responsible for the stabilization of carbanions cc to s ~ l f u r . ~  

H (e.g., TsOH) 

1,3-dioxane (an acetal) 
pKa- 40 

1,3-dithiane (a thioacetal) 
pKa = 31 



10 CkiAPTER '! Synthetic Design 
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The anions derived from dithianes react with alkyl halides to give the correspon- 
ding alkylated dithianes. Their treatment with HgC1,-HgO regenerates aldehydes or 
ketones, respectively, as depicted below. 

formyl anion SE 

R-X (1" or 2") 

aldehydes 

acyl anion SE 

R'-X (1 ") 

ketones 

Dithiane-derived carbanions can be hydroxyalkylated or acylated to produce, 
after removal of the propylenedithiol appendage, a variety of difunctional compounds, 
as shown below. In the presence of HMPA (hexamethylphosphoramide, 
[(Me,N),P=O]), dithiane-derived carbanions may serve as Michael  donor^.^ However, 
in the absence of HMPA, 1,2-addition to the carbonyl group prevails. 

1. R'X H H 

R'CHO 



1.2 Reversal of the Carbonyl Group Polarity (Umpolung) 'i 1 

An instructive example of using a dithiane Urnyolung approach to synthesize a 
complex natural product is the one-pot preparation of the multifunctional intermediate 
shown below, which ultimately was elaborated to the antibiotic verrni~ulin.~ 

TMEDA = N,N,N1,N'-tetramethylethylenediamine 
(Me2NCH2CH2NMe2); used to sequester Li+ and 
disrupt n-BuI1 aggregates. 

d. 0 
I I 

HCN Me2 
-78" to 10°C 

vermiculin 
workup steps 

A q l  Anions Derived from The a-hydrogens of nitroalkanes are appreciably acidic due to resonance stabilization 
Nitroalkanes9 of the anion [CH3N02, pK, 10.2; CH3CH2N02, pK, 8.51. The anions derived from 

nitroalkanes give typical nucleophilic addition reactions with aldehydes (the Henry-Nef 
tandem reaction). Note that the nitro group can be changed directly to a carbonyl 
group via the Nef reaction (acidic conditions). Under basic conditions, salts of sec- 
ondary nitro compounds are converted into ketones by the pyridine-HMPA complex 
of molybdenum (VI) peroxide.9b Nitronates from primary nitro compounds yield car- 
boxylic acids since the initially formed aldehyde is rapidly oxidized under the reac- 
tion conditions. 

R' CHO 

Henry reaction 
0- OH 

acyl anion SE mixture of 
diastereomers 

or I 
H2S04, H20 OH 

Nef-type reactions 

nitronate - HN02 
anion 

An example of an a-nitro anion Umpolung in the synthesis of jasrnone (TM) is 
depicted next.ga 
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Analysis 

I I FGI 1 1  

\ 
(dissonant) 

Synthesis 

workup 83% 
1,2-addition 

(two-phase system) 

Ne f reaction 

5a. EtOH, NaOH 
reflux rc.- jasmone 

5b. H 20 workup 

intramolecular aldol, 
dehydration 

Acy! Anions Derived from 0-Protected cyanohydrins contain a masked carbonyl group with inverted polarity. 
CyanohydrinsLo The a-carbon of an 0-protected cyanohydrin is sufficiently activated by the nitrile 

moiety [CH,CH,CN, pK, 30.91" so that addition of a strong base such as LDA 
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generates the corresponding anion. Its alkylation, followed by hydrolysis of the result- 
ant alkylated cyanohydrin, furnishes the ketone. The overall reaction represents alky- 
lation of an acyl anion equivalent as exemplified for the synthesis of methyl 
cyclopentyl ketone. lo" 

OH 
I 

RCHO + HCEN R-C-CN 
I 
H 

cyanohydrin 0-protected 
cyanohydrin 

OCHMe(QEt) 
I 

R- C-CN 
I 
R' 

a. dilute aq. HCI 
(protecting group 0 
hydrolysis) 1 1  

b. dilute aq. NaOH * R/C\ R, 
(cyanohydrin elimination) 

I-I 3c 

80% 

d. aq. NaOH 

An attractive alternative to the above protocol involves the nucleophilic acylation 
of alkylating agents with aromatic and heteroaromatic aldehydes via trirnethylsilyl- 
protected cyanohydrins.lob 

OTMS a. LDA, THF 
I -78 " to -25 "C 

PhCHO Ph-C-CN 
cat. Zn12 I b. i-Prl 

H 
TMS = Me3Si 

OTMS 
a. H', H20 

~h-A-CN 
I b. aa. NaOH P h G  

i-Pr I 

95% overall 

Acyl anion synthons derived from cyanohydrins may be generated catalytically 
by cyanide ion via the Stetter r e a c t i ~ n . ' ~ ~ . ~  However, further reaction with elec- 
trophiles is confined to carbonyl compounds and Michael acceptors. 
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0 OH 
I I  I 

-&- R-C-C-R' + CN- 
I 

H (catalyst) 

OH 
I 

R-C- 
I 

CN 

cat. NaCN 

mCHo 0 + phaPh 
1,4-addition 

Acyl Anions Derived from The a-hydrogens of en01 ethers may be deprotonated with tert-BUL~.'~ Alkylation of 
Enol Ethers the resultant vinyl anions followed by acidic hydrolysis provides an efficient route for 

the preparation of methyl ketones. 

+ R'-CHO 

enol ether 

- H? y- cy yH 
R-C-C-R' * R-C-C-R' 

I I I 
CN H 4~ H 

acyl anion 
equivalent 

Acyl Anions Derived from Treatment of lithium acetylide with a primary alkyl halide (bromide or iodide) 01- with 
Lithium Acetylide aldehydes or ketones produces the corresponding monosubstituted acetylenes or 

propargylic alcohols. Mercuric ion-catalyzed hydration of these furnishes methyl 
ketones and methyl a-hydroxy ketones, respectively. 

R-Br + [Li-CGC-H] 
(1 O only) 

THF 
RCHO + [Li-CEC-H] 

YH 
R-C-CEC-H 

-78 OC I 
(or ketone) H 

0 
I I cat. HgS04 HO, 

H2S04, H20 
R-C' 'CH~  

I 
H 

STEPS ikl PLANNING A SYNTHESIS2," - "*" 

In planning an organic synthesis, the following key interrelated factors may be involved: 

Construction of the carbon skeleton Control of relative stereochernistry 

Functional group interconversions Control of enantioselectivity 
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Col~il~traglcfijon of the Reactions that result in formation of new carbon-carbon bonds are of paramount 
Carbon Skeleton importance in organic chemistry because they allow the construction of complex 

structures from smaller starting materials. Important carbon-carbon-bond-forming 
reactions encountered in organic syntheses are summarized in Table 1.3 and include 

Reactions of organolithium and Grignard reagents, such as RLi, RC=CLi, RMgX, 
and RC=CMgX, with aldehydes, ketones, esters, epoxides, acid halides, and 
nitriles 

Reactions of l o  alkyl halides with -C=N to extend the carbon chain by one carbon 

Alkylations of enolate ions to introduce alkyl groups to carbons adjacent to a 
carbor~yl group (e.g., acetoaretic ester synthesis, malonic ester synthesis) 

Condensations such as aldol (intermolecular, intramolecular), Claisen, and 
Dieckmann 

Michael additions, organocuprate additions (1,4-additions) 

Friedel-Crafts alkylation and acylation reactions of aromatic substrates 

Wittig reactions, and Horner-Wadsworth-Emmons olefination 

Diels-Alder reactions giving access to cyclohexenes and 1,4-cyclohexadienes 

Ring-closing olefin metathesis 

g+***-?>%-:e---,- - & ~ " 4  "; *&y@w% 
,Ls]sj2&&@ Summary of Important  disconnection^^^ 
, , ~ ~ ~ * ~ ~ A Y ~ ~ . - ~ ~ ~ ~ W ~ ~ ~ ~ ~ ~ ~ & ~ G ~ . . - - - - - ~ ~ ~ # : ~ P ~ - ~ ~ ~ ~ & ~ * ~ ~ ~ ~ - ~ - ~ & ~ - - ~ ~ - -  

'SfM Synthorns SE (substrates) Reaction type 

A M g X  + HCHO 

0 0 0 
1,2-addition 
(Claisen 
condensation) 

1,4-addition 

2 4- + +J 4 + 

(Michael 
C02R C02R C02R addition) 

OCH0 + 
Wittig reaction 

c + H ~ C o 2 M e  

Diels-Alder 
c ycloaddition 

H C02Me 
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Below are summarized some important guidelines for choosing disconnections of 
bonds. Thus, the initial stage of the retrosynthetic analysis key fragments are recognized, 
which then can be recombined in the forward synthetic step in an efficient way.3 

Disconnections of bonds should be carried out only if the resultant fragments can 
be reconnected by known and reliable reactions. 

TM straightforward disconnection 

bad disconnection 

Disconnection via path a leads to synthons whose SEs can be reconnected by a 
nucleophilic attack of phenoxide on the propyl bromide to furnish the desired 
TM. On the other hand, disconnection via path b would require either attack of 
n-Pro- on bromobenzene to reconstruct the TM, a reaction that is not feasible, or 
displacement of a benzenediazonium salt by n-Pro- M+. 

Aim for the fewest number of disconnections. Adding large fragments in a single 
reaction is more productive than adding several smaller fragments sequentially 
(see Section 1.4, convergent vs. linear synthesis). 

Choose disconnections in which functional groups are close to the C-C bonds to 
be formed since the presence of functional groups often facilitates bond making 
by a substitution reaction. 

It is often advantageous to disconnect at a branching point since this may lead to 
linear fragments that are generally more readily accessible, either by synthesis or 
from a commercial source. 

A preferred disconnection of cyclic esters (lactones) or amides (lactams) 
produces hydroxy-carboxylic acids or amino-carboxylic acids as targets. 
Many macrocyclic natural products contain these functional groups, and their 
syntheses often include a macrocyclization reaction. 
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Functional groups in the TM may be obtained by functional group interconversion. 

Symmetry in the TM simplifies the overall synthesis by decreasing the number of 
steps required for obtaining the TM. 

. . 
3 C's 3 C's 

I I 

Introduction of an activating (auxiliary) functional group may facilitate carbon- 
carbon bond formation. This strategy works well for the synthesis of cornpounds 
exhibiting a dissonant charge pattern. After accomplishing its role, the activating 
group is removed. 

TM 
(dissonant pattern) 

There is no simple way to disconnect the TM shown below (dissonant charge 
pattern). However, the presence of a 1,6-dioxygenated compound suggests 
opening of a six-member ring. A variety of cyclohexene precursors are readily 
available via condensation and Diels-Alder reactions or via Birch reductions of 
aromatic compounds. 
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Disconnection of an internal (E)-  or (Z)-double bond or a side chain of an alkene 
suggests a Wittig-type reaction or an alkylation of a vinylcuprate, respectively. 

The presence of a six-member ring, especially a cyclohexene derivative, suggests 
a Diels-Alder reaction. 

The structural feature of an a, P-unsaturated ketone or a P-hydroxy ketone in a 
six-member ring suggests a double disconnection coupled with functional group 
interconversions [Michael addition followed by intramolecular aldol condensation 
(Robinson annulation)]. 

Functional Croup Functional groups are the keys to organic synthesis. They can be converted into other 
lnterconversions (FCI)13 functional groups by a wide variety of transformations such as by substitution, dis- 

placement, oxidation, and reduction reactions. Also, they may be used to join smaller 
molecular fragments to form larger molecules or to produce two smaller molecules 
from a large one. A number of selected functional group interconversions often 
encountered in organic synthesis are shown in Table 1.4a-k. 
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Functional Group lnterconversions 
PJ-/d-WA%W&W-#flSH& Wm-V%WZZSm W&%-~--%W%,V~?"W.%WL~-XX-- -W~X~W~-WYA*? *&waE& 

a. Alkyl Chlorides 

NO HCI is formed; high yields of 1" and 2" alkyl chlorides; Angew. Chem., Int. Ed, 1975, 14, 801. 

%. Alkyl Bromides 

RCH=CH2 ------- 
RCH2C H2- Br Z) HBr + free-radical initiator 

RCH=CH~ ------- a. BH3eTHF; b. Br2 + NaOCH3 
W ~ ~ ~ ~ ~ 9 ~ ~ - ~ - ~ ~ ~ ~ ~ - - - 4 - 4 ~ ~ z & - - - ~ ~ - ~ - 7 6 ~ ~ ~ ~ - ~ a - ~ ~ ~ ~ ~ ~ ~ - ~ - ~ - ~ ~ - - ~ 5 ~ ~ ~ r ~ - z ~ ~ 3 ~ % - ~ ~ ~ -  

J. Org. Chem. 1961, 26, 280; see also Hunsdiecker reaction, Org. React. 1957, 9, 332. 

c. Allylic and Propargylic Bromides 

Allylic bromination ) alkene ------- NBS + free-radical initiator 

RCH=CHCH2Br -) i RCH=CHCH20H ------- NaBr, BF,*OE~,~ 

RCH=CHCH20H ------- NBS, IMe2sd 

RCECCH2Br -> RC?CCH20H ------- CBr4, Ph3P 
W - ~ W ~ ~ ~ W W P ~ ~ & A ~ ~ W ~ * " W ~ ~ ~ - ~ ~ ~ C  - u w & ~ ~ ~ C # ~ ~ - ~ R t ? i x Y r r # Q  

Tetrahedron Lett. 1985, 26, 3863. "etrahedron Lett. 1972, 13, 4339. 

d. Alkyl Iodides 

-I- 
RO H ------- [(PhO),P + CH31] [(Ph0)3P-CH3] - 

RBr ------- Nal in acetone, heat 

ROTS ------- Nal 

J. Chem. Soc. 1953, 3, 2224.  inke el stein reaction: Chem. Ber. 1910, 43, 1528; see also 
J. Org. Chem. 1977, 42, 875. 

(continued) 



e. Nitriles 

RCH2-X ------- 
RCH2-CN => NaCEN in DMSO 

RCH2CONH2 ------- oxalyl chloride + DMF + CH3CEN 
(Vilsmeier reagent) 

R-CN [ RCONH2 ------- (CF3S02)20g or (CHO), + HCOOH 
RCH=NOH ------- TBSCI, imidazolei 

R-CN -> Rf2C=0 ------- TsCH2NC, t-BuOKJ 
s & w % ~ ~ ~ ~ ~ L ~ # ~ * ~ , ~ ~ # w # ~ ~ ~ * - w ~ ~ m * " ~ ~ ~ ~  

"ynthesis 1999, 64. J. Org. Chem. 1996, 61, 6486. ' Synth. Commun. 1998, 28, 2807. 
Org. React. 2001, 57, 41 7. 

f. 1" and 2" Alcohols 

RCH2COOH ------- a. LiAlH4; b. H30+ or 
BH3, THF 

RCH2CH20H * RCH2COOR' ------- a. LiAIH4; b. H30+ 
RCH2CH0 ------- NaBH4, EtOH 
RCH=CH~ ------- a. BH3, THF; b. NaOH, H202 

R\ R\ 
CH-OH ,C=O ------- NaBH4, EtOH or 

R" R ' a. LiAIH4; b. H30+ 

R\ 
,CH-OH * RCH=CH2 ------- 1. H ~ ( O A C ) ~ ,  H20; 

H3C 2. NaBH4, NaOH 

g. lo,  2" and 3" Arnines 

r RCON H 2 ------- a. LiAIH4, Et20; b. H30+ 
RCN ------- a. LiAIH4, Et20; b. H30+ 
RCHO ------- NH3, NaBH3CN, EtOH 

RCH2NH2 3 (reductive amination) 

RCH2NHRt * RCONHR' ------- a. LiAIH4, Et20; b. H30+ 
RCHO ------- R' NH2, NaBH3CN, EtOH 

(reductive amination) 

RCH2NRt2 3 RCONR'~ ------- a. LiAlH 4, Et20; b. H30+ 
RCHO ------- R$ NH, NaBH3CN, EtOH 

(reductive amination) 

"etrahedron Lett. 1983, 24, 763. ' Chem. Lett. 1998, 593. 
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h. Aldehydes and Ketones 

RCH2MgX ------- a. Me2NCH0 (DMF); b. H30+ 
RCH2CH20H ------- PCC, Swernm 

or Dess-Martin oxidationn 
RCECH ------- a. Sia2BH; b. NaOH, H202 

RCH~CHO 3 RCH2CH=CH2 ------- a. 03, -78 "C; b. Me2S 
RCH2COCI ------- H2, P ~ I B ~ S O ~ ~  or L~AIH(O~-BU)~' 
RCH2COOH ------- thexylchloroborane 
RCH2COOR' ------- a. i-Bu2AIH, -78 "C; b. H30+ 
RCH2CN ------- a. CBu2AIH, -78 "C;  b. H30+ 

RCOC~ ------- a. (CH3),CuLi, -78 "C; b. H30+ 

a. MeLi (2 eq); b. H30+ 
c1-13 RCECH ------- HgS04, H30+ 

F H - O H  ------- Jones, Swern, 
R ' or NaOCI, HOAc oxidation 

R ' 
organometallic reagentsq 

------- a. R'Li or R'MgX; b. H ~ O '  ' 

\ 
C=O 3 benzene ------- RC0Cl-t AICI3 

Ph' 

'" Synthesis 1981, 165; Org. Synth. 1986, 64, 164. '' J. Org. Chem. 1983, 48, 41 55. 
'Rosenmund reduction: Org. React. 1948, 4, 362. IJ Tetrahedron 1979, 35, 567. 
"etrahedron 1999, 55, 41 77. ' Weinreb amide: Tetrahedron Lett. 1981, 22, 381 5; see also 

J. Org. Chem. 1991, 56, 291 1. 

i. Carboxylic Acids 

RCH2CH0 ------- Jones reagent or NaC102, H20 
RCH2CH20H ------- PDC, DMF or 

Na2Cr2 07, H2 SO4 
RCH2COOH H30+ or HO-, heat 

RCH2COOR' ------- a. LiOH, THF, H20; b. H30+ 
RCH2C00t-BU ------- CF3C02H, CH2CI2, 25 "C 
RCH2Ph ------- Ru04' 

RCOOH 3 { RCH=CH2 ------- Na104, KMn04, t-BuOH, H 2 0  
RC(0)CH3 ------- LiOCI, chlorox 

J. Org. Chem. 1981, 46, 3936. Org. Prep. Proc. Intl. 1998, 30, 230. 

(continued) 
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g~pr$~~$~g$%*w 
Selected Functional Group lnterconversions (continued) 

~ ~ 4 ~ ~ w & > ~ ~ P % & " : ~ ~ & w ~ ~ E ~ ~ ? & % a A w * ~ ~ * ~ x ~ a # ~ ~ ~ ~ ~ z ~ ~ ~ ~ ~  ~ ~ ~ ~ ~ ~ : < * ~ ~ ~ ~ ~ ~ * , ~ m ~ ; * ~ ~ ~ * * ~ < x ~ ~ ~ w ~ * ~ ~ s , w % ~ ~ & * ~ ~ ~ % ~ ~ ~ ~ ~ * ~ ~ w ~ , * x ~ ~  *qwa~"+%*?ar*5<m%adx~ 

j. Alkenes 

I R-X; R-OTS ------- t-BuOK or DBU (E2 elimination) 
R-OH ------- KHS04 or TsOH or H3P04 (dehydration) 

Lindlar catalyst + H2 

Ni(0Ac)2, NaBH4, H2N(CH2)2NH2 alkenes 
1. Sia2BH; 2. AcOH I - 
I LiO, liq. NH3, t-BuOH trans alkenes 

RCHO or R2C0 ------- Wittig reagent (ylide) 

k. Alkynes 

i RCH=CH~ ------- 1. Br2, CCI4; 2. NaNH2, NH3 (liq.) 
HCECH ------- 1, n-BuLi; 2. R-Br ( I  O alkyl only) 

------- 1 a. LDA; b. CIP(0)(OEt)2; 
2a. LDA; b. ~ 2 0 "  

(Me0)2P(0)CHN2, t - ~ u o K "  
1. CBr4, Ph3P, Zn dust; 2a, n-BuLi; 
b. ~ 2 0 "  

RCGCR' RCECH ------- a, n-BuLi; b. R'-Br ( l o  alkyl only) 

" Org. Synth. 1986, 64, 44. " J. Org. Chem. 1979, 44, 4997. Corey-Fuchs procedure; 
Tetrahedron Lett. 1972, 3769; for examples, see Helv. Chim. Acta 1995, 78, 242. 

Control of Relative It is important to use stereoselective and stereospecific reactions (where applicable), 
Stereochernistlry such as 

S,2 displacement reactions; E2 elimination reactions 

Catalytic hydrogenation of alkynes (cis product) 

Metal ammonia reduction of alkynes (trans product) 

Oxidation of alkenes with osmium tetroxide 

Addition of halogens, interhalogens (e.g., BrI) or halogen-like species 
(e.g., PhSCl, BrOH) to double bonds 

Hydroboration reactions 

Epoxidation of alkenes; ring opening of epoxides 

Cyclopropanation 

Control of Enantioselectivity Control of enantioselectivity will be discussed in the corresponding sections on car- 
bony1 reduction (Chapter 4); alkene hydrogenation, epoxidation, and dihydroxylation 
(Chapter 5 ) ;  aldol condensation (Chapter 6); allylation and crotylation (Chapter 7); 
Claisen rearrangement (Chapter 8); and the Diels-Alder reaction (Chapter 9). 
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CHOICE OF SYNTHETIC METHOD 
"-*-*------- 

The choice of a method for synthesizing a compound derived from a retrosynthetic 
analysis should be based on the following criteria: 

Regiochemistry, the preferential addition of the reagent in only one of two 
possible regions or directions, exemplified by the preferential alkylation of 
2-methylcyclohexanone by the derived enolate at C(2) and not at C(6) 

Chemoselectivity, selective reaction of one functional group in the presence of 
other functional groups, exemplified by the preferential reaction of an aldehyde 
in the presence of a keto group 

Stereosclectivi~, the exciusive or predo~ninant formation of one of several 
possible stereoisomeric products, exemplified by the preferential formation of 
cis-3-methylcyclohexanol on reduction of 3-methylcyclohexanone with 
lithium aluminum hydride in THF or Et,O 

Eficiency, fewest number of steps 

High yields in each step; of paramount concern in any chemical reaction is the 
yield 

Availability and costs of starting materials 

* Most environmentally friendly route. Ideally, the atoms of the substrate and  any 
additional reagents used for the reaction should appear in the final product, called 
"atom ec~nomy" '~  -no by-products are formed, isolation of desired product is 
facilitated, and waste disposal is minimized (e.g., the Diels-Alder reaction and 
metal-catalyzed reactions such as the example belowI5): 

O vanadium yph + PhAH 

OH 0 Ph 

94% yield 
Z : E = 9 1 : 9  

* Simplicity of selected procedures. Over the years, a large number of reagents 
have been developed that require special techniques for handling. If possible, one 
should use procedures that are less demanding in their execution. 

Isolation and purification of reaction  product^.'^ Despite recent advances in 
methodologies for the synthesis of very complex molecules, one important aspect 
of synthesis has not changed much over the past decades: isolation and 
purification. A recent excellent review entitled "Strategy-Level Separations in 
Organic Synthesis: From Planning to Practice" discusses various techniques for 
the separation of reaction mixtures.I7 The yield and hence the utility of every 
reaction is limited by the ability to separate and recover the reaction product from 
other materials. 

* Possibility of a convergent synthesis or a "one-pot process" (cascade or tandem 
reactions). 

kinear and Convergent The overall yield in a multistep step synthesis is the product of the yields for each sep- 
Synthese~~" ,~ j .~~  arate step. In a linear synthetic scheme, the hypothetical TM is assembled in a step- 

wise manner. For the seven-step synthesis of the hypothetical TM below, if the yield 
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of the intermediate at each step is 80%, the overall yield will be 21% (0.87 x 100); for 
a 70% yield at each step, the overall yield would be only 8%. 

A-B-C-D-E-F-G-H 

TM 

A AB ABC ABCD ABCDE 

ABCDEF ABCDEFG TM 

Since the overall yield of the TM decreases as the number of individual steps 
increases, a convergent synthesis should be considered in which two or more frag- 
ments of the TM are prepared separately and then joined at the latest-possible stage 
of the synthesis. The overall yield in a convergent synthesis is the product of yields 
of the longest linear sequence. For the synthesis of the above TM, only three stages 
are involved in the convergent strategy shown below, with an overall yield of 51% 
(0.83 x 100). 

stage 1 
stage 2 

A +  B stage 3 - 
A-B-C-D 

C +  D C-D - A-B I 1 A-B-C-D-E-F-G-H 
E + F  - E-F-G-H 
G + H  G-H 
'---r-- 

E-F I J 
It should be noted, however, that the simple overall yield calculation is some- 

what misleading since it is computed on one starting material, whereas several are 
used and the number of reactions is the same! Nevertheless, the increased efficien- 
cy of a convergent synthesis compared to the linear approach is derived from the 
fact that the preparation of a certain amount of a product can be carried out on a 
smaller scale. 

Another important consideration in choosing a convergent protocol is that failure 
of a single step in a multistep synthesis does not nullify the chosen synthetic approach 
as a whole, whereas failure of a single step in a linear scheme may require a revision 
of the whole plan. An example of a triply convergent protocol is the synthesis of the 
prostaglandin PGE, derivative shown below, where the three fragments were prepared 
separately. The two side chains were then coupled sequentially with the cyclopen- 
tenone.19 Introduction of the first fragment involved conjugate addition of the nucle- 
ophilic vinylic organocopper reagent to the enone, followed by trapping of the result- 
ing enolate with the electrophilic side chain. 
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Analysis 

0 

, COOMe 

TBS = silyl protecting group 

I OTBS 

three principal fragments for a convergent coupling 

Synthesis 

OTBS 
B- 

Convergent syntheses involve consecutive reactions, where the reagents or cata- 
lysts are added sequentially into "one pot:' as illustrated in the example below.20 

Analysis 

Synthesis 

b. add B 
c. add C 

d. workup 
TM 

0 LI 
87% 
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g;c@$j@%j DOMINO REACTIONS (ALSO CALLED CASCADE OR TANDEM REACTIONS)21 
%W &-Aed-s --" ---up- 

Domino-type reactions involve careful design of a multistep reaction in a one-pot 
sequence in which the first step creates the functionality to trigger the second reaction 
and so on, making this approach economical and environmentally friendly. A classi- 
cal example of a tandem reaction is the Robinson annulation (a Michael reaction fol- 
lowed by aldol condensation and dehydration). 

MVK Michael addition 
intramolecular 

aldol 
condensation 

dehydration OH 

Computer programs are available that suggest possible disconnections and retrosyn- 
thetic  pathway^.'^ Such programs utilize the type of systematic analysis outlined 
above to identify key bonds2 for disconnection and plausible functional group inter- 
conversions. In doing so, "retrosynthetic trees" of possible pathways that connect a 
synthetic target to simple (andlor commercially available) starting materials are gen- 
erated. The strength of such programs is their thoroughness - in principle, all possi- 
ble disconnections for any target molecule can be considered. For any molecule of 
even moderate complexity, however, this process would lead to a plethora of possible 
synthetic routes too large for any synthetic chemist to analyze in a reasonable amount 
of time. Fortunately, synthesis programs generally also include routines that rank the 
synthetic pathways they produce based on well-defined criteria such as fewest num- 
ber of synthetic steps (efficiency), thus allowing chemists to focus their energy on 
evaluating the viability and aesthetic appeal of key disconnections. Still, each program 
is limited by the synthetic strategies (transforms and FGI) contained in its library of 
possible reactions. Synthetic programs are unlikely to ever replace creative chemists, 
but this is generally not the intent of those who have created them. 

PROBLEMS 

The more challenging problems are identified by an asterisk (*). 

1. Functional Group Interconversion. Show how each of the following 
compounds can be prepared from the given starting material. 
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2. Uwlpolung. Show how each of the following compounds can be prepared from 
the given starting material using either a formyl or an acyl anion equivalent in the 
synthetic scheme. 

C. 0 
I I 

C ICH2(CH2)2-C--C-(C H2)4CH3 CH3(CH2) gC(C H2)3CH=CH(CH2)4CH3 
cis 

3. Wetrosynthetic Analysis - One-Step Disconnections. For each of the following 
compounds, suggest a one-step disconnection. Use FGIs as needed. Show charge 
patterns, the synthons, and the corresponding synthetic equivalents. 
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n-C5H I I 
3 

HO ginger01 
OMe 

4. Synthesis. Outline a retrosynthetic scheme for each of the following target 
molecules using the indicated starting material. Show (1) the analysis (including 
FGI, synthons, synthetic equivalents) and (2) the synthesis of each T M .  

a. 

OMe OMe 

0 
(-)-pyrenophorin 

(antifungal compound) 

ph 

Valium 
(tranquilizer) 
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6, I acetal protecting group for 
1,2-diols; cleaved by H+, H 20 

HO 
C02Et 

$:he 

COOH 
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Chemical synthesis always has some element of planning in it. 
But the planning should never be too rigid. 

R. B. Woodward 

olecules that differ from each other by rotation about single bonds are called 
conformational isomers or conformers. Derek H. R. Barton (1918-98; 

.Nobel Prize, jointly with Odd Hassel, in 1969) showed that the chemical and 
physical properties of complicated molecules can be interpreted in terms of their spe- 
cific or preferred rotational arrangements and that a knowledge of the conformations of 
molecules is crucial to understanding the stereochemical basis of many  reaction^.^ 

Acyclic Systems3 
Ethane 
The eclipsed conformation of ethane is -3 kcallmol less stable than the staggered con- 
formation (-1 kcallmol for each eclipsed H/H pair)." Any conformation between stag- 
gered and eclipsed is referred to as a skew conformation. 

eclipsed 

dihedral angle: 0" 
H 1-C-C-H2 

HI-H2 distance: 2.29 A 

staggered 

dihedral angle: 60" 
H 1-C-C-H2 

HI-H2 distance: 2.44 

The instability of the eclipsed form of ethane was originally postulated to result 
from repulsion of filled hydrogen orbitals. However, state-of-the-art quantum chemi- 
cal calculations now indicate that two main factors contribute to the preference for the 
staggered conformation of ethane.4 First, the eclipsed form is selectively destabilized 
by unfavorable four-electron interactions between the filled C-H bonding orbitals of 
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each pair of eclipsed bonds. Second, the staggered conformer is selectively stabilized 
by favorable orbital interactions between filled C-H bonding orbitals and unfilled 
C-H antibonding orbitals of antiperiplanar C-H bonds (hyperconjugation). 

The energy required to rotate the ethane molecule about the C-C bond is called 
its torsional energy. Torsional strain is the repulsion between neighboring bonds 
(electron clouds) that are in an eclipsed relationship. 

Propane 
The CH3-H eclipsed interaction imposes 1.4 kcallrnol of strain on top of the 2.0 
kcallrnol H-H torsional strains in the eclipsed conformation of propane. The 0.4 
kcallrnol of additional strain is referred to as steric strain, the repulsion between 
nonbonded atoms or groups. 

3.4 kcallrnol 

Types of interactions: 

eclipsed H-CH3 = 1.4 kcallrnol 
2 eclipsed H-H = 2 kcallmol 

Butane 
A potential energy plot for rotation about the C,-C3 bond in butane shows unique 
maxima and minima. There are two kinds of staggered conformations, gauche (steric 
strain) and anti, and two distinct eclipsed conformations (torsional and steric strain). 

eclipsed 
5.4 kcallmol 

H 
gauche 

0.9 kcallrnol 

eclipsed CH3-CH3 = 3.4 kcallrnol 
2 eclipsed H-H = 2 kcallmol 

eclipsed 
3.8 kcallmol 

CH3 
anti 

0 kcallrnol 

2 eclipsed H-CH3 = 2.8 kcallmol 
eclipsed H-H = 1 kcallmol 

2.5 

\ \ \ \H 
H 

H 
H 

gauche conformation 
steric strain 
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At room temperature, n-butane is a mixture of 70% anti and 30% gauche confor- 
mations. To separate these two species, one would have to slow down the intercon- 
version by working at -230°C! 

Ring Systems In addition to torsional strain (eclipsing interaction) and steric strain (nonbonded 
interaction), the compression of internal bond angles in ring systems leads to an addi- 
tional type of strain: angle strain. 

Cyclopropane 
Compression of the ideal 109.5" Csp3 bond angle to an internal bond angle of 60" in 
cyclopropane results in considerable angle strain, which is manifested by "bent 
bonds." Six pairs of eclipsed hydrogens adds an additional -6 kcallmol of torsional 
strain. Total strain is -27 kcal/mol. 

bent bonds typical sp3 bond 
poor overlap = weaker bonds 

The poor orbital overlap in cyclopropane allows for C-C bond cleavage under 
conditions where typical csp3-csp3 bonds are stable. For example, cyclopropanes 
undergo hydrogen~lysis.~ Activated cyclopropanes (i.e., bonded to an electron-with- 
drawing group) are cleaved by nucleophiles, as illustrated be10w.~ 

93% (97: 3 mixture) 

resonance-stabilized 
anion 

Cyclobutane 
Spectroscopic measurements indicate that cyclobutane is slightly bent (puckered), so 
that one carbon atom lies about 25" above the plane of the other three. This slightly 
increases the angle strain (-88" internal bond angle) but decreases the torsional strain 
(< 8 kcal/mol) until a minimum energy balance between the two opposing effects is 
reached. Total strain is -26 kcallmol. 
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1.5 kcallmol 
*L 
7 

Cyclopentane 
There would be no angle strain in cyclopentane if it were planar (108" internal bond 
angle); however, if planar, there would be -10 kcallmol torsional strain. 
Consequently, cyclopentane adopts a puckered, out-of-plane conformation that strikes 
a balance between increased angle strain and decreased torsional strain. Four of the 
carbons are in approximately the same plane, and the hydrogens of the out-of-plane 
methylene group are nearly staggered with respect to their neighbors. In this confor- 
mation, the hydrogens at three of the five carbons can adopt quasi-equatorial or quasi- 
axial positions. The cyclopentane ring is not static but is in constant motion in such a 
way that each carbon alternates as the point of the envelope. Total strain, after puck- 
ering, is 6 kcallmol. 

envelope conformations of cyclopentane 

Cyclohexane 
Cyclohexane is the most important of the carbocycles; its structural unit is widely 
encountered in various natural products. It can adopt a chair conformation that is 
essentially strain free. The chair form of cyclohexane has two distinct types of hydro- 
gens: equatorial and axial. 

Cyclohexane is a dynamic structure, and the chair conformations rapidly flip. Its 
room temperature %-NMR spectrum displays a broad singlet at 6 1.43 ppm (spin 
averaging), which resolves at -106OC into absorptions at 6 1.20 (axial H's) and at 6 
1.66 (equatorial H's) ppm. The interconversion of the two conformations has an 
enthalpy of activation of 10.8 kcallmol. 
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chair half chair twist boat 
0 kcallmol 10.8 kcallmol 5.5 kcallmol 

boat 
7.0 kcallmol 

chair half chair twist boat 

The boat form is an alternate conformation of cyclohexane. Actually, by a slight twist, 
the nonbonded interactions in the boat form can be reduced (twist boat conformation). 

twist boat 
5.5 kcallmol 

twist boat 
5.5 kcallmol 

boat 
-7 kcallmol 

Although the chair form of cyclohexane is the preferred conformation, other con- 
formations are known and in some systems are required. 

twist boat 
(a lactone) 

The lactone moeity acts as a stereochemical bridge, maintaining the hydroxyl and 
carboxylic acid groups in a cis relationship. 

EVALUATION OF MONBOMDED INTERACTIONS 

Monosubstituted Stereoanalysis of monosubstituted cyclohexanes involves two distinct stages7: 
Cyclohexanes 

1. Determination of the topology of the molecule 

2. Assessment of the topology and its effects on the course of a reaction 

Because of the 5.5 kcal/mol difference between the chair and the higher-energy twist 
form of cyclohexane, the vast majority of compounds containing a six-member ring exist 
almost entirely in the chair form. If a six-member ring system can be said to be in one 
chair conformation, then for the purpose of synthetic planning, stereochemical predictions 
can, in many instances, be made with considerable confidence. The factor that contributes 
to the instability of a monosubstituted cyclohexane is the presence of an axial substituent. 
The destabilization caused by an axial substituent (e.g., CH,) is due to its 1,3-diaxial inter- 
action with the two hydrogens on the ring (n-butane gauche-type interactions). 
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H T H  
H 

two gauche butane-type interactions: 
C(1)-CH3 1 C(3)-Ha, and C(1)-CH3 1 C(5)-Ha, 

AGO = - (2 x 0.9) = -1.8 kcallmol 

The equilibrium population of any conformer is given by 

AGO = - RT ln Ke, 

Therefore, we can compute the equilibrium composition of the two methylcyclo- 
hexane conformers as shown below: 

AGO= -RT In Ke, (axial + equatorial) 

At 25 "C (298 Kelvin): AGO= - (1800 callmol) = - (1.987 cal/deg*mol) (298 K) In K,, 

l8O0 = 3.04 Keq= 21 = [equatorial conformer] In Ke, = 
1.987 x 298 [axial conformer] 

[axial conformer] + [equatorial conformer] = 1 

I 

2 1 / %equatorial conformer = - (100) = 95 % 
I 22 

Table 2.1 shows the population dependence of the favored conformation on K,, 
and -AGO. 

Often interaction energy values of conformations are reported as potential ener- 
gies E by assuming that the difference in free energy AGO between isomers is equal to 
E and that AE may be equated with AH0 and AS0 - 0, which is probably true for 
methylcyclohexane. 

It should be noted that AS may not be equal to zero in some di- and poly- 
substituted cyclohexanes. However, since the entropy term AS0 (in cal) will be 
relatively small compared to AH0 (in kcal), we assume that AS0 - 0 and hence 
AGO - AH0. 

Conformational energies for axial-equatorial interconversion for a number of 
monosubstituted cyclohexanes have been reported. These are often referred to as 
A values and allow us to estimate steric effects in reactions. 

Keq (25 "C) 1 2 4 10 100 
-AGO (kcallmol) 0 0.41 0.82 1.4 2.7 
Population % 50 67 80 9 1 99 
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Thc strong prefcrcrncc of the tert-butyl group to occupy an equatorial position 
makes it a highly useful group to investigate conformational equilibria. Thus, a tert 
butyl group will ensure that the equilibrium lies on the side in which the tert-butyl 
group occupies the equatorial position. Note, however, that a tert-butyl group does not 
"lock" a system in a single conformation; conformational inversion still takes place, 
although with a high energy barrier. 

Disubstirtaated Cyclohexarses Depending on the substitution pattern, three principal interactions dictate the confor- 
mational equilibrium: 

1. The presence of a single axial ~~~bst i t~ewjt  (butane-type gauchc interaction) 

2. The interaction of a pair of 1,2-diequatorial substituents (butane-type gauche 
interaction) 

3. The interaction of a pair of cis-1,3-diaxial substituents (1,3-diaxial interaction; 
Table 2.2) 

trans- 1,2-Dimethylcyclohexane 

four 1,3-diaxial CH3-H interactions one gauche CH3-CH3 interaction 

= 4 x 0.9 = 3.6 kcal/mol = 1 x 0.9 = 0.9 kcallmol 

AG" = -(3.6 - 0.9) = -2.7 kcallmol 

cis- 1,2-Dimethylcyclohexane 

two 1,3-diaxial CH3-H interactions two 1,3-diaxial CH3-H interactions 
one gauche CH3-CH3 interaction one gauche CH3-CH3 interaction 

= 1 .8 + 0.9 = 2.7 kcal/mol = 1.8 + 0.9 = 2.7 kcallmol 

Large steric interactions result when two groups are situated syn axially, as in 
cis- 1,3-dimethylcyclohexane: 

two 1,3-diaxial CH3- H interactions no 1,3-diaxial interactions 
one 1,3-diaxial CH3-CH3 interaction no gauche interactions 

= 1.8 + 3.6 = 5.4 kcallmol 
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b-eq & y ~-d#  w 1 2-Diequatorial and 1,3-Diaxial Interaction Energies (k~al/mol)~ 
;&&m&dwaw: ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ + ~ ~ ~ ~ ~ w ~ ~ ~ ~ ~ & ~ ~ ~ < * ~ m x * ~ #  apanw&-#*---a 

R' R 

Evaluation of Destabilization Corey and Feiner7 have developed a computer program (LHASA) for conformational 
Energies (BE',) analysis and for determining the destabilization energies (ED) in substituted cyclo- 

hexane derivatives. In the following discussion, we will adopt their A, G and U des- 
ignations and use the corresponding ED values for evaluating steric interactions. 

Each substituent R has associated with it three appendage interaction values 
(Table 2.3): 

1. An AR value for R-H 1,3-diaxial interactions 

2. A GR value for gauche R-R' 1,2-diequatorial interactions 

3. A UR value for R-R' 1,3-diaxial interactions 

A, GI and U Values of Cyclohexane Derivatives ( k ~ a l / m o l ) ~ ~ ~  - ~ ~ % ~ ~ w v m ~ ~ ~  

F 
C1 
Br 
I 
OH, OR 
NHR 

NR2 
N= 
NE 
C= 
Aryl 
c- 
CO,H, C0,R 
CHO 
CH,R 
CHR, 

C R, 

No values are given for cis-l,2-axial-equatorial interactions because inversion leads ' 

again to a 1,2-equatorial-axial interaction. This is not the case for the trans-1,2- 
diequatorial isomer, since inversion affords a diaxial conformer. For conversion of kcal 
to kilojoules, use 1 kcallmol = 4.1 84 kJ1mol. 
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It is assumed that conformational effects are additive, that is, the destabilizing 
interactions operate independently of each other. However, this is not always the case. 
The magnitude of the ED values for polar substituents may be affected by the polarity 
of the solvent, by hydrogen bonding, and by dipole-dipole interactions. 

Me 

HO ""CI 

OMe 

A :ED=UMe+UOH+GOMe+GCI+$ (~Me+AOH)  B : E D = A ~ ~ e + A ~ I  
= 1.8 + 0.9 + 0.2 + 0.5 + 0.9 + 0.45 = 0.9 + 0.4 
= 4.75 kcallmol = 1.3 kcallmol 

At 25 OC, AED = 4.75 - 1.3 = 3.45 kcallmol 

I Assuming AED - AGO, then K =  339 and B = 99.7% 1 

Wpical Disubstituted 
Cyclohexanes 

Dipole-Dipole Interactions 
The preferred conformations of 2-bromo- and 2-chlorocyclohexanones depend on the 
polarity of the s o l ~ e n t . ~  In the diequatorial conformer there is considerable electro- 
static repulsion. Note that parallel dipoles are destabilizing in a nonpolar solvent. 

favored conformation in methanol favored conformation in octane 
(polar solvent, (nonpolar solvent, 

solvation of CI and C=O) smaller dipole moment) 

Hydrogen Bonding 
Intramolecular hydrogen bonding between 1,3-diaxial OH groups in nonpolar sol- 
vents confers appreciable stability to a conformer. In polar solvents, however, the sol- 
vent competes for intermolecular H-bond formation, resulting in normal steric effects 
dominating the equilibrium. 
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SIX-MEMBER HETEROCYCLllC SYSTEMS 

Betriahydaopyrans The steric interaction between any axial substituent and a P-situated heteroatom is 
counted as zero.7 Thus, in 3-substituted tetrahydropyrans, the destabilization due to an 
axial R substituent is computed as half of the A,. 

Because of the shorter C-0 bond distance (C-0 1.43 A), the 1,3 R . - . H inter- 
action is expected to increase. This is especially evident when two heteroatoms are 
present in the cyclohexane ring, as in 1,3-dioxanes. For example, the conformational 
equilibrium in the following example favors the axial t-butyl group! It should be noted 
that interference by bonded atoms or groups is more severe than by nonbonding (lone 
pairs) electrons. 

C-0 1.43 A 
H3c H C-C 1.54 A 6 t-Bu 

2 x CH3-H - 3.5 kcallmol preferred conformation 
(because of the shorter C-0 bond) t-Bu (ax) -1.4 kcallmol 

AE - 2.1 kcallmol 

Anomeric Effect The anomeric effect refers to the tendency of a group X at C(1) of a pyranose ring to 
assume the axial rather than the equatorial o~ientation.~  his phenomenon is impor- 
tant in carbohydrate chemistry since it influences the composition of isomeric 
mixtures and hence their reactivities. It has been suggested that the effect is caused 
mainly by a stabilizing interaction between the axial lone pair of electrons on the ring 
oxygen atom and the antiperiplanar, antibonding orbital of the C-X bond.'' This 
leads to a shortening of the bond between the ring oxygen and the anomeric carbon 
and a lengthening of the C-X bond. 

Alternatively, electrostatic repulsive forces between the dipoles due to the ring 
oxygen lone pairs and the exocyclic oxygen or halogen may account in part for the 
observed axial preferences. " 

oxygen lone pair interacts Vx 
with C-X 0' orbital 

no stabilization 

+ 
nonrepulsive x repulsive 

dipole-dipole interactions 
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The anomeric effect is solvent and substituent dependent and decreases in the fol- 
lowing order: C1> OAc > OMe > OH, as exemplified by the equilibrium concentra- 
tions of the a and p anomers of substituted D-glucose in various protic solvents at 

A (a anornerj oxocarbeniurn ion B (p anomer) 
intermediate 

X W %A % B  Solvent (25 "C) 

OH OH 3 6 64 H2O 
OMe OH 67 3 3 MeOH 
OAc OAc 8 6 14 AcOH 
C1 OAc 94 6 MeC=N 

---m-----w__l_lll_lllll.". -I -- I I X-- -- - - - - - -- - - - - - - - - - I - -- - 

Hydrindane- Due to a deformation of the cyclohexane ring, cis-hydrindane (the numbers in [ ] refer 
Bicyclo[4.3.0]nonane to carbon atoms between the bridgehead carbons) is only slightly less stable than the 

trans isomer (-1 kcallmol). 8-Methylhydrindane is of interest since it occurs as part 
structure of the CID rings of steroids (as a trans fused ring system). Introduction of an 
angular CH3 group makes the cis isomer more stable than the trans because the cis 
isomer has fewer 1,3-diaxial interactions. 

Decalin-Bicyclo[4.4.Q,]de~ane The decalin structural feature is contained in steroids, many of which have useful bio- 
logical activity. Decalin can exist in two isomeric forms depending on whether the 
rings are trans fused or cis f~rsed. Trans-decalin is constrained to a rigid conformation, 
whereas cis-decalin is conformationally mobile. 
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H no ring inversion 

cis-decalin 
- - - 

Problems involving the flexible conformations of cis-decalin are more easily 
solved with the following chair-chair conformations. The descriptors a and P denote 
that the substituent is below the molecular plane or above the molecular plane, irre- 
spective of axial versus equatorial. 

P-substituents positioned above the plane 
of the ring 

a-substituents positioned below the plane 
of the ring 

Note that trans- and cis-decalin are stereoisomers and not conformational iso- 
mers! cis-Decalin is less stable than trans-decalin by -2.7 kcal/rnol. 
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trans-decalin 

methylene substituents are equatorial 
and hence antiperiplanar 

cis-decalin 

H 

H 

1,3-diaxial interactions 

Ring A: CW at C(5)with CH at C(I) 
C)-l at C(5)with CH at C(3) ED = 3 x 0.9 = 2.7 kcallmol 

Ring B: CH at C(7)with CH at C(1) 1 
CH at C(5)with CH at C(I) --- already counted 

Evaluation of LIE, for 2P-CH, cis-decalin 

P 
ED= 2.7 + 1.8 = 4.5 kcal/mol ED= 2.7 kcallmol 

Both conformations have the same cis-decalin gauche interactions (2.7 kcallmol). 

Evaluation of ED for 2P-OH, 5a-CH, trans-decalin 

ED = AOH $ GCH, + GcH;! (c4) 
= 0.9 -I- 0.4 + 0.4 = 1.7 kcallmol 

--- --- - - - - - - -- - - - - - - -  - - - -  - - -- 
Bridged Bicyclic Systems The bridged bicyclic systems bicyclo[2.2.l]heptane, also called norbornane, and 

bicyclo[2.2.2]octane contain "locked" boat cyclohexane rings. Because of their rigid- 
ity, these systems have played an important role in the development of theories of 
structure-reactivity relationships. 
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Bredt's rule (Julius Bredt, 1924)13 is a qualitative generalization that bridged, 
bicyclic ring systems cannot have a double bond at the bridgehead. This rule does not 
apply to fused or large-member ring systems. 

Fused Bridged 

Double bond to the 
bridgehead is stable 
(independent of n). 

Double bond to the 
bridgehead is highly 
strained when n < 3. 

Bredt's rule violation 

%piiegrclic S ~ S " % ~ S  For multiple, fused cyclohexyl ring systems, several anti and syn configurations are 
possible, as exemplified below. 

trans-anti- trans 

cis-syn- trans 
C-" 

B1TH spa-HYBRIDIZED ",A"V ATOMS - 

Cycllohexanones In the absence of one 1,3-diaxial R-H interaction in 3-substituted cyclohexanones, 
one might anticipate that ED should be reduced by half. However, conformational 
studies have revealed varied results.lb~14 corey and Feiner7 propose to use the values 
of two-thirds A,. 

-- - --- -- -- - - - --- - --- - - - - - - - - ------------ 
CycEI~hexewes The conformational equilibria for monosubstituted cyclohexenes are known to be less 

biased against the axial conformer than is the case with the saturated analog.15 This 
may be attributed to the absence of one 1,3-diaxial hydrogen interaction for either an 
axial or a pseudoaxial substituent in the half-chair conforinations: 
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ax ax = axial 
ax' = pseudoaxial 
eq = equatorial 

ax' eq eq' eq' = pseudoequatorial 

half-chair form 

Evaluation of Desiabiliza"cion 1nterac"cisns in Cyclokexene Systems 
For half-chair cyclohexenes, there are three types of destabilizing interactions: 
(1) 1,3-axial-pseudoaxial, (2) 1,2-equatorial-pseudoequatorial, and (3) 1,2-diequatorial. 
Unfortunately, there are few values published for such interactions. Therefore, we 
adopt the computational A, G, and U values of Corey and Feiner.7 

Allylic Strain 
Another bond type with a marked conforrnational preference is the vinylic bond. 
Eclipsing interactions between vinyl and allylic substituents result in allylic 1,2-strain 

strain) and allylic 1,3-strain strain).16 Both the and the A'.' strain play 
an important role in determining the stereochemical outcome of many important reac- 
tions involving acyclic and cyclic systems (e.g., alkylation of enamines, alkylation and 
protonation of enolates). 

A'.' strain in cyclohexene systems 

A'S* strain - 30 : 70 mixture 

A',' strain (exocyclic) 

p H 3  

A1r3 strain 
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A ' , ~  strain in acyclic systems 

rel. energies 0.73 0 > 2 kcallmol 
(kcallmol) 

p 3  
H 
A 

CH3 
7 

H3C H3C CH3 H3C H 

rel. energies 3.4 
(kcallmol) 

p%w*&m*>r* a4,$$@@9 SIGNIFICANT ENERGY B)IFFERENCEl7 
~ L & , ~ s ~ & L  ~,~--m----A--p---.-* 

The stereochemical course of reactions at three-, four-, and five-member rings can be 
reliably predicted by assuming the relative congestion of the two faces. As the ring 
size increases above six so does the conformational mobility and hence the uncer- 
tainty of the stereochemical outcome. Even with seven-member rings, predictions are 
generally difficult. 

Intermediate in complexity are six-member ring systems that prefer either the 
chair or, much less commonly, the boat and twist boat conformations. As pointed out 
by Barton, knowledge of the conformation of a six-member ring system, and hence its 
axiallequatorial substitution pattern, is crucial to an understanding of the stereochem- 
ical basis for many reactions in ring ~ys tems .~  

A significant energy difference for a conformer is considered to be 1.8 kcal/mol. 
This corresponds to roughly 95% preponderance of one conformer at room tempera- 
ture. Thus conformational homogeneity would be predicted for 2-methylcyclohexa- 
none (AED = 1.8 kcallmol) but not for cis-2-methyl-5-phenylcyclohexanone ( M D  = 
0.2 kcallmol) (see page 44). 

A 
P 

AE D = 1.8 kcallmol H 

COMPUTER-ASSISTED MOLECULAR MODELING 

Theoretical and computational chemistry contribute greatly to our understanding of 
conformational preferences of both stable molecules and transition states." Molecular 
mechanics methods (classical or force field)'' help define the conformational prefer- 
ences of reactants and products. These methods are empirical, having been parame- 
terized to reproduce experimental structures and energies andlor data provided by 
high-level quantum mechanical calculations. Different force fields have been parame- 
terized to perform best for different classes of molecules (e.g., Allinger's MM2- 
~M4'"or typical organic molecules, Kollman's  AMBER^', and Karplus's CHAR- 
h4MZ1 for biological macromolecules), so care is necessary in choosing which method 
to apply to a particular problem. 

In contrast, quantum mechanical calculations are more time consuming but are 
not dependent on empirical parameterization (i.e., they are ab initio). These methods 
have long been used to deduce and rationalize the structures and relative energies not 
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only of reactants and products but also of transition states, thus providing a compre- 
hensive view of reactivity and selectivity..'.' 

The effect of conformation on reactivity is intimately associated with the details of the 
mechanism of a rea~tion.~~~."". '~ Two extreme sit~ations.'~ can arise: 

As a warning against predicting product stereochemistry based on reactant 
conformation, the Curtin-Harnrnett principle states that the rate of reaction of a 
molecule is a function not only of the concentration of any reacting 
conhrmlation but also of its transition state energy. As illustrated in the figure 
below, the conforrnational barrier between reactant conformations A and B is 
substantially lower than the reaction barriers to products PA and P,. While 
conformation A is more populated, product P, will be formed preferentially. 
Thus, when a reaction mechanism demands a particular conformation, the 
product distribution depends not only on the population of reactive starting 
conformers, but also on the transition state energies leading to the respective 
products. The best way to encourage a reaction from a single conformation is to 
suppress the concentrations of all other conformers by introducing appropriately 
placed substituents and/or lowering the reaction temperature. 

Reaction coordinate 

2. The conformational barrier (A <=> B) is substantially higher than the reaction 
barriers TSA and TS,. This case is known as the conformational equilibrium 
control, where the ratio of products is equal to the ratio of the population of the 
starting states. 

Hammond Postulate Early transition states are frequently typical of fast, exothermic reactions in which 
there is no substantial bond making or breaking. Hence, early transition states resem- 
ble starting materials in structure. Late transition states are frequently typical of rela- 
tively slow, endothermic transformations. There is substantial bond formation in late 
transition states; consequently, late transition states resemble products. 

- 

Stereoeiectrolrric EHects Certain reactions have distinct stereoelectronic requirements that must be met if the 
reaction is to proceed efficiently.".25 The effect of conformation on reactivity is con- 
veniently divided into (1) steric effects-close approach of two groups, and (2) stereo- 
electronic effects-spatial disposition of a particular electron pair, either bonded or 
nonbonded, as in S,2 and E2 reactions. 
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Terminology of Selectivityz6 

0 

a 

Stereoisomers have the same molecular formula, but their atoms have a different 
spatial arrangement (configuration). 

A stereoselective reaction leads to the exclusive or predominant formation of one 
stereoisomer over another in a chemical reaction. 

In a stereospeciJic reaction, two stereochemically different substrates react to give 
stereochemically different products. All stereospecific reactions are necessarily 
stereoselective. 

A chemoselective reagent reacts selectively with one functional group in the 
presence of other functional groups. 

In a regioselective reaction, the reagent reacts at only one of two or more possible 
sites. 

In an enantioselective reaction, an achiral substrate is converted by the action of a 
chiral reagent or auxiliary to one of two enantiomers. 

In a diastereoselective reaction, one diastereomer is formed preferentially. 

Thermodynamic control leads to a major product based on its relative stability 
(meaning the product predominates at equilibrium), whereas kinetic control leads 
to a major product based on reaction rate (the product that is formed the most 
rapidly is the kinetic product). 

Esteaifica'tion and The rate of esterification and the rate of saponification will depend on AGS for the rate 
Saponifiication determining step (RDS). In the examples below, the steric requirements of OH and 

C02Et are greater in the tetrahedral intermediate than in the ground state. Hence, 
~ ~ \ ~ i ~ l / ~ ~ ~ ~ ~  is enhanced over for the starting materials. Thus, the equa- 
torial isomers B and D will react faster than the corresponding axial isomers A and C. 
Note that the conformational energies of sp3 groups are generally greater than those 
of sp2 groups. 

Esterification 

t-BU FH t-Bu@ H'cH3 ester 

H RDS 

- 1 AGO = 0.9 kcallmol 
- 

r 
- 1 AG > 0.9 kcallmol 
- 

t-Bu woH H -4 RDS t - B u w o R ~  H 
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Saponification 

acid 
t- BU 

- - / AGO = 1.2 kcallmol I AG > 1.2 kcallmol 
- - 

S,Z-Type Reactions Whereas cyclopentyl compounds undergo S,2 reactions at rates comparable to acyclic 
systems, cyclohexyl compounds react rather slowly in SN2 reactions. The TS of an 
SN2 reaction involves a pentacoordinated carbon and proceeds with inversion of con- 
figuration. Steric hindrance to the approaching nucleophile plays an important role in 
these reactions. For example, the S,2 reaction of thiophenolate (PhS-) with the axial 
cis-1-bromo-4-tert-butylcyclohexane A proceeds -60 times faster than with the equa- 
torial trans isomer B. Inspection of the transition states A$ and B' reveals that back- 
side attack by the nucleophile (PhS-) on the equatorial isomer B is hindered by the two 
axial hydrogens, destabilizing TS B' relative to TS A" Moreover, because of the high- 
er ground state energy of the axial bromide (0.4 kcal/mol), the activation energy is fur- 
ther reduced. 

A L A* I 
cis isomer 

r s- l$ 

B 
trans isomer 

L B* J 

Nucleophilic substitution at an allylic substrate under S,2 conditions may 
proceed via nucleophilic attack at the y-carbon, especially when substitution 
at the a-carbon sterically impedes the normal S,2 reaction. These S,2' reactions 
with cyclohexenyl systems generally proceed via an anti addition of the nucle- 
ophile to the double bond, as depicted below (best overlap of participating 
orbitals). 
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"CH, " 
anti-SN2' addition 

main product 

Michael-Type Additions The stereochemistry of nucleophilic 1,4-additions to enones (Michael-type additions) 
is controlled by stereoelectronic factors. In the absence of compelling steric effects, 
the nucleophile approaches the P-carbon of the enone antiparallel to the neighboring 
(y) pseudoaxial substituent (circled H in the example below). 

I _1 

enolate anion 

E2 Elimination Reaction For stereoelectronic reasons (overlap of reacting orbitals), the two reacting groups, 
H and X, must be either antiperiplnnar or sy~zperiplanar. During an electron transition 
there should be the least change in the position of the atoms involved (Frank-Condon 
effect). Strong bases with a large steric requirement will suppress the S,2 mode of 
reaction. 

bas 

Leaving groups to be eliminated 
should be antiperiplanar. 

Most E2 elimination reactions of cyclohexyl systems proceed through an anti 
conformation except when the synperiplanar arrangement is readily attainable. For 
example, with cyclopentane derivatives and the rigid bicycl0[2.2.l]heptanes~~ and 
bicyclo[2.2.2]octanes, where the H and X can adopt a synperipla\znr arrangement, syn 
eliminations are observed. 
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base 

E2 
- cis-elimination H 

H 

The following ("non-Curtin-Hammett") example demonstrates the reactivity and 
product differentiating effects in E2 reactions. Generally, the overall rate of a reaction 
involving a reactant in various conformers will depend on the rate constants for the 
individual conformers and their populations. 

neomenthyl chloride 

Neomenthyl chloride reacts 
200 times faster with 
sodium ethoxide than 
does menthyl chloride. 

Addition Reactions to 
Double Bonds 

Addition of Electrophiles to Cyclic Compounds 
Addition of bromine to cyclohexene is subject to stereoelectronic control and pro- 
ceeds via formation of a bromoniuin ion intermediate. This is followed by sponta- 
neous antiperiplanar (S,2 type), antiparallel opening by the bromide anion via a 
chairlike TS. Thus, under kinetic control, the predominant or exclusive product 
formed is via path b resulting from diaxial addition of Br, to the double bond. 



52 C!-E!@yER 2 Stereochemlcal Considerations In Plannlng Syntheses 

This is evidenced by the nearly exclusive formation of the diaxial dibromide on treat- 
ment of 4-tert-butylcyclohexene with bromine. 

Preferential formation of diaxial products is further illustrated by the reaction of 
the octalin (octahydronaphthalene) depicted below with an aqueous solution of 
bromine. Addition of the electrophilic "Br+" to the less hindered a-face of the double 
bond and antiperiplanar, antiparallel opening of the resultant bromonium ion inter- 
mediate by HO- furnishes the diaxial bromohydrin. 

B r 14 
bromohydrin 
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Epoxidation of the octalin below with m-chloroperoxybenzoic acid (mCPBA) 
occurs preferentially from the less hindered side to produce the a-epoxide A, which 
on treatment with CH,ONa (or with aqueous acid) gives the diaxial product B. Attack 
of CH,O- at carbon C(3) of epoxide A would lead to the diequatorial product D via 
the higher energy twist boat conformation C in order to maintain the stereoelectron- 
ically required diaxial arrangement of the incoming nucleophile and the departing 
oxyanion. 

cleavage at: 

workup 

G D (not formed) 

- - " I 1 , , , , ~ " ~ ~ - ~ - - - - X I I I  "' e----p̂ -.l." ,-.-----I..-x-" -.-I---,--.- 

Addition of Electrophiles to To achieve diastereoselectivity in electrophilic additions to a double bond in acyclic 
Acyclic Compounds compounds, there must be a facial preference for attack. An A ' , ~  strain provides such 

an element for conformational control, as exemplified by hydroboration of the alkene 
shown below.?'   he hydration of a double bond via hydroboration involves (1) anti- 
Markovnikov addition of the B-H bond, (2) cis addition of the B-H bond, (3) addition 
of the B-H bond from the less hindered side of the double bond, and (4) oxidation 
with retention of configuration. 

largest group, 
blocks p-face 

most stable rotomer addition of BH3 to the 8:l mixture in favor 
(least A ' ? ~  strain) less hindered CY. -face of this diastereomer 

Oxidation of Wicohois The oxidation of a secondary alcohol to a ketone with chromium (V1) is a complex 
reaction. With unhindered alcohols, oxidation proceeds via initial rapid formation of 
the chromate ester followed by a rate-determining E2-type elimination of HCrO, as 
the leaving group. 
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H20 (or pyridine) 

R (VI) 

2 Cr(V) + Cr(III) green 

H2Cr04 I 
R-C-OH + 

I 
H orange 

Axial cyclohexanols are more reactive than the corresponding equatorial alco- 
hols toward chromic acid oxidation. To understand the basis for this effect, we must 
consider the free energies for these reactions. Consider oxidation of the trans- and 
cis-3,3,5-trimethylcyclohexanols. A large portion of the conformational free energy 
of the diaxial interactions of the sp3 hybridized chromate ester in the trans isomer is 
relieved as the reaction proceeds toward the sp2 hybridized keto group. Thus, the 
more strained trans alcohol is more reactive (relief of steric strain)." Alternatively, 
the enhanced reactivity of the trans chromate ester may be rationalized in terms of 
the greater accessibility of the equatorial hydrogen for removal by the base in the 
rate-determining step. 

cis 

relative rates: 1 

- fH 
0 

R 0 
1 1 )  

R-7) kr-OH 

trans 

34 

RDS 

PROBLEMS 

1. Draw the chair or the half-chair conformations (where applicable) for each of the 
molecules shown below and determine the corresponding ED and AE, values. 
Use the A, G, and U values from Table 2.3 and assume 0.7 kcallmol for MeIH 
A ' > ~  strain. 

Me 

OMe 



2. Draw the most stable conformation for each of the compounds shown below. Ubu 
do not need to compute the ED and AED values. 

X 
0 OMe 

H H 

3. For each molecule shown below, calculate the percentage (%) of the more stable 
conformation at the temperature indicated. 

at: 25"C, 
100 "C 

4. Show the conformation of each of the following alcohols and arrange them in 
order of decreasing ease of esterification with p-nitrobenzoyl chloride. 

5. Given below are the observed a : P epoxide ratios from epoxidations of the 
octalins A and B with rn-chloroperbenzoic acid (rnCPBA) in CHC1,. How do 
you explain the differences in stereoselectivity? 
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4 .  Reagents. Show the major product formed for each of the following reactions. 

pyridine 

G* Me 
\\@ 

THF, 0 "C-rt 

'Ve Consider the conformational equilibrium of the ketone below. Explain why 
conformer A predominates in DMSO (100% A), whereas B is the major 
conformer in isooctane (22% A : 78% B). 

'"'8. Suggest a reason why the equilibrium below favors the conformation on the right. 

"9. Why does the adamantyl cornpound shown below behave more like a ketone than 
an amide? (Hint: Draw the corresponding resonance hybrid.) 
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There is no denying that the sheer sense of challenge posed by a complex molecular 
target serves to stimulate the creative impulses of the synthetic chemist. 

S. J. Danishefsky 

TaqgThe presence of several functional groups in a molecule can greatly complicate 
#$ the design of a synthesis, especially if a reagent reacts indiscriminately with 

the various functional groups present (for example, sugars). When a chemical 
reaction is to be carried out selectively at one reactive site in a multifunctional com- 
pound, other reactive sites must be temporarily blocked. Thus, selection of protective 
groups plays an important part in planning a synthesis.' 

A protecting group must fulfill a number of requirements: 

1. The protecting group reagent must react selectively (kinetic chemoselectivity) in 
good yield to give a protected substrate that is stable to the projected reactions. 

2. The protecting group must be selectively removed in good yield by readily 
available reagents. 

3. The protecting group should not have additional functionality that might provide 
additional sites of reaction. 

Introduction of a protective group adds additional steps to a synthetic scheme. 
Hence, one should strive to keep the use of protecting groups to a nzinimum and avoid 
them if possible. 

Primary and secondary amines are prone to oxidation, and N-H bonds undergo met- 
allation on exposure to organolithium and Grignard reagents. Moreover, the amino 
group possesses a lone electron pair, which can be protonated or reacted with elec- 
trophiles (R-X). To render the lone pair less reactive, the amine can be converted into 
an amide via acylation. Protection of the amino group in amino acids plays a crucial 
role in peptide synthesis. 

N-Benzyl groups (N-Bn) are especially useful for replacing the N-H protons in pri- 
mary and secondary amines when exposed to organometallic reagents or metal 
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hydrides. Depending on the reaction conditions, primary amines can form mono- 
and/or dibenzylated products. Hydrogenolysis of benzylamines with Pd catalysts and 
H, in the presence of an acid regenerates the amine.' Generally, benzylamines are not 
cleaved by Lewis acids. 

t-l BnBr Bn 2' 
R-N: R-N: R- N, 

Et3N, MeCN Bn H 

\ BnCI R, 
N-H ,N-Bn 1 HoAc - R \ 

N -H 
R'. NaH, THF R' R' 

The nonpyrophoric Pd(OHWC ji3eai.it?miz's catalyst3) catalyzes the selective 
hydrogenolysis of benzylamines in the presence of benzyl  ether^.^ 

+Bn 
20% Pd(OH)2/C (cat.) 

BnHN H2 (50 psi), EtOH H2NwoBn 

Acylation of primary and secondary amines with acetic anhydride or acid chlorides 
furnishes the corresponding amides in which the basicity of the nitrogen is reduced, 
making them less susceptible to attack by electrophilic reagents. 

Benzamides (N-Bz) are formed by the reaction of amines with benzoyl chloride 
in pyridine or trimethylamine. The group is stable to pH 1-14, nucleophiles, 
organometallics (except organolithium reagents), catalytic hydrogenation, and oxida- 
tion. It is cleaved by strong acids (6N HCl, HBr) or diisobutylaluminum h ~ d r i d e . ~  

Treatment of primary and secondary amines with methyl or ethyl chloroformate in the 
presence of a tertiary-amine furnishes the corresponding methyl and ethyl carba- 
mates, respectively. The protected amines behave like amides; hence, they no longer 
act as nucleophiles. They are stable to oxidizing agents and aqueous bases but may 
react with reducing agents. Iodotrimethylsilane is often the reagent of choice for the 
removal of the N-methoxycarbonyl group.6 
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H 
R' = Me, Et 

The benzyloxycarbonyl group (abbreviated as Cbz or Z) is one of the most impor- 
tant nitrogen-protecting groups in organic synthesis, especially in peptide synthesis. 
It is introduced by reacting the amine with benzyloxycarbonyl chloride in the presence 
of a tertiary-amine. The protected amine is stable to both aqueous base and aqueous 
acid, but can be removed by dissolving metal reduction (LiO, liq. NH,), catalytic 
hydrogenation (PdIC, H,), or acid hydrolysis (HBr). 

Benzyl esters and carbamates in the presence of other easily reducible groups 
such as aryl bromides, cyclopropanes, and alkenes are selectively cleaved with tri- 
ethylsilane and palladium ~hlor ide .~  

The t-butoxycarbonyl group (Boc) is another widely used protecting group for 
primary and secondary a m i n e ~ . ~  It is inert to hydrogenolysis and resistant to bases and 
nucleophilic reagents but is more prone to cleavage by acids than the Cbz group. 
Deprotection of the N-Boc group is conveniently carried out with CF,CO,H, neat or 
in CH,C12 solution.' Selective cleavage of the N-Boc group in the presence of other 
protecting groups is possible when using A ~ C I , . ~  

Boc group 

dil. HCI 
or CF3C02H 

Boc OAc t;l OAc 

TBS = SiMe2t-Bu 85% 

The most important protecting groups for alcohols are ethers and mixed acetals. The 
proper choice of the protecting group is crucial if chemoselectivity is desired. 

Reactivity of alcohols: lo > 2" > 3" ROH 
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The stability of ethers and mixed acetals as protecting groups for alcohols varies 
from the very stable methyl ether to the highly acid-labile trityl ether. However, all 
ethers are stable to basic reaction conditions. Hence, ether or mixed acetal protecting 
groups specifically tolerate 

RMgX and RLi reagents 

Nucleophilic reducing reagents such as LiAlH, and NaBH, 

Oxidizing agents such as CrO, 2 pyridine, pyridinium chlorochromate (PCC), 
and MnO, 

Wittig reagents 

Strong bases such as LDA 

A l b 1  Ethers 

Methyl Ethers 1 RO-CH, I 
Methyl ethers are readily accessible via the Williamson ether synthesis, but harsh con- 
ditions are required to deprotect them. For hindered alcohols, the methylation should 
be carried out in the presence of KOH/DMSO.'~ 

Reagents for cleaving methyl ethers include Me,SiI (or Me,SiCl -I- NaI) in 
C H , C ~ , ~ ~  and BBr, (or the solid BBr, SMe, complex) in CH,C~,." BBr, is especial- 
ly effective for cleaving PhOCH3.12 

NaH TMSl 
ROH ROCH3 ROH 

THF, 0 "C CH2CI2 
(aq, acid workup) 

Methylation of sec-OH groups in sugars with methyl iodide and silver oxide is 
often the method of choice. 

ROH ROCH3 
DMF 

tert-Butyl Ethers 1 R O - C M ~ ~  I 
t-Butyl ethers are readily prepared and are stable to nucleophiles, hydrolysis under 
basic conditions, organometallic reagents, metal hydrides, and mild oxidations. 
However, they are cleaved by dilute acids (S,1 reaction). 

t-BuOH or Me2C=CH2 4 N HCI 
ROH RO t-BLI ROH 

conc. H2SO4 
or BF3 OEt2 

Benaylic Ethers 

Benzyl Ethers -1 
Benzyl ethers are quite stable under both acidic and basic conditions and toward a 
wide variety of oxidizing and reducing reagents. Hence, they are frequently used in 
organic syntheses as protecting groups. It should be noted, however, that n-BuLi may 
deprotonate a benzylic hydrogen, especially in the presence of TMEDA (tetra- 
methylethylenediamine) or HMPA (hexamethylphosphoramide). 
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Formation: Methods for cleavage: 

a. NaH, THF PdIC, H2, EtOH 
ROH ROCH2 Ph ROH + H3CPh 

b. PhCH2Br or 
Ra-Ni, EtOH 

or 
NaO, NH3 (I), EtOH 

Catalytic hydrogenolysis offers the mildest method for deprotecting benzyl ethers. 
Hydrogenolysis of 2'- and 3"-benzyl ethers may be sluggish. Protection of alcohols 
using (benzy1oxy)methyl chloride produces the corresponding (benzy1oxy)methyl ethers 
(RO-BOM), which are cleaved inore readily than the corresponding ROBn ethers.I3 

ROH RO-CH2-OBn ROH 
(i-P r)2N Et, CH2C l2 \ , H2, EtOH 

BOM group 

rhcid-6=a&lyzed Benzylation. Benzyl trichloroacetirnidate, Cl,CC(=NH)OBn, reacts 
with hydroxyl groups under acid catalysis to give the corresponding benzyl ethers in 
good yield.I4 The method is particularly useful for the protection of base- 
sensitive substrates (i.e., alkoxide-sensitive), such as hydroxy estersI5 or hydroxy lac- 
tones, as exemplified below.'" 

NH OTf 
cat. TfOH 

Cl 3 c A 0 ~  P h 

benzyl 
trichloroacetimidate 

L J 

active benzylating agent 

ROH 
NH2 
I 

protected 
alcohol 

C13CC(=NH)OBn 

L O B n  Me0 - 
cvclohexane 

HO hexane, CH2CI2, rt BnO 

p-Methoxybenzyl Ethers I RO-PMB / 
The PMB ether, also refelred to as an MPM ether [(4-methoxyphenyl)methyl], is less 
stable to acids than a benzyl ether. Its utility as a protecting group stems from the fact 
that it can be removed oxidatively with DDQ (2,3-dichloro-5,6-dicyano-1,4-benzo- 
quinone) under conditions that do not affect protecting groups such as acetals, RO-Bn 
(or RO-BOM), RO-MOM, RO-MEM, RO-THP, RO-TBS, benzoyl, tosyl, or acetate 
groups, nor do they affect epoxides or ketones.17 Alternatively, RO-PMB ethers can be 
cleaved with (Nhl,),Ce(NO,),. I S  
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PMBCI DDQ 
ROH ROH 

Et3N RO CH2CI2, H20 
DMAP (cat.) 

Me Me 
'N' 

DMAP = DDQ = Nc$ 1 
NC 

0 

DMAP [(4-(~,~-dimeth~lamino)~~ridine,~~ pK, DMAP-H+ 9.701 is a versatile 
hypernucleophilic catalyst for the preparation of ethers and esters.,' Toxicological data of 
DMAP show that the compound should be handled with care. DABCO (1,4-diazabicy- 
clo[2.2.2]octane)" appears to be a less hazardous substitute for the widely used DMAP. 

Triq8i Ethers 
Triphenylmethyl Ethers I RO-CPh, = RO-Tr I 
Trityl ethers have played an important role in the selective protection and manipula- 
tion of -CH,OH groups in carbohydrate chemistry. In recent years, however, silyl 
ethers are increasingly used in place of the trityl ether protective group. 

Et3N, DMAP (cat.) LOTr 

Trityl ethers are stable to bases and nucleophiles but are readily cleaved by acids 
or by hydrogenolysis (Pd, H,). The trityl group may be selectively cleaved i n  the pres- 
ence of tert-butyldimethylsilyl, triethylsilyl, or benzoyl (Bz) groups.,, 

OBz OBz 

0 OTBS 0 OTBS 

Silyl Ethers The popularity of silicon protecting groups stems from the fact that they are readily 
introduced and removed under mild  condition^.'^ Moreover, a wide variety of silylat- 
ing agents are available for tailor-made protection of ROH groups. The chemoselec- 
tivity of silylating agents for alcohols and the stability of the resultant silyl ethers 
toward acid and base hydrolysis, organometallic reagents, and oxidizing and reducing 
agents increases with increased steric size of the groups attached to silicon. Generally, 
the sterically least-hindered alcohol is the most readily silylated but is also the most 
labile to acid or base hydrolysis. 

Bases generally employed for the preparation of silyl ethers include R3N, irnidazole, 
DMAP, and DBU (1,8-diazabicyclo[5.4.0]undec-7-ene). Hindered ROH groups are best 
converted to the corresponding alkoxides with NaH, MeLi, or n-BuLi prior to silylation. 

'7 R3Si-CI, base 
RLOH R'-0-Si-R Rr--OH + R3Si-F 

or I - THF 
R ,SiOTf n 

2,6-lutidine silyl ether 

R3SiOTf = trialkylsilyl trifluoromethanesulfonate 
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Depending on the structure of silyl ethers, they can be deprotected by H,0, aque- 
ous acids, and fluoride salts. Since silicon has a strong affinity for fluoride ion (bond 
energy, kcallmol: Si-F, 143; Si-0, 11 I), the 0-SIR, bond is especially prone to cleav- 
age by fluoride salts, such as n-Bu,Nf F-, which is soluble in organic solvents such as 
THF and CH,Cl,. 

Trirnethylsilyl Ethers I RO-TMS / 
Et3N, THF 

ROH + Me3SiCI RO-SiMe3 

Unfortunately, trimethylsilyl ethers me very susceptible to solvolysis in protic media, 
either in the presence of acids or bases. Cleavage of RO-TMS occurs on treatment with 
citric acid in CH30H at 20 "C (10 min), or K,CO, in CH30H at 0 "C, or n-Bu,N+F- in 
THF at 0 "C (within seconds). 

Hexamethyldisilazane (HMDS, Me3SiNHSiMe3), is a convenient silylating agent 
for ROH, RCO,H, phenols, and enolizable ketones.', 

Triethylsilyl Ethers I RO-TES I 
Triethylsilyl ethers have been used as protective groups in Grignard additions, Swern 
and Dess-Martin oxidations, Wittig reactions, metallations with R,NLi reagents, and 
cleavage of RO-PMB ethers with DDQ. 

t-Butyldirnethylsilyl Ethers -1 
t-BuMe2SiCI 

imi dazol e Me 
I 

ROH RO-Si-t-Bu ROH 
DMF I THF 

or Me 

t-BuMe2SiOTf 
2,6-lutidine 

The t-butyldimethylsilyl group is the most widely used of the silicon protecting 
groups.25 The rate of silylation of alcohols with TBSCl follows the trend: 1" ROH > 
2" ROH > 3" ROH. The large difference in rate of silylation between primary and sec- 
ondary OH groups makes the TBSCl reagent well suited for the selective protection 
of the -CH,OH group in methyl glycosides. 

For protecting a primary OH group in the presence of a secondary OH group, one 
should use TBS-Cl and Et3N with DMAP as a catalyst. Hindered 2" and 3" alcohols 
can be silylated with t-BuMe,SiOTf and 2,6-lutidine as a base. The t-BuMe,SiOTf 
reagent is prepared from t-BuMe,SiCl and triflic acid.26 
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The TBS ether protecting group is more stable to hydrolysis than the trimethyl- 
silyl ether by a factor of lo4 but is still readily cleaved by exposure to either 
n-Bu4NF in THF, HF-pyridine, CsF in DMF, or H,s~F, .~~  Diisobutylaluminum 
hydride is another reagent for the deprotection of t-butyldimethylsilyl ethers under 
mild conditions .28 

The example shown below illustrates how a compound containing three different, 
often-employed protecting groups can be selectively and sequentially deprotected, 
starting with TBS, followed by THP, and finally with the MEM ether. 

Group 
OTHP Conditions cleaved 

1. ~ - B L J ~ N +  F- TBS 
OTBS 2. AcOH, H20, THF THP 

ME M 0"" 3. TiCI (or ZnBr2) MEM 

Thexyldimethylsilyl Ethers vl 
Thexyldimethylsilyl chloride29 is a liquid and is less expensive then TBSC1. Further- 
more, ROTDS ethers react more slowly under hydrolytic conditions than do  RO-TBS 
ethers. 

ROH ROH 
imidazole I I \ THF , 0 

DMF 

Triisopropylsilyl Ethers I RO-TIPS / 
i-Pr3SiCI 

ROH RO-Si(kPr)3 
or 

ROH 
imidazole, DMAP (cat.) 

CH2CI2 HF, MeCN 

Triisopropylsilyl chloride (TIPS-CI) is an excellent reagent for the selective protection 
of a primary OH in the presence of a secondary OH A simple and efricient 
method for silylation of alcohols and phenols is using TIPS-C1 and imidazole under 
microwave irradiati~n.~' The TIPS group is stable under a wide range of reaction con- 
ditions, such as acid and basic hydrolysis, and toward powerful nucleophiles. 

t-Butyldiphenylsilyl Ethers -1 
ROH RO-SiPh2t-Bu 

or 
ROH 

imidazole 
Et3N, DMAP (cat.) HFepy, THF 

Treatment of primary or secondary alcohols with BPS-Cl in CH,Cl, in the presence 
of imidazole or DMAP affords the corresponding t-butyldiphenylsilyl ethers. Tertiary 
alcohols are not silylated. 
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The BPS group is more stable toward acidic hydrolysis than TBS or the TIPS 
groups. It survives DIBAL (diisobutylaluminum hydride) reductions, cleavage of THP 
with aqueous AcOH, and cleavage of isopropylidene and benzylidene acetals with 
aqueous CF,CO,H. BPS-CI has been used to selectively protect primary OH groups 
in inositol (hexahydroxycy~lohexane).~~ 

Tetrahydropyranyl Ethers I RO-THP I 
The THP group is a widely used protecting group; it is readily introduced by reac- 
tion of the en01 ether dihydropyran with an alcohol in the presence of an acid cata- 
lyst, such as TsOH, BF, OEt,, or POCI,. For sensitive alcohols such as allylic alco- 
hols, PPTS (pyridinium p-toluenesulfonate) is used as a catalyst for tetrahydropy- 
r a n y l a t i ~ n . ~ ~  As an acetal, the THP group is readily hydrolyzed under aqueous acidic 
conditions with AcOH-THF, TsOH, PPTS-EtOH, or Dowex-H (cation exchange 
resin). 

P PTS H 

dihydropyran, 
an en01 ether 

tetrahydropyranyl ether, 
an acetal, - 100% 

Protection of chiral alcohols as THP ethers leads to mixtures of diastereoisomers. 
To avoid this problem, use 5,6-dihydro-4-methoxy-2~-pyran.~~ 

+ .*OH 
TsOH, CH2C I2 

single diastereomer 
chiral 

1 

Methoxyrnethyl Ethers I RO-CH20CH3 RO-MOM / 
a-Halo ethers are often used for the protection of alcohols.35 The high reactivity of 
a-halo ethers in nucleophilic displacement reactions by alkoxides permits the protec- 
tion of alcohols under mild conditions. Moreover, as acetals the alkoxy-substituted 
rnethyl ethers are cleaved with a variety of reagents. 

The reaction of chloromethyl methyl ether (MOM-CI, a carcinogen) with an 
alkoxide or with an alcohol in the presence of i-Pr,NEt (Hiinig's base) furnishes 
the corresponding formaldehyde acetal." Alkylation of 3"-alcohols requires the 
more reactive MOM-I, derived from MOM-C1 and NaI in the presence of 
i - p r , ~ ~ t . , ~  
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I- n-C5H1 I 
OH 

THF OCH20CH3 
V l  

a M O M  ether 
80% 

M 0 M-CI 

MTM = CH2SCH3 
TMSE = CH2CH2SiMe3 

Cleavage of the MOM group with dilute acids or with PPTS in t-BuOH regener- 
ates the A mild and selective reagent for removing the MOM group in the 
presence of methyl or benzyl ethers, -SiPh,t-Bu ethers, or esters is brornotrimethyl- 
silane. However, TMSBr will also cleave acetals and trityl ethers.39 

2-Methoxyethoxymethyl Ethers I RO-CH20CH2CH20CH3 RO-MEM 1 

ROH RO I-1 

PPTS 
t-B UO H 

"'OMEM THF, 25 "C 
J I J ~ ~ ~ ~  

TH PO HO 

MEM ethers are excellent protecting groups for lo, 2", and 3" alcohols and even 
3" allylic alcohols. They are stable toward strong bases, organometallic reagents, and 
many oxidizing agents and are more stable to acidic conditions than THP ethers.40 The 
cleavage of MEM ethers to regenerate the corresponding alcohols is usually carried 
out with anhydrous zinc bromide in methylene chloride. PPTS is a mild reagent for 
removing MEM ethers of allylic alcohols.38 

1 -Methoxyisopropy Ethers RO-C(CH3)20Me = RO-MIP 

The MIP protective group (formerly named MME) is a useful protecting group for 
alcohols that are sensitive to strongly acidic conditions. The use of this group avoids 
the formation of diasteromers. 
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PPTS has been used as a catalyst for the preparation of MIP ethers4' as well as 
for their ~leavage.~, 

Esters 
Carboxylic Acid Esters / o 

The use of carboxylic acid esters as protective groups for alcohols is limited since they 
may undergo acyl substitution, hydrolysis or reduction. Reagents used for the prepa- 
ration of esters in the presence of Et,N or pyridine are Ac,O, Ac,O-DMAP (note that 
DMAP increases the rate of acylation of alcohols with Ac,O by a factor of lo4), 
PhCOCl, (PhCO),O, and t-BuCOC1 (pivaloyl ~ h l o r i d e ) . ~ ~  Deprotection of esters is 
usually done under basic  condition^.^^ 

I V 

OH 
Et 3N 

DMAP (cat.) 
I " 

OAc 

A simple, convenient method for the selective acylation of a primary OH in 
the presence of a secondary OH group is its conversion into the t-butanoyl ester 
(also kliown as a pivalate ester, OPv). Moreover, the steric bulk of the t-butyl group 
makes these esters resistant to nucleophilic attack, including hydrolysis under 
mild basic conditions. The pivalate ester can be cleaved using metal hydride 
reagents. 

90% pivalate ester 

Selective esterification of a primary hydroxyl group in the presence of secondary 
hydroxyl groups also has been achieved with methyl a-D-gluc~pyranoside."~ 

I , , 

75% 
I 

(> 99% monoacetate) 

Q M e  

AcCl (1.2 eq) 

1-10 
2,4,6-collidine 

(2 eq) HO @Me 
OH OH 

Relative reactivities of esters toward hydrolysis and nucleophilic reagents follows 
the order RCOOCM, > RCOOPh > RCOOt-Bu. 

Me Me 

2.4.6-collidine 
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p-Toluenesulfonate Esters / RO-SQC6H4CH3 = RO-Ts / 
p-Toluenesulfonate esters are often used for the regioselective protection of OH 
groups in carbohydrates" and nucleic acids. Primary hydroxyl groups react faster 
with p-toluenesulfonyl chloride ( ~ s C 1 ) ~ ~  than do secondary hydroxyl groups.48 
Extraction of the tosylate with a solution of CuSO, removes traces of residual pyri- 
dine. Methods for the selective deprotection of tosyl groups include reductive cleav- 
age with Na(Hg) amalgam-methanol49 and irradiation by UV light in the presence of 
an electron-rich aromatic compound.50 

a, pyridine Na(Hg) (4%) 
ROH + TsCI ROTS ROH 

b. H+, &8 CH30H, H20 
c. CuS04, H20 

(b + c = workup) 

Reductive cleavage of sulfonates with reducing agents may proceed either via 
C-O or 0-S cleavage leading to alkanes and alcohols, respectively. For example, 
reduction of primary mesylates or tosylates with LAH furnishes preferentially the cor- 
responding  alkane^.^' 

For the more hindered secondary tosylates, hydride attack may occur at sulfur, 
regenerating the original alcohol.52 

Reduction of primary as well as secondary tosylates with LiEt3BH (Superhydride) 
provides a convenient method for the deoxygenation of alcohols to the corresponding 
alkaness3 

&OTs LiEt3BH 
THF, 65 "C 

80% 

OTs 
/ 

Acetalization of 1,2- and 1,3-diols plays an important role in manipulating the reac- 
tivity of cyclic and acyclic polyhydroxy compounds. Acetals derived from 1,2- and 
1,3-diols are readily accessible via their reactions with ketones or aldehydes in the 
presence of an acid catalyst. Once they are formed, acetals are very stable to basic 
conditions but are labile toward acids. 

Notable features of diol acetalization include 

Diols react with aldehydes and ketones in the presence of an acid catalyst to yield 
acetals in a reversible reaction. 



70 Ci4APTER 3 The Concept of Protecting Functional Groups -- - -- - - - - - 

Acetal formation allows the selective blocking of pairs of HO groups in 
polyhydroxy compounds. 

Five- and six-member rings are formed preferentially. 

The equilibrium of diol acetalization is shifted to the acetal side by removing the 
H,O. This may be accomplished by 

Azeotropic distillation (via a Dean-Stark or Merlic trap) 

Addition of molecular sieves (4 A), anhydrous CuSO,, or Drierite 

Transacetalization: acetal exchange with acetals, orthoesters, or en01 ethers, 
avoiding the formation of water 

I , ~ - D ~ O ~ S  Only vicinal cis-OH groups of cyclic 1,2-diols readily form a ~ e t a l s . ~ ~  ~ c e t a l  exchange 
is the most common method for preparing isopropylidene acetals (1,3-dioxolanes). 

Me2COl cat. H2SO4 
CH2C12 (2 phases) 

Me2C(OMe)2 
TsOH (- 2 HOMe) 

or 
OMe 

The strong tendency for acetalization of cis- 1,2-diols is exemplified by the reac- 

1 A M e  TsOH 
(- HOMe) 

tion of glucopyranose A, which on treatment with acetone in the presence of a cat- 
alytic amount of H,SO, furnishes the 1 ,2:5,6-di-0-isopropylidene-a-D-glucofuranose 

isopropylidene derivative 
(acetonide) 

B (thermodynamic product). However, kinetic acetalization with 2-methoxypropene 
in DMF in the presence of TsOH as a catalyst at 0 OC occurs without rearrangement 
to give the 4,6-isopropylidene glucopyranose c . ~ ~  

TsOH, DMFl 0 OC 

Selective protection of tmns-diequatorial 1,2-diols in carbohydrate systems has 
been reported via formation of di-spir~acetals.~~ 

Isopropylidene acetal formation in the acyclic 1,2,4-butanetriol D again favors 
the five-member 1,3-dioxolane ring even if one of the OH groups is tertiary.57 
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Acetalization of D-mannitol (E) with acetone leads to the preferential blocking of the 
two terminal 1,2-diol moieties.58 

TrO TrO 

OH OH H 

1,3-Diols Both cis- and trans-1,3-diols form cyclic acetals with aldehydes in the presence of an 
acid catalyst to furnish the corresponding benzylidene and ethylidene derivatives, 
respectively. 

Treatment of methyl a-D-glucopyranoside with benzaldehyde dimethyl acetal 
in the presence of camphorsulfonic acid (CSA) gives methyl 4,6-0-benzylidene-a- 
~ - ~ l u c o ~ ~ r a n o s i d e . ~ ~  

HO CSA (cat.) ph+q HO 

CHC13, reflux HO 

ROTECTlON OF CARBOMYL GROUPS IN ALDEHYDES AND KE"BONES -- P 

Via 0,O-Acegals Acyclic and cyclic acetals are the most important carbonyl protecting groups of alde- 
hydes and ketones, and also serve as efficient chiral auxiliaries for the synthesis of 
enantiomerically pure  compound^.^^ 
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The acetal protective group is introduced by treating the carbonyl compound with 
an alcohol, an orthoester, or a diol in the presence of a Lewis acid catalyst. In recent 
years, several transition metal catalysts such as TiCl, have been shown to offer major 
advantage over general Brgnsted acid  catalyst^.^' 

Et3N, MeOH 
25 "C 

97% 

Notable features of carbonyl acetalization are 

The general order of reactivity of various carbonyl groups (steric effects may 
cause a reversal of the reactivity order) is as follows: 

1,3-Dioxanes (six-member ring acetals) derived from ketones hydrolyze faster 
than the corresponding 1,3-dioxolanes (five-member ring acetals) 

The selective protection of a reactive carbonyl group in the presence of a less 
reactive one is possible 

Acetals are stable to 

- Strong aqueous bases 

- Nucleophilic reducing agents 

- Organometallic reagents (RLi; RMgX, etc.) 

- Oxidations under nonacidic conditions 

- NaO or Li0/NH3 reductions 

Acetals are cleaved by 

- Acid-catalyzed hydrolysis-this is the most common method for deprotecting 
acetals 

- Selective deprotectiod2 of acetals-determined by the relative rate of 
hydrolysis" as influenced by steric, inductive, and stereoelectronic effects 

Acetalization w i th  Alcohols64 

RCHO + CH30H RCH(OCH3)2 

RCHO + CH30H RCH(OCH3)2 
HC(0CH3)3 80-1 00% 

Acetalization with Trialkyl Orthoforrnates. In an acetal exchange reaction, trialkyl 
orthoformates will convert carbonyl groups to their corresponding acetal derivatives 
without concomitant formation of water. Weak acids such as NH,NO, or amberlyst- 
15 (a sulfonic acid resin) catalyze the a~etalization.~' 
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Acetalization with Diols. l,3-Dioxolane (five-member ring acetal) is the most  wide- 
ly used C=O protecting group. The formation of acetals with diols provides an entro- 
pic advantage over the use of two equivalents of an alcohol. The water formed is 
removed by azeotropic distillation. 

catalysts for acetalization: 
PPTS, BF3 OEt2, TsOH, or amberlyst-15 

cleavage of 1,3-dioxolanes: 
TsOH and H20, or 5% HCI in THF, 
or amberlyst-15 in acetone and H20 

Utilization of orthoformate esters66 and ~ e , ~ i ~ l ~ ~  are standard procedures for 
water removal in acetalization. In the latter case, water is removed as hexarnethyldi- 
siloxane. 

TsOH, 20 "C, 24 h 
(- MeOH) 

0 HO(CH2)20H 

Me3SiCI (2.2 eq) 
f---l 

n-C5H I I+ 
CH2CI2 XCO~M~ C02Me n-C5H 11 

88% 

Acid-catalyzed acetalization of a,/3-unsaturated ketones may result in double 
bond migration. The extent of migration of the double bond of enones depends on the 
strength of the acid catalyst ~ s e d . ' ~ , ~ ~  
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proton 
ion r 

HO 

oxocarbenium ion enol ether 

K. Noyori developed a procedure that avoids migration of the double bond during 
acetalization of a$-unsaturated ketones (enones).& Treatment of the enone with the 
silylated diol 1,2-bis[(trimethyIsilyl)oxy]ethane in the presence of a catalytic amount 
of triinethylsilyl trifluorolnethanesulfonate (TMSOT~~') affords the acetal without 
double bond migration (kinetic control). The stability of the Me&-0-SiMe, formed 
(instead of H,O) drives the reaction to completion. Modifications of Noyori's proce- 
dure in which preparation of the silylated diol is circumvented have been reported.71 

Noyori's acetalization procedure and its variants have been used for the prepara- 
tion of chiral cyclic acetals. The rigid 1,3-dioxolanes formed play an important role as 
temporary chiral auxiliaries in stereoselective reactions and as electrophilic reactants.72 

Chemoselectlvity ofAcetallzation. Electronic and/or steric effects may influence the 
chemoselectivity of 1,3-dioxolane formation in compounds containing more than one 
carbonyl group. 

more reactive 
C=O group 
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Steric hindrance at one carbonyl group may direct acetalization to a less hin- 
dered one. 

HO(CH2)20H 

TsOH (cat.) 
Me toluene (- H20) 

The presence of a double bond in enones increases the electron density at the car- 
bony1 carbon, thereby reducing its reactivity toward acetalization. 

HO(CH2)20H 

TsOH (cat.) 
toluene (- H20) 

Interestingly, Noyori's conditions lead to chemoselective acetalization of the con- 
jugated keto 

0 TMSOTf (1 mol%) 
CH2CI2 

Wieland-Miescher 
ketone 

Chemoselective acetalization of an a,P-unsaturated ketone moiety in the presence 
of a saturated keto group can also be achieved by using 2,4,6-collidinium 
p-toluenesulfonate (CPTS) as a catalyst.74 

HO(CH2),0H 

0 
CPTS (cat.) 

benzene (- HZO) 

Generally, the more reactive aldehyde group undergoes selective acetalization in 
the presence of a keto group. However, there are few methods for the selective acetal- 
ization of a keto group in the presence of an aldehyde group. For example, sequential 
treatment of the dicarbonyl compound shown below with TMSOTf in the presence of 
Me2S, followed by addition of TMSOCH2CH20TMS and removal of the I -silyloxy- 
sulfonium salt, resulted in the chemoselective acetalization of the keto 
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0 (1 -2 eq) OTMS 
CH2CI2, -78 OC 

/-7 
TMSO OTMS n 

(1.1 eq) 

TMSOTf (cat.) o+ 
CH2CI2 OTMS 

Remarkable chemoselectivities in acetalization of carbonyl groups promoted by 
microwave irradiation have been reported. For example, cyclic ketones can be selec- 
tively converted to their corresponding acetals, while acyclic ones remain unchanged 
under the same experimental conditions. Moreover, a,fbunsaturated aldehydes and 
ketones react faster then the corresponding saturated compounds.76 

HO(CH2),0H 

Me l2 (cat.), THF 
microwave, 4 min 

92% recovered 

Via S,S-A~etals~~ Unlike with the corresponding 0,O-acetals, there is less selectivity between cyclic and 
acyclic thioacetals in their ease of formation and cleavage. Moreover, since cleavage 
of thioacetals often requires Hg(I1) salts, the reaction is environmentally less attrac- 
tive when compared to 0,O-acetalization. 

The preparation of thioacetals involves treatment of the carbonyl substrate with a 
dithiol in the presence of an acid catalyst, usually TsOH or BF, OEt,. Since thioacetals 
are quite stable toward hydrolysis, there is no special need to remove the H20 formed dur- 
ing the reaction. Also, since it is more difficult to equilibrate thioacetals than acetals via 
protonation, double bond migration in thioacetalization of enones is usually not observed. 

0 TsOH or BF3-OEt2 
toluene 

The lower basicity of RS-H (pK2, 10) as compared to RO-H (plcl, 16) makes thio- 
nium ion formation more difficult and thus renders thioacetals more resistant to 
hydrolytic cleavage. Hence, an 0,O-acetal moiety can be selectively deprotected in 
the presence of a thioacetal protecting 

The rnethod of choice for deprotection of S,S-acetals takes advantage of the high 
affinity of sulfur for heavy metal ions, such as ~ g ~ + .  Neutralization of the acid generated 
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during hydrolysis with Hg0 or CaCO, allows for the presence of a wide variety of func- 
tional groups. 

H 
deoxygenation 

The alkylation of sulfur with reactive alkylating agents, such as MeI, Me30BF4, 
Et,0BF4, or MeOS02CH,, results in S,S-acetal deprotection without using ~ g ~ ~ . ~ ~  
Reductive removal of the sulfur of thioacetals with Raney-nickel ( ~ a - ~ i ) "  provides a 
frequently used procedure for deoxygenation of aldehydes or ketones. 

Several other procedures are available for the deoxygenation of the carbonyl 
groups of aldehydes and ketones to the corresponding methyl and methylene groups, 
respectively,80 as outlined below. 

Deoxygenation of Aldehydes 
and Ketones 

Reduction of Thioacetals 
Ra-Ni. A mild procedure for deoxygenation of aldehydes or ketones is via desulfuriza- 
tion of their thioacetal derivatives. For example, reduction of thioacetals with Ra-Ni, 
derived by treatment of an Ni-A1 alloy with NaOH, produces the corresponding alkane 
moietiess2 The hydrogen atoms in the deoxygenated product come from the hydrogen 
gas adsorbed on the Ra-Ni surface during its preparation. 

NiA1, + 6 NaOH + H20 Ni (ppt) + 3 Na3A103 + 3 H2 

1. HS(CH2)2SH, BF3*OEt2 

0 
2. Ra-Ni, EtOH 

There are problems associated with the use of Ra-Ni. Its reactivity depends on the 
mode of preparation, and it is pyrophoric in the dry state. Furthermore, the reagent is 
used in large excess, and it may cause the reduction or hydrogenolysis of other func- 
tional groups present in the molecule. 

Ni-Boride. To circumvent the shortcomings of Ra-Ni, thioacetals may be reduced in 
the presence of a Ni-reagent, such as ~i-borides3 generated in situ from NiCl, or 
Ni(OAc), and NaBH,. Ni-boride is more conveniently prepared and handled than 
Ra-Ni and reduces thioacetals without concomitant formation of olefin by-products.s4 

NiC1, (1 eq) + NaBH4 (2 eq) +- Ni-boride + thioacetal -%B.- reduction product 
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n-Bu,SnH. Another effective reagent for the desulfurization of thioacetals is tri-n- 
butyltin hydride in the presence of 2,2'-azobis(isobutyronitri1e) (AIBN), which pro- 
ceeds by a radical me~hanism.'~ 

n-Bu3SnH (4 eq) MeO 
AlBN (0.01 eq) 95% 

benzene + CH3CH3 ? + 2 ( n - B ~ ~ s n ) ~ S  

Clemmensen Reductiona6 
The direct deoxygenation of ketones via the Clemmensen reduction requires strong acidic 
conditions and high temperatures; hence it is not suitable for acid-sensitive compounds. 

Wolff-Kishner Reduction 
Deoxygenation of the carbonyl group of aldehydes and ketones via the intermediacy 
of their hydrazone derivatives, known as the Wolff-Kishner red~ction,'~ offers an 
alternative to the thioacetal desulfurization method. The Wolff-Kishner reduction in 
the presence of hydrazine and NaOH (or KOH) has been replaced largely by the 
Huang-Minlon method," where the deoxygenation is carried out with hydrazine in 
refluxing ethylene glycol. 

H2NNH2 

NaOH 

A milder approach for the deoxygenation of aldehydes and ketones involves treat- 
ment of the preformed hydrazone with t-BuO-KC in DMSO at room temperat~re.'~ 
Alternatively, conversion of the carbonyl group of aldehydes and ketones into the cor- 
responding tosylhydrazone and reduction of these with N~BH,CN~'  or with 
(RC02),~H9' produces the desired methylene compounds in good yields. 

1. H2NNHTs 

THF, heat AOn-C8H17 80% 

EF*zms PROTECTlON OF THE CARBOXVL GROUP 

Protecting groups for carboxylic acids are used to avoid reaction of the acidic COOH 
hydrogen with bases and nucleophiles or to prevent nucleophilic additions at the 
carbonyl carbon. Below are depicted several procedures for the protection of the 
carboxyl group by its conversion to the ester g r ~ u p . ~ ~ ? ~ "  
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Alkyl Esters Classical methods for ester formation include the following approaches: 

strong acid catalyst 
RCOOH + R'OH (excess) RCOOR' 

RCOCI + R'OH RCOOR' 
or Et3N, DMAP 

RCOONa + R'Br or R'I RCOOR' (primary halides only) 

A mild method for the specific preparation of rnethyl esters is the reaction of car- 
boxylic acids with dia~omethane.~~ Since diazomethane is very toxic and explosive, it 
must be handled with care, and is best suited for small-scale preparations. 

+ - 
CH2N2 [ H ~ C - ~ E N :  H2C=N=N:] 

diazomethane 

An operationally simple method for preparing methyl esters involves treatment of 
a carboxylic acid in methanol with of two equivalents of ~ e , ~ i ~ l . ' ~  The esterification 
proceeds via initial formation of the trimethylsilyl ester followed by displacement of 
the silanol by methanol. 

t 
Me3SiCI 

Me3SiOSiMe3 [Me3Si0 HI 

Other methods of esterification: 

RCOOH -I- BF, Et,O i- MeOH. This procedure has been used for the preparation 
of unsaturated methyl esters.94 

RCOOH t- R'X in the presence of DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) as 
a catalyst. 

RCOOH with lo, 2" and 3" alcohols in the presence of DCC (dicyclohexylcar- 
bodiimide) and DMAP gives the corresponding esters in good yield under mild 
conditions (Steglich e~terification).~~ 

i-PrOH, DMAP 
i-Pro oN=c=Na n-Bu' CH3 

DCC 
I 0 
L - - - - - - - - -  N-C-N 
dehydrating 

agent 
N,N'-dicyclohexylurea 

The Mitsunobu esterification of carboxylic acids with alcohols in the presence of 
Ph,P and DEAD (diethyl azodicarboxylate) occurs under neutral conditj ons and 
provides the corresponding esters in high  yield^.'^ 
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COOEt 

w Ph3P, DEAD - 

A very mild esterificatioii method involves reaction of mixed carboxylic-carbonic 
anhydrides derived from carboxylic acids and alkyl chloroformates in the presence 
of a catalytic amount of DMAP.~~  

O (ethyl chloroformate) 

.Y-OH EhN. DMAP (cat.) * n-c7H1 5 

DMAP 
GO2 i- l O E t  

n-C7H I 5 

I-Butyl Estersg8 
An economical proced~~re for the formation of t-butyl esters is the reaction of a car- 
boxylic acid with 2-methyl propene in the presence of an acid catalyst. For a labora- 
tory-scale preparation, formation of the mixed anhydride using MsCl in the presence 
of t-BuOH gives the ester in good yield.9"" 

conc. H 2SO4 (cat.) 
RC02H + H2C=CMe2 RC02CMe3 

Et20, 25 "C 

MsCl (1 eq), EkN (2 eq) 

v t-BuOH (1-5 eq) 
DMAP (cat.), CH2CI2 

- u 
72% 

The t-BuO group provides steric shielding of the carbonyl carbon, thereby 
lowering its susceptibility to attack by nucleophilic reagents. t-Butyl esters are rap- 
idly cleaved with CF,COOH or HC001-I or with TsOH (catalyst) in refluxing 
benzene. 

Benzyl Esters 
Benzjll esters are versatile protecting groups for carboxylic acids. They are usually 
prepared from acid chlorides and benzyl alcohol in the presence of pyridine or from 
carboxylic acids and benzyl chloroformate in the presence of Et3N and a catalytic 
amount of DMAP. A very useful feature of benzyl esters is that they are readily depro- 
tected by hydrogenolysis."".'" 

""." "">" "-- 

T esters) and 2,6-di-tert-butyl-4- 
inethoxyphenyl esters (BHA esters) provide steric suppression of the carboxyl reac- 
tivity so they do not react with RMgX or RLi reagents.'00 RHT and BHA esters 
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derived from a,P-unsaturated acids undergo 1,4-addition with a variety of organo- 
lithium reagents rather than the usually observed 1,2-addition~.'~' Although, these 
esters are very resistant to hydrolysis, oxidative cleavage of the esters with 
(NH,),Ce(NO,), regenerates the acids. 

t-B ti 

BHT 

t-BU 

BHA 

a. n-BuLi 
hexane, THF 

BHA 
b. 0 BHA-0 

h n - B u  
-78 "C 

C I 

Silyi Esters An alternative, operationally simple method for protecting the carbonyl group of 
RC0,H against nucleophilic attack by RMgX or RLi reagents is its conversion to a 
TIPS e ~ t e r . ~ ~ . " ~  Generally, silyl esters are sensitive toward acid-induced hydrolytic 
cleavage. In the case of TIPS esters, desilylation has been achieved by treatment with 
HF pyridine. 

Oxazolines 1,3-Oxazolines protect both the carbonyl and hydroxyl group of a carboxyl group. The 
starting material, 2-amino-2-methylpropanol, is readily available.lo3 

The oxazoline moiety serves as a protecting group toward RMgX and LiAlH,, but 
not for RLi because the protons at C, may be deprotonated.lo4 

Ortho Esters Ortho esters are stable toward base but are readily hydrolyzed on exposure to mild 
acids.'05 The cyclic ortho ester of 1-alkyl-4-methyl-2,6 ,7- t r ioxabicyclo[2.~es  
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( 0 ~ 0 ) ' ~ ~  is frequently used for protecting carboxyl groups.'" Lewis acid-mediated 
rearrangements of carboxylic esters derived from 3-hydroxymethyl-3-methyloxetane 
cleanly afford the corresponding OBO ortho esters. 

an OBO 
ortho ester 

Ff$y>%$sL*$*Ts4 w:~e&aB PROTECTIION OF DOUBLE BONDS 
~ ~ % ~ ~ B 6 5 ~ ~ a ~ & - % ~ a ~  ---...,I I_LIIII_--_ llll.I, -_ 

There are few reported efficient methods available for protecting double bonds. Both 
halogenation-dehalogenation and epoxidation-deoxygenation are procedures that 
have been used for protection-deprotection of double bonds. However, these proce- 
dures are limited in their application, especially in the presence of other functional 
groups. Selective protection of double bonds has been achieved using cyclopentadi- 
enyl iron dicarbonyl tetrafluoroborate as a protecting group. lo8 

w>sV$$bW-e;$22$$ k,&s&qa PROTECTION OF TRIPLE BONDS 
nm^ ,--, &" "" ..-r--x-x---"-.~"".-" 

Masking the potentially acidic proton of l-alkynes (pK, 25) is readily achieved by 
their conversion to the corresponding 1 -silyl- 1 -alkyne~.'~ 

a. MeLi or BuLi 
RCH2-C=C-H RC H2-CZC-SiR3 

or LDA, THF 

Depending on the nature of the trialkylsilyl group, it can be removed under a vari- 
ety of conditions (MeONa in MeOH, n-Bu,NF in THF, or AgNO, in EtOH followed 
by N~CN'O~)). 

Protection of an internal triple bond (or an internal triple bond in the presence of 
a double bond)'1° can be done by converting the former to the dicobaltoctacarbonyl 
complex. The following alkene hydroboration-oxidation example illustrates this 
approach. lo" 
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2. Reagents. Give the structures of the major products (A-G) expected from the 
following reactions. Assume standard aqueous workup conditions are used for 
product isolation. 

I I 
- - 

DMF, -18 "C to rt 
Ho OH 2. Na104, CH2C12 
large excess 

c* Me02C""-- 
1 . TrCI (1 eq) 

H C2 
89% 

2,6-lutidine, CH2C12 imidazole 

3a. N ~ H ,  THF, 6 "C 
3b. BnBr, cat. n-Bu4NI 

1. n-ByNF (xs) 
THF, 0 "C to rt 4. PCC, CH2CI2 

2. (Me0)2CMe2 5. Ph3P=CHCIOH2, 
cat. TsOH, acetone, rt THF, 0 "C 

OBn B- E l  E2 
I 3. H2. cat. Pd(OH)2IC g9% 6. H2, cat. P ~ ( o H ) ~ c ~  

Boc EtOAc, rt EtOAc, rt 

f. 1. TBSOTf, 2,6-lutidine 
PMBO CH2CI2 

C02M e F 
OH 

2. DDQ, pH 7 buffer 
CH2CI2 

1. PCC, CH2C12, 0 "C 
2. [HC=CLil 4a. n-BuLi, THF, -35 "C , . 

T B S O ~ O H  
YHF, -78 'C 

GI 
4b. Etl 

&=+ 62 
3. BPSCI, imidazole 74.1, 5. PPTS, MeOH, rt 6 9 % . . ,  

DMF, rt 
imidazole, CH2CI2 

2. Selectivity. Show the product(s) expected for the following transformations. 

a. 
(Me0)2CMe2 

cat. TsOH 
A 

DM F 

OH 
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b. 1 a. MeLi (> 2 eq) 
- THF, 0 "C 

1 b. BPSCI (1.3 eq) 2. MsCI, Et3N (xs) 
imidazole, DMF 

B 1 
DMAP 

B2 (alkene) 
I c .  aq NH4CI 90% CH2C12,O "C 85% 

workup 
H 

TBS-CI (1.2 eq) 
C1 C2 

bridged Et3N, cat. DMAP 75% 
product Cat. n-Bu4NI 

DMF, 0 "C 

o l l l /  2. H2NNH2 4. H02CC02H 
THF, H20 

E 1 E2 
HO 2. TrCl (1 .O eq) 95% 3b. MeOH, H20 g7% 

pyridine, DMF workup 

f, 1. TBSCI, imidazole 4. MeLi (1.2 eq) 
AcO OH 

FI F2 

rt, 30 min THF, rt 
3. PCC, CH2CI2 

3. TBSCI, cat. imidazole 
i-Pr2NEt, CH2CI2 

61 i+ 6 2  
4. H2, PdIC, EtOH 

OH 5. PCC, CH2CI2 

3. Retrosynthetic analysis. Outline a retrosynthetic scheme for each of the 
following target molecules. Show (I) the analysis (including FGI, synthons, 
synthetic equivalents) and (2) the synthesis of each T M .  Ybu may only use 
compounds with five or fewer carbons as starting materials. 

4. Synthesis. Supply the missing reagents required to accomplish each of the 
following transformations. Be sure to control the relative stereochernistry. 
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BnO 
CH3 

"5. Explain the regio- and stereochemical outcome of the following sequence of 
reactions by showing the structures of the intermediates obtained after each step. 
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Discovery consists of seeing what everybody has seen and thinking what nobody 
has thought. 

Albert Szent-Gyorgyi 

r r q h e  classical procedure for oxidizing primary alcohols to aldehydes and sec- 
f l  ondary alcohols to ketones involves treatment of the appropriate alcohol with 
@ a chromium(V1) reagent.' Oxidation of primary alcohols to aldehydes requires 

anhydrous conditions. In the presence of water, the resultant aldehyde can form the 
hydrate, which may be further oxidized to the carboxylic acid. 

Recently, procedures for oxidation of alcohols to aldehydes and ketones have 
been developed that obviate the toxicity associated with the use of chromium reagents. 
Because of the greater stability of ketones to most oxidizing conditions, the conver- 
sion of secondary alcohols to ketones can be accomplished with a wide variety of 
reagents and conditions (Table 4.1). 

The E2-like process depicted for the general oxidation mechanism in Table 4.1 is 
supported by the observation that deuterium substitution of the a-H in isopropanol 
slows the rate of chromic acid oxidation by ~evenfold.~ Deuterium replacement at 
the methyl positions does not diminish the oxidation rate. Since C-D bonds are bro- 
ken more slowly than C-H bonds, these results suggest that the a-H is removed in a 
slow step. 

Relative rate 1 .O 0.16 1 .O 
of oxidation 
with H2Cr04 
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R' H oxidant R' 

R L O  

Name 

Jones 

Swern 

Reagents 

DMSO, 
oxalyl chloride 

Dess-Martin 

TEMPO 

AcO 0 

NaOCI, NaBr 

&FpEEa REAGENTS AND PROCEDURES FOR ALCOHOL OXlDATiON 2 , .  , , " .  , . "."".'.II".^."X"." -- 

""~" a,,--.., ", -------" ---., 

Bones Reagent CrO, + H2S0, + H,O + acetone 

or Na2Cr20, + H2S0, + H20 + acetone 

The Jones reagent is an excellent reagent for the oxidation of secondary alcohols that 
do not contain acid-sensitive groups such as a ce t a l~ .~  Oxidation of primary alcohols 
with Jones reagent may result in the conversion of the aldehydes initially formed to 
the corresponding carboxylic acids. The reagent is added to the alcohol contained in 
acetone at 0-25 "C, and the excess Cr(V1) is destroyed in the reaction workup by 
adding some isopropyl alcohol (color change from orange to blue green). 

u acetone L/ 

Chromic acid oxidation may also be performed in the presence of water- 
immiscible solvents. Addition of a stoichiometric amount of aqueous sodium dichro- 
mate and sulfuric acid to a solution of the secondary alcohol in diethyl ether at 25 "C 
affords the corresponding ketone., 
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C~slfins-Ratcliff Reagent CrO,. 2CsH,N is a mild reagent for the oxidation of alcohols that contain acid-sensi- 
tive groups.' The reagent is prepared by adding CrO, (carcinogenic) to a mixture of 
pyridine-CH,CI,, and the RCH,OH or R,CHOH is then added to the oxidant in 
solution. Unfortunately, to achieve rapid and complete oxidation, a large excess of the 
reagent is required. 

RCHO 

[Ct-03 ~ ~ 2 1  

R2C=0 

0 

substrate 
c. workup 

Pyridiaium Chlolrochromate 2e- 
(pee) RCH20H -I- PCC RCHO + py 0 HCI + Cr02 + H20 

Primary and secondary alcohols are readily oxidized in CH,Cl, utilizing 1 to 1.5 
equivalents of PCC.6,7 Since PCC is slightly acidic, oxidations of compounds con- 
taining acid-sensitive groups should be carried out in the presence of powdered 
N~OAC. 6a 

PCC 

preferential formation 
of 5-member 

1,3-dioxolane ring 

Oxidation of primary alcohols with PCC in the presence of molecular sieves (3 A 
or 4 A) results in higher yields of  aldehyde^.^ Ultrasound also has been used to facil- 
itate PCC  oxidation^.^ 

Pyridinium Dichromate (PDC) PDC is soluble in H,O, DMF, and DMSO but sparingly soluble in CH,CI, or CHCI,. 
The reagent is less acidic than PCC. Hence, oxidations in CH,C1, can be carried out 
under nearly neutral conditions. This permits the conversion of primary alcohols con- 
taining acid-sensitive groups into the corresponding aldehydes or ketones,'' as illus- 
trated below. 

acid-labile 2 5 " ~ -  90% 
enol ether 
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In DMF solution, however, PDC oxidizes nonconjugated primary alcohols to the 
corresponding carboxylic acids.'' Oxidations of 2" alcohols by PDC in DMF proceed 
to give the corresponding ketones. 

DMF, 25 "C 

- - -- - - - - -- - - -- - - - - - - - - -- 

Swern Oxidation Activation of dimethylsulfoxide (DMSO) by oxalyl chloride produces intermediate A 
(below) that decomposes rapidly at -78 "C to furnish chlorodimethylsulfonium chlo- 
ride (B) along with CO and CO,. Reaction of I3 with RCH,OH (or R,CHOH) leads to 
intermediate C, which upon addition of Et,N and warming affords the corresponding 
carbonyl compound, Me,S and E~,NH'C~-. 

The Swern oxidation proceeds rapidly at low temperatures and thus can be 
employed for the preparation of a-keto aldehydes and acylsilanes, which are hyperac- 
tive carbonyl compounds and prone to hydration, polymerization, and air oxidation.12 

CH2CI2, - 50 "C 
b. Et3N 

-50 to 0 "C 9 4 O/o 
c. H20 workup 

EOH Swern 
nmC6H1 3 

If formation of chlorinated side products is a problem, the Swern oxidation can 
be performed with DMSO, P,O,, and Et,IV.13 
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HO a. DMSO, P2O5 

CH2CI2 &C02M e 

85% 

Oxidation of 2-iodobenzoic acid with Oxone (2 ISHS0,-KIIS0,-&SO4) fur- 
nishes the oxidizing agent o-iodooxybenzoic acid, IBX,'" periodinane. (Note: 
IBX is reported to be explosive when heated > 130 "C.) Acetylation of IBX with 
Ac,O in the presence of a catalytic amount of TsOH produces the Dess-Martin 
periodinane, DMP, 1,1, 1-triacetoxy- l , I  -dihydro- 1,2-benziodoxol-31-one, in 
high yield.16 

The Dess-Martin oxidation of alcohols has proven to be an efficient method for 
the conversion of primary and secondary alcohol to aldehydes and ketones, respec- 
tively. The rate of oxidation is markedly accelerated in the presence of water.'6b 
The oxidation proceeds uiider mild reaction conditions and is especially suitable 
for multifunctional substrates containing acid-sensitive groups, as exemplified 
below. l 7  

Bn02C OTMS Bn02C OTMS 

OH 

22 OC, 30 min 

The DMP reagent has several advantages over Cr(V1)- and DMSO-based oxi- 
dizing reagents. These incl~ade the use of DMP in a near 1 to 1 stoichiometry, rel- 
ative ease of preparation, shorter reaction times, simplified workups, and lower 
toxicity. 

IBX, the precursor of DMP, is a valuable oxidant of functionalized alcohols and 
nitrogen- and sulfur-containing s~~bstrates when dissolved in DMSO." In contrast 
to the oxidative cleavage observed with 1,2-diols by the DMP reagent, IBX converts 
glycols to a-ketols or a-diketonesl"'and 1,4-diols to lactols.'"" 

OH DMSO -0 

OH IBX (I .2 eq) 

OH DMSO 
* 
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Tetra pro pyiammon iu rn TPAP (Pr4N'Ru04-) is an air-stable oxidant for primary and secondary alcohols .20 It 
Pearuthenate VPAP) is commercially available and environmentally friendly since it is used in catalytic 

amounts in the presence of a co-oxidant such as N-methylmorpholine-N-oxide (NMO). 

RCH20H RCHO + Ru(lV) 
NMO 

It is important that the H20 produced in the reaction or any H20  derived from 
hydrated NMO be removed with molecular sieves. Oxidations can be performed on 
small or large scales. For large-scale reactions it is important to moderate the reaction 
by slow addition of NMO while cooling. 

TPAP tolerates a wide variety of functional groups, including double bonds, 
enones, halides, epoxides, esters, and lactones. Protecting groups, such as MEM, 
trityl, silyl and benzyl ethers, THP, and acetals, are not affected. 

TPAP (5 mol %) 

HO NMO (1.5 eq) 
b 

molecular sieves 
OTBS (500 mgi mmol) OTBS 

r'%"C02Me 1. TPAP oxidation (%'c02Me 

2. Wittig olefination 
OH (Ph,P = CHC02Me) 

EEgE-gz CHEMOSEhECTlVE AGENTS FOR OXID8211MG AKOHOIIS 

Activated Manganese MnCI2 + KMn04 + H20 Mn02 (PP~) 

Dioxide 
MnO, is a highly chernoselective oxidant-allylic, benzylic, and propargylic alcohols 
are oxidized faster than saturated al~ohols .~ '  The oxidation takes place under mild 
conditions in H20, acetone, or CHC1,. 

The disadvantages of oxidations with manganese dioxide include the large excess 
of MnO, that is typically required for complete conversion of the starting material (it 
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is not unusual to use > 40 equivalents), the long reaction times, and the difficulty asso- 
ciated with obtaining highly activated MnO,. 

KMn04 + BaCI2 + NaOH + KI 

Ba[MnO,], possesses similar chemoselectivities as MnO, in oxidations of alco- 
hols, but it is more readily available and does not require special treatment for its 
a~tivation.,~ 

- Ba[Mn04]2 
/ - \  -CHO 

TBSO OH CH2C12 TBSO 
25 "C 90% 

'U 

lactone 

Ba[MnO4I2 (1.5 eq) 
CH2CI2 

Silver Carbonate on Cefite Silver carbonate is especially useful for small-scale oxidations since the products usu- 
(Fetizon's Reagent) ally are recovered in high purity by simply filtering the Ago and evaporating the sol- 

vent.,, The ease of alcohol oxidation follows the trend: allylic, benzylic-OH > 2" 
ROH > 1 " ROH.*" Highly hindered -OH groups are not oxidized. Oxidation of allylic 
a, o-diols gives high yields of five- or six-member ring lac tone^.^^^ 

k"S celite 
benzene 

HO reflux 

Ag2C03 (10 eq) 
celite 

benzene 
ref l ux 

80% 

Silver carbonate has been used to oxidize lactols (hemiacetals) to lac tone^.,^ 
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hemiacetal 70% 

--_I ---___I _ -__--___ _ I _ _ _  I -__ -_-- ____-_ I- 

2.2.6.6-Tetramethyl- TEMPO is a commercially available nitroxyl radical-containing reagent that catalyzes 
I-piperidinyl~xy (TEMPO) the oxidation of primary and secondary alcohols in conjunction with co-oxidants 

(oxygen, hypochlorite, bromite, hypervalent iodine, or peroxy acids).26   he catalyst is 
particularly useful for the oxidation of optically active a-alkoxy- or a-amino alcohols 
to the corresponding aldehydes without loss of enantiomeric purity.27 

NaOCI, NaBr H"' 
~h-OH Ph 

TEMPO (cat.) N H C ~ Z  0-5 "C NHC~Z  
90°/o 

TEMPO-catalyzed oxidations are chemoselective for primary alcohols.28 Secondary 
alcohols are oxidized slowly, as illustrated 

Polymer-supported TEMPO is a metal-free catalyst for chemoselective oxidations. 
It is readily removed from the reaction mixture and can be reused several times.29 

..,"-__I."---p1___ ___---- __lX -- I___- ----__I -- _--I 

Ceric Ammonium Nitrate? Chemoselective oxidation of a secondary OH group in the presence of a primary OH 
group has been achieved with (NH,),Ce(NO,),, N ~ B ~ O , . ~ '  Note, however, that the 
reagent does not tolerate the presence of double bonds. 

.................. ............... ". . .........." .... "." - -. ..... -. -.--.... . . . . . . . . . . . . . .  ........ .... ..-.- ........... ......... ". 

Tri pheny lcarbenium Triphenylcarbenium salts (P~,c'x-) selectively oxidize secondary t-butyl or triph- 
Tetrafluoroborate enylmethyl (trityl) ethers derived from  alcohol^.^' The oxidation proceeds via initial 

hydride abstraction followed by loss of the group on oxygen.32 The secondary-over- 
primary selectivity results from preferential formation of an oxocarbenium ion inter- 
mediate at the secondary center (R,'c-OT~ is formed faster than RH'C-OT~). 
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TrCI (xs) 

PY 
100% 

Sodium Hypochlorite Chemoselective oxidation of a secondary OH group in the presence of a primary OH 
group is possible with NaOCl in aqueous acetic acid.33 

PH aq NaOCl 

~g;ysK~$s&s&~ ~~~~~~~~~~ OXB DAB1 ON OF ACY LB)I NS 
&l'~31~xr%~,~Z*L,_ 

Many oxidants transform acyloins (a-hydroxy ketones) into a-diketones. Copper and 
bismuth oxidants are commonly selected for this transformation. 

Cupric Acetate Cu(1I) salts (e.g., Cu(OAc), or CuSO,) in stoichiometric amounts convert acyloins 
into dike tone^.^^ Catalytic amounts of cupric acetate can be used in conjunction with 
ammonium nitrate. 

A C02Et Na 

2Et xylene 

Acyloin condensation 
(see Chapter 9) 

50% 65% 

Bismuth Sesquioxide Coinmercially available Bi,03, in the presence of acetic acid, oxidizes acyloins to 
a-diketones in good yields.35 

Ph% ph 
Bi203 

AcOH, EtOCH2CH20H PII+P~ 
OH 104 "C, 1 h 0 
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The required a-hydroxy ketones are accessible via a variety of synthetic methods, 
including the acyloin condensation (see Chapter 9), oxidation of ketone en~lates,'~%xi- 
dation of en01 ethers,36b and oxidation of a, P-unsaturated ketones,37 as depicted below. 

OAc 

0 0 
benzene 

reflux 
87% 

XlDATlON OF TERTlARY ALLYLlt ALCOHOLS (THE BABLER OXIDATION)38 
" " ---*-pX_" *--------,,-+------"""---""- -*-, 

A carbonyl transposition can be effected via the addition of a vinyl or an alkyl 
Grignard reagent to an a,P-unsaturated ketone. Acid-catalyzed rearrangement of 
the resultant allylic alcohol during oxidation with PCC affords the transposed a,P- 
unsaturated carbonyl substrate. This reaction represents a useful alternative when 
Wittig olefination of the ketone is problematic. 

Tertiary bis(ally1ic) alcohols are oxidized by PCC or PDC to the carbonyl trans- 
posed dienones .39 

Addition of silica gel (SiO,) to the PCC reaction greatly facilitates the workup, and 
application of ultrasound enhances the rate of the reaction and the yield of the 

aSCH3 a. n-BuLi, DABCO 

THF, -30 "C wsph 1 ,%addition 
product 

PCC, Si02 
CH2CI2 
ultrasound 
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Oxidation of Aldehydes to Many of the oxidants employed to prepare aldehydes from primary alcohols may be 
Carboxylic Acids used to further oxidize the aldehyde initially formed to the corresponding carboxylic 

acid. The most common oxidants for this purpose include KMnO,,"' chromic acid, 
sodium chlorite,42 silver oxide,43 and PDC in DMEIO 

KMn04 
RCHO RC02H 

t-BuOH, 5% KH2P04 

RCHO RC02H 

t-E3uoH7 IMe 
Me 

a. Ag20 
(AgN03 -I- KOH) 

RCHO RC02H 
b. H: H20 

Oxidation of Aldehydes to a$-Unsaturated aldehydes are converted directly to carboxylate esters by MnO, and 
Carboxylic Acid Estersq4 NaCN in an alcohol s~lvent.~"'Sodium cyanide catalyzes the oxidation by forming a 

cyanohydrin that is susceptible to MnO, oxidation. Methanolysis of the acyl cyanide 
intermediate in the example below gives the methyl ester in excellent yield. 

allylic 
cyanohydrin MeOH 

The oxidation of allylic alcohols directly to methyl carboxylates has been report- 
ed using MnO, and sodium cyanide in methanol.""" 

H3C-H 

HOAc, MeOH 
OH 20-25 OC H3C H3C C02Me 

95% 

Aldehydes dissolved in alcohols react with 1 to 2 equivalents of aqueous N a 0 ~ 1 ~ ~  
or Oxone (a potassium triple-salt that contains potassium peroxymonosulfate, 
KHSO,)~" to furnish the corresponding esters. 
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L' MeOH, rt j/ 

Aikynes effect oxidative cleavage of terminkil aikynes to carboxylic acids with loss of one car- 
bon. Iodosylbenzene in combination with Ru ~ a t a l ~ s t s ~ ~ % r  potassium perman- 

cleaves 1-alkynes to carboxylic acids. Phase transfer agents (quaternary 
ammonium salts46) are used in the KMnO, oxidations to overcome problems associ- 
ated with the low solubility of permanganate in nonpolar solvents. 

PhlO, R u C I ~ ( P P ~ ~ ) ~  (cat.) 
/ 

CH2CI2, 5 min, 81% \ 

I -octyne heptanoic acid 

pentane, HOAc 
Aliquat 336, 88% 

Aliquat 
(phase transfer catalyst) 

Conversion of 1-alkynes into substituted acetic acids witlzout the loss of one car- 
bon is accomplished via hydroboration-oxidation, as exemplified below.47 

SiMe3 
n-C4H 9CECH n-C4H gC~C-SiMe3 

b. TMSCI THF k H BChx2 

a. NaOH 
Chx2BH = H202 

I 
H b. H+ H20 

Ruthenium- or permanganate-mediated oxidations of internal alkynes are highly 
dependent on solvent conditions and generally afford the corresponding a-dike tone^.^^ 

-*- - - - - - - - - - -- - - - - - - -  - - - -- - - * - 

Selenium Dioxide Alkenes possessing allylic C-H bonds are oxidized by SeO, ei 
or esters or to a,P-unsaturated aldehydes or ketones, depending on the experimental 
 condition^.^^ The reaction involves an ene-type reaction (A) followed by a sigmatrop- 
ic [2,3]-shift (B) to give the selenium ester (C), which is converted to the correspon- 
ding allylic alcohol (D) on s o l ~ o l ~ s i s . ~ ~  
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Se02 (0.5 eq) 
n-C7H 15 

t-BuOOH (2 eq) 
CH2CI2, 25 "C 

n-C7H15 
OH 

Se02 (0.5 eq) 

t-BuOOH (2 eq) 

If the alkene possesses a methyl substituent, oxidative cleavage of C (elimination of 
a selenium atom and water) furnishes the corresponding a$-unsaturated aldehyde.s0b 
Lower yields of products were obtained when using stoichiometric amounts of SeO,. 
t-Butyl hydroperoxide is used to reoxidize selenium. Besides giving the desired car- 
bony1 compounds, the reaction may also produce allylic alcohols as side products. 

(743 CHO I 
Se02 (0.1 eq) 

t-BuOOH (2 eq) 
CH2CI2 

69% 

Chromic Anhydrides1 Reaction of chromic anhydride (CrO,) with t-butanol yields t-butyl hydrogen chro- 
mate, a powerful oxidant suitable for allylic oxidation of electron-deficient a l k e n e ~ . ~ ' ~  
Oxidations using t-BuOCr0,H in CCl, are highly exothermic and should be per- 
formed with caution. 

PCC and CrO, pyridine complexes oxidize allylic and benzylic methylene groups 
of electron-rich n systems to the carbonyl groups.52 
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t-Butyl PeroxybenzoateSi Coppcr(1) salts catalyze thc allylic oxidation of alkenes in the presence of peresters, 
such as tert-BuO,COPh, to afford the corresponding allylic benzoate esters.jib In the 
case of terminal alkenes, internal allylic esters are formed in preference over the ter- 
minal isomers. The mechanism is believed to involve addition of an allylic radical to 
copper(I1) benzoate.54 Rearrangement of the copper(II1) intermediate then produces 
the product and regenerates the copper(1) catalyst. 

i allytic 
: oxidation * 

Asymmetric allylic oxidation of alkenes using peresters is possible when the li- 
gand L,, of the Cu(II1) intermediate is chiral. Copper complexes of chiral bis(pyri- 
dine)- and bis(oxazo1ine)-type ligands have been used with tert-butyl perbenzoate to 
obtain optically active allylic benzoa t e~ .~~  

- i""loWY\~> ii;z%ge TERMlNOLOGY FOR REDUCTlON OF CARBONYL COMPOUNDS &*<%*ay#-ms-& *."",---- p----pp-- ---- -- ---- 

(CH2)6C02Me ? KC I ~ ) ~  CO;M~ 

CHO CHO 

Most reductions of carbonyl groups are now done with reagents that transfer a hydride 
ion from a Group I11 atom. Over the years, a large number of reducing agents have 
become available that provide chemo-, stereo-, and enantioselectivity in  reduction^.^^ 
Since formation of a new stereogenic center during carbonyl group reduction may 
require either relative or absolute stereocontrol, the use of chiral reducing agents has 
become a popular means for controlling the stereochemical outcome of reductions. 
Below is a brief review of terminology associated with regio- and stereochemical 
issues of carbonyl reduction.j7 
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A chemoselective reagent reacts selectively with one functional group in the 
presence of other functional groups. 

O f i C 0 2 C H 3  
chemoselective 

HO---(-)-C02CH3 

In a regioselective reaction, the reagent adds at only one of two possible regions 
(directions). 

1,4 reduction 

A stereoselective reaction leads to the exclusive or predominant formation of one 
of several possible stereoisomeric products. Thus, one reaction pathway from a 
given substrate is favored over the other (as in nucleophilic additions to cyclic 
ketones or alkylations of enolate ions). 

trans-isomer 
(as major product) 

In a stereospecijic reaction, a given substrate isomer leads to one product while 
another stereoisomer leads to the opposite stereoisomeric product. Thus, the 
starting material specifies the stereochemical outcome of the reaction (as in S,2 
reactions and epoxidation of cis- and trans-alkenes). All stereospecific reactions 
are necessarily stereoselective. 

meso-isomer 
(as sole dibromide) 

A prochiral center is a trigonal carbon of C=O and C=C that is not a stereogenic 
center but can be made chiral by addition reactions. 

stereogenic 
center \d' prochira~ centers 

A stereogenic carbon atonz (chiral center, chiral atom, asymmetric atom) is 
bound to four unlike groups and thus generates chirality. Note that a molecule 
may possess a molecular chirality without having a stereogenic center. 

Stereoisonzers have the same molecular formula, but their atoms have a different 
spatial arrangement - a different configuration. Stereoisomers are classified as 

-Enantionzers when the isomers are mirror images of each other and cannot be 
superimposed 

-Diastereoisomers when the isomers are not mirror images of each other (this 
includes alkene E, Z isomers). Diastereoisorners possess different physical and 
chemical properties. 
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Asymmetric induction is the preferential fornation of one enantiomer or 
diastereomer over another due to the influence of a chiral center (or chiral 
element) either in the substrate, reagent, catalyst, or solvent of the reaction. 

In an erlantioselective reaction, an achiral substrate is converted selectively to 
one of two enantiomers by a chiral reagent or catalyst. This process is an 
example of asymmetric induction. 

enantioselective 
0 (R) enantiomer 

H 0  

Enantiomeric excess or % ee (or % optical purity) = [observed specific rotation] 
divided by [specific rotation of pure enantiomer] >( 100. Note that there are 
examples where the linear relationship between enantiomeric excess and optical 
rotation fails.58 A percent enantiomeric excess (% ee) of less than 100% indicates 
that the compound is "contaminated" with the other enantiomer. The ratio of 
enantiomers in a sample of known (measured) optical purity may be calculated 
as follows: fraction of the major isomer = [(% ee) + 0.5 (100 - % ee)]. Thus, 
86% ee represents a sample consisting of a 93:7 ratio of enantiomers [major 
enantiomer = 86 + 0.5 (14)l. 

Diastereomeric excess or % de = [% of major diastereomer - % of minor 
diastereomer] . 
A racemate, or racemic mixture, is an equimolar mixture of two enan t i~mer s .~~  

Objects and molecules are said to be hornochiral when they possess the same 
sense of ~hirality.~' For example, L-alanine and its methyl ester derivative shown 
below are said to be homochiral. This term should not be used to signifi that a 
compound is enantiomerically pure. 

ClNC AGENTS 
-w-- 

The majority of reductions of carbonyl compounds and nitriles with nucleophilic 
reducing agents, such as M[AlH,] and M[BH4], proceed via nucleophilic transfer of a 
hydrogen atom with two electrons called a "hydride" from the reducing agent to the 
carbonyl or cyano carbon. The rate of reduction and the chemoselectivity of a reduc- 
ing agent toward a given substrate depends on factors such as 

The nature of the rnetal cation (Lif, Naf, zn2+), which serves as a Lewis acid to 
activate the carbonyl or cyano moiety toward hydride transfer 

Substitution of the reducing agent hydrogens by alkyl, -OR, or -CN groups 

The reaction medium (Et,O, THF, ROH, H,O) 

The reactivity order of substrates is: RCHO > R,CO >4RC0,R' > RCONR, > 
RC0,H 

Allurninurn Hydrides 
Lithium Aluminum Hydride-LiAlH, 
Lithium aluminum hydride (LAH) is a powerful reducing agent but is not very chemo- 
selective. It must be used in nonprotic solvents such as Et,O or THF; and one is 
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advised to determine its concentration by hydroly~is.~"he reagent is usually used in 
excess, with only three hydrides of LiAlH, being utilized. To decompose any excess 
Al-H, first add ethyl acetate, followed by methanol and then H,O." If feasible, use 
acidic conditions for workup to bring the resultant precipitate (Al(OH),) into solution. 
Also, addition of Na-K tartrate (Rochelle's salt)62c or N(cH,CH,OH),~~"U~~~~ 
workup may be helpful. 

\ 
,C =O + LiAlH 

workup procedure 

As depicted above, the mechanism is believed to involve a hydride transfer from 
the aluminate species onto the carbonyl carbon. The resultant alkoxide ion coordinates 
the remaining aluminum hydride to form an alkoxytrihydroaluminate ion, which is 
capable of reducing the next carbonyl groupa6, 

The reduction of esters to primary alcohols and the reduction of amides to amines 
requires two hydrides, whereas reduction of carboxylic acids to primary alcohols con- 
sumes three hydrides (Table 4.2). 

L _I 

tetrahedral 
intermediate 

?.. - 

Hydrides 
Compound consumed 

RCHO 
R,C=O 
RC0,H 
RCO,R1 
RCONR', 
RCrN 
Lactone 
Epoxide 

No reaction 

Product 

RCH,OH 
R,CHOH 
RCH,OH 
RCH,OH + R'OH 
RCH,NR', 
RCH,NH, 
a,o-Diol 
Alcohol 

(isolated) 
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The reactivity of LAH may be tempered by the addition of dialkyl amines. For 
example, both aliphatic and aromatic carboxylic esters are reduced to the correspond- 
ing aldehydes by LAH in the presence of diethylamine at room temperature.64 

LiAIH4 (1 eq) 

e C 0 2 E t  Et2NH (2 eq) 
THF 

wCHO 

Lithium Trialkoxyaluminum Hydride-Li[AiH(OR),]65,66 
The reactivity and selectivity of LAH can be modified by replacing three of its 
hydrides with t-brxtoxy or ethoxy ~FOLIPS.  The res~rlting reagents are less reactive but 
more selective than LAH and are best prepared just prior to use in situ. 

lithium tri-t-butoxyaluminum hydride 

LiAIH4 + 3 EtOH THF Li[AIH(OEt)3] + 3 H2 
Or Et20 lithium triethoxyaluminum hydride 

Lithium tri-t-butoxyaluminunz hydride readily reduces aldehydes and ketones to 
the corresponding alcohols and reduces acid chlorides to aldehydes. Epoxides, esters, 
carboxylic acids, tert-amides, and nitriles are not, or only slowly, reduced. Thus, the 
reagent may be used for chemoselective  reduction^.^^ 

Note that before lithium trialkoxyaluminum hydrides became available, acid 
chlorides were converted to aldehydes using the more tedious Rosenmund procedure 
(Pd/BaS04, H,, quinoline, sulfur).67 

diglyme 

Lithium triethoxyaluminum hydride is a more powerful reagent which reduces tert- 
amides and nitriles to the corresponding aldehydes.65 

Sodium Bis(2-methoxyethoxy)aluminum Hydride-Na[AIH2(OCH2CH20CH3)2]66 
Sodium bis(2-methoxyethoxy)aluminum hydride, or Red-Al, is a versatile, commer- 
cially available reducing agent. It is thermally more stable than LAH and may be used 
in aromatic hydrocarbon as well as in ether solvents. Overall, the reducing properties 
of Red-A1 are similar to those of LAH (reductions of aldehydes, ketones, esters, etc.). 
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a. Red-Al (1.1 eq) 
toluene 

C H2=CH(CH2) &O2Et B-- C H2=CH(CH2)8CH20H 
b. H+, H20 workup 

> 95% 

A notable difference in Red-A1 selectivity relative to LAH involves the reduction 
of nitriles. Aliphatic nitriles do not react with Red-Al. 

-------------- ---*---*-* ------- ---- 
Borohydrides "~3 The nucleophilic borohydrides-sodium borohydride [NaBH,], lithium borohydride 

[LiBH,], zinc borohydride [Zn(BH,),], lithium- and potassium trialkylborohydrides 
[Li-, K-R,BH], and sodium cyanoborohydride [NaBW,CN]-exhibit, depending on 
the metal cation and the ligands, characteristic reducing properties toward functional 
groups. All borohydrides reduce aldehydes and ketones; reduction of esters and car- 
boxylic acids to primary alcohols requires specific reagents. 

Sodium Borohydride 
Sodium borohydride is a mild, selective reducing agent, and its handling does not 
require special precautions. The reagent is insoluble in Et,O, very slightly soluble in 
THF and DME, but soluble in diglyme and hydroxylic solvents. EtOH is usually the 
solvent of choice. NaBH, reduces RCHO and R,CO in EtOH or aqueous solutions rap- 
idly at 25 "C to the corresponding alcohols. Esters are slowly reduced to RCH,OH.~~ 

\ N ~ + [ H - ~ H ~ ]  \ 

/"=" 
-C-OH + Na' [ EIO-~H~] 

EtOH I 
H 

further 
reduction 

li I 
CICH2CH2C(CH2)4C02Et CIC H2CH 2CH(CH2)4C02Et 

EtOH, H20 

NaBH, in the presence of I, reduces carboxylic acids to the corresponding pri- 
mary alcohols.69 This approach is especially attractive for the conversion of amino 
acids to amino alcohols, which are important ligands in asymmetric ~ynthesis.~' 

a. NaBH4, THF 

Ph Ph 

workup 

Lithium Borohydride 
Lithium borohydride is a commercially available, solid reagent that rapidly decom- 
poses when exposed to moist air. It is conveniently prepared from NaBH, and LiBr in 
Et,O or in THF.~' The NaBr precipitates as it is formed, and the clear supernatant solu- 
tion is used as such for reductions after determination of its hydride concentration." 

Et20 
NaBH4 + LiBr LiBH4 + NaBr (ppt) 
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The Li' cation is a stronger Lewis acid than the Na+cation. Li+ coordination with the 
carbonyl group enhances the electrophilicity of the carbonyl carbon, thereby facilitating 
hydride transfer. Lithium borohydride is a more powerful reducing agent than sodium 
borohydride: it reduces esters to primary alcohols but is unreactive towards a m i d e ~ . ~ ~  

n-C1 5H31 CH-CH-C02Et n-C1 5H31 CH-CH-CH20H 
i I THF i I 

HO NHCOCH3 HO NHCOCH3 

Zinc Borohydride 
Zinc borohydride is not commercially available; it is prepared from anhydrous ZnC1, 
and NaUH, solutions in ether solvents. The chloride-fice supernatant solutions then 
are used as required. 

2 NaBH4 + ZnCl 2 
THF 

Z ~ I ( B H ~ ) ~  + 2 NaCI (ppt) 

Zinc borohydride has some interesting properties: it is less basic than NaBH, and 
thus it is especially suitable for the reduction of base-sensitive compounds. Also, the 
zinc cation has a better coordinating ability than either Na+ or Li+, making Zn(BH,), 
often the reagent of choice for chelation-controlled, stereoselective reductions of 
acyclic ketones (see Section 4.12). 

Besides aldehydes and ketones, Zn[BH,], reduces aliphatic esters and carboxylic 
acids.73 Moreover, it is an effective hydroborating agent for alkenes, dienes, and 
a l k y n e ~ . ~ ~ "  

THF, reflux 

-co2H ~ . H + , H ~ o  O U o H  
c. NaOH, H202 

Lithium or Potassium Trialkylb~rohydride~~~r' 
The presence of three alkyl groups in lithium trialkylborohydrides imparts increasing 
nucleophilicity to the hydride, making them more powerful reducing agents than lithium 
borohydride itself. Aldehydes, ketones, and esters are rapidly and quantitatively reduced 
to the corresponding alcohols even at -78 OC. The most frequently used trialkylborohy- 
drides are lithium triethylborohydride (Superhydride) and lithium and potassium 
tri-see-butylborohydride (L- and K-Selectride). These reagents are commercially avail- 
able as solutions in ether solvents and must be handled in the absence of air. The trialkyl- 
boron species formed from these reagents should be oxidized on completion of the reduc- 
tion, prior to workup, to the correponding alcohols with alkaline hydrogen peroxide. 

Lithium triethylborohydride (LiEt,BH) is a super-nucleophile that reduces pri- 
mary alkyl bromides7, and t o ~ y l a t e s ~ ~  more effectively to the corresponding hydro- 
carbons than does LiAlH,. Epoxides are readily cleaved to give alcohols by attack of 
the hydride at the less substituted carbon.76 
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a. LiEt3BH, THF 

CH20Ts 
I 

The sterically encumbered L- and I(-Selectrides also reduce aldehydes and 
ketones rapidly and quantitatively to the corresponding alcohols. One of the remark- 
able features of these reagents is their unusual ability to introduce major steric control 
in the reduction of cyclic ketones. Their applications as highly selective reducing 
agents will be discussed later in this chapter. 

Sodium Cyanoborohydride-NaBH,CN 
Because of the presence of the electron withdrawing cyano group, NaBH,CN is less 
nucleophilic and hence is more selective than N ~ B H , . ~ ~  

The utility of NaBH,CN as a reducing agent is greatly enhanced by its stabili- 
ty toward low pH (stable to pH 3). Thus, the reagent permits reductions under con- 
ditions that would rapidly hydrolyze NaBH,. NaBH,CN is soluble in a variety of 
solvents: H,O, ROH, THF, but it is insoluble in Et,O and hydrocarbon solvents. 
Under neutral conditions in H,O or MeOH, reduction of RCHO and R,CO is negli- 
gible. However, in acidic solution, carbonyl reduction does occur (protonated car- 
bony1 group). 

\ MeOH \ 
C=O + NaBH3CN 
/ 

H-C-OH + B(OMe)3 + HCN (toxic) + NaCl 
HCI / 

NaBH,CN is a chernoselective reducing agent. For example, it is possible to 
selectively reduce an aldehyde group in the presence of a keto group or a keto group 
in the presence of an ester group using NaBH,CN. Even under diverse reaction con- 
ditions, functional groups such as RCONH,, -C=N, and -NO, are inert toward the 
reagent. 

concave face 
approach of NaBH3CN 

hindered H 

- convex face 
in acid, the amine k more open to 

is protonated NaBH3CN attack 
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Reductive Amination with NaBM,C=N7" 
Since the reduction of an iminium salt by NaBH,CN occurs more readily than the 
reduction of a carbonyl group, NaBH,CN is the reagent of choice for the reductive 
amination of aldehydes and ketones.79  he reaction entails condensation of the car- 
bony1 compound with NH,, RNH,, or R,NH at pH 5 to 8 to give the corresponding 
iminium salts. These are reduced in situ with NaBH,CN to furnish primary, second- 
ary, or tertiary amines, respectively. 

\ p H - 6  \ / NaBH3CN 
C=O + H-N/ C=N+ 

\ 1 
H-C-N 

/ \ / \ MeOH / \ 
fast 

a. EtNH2, MeOH YHE? 

workup 

Sodium triacetoxyborohydride N~[BH(OAC) , ]~~  and hydrogenation (H,, P ~ / c ) ~ '  
are used as alternatives to sodium cyanoborohydride for the reductive amination of 
carbonyl compounds. Also, Zn[BH,], is a particularly effective agent for the reductive 
amination of a$-unsaturated aldehydes and ketones.', 

Deoxygenation via Tosyl I-lydrazone Reduction 
In situ reduction of tosylhydrazones by NaBH,CN provides an efficient method for 
the deoxygenation of carbonyl compounds to furnish the corresponding hydrocarbons 
(see also Section 3.4).83 In the case of tosylhydrazones derived from a,P-unsaturated 
carbonyl compounds, the reduction leads to a stereoselective migration of the double 
bond to give the corresponding trans-alkene. 

DMF, heat 

a tosyl hydrazone 

70% 
stereoselective 
for trans-alkene 

ELECTROPHlLlC REDUCING AGENTS 
---. 

Whereas nucleophilic reducing agents react fast with electron-deficient carbonyl 
groups, the reactivipj of electrophilic reducing agents such as R,AIH and BH,, char- 
acterized by their coordination with the carbonyl oxygen prior to hydride transfer, 
favor reductions of electron-rich carbonyl groups. 

~iiiist8bu~~aluminum Diisobutylaluminum hydride (DTBAL-H) can be obtained commercially neat or in 
Nydride (DIIBAL-H) hydrocarbon solvents. Reductions with DIBAL-H must be carried out in the absence 

of air and moisture. DIBAL-H is a very versatile reagent for the selective reduction of 
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appropriately substituted esters or nitriles to the corresponding aldehydes and for the 
reduction of lactones to l a c t o l ~ . ~ ~  

Reduction of Esters to Aldehydes 
In contrast to LAH reductions of esters, nitriles and lactones, where two hydrides are 
utilized, reductions of these compounds by DIBAL-H at low temperature can be 
stopped after the transfer of one hydride to the carbonyl carbon. Hydrolytic workup 
of the tetrahedral intermediates furnishes the corresponding aldehydes. 

R-k OR' hexane 

-78 "C 

tetrahedral 
intermediate 

The reduction of esters to aldehydes generally works best when alkoxy or amino 
functionality is in close proximity to the ester group, as in a- or P-alkoxy esters. 
A neighboring alkoxy group will stabilize the tetrahedral intermediate through chela- 
tion and prevent overreduction. DIBAL-H-mediated mono-reduction of lactones 
delivers the corresponding lactols (herniacetal~).~~ 

a. i-Bu2AIH 

hexane 
-78 "C 

b. workup 

Reduction of Nitriles to Aldehydes 
Treatment of nitriles with one equivalent of DIBAL-H at -78 "C followed by hydroly- 
tic workup affords the corresponding aldehydes. Reduction of nitriles with two equiv- 
alents of DIBAL-H produces, after hydrolytic workup, the corresponding primary 
amines. In the example below, note that tlie double bond is not reduced (hydroalumi- 
nated) under the reaction condition employed. 

hexane, -78 "c- 
b. H+, H20 
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Reduction of Vinyl Esters to Allylic Alcohols 
DIBAL-H is the reducing agent of choice for regioselective reduction of a,p-unsat- 
urated esters to allylic alcohols.86 Horner-Wadsworth-Emmons olefination (see 
Section 8.3b) followed by DIBAL-H reduction provides a tandem synthesis of 
(E)-allylic alcohols.87 

n la. DIBAL-H (2 eq) 
toluene 

C02Et -78 "C 2. H02C-C02H 
b. MeOH H20, CH2CI2 

workup acetal hydrolysis 65% 

U 
II 

1. (Me0)2PCH2C02Me GCHo NaH, THF b- OMEM 

2. DIBAL-H, 0 "C \ 

THF, toluene 70H 62% 

Borane Tetrahydrofuran and Borane D i m e t h y l ~ u l f i d e ~ ~ " ~ ~ ~ ~  
Diborane, B,H6, is a gas and is difficult to handle. However, borane complexed with 
donors such as THF or dimethylsulfide are commercially available and have become 
valuable reagents for the reduction of various functional groups. BH,. SMe, i s  soluble 
in and unreactive toward a wide variety of aprotic solvents such as THF, Et,O, CH,Cl,, 
and hydrocarbons. 

An attractive feature of BH3aTHF and BH3eSMe, is the facile reduction of 
carboxylic acids to primary alcohols.88 The reduction involves initial formation 
of a triacylborate with concomitant evolution of 3 H,, followed by fast hydride 
transfer to the carbonyl carbon to furnish, after workup, the corresponding pri- 
mary alcohol. 

0 
I I 

(RCt-120)3B RCH20H 
R "'0 *3B fast 

Both BH,. THF and BH,. SMe, allow the selective reduction of a -COOH group 
in the presence of other functional groups. 

0 a. BH3.THF (1 eq) 0 
I I I I 

A summary of reactivities of BH,eTHF toward various functional groups is 
shown in Table 4.3.56a 

Reduction of saturated carboxylic acids with the borane derivative, thexylchloro- 
borane, provides a direct route to aldehydes without their prior conversion to car- 
boxylic acid  derivative^.^^ The aldehydes initially formed were isolated either as their 
bisulfite adducts or as their hydrazones, from which the aldehydes were regenerated. 
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H BHCI a SMe2 

B T ( C H ~ ) ~  COOH B T ( C H ~ ) ~  CHO 
CH2CI2 76% 

Selectivity in BH, * THF Reductions 

RCHO 

RCN 

Epoxide 

RCH20H 

organoborane 

organoborane 

alcohol 

alcohol 

arnine 

alcohol 

alcohol 

no reaction 

no reaction 

no reaction 

grT*-gYess@ ;;RAJ<$Z REGIO- AND CWEMOSELECTIVE REDUCTIONS 

Reductions sf a,p-Unsaturated Hydride reductions of a$-unsaturated aldehydes and ketones may proceed via 1,2- or 
Aldehydes and Metones 1,4-additions to furnish the corresponding allylic alcohols or saturated aldehydes and 

ketones, respectively. 

i - B u , A l ~ , ~ ~  z~(BH,)?,~' (~-P~O),T~BH,,~~ ~ - B B N , ~ *  and CeC1,-NaBH, (Luche 
reagent)" favor l,2-additions. The latter reagent is especially suited for selective reduc- 
tions of a$-unsaturated aldehydes and ketones to the corresponding allylic alcohols. 

NaBH,, LiAlH,, and Li[AlH(OR),] effect both 1,2 and l,4-additions (Table 4.4). 
The regioselectivity of enone reductions can be strongly influenced by the nature of 
the reagent, the presence of substituents on the substrate, and the reaction conditions. 
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LiAIH,, THF, 0 "C 14 2 84 94 
LiAlH(OMe),, THF, 0 "C 9 1 0 9 94 
LiAlH(0t-Bu),, THF, 0 "C 0 11 89 94 
NaBH,, EtOH, 0 "C 0 0 100 94 
NaBH,, CeCl,, MeOH 97 0 3 93 
i-Bu2A1H, hexane-C6H6, 0 "C 99 0 1 84d 
9-BBN", THF, 0 "C 99 0 1 92 

For example, K-Selectride reduces P-unsubstituted cyclohexenones to cyclohexa- 
nones (l,4-addition) and P-substituted cyclohexenones to the corresponding allylic 
alcohols (1,2-additi0n).~~ 

Reduction of Aldehydes in the A number of chemoselective reductions of the more reactive R-CHO group in the 
Presence of  ketone^^^.^? presence of an R2C0 group have been reported using 9-BBN pyridine97 or 

K[BH(OAc),], as exemplified below.96b 

0 0 

CHO 
OH 

Zinc borohydride is a mild reducing agent permitting the reduction of aldehydes 
in the presence of ketones.98 Moreover, it selectively reduces a nonconjugated keto 
group in the presence of a conjugated keto group. 
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Zn(BH4)2 

THF, -10 "C 

Reduction of Ketones in the There are few methods for effecting chemoselective reductions of ketones in the pres- 
Presence of Aldehydes ence of aldehydes. NaBH4-CeC1,-EtOH-HC(OCH,), reduces chemoselectively a 

keto group in the presence of an aldehyde and an ester group." The reason for the 
selective reduction of the keto group in the presence of the reactive aldehyde is that 
the CHO group undergoes preferential acetalization with CeCl, and the trimethyl 
orthoforrnate. 

a. CeCI3, EtOH 
L C O 2 C H  3 HC(OCH3)3 

CHO 

Redudion of Ketones in the Selective reduction of a keto group in the presence of an ester can be accomplished 
Presence of Esters using either BH,. SMe, in THF or NaBH, in ethanol and H,o."' 

CI m C 0 2 E t  EtOH, H20 CI -C02Et 

Reduction of Carboylie The facile reduction of the -COOH group by BH,*THF or BH,*SMe, has been 
Acids in the Presence of employed for chemoselective reductions of the carboxyl group in the presence of 

Ketones or Esters ester1" or lactone'02 functionalities using a stoichiometric quantity of the borane. The 
carbonyl group in triacylboranes resembles the reactivity of an aldehyde or a ketone 
more than of an ester (ester resonance) due to electron delocalization from the acyl 
oxygen into the p orbital of boron. 

THF 



4.12 Diastereoselective Reductions of Cyclic Ketones 1 1% 

Reduction of Esters in the Treatment of DIBAL-H wit11 one equivalent of n-BuLi generates Ei[(i-Bu),(n-Bu)AlKj, 
Presence of Amides or a reductant that selectively reduces esters in the presence of amides or nitriles. lo3 

a. "Li[i-Bu2BuAIH]" (2 eq) 
THF, hexane 

b. NaBH4, EtOH 
E t 2 N p - C 0 2 C H 3  c.H+,H20 

0 
83% 

a. "Li[i-Bu2BuAIH]" (2 eq) 
THF, hexane 

b. NaBH4, EtOH 
MC 

c. H', H20 
* N C - ~ ~  

Generally, the diastereoselectivity in reductions of cyclic ketones with nucleophilic 
hydrides is determined not only by the steric congestion of the ketone but also by the 
nature of the nucleophilic reducing agent, as shown by the reduction of 3-methylcyclo- 
hexanone with various nucleophilic reducing agents (Table 4.5).'05 The first entry in Table 
4.5, the Meerwein-Ponndog-Verley (MPV) reduction, involves treatment of a ketone with 
aluminum triisopropoxide [Al(OCHMe,),] . lo6 This is an equilibration process favoring 
the more stable stereoisomer, which in the case of an alkyl-substituted cyclohexanone is 
the equatorial alcohol. A mild variant of the MPV reduction uses S ~ I , . ' ~ ~  

reoxidation by acetone (Oppenauer oxidation) 

equilibration 1 

product of 
thermodynamic 

control 

Reduction of 3-Methylcy~lohexanone~~~ 
M W - - Y ~ ~ Y ~ P ~ ~ ~ & Y - W 4 ~ % S ~ A 9 ~ ~ ~ - % ~ " ~ C & % % W d A V W ~ Z M ~ X t ~ 7 : 7 ~ / & W & - ~ X ~ W ~ ~ V ~ ~  

Conditions cis (%) trans (96) 

MPV" (Al(0i-Pr),, i-PrOH) 70 3 0 
LiAlH,, THF 76 24 
LiAlH(0t-Bu),, THF 90 10 
NaBH,, MeOH 77 23 
L-Selectride (LiBH(sec-Bu),), THF 5 95 
LTSBH,~ THF < 1 > 99 

Meerwein-Ponndorf-Verley reduction. 
b~i-tri-l,2-dimethylpropylborohydride (Li-trisiamylborohydride). 
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Rationalization of the stereochemical results obtained from reduction of substi- 
tuted cyclohexanones with hydrides has resulted in con t ro~ersy . '~~  Reductions of 
ketones with metal hydrides are exothermic and according to the Hammond postulate, 
the transition states should be reactant-like. 

The trajectory of nucleophilic additions to the carbonyl group brings the 
nucleophile over the smallest group in a nonperpendicular attack. Although perpen- 
dicular attack would result in maxinium overlap between the HOMO of the nucle- 
ophile and the p-orbital at the carbonyl carbon that makes up part of the LUMO n", 
there is a significant antibonding overlap with the other p-orbital on oxygen.lo9 
Therefore, the best compromise is an angle of attack of -107" (Biirgi-Dunitz 
trajectory). ' ' O  

antibonding Burgi-Dunitz 
@\, interaction @ trajectory 

There are two possible modes of delivery of the "hydride" to the carbonyl carbon 
of cyclohexanone: (1) axial attack with formation of the equatorial alcohol and (2 )  
equatorial attack with formation of the axial alcohol. Two factors are competing with 
each other: (1) steric interaction of the incoming "hydride" with the 3,5-diaxial 
hydrogens in the axial attack and (2) torsional strain of the incoming "hydride" with 
the 2,6-diaxial hydrogens in the equatorial attack. 

axial attack (LiAIH4, NaBH4) - - - -w equatorial alcohol 
steric interaction with the axial H3 and H5 

H 
equatorial attack (Selectrides, LTSBH) - - -b axial alcohol 

torsional strain with the axial H2 and H6 

For sterically unhindered reducing agents (LiAlH,, Li[AlH(OR),], NaBH,), the 
effect of torsional strain prevails over the steric effect, leading to predominant axial 
attack and formation of the equatorial alcohol. On the other hand, both 
L-Selectride and LTSBH (Li-tri- l,2-dimethylpropylborohydride) have large steric 
requirements, resulting in the equatorial delivery of hydride to the carbonyl carbon. 
However, if there are bulky axial substituents at C(3) or and at C(5) (as in 3,3,5- 
trimethylcyclohexanone, Table 4.6) or if the carbonyl group is embedded in a rigid 
system, steric effects prevail, resulting in preferential transfer of the "hydride" from 
the less hindered side (Table 4.7).s6,1 
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Conditions cis (%) trans (%) 

NaBH,, EtOH 
LiAIH,, THF 
LiAlH(OMe),, THF 
L-Selectride 

rgjzz?zF Selected Hydride Reductions of Bridged Bicyclic Ketones p* +*A, -x- IV?*~ -a-N -a& .".j-*h-z&-i. , , - ~ " * % F & + I ~ ~ X - = * ~  

Conditions endo (%) exo (%) 

Al(0i-Pr),, i-PrOH 20 80 
LiAlH,, THF 89 11 
LiAlH(OMe),, THF 9 8 2 
L-Selectride, THF > 99 < 1 

Conditions endo (%) exo (%> 

LiAlH,, Et,O 10 90 
LiAlH,, THF 8 92 
LiAlH(OMe),, THF 1 99 
L-Selectride, THF < 1 > 99 

f---%T-ew-- - -- -%6*-? -s----- * ~ ~ " ~ ~ % - ~ - a * ~ P A > m ~ ~ - ~ ~ ~ ~ - ~ & - ~ ~ * > ~ - ~ ~ p & ~ ~ ~ - y ~ * - - # & - ~ ~ ~ " ~ ~ y ~ - & * d  

"------?-- ----- 

The availability of a stereodefined alcohol from reduction of a cyclic ketone raises the 
question of how one can obtain the corresponding stereoisomer. 

CH3 L-Selectride 

cis-alcohol trans-alco h o l 
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A solution to this problem is the Mitsunobu reaction, which provides a power- 
ful tool for inverting the configuration of a given alcohol to its stere~isomer."~ The 
reaction involves conversion of the alcohol into a good leaving group capable of 
being displaced by a relatively weak nucleophile, generally a carboxylate ion 
(RCOO-). The product of stereochemical inversion is an ester, which on saponifi- 
cation leads to the alcohol of opposite configuration. The mechanism of the 
Mitsunobu reaction is proposed to involve an alkoxyphosphonium intermediate that 
undergoes S,2 inversion.' l 4  

Et02C-N=N-C02Et + Ph3P + R'COOH E~O~C-N-N-CO~E~ 

DEAD I m36+ OOCR-  

Et02C-y-N-C02Et 4 HOR 

ROH 
MeOH 

[P~$->-R] 
inverted alcohol alkoxyphosphonium 4 - 

salt OOCR' 

mz@a DIASTEREOFACIAL SELECTIVITY IN ACYCLlt SYSTEMS 
&*2-- -~w-k-ada- ---- ----- -- - - - ---- 

Diastereofacial selection in nucleophilic additions to acyclic aldehydes and ketones is 
of major importance in synthetic organic chemistry.Il5 The greater conformational 
freedom of acyclic systems makes predictions as to the stereochemical outcome of 
such reactions more difficult than when the carbonyl group is contained within a 
cyclic framework. 

We may distinguish between enantiotopic or diastereotopic faces in trigonal moi- 
eties (> C=O and > C=C <). The faces of prochiral moieties can be differentiated as 
the Re or Si face by applying (R) or (S)  sequence rules to the three substituents in the 
plane as viewed from each face.' l6 

Enaatiotopiciv The two faces of the carbonyl moiety in acetaldehyde or in butanone, for example, are 
enantiotopic and are designated as Re face if the priority of the substituents is in a 
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clockwise order (=O > RL > Rs) and Si face if the priority of the substituents are 
ordered in an anticlockwise manner. Attack at the Re and Si enantiotopic faces by a 
chiral reactant (NU*) gives diastereomers, which may not be formed in equal amounts. 
The product ratio reflects the facial bias of the chiral reactant. When a single chirali- 
ty element directs the selective formation of one stereoisomer over another, the 
process is known as single asymmetric induction. 

I 

workup workup 

Nu * single asymmetric induction Nu * 
isomers are not formed 

in equal amounts 

Dia~tereotopiciQ-Asymmetric The two n-faces of an aldehyde or of a ketone with at least one stereogenic center are 
induction diastereotopic. As a result, the Re and Si attack by an achiral nucleophile (i.e., LiAlH,, 

EtMgBr, PhLi) or an achiral enolate ion differ in energy, so unequal amounts of prod- 
ucts are formed (A : B $ 1). The ratio of products reflects the bias of the chiral sub- 
strate to undergo preferential addition on one diastereotopic face. 

single asymmetric induction 

0 Y" - 
I I Nu (achiral) - J . -  

H 3 c Y P h  H HO' 4c,","3 

Nu & Ph 
H3C 

CH3 

chiral 

When two of the reaction components are chiral (any combination of substrate, 
reagent, catalyst, or solvent), the chirality elements of each reactant will operate 
either in concert (matched pair) or in opposition (mismatched pair) and together 
influence the stereochemical outcome of the reaction. ' I7  In this case, the reaction is 
subject to double asymmetric induction. Unless the diastereofacial selectivities of 
both chiral reactants are in opposition and identical in magnitude, the ratio C : D ;t 1. 
Applications of double asymmetric induction in synthesis will be discussed in 
Chapter 5. 
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double asymmetric induction 

0 Nu* 

U * , P ~  
Nu* (chiral) 

H  3C H O h C H 3  

chiral 

&Ph Nu* (chiral) 
H  3C Re 

CH3 Ph 
chiral D 

Prediction of Re vs. Si In 1952, Donald I. Cram (1919-2001, Nobel Prize in Chemistry, 1987) and his cowork- 
Addition: Cram's Rule er Fathy A. Abd Elhafez presented an experimental rule for the diastereoface-differenti- 

ating reaction of ketones having a chiral center at the vicinal carbon with metal hydride 
complexes or with organometallic reagents."' Cram's rule states that ketones (A; L, M, 
and S are large, medium, and small groups, respectively) with a chiral center at the vic- 
inal a-carbon probably coordinate with metal hydride complexes or with organometal- 
lic compounds, making the carbonyl group sterically more encumbered and more elec- 
trophilic. In such cases, the conformation in which the coordinated carbonyl group 
bisects the least bulky groups (S, M) on the adjacent stereocenter should predominate 
(as in rotomer B). The nucleophile of the reagent Y--M' then attacks the carbonyl car- 
bon at the less hindered diastereoface, furnishing an excess of product C. 

L J 

A M = Li, Mg, Zn, etc. B 
Y = hydride, alkyl, etc. I 

major product minor product 
Cram product anti-Cram product 

The Cram rule as originally forrnulated is only valid when there is no chelating 
group attached to the substrate and so neglects any dipolar interactions with the nucle- 
ophile. Moreover, there is considerable torsional strain between the L and the R 
groups. Several subsequent have addressed these shortcomings, the Felkin- 
Anh model being the most popular. 

Eelkin-Anh ModelI2O In this model, nucleophilic additions to ketones occur from a conformation that places 
the entering group (Nu) in an antiperiplanar arrangement with the largest group L at 
the adjacent chiral center. In E (favorable, S // R interaction), the trajectory of nucle- 
ophilic addition to the carbonyl group brings the nucleophile over the smallest group 
in a nonperpendicular attack with an angle of -107" (see the discussion in Section 
4.12).'12 In F (unfavorable, M I/ R interaction), attack by the nucleophile also occurs in 
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a nonperpendicular manner, but the nucleophile interacts with the medium-size group 
M. Thus, based on the Felkin-Anh model, the Cram products should dominate. 

favored disfavored 

LyI"u . T N u  
HO R R O H  

major product minor product 
Cram product anti-Cram product 

In reductions of ketones with complex metal hydrides, diastereoselection is 
dependent on both the nature of the reducing agent and the substrate (Table 4.8).12' 
The degree of Cram and Felkin-Anh selectivity depends on a number of other factors. 
For example, replacement of Grignard or lithium reagents with trialkoxy titanates 
gives superior r e~u1 t s . l~~  Generally, aldehydes react with lower stereoselectivity than 
ketones with the same reagent. 

of 1,2-Asymmetric Induction in Carbonyl Addition Reactions 
# e w ~ ~ - ~ - ~ ~ ~ ~ 7 / * > ~ ~ = w K ~ ~ - c m * - - . - ~ * . . . . - &  

Conditions R Cram anti-Cram 

Conditions Cram anti -Cram 

CH3Li 65 35 
CH,MgBr 66 34 
CH,Ti(Oi-Pr),, THF, 0 "C 88 12 
CH,Ti(OPh),, Et20, -50 "C 9 3 7 

~ 2 ~ * w - - w w m  ~ ~ ~ S z z ' z Z e -  - ~ ~ ~ ~ ~ ~ ~ - - A - ~ - - ~ ~ - ~ ~ Z ~ ~ ~ ~ - ~ ~ ~ ~ - * - T ~ A ~ ~ E ~ ~ ~ - ~ ~ ~ - ~  6 
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Che!afioa~-C~nfroIIIed Cram discussed a cyclic model for nucleophilic additions to chiral carbonyl com- 
Adgliition Reactions pounds containing an a-alkoxy, a-hydroxy, and a-amino group capable of forming a 

chelate with the organometallic reagent.'23 Incorporation of chelate organization into 
the design of stereoselective processes is an important control element in diastereo- 
selective124 and enantioselectiveJ2' carbonyl additions. 

a-Chelation not only increases the electrophilic character of the carbonyl car- 
bon but also prevents free rotation about the C,-C(=O) bond, thus directing the 
nucleophile to the less hindered Si diastereoface. As exemplified below, these 1,2- 
asyr.rzmetric inductions in such rigid chelated systems provide a high degree 
of diastereoselectivity. A prerequisite for achieving high diastereoselectivities in 
chelation-controlled nucleophilic additions to carbonyl compounds is that the rate 
of reaction of the chelated substrate should be greater than for the nonchelated 
substrate. ''. "' 

U U L  wk less hir 

\\I / 
Br-Mg, 

n-I3 u 

Cram chelate model diastereoselectivity: 100 : 1 

High diastereoselectivities in P-chelation-corztr-olled reactions have also been 
observed with aldehydes and ketones in the presence of a Lewis acid where the chiral 
center is to the carbonyl group, resulting in 1,3-asymmetvic induction.127 The high 
diastereoselectivity observed in the reaction shown below, using LiI as the Lewis acid 
arises fi-om P-chelation of both the ketone and the ether oxygen with Li+. This locks 
the conformation of the P-alkoxy ketone chain, and the hydride attacks from the less 
hindered side. '28 

a. LiAIH,, Et,O 
b. workup 

diastereoselectivity: 95 : 5 

In general, five-member ring chelates are formed in preference over six-rnember 
ring chelates. Thus, chelation also can be used to control the regiochemistry of addi- 
tion reactions, as exemplified be10w.l~~ NO reduction of the C(4) ester was observed 
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because of the less favorable P-chelation by MgBr, (six-member ring chelate between 
-0Bn to C(4) carbonyl). 

b. DIBAL-H (I eq)  
toluene 

c. MeOH 
sat'd RocheIle1s 
salt workup 

no reduction of the 
C(4) C=O moiety 

H 

Hydroxyl-Directed Reduction Alkoxydialkylboranes (R'OBR,) react with P-hydroxy ketones to form boron chelate 
of p-Hydroxy Ketones intermediates that on subsequent reduction give the 1,3-syn d i o ~ s . " ~  

Methoxydiethylborane and NaBH, are the reagents of choice for this transformation. 
The chelate is reduced via intermolecular hydride delivery at the face opposite from 
the P-R group, as shown below. 

O H  OH 

R R R R 
1,3-syn diol 

external H- R = n-Bu 
99% (99% syn) 

MeOBEt;! OH OH 0 

TrO TrO 
0 Et 

-70 "C 
72%; 98:  2,  syn: anti 

Trialkylboranes are also effective chelation agents in stereoselective NaBH, 
reductions of a-hydroxy ketones to 1,3-syn diols. 13' 

OH OH 

90%; 95:5, syn: anti 

Treatment of P-hydroxy ketones with tetramethylarnmonium triacetoxyborohy- 
dride [Me,NHB(OAc),] complements the chelation approach described above by 
affording the corresponding 1,3-trans d i o ~ s . ' ~ ~ ~ ' ~ ~  Acetic acid-promoted ligand exchange 
provides an alkoxydiacetoxyborohydride intermediate in which the proximal ketone is 
stereoselectively reduced by intramolecular hydride transfer. Alkyl substituents in the a- 
position do not diminish the 1,3-asymmetric induction. 
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Me4N[BH(OAc)3] 

R R R' 
1,3-anti diol 

internal H 

intramolecular hydride delivery 

92%; 98 : 2, anti: syn 

OH 0 

CH3CN, HOAc 
h7 -20 OC 84%; 98 : 2, anti: syn 

p*5z*:*&#r-mv+px-a EA~@B@ ENANTlOSELECTlVE REDUCTIONS 
aA-",xA*.-4. -."***A --" 

X = Hi Y = Me 

Several approaches are available for the synthesis of enantiomerically enriched alco- 
hols from ketones.'14   he three main strategies to obtain enantiomerically enriched 
(nonracenzic) rnaterial are listed be10w.I~~ 

M~~N[BH(OAC)~ ]  
CH3CN, HOAc 
18 h, -20 "C 

Optical resolution of a racemic mixture: Not very economical, since 50% of the 
product is lost! 

Derivatization: Start with a chiral compound and manipulate it in such a way as 
to maintain chirality throughout the reactions (S,2 reactions or chirality transfer 
in pericyclic reactions). 

* Asymmetric synthesis: ( I )  Use a chiral a~txiliary (chiral acetal-the synthetic 

equivalent of an aldehyde; chiral hydrazone-the synthetic equivalent of a 
ketone) covalently attached to an achiral substrate to control subsequent bond 
formations. The auxiliary is later disconnected and recovered, if possible. (2) Use 
a chiral reagent to distinguish between enantiotopic faces or groups (asymmetric 
induction) to mediate formation of a chiral product. The substrate and reagent 
combine to form diastereomeric transition states. (3) Use a chiral catalyst to dis- 
criminate enantiotopic groups or faces in diastereomeric transition states but only 
using catalytic amounts of a chiral species. 

Most often, asymmetry is created on conversion of a prochiral trigonal carbon of 
carbonyl, enol, imine, enamine, and olefin groups to a tetrahedral center. One of the 
easiest methods for the preparation of optically active alcohols is the reduction of 
prochiral ketones. This transformation is achieved using chiral reductants in which 
chiral organic moieties are ligated to boron or to a metal hydride (Table 4.9). 
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agents for the Reduction of Prochiral Aldehydes and Ketones 
~ ~ ~ ~ ~ * - ~ ~ e a ~ ~ ~ * * ~ ~ ~ ~ ~ m d * ~ ~ ~ A & - > - * a - # w  -?a 

Name Structure Source Reference 

Ipc-9-BBN !3 (+)- or (- )-a-pinene \\\\B 
[R- and S-Alpine-Borane] + 9-BBN 

Ipc,BCl 
[(+)- and (-)-DIP Cl] 

(+)- or (-)-Ipc,BH 
+ HCl in Et,O 

L4g B r 
trans-2,5-Dimethylborolane + + Et2NBCI2 

142 
[(R,R)- and (S,S)-DMB] I 

H MgBr 

(optical resolution required) 

2,5-Oxazaborolidines 
(CBS reagents) 

D- or L-Proline + PhMgBr, 
then BH, 

~ i '  
BINAL-H Oh, >H (+)- or (-)-binaphthol 
[(R)- and (S)-BINAL-HI o v A I \ ~  R + LiAlH,, then MeOH 

or EtOH 

Alpine-Borane 136 Alpine-Borane, prepared by hydroborationof a-pinene with9-borabicyclo[3,3. llnonane 
(9-BBN), reduces aldehydes, a-keto esters and acetylenic ketones with excellent 
enantio~electivity. '~~ The reduction proceeds via a cyclic process similar to the MPV 
reaction. 

(R) -Alpine- 

NaOH I 
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Saturated ketones are not readily reduced by Alpine-Borane. However, the 
intramolecular version of this reduction using (Ipc),BH proceeds with good yield and 
facial selectivity. 138 

a-pinene 
NaB03. 4H20 

98% (96% ee) 

B-ChlorodiisopinocampkeyI- (-)-(Ipc),BCl [from (+)-a-pinene] and (+)-(Ipc),BCl [from (-)-a-pinene] are excel- 
b ~ r a n e l ~ ~  lent reagents for the enantioselective reduction of aryl- and alkyl ketones, cyclic 

ketones, a-keto esters'", and a,P-unsaturated ketones.14' 

CI-BI, 
(-)-DIP-CI 

(1 S) 
(+)-Dl P-CI 

The transfer of the hydride from (Ipc),BCl to the keto group likely proceeds via a 
pathway similar to that depicted above for Alpine-Borane, where the 9-BBN moiety 
is replaced by Cl. Diethanolamine is usually added in the workup procedure to remove 
the boron components. 

workup n =  I ,  98%ee 
n=2 ,91%ee 

a. (+)-DIP-CI 
THF, -30 "C 

" ( H 0 4 n N H  
L 

workup 60%, > 92% ee 

trans-2,5-~irnethylborolanel~~ Asymmetric reductions of prochiral ketones with (R,R)- or (S,S)-2,5-dimethyl- 
borolanes proceed with high enantioselectivity. The C(2) symmetry, which makes both 
faces of the borolane ring equivalent, is an important feature of these reagents. In the 
majority of cases, the presence of a C(2) symmetry axis within the chiral auxiliary can 
serve the very important function of dramatically reducing the number of competing 
diastereomeric transition states. 
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(R, R)-DMB 

H 

(S, S)-DMB 

The DMB reagents are used in conjunction with a catalytic amount of the homochi- 
ral 2,5-dimethylborolanyl mesylate (DMB-OSO,CH, = D M B - O M S ) . ~ ~ ~  Hydride 
transfer occurs at the face of the mesylate-ketone coordination complex that  exhibits 
the least steric interactions. The availability of both forms of enantiopure D M B  allows 
the preparation of enantioenriched (R)- or (S)-alcohols in a predictable and controlled 
manner. 

(R, R)-DMB HO 

/-----I 
bRL 

H 
Rs 

H ~ C \ \ \ \ \  ,/IcH, 
I 70-83% (> 95% ee) 

(cat.) OMS 

(R, R)-DMB 

R (R, R)-DMB-OMS (cat.) H3C 
hexane or pentane, -20 OC 

XR 
R = CH2Ph 69% (97% ee) 
R = cyclohexyl 83% (98% ee) 
R = CH2CH(CH3)2 74% (97% ee) 

Oxazaborolidines - Oxazaborolidines have emerged as important reagents for the enantioselective reduc- 
CBS Reduction144 tion of a variety of prochiral ketones. CBS reduction (chiral oxazaborolidine-catalyzed 

r ed~c t i on ) ' ~~  of unsymmetrical ketones with diphenyl oxazaborolidine in t h e  presence 
of BH, proceeds catalytically to provide alcohols of predicable absolute stereochem- 
istry in high enantiomeric excess. 

The reduction presumably involves complexation of BH, with the ring nitro- 
gen, followed by coordination of the ketone oxygen to the ring boron and  finally 
transfer of the hydride to the carbonyl group via a six-member chair-like transition 
state. 146 
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( I  mol %) t-1 

H O,, 
H & / R ~  

BINAL-H'" BINAL-H is prepared by adding binaphthol to a solution of LiAlH4 in THF followed 
by one equivalent of either methanol or ethanol. The reagent generally is used in three- 
fold excess to achieve optimal selectivities. It reduces acetylenic ketones,'"' aromat- 
ic  ketone^,'"^ and a,P-unsaturated ketones with high optical p~u-ities.'"' 

The (R)-BINAL-H reagent selectively adds the hydride to the Si face of the sub- 
strate, whereas the (S)-reagent adds it to the Re face. 

(R)-BINAL-H 

R+"f n-C5H11 

R 

0 
addition to Si face 

I I 

0 addition to Re face H OH 

R = H  87% 85% ee 
R = n-C4H9 85% 90% ee 
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Enzymatic Reductions of Enzymes provide an alternative to chemical methods for the enantioselective reduc- 
Croups tion of prochiral ketones.148 These reductions are usually carrried out in water or 

buffered aqueous suspensions with sugars as nutrients.149 

0 
baker's yeast OH ACO~E~ &C02Et 
H20, sucrose (S) 

baker's yeast 

j/ H20, sucrose u 

The use of ester hydrolase preparations such as pig liver esterase ( P L E ) ' ~ ~  or pig 
liver acetone powder ( P D I P ) ' ~ ~  complements reduction approaches for the synthesis 
of enantio-enriched alcohols. 152 

racemic 

kinetic 

PROBLEMS 

I. Reagents. Give the structures of the major products (A-PI) expected from the 
following reactions. Be sure to indicate product stereochemistries. Assume that 
standard aqueous workup conditions are used for product isolation. 

NaBH3CN, PPTS 
MeOH 

L-ethyl lactate 

1. TBSCl 
THF. imidazole 

2a. DIBAL-H (1.2 eq) 
Et20, -78 " to -40 "C 

2b. Rochelle's salt 
workup 
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c. 3a. DMSO, (COCl)2 
CH2CI2, -78 "C 

b. Et3N 
61 C2 

2. BPSCl (1 .O eq) 54% 4. NaC102, NaH2P04 74% 
imidazole, DMF 2-methyl-2-butene 
-20 "C, 10 min acetone, H20, rt 

d. 
1. DMP 

CH2CI2 3. PCC, NaOAc 
Dl D2 

2. Ph3P=CH2 CH2C12 
(4 eq) 

80% 89% 

THF, rt 
HO 

Hint: The excess Wittig reagent cleaves the acetate ester. 

e. 0 
1. 0 , cat. TsOH 

E 1 E2 
2a. MeMgl, Et20 4. Cr03, H2SO4 

CH20H b. H', H20, heat acetone, H20 

f. 1. LiAIH4, Et20 
TBSO 2. Me2C(OMe)2 

F 
bicyciic product 

NMO, CH3CN 

:@he 0 1. TBSCI, imidazole 3. NaH, BnBr 

HO 
cat. n-Bu4NI, DMF 

C14H29 W 1 H2 
NHBoc 89% 4. CF3C02H, H2° 72% 

EtOH, -78 "C 

2. Selectivity. Show the product(s) obtained or the appropriate reagent(s) to be used 
for the following transformations. 

a. HO ,,OAc 

A 

89% 
i- dicarbonyl product 

0 
1. NaBH4 

LCO~E~ EtOH, 0 "C 
Bl B2 

2. cat. TsOH, 4. CBr4, PPh3 
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" f. 
F1 1- IF2 

cyclic products 
OH 

0 hemiacetal 

"g. BnO 

3. Stereochemistry. Predict the stereochemistries of the major products formed 
(A-H) in the following reactions. Explain your choices. 

1. DIBAL-H (1.1 eq) 
hexane, -78 "C to rt * I3 

2. CICH2C02H 
DEAD, Ph3P 

3. LiAIH4, THF 

Me c. H - 
C 

0 THF 
H 
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3. NaCN DMSO 
El €2 

2. TsCI, pyridine 4a. LiAIH4, THF 
b. NaOH, H20 

workup 

V I  I w 

b. NaBH4 
C02t-BU w Fl F2 

2. TESCI (2.5 eq), 
imidazole, DMAP (cat.) 
DMF, rt 

:#i. Propose a method to accomplish the following stereochemical inversion. 

4. Reactivity. Explain the regioselectivity and stereochemistry observed in the each 
of transformations shown below. 

a. 1. Me2C(OMe)2 
H 0 2 C \ r C o 2 H  cat. TSOH 

OH 2a. BH3 0 THF 
OBOM 

(S)-(-)-malic acid b. Ht9 
3 .  BOMCI, i-Pr2NEt 6 4 O/O 

b. NaBH4, CeCl3.7 H20 H 

CHO CHO 

*c. OH OH 

&\\\\\- \\\I\ 

CF3C02H 0-0 
toluene 

0-0 

72% Ph Ph 
5 : 1  
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OPMB 

HO 
CH2CI2, hexane 
-78 " to -40 OC 

92% 

5. Synthesis. Supply the missing reagents required to accomplish each of the 
following syntheses. Be sure to control the relative stereochernistry. 

" f. OH 0 OMe 

H 
OBPS 
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The goal is always finding something new, hopefully unimagined 
and, better still hitherto unimaginable. 

K. Barry Sharpless 

&J?%-"~~~g# &XS~ REACTIONS OF CARBON-CABBBON DOUBLE BONDS 

Hydrogenation of Carbon- 
Carbon Double Bonds 

Heterogeneous Catalytic Hydrogenation1 
ydrogenation of carbon-carbon double bonds is frequently carried out in the 
presence of a heterogenous metal catalyst and generally proceeds under mild 
conditions. Selective reduction of a double bond in the presence of other 

unsaturated groups is usually possible, except when the compound contains triple 
bonds, nitro groups, or an acyl halide. 

The mechanism of heterogenous hydrogenation involves (1) dissociative 
chemisorption of H2 on the catalyst, (2) coordination of the alkene to the surface of the 
catalyst, and (3) addition of the two hydrogen atoms to the activated R-bond in a syn- 
manner. 

Catalyst Selection. For low-pressure hydrogenations (1-30 atm), Pt, Pd, Rh, and Ru 
are used. The reactivity of a given catalyst decreases in the following order: Pt > Pd > 
Rh - Ru > Ni. For high-pressure hydrogenations (100-300 atm), Ni is usually the 
metal of choice. 

Platinum, prepared by reduction of PtO, (Adams catalyst) with H,, is pyrophoric. 
Usually 0.1-1% of the catalyst is employed. A more convenient procedure for 
the preparation of Pt is by reduction of chloroplatinic acid with NaBH, in 
ethan01.~ 

H2PtC16 a 6 H20 + EtOH + NaBH4 Pt-catalyst 

Palladiunz is available as a metal deposit on the surface of an inert support such 
as carbon. 

Niclcel is used for high-pressure hydrogenations. Supported-Ni catalysts such as 
Rnney-Ni and Ni-Boride are employed for hydrogenolysis of the G-S bonds in 
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thioacetal~.~ Raney-Ni is prepared by treating nickel-aluminum alloy with 
NaOH. Freshly prepared Raney-Ni absorbs much of the H, produced in the 
reaction. 

NiA1, + 6 NaOH + H,O Ni (ppt) + 2Na3A10, + 3H, 

Ni-Boride, readily prepared by reduction of Ni(OAc), with NaBH,, is more 
reactive than Raney-Ni., ~reatment of NiCl, with NaBH, in methanol followed 
by heating yields a stable suspension of Ni,B, which catalyzes the regioselec- 
tive 1,4-reduction of a$-unsaturated aldehydes and ketones.' 

NiCl, 6H,O+ NaBH, in MeOH Ni,B suspension 
(store up to six months at 25 "C) 

v H2, 1 atm 

Solvent. The activity of a given catalyst generally is increased by changing from a 
neutral to a polar to an acid solvent. EtOAc, EtOH, and HOAc are the most frequently 
used solvents for low-pressure hydrogenations. 

Substrate Reactivity. The reactivity of ~~nsaturated substrates decreases in the fol- 
lowing order: RCOCl > RNO, > RC-CR > RCH=CHR > RCHO > RC=N > RCOR > 
benzene. Both Pt and Pd catalysts fail to reduce RCOOR', RCOOH, and RCONH, 
groups. Pd is usually more selective than Pt. 

The ease of reduction of an olefin decreases with increasing substitution of the 
double bond. Conjugation of a double bond with a carbonyl group can markedly 
increase the rate of hydrogenation of the double bond. 

Pd/C 

H2, 3 atm 0 
con trolled 

uptakeofH2 

98% 

0 
EtOH 

0 
H 

Stereochemistry. In general, hydrogenation takes place by a syn-addition of hydrogen 
to the less hindered side of the double bond. 
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Pt, H2 

AcOH 

1 H2 addition to the less- 
hindered a-face 

Hydrogenolysis. With Pt and Pd catalysts, hydrogenation of allylic and benzylic alco- 
hols, ethers, esters, amines, and halides is often accompanied by hydrogenolysis of the 
C-X bond where X = OH, OR, OAc, NR,, or halide, respectively. Rh catalysts are par- 
ticularly useful for hydrogenations when concomitant hydrogenolysis of an oxygen 
function is to be avoided. Divalent sulfur, Hg, and, to a lesser degree, amines poison 
hydrogenation catalysts. 

Isomerization. With Pd catalysts, and, to a lesser extent, with Pt catalysts, a mixture 
of isomeric products may be obtained due to positional isomerization of double bonds 
during hydrogenation.6 As illustrated below, syn-addition of H, to either face of the 
double bond in alkene A furnishes cis-decalin C. However, syn-addition of H, to the 
isomerized alkene B can produce the cis-decalin C and/or trans-decalin D, depending 
on which face of the double bond undergoes addition by H,. In fact, hydrogenation of 
A in the presence of Pt furnishes 80% of the thermodynamically more stable trans- 
decalin and only 20% of cis-decalin. 

Homogeneous Catalytic Hydrogenation7 
Chlorotris(triphenylphosphine)rhodium (Wilhnson's catalyst) is among the most effi- 
cient catalysts and pemits hydrogenation in homogeneous so~ution.~ The Rh complex is 
readily prepared by heating rhodium chloride with excess triphenylphosphine in ethanol. 

RhCI, H,O + Ph,P (excess) (Ph,P),RhCl Wilkinson 's catalyst 

Characteristic features of this Rh-catalyst include (1) hydrogenation of double 
bonds via syn-addition of H,, (2) cis-double bonds are hydrogenated faster than 
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trans-double bonds, (3) terminal double bonds are hydrogenated more rapidly than 
more substituted double bonds,9 (4) less isomerization of double bonds, (5) little 
hydrogenolysis of allylic or benzylic ethers and amines, and (6) R-C-N, R-NO,, 
R-Cl, RCOOH, RCOOR', and R,C=O are not reduced. 

H2, toluene 

Directed Hydrogenationlo 
Intramolecular H-bonding or chelation by an adjacent functionality, such as a hydroxyl 
group, can direct the approach of a metal catalyst to favor hydrogenation of one 
diastereotopic n-face over another. The most effective catalysts for directed hydro- 
genation are the coordinatively unsaturated Crabtree's catalyst" and the 2,5-norbor- 
nadiene-Rh(1) catalyst shown below. l 2  

[Ir(cod) (PChx3) (PY)]PF~ ~h (~ iphos -4 ) '  
Crabtree's catalyst 2,5-norbornadiene Rh catalyst 

For example, in the case of cyclic unsaturated alcohols, face-selective hydro- 
genation occurs when the hydroxyl group binds to the Ir during hydrogenation of the 
double bond.",'3 

product of directed counterdirected 
hydrogenation isomer 

5% Pd/C, EtOH 20 
5% Pd/C, CH2CI2 53 

[Ir(cod)(PChx3)(~~)]pF6 > 99.9 

Asymmetric Hydrogenationi4 
Many chiral phosphorus-based auxiliary ligands are available for transition metals in 
asymmetric, catalytic, homogeneous reductions of alkenes. Particularly noteworthy are 
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the diphosphine ligands DTPAMP, developed by William S, Knowles (Nobel Prize, 
2001), and BINAP, developed by Ryoji Noyori (Nobel Prize, 2001). 

DIPAMP (+)- Bl NAP 

BINAP i s  available as either the (-1-1- or (-)-el~antiol-raer and displays broad utili- 
ty in rhodium- and ruthenium-catalyzed asymmetric hydrogenations of P-keto esters 
and alkenes. l5  

92% yield, 97% ee 
Naproxen 

anti-inflammatory analgesic 

Dissolving Metal Reductions 

Solutions of Li, Na, or K in liquid ammonia (bp -33 "C) contain solvated metal 
cations and electrons. These solutions are able to reduce a ,  P-unsaturated ketones and 
aromatic substrates. 

[NH3] liquid + M0 M+ [NH3 --- e---- NH3] 

solvated electron 
blue solution 

Reduction of en one^'^ 
Reductions of a$-unsaturated ketones with solutions of Li, Na, or K in liquid NH, 
are chemoselective, resulting in the exclusive reduction of the carbon-carbon double 
bonds. The reaction involves addition of the substrate dissolved in Et,O or THF to a 
well-stirred solution of the metal in liquid NH,. Addition of one equivalent of t-BuOH 
as a proton donor is beneficial for driving the reduction to completion. However, 
excess alcohol, especially of the more acidic EtOH, causes further reduction of the 
saturated ketone initially formed to the corresponding alcohol. 

Transfer of an electron to the conjugated n-system of the enone furnishes a radi- 
cal anion, which on protonation (t-BuOH) followed by transfer of a second electron 
affords an enolate ion. Its protonation on workup gives the saturated ketone, or it may 
be alkylated prior to workup to form a new C-C bond. The regiospecific generation of 
enolate ions from a,P-unsaturated ketones is an important tool in carbon-carbon- 
bond-forming reactions. 
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0 r 0- Lif regiospecific OH 

cis1 trans- 
mixture 

LI 
b. evaporate NH3 
c. sat'd aq NH4CI 

Catalytic hydrogenation of an enone would not be chemoselective if an isolated 
double bond were also present in the molecule. However, isolated double bonds are 
inert to dissolving metal reduction. On the other hand, a variety of functional groups 
are reduced with alkali metals in liquid ammonia. These include alkynes, conjugated 
dienes, allylic, or benzylic halides and ethers. 

It is noteworthy that reduction of the a,P-unsaturated decalone shown below with 
lithium in liquid ammonia furnishes the trans-decalone as the major product in spite 
of the 1,3-diaxial interaction between the CH3-OCH, substituents.17 

OCH3 a. Li, NH3(l) 
I 

Et20 
b. workup 

0 major isomer 

minor isomer 

An explanation of the observed isomer distributions is that sp3-n overlap is pos- 
sible in conformations A and B, but not in C. Conformation A is favored because the 
cis-decalin-type conformation B experiences additional 1,3-destabilizing interactions 
at the concave face. Thus, the enolate ion intermediates formed during dissolving 
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metal reduction of bicyclic enones react with electrophiles (e.g., Me0,G-GN) to 
afford predominantly trans-decalone p rod~~c t s . ' ~  

Nonconjugated ketones can be reduced in the dissolving metal medium to the cor- 
responding saturated alcohol in the presence of excess alcohol prior to workup. In the 
case of cyclic ketones, the thermodynamically more stable alcohol predominates. For 
example, 4-t-butylcyclohexanone on reduction with Na in liquid NH,-Et,O and excess 
t-BuOH furnishes the trans-alcohol in greater than 98% isomeric purity, while reduc- 
tion of the same ketone with LAH in ether provides the corresponding trans-alcohol in 
89% isomeric purity. 

t-Bu0t-l 
(excess) 

Et20 t-Bu 

89 : 1 1 , trans : cis 

Extension of the dissolving metal reduction of enones to a,P-unsaturated car- 
boxylic acid esters converts the ester moiety to an arnide. However, a,p-unsaturat- 
ed esters undergo double bond reduction on treatment with magnesium in 
methanol. l 9  

Reduction of Aromatic Compounds-The Birch Reduclion20 
Alkali metals in liquid ammonia in the presence of an alcohol reduce aromatic systems 
to 1,4-cyclohexadienes. These can be further elaborated into a host of derivatives. The 
availability of a wide variety of s~rbstituted aromatic compounds, either commercial or 
via synthesis, makes the Birch reduction an important tool in organic synthesis. 

The reduction is initiated by addition of a solvated electron to the aromatic sys- 
tem to generate a radical anion, which is then protonated by an alcohol cosolvent to 
furnish a pentadienyl radical. Addition of another electron leads to a pentadienyl 
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anion, which can be protonated either at the ortho- or at the para-position (with 
respect to the sp3 carbon). Kinetically controlled protonation of both the initial radical 
anion and the pentadienyl anion occurs at the para-position, which possesses the high- 
est electron density, according to MO  calculation^.^^ Selectivity for the 1,4-diene 
product is also predicted by the "principle of least motion";22 that is, protonation at the 
pam-position produces the least change in nuclear position.23 

radical 
anion 

pentadienyl 
anion 

ROH 4 

The function of the alcohol in the metal -NH, reduction is to provide a proton 
source that is more acidic than ammonia to ensure efficient quenching of the radical 
anion and pentadienyl anion species. Furthermore, the presence of alcohol represses 
the formation of the amide ion NH,-, which is more basic than RO-Mi and is capable 
of isomerizing the 1,4-cyclohexadiene product to the thermodynamically more stable 
conjugated 1,3-cyclohexadiene. 

Reaction Conditions. A typical procedure for the reduction of o-xylene to 1,2- 
dimethyl- 1,4-cyclohexadiene is as follows: sodium metal (or Li wire) is cut into small 
pieces and slowly added to a solution of the aromatic substrate in a solvent mixture of 
liquid NH,, Et,O (or THF), and EtOH (or ~-BuOH).~O~ The alcohol does not react with 
the metal at -33 "C (bp of liquid ammonia). Relative rates of benzene reduction are 
L i=360 ,Na=2 ,  a n d K =  1.  
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a. Combine NH3, Et20, EtOH (I 0 mol), 
and o-xylene (3 mol) acH3 b. Add Na (9 mot) over 5 h 

c. Evaporate NH3 
CH3 d. Slowly add ice water while stirring 

O-xylene e. Separate organic phase; dry (MgS04) 7%-90% 
f. Purify product by distillation 

Birch reduction of substrates containing inethoxy or N,N-dimethylamino groups 
may be contaminated with appreciable amounts of conjugated products. In these 
cases, it is conceivable that the isomerization occurs during ~ o r k u p . ' ~  

Allylic and benzylic heteroatom substituents such as -OR, -SR, and halogens 
undergo concomitant hydrogenolysis during Birch reduction. However, benzylic -OH 
groups are converted to alkoxides, and the resultant electron-rich -CH,O- moiety 
resists further reduction. 

Regiochemistry. Birch reduction of monosubstituted benzenes could furnish either of 
two possible 1,4-cyclohexadienes, A or B below. 

The regiochemical course of the reduction of substituted benzenes is determined 
by the site of initial protonation of the radical anion species. Generally, electron- 
donating groups (D) retard electron transfer and remain on unsaturated carbons. 

The reason why groups such as -C(O)R, -CHO, and -CO,R behave as  electron- 
donating groups in this reaction is that they are reduced to -CH,O- before reduction 
of the aromatic system occurs. Isolated double bonds are generally stable under Birch 
reduction. Conjugated dienes and alkynes are reduced, the latter to trans-alkenes. 

OCH3 OCH3 OCH3 & CH3 Not 6 & 
CH3 CH3 

The deactivating effects of alkyl and alkoxy substituents on the regiochemistry of 
reduction of substituted naphthalenes are exemplified below.25 
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Electron-withdrawing groups (EWG) facilitate electron transfer and reside on 
saturated carbons. As with all Birch reductions, the saturated (sp" carbons are para to 
each another. 

EWG = -C02H, -C(0)NH2, oEWG [ I 1  
Birch reduction of benzoic acids in the presence of an alcohol (proton donor) fur- 

nishes 1,4-dihydrobenzoic acids. The carboxylate salt (-CO,-M') formed during 
reduction of benzoic acid derivatives is sufficiently electron kch that it is not reduced. 

H3c pCH3 t-BuOH, THF 

The carboxy group generally do~ninates the regiochemistry of the reduction when 
other substituents are present. 

The strong activation effect by the carboxyl group allows reduction to occur when 
only one equivalent of alcohol is present or even without an alcohol. In these cases, 
the intermediate dianion persists in solution and can be trapped with electrophilic 
reagents to generate a quaternary carbon center.26 

V V 

no alcohol L 

While ester groups are reduced competitively with the aromatic ring under the 
usual Birch conditions, addition of one or two equivalents of H20 or t-BuOH to NH, 
before metal addition preserves the ester moiety.27 
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a. H20 (1.5 eq) C02Et 

c. workup 
64% 

Synthetic Applications of the Birch Reaction 
Target molecules containing a 1,4-cyclodhexadiene unit are probably best prepared 
via the Birch reaction. These primary reduction synthons can be further elaborated 
into a variety of synthetically useful compounds, as exemplified below. 

Formation of 1,3-Gyclohexadier2esS f so~nerizations of l,4-cyclohexadienes with 
KOt-Bu in DMSO furnish the thermodynamically more stable conjugated 1,3-cyclo- 
hexadienes . 

isomerization 
KOt-BU 
DMSO 

Formation of Cyclohexenones. Hydrolysis of the initial en01 ether (vinyl ether) 
formed from Birch reduction of anisole or substituted anisoles under mild acidic con- 
ditions leads to P,y-unsaturated cyclohexenones. Under more drastic acidic condi- 
tions, these isomerize to the conjugated a,P-cyclohexenones. Birch reduction of 
anisoles followed by hydrolytic workup is one of the best methods available for 
preparing substituted cycl~hexenones.'~ 

THF, t-BuOH boCH MeOH, H20 

p,y-unsaturated I HCI, H20 

It should be noted that Birch reduction of 4-substituted anisoles followed by 
acidic workup (aq HCl, THF) produces mixtures of isomeric cyclohexenones con- 
taining an appreciable amount of the P,y-unsaturated pr~duct . '~  
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H 3C D O c H 3  THF, t-BuOH H 3C 

D O C H 3  

enol ether 

aq HCI, THF 

tautomerization - H' 

L H+ 
dienol tautomer 

Formation of Acyclic Compounds. Selective cleavage of the more nucleophilic dou- 
ble bond of anisole-derived 1,4-cyclohexadienes by ozone provides highly function- 
alized acyclic compounds containing a stereodefined double bond. 

Formation of Chiral Quaternary Carbon. Birch reduction-alkylation of benzoic 
acids and esters establishes quaternary carbon centers. Neighboring stereocenters will 
influence the stereochemical outcome of the tandem reaction sequence. The following 
example illustrates how a chiral auxiliary (derived from prolinol)30 controls the stereo- 
selection in the Birch reduction-alkylation step.3', 3" 

L-prolinol - 1 00% conditions 
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96% 
single enantiorner 

Synthesis of Aromatic Compounds for the Birch Reduction 

Electrophilic Aromatic Substitution Reactions. Friedel-Crafts alkylation, acylation, 
and the Vilsmeier-Haack f~rmylation,~%hown below, are excellent reactions for the 
synthesis of substituted aromatic compounds. 

Reactions of Aromatic Lithium Compounds. See Chapter 7, Section 7.1. 

Hydration of Alkenes 

Hydroboration-Oxidation34 
The hydration of alkenes via hydroboration-oxidation, developed by Herbert C. Brown 
(1912-2004; Nobel Prize, 1979) and coworkers, provides a valuable tool for the syn- 
thesis of a wide variety of alcohols of predictable regio- and stereochemistry. 

NaOH 

Preparation of Organoborane~.~~ Borane-tetrahydrofuran (BH,eTHF) and borane- 
dimethyl sulfide (BH,. SMe,) are the reagents of choice for hydroboration of alkenes. 
They are commercially available - BH,eTHF as a 1-2 M solution in THF and 
BH,. SMe, neat, 10.0-10.2 M in borane. The latter reagent is especially suitable as a 
hydroborating agent since it can be stored at 0 "C for long periods and can be used in 
a variety of aprotic solvents. 

Except for a few very hindered double bonds, virtually all alkenes undergo hydro- 
boration. Extreme crowding may cause isomerization of the initial ~rganoborane.~~ The 
presence of a functional group may interfere with hydroboration (see Table 4.3). In such 
cases, it is often necessary to use a sterically hindered organoborane. For example, 
dicyclohexylborane (Chx,BH) is an excellent reagent for the selective hydroboration of 
1 -alkenes in the presence of RCHO and R,C = O functionality.37 
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Scope. Borane is a trifunctional molecule and reacts with alkenes to give three types 
of organoboranes: R,B, trialkylboranes; R,BH, dialkylboranes; and RBH,, mono- 
alkylboranes. Whereas R,B reagents are monomeric, both R,BH and RBH, reagents 
are dirneric. For convenience they are referred to as monomers in the following 
discussion. 

Unhindered alkenes such as monosubstituted alkenes react rapidly with BH, to 
produce R,B. 

H H 
terminal alkene 

Moderately hindered alkenes and certain cycloalkenes also can form R,B. 
However, control of the stoichiometry and reaction conditions permits the preparation 
of R,BH. 

25 "C 
slow 

R R R R 
\ / 

2 C=C 
/ \ O°C (+e-i$-BH 

R fast 

For tetrasubstituted alkenes and cycloalkenes, hydroboration to the trialkylborane 
stage is difficult. In these cases, it is possible to produce cleanly the monoalkylboranes 
RBH,. 

Selective Hydroborating Agents. The mono- and dialkylboranes are themselves use- 
ful hydroborating agents for sterically less hindered alkenes3' Some important mono- 
and dialkylboranes are given below. 

* Tlzexylborarze (ThxBH,, 1 ,  I ,2-trimethylpropylborane) is readily prepared by treating 

BH,eTHF or BH,. SMe, in THF with 2,3-dimethyl-2-butene in a I : 1 ratio.,' 
Although this monoalkylborane is crowded, it will hydroborate two additional 
alkenes provided they are not too hindered. 
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Thexylchloroborane, prepared by the reaction of thexylborane with an equimolar 
amount of hydrogen chloride in ether4' or by hydroboration of 2,3-dimethyl-2- 
butene with BH,Cle S M ~ , , ~ '  is a valuable reagent for the synthesis of mixed 
thexyi-tz-diaikylboranes and for the reduction of carboxylic acids to the 
corresponding aldehydes (see Section 4.10). 

Disiavrzylborane (Sia,BH, 1,2-dimethylpropylborane), a dialkylborane with a 
large steric requirement, is prepared by hydroboration of 2-methyl-2-butene with 
either H,B THF or H,B SMe,. The reagent should be used immediately after 
preparation. Disiamylborane provides for cherno-, regio-, and stereoselective 
hydroborations. 

Dicyclohexylborane (Chx,BH) may be made using either H,B THF or 
H,B SMe,. It is a white crystalline solid, sparingly soluble in Et,O and THF, and 
is used immediately after its preparation. Dicyclohexylborane is more stable than 
disiamylborane and exhibits similar reaction characteristics. 

9-Borabicyclo[3.3.1 .]nonane (9-BBN) is available by hydroboration of 1,5- 
cyclooctadiene with one equivalent of BH,," or commercially either as a 
crystalline dimer or as a THF solution. The reagent is thermally more stable 
than dicyclohexylborane. It is frequently used as an arzclzor group in 
organoborane reactions, allowing an efficient utilization of valuable alkenes. 

heat 

Diisopirzocamplzeylborane [Ipc,BH, bis(pii1an-3P-yl)borane] is a chiral reagent 
obtained by hydroboration of (+)- or (-)-a-pinene. Hydroboration of cis-alkenes 
with (+) or (-)-Ipc,BH creates new chiral centerse4, 

THF 
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Regiochernistry. An important feature of the hydroboration reaction is the regio- 
selectivity observed with unsymmetrical alkenes. The direction of B-H addition to the 
double bond is influenced by inductive, resonance, and steric effects of the substrate and 
by the nature of the hydroborating agent. Although the mechanism of hydroboration is 
complex, the reaction can be depicted to involve interaction of the vacant p-orbital of 
boron with the n;-orbital of the alkene. This leads to a partial negative charge on boron 
and a partial positive charge on the carbon. Transfer of a hydrogen with its electron pair 
from boron to the carbon that can best accommodate the partial positive charge proceeds 
via a four-center-type transition state. 

Generally, boron attacks positions of highest electron deirzsity and lowest steric 
congestion. This working hypothesis rationalizes the regioselectivity and stereo- 
selectivity of most hydroboration reactions." Because of the larger steric requirement 
of a dialkylborane, R,BH reagents exhibit greater regioselectivity for addition to the 
less hindered carbon of a double bond in cornparison to BH,eTHF or BH,. SMe, 
(Table 5.1). It is important to note that the presence of a functional group may influ- 
ence not only the regioselectivity of the alkene hydroboration, but also the stability of 
the resulting ~rganoborane.~~ 

a Determined from the ratios of the alcohols obtained after oxidation of the organoboranes with 
alkaline hydrogen peroxide. 

Chernoselectivity. The rates of hydroboration of alkenes with dialkylboranes vary 
over a wide range. Thus, it is possible to selectively react one double bond in dienes, 
as shown in Table 5.2.j6 Relative rates of hydroboration with dialkylboranes are as 
follows: 

9-BBN: R,C=CH, > RCH=CH, > cyclopentene > (E) RCH=CHR > 
R,C=CHR > (Z) RCH=CHR > cyclohexene > R,C=CR, 

Sia,BH: RCH=CH, > R,C=CH, > (2) RCH-CHR, cyclopentene > 
(E) RCH=CHR > cyclohexene > R,C=CHR 
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BSi a2 

Stereochernistry. The four-center transition state for hydroboration of alkenes dis- 
cussed above implies that addition of the B-H bond to a double bond proceeds in a 
syn-manner. Moreover, hydroboration of a bicyclic alkene, such as a-pinene, results 
in the addition of B-H from the less hindered face of the molecule to give Ipc,BH. 

Hydroboration involves: 

Regioselective addition of B-H 

cis-Addition of B-H 

Addition of B-M from the less-hindered face 

Oxidation of Organoboranes. The facile reactions of olefins and dienes with various 
hydroborating agents makes a variety of organoboranes readily available. Organoboranes 
tolerate many functional groups and are formed in a stereospecific manner. The boron 
atorn in these organoboranes can be readily substituted with a variety of functional 
groups." For example, hydroboration followed by in situ oxidation by alkaline hydro- 
gen peroxide provides for the anti-Markovnilzov hydration of double bonds.48 

R3B + 3 H202 + NaOH 3 ROH + NaB(OH)4 

As an alternative, organoboranes can be oxidized with Na-perborate (NaBO, 
4 ~ ~ 0 ) ' ~  or with trirnethylarnine N-oxide (M~,NO)." Oxidation of trialkylboranes 
with pyridinium chlorochromate (PCC) leads directly to the corresponding carbonyl 
 compound^.^^ 

Oxidation of the C-B bond occurs with cornplete retention of con.guration, 
allowing the synthesis of alcohols of predictable stere~chemistry.~' 
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'CH3 

a. 9-BBN, THF \\,\OH 

b. NaOH, H202 &CH3 

Asymmetric Synthesis of Alcohols from AlkenesS3 
Diisopinocampheylborane. (-)-Ipc2BH and (+)-Ipc,BH are enantiornerically pure 
hydroborating agents that are readily accessible via hydroboration of (+)-a-pinene 
and (-)-a-pinene, respectively."' .54 

I I 

I 

2 THF 

Hydroboration of cis-alkenes with these reagents creates new chiral centers. 
Oxidation of the resultant organoboranes with retention furnishes alcohols of pre- 
dictable absolute stereochemistry. Ipc,BH is perhaps one of the most versatile chiral 
reagents for laboratory use. A rationalization of the observed stereoselectivities has 
been proposed." Under similar experimental conditions but using (+)-Ipc,BH, 
hydroboration of cis-2-butene produces the (+)-(S) alcohol. 
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n/lonoisopinocampheyIborane. Although asymmetric hydroboration using Ipc,BH is 
exceptionally effective with cis-disubstituted alkenes, it is less than satisfactory with 
trans-disubstituted alkenes and trisubstituted alkenes. However, monoisopinocam- 
pheylborane (IpcBH,) achieves asymmetric hydroboration of trans-alkenes and of 
trisubstituted alkenes with good asymmetric ind~ction. '~ 

R = CH3, 67% ee 
R = Ph, 1 00% ee 

2,5-Dimethylborolane. Excellent results in asymmetric hydroborations are obtained 
with Masamune's trans-2,5-dimethylborolane reagents.57 The C(2)-symmetry of the 
reagent ensures that both faces of the borolane ring are equivalent, which reduces the 
number of competing anti-Markovnikov transition states." Unfortunately, the reagent 
is not readily available. 

H3CJ ~1-13 H I 

(R, R)-2,5-dimethylborolane 

t 
a-face approach p-face approach 

favored 

VS. 

disfavored 

Diastereoselective Hydroboration. Hydroborations of chir-a1 acyclic alkenes with 
achiral boranes often furnish, after oxidative workup, the corresponding alcohols with 
good diastereoselectivities. In these cases one uses a stereocenter present in the mol- 
ecule to introduce the selective formation of a new chiral center (an example of single 
asynzrnetric i nd~c t i on ) .~~  1t is important that the stereocenter is adjacent to the double 
bond (allylic position) undergoing hydroboration. The preferred conformations for 
such alkenes are those in which the allylic A ' , ~  strains are minimized with the small- 
est group of the stereocenter eclipsing the double bond. In the absence of strong elec- 
tronic or chelating eEects, the hydroborating agent attacks the double bond from the 
face opposite to the larger group, as exemplified below.60 
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top (p) face 
more hindered 

strain 
[CH3 /I CH3] 

preferred conformation 
minimizing A' r 3  strain 

The hydroboration is not only stereoselective but also regioselective, placing boron at 
the less hindered, mono-substituted carbon of the double bond. 

In addition to the 1,3-allylic strain concept, Houk has employed a model for 
n-facial stereoselection of electrophilic additions to chiral alkenes, such as hydrobo- 
ration, epoxidation, and dihydroxylation, with similar predictive success.55 

$D~~merc~at i<sm - Acid catalyzed hydration of alkenes is not well suited for laboratory preparation of alco- 
Demercuration61 hols. Since the reaction proceeds via carbocation intermediates, mixtures of alcohols may 

be formed. However, oxymercuration-dernercuration of alkenes provides a simple tool 
for regioselective hydration of alkenes whereby rearrangements are seldom observed. 

t-BuCH-CH3 
2. NaBH4 I 

NaOH OH 

Treatment of an alkene with mercuric acetate in aqueous THF results in the elec- 
trophilic addition of mercuric ion to the double bond to form an intermediate mercuri- 
um ion. Nucleophilic attack by H,O at the more substituted carbon yields a stable 
organomercury compound, which upon addition of NaBH, undergoes reduction. 
Replacement of the carbon-mercury bond by a carbon-hydrogen bond during the reduc- 
tion step proceeds via a radical process. The overall reaction represents Markovnikov 
hyclration of a d o ~ ~ b l e  bond, which contrasts with the hydroboration-oxidation process. 

ucH3 NaOH 
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1 1 l H g ( 0 A ~ ) ~  
H20, THF 

3-- 

1 I) 1 2. NaBH4, NaOH 

I I 

Markovnikov hydration 

a. H3B SMe2, THF 
b. NaOH, H202 

HOH 

anti-Markovnikov hydration 

Solvornercuration-Demercuration 
Mercuration of 1-alkenes in the presence of nucleophilic solvents such as alcohols, 
amines, and nitriles or in the presence of sodium azide provides convenient access to 
the corresponding ethers,62 amines," a m i d e ~ , ~ ~  and azideseG5 

Hg(OAc)2 NaBH4 OR' 
RCH=CH2 I 

R'O H RCH-CH3 

NHR' 
RCH=CH2 I 

R'NH2 RCH-CH3 

Oxidation of RI-lgX 
The intrarnolecular version of the oxymercuration reaction affords cyclic ethers. 
Furthermore, treatment of organomercury compounds (R-HgX) with NaBH, in DMF 
in the presence of 0, replaces the carbon-mercury bond by a carbon-oxygen bond and 
yields the corresponding alcohol (R- OH).^^ 

R R 

BPS BPS 
KC1 

1 : 1 mixture of 
diastereomers 93% 

NaBH4, O2 
DMF, CH2CI2 
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Epoxidation of A l k e n e ~ ~ ~  

Epoxides (oxiranes) are widely used as versatile synthetic intermediates because 
regio- and stereoselective methods exist both for their construction and subsequent 
reactions. Reactions of epoxides are dominated by the electrophilic nature of the 
strained three-membered ring, which is susceptible to attack by a variety of nucle- 
ophiles. The 1,2-bifunctional pattern makes epoxides the charge affinity counterpart 
of en01 derivatives, which are nucleophilic at the a-po~ition.~" 

2. oxidation 9 Rt 

Epoxidation of Alkenes Using Peroxy Acids 
The reaction of alkenes with peroxy acids provides for convenient and selective oxi- 
dation of double bonds. The peroxy acids most commonly used in the laboratory are 
m-chloroperoxybenzoic acid (mCPBA), monoperoxyphthalic acid magnesium salt 
(MMPP)," peroxybenzoic acid, peroxyformic acid, peroxyacetic acid, trifluoroper- 
oxyacetic acid, and t-butyl hydroperoxide [(CH,),COOH]. The order of reactivity for 
epoxidation of alkenes follows the trend CF,CO,H > mCPBA - HC0,H > CH,CO,H 
>> H202 > t-BuOOH. 

mCPBA MMPP 

Stereoselectivity. Epoxidation involves an electrophilic syn-addition of the oxygen 
moiety of the peroxy acid to the double bond. The concerted formation of two new 
C-0 bonds ensures that the reaction is stereospecific: cis-alkenes furnish the coi-re- 
sponding cis-epoxides and trans-alkenes the corresponding tmns-isomers (racemic). 

With conformationally rigid cyclic alkenes, the reagent preferentially approaches 
the double bond from the less hindered side. 
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a-face 
oxidation 

H 

mCPBA 

endo-approach 
H 

Chemoselectivity. The rate of epoxidation increases with the number of electron- 
donating substituents on the double bond. The order of alkene reactivity with peroxy 
acids is as follows: 

Hence, the more nucleophilic (more substituted) double bonds of the diene and triene 
depicted below undergo preferential epoxidation when treated with an equimolar 
amount of the peroxy acid. 

Conjugation of the alkene double bond with an electron-withdrawing group 
reduces the rate of epoxidation. Thus, a$-unsaturated carboxylic acids and esters 
require a stronger oxidant, such as trifluoroperoxyacetic acid, for oxidation. 

ref l ux u 

Alternatively, epoxy esters may be prepared via the Darzens reaction, which 
involves base-mediated condensation of a-chloro esters with aldehydes or ketones.70 
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Epoxidation of the electron-deficient double bond in a,P-unsaturated ketones may be 
complicated by the Baeyer-Mlliger reaction, an oxidation involving the carbonyl group. 

20% 80% 
Baeyer-Villiger 

product 

However, if the double bond and the carbonyl group are not conjugated, the for- 
mer generally reacts faster with peroxy acids than the carbonyl group. 

acid occurs from 
the convex side 

Metal-catalyzed epoxidations of alkenes with H,O, provides an economical alter- 
native to oxidations using peroxyacid~.~' 

NaHC03 (pH 8) 
78% 

Baeyer-Villiger ~eac t ion .~ '  Adolf von Baeyer (Nobel Prize, 1905) in collaboration with 
Victor Villiger showed that treatment of cyclic ketones with rnonoperoxysulfuric acid 
(HO,SO,H) produced lactones./, The great synthetic utility of the reaction is derived from 
its stereospecificity and often high degree of regioselectivity. MOI-eover, the reaction pro- 
ceeds under mild conditions and can be applied to acyclic, cyclic, and aromatic ketones. 

The Baeyer-Villiger oxidation involves an initial attack of a peroxy acid at the 
carbonyl carbon, which is followed by migration of an adjacent group from the car- 
bony1 carbon to the electron-deficient oxygen of the peroxy acid moiety. The 
rearrangement proceeds in a concerted manner and is stereospecijic. Thus, a chiral 
migrating group maintains its chiral integrity in the product. The overall reaction rep- 
resents an insertion of an oxygen between the carbonyl carbon and the migrating 
group. The Baeyer-Villiger reaction applied to acylic ketones provides esters, where- 
as cyclic ketones f~rrnish lactones. 

migrating group concerted migration OH 
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ester 

The observed relative ease of migration, tert-alkyl > sec-alkyl > phenyl > n-alkyl 
> methyl, reflects the ability of the migrating group to accommodate a partial positive 
charge at the transition state. In addition to electronic factors, steric and conforma- 
tional constraints as well as reaction conditions may influence the ease of migration. 
However, the regiochemistry can usually be controlled by proper choice of migrating 
group. For example, oxidation of methyl ketones results almost exclusively in the for- 
mation of acetates. Thus, the Baeyer-Villiger oxidation is not only stereospecijic but 
frequently regioselective. 

By controlling reaction conditions and by proper choice of the peroxy acid, it is 
often possible to favor the Baeyer-Villiger reaction over epoxidation. An illustrative 
example of the usefulness of the Baeyer-Villiger reaction is the stereospecific, and 
regio- and chemoselective conversion of the unsaturated bicyclic ketone sliown below 
to a cyclopentene containing three consecutive stereogenic centers.74 

8 \ 

OMe 

Epoxidation of a,P-Unsaturated Ketones Using Alkaline Hydrogen Peroxide 
Oxidation of a,P-unsaturated ketones with alkaline hydrogen peroxide produces the 
corresponding keto epoxides in good yields. This nucleophilic epoxidation proceeds 
via an initial Michael-type addition of the hydroperoxide anion to the enone system, 
which is then followed by elimination of HO-. It should be noted that the inductive 
electron-withdrawing effect of the neighboring oxygen in HOOP makes i t  a weaker 
base than HO- but a better nucleophile than hydroxide. 

o H202, NaOH 
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In contrast to the stereospecij?~ epoxidation of acyclic alkenes with peroxy acids, 
oxidation of acyclic a#-unsaturated ketones with alkaline hydrogen peroxide is 
stereoselective in that only one stereoisomer is formed from cis- and trans-en one^.^^ 

C O C H ~  H202, NaOH * 
H3C, ,COCH3 MeOH 0 COCH3 

best conformation 
for enolate anion 

Treatment of enones with basic tert-butyl hydroperoxide provides an alterna- 
tive route for epoxidation of enones when the alkaline hydrogen peroxide proce- 
dure fails. For example, the enone shown below did not react with alkaline hydro- 
gen peroxide but underwent cherno- and stereoselective oxidation with tert-butyl 
hydroperoxide in the presence of the base trimethylbenzylammonium hydroxide 
(Triton-B). To avoid a 1,3-diaxial interaction with the angular rnethoxymethyl 
substituent, the hydroperoxide anion attacked the enone from the a-face of the 

Epoxidation of Alkenes Using Dimethyldi~xirane~~ 
Dirnethyldioxirane (DMDO) is a mild reagent for epoxidation under neutral condi- 
tions of electron-rich as well as of electron-deficient alkene~.~'  Moreover, dimethyl- 
dioxirane is often the oxidant of choice for the preparation of labile e p ~ x i d e s . ~ ~  The 
reagent is prepared by oxidation of acetone with potassium caroate JSHSO, (Oxone) 
and is stable in acetone solution at -20 "C for several days." 

KHSC 

DMDO 

Use of dimethyldioxirane obviates the problems associated with epoxidations of 
conjugated acids and esters with peroxy acids and of enones with alkaline hydrogen 
peroxide. The only by-product of the reaction is acetone, making this procedure an 
environmentally friendly one. 
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q Ph CH2CI2, acetone 

NIethyi jcrifluorornethyl)dioxira~~e (TFDO), prepared from I, I, I -trifluoroacetone 
and KHSO,,~' is more reactive than DMDO by a factor of , 600 .~~  In addition to facile 
epoxidation of alkenes, TFDO can be used to regioselectively oxidize tertiary over 
secondary C-H bonds via an "oxenoid" (butterfly) mechanism.79 

F3C xg 
H 3C &cH3 CH3 

TFDO -22 "C, 10 min 90% 

Preparation of Epoxides from HalohydrinsS3 
The reaction of chloro- or bromohydrins with bases provides an economical route for 
the preparation of epoxides. Halohydrins are readily accessible by treatment of an 
alkene with either hypochlorous acid (C1, -t H20 -+ HOCl), hypochlorite bleach solu- 
tion (NaOCl), or hypobromous acid (NBS + H20 -+ HOBr). These reactions involve the 
initial formation of a halohydrin via anti-addition of X+ and HO-, followed b y  internal 
"S,2" displacement of the halide by the o x y a n i ~ n . ~ ~ ~  The regiochernistry of &HO-Xs+ 
addition is highly dependent on the halide and on steric and electronic factors, as shown 

A notable feature of the halohydrin route is that it makes available epoxides with 
the stereochemistry opposite of that obtained using peroxy acids. 
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a-face approach: 

H 3C 

H 3c 
a-face epoxide 

H 3C 

p-face of alkene is 
hindered by axial CH3 t i  3c 

H 3C 
a-bromonium ion leads p-face epoxide 
to p-face attack by HO- 

Preparation of Epoxides from Ketones 
An alternative approach to epoxides utilizes aldehydes or ketones instead of alkenes 
as precursors for epoxide preparation. 

Dimethylsulfonium M e ~ h y l i d e . ~ ~  ~ e t h ~ l a t i o n  of dimethylsulfide with methyl iodide 
produces trimethylsulfoniurn iodide. The positive charge on su l f~~ r  enhances the acid- 
ity of the methyl protons so that treatment of the sulfonium salt with a base converts 
it to dirnethylsulfonium methylide. This "unstabilized" ylide should be used imrnedi- 
ately after its preparation. 

1 -  NaCH2SOCH3 H 3C\ + - 
H3C\ C H ~ I  H3C\+ 

S S-CH3 
H 3 ~ '  H 3 ~ '  THF 

-10 to 0 "C 
H3Cs-cH2 1 
sulfur ylide 

Reaction of the sulfur ylide with the carbonyl group of aldehydes, ketones, or 
enones forms a betaine intermediate, which decomposes by intra~nolecular displace- 
ment of Me,S by the oxyanion to yield the corresponding epoxide. 

Dimethyloxosulfonium Methylide.84 ~e~ro tona t ion  of trimethylsulfoxonium iodide 
forms a sulfur ylide that is significantly more stable than dimethylsulfoniurn 
methylide and may be prepared and used at room temperature. 

ylide 
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This "stabilized" ylide reacts with aldehydes and ketones to furnish epoxides. The 
difference in reactivity between dimethylsulfonium methylide and dirnethyloxosulfo- 
nium methylide is apparent when considering their reactions with a$-unsaturated 
ketones. Whereas the "nonstabilized" ylide yields the epoxide, the "stabilized" ylide 
affords a cyclopropane via conjugate addition followed by ring closure and  loss of 
dimethyl sulfoxide. 

There is striking difference in the mode of reaction of sulfur ylides and phospho- 
rus ylides (Wittig reagent) with aldehydes and ketones. The former ylides lead to 
epoxides, whereas the Wittig reagent furnishes alkenes, pointing to the low affinity of 
sulfur toward oxygen compared to that of phosphorus. 

Chloroiodornethane. Chloroiodomethane on treatment with methyllithium-lithium bro- 
mide or n-butyllithium at low temperature undergoes lithium iodide exchange to form a 
lithium chlorocarbenoid species [LiCH,Cl]. This highly reactive "carbanion" intermedi- 
ate can be intercepted by the carbonyl group of aldehydes or ketones before it undergoes 
a-elimination to generate carbene and LiC1. Displacement of chloride from the  initially 
formed carbonyl adducts furnishes the corresponding epoxides in high yields.85 

MeLi, LiBr 
0 
/ \ 

CH3(CH2)6CH0 CH3(CH2)6CH -CH2 
ICHpCl 

THF, -78 "C 97% 

O n-BuLi 

ICH2CI 
THF, -78 "C 
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Reactions of EpoxidesS6 
The inherent strain (-27 kcallmol) of epoxides makes them prone to (1) ring opening 
by a wide range of nucleophiles, (2) base-induced rearrangement, and (3) acid-cat- 
alyzed isomerization. 

Nucleophilic Ring-Opening ~ e a c t i o n s . ~ ~  Generally, nucleophilic opening of an 
unsymmetrically substituted epoxide is ~~egioselective, placing the nucleophile at the 
less substituted carbon of the epoxide (S,2 type reaction) as shown below. 

NaOH OH 

R $ - - ~ ~ 2 ~ ~  H  

Reactions of substituted epoxides with Grignard reagents are often accompanied 
by rearrangement. Thus, organocuprates are better suited for carbon-carbon bond 
forming reactions with epoxides. For a detailed discussion of the preparation and reac- 
tions of organocuprates, see Section 7.5. 

Lithium enolates of ketones, esters, and amides do not react directly with epox- 
ides but require a promoter such as Et,AlCl, LiClO,, or ~ i C 1 . ~ '  However, alkylations 
of epoxides do occur with Li[CHKO,C(CH,),], Na[HC(CO,Et),], Li[CR,CO,Li], or 
L~[CR,CO,N~] ." 

Stereochemistry. In cyclohexane derivatives, opening of the epoxide ring with nucle- 
ophilic reagents proceeds stereospecifically in the majority of cases via an S,2 reac- 
tion, placing the oxygen of the epoxide and the attacking nucleophile in a trans- and 
diaxial-relationship. Thus, a single diastereomer of an epoxide gives upon ring open- 
ing a single diastereomer of the product. 

In the case below, where R = H, epoxide opening via an antiparallel approach of 
the nucleophile at C(4) leads to a chairlike transition state preferentially, furnishing the 
tmlzs-diaxial-product. A parallel approach of the nucleophile at C(3) would produce, via 
a higher-energy twisted boat transition state, the diequatorial product. However, if R = 
CH,, the syn-axial interaction between the CH, group and the incoming nucleophile 
influences the regiochemistry of epoxide cleavage and, depending on the nucleophile 
size, may result in preferential attack of the nucleophile at c(~).'O 



5.1 Reactions of Carbon-Carbon Double Bonds 1169 

parallel approach of Nu' 

A 
may be favored 
when R = alkyl 

attack 
Nu- / at C(3) 

parallel/antiparallel 
with respec: to @ 

antiparallel approach 
of Nu- 

favored 
when R = H 

Intramolecular nucleophilic opening reactions of epoxides lead to the formation 
of cyclic systems." The process is stereospecific with inversion of configuration at the 
epoxide carbon. The nucleophile must approach the epoxide C-O bond from a con- 
formation that allows for a collinenr SN2-like displncerzent. Of the two possible 
modes of intramolecular epoxide ring opening, formation of the smaller ring is gen- 
erally favored, as illustrated below.92 This is because it is difficult to attain the neces- 
sary coplanar arrangement at the transition state of (1) the attacking group, (2) the 
epoxide carbon, and (3) the oxyanion leaving group. The preference for ring size can 
be influenced by the selection of base.93 

a = larger ring formed 
b = smaller ring formed 

0 

4 ring vs. 5 ring: s,,,.. 
5 ring vs. 6 ring: 



170 Functional Croup Transformations: The Chemistry of Carbon-Carbon n-Bonds and Related Reactions 

In cases involving cyclohexene oxides, the requirement for opening via an 
antiparallel approach dictates the ring size, as illustrated below.922" 

4 ring vs. 5 ring 

5 ring vs. 6 ring 

antiparallel approach 

7 min 

Inversion of Olefin Stereochemistry." The preparation of alkenes via inversion of the 
double bond geometry is an important synthetic transformation. For example, inter- 
conversion of the (3-alkene to the (E)-isomer depicted below involves treatment of 
the (2)-epoxide with the nucleophilic L~PP~,"  followed by phosphorus alkylation to 
furnish the betaine," which undergoes syn-elimination to produce the (El-alkene. The 
alkene inversion works for di-, tri-, and tetra-substituted olefins. 

olefin inversion 

THPO THPO 

(-4 99Oh ( E )  
86% yield 

mCPBA 
CH2CI2 - CH 3~ h2pL0- 

- Lil -d - 

-C I 

1 THPO 1 

phosphorus 

betaine intermediate 

Base-Induced Elimination of Epoxides." Epoxides inay serve as precursors for 
stereoselective syntheses of allylic alcohols. Thus, starting with an alkene and con- 
verting it to an epoxide followed by its treatment with a strong base produces the cor- 
responding allylic alcohol.9s 
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H20 workup 

The overall reaction amounts to a transposition of the initial alkene double bond. 
In contrast to ring opening of epoxides by nucleophiles, the base-induced elimination 
requires a non-nucleophilic strong base, such as a lithium dialkylamide (e.g., LDA). 
The reaction is believed to proceed via a syn-elimination involving a boatlike transi- 
tion stateag9 

Silyl-protected allylic alcohols can be obtained by treatment of epoxides with a 
non-nucleophilic base in the presence of stoichiometric amounts of TMSOTf or 
TBSOTf (Tf = SO~CF,).'" 

1. i-Pr2NEt, TBSOTf 
C02B n 

0 BB 
S02Ph 2. DBU S02Ph 

TBSO 

Acid-Catalyzed Ring Opening Reactions. The acid-catalyzed opening o f  epoxides 
with H,O' proceeds faster than the base-induced reaction with OH-. In acidic medi- 
um, protonation of the ring oxygen places the ensuing partial positive charge on the 
more substituted epoxide ring carbon. Thus, backside displacement of the neutral 
leaving group (-OH) by a nucleophile (generally a nucleophilic solvent) occurs pref- 
erentially at the more substituted carbon of the epoxy ring. The general rule that ring 
opening of cyclohexene-derived epoxides positions the -OH and -Nu in a trans- and 
diaxial-relationship is also applicable under the acid-catalyzed conditions. 

L more stable less stable 

CH3CH(OCH3)CH20H CH3CH(OH)CH20CH3 
major product minor product 
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In contrast to the reductive cleavage of I-methylcyclohexene epoxide with 
LiAlH, or, better, with L~E~,BH"' to produce I-methylcyclohexanol, reduction of 
the epoxide with sodium cyanoborohydride in the presence of boron trifluoride 
etherate furnishes cis-2-methylcycl~hexanol.'~~ In this case, complexation of the 
epoxide oxygen with the Lewis acid BF, now directs "hydride" addition to the 
more substituted carbon, which can better sustain the induced partial positive 
charge. 

H3C .H H3C OH 

VH BF3* THF OEt2 

87% (97% cis) 

C1'" 
99% 

Acid-catalyzed opening of saturated hydroxy epoxides via intramolec~~lar partic- 
ipation of the hydroxyl group leads to regio- and stereoselective hrmation of tetrahy- 
drofuran and tetrahydropyran systems.'03 

saturated CSA = camphorsulfonic 
acid 

Interestingly, acid-catalyzed intramolecular opening of allylic epoxides by 
hydroxyl groups proceeds regioselectively via the n-stabilized carbeni~lrn ion inter- 
mediate to form the tetrahydropyran rirtg."" 

allylic epoxide 95% 

via 
HO 

Lewis Acid-Mediated Rearrangement of ~ ~ o x i d e s . ' ~ ~  This procedure is useful for 
the conversion of alkenes into carbonyl compounds via epoxides. Boron trifluoride 
etherate is the Lewis acid generally employed for this purpose. The reaction proceeds 
via a carbeniurn ion intermediate, and the migratory aptitude of groups follows that 
observed in carbenium ion rearrangements. The usefulness of the reaction depends on 
structural and conformational factors leading to selective rearrangements. The forma- 
tion of the epoxide and its opening may be carried out in one vessel by using a mixture 
of peroxytrifluoracetic acid and boron trifluoride etherate.'05 
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Hydroxyl-Directed Epoxidation with Peroxy Acidslo6 
Although epoxidation of cyclic alkenes occurs preferentially from the less hindered 
side, the presence of a polar substituent near the double bond may reverse the facial 
direction of attack by the peroxide. For example, introduction of an allylic OH 
group onto the substrate provides a means for interaction with the peroxy acid by 
hydrogen bonding and thereby promotes stereoselective epoxidation. Cycloalkenes 
with an OH group at the allylic position are attacked by peroxy acids syn to the dou- 
ble bond to give the corresponding cis-epoxy alcohol diastereomers, even if that 
face is sterically more hindered. It is assumed that the directive effect of t h e  hydrox- 
yl group is due to hydrogen bonding between the hydroxyl group and t h e  peroxy 
acid, stabilizing the transition state for epoxidation.'Obb If the OH group is replaced 
by an acetate group, a nearly equimolar mixture of diastereomeric epoxides is 
observed. 
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An instructive example of a n-facial, homoallylic OH-directed stereoselective 
epoxidation in an acyclic system, used for the construction of the natural product 
monensin, is depicted below.'07 As expected, the more electron-rich trisubstituted 
double bond in A would be more susceptible to epoxidation than the terminal 
double bond. To minimize allylic 1,3-strain between the ethyl group and the 
CH,CH=CH, appendage, A should preferentially adopt the conformation B, in 
which the smallest substituent H (hydrogen) is now in the same plane as the ethyl 
group. This places the hydroxymethyl moiety (CH,OH) in proximity to the p-face 
of the double bond, leading, after treatment with mCPBA, to the formation of epox- 
ide diastereomer C. 

The hydroxyl-directed epoxidation of alkenes using peroxy acids is sensitive to 
the nature of the solvent. In the example below, alkene epoxidation occurs on the more 
accessible a-face when Et,O is used as solvent, whereas the use of CH,C12 promotes 
hydroxyl-directed epoxidation on the p-face of the alkene.los 

E! h e  hinders p-face 

only product 

CH2CI2 OH-directed 
5 oc epoxidation 
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Transition-Metal-Catalyzed Epoxidation of Allyiic Alcohols 
Straight-chain allylic alcohols have been crucial to the development of stereoselective 
syntheses of complex natural products since they can be converted stereoselectively 
into epoxides and via further elaboration of these into a host of functionalized com- 
pounds of predictable stereochemistry. 

Control of Chernoselectivity. The reaction of allylic alcohols with t-butyl hydroper- 
oxide and vanadium acetylacetonate or titanium tetraisopropoxide provides a highly 
chemoselective method for the preparation of epoxides, as exemplified below.lO' 
Catalysis by vanadium is envisioned to involve a complex of t-BuOOW, the OH group 
of the allylic alcohol, and the metal. 

mCPBA: 33% 

cat. VO(a~ac)~,  t-C4H SOOH: 99% 

Control ofstereochernistry. There are two principal ways to control the stereochem- 
istry of a reaction:' lo  

Substrate-control strategy (internal control): If the chiral carbon is in proximity 
to the double bond, it is often possible to achieve diasteroselective epoxidation. The 
new stereocenters formed bear a specific relationship to the stereocenter already in the 
molecule (relative asymmetric induction). Unfortunately, for a given substrate often 
only one of the two possible stereoisomers is available. 

chiral substrate single diastereomer 

The selectivity is determined by the substrate since an achiral epoxidizing agent is used. 
To obtain the other diastereomer, one must exert reagent control to override the sub- 
strate's preference. 

use a chiral n-Bu 

(e-g., SAE) 

Reagent-control strategy (external control): Powerful enantioinerically pure cata- 
lysts or auxiliaries are used for constructing chiral molecules in a diastereo- and 
enantioselective manner. Using this strategy, it is often possible to enhance or reverse 
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the modest diastereofacial preference exhibited by a chiral substrate. The Sharpless 
asymmetric epoxidation (SAE) is an important example of a reagent-control strategy 
in which the diastereoselective oxidation is made enantioselective by using a chiral 
auxiliary or a chiral ligand. 

The Sharpless Asymmetric Epoxidation (SAE) Reaction1'' 
The Shai~less asymmetric epoxidation reaction is often used as a key step in synthetic 
protocols involving the synthesis of natural products such as terpenes, carbohydrates, 
insect pheromones, and pharmaceutical products. The SAE reaction is characterized by 
its simplicity and reliability. The epoxides are obtained with predictable absolute con- 
figuration and in high enantiomeric excess (ee). Moreover, 2,3-epoxy alcohols serve as 
versatile intermediates for a host of stereospecific transformations. 

Enantioselectivity. In 1980, T. Katsuki and K. B. Sharpless (Nobel Prize, 2001) 
reported a method whereby prochiral allylic alcohols are epoxidized in the presence 
of t-BuOOH, Ti(i-OPr),, and (+)-or (-)-diethy1 tartrate (DET) with high regio- and 
stereoselectivity to produce the corresponding optically active epoxides. ' I' 

COOEt  OH H O q o o E t  

HOi 
COOEt 

k O H  
COOEt 

natural unnatural 

Diethyl tartrate, the allylic alcohol, and the oxidant t-Bu00H displace the iso- 
propoxide groups on titanium to form the active Ti-catalyst in a complex ligand exchange 
pathway."Od From structural and kinetic studies,l13 sharpless proposed that oxygen trans- 
fer occurs from a dimeric complex that has one tartaric ester moiety per titanium atom. 

2 i-PrOH 

transfer 

dimeric intermediate complex 
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The absolute configuration of the epoxy alcohol is predictable using the mnemon- 
ic model depicted below in which the C h O H  group is positioned at the lower right. 
As a rule, the transfer of the epoxide oxygen occurs from the upper face of the ally1 
alcohol when (+)-(R, R)-tartaric esters are used, while the lower face is attacked when 
the (-)-(S, S)-tartrates are used.'14 

"0" transfer mediated 

The SAE proceeds with catalytic amounts of the Ti-(DET) complex provided that 
3 k or 4 k molecular sieves (MS) are added. Usually a 5-7.5 mol % of Ti-(DET) is suf- 
ficient to obtain high ee and yields.' l5 

78% (94% ee) 

Ti(Oi-Pr)4 (0.05 eq) 
n-C8H 1 7 7  

(+)-DET (0.06 eq) 

\OH t-BuOOH 
3A MS 66% (83% ee) 

Ti(Oi-Pr)4 (0.05 eq) aoH (I)-DET(0.073eq)* OH 
t-BuOOH 
4~ MS 77% (93% ee) 

Di~stereoselectivity.~~~~~~~ In applying the reagent-control strategy to SAE reactions, 
consider the following reported experiments: 

1. Epoxidation of the chiral allylic alcohol A with the achiral titanium alkoxide 
catalyst gives a 2.3 : 1 mixture of the a- and P-epoxides B and C, indicating the 
chiral substrate's preference for a-attack. 
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2. Reaction of the achiral substrate D with the chiral Ti-(+)-DET catalyst results 
in a 99 : I preference for P-attack to furnish the epoxy alcohol F. 

B~O? ~ n ~ / \ / ; ; j  + BnO 

OH t-BUOOH OH 

3. In the mismatched reaction of the chiral substrate A with the chiral Ti-(+)- 
DET catalyst, the two preferences are opposed. Since the reagent preference 
[Ti-(+)-DET] is much stronger than the substrate preference [alcohol A], the 
reagent preference prevails and the epoxide H is formed with good diastereose- 
lectivity (22 : 1). 

G 1 : 2 2  H 
mismatched 

4. Employing the chiral substrate A and the chiral Ti-(-)-DET catalyst reverses the 
reagent's preference to a-attack. The substrate and the reagent preferences are 
now matclzed and the epoxide I is formed with high diastereoselectivity (90 : I). 

I 90 : 1 J 
matched 

The conclusion that emerges frorn these experiments is that for the development 
of an effective reagent-control strategy, it is important to use an asymmetric reagent 
with a much larger diastereofacial preference than the chiral substrate so that the for- 
mer prevails over the latter. 

Applications of the SAE Reaction1l8 
The utility of the SAE reaction stems frorn the fact that chiral epoxy alcohols possess 
reactive sites at C(1), C(2), and C(3) that can be transformed into a large number of other 
functionalities while maintaining their preexisting chiral centers. Moreover, either of 
the two enantiorners may be obtained. 

Nucleophilic Opening at C(1). The latent reactivity at C(1) can be activated via the 
Payne rearrangement' " by treatment of 2,3-epoxy alcohol A with aqueous NaOH in 
the presence of a cosolvent. This results in equilibration of A with the isomeric 1,2- 
epoxy 3-01 B. Even if epoxide A is preferred at equilibrium, C(1) in isomer B is steri- 
cally less hindered and hence should react faster with the n~rcleophile in an S,2 man- 
ner. Once B is formed, it will react selectively and irreversibly with the nucleophile to 
furnish product C. The success of epoxide opening (B -+ C) by nucleophiles depends 
on whether the reagent is compatible with the alkaline aqueous medium required for 
the Payne rearrangement. 
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Payne 
rearrangement 

H\"' 
R qi ///,0) "- 

H H-OH 
B 

Nucleophilic Opening at C(2) and C(3). This opening depends on steric and electron- 
ic factors. For example, in the presence of camphorsulphonic acid, nucleophilic attack 
by methanol occurs at the more substituted carbon. However, with epoxy alcohols 
having the same number of substituents at C(2) and C(3), epoxide opening with nucle- 
ophiles occurs preferentially at C(3) because the presence of the electron-withdrawing 
OH group at C(I) retards S,2 substitution at C(2). 

Titanium isopropoxide (a Lewis acid) induces ring opening of 2,3-epoxy alcohols 
and 2,3-epoxy carboxylic acids with a variety of nucleophiles under mild experimen- 
tal conditions with fair to excellent C(3) regio- and stereosele~tivity.'~~ The 2,3-epoxy 
carboxylic acids are readily available by RuO, oxidation of the corresponding epoxy 
alcohols. 12' 
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Reduction of 2,3-epoxy alcohols with Red-A1 [sodium bis(2-methoxyethoxy)alu- 
minum hydride] cleaves the C(2)-0 bond to furnish a 1,3-diol. The observed regiose- 
lectivity may result by an intramolecular delivery of hydride from the aluminate 
formed on reaction of Red-A1 with the -CH,OH group.'22 

Lewis Acid-Catalyzed Rearrangement of 2,3-Epoxy-1-01s. Epoxides with adjacent 
hydroxyl groups, as in 2,3-epoxy-1-ols, undergo rearrangement on treatment with 
BF,. Et,O to afford aldol-like products (e.g., P-hydr~x~-aldehydes)."~ 

BF3 a Et20 
TBSOTf (1.3 eq) 

n-Pr OH n-Pr 

CH3 

87% 
2,3-syn "aldol" product 

BF3 Et20 
TBSOTf (1.3 eq) OTBS 

CHO 

CH2CI2, -42 "C 
CH3 

81 % 
2,3-anti "aldol" product 

Resolution of Racernic Mixtures of Allylic Alcohols. ""n important application of 
the SAE reaction is the kinetic resolution of racemic mixtures of secondary allylic 
alcohols. In this case, the chiral catalyst reacts faster with one enantiomer than with 
the other since the two transition states are diastereorneric. Thus, using 0.5 mole of 
t-BuOOH for each mole of racemic allylic alcohol, the faster-reacting enantiomer will 
consume the t-BuOOH to furnish the epoxide. This leaves behind the unreacted slow- 
er-reacting allylic alcohol in high enantiomeric excess, which is then separated from 
the epoxide via chromatography. 

Ti(Oi-Pr)4 (1.0 eq) OH 

+ epoxide 
t-BuOOH (0.6 eq) (R)-isomer 

CH3 CH2CI2, -20 "C 

racemic (-)-DIPT = (-)-diisopropyltartrate > 96% ee 
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Jacobsen Epoxidation12' 
The rigid, chiral salen complexes of Mn(II1) shown below catalyze the asymmetric epox- 
idation of alkenes when treated with commercial bleach (NaOC1). This synthesis of enan- 
tio-enriched epoxides is particularly powerful since the method is applicable to unfunc- 
tionalized olefins. In general, (Z)- 1,2-disubstituted alkenes afTord higher enantioselectiv- 
ities than do the (E)-isomers or trisubstituted a l k e n e ~ . ' ~ ~  The reaction mechanism is com- 
plex'" and proceeds via the formation of a Mn(I11,IV) dinuclear species.'28 

chiral (salen)Mn(l ll) complexes 

X = H, alkyl, OMe 
R = Ph or -(CH2).4- 

87% (82% ee) 

b (R,R)-(salen)Mn(lll) 

aq. NaOCl 
CH2CI2 

50% (59% ee) 

Bihydroltylation of Alkenes- 
Formation of 1,2-Dials 

Treatment of alkenes either with osmium tetroxide or with alkaline potassium per- 
rnanganate results in syn-dihydroxylation of the double bond. 

Osmium T e t r ~ x i d e l ~ ~  
The dihydroxylation of olefins with OsO, (a very toxic and volatile reagent that must 
be handled with care) provides a reliable method for the preparation of cis-1,2-diols. 
Although osmium tetroxide is expensive, it is the reagent of choice for syn-dihydrox- 
ylation because yields of diols obtained are usually high. 

The reaction can be depicted as a concerted syn-addition of the reagent to the 
double bond, forming the cyclic osmate ester, which upon hydrolysis or reduction 
(H2S, NaHSO,, or Na,SO,) produces the cis- 1,2-diol. 
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The reaction is stereospecific in that (E)-alkenes furnish the syn-1,2-diols, where- 
as (a-alkenes give the anti-1,2-diols. 

antidiol 

The disadvantages associated with the high cost and safety in handling of OsO, 
when used in stoichiometric amounts are minimized using procedures that require only 
catalytic amounts of the reagent. In this case, a stoichiometric amount of a co-oxidant is 
added to oxidatively hydrolyze the intermediate osrnate ester with regeneration of OsO, 
The most widely used co-oxidant is N-methylmorpholine N-oxide (NMO). Other pos- 
sible co-oxidants are (1) trimethylamine N-oxide (Me,NO, H,O)'~', (2) tert-butyl 
hydroperoxide ( t -B~100H) '~~,  and (3) potassium ferricyanide/potassium carbonate 
(K,Fe(CN),, K ~ C O ~ ) .  

oxidation 
by NMO 

- / \  
0 CH3 

I 
CH3 

NMO (excess) 

Dihydroxylation usually occurs from the less hindered side of the double bond, but 
appears to be less susceptible to steric hindrance than epoxidation with peroxy acids.13, 

Osmium-tetroxide-catalyzed dihydroxylation of sterically hindered olefins pro- 
ceeds more efficiently with trimethylamine N-oxide in the presence of pyridine.I3' 
The base appears to catalyze not only formation of the osmate ester, but also its 
hydr01ysis.l~~ 
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Under controlled conditions, the osmium-tetroxide-mediated dihydroxylation is 
also chemoselective, reacting preferentially with the more nucleophilic double bond 
in the presence of a triple bond.136 

syn-addition 

syn-Dihydroxylation on the more hindered side of cycloalkenes can be achieved 
with iodine and silver acetate in moist acetic acid (Woodward procedure)'37 or more 
economically with iodine and potassium iodate in acetic acid.138 

syn-dihydroxylation from 
the more-hindered face 

syn-dihydroxyiation from 
the less-hindered face 

It should also be noted that epoxidation of olefins followed by ring opening with 
OH- provides 1,2 diols with different stereochemistry from that observed with osmium- 
tetroxide-mediated syn-dihydroxylation. Therefore, even when only one diastereomeric 
olefin is available, it is possible to prepare both diastereorneric 1,2-diols, as shown below. 

anti SYn 
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Potassium Permanganate139 
The reaction of alkenes with alkaline potassium permanganate proceeds rapidly via 
formation of a cyclic manganese ester, which is hydrolyzed to the 1,2-diol. To avoid 
overoxidation to an acyloin (a-ketol), the pH of the reaction medium has to be moni- 
tored. Although the yields of cis-diols obtained are usually modest (-50%), the pro- 
cedure is less hazardous and much less expensive than using osmium tetroxide and 
thus is well suited for large-scale preparations. Improved yields of diols are obtained 
when the oxidation is carried out in water in the presence of a phase transfer agent 
such as benzyltriethylammonium chloride.140 

NaOH 
RHC-CHR' - -  RC-CHR' 

I I I I  I 
HO OH 0 OH 

RHC=CHR' acyloin 

Asymmetric Dihydro~ylat ion~~'  
Reagent-controlled asymmetric dihydroxylation (AD) of prochiral alkenes is feasible 
using chiral auxiliaries. Sharpless and coworkers showed that treatment of prochiral 
alkenes with catalytic amounts of the solid, nonvolatile dipotassium osmate dihydrate 
(K2[OsV'O2(0H),]), potassium ferricyanide (K,Fe(CN)G, a stoichiometric oxidant, and 
a chiral ligand results in enantioselective syn-dihydroxylation. The required enan- 
tiomerically pure ligands are readily available from the cinchona alkaloids dihydro- 
quinine (DHQ) and dehydroquinidine (DHQD). Since use of the phthalazine spacer 
(PHAL) outperformed the monomeric alkaloid ligands, the (DHQ),PHAL and 
(DHQD),PHAL analogs have become the first-choice ligands for most AD reactions. 
Mechanistic studies of the origin of enantioselectivity for the cinchona alkaloid- 
catalyzed AD of alkenes have been reported.14' 

Me0 OMe 

(DHQ),PHAL and (DHQD),PHAL are commercially available-packaged as a 
mixture with dipotassium osmate dihydrate, potassium ferricyanide, and K2C03-and 
are known by the trade names AD-mix-a and AD-mix-P, respectively. With the exception 
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of (a-alkenes, excellent enantioselectivites with most olefinic substrates have been 
achieved using the (DHQ),PHAL and (DHQD),PHAL 1iga11ds.l~~ 

A mnemonic for predicting the absolute configurations of the diols derived from 
AD reactions has been proposed. To use this model, one evaluates which of the sub- 
stituents on the alkene is the largest and places it at the lower left corner of the model 
as shown below. AD-mix-a dihydroxylates the bottom (a)-face of the alkene, while 
AD-mix$ induces dihydroxylation from the top @)-face. For alkenes with sub- 
stituents of similar size, predictions as to the stereochemical outcome may be difficult. 

dihydroxylation 
by AD-mix$ 

I 
dihydroxylation 
by AD-mix-a 

To speed up hydrolysis of the osmium(V1) glycolate, the reaction may be carried 
out in the presence of one equivalent of MeSO,NH,, except in cases of terminal mono- 
and terminal disubstituted a lkene~ . ' ~*~  

(R) 84% ee 

(S) 80% ee 

Halolactonization of unsaturated acids is a powerful tool for introducing new func- 
tional stereocenters onto a double bond in both cyclic and acyclic systems. The 
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reaction is reminiscent of the acid-catalyzed opening of an epoxide by a neighbor- 
ing hydroxyl group. In both cases, the ring oxonium ion and the bromonium (or 
iodonium) ion intermediates, respectively, are attacked intramolecularly by the 
proximal nucleophile. 

Cycloalkenes tethered with a y,6- or 6,~-unsaturated acid side chains react with 
Br, or I, to furnish the corresponding halolactones. Iodolactonization is more com- 
monly used than bromolactonization since iodine is easier to handle (solid) and is 
more chemoselective (less reactive) than bromine. Halolactonization with aqueous 
base is kinetically controlled and proceeds via addition of a Brf or If atom to the dou- 
ble bond to form a transient haloniurn ion. In the absence of strong directing steric 
effects, formation of the halonium ion may occur at either diastereoface of the double 
bond. However, only the haloniurn ion intermediate which allows trans-diaxial S,2 
opening by the neighboring carboxylate nucleophile leads, if the intranzolecular reac- 
tion is sterically favorable, to the lactone. 

In the example shown above, halolactonization controls the relative stereo- 
chemistries of three contiguous stereocenters (*): the two newly created stereocenters 
(C-0 and C-I) are trans to each other and the lactone is by necessity part of a cis- 
fused ring system. 

Reductive removal of the halogen atom with either Raney-Ni or with tributyltin 
hydride in the presence of AIBN (azobisisobutyronitrile) as a free-radical initiator fur- 
nishes the halide-free lactone. Halolactonization followed by base-induced arzti-elim- 
ination of H-I with DBU (1,8-diazabicyclo[5.4..0]undec-7-ene) produces the unsatur- 
ated lactone. 



5.1 Reactions of Carbon-Carbon Double Bonds 187 
"" .,., 

Ra-Ni 

0 4  0 H ii 

H 

k c t o n e  Ring Size. For stereoelectronic reasons, formation of five-member ring lac- 
tones is favored over six-member ring lactones. 

A superb example of the synthetic utility of the iodolactonization reaction in 
organic synthesis is the conversion of the bicyclo[2.2.1]heptenone below into the 
Corey lactone. The latter compound possesses four contiguous stereogenic centers 
and is an important precursor for the synthesis of  prostaglandin^.'^^ 

Me0 1. rnCPBA, NaHC03 

2. NaOH, H20 ox - .  * 
3. 12, KI, NaHC03 I 

H2O OMe 

HO 

4. Ac20, pyridine 
5. n-Bu3SnH, AlBN 

b- -,,--' 

Corey lactone 

The iodolactonization of acyclic unsaturated acids in the presence of aqueous 
NaHCO, provides a method for acyclic stereocontrol. Again, five- and six-member 
ring lactones are the favored products. For example, iodolactonization of trans-3-pen- 
tenoic acid introduces two additional stereocenters at C(3) and C(4) with high diastereo- 
selectivity resulting from stereospecific tmns-addition to the (E)-alkene.146 Assuming 
that the conformational preference is reflected in the transition state, the stereocenter 
at C(4) arises from trans-addition involving a conformation in which the destabilizing 
1,3-allylic strain is minimized. 
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allylic 1,3-strain 
destabilizing 

In the absence of a base and in an aprotic neutral solveizt such as acetonitrile, cis- 
trans equilibration occurs via the protonated lactone to furnish with high stereoselec- 
tivity the thermodynamically more stable tr-ans-i~omer.'~~ 

cis-isomer 
kinetic control 

trans-isomer 
thermodynamic control 

Cleavage of Carbon-Carbon 
Double Bonds 

O ~ o n o I y s i s ~ ~ ~  
Ozonolysis is widely used both in degradation work to locate the position of double 
bonds and in syrithesis for the preparation of aldehydes, ketones, and carboxylic acids. 
Ozone is a l,3-dipole and undergoes 1,3-dipolar cycloadditions with alkenes. 

primary ozonide carbonyl oxide 

Ill 

ozonide 

There are two modes used to decompose ozonides: 

1. Reductive: Me2S, Zn-AcOH, H,/Pd, KI-CH,OH, metal hydrides 

2. Oxidative: H202 
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reduction C CH20H 
CH20H 

ozonide CE 

Ozonolysis produces peroxide intermediates that pose a potential explosion haz- 
ard. Formation of insoluble substances on the wall of the reaction vessel during 
ozonolysis points to solid peroxides and special care must be taken during  work^^.'^^ 
The solvent chosen should be able to dissolve not only the starting material, but also 
the ozonide and any peroxide substance formed. 

In the preparation of aldehydes by ozonolysis of alkenes, it is important to 
add the correct amount of ozone to the solution because an excess of 0, can lead 
to side reactions. Ozonolysis in alcoholic solvents traps the carbonyl oxide as a 
hydroperoxide. Dimethyl sulfide reduces hydroperoxides under very mild 
conditions and generates the corresponding aldehydes in excellent yields. This 
workup procedure is recommended when the aldehyde is the desired reaction 
product. 149.'50 

Since the electrophilic ozone preferentially attacks a more nucleophilic double, it 
is possible to achieve chemoselective cleavage in compounds containing two or more 
double bonds by limiting the amount of ozone. The relative reactivity of double bonds 
toward ozone decreases in the following order: 

The example depicted below indicates preferential cleavage of the electron-rich 
en01 ether double bond over the trisubstituted one by the electrophilic ozone. Thus, 
Birch reduction of methoxy-substituted benzenes followed by ozonolysis of the 
resultant en01 ethers provides a powerful route to functionally substituted (2) 
alkenes. I s  ' 

OCH3 OCH3 a. O3 (1 eq) 

In competition of a more nucleophilic trisubstituted double bond with a terminal 
disubstituted one, ozone exhibits a high preference for the former.Is2 
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CH2CI2, pyridine, -78 "C 

Ozonolysis of alkenes in pyridine leads directly to the corresponding carbonyl 
compounds. Is3 

0 

pyridine 

Cleavage of symmetrically substituted double bonds by ozone under different 
reaction conditions generates two carbons that are chemodifferentiated.lS4 

CH0 Ac20, Et3N 

C02Me 

OMe ccHo 96% 

C CH(OMe)2 

TsOH FHOOH Me2S 

OMe 
93% 

Reduction of the ozonide with LiAlH, or with NaBH, produces the corresponding 
a l ~ o h o l s . ~ ' ~ ~ ~ ~ '  

h a. 03,  CH2CI2, -70 "C 

b. NaBH4 (s), warm to rt 
c. 5% aq HCI H " ~ c o 2 H  

silyl enol ether 9 4 O/O 

Glycol Formation and Cleavage156 

Osmium Tetroxide and Go-oxidant. A useful alternative to ozonolysis, especially 
when carried out on a large scale, is the oxidation of alkenes with a catalytic amount 
of OsO, (1-5 mol %) in the presence of NaIO, or KIO, as co-oxidants (Lemieux- 
Johnson oxidation).Is7 The periodate has a dual function: cleavage of the 1,2-diol (gly- 
col) formed by the oxidizing agent and re-oxidation of the reduced osmium dioxide to 
osmium tetroxide. Periodate oxidation of the diol does not proceed beyond the alde- 
hyde stage. Moreover, triple bonds are not affected by OsO, or by periodate."' 

Os04 (cat.) 
Na104 
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An isolated double bond will be cleaved selectively in competition with an elec- 
tron-deficient conjugated double bond of an enone or of an a,P-unsaturated ester.159 

Os04 (cat.), K104 

OAc 

0 

Formation of an OsO,. (pyridine), complex enhances the chemoselectivity of 
attack ;it thc electron-rich, casily accessible double bond in compounds with multiple 
double bonds.l6' 

Potassium Permanganate and Co-oxidant. The less volatile and less expensive 
potassium permanganate may also be used for the cleavage of alkenes in the presence 
of periodate. However, if the cleavage of the resulting diol by periodate leads to an 
aldehyde fragment, it will be further oxidized by potassium perrnanganate to the cor- 
responding carboxylic acids. Ketones are stable under potassium permanganate cat- 
alyzed oxidation. 

Cleavage of glycols derived from OsO, or KMnO, oxidation of alkenes by peri- 
odates or by periodic acid (HIO,. 2H,O) results in two carbonyl fragments whose 
structures depend on the degree of substitution of the double bond. The mechanism 
for periodate cleavage of glycols involves a cyclic periodate ester, which undergoes 
decomposition into two carbonyl fragments. Both cis- and trans- l,2-dihydroxycyclo- 
hexanes are cleaved but the trans-isomer at slower rate. 

Below are summarized some cleavage possibilities of 1,2-diols, an a-hydroxyke- 
tone, and a 1,2-ketone with sodium periodate in E~oH-H,~ . ' ~ '  

R 

'h RCHO + H2C0 RC02H + RCHO 
HO OH 

2 RCHO 2 RC02H 
HO OH 

Lead Tetraacetate. Pb(OAc), may be used either in toluene or in THF for oxidation 
of glycols that are only slightly soluble in aqueous media. It accomplishes the same 
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types of reactions effected by NaIO, with H,O-soluble compounds. Being a more 
powerful oxidizing agent, Pb(OAc), will also cleave 1,2-diketones, a-hydroxy 
ketones, and a-hydroxy acids. '62 

via a hemiacetal-glycol 75% 

Ruthenium Tetroxide. RuO, is a more powerful oxidizing agent than OsO, or 
KMnO, and converts alkenes directly to ketones or carboxylic acids, depending on 
the substitution of the double bond. Whereas ketones are stable under the reaction 
conditions, aldehydes are oxidized to the carboxylic acids. In the catalytic reaction, 
NaIO, or KIO, serves to reoxidize the ruthenium dioxide formed after double bond 
cleavage back to ruthenium tetroxide. Since ruthenium tetroxide attacks solvents 
such as ether, tetrahydrofuran, benzene, and pyridine, the oxidation is carried out in 
CCI,, CHC13, CH,Cl,, or aqueous a ~ e t 0 n e . l ~ ~  In the following example, the initial 
cleavage of the enone produces a 1,2-dicarbonyl compound, which is then further 
oxidized by ruthenium tetroxide with loss of one carbon atom to a carboxyl group.163a 

Besides ruthenium tetroxide, other ruthenium salts, such as ruthenium trichloride 
hydrate, may be used for oxidation of carbon-carbon double bonds. Addition of aceto- 
nitrile as a cosolvent to the carbon tetrachloride-water biphase system markedly 
improves the effectiveness and reliability of ruthenium-catalyzed oxidations. For 
example, RuC13* H,O in conjunction with NaIO, in acetonitrile-CC1,-H,O oxidizes 
(E)-5-decene to pentanoic acid in 88% yield.'2'l'64 Ruthenium salts may also be 
employed for oxidations of primary alcohols to carboxylic acids, secondary alcohols 
to ketones, and 1,2-diols to carboxylic acids under mild conditions at room tempera- 
ture, as exemplified below. However, in the absence of such readily oxidized func- 
tional groups, even aromatic rings are oxidized. 

RuCI3 H20 (2.2 mol % 
Ph-f, 

H Na104 (3 eq), MeCN 
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9" 
0 RuCI3 6 H20 (2.2 mol %) 

Na104 (3 eq), MeCN 
Me 

* P h ~ C 0 2 H  Me 

96% ee 92% yield, 94% ee 

w $ $ - w w w  ~~&~~~ - M ~ ~ - ~ ~ - ~ ~ ~ ~  REACTlONS OF CARBON-CARBON TRIPLE ---- BONDS 

The ethynyl moiety is a versatile group for numerous chemical transformations. It is 
readily introduced onto a variety of organic substrates via ethynylation or coupling 
reactions (see Chapter 7) and provides a reaction site for manifold further modifica- 
tions. The following discussion will be centered on the conversion of alkynes into 
stereodefined alkenes and into carbonyl compounds. 

Catalytic Semireduction The partial reduction of substrates containing triple bonds is of considerable impor- 
of A l k ~ n e s ' ~ ~  tance not only in research, but also commercially for stereoselectively introducing 

(2)-double bonds into molecular frameworks of perfumes, carotenoids, and many nat- 
ural products. As with catalytic hydrogenation of alkenes, the two hydrogen atoms add 
syn from the catalyst to the triple bond. The high selectivity for alkene formation is 
due to the strong absorption of the alkyne on the surface of the catalyst, which dis- 
places the alkene and blocks its re-adsorption. The two principal metals used as cata- 
lysts to accomplish semireduction of alkynes are palladium and nickel. 

Preparation of (2)-Alkenes Using Lindlar-Type Catalysts 
The classical route for the chemo- and stereoselective semihydrogenation of internal 
alkynes to cis-alkenes uses Lindlar's catalyst, Pd deposited on CaCO, or BaCO, and 
treated with Pb(OAc),. In the presence of quinoline, the procedure usually affords the 
corresponding (2)-alkenes in high yields and isomeric purities.166 Quinoline deacti- 
vates the palladium catalyst, reducing the chance of overreduction to saturated com- 
pounds. The catalyst is pyrophoric in hydrocarbon solvents. Since (2)-alkenes are 
thermodynamically less stable than (E)-alkenes, isomerization may be a problem. For 
example, when the reduction is carried out at room temperature, the (2)-alkene formed 
is usually contaminated with 1-3% of the (E)-isomer. At -10 to -30 OC, however, very 
little isomerization is observed. 

H 
Lindlar's catalyst 

CH3(CH2)7C -- C(CH2) 7COOH 
H2 (1 atm) H~ 

CH3(CH2) 7 (C H2)7C00H 

The ease of reduction is 1-alkynes > disubstituted alkynes > 1-alkenes, indicating 
that selective semihydrogenation of triple bonds can be achieved in molecules con- 
taining double bonds. For example, nonconjugated enynes can be hydrogenated regio- 
and stereospecifically in high yields. 

Lindlar's catalyst 

H2 ( I  atm), 0-5 OC 
THF, hexane 

quinoline 96% yield, 98% E,Z 
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Reduction of nonconjugated diynes with Lindlar's catalyst produces the corre- 
sponding (2, 2)-dienes in good yields. An acetylenic trimethylsilyl group can be used 
as a blocking group to slow semihydrogenation of the silyl-bearing alkyne relative to 
other internal ethynyl moieties, as illustrated b e 1 0 w . ' ~ ~ ~ ' ~ ~  

H2 (1 atm) 
SiMe3 Lindlar's catalyst 

H3C = / hexane. 0 "C i /  siMe3 

H2 (1 atm) - - 

EtOH 
- .  u 

Many modifications of the original Lindlar's catalyst, particularly regarding solid 
supports, bases, and solvents, have been reported. Palladium precipitated on BaSO, in 
the presence of quinoline, but without added Pb(OAc),, has been suggested to be supe- 
rior to Lindlar's catalyst in reproducibility and ease of p repara t i~n . '~~  The triple bond 
can be hydrogenated selectively in compounds containing other potentially reducible 
groups, as exemplified below. 

5% Pd BaS04 
H 

H3C-+EZ-C02Et 
H2 (1 atm) H3C H~ C02Et 

quinol~ne, ether 
95% yield, 98% (E) 

H,, Pd a BaS04 
n-C5H I1 

Preparation of (2)-Aikenes Using Nickel Boride 
Highly chemoselective and stereoselective semihydrogenations of internal alkynes to 
cis-alkenes have been achieved with Brown's P-2 Nickel catalyst in the presence of eth- 
ylenediamine.I7' The catalyst is a black suspension of Ni boride prepared by addition of 
a solution of NaBH, in 95% ethanol to Ni(OAc), 4 H,O. The hydrogen is generated in 
situ from addition of aqueous sodium borohydride to a reservoir of acetic acid (using an 
apparatus known as a ~rown' gasirneter).'72 Advantages of the P-2 Ni catalyst for semi- 
hydrogenation of alkynes include its ease of preparation from readily available starting 
materials and its nonpyrophoric nature. 

25 "C 
98% yield, > 99% (Z) 
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P-2 Ni, H2 - -OH 

25 "C 
H' 'H 

94% yield, > 99% (Z) 

Semireductions of enynes and diynes with P-2 Ni produce the corresponding 
dienes, as exemplified be10w.l~~ 

Nickel-boride-type catalysts are also employed for desulfurization, dehalogena- 
tion, hydrogenolysis, and reduction of nitro and other functional groups.174 

Preparation of (3-Alkenes Using Zn Powder 
The highly activated Rieke zinc, prepared in situ from ZnBr, and K " , ' ~ ~  selectively 
reduces alkynes to cis-alkenes, enynes to dienes, diynes to enynes or dienes, and 
propargylic alcohols to cis-allylic alcohols.176 

n-C5HI1 Rieke Zn 

THF, MeOH, H20 

84% yield, > 95% (Z)-reduction 

Other activated zinc reagents reported for the selective semireduction of triple 
bonds in the presence of double bonds are Z ~ I K C N " ~  and ~ n l ~ u l ~ g . ' ~ ~  

~ u n u  KCN, i-PrOH, H ~ O -  7- 

Redudion of A h n e s  Hydroborations of alkynes directed toward the synthesis of alkenylboranes furnishes 
via Protonaoiysis of versatile intermediates for a wide array of chemical transformations. For example, 

A lkenyBborane~ l~~  protonolysis of alkenylboranes provides a noncatalytic method for the semireduction 
of alkynes. 

Hydroboration of Alkynes and Enynes 
Hydroboration of a 1-alkyne with borane-THF in a 3 : 1 ratio produces, via bis- 
addition of the B-H bond to the triple bond, dihydroboration products along with the 
starting alkyne. 

However, hydroboration of internal alkynes with a stoichiometric amount of 
borane results predominantly in monoaddition of the B-H bond to the triple bond to 
furnish the corresponding (2)-trialkenylborane. 
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With sterically hindered dialkylboranes, such as dicyclohexylborane (Chx,BH) 
and disiarnylborane (Sia,BH), the stoichiometric hydroborations of both terminal and 
internal alkynes stops at the rnonoaddition stage. However, the stoichiornetric reaction 
of 1 -alkynes with 9-BBN affords mainly the 1,1 -diborylalkanes. lSO 

The rnonohydroboration of alkynes is stereoselective, involving a cis-addition of 
the B-H bond to the triple bond. The reaction of 1-alkynes with dialkylboranes is not 
only stereoselective, but also regioselective, placing the boron at the terminal carbon 
of the triple bond. 

Hydroborations of unsymmetrically disubstituted alkynes furnish mixtures of 
regioisorners except when the substituents are of markedly different steric size. In 
these cases the dialkylboranes add preferentially to the sterically less-hindered carbon 
of the triple bond.''' 

The relative reactivity of disiarnylborane toward unsaturated carbon-carbon 
bonds is'82 

RC=CH > RC-CR > RCH-CH, > RCH=CHR 

Thus, chemoselective hydroborations of the triple bond in various enynes have 
been achieved. A similar chemoselectivity is predicted for hydroborations with the 
slightly less hindered dicycl~hexylborane.~ 

THF w B C h x 2  

A reversal of the chernoselectivity is observed when enynes are hydroborated 
using ~ - B B N . " ~  
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Protonolysis of Vinylic Boranes 
Treatment of alkenylboranes with carboxylic acids at room temperature or, in the case 
of more hindered alkenylboranes, with hot propanoic acid results in the selective 
cleavage of the vinylic B-C bond with retention of conJig~rntion.'~~ 

a. AcOH, 60 OC 
b. NaOH, H202 

For regiodefined alkenylboranes, cleavage of the vinylic carbon-boron bond 
with deuterioacetic acid provides a simple, stereospecific preparation of deuterium- 
substituted alkenes.I8' 

The cleavage of alkenylboranes may be carried out under non-acidic condi- 
tions by converting the alkenylborane into the ate complex with n-BuLi prior 
to hydrolysis with aqueous N ~ O H . ' ~ ~  Also, alkenylboranes derived from internal 
alkynes may be protonated under neutral conditions using catalytic amounts 
of Pd(OAc), in THF or acetonelg5 or with aqueous silver ammonium nitrate 

[Ag(NH,), No,]. 
The mildness and selectivity of the hydroboration-protonolysis procedure allows 

for the presence of functional groups and its ready adaptability to the synthesis of nat- 
ural products. 187 

H 
a. Sia2BH, THF 

Et-(CH2)60Ac b.AcOH,O°C 
Et 

93% (> 98% isomeric purity) 

Functionally substituted alkynes such as 1-halo-1-alkyneslg8 and ethyl 
2-alkynoate~'~~ undergo regio- and stereoselective monohydroboration to produce, after 



198 CHAPTER 5 Functional Croup Transformations: The Chemistry of Carbon-Carbon n-Bonds and Related Reactions 
.". 

protonolysis, the synthetically useful (Z)- 1 -halo- 1 -alkenes and cis-a$-unsaturated 
esters, respectively. 

,?, CO,,, 
THF, 0-25 "C 

Preparation of trans-Alkenes Reduction with Li or Na in Liquid NH5lg0 
Lithium or sodium in liquid ammonia reduces disubstituted alkynes to trans-a~kenes.'~' 
The reaction is carried out by addition of the alkyne in ether to a mixture of Na in 
NH, (I), and the alkene produced is the (E)-isomer. Overreduction and isomerization 
of the alkene are suppressed by addition of ~ - B ~ o H . ' ~ '  

a. Na (3 eq) H 

Lindlar's 

w 
pentane 
quinoline 

96%, 99% (2') 

v 

81 %, 100% (E) 

The reduction proceeds by addition of one electron from the metal to the triple bond 
to form a linear radical anion, which picks up a proton from the NH, solvent or from an 
added proton source, usually t-butanol, to give a vinyl radical. Subsequent transfer of 
another electron from the metal leads to the vinyl anion having the more stable trans- 
configuration. Protonation of the vinyl anion furnishes the tmns-alkene. 

radical anion 

less stable more stable 
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The electron-rich acetylide anion produced from deprotonation of 1-alkynes with 
Na in NH, (liq.) is reluctant to accept an electron, allowing the selective reduction of 
an internal triple bond in the presence of a terminal one. Reduction to the correspon- 
ding 1-alkenes can be achieved in the presence of ammonium sulfate.'91b 

Na, NH3(l) n-C6H13 

(NH4)2S04 H H H 

Indium selectively reduces propargyl ethers, amines or esters to the correspon- 
ding terminal alkenes. A number of readily reducible functional groups, such as 
RCHO, R,C=O, OBn, OTs, and Cl, are inert to these reaction conditions.Ig3 The 
mechanism of the reduction is not yet clear. 

Reduction of Propargylic Alcohols with LiAIH, or with Red-Al 
The reduction of propargylic alcohols with LiAlH, is a standard procedure for 
preparing trans-allylic alcohols. lg4 The propargylic alcohols themselves are readily 
available by the reaction of acetylide anions with either paraformaldehyde,195 alde- 
hydes or ketones.196 There is a striking solvent dependence on the stereochemical 
course of the reduction. The amount of trans-reduction increases with the Lewis 
basicity of the solvent. THF is the solvent of choice for trans reduction197 whereas 
diisopropyl ether gives principally cis-reduction. Homopropargylic alcohols react 
slowly with LiAlH,. lg8 

Evidence that the reaction proceeds via an alkenylaluminum intermediate result- 
ing from trans-addition of the A1-H bond to the triple bond stems from the fact that it 
exhibits characteristics similar to those observed in reactions with typical alkenylalu- 
minum compounds 

n-C5HII -CH20H 
THF 

H CH20H 
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Under milder conditions, treatment of propargylic alcohols with n-BuLi followed 
by diisobutylalurninum hydride at -78 "C also affords tmns-allylic alcohols with 
excellent stereoselectivity. ' 99 More recently, Red-A1 [Na(AlH2(OCH2CH20CH3)2)], 
sodium bis(2-methoxyethoxy)aluminum hydride] is the reagent of choice for 
the reduction of acetylenic alcohols. The reaction proceeds cleanly with high trarzs- 
~electivity.'~~ 

CI a. Red-Al (1 eq) 
n-C4H C I 

OH 
I a. Red-Al, Et20 

BnOCH2-CEC-C-CEC-CH20Bn b- 

H 
b. Hf, H20 

Hydration of Alkysaes 
Hydroboration-Oxidation 
Monohydroboration of 1 -alkynes followed by oxidation gives the corresponding alde- 
hydes in high yields.z0' Oxidation of the vinyl carbon-boron bond produces the enol, 
which then tautomerizes to the carbonyl group. TO minimize aldol condensation of the 
aldehyde formed during oxidation, the reaction should be carried out at pH -8 or in 
buffered medium.202 

a. Sia2BH, THF 

b. NaOH, H202 
pH -8 

a. Sia2BH, THF, 0 "C 

b. K2cO31 H2021 H20 0 

Hydroboration-oxidation of an alkenylborane derived from a symmetrically sub- 
stituted alkyne yields a single ketone, whereas unsymmetrically disubstituted alkynes 
furnish mixtures of ketones. 

- a. Sia2BH, THF 
- 

b. NaOH, H202 ,,"I, 
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Hydroboration of alkynylsilanes with dicyclohexylborane proceeds in a stereo- 
and regioselective manner, placing the boron at the silicon-bearing carbon. Oxidation 
of the resultant alkenylborane with excess alkaline hydrogen peroxide produces, via 
an acyl silane intermediate (see Section 7.9), the carboxylic acids in greater than 80% 
yields. The alkynylsilanes may be generated in situ as illustrated by the one-pot trans- 
formation below.203 

a. BuLi 
b. TMS-CI = H 
c. Chx2BI-1 
d. NaOH, H903 &C02H 

Oxymercuration-Preparation of Methyl Ketones204 
The mercuric ion-catalyzed hydration of alkynes probably proceeds in a similar manner 
to the oxymercuration of alkenes (see Section 5.1). Electrophilic addition of to the 
triple bond leads to a vinylic cation, which is trapped by water to give an vinylic 
organomercury intermediate. Unlike the alkene oxymercuration, which requires reduc- 
tive removal of the mercury by NaBH,, the vinylic mercury intermediate is cleaved under 
the acidic reaction conditions to give the enol, which tautornerizes to the ketone. 
Hydration of terminal alkynes follows the Markovnikov rule to furnish methyl ketones205 

Methyl ketones also may be prepared from 

Carboxylic acids, by addition of two equivalents (see Section 7.1) 

Amides, using "CH,CeC12" 207 

E a. CH3CeCI2 (1 eq) 

# NMeq THF, -78 "C d C H q  . .... - - U 

b. CH30H 
workup 

Acid chlorides, via (CH,),CuLi addition (see Section 7.5) 

Terminal alkenes, using the Wacker process208 

PdCI2 
~ - c ~ H  7- CU~,  0 2  n-C8HI7 /A CH3 

DMF, H20 73% 



202 rv"li: ~t?hPl $3 5 Functional Group Transformations: The Chemistry of Carbon-Carbon n-Bonds and Related Reactions 

Symmetrically disubstituted alkynes give a single ketone, whereas unsymmetri- 
cal alkynes produce a mixture of ketones. 

PROBLEMS 

1. Reagents. Give the structures of the major product(s) expected from each of the 
following reactions. Indicate product stereochemistry where applicable. 

L 1. Na (2.5 eq), NH2 (I) 
U. - . .  

~ t 2 0 ,  E~OH 
o-xylene )B B1 B2 

2. H2, cat. (Ph3P)3RhCI 3b. NaOH, H202 
toluene 

1. mCPBA 
CH2CI2, 0 "C 

2a. LDA (> 2 eq) 
c 

THF, -78 "C to rt 4 5 */o 

2b. aq. NH4CI 
workup 

d. OMOM 1. dimethyldioxirane 3. TMSCl (1 eq) 

Dl  D l  
58% 4. MOMCI, i-Pr2NH 86% 

DMSO, 120 "C DMAP, CH2CI2 
5. TBAF, THF, 0 "C 

e. 1. Li, NH3 (I) 
3. mCPBA, CH2CI2, 0 OC 

E l b- E2 
2. oxalic acid, rt 84% 4. Ac20, i-Pr2NEt 79% 

MeOH, H20 cat. DMAP, CH2CI2, rt 
Me (Hint : mild acid) 

if. 1. 12, KI, NaHC03 

F 
3. Os04 (cat.), NMO 

t-BuOH, H20 
4. NaOH, H20 

1 a. Sia2BH, THF 
1 b. NaOH, H202 

* G 
2. Hg(OAc)2, THF, H20 
3. NaBH4, NaOH, H20 
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$1. 1 a. Na, NH3 (I) 
I b. aq. NH4CI 3a. [Li-C -CHI 

work-up THF 
I-Bu --ZZ--- CH3 b=- Ed7 B.- H2 

2. mCPBA, CH2C12 3b. H20 workup 

2- K2C03 (1.2 eq) 90% 
MeOH 

TBSO 3. PDC, CH2CI2 

j. Me 
la .  Na, NH3 (I) 

Et20 
J 

C02H 
I .  B 91% 

Ic .  aq. NH4CI 
workup 

2. DMSO 
(cF3co)20 

3. DIBAL-H, Et20 

Step 2 is a modified Swern oxidation procedure; see J. Org. Chem. 1998, 63, 8522. 

2. Selectivity. Show the product(s) obtained or the appropriate reagent(s) to be used 
for the following transformations. 

1. CH2N2, Et20 

A 
. .,\\ 3. cat. O S O ~  

Na104 (excess) 
OH H20, MeOH 

b. 1. SAE, (-)-DIPT 
2. MeOH, CSA 

B 
Me 56% 

CH2C12, -70 "C 
3b. Me2S 

LOAc (one pot) 5 8 O/O 

d. 1 . Os04 (cat.) 
Et20, pyridine (2 : I) 

B 
2. Na104, H20, THF 50% 
3. Ag20, H20, THF 
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a. BH3, THF 
E l +  +2 

b. NaOH1 H202 major minor 
H 

\ 
major diastereomer 71% OH 

3. Stereochemistry. Give the structure and predict the stereochemistry of the major 
product formed in each of the following reactions. Give an explanation for your 
choice of stereochemistry. 

a. 1. Ti(Oi-Pr)4, (+)-DET 3. (MeO)2CMe2 
TBHP, CH2CI2 cat. H$ * Al + A2 

2. H2C=CHCH2MgCI 4a. 03 ,  EtOH, -78 OC 
THF 4b. Me2S, NaBH4 

a. BH3, THF 
+ B 

b. NaOH, H202 

C. I .  Ti(Oi-Pr)4 
(-)-DET, f-BuOOH 

OBn CH2CI2, -20 "C 
HO c 

OBPS 2. Red-All THF, It * 

d. 1.  12, CH3CN, -1 5 OC 
-CO2K D 

2. BnOK, THF, -20 OC 

e. Select the appropriate reducing agent from the list shown below. Explain your 
choice. 

BnO 

reducing 
reagent 

Eo- 
NaBH4, 

K-Selectride 
or DIBAL-H? 

BnO 

4. Reactivity. Explain the regioselectivity and stereochemistry observed in each of 
the following transformations. 

b. a. cat. MgBr2 
PhCH2CH2MgBr 

b. aq NH4CI 
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d. Why is the P-epoxide not formed on nzCPBA epoxidation although the 
P-epoxide is predicted based on OH-directed epoxidation? Propose a strategy 
to synthesize the P-epoxide. 

I. mCPlA NaHC03 ( I  buffer, eq), CH2C1 0 OC :[:ll::cHo 
2. Hf, H20 

B@- 

80%, warburganal 

*f. Provide a mechanistic interpretation for the formation of the aldehydes shown 
below. 

5. Synthesis. Supply the reagents required to accomplish each of the following 
syntheses. Indicate the relative stereochemistry, where applicable, of the 
products obtained at each step. 

d. OBOM 
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single enantiomer 

"g* 0 

Me Me OTBS 

Ai(H 
T H 

Hint: sequence No SAE; however, does involve the 

chiral methyl group, an allylic alcohol intermediate. 

single enantiomer 

6. Consider the reactions A-F. Assume that the Sharpless epoxidations proceed with 
complete n-facial selectivity regardless of substrate. Select the best answer 
among the following choices regarding the stereochemical outcome of each of 
the reactions. 

a. Assuming that the stereocenters, if any, in the starting allylic alcohols are 
racemic, which of the above reactions lead(s) to a mixture of enantiorners? 

(i) reaction A only (iv) reactions A and B 

(ii) reactions B and E (v) reactions A, B, and C 

(iii) reactions D and F 
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b. Assuming that the starting allylic alcohols, if chiral, are enantiomerically pure, 
which of the above reactions lead(s) to a mixture of diastereomers? 

(i) reactions E and F (iv) reaction E only 

(ii) reaction B only (v) all of them would except reactions A and D 

(iii) reactions B and G 

"'7'. Retrosynthetic Analysis. For each of the following syntheses show (I) your 
retrosynthetic analysis and (2) all reagents and reaction conditions required to 
transform a commercially available starting material to the target molecule. 

a, Propose a synthesis of (+)-trans-3-hydroxypipecolic acid using the Sharpless 
asymmetric dihydroxylation procedure to establish the absolute stereochemistry. 

(+)-trans-3-hydroxypipecolic acid 

b. Propose a synthesis of the following lactone using the Sharpless asymmetric 
epoxidation procedure to establish the absolute stereochernistry. 
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Nature, it seems, is an organic chemist having some predilection 
for the aldol and related condensations. 

John &'. Cornforth 

ydrogen atoms alpha to a carbonyl, nitrile, or sulfonyl group are relatively 
acidic (Table 6.1). The acidity of the C-H bond in these compounds is due to 
a combination of the inductive electron-withdrawing effect of the neighbor- 
ionality and resonance stabilization of the anion that is formed by removal of 

the a-proton. Since these a-carbon anions possess carbanionic reactivity, they under- 
go a host of carbon-carbon bond-forming reactions by alkylation with R-X, addition 
to RR'CO, or acylation with ~ C ( 0 ) x . l  

The acidities of 1,3-dicarbonyl compounds are sufficiently high that they can be sub- 
stantially converted to their conjugate bases by oxyanions such as hydroxide and 

dA*"*mws?-~#m?#&* 

Ketones PK, Esters pKg Arnides and nitriles pK, Sulfones PK, 

0 (20) 

EtO ,J-'-N,P~ 

13 

EtO 

9 11 NC-CN 11 0 (1 1) 

H3C f l C H 3  EtO u C H 3  Ph02S,)( Ct43 

Note: Values are relative to H,O or dimethyl sulfoxide (DMSO values in parentheses). 
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alkoxides (case A below). Treatment of 1,3-dicarbonyl compounds with amines will 
form the corresponding enolate species in equilibrium with the dicarbonyl compound 
(case B). Deprotonation with sodium hydride (usually in THF or DME as solvent) 
transforms 1,3-dicarbonyl compounds to enolate species irreversibly by loss of H, 
(case C). The selection of base and solvent for alkylation, acylation, or condensation 
reactions of 1,3-dicarbonyl compounds must take into account whether the overall 
reaction requires the presence of a conjugate acid for participation in an equilibrium 
process (e.g., as in the Knoevenagel condensation, discussed below). 

Case A-deprotonation by a conjugate base of a weaker acid 

pKa- 11 
(stronger acid) 

pKa- 16 
(weaker acid) 

Case B-deprotonation by a conjugate base of an acid with a comparable pK, 

Case C-irreversible deprotonation 

A_-. . . . .  THF I i- 

Maionic Acid Esters 
Alkylation 
Mono- and dialkylations of malonic acid esters generally are performed in an alco- 
holic solution of a metal a lk~xide .~  ~ l k ~ l a t i o n  of a monoalkylated malonic ester 
requires the presence of another equivalent of alkoxide and the appropriate alkyl 
halide. The allylation works well with RCHJ (X=I, Br, OTs), PhCH,X (X=Cl, Br) 
and even with unhindered see alkyl bromides4 Subsequent hydrolysis of the diester 
under acidic or basic conditions followed by heat-induced decarboxylation yields the 
a-alkylated carboxylic acid. Thus, dialkyl malonates are the synthetic equivalents 
(SE) of acetate enolate anions and can be used to obtain mono- or disubstituted car- 
boxylic acids. 

L n r  HO O R' 
HO a 

donor synthon acceptor synthon 

SE: RO uoR X- R' 

dial kyl malonate alkyl halide 
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3. heat 

or 
2a. NaOH H o 2 c ~  

A potential side reaction in malonate alkylation is E2-elimination, which mainly 
depends on structure of tlic alliyl halide. Also, dialkylation  nay occur if the mal- 
onate contains two active  hydrogen^.^ Dialkylation may be circumvented by carrying 
out the deprotonation with one equivalent of NaH. 

a. EtONa, EtOH 
Et02C C02Et 

E t 0 2 C ~ C 0 2 E t  H H 
b. B ~-CI K 

55% 

Decarboxylation 
Decarboxylation of mono- or dialkylated malonic acid esters can be effected by heat- 
ing in the presence of aqueous acids (e.g., 48% aq HBr, reflux). 

enol 

Saponification of the diester followed by acidification gives the corresponding rnalonic 
acid which is then decarboxylated. The decarboxylation step may require high temper- 
atures (150-250 "C). Treatment of malonic acids with a catalytic amount of Cu(1) oxide 
in acetonitrile is reported to accelerate the decarboxylation step and affords the 
monoacid products in good yield under milder conditiom6 

3: 1 cis : trans cis-isomer only 

Conjugate Addition-Michael-Type Reactions 
The condensation of enolates derived from malonic esters and other active methylene 
compounds with a,P-unsaturated aldehydes, ketones, esters, or nitriles proceeds exclu- 
sively by l,4-addition. The conjugate addition to a,P-unsaturated compounds, often 
called Michael acceptors, is promoted by treatment of the active methylene species with 
either an excess of a weak base (e.g., Et,N or piperidine) or using a stronger base in cat- 
alytic amounts (e.g., 0.1-0.3 equivalents NaH, NaOEt, or t-BuOK). 
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cat. NaOEt + Et02CVC02Et 
EtOH 

1,4-addition CH(C02Et)* 

The Knoevenagel Condensation7 
Diesters of malonic acid, as well as other active methylene compounds such as ace- 
toacetic esters and cyanoacetic esters, condense with aldehydes and ketones in the 
presence of catalytic amounts of primary or secondary amines or ammonium salts. 

RNH, or R2NH 
WVC02Et + 

and 
W = C02Et, C(0)CH3 RC0,H or 

wxco2Et R H (R') 

or CN N H40Ac 
as a catalyst 

In some cases the condensation is stereo~elective.~ 

95% EtOH 
,= CHO H 2N -Co2H 

(p-alanine) 85%, (E)-isomer 

The Doebner condensation uses malonic acid, inalonic acid monoesters, or cyano- 
acetic acid instead of the corresponding dialkyl malonates. Usually the product 
stereoisomer with the carboxyl group trans to the larger substituent predominates. 

a. pyridine, 100°C .).+. C O ,  
R EtO H C02Et 

The required malonic acid monoesters are readily prepared by heating the strong- 
ly acidic isopropylidene malonate (Meldrum's acid,' pK, 7.3) in an alcohol. Acetone 
is liberated in the process.10 

oe R'OH 
I I 

O x 0  

heat 

0 0 

R'oll\/,oH 
+ acetone 

R 

R = H (Meldrum's acid) 
R = CH3 
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p-Keto Esters 

Preparation via the  Claisen Condensation" 
In the Claisen condensation, a nucleophilic ester enolate donor is added to the carbonyl 
group of a second ester molecule. Loss of alkoxide from the resultant intermediate - the 
tetrahedral adduct - forms a P-keto ester, which is much more acidic than the starting 
ester. Hence, deprotonation of the initial product by alkoxide drives the overall reaction 
to completion and protects the P-keto ester from further carbonyl addition reactions. 
Thus, the starting ester must have at least two a-hydrogens. 

0 0 1 ./,' 
OEt 

RG OEt + EtOH 

Mixed Claisen condensations are feasible when one partner does not have acidic 
a-hydrogens, as in EtO-CHO (a forrnylating agent), PhCO,Et, EtO,CCO,Et, and 
(EtO),C=O (an ethoxycarbonylating agent). Formate esters are the most reactive since 
they are "part aldehyde." 

0 a. NaOEt, EtOH 

O w "  + AOEt heat 
OEt 

EtO OEt H 3C 
workup 0 

no a-hydrogens 

Preparation via the Dieckmann CondensationI2 
The Dieckmann condensation is usually defined to include only intramolecular 
condensations of diesters.'" 

The intramolecular condensation of ester enolates provides efficient access to 
5- and 6-member ring P-keto esters. Similar to the Claisen condensation, the 
Dieckmann condensation is driven to completion by deprotonation of the initially 
formed P-keto ester. Thus, at least one of the ester groups must have two a-hydrogens 
for the reaction to proceed. 
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a. NaOEt 

R G C 0 2 E t  C02Et not Et02C 

workup formed preferentially 

A variety of electron-withdrawing groups such as those in ketones, nitriles, and 
sulfones are also suitable for the Dieckmann reaction.I4 

The Dieckrnann condensation in tandem with the Claisen condensation or 
Michael reaction can be used to assemble highly functionalized carbocycles, includ- 
ing the 1,2-, 1,3-, and 1,4-dione species depicted below." 
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Dicarboxylic esters in the presence of Na in ether or in benzene (carcinogen) 
cyclize to furnish not P-keto esters but instead a-hydroxy ketones (acyloins). This 
acyloin condensation involves reductive dimerization of a ketyl radical anion (see 
Chapter 9).16 

a. Na, xylene, heat m" 
CH302C-(CH2)8-C02CH3 

b. AcOH workup 

Preparation of Acetoacetic Esters 
Treatment of alcohols with diketene in the presence of tertiary amines is a simple and 
efficient method for the preparation of P-keto esters. As illustrated below, this method 
is specific for the formation of acetoacetic esters.17 

*OH 0 0 

Et3N9 C6H6 
rt, 2 h 

Diketene 

Preparation Via C-Acylation of Ketones or Esters 
P-Ketoesters may be prepared via acylation of enolates derived fro111 the correspon- 
ding ketones. Acylation usually takes place at the less substituted carbon because of 
the formation of a delocalized P-keto ester anion. 

As an alternative to using dialkyl carbonates [(RO),C=O] for a-acylation of 
ketones,'* the reaction of ketone enolates with alkyl cyanofo~mates (NC-CO,R, 
Mnnder's reagent) provides P-keto esters in good yields.19 Reaction of lithium enolates 
with acyl halides or anhydrides, however, usually leads to mixtures of 0- and C-acylated 
products.m 

a. LDA 
THF, -78 "C 

c. H20 
workup 84% 

An operationally simple, one-pot C-acylation procedure for the conversion of 
carboxylic acids to P-keto esters under nearly neutral conditions is the successive 
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addition of carbonyldiimidazole (CDI) and the monomethyl malonate2' magnesium 
salt to the carboxylic acid in THF.",'~ 

0 

L 

acid imidazolide 

The C-acylation reactions of magnesium monomethyl rnalonate proceed in the 
presence of acid- and base-sensitive f~nctionality,'~ as illustrated in the reaction 
sequence shown be lo^.'^ 

[ MeoLo; M g 2  
2 

Alkylation of B-Keto Esters 
The alkylation of P-keto ester enolates followed by decarboxylation affords substitut- 
ed ketones (acetoacetic ester synthesis). The ester group acts as a temporary activat- 
ing group. Retro-Claisen condensation can be a serious problem during hydrolysis of 
the ester, particularly in basic solution if the product has no protons between the car- 
bony1 groups. In these cases, the hydrolysis should be carried out under acidic condi- 
tions or using one of the methods of decarbalkoxylation described in the next section. 

magnesium 
momme~hyl malonae 
( 4 0 2 )  
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L C 0 , E t  

l a .  K2C03 
acetone 'h 48% HBr 

1 b. PhCH2Br 

Using two equivalents of EDA provides for regioselective alkylation a t  the car- 
bon having the higher electron density.26 

0 0 a. LDA (2 eq) 0- o- 1 *OCH3 1 
more reactive site 

(charge here is delocalized by only one adjacent C=O) 

An alternative procedure for P-keto ester dianion formation involves deprotona- 
tion of Ha, using one equivalent of NaH followed by deprotonation of an  H, using 
either MeLi or n - ~ u ~ i . , ~  This method is especially useful in cases where the a-posi- 
tion is too hindered for deprotonation by LDA.,' 

a. NaH (1 eq) 
TWF, 0 "C * 

b. n-BuLi (1 eq) 
0 "C, 10 min 

C. 
I - 

Note: Dianion generation 
permits alkylation at 
the more hindered 
a-position. 

Decarboxylation of P-Keto Esters 
In addition to the classic sequence of saponification-acidification followed b y  heating, 
the decarboxylation of P-keto esters can be effected by more direct methods such as 
decarbalkoxylation. For example, heating P-keto esters in the presence of lithium 
halides in H,O-DMSO~~ or in H,O-collidine produces ketone products in one-pot 
transformations, as shown below.30 
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collidine 

Other procedures for decarbalkoxylation include heating p-keto esters in the pres- 
ence of boric acid3' or 4-(N,N-dimethy1amino)pyridine (DMAP) in  toluene.^^ This 
latter approach is also useful for the decarboxylation of a,a-disubstituted p-keto esters, 
which are prone to undergo cleavage via retro-Claisen condensation. 

DMAP (0.4 eq) 

Ph 
phosphate buffer (pH 7) 

toluene, 90 "C * kPh 
1,3-D'lke?tean@~ Direct alkylation of P-diketones may be accomplished with reactive alkylating 

reagents such as primary alkyl iodides and allylic and benzylic halides. 

pCH3 a. NaOH 
H20, CH30H 

b. C H ~ I  
c. H+, H20 workup 

However, since enolate anions are ambident nucleophiles with the distribution of 
charge between the a-carbon and oxygen conferring reactivity to both sites, alkylation 
may result at either site. 

VS. 

Ef= electrophile 
(e.g., R-X) 

enol ether 

In general, there is significant competition between C- and 0-alkylation when 
the equilibrium concentration of the en01 tautomer is relatively high, as in the case of 
1,3-~yclohexanedione.~~ 
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a. NaOMe, 
MeOH 

b. 
1- 

minor major 

To obviate 0-alkylation, the readily accessible 1,5-dimethoxy- l,4-cyclohexa- 
diene surrogate derived from Birch reduction of 1,3-dimethoxybenzene can  be used. 
En01 ether hydrolysis affords the alkylated 1,3-cyclohexadiones in excellent yields.34 

0-Alkylation may occur when the enolate anion and its counteranion are dissoci- 
ated. Shielding of the enolate by the cation represses 0-alkylation. The tendency of 
cations to dissociate from oxygen follows the trend R,N+ > K+ > Na+ > Li+. The selec- 
tion of the proper solvent also plays an important role in determining the site of alky- 
lation. Polar aprotic solvents such as DMSO and hexamethylphosphoralnide (HMPA, 
a potential carcinogen) favor 0-alkylation. Therefore, these solvents should be avoid- 
ed when C-alkylation is desired. Toluene in conjunction with a phase transfer reagent 
such as rz-Bu,NBr provides a method for the high-yield preparation of both mono- or 
dialkylated 1,3-di0nes.~~ 

a. K2CO3, n-Bu4NBr 0 0 

f l C H 3  
toluene, reflux 

3c 
Br-Br 

Ester E n ~ l a Q s ~ ~  Esters (pK, -25) do not form high concentration of enolates when treated with alkox- 
ides (alcohol pK, 16-18). Therefore, strong, non-nucleophilic bases, such as LDA 
(i-Pr,NH pK, = 36), are required to rapidly and quantitatively deprotonate them at 
-78 "C in THF. The ester is added to a solution of LDA in Et,O or in THF (inverse 
addition). After the ester enolate is completely formed under these kinetic conditions, 
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it is treated with a reactive alkyl halide. LDA is particularly well suited as a base for 
these alkylations because it reacts very slowly even with reactive alkyl  halide^.^' The 
products of direct ester enolate alkylation are also accessible by dialkylation of mal- 
onic esters described in Section 6. l .  

' 'OCH3 THF [" 'OCH3J THF 

78 "C -78 OC 9 6 O/o 

LDA (1.2 eq) 
HMPA (1.2 eq) 

B rwc02~e  THF, -78 OC 

When competing Claisen condensation of the ester is a problem, the use of the 
sterically hindered t-butyl esters is recommended." Unlike with ketone enolates, the 
0-alkyiation of ester enolates generally is not a problem. Consequently, HMPA may 
be added to ester enolate alkylations to improve yields. Many S,2 reactions proceed 
more readily in HMPA than in THF, DME, or DMSO. A solvent for replacing the car- 
cinogenic HMPA in a variety of alkylation reactions is 1,3-dimethyl-3,4,5,6-tetrahy- 
dro-2(1H)pyrimidinone (N,N'-dimethylpropyleneurea, DMPU), which also has a 
strong dipole to facilitate metal counterion c~ordinat ion.~~ 

HMPA DMPU 

If the ester possesses a p-stereocenter and the P-substituents are of widely differ- 
ent steric size, then alkylation of the enolate derived from such an ester usually leads 
to high diastereoselectivity. In the example shown below, to minimize the A ' , ~  strain 
the enolate adopts a conformation in which the smallest group (H) is neasly eclipsing 
with the double bond. The electrophile, MeI, then approaches the enolate from the 
side opposite the larger group (PhMe,Si). 

coplanar ... n - 
H OLi 

OMe OMe 1 
minimize ~~j~ strain 

(p-face of alkene is less hindered) 

OMe 
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Enotlates Derived from The dilithio dianions of carboxylic acids can be prepared in THF-HMPA solution 
Carboxylic  acid^,'^ using LDA as the base. These dianions are more stable than a-ester anions but  can still 

Amides, and Nitriles40 be readily ~ - a l k ~ l a t e d . ~ ~ > ~ '  

0 

n-BUJ 
OH THF, HMPA OH 

0 OC dianion n-Bu 

N,N-disubstituted amides are efficiently a-alkylated by treatment with a strong 
base foilocved by reactiot~ with an alkyi halide. 

Deprotonation of alkylnitriles with LDA or lithium hexamethyldisilazide 
(LHIVIDS~,) and treatment of the resultant ambident a-nitrile anions with 1" and 
2"-alkyl halides affords C-alkylated products in good yield. However, the a-anions 
of highly substituted nitriles may undergo N-alkylation to give amides o n  aqueous 
~ o r k u p . ~ ~  

a. LDA, THF 

C N  -78 OC 

b. EtBr 
C. NH4CI, H20 

Acylation of alkylnitriles is best accomplished by low-temperature reaction with 
dialkyl carbonates or alkyl chloroformates [ClC(O)OR] in the presence of excess 

L D A . ~ ~  

a. LDA (2.3 ea) 

Ketone E n o l a t e ~ ' ~ > ' ~ > ' g > ~ ~  Ketones require a stronger base than NaOEt or NaOCH, to convert them into enolate 
anions in high enough concentration to be useful for subsequent alkylation. 

0 
I I 

CH3CCH3 + NaOEt [ '- ]Na+ + EtOH 
K - 1 o - ~  H ~ c ~ ~ \ C H ~  

pKa - 20 pKa - 16 
weaker acid stronger acid 

Common base and solvent conditions used to generate ketone enolates for alky- 
lation include (1) t-BuOK in DMSO, t-BuOH, THF, or DME; (2) NaH in THF or 
DME; and (3) NaNH, in Et,O, THF, or DME. One of the most efficient methods for 
generating enolates from ketones is the use of lithium dialkylamides (R,NLi) in 
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Et20, THF, or DME. These are powerful bases yet weak n~c l eoph i l e s .~~  Although 
alkyllithiums are even stronger bases than R2NLi, their use as bases for deprotonat- 
ing ketones is limited due to competing nucleophilic addition to the carbonyl group. 

1 ,%addition enolization 53% 44% 

i> LDA, T H F  

non-nucleophilic 
strong base L -  J 

enolization 

Regioselective Enolate Formation via Deprotonation'" 
The deprotonation of an unsymmetrically substituted ketones having both a and 
a'-hydrogens f~lrnishes two regioisomeric enolates. Much effort has been devoted to 
uncover methods to control the regiochemistry of enolate formation from such ketones. 

Thernzodynar~zic enolates are generated at room temperature or reflux by con- 
ducting the deprotonation in the presence of a small amount of a weak acid (usually a 
1-2% excess of the ketone starting material). Lithiated bases are preferred for ther- 
modynamic enolate generation because lithium enolates have a fairly covalent oxy- 
gen-lithium bond. Consequently, the most stable enolates will be those that have the 
most highly substituted double bond. 

+ base -- + A  
a' a 

kinetic enolate thermodynamic enolate 

base 

The ratio of enolate regioisomers can be determined by reacting the enolate mix- 
ture with R,SiCl and isolating the resultant stable silyl en01 ethers. Silyl halide 
reagents such as Me,SiCl are oxophilic and react nearly exclusively via 0-silylation, 
forming an oxygen-silicon bond (142 kcallmol) rather than a carbon-silicon bond (85 
kcallmol). Silyl en01 ether mixtures can be separated by distillation or using chro- 
matographic methods. 
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o-L~+ 0.02 eq 
of unreacted 

0 - ~ i +  

(1.02 eq) (1 .O eq) L 22% 78% -1 
TMS-CI 
-78 "C 

Regioselective formation of thermodynamic enolates (or their corresponding silyl 
en01 ethers) can be accomplished by treatment of unsymmetrical ketones with KH, 
E ~ , B ~ ~  or with KH, t-BuMe2SiC1 in the presence of H M P A . ~ ~  

equilibration of the enolate 
with unreacted ketone 

KH 

TBSCI, HMPA 

Kinetic enolates are obtained by slow addition of the ketone (1.00 eq) to  an excess 
of a hindered strong base (1.05 eq) at low temperature in an aprotic solvent (nonequili- 
brating conditions). It should be noted that deprotonation of acyclic ketones rnay furnish 
(E)l(Z)-mixtures of enolates. Since the stereochemistry of enolates plays a pivotal role in 
controlling the product stereochemistry in aldol reactions, methodologies used for selec- 
tively preparing either one of the isomers are discussed in the following subsections. 

o O - ~ i +  0 - ~ i +  

n - c 4 ~ 9 \ K  + LDA THF n-c4H9& + n-c4H9\/1\ 
,, (1.05) 

(1 .OO eq) 
kinetic enolate thermodynamic enolate 

temp ("C) 

+ LDA 
(1.05 eq) 

-78 "C 

(1 .OO eq) L 
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Deprotonation of a,P-unsaturated ketones by LDA proceeds kinetically via 
a'-proton abstraction to give cross-conjugated enolates. Thus, if alkylation is carried 
out with 1.05 equivalents of LDA at low temperature, a'-substitution prevails.49 
However, y-deprotonation can be effected by reaction under equilibrating conditions 
(e.g., using a proton source, higher temperature, and longer reaction time) to give the 
more stable, conjugated enolate. 

thermodynamic enolate 
conjugated or 

extended enolate 

kinetic enolate 
cross-conjugated enolate 

Depending on the conditions used to deprotonate a,@-unsaturated ketones, sub- 
sequent alkylation gives either a'-alkyl-a,P-unsaturated ketones or a-alkyl-P,y- 
unsaturated ketones.50 In many cases, the initial a-alkylation product may undergo 
further a-alkylation to give a,a-dialkyl-P,y-unsaturated ketones. 

0 
kinetic product, 85% 

Mel 

"r" 

thermodynamic product 
(overalkylation) 

Lithium hexamethyldisilazide (LHMDS, LiN(TMS),) and ph3C~i5 '  are useful 
bases for y-deprotonation of enones to generate conjugated enolates. 

Since conjugated enolates react almost exclusively at the a-position, low tempera- 
ture protonation of a conjugated enolate provides the P,y-unsaturated ketone. This decon- 
jugation protocol can be used to functionalize the y-position of an enone, as shown below. 
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b. low-temp 
acid quench 

OH 

Via Cleavage of Silyl En01 EtherP2 
Regioselectively generated silyl en01 ethers react with methyllithium to afford regio- 
chemically pure lithium enolates. Treatment of these enolates with reactive elec- 
trophiles leads to regiospecifically alkylated ketones. 

Me4Si 
(bp = 27 "C) 

Similarly, silyl en01 ethers may be unmasked by reaction with anlzydrous fluoride 
reagents, available as siliconate [(E~,N),s(M~,s~F~)]'" or as ammonium salts (ben- 
zyltrimethyl- or adamantyltrimethylammonium fluoride).54 

Via Metal-Ammonia Reduc"con of Enone@ 
Dissolving metal reduction of a,P-unsaturated ketones regiospecifically produces 
enolates that, on removal of ammonia, may be reacted with electrophiles. 

Via Conjugate Addit ion Reactions 
The copper-mediated 1,4-addition of alkyl groups to a,P-unsaturated ketones affords 
regiochemically pure enolate anions (see also Section '7.5) which may be trapped at 
oxygen with silyl halides, acyl halides, or dialkylcarbonates to provide silyl en01 
ethers, en01 acetates, or en01 carbonates, respectively. These can be unrnasked at a 
later stage by reaction with MeLi to regenerate the enolate for further e~abora t ion .~~  

C-alkylation, 
0-silylation, or acylation 
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Conjugate reduction of enones with K-Selectride (K[sec-Bu,BH]) is a valuable 
method for regiospecifically generating enolate anions.57 As illustrated below, the eno- 
late species reacts with an alkyl halide to give the corresponding a-alkylated ketone 
in good yield. 

Via Introduction of Activating Groups 
An excellent way to control the regiochemistry of deprotonation of ketones is to intro- 
duce an activating acyl group (formyl, carboalkoxy), making the proton at the 
at-position of the carbonyl group significantly more acidic. Acylation usually takes 
place at the less substituted carbon. 

la .  NaOEt ? 
EtOH 

Intermolecular Alkylation of Ketone Enolates 
In summary, several factors must be adjusted to maximize the C-alkylation of ketone 
enolates. These include the following5s 

Enolate formation must be faster than reaction of the enolate species with the 
starting ketone (this avoids aldol condensation). 

The selectivity for reaction at carbon rather than at oxygen must be favorable 
since ambident anions may react at either terminus of the enolate system depend- 
ing on choice of solvent, counterion, and alkyl halide. 

The electi-ophile must be added rapidly (an excess if possible) to trap the enolate 
before it can condense with the product initially formed. Unfortunately, less reactive 
alkylating agents often allow enolate equilibration to compete with alkylation. 

Desired 
reaction 

Suggested avoid by fast avoid polar aprotic if reactive E: add it slowly; 
solutions generation of enolate solvents such as avoid excess base or use 

in absence of a DMSO or HMPA an activating group 
proton source 
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If di- or polyalkylation is a problem, the addition of tsiethanslamine borate to the 
reaction mixture will suppress ~ v e r a l k ~ l a t i o n . ~ ~  ~ikewise, enolates formed in the pres- 
ence of Et,B react smoothly to form mono-alkylation products, as illustrated in the 
following  example^.^' 

THF, 25 "C 
b. BEt3 

c. Mel 

Intramolecular Alkylation-Cyclization Reactions6' 
These reactions are subject to stereoelectronic control. The transition state for S,2 
displacement requires collinear (180") disposition of the nucleophile (C-) and the 
leaving group L. In some cases, for steric reasons, 0-alkylation dominates over 
C-alkylation. See Section 6.3 below for additional details. 

WIN'S RULES FOR RING - -,-- "wp---+p---?"-- 

Because bifunctional substrates are used in ring formation, intramolecular reactions 
always have to compete with intermolecular processes giving rise to oligomers and 
polymers. Considering entropic effects, stereoelectronic effects, and ring strain, some 
general rules for ring closure can be given. 

Cyclization reactions to furnish 5-7-member rings proceed faster than the 
corresponding intermolecular reactions (entropic and strain effects). 

Although entropy effects for the formation of smaller rings ( 3 4 )  are favorable 
because the functional groups involved are held in close proximity, the ring strain 
in the transition state lowers their rates of formation. 

The most difficult rings to close are those that are of medium size (8-1 1) because 
torsional and transannular interactions destabilize the transition state. 

Although larger rings (12 and higher) are almost free of strain, unfavorable 
entropy (large separation of the reactive centers) slows down the reaction rate and 
hence increases the chance for intermolecular reactions. 

The following facts must be considered in planning intramolecular cyclizations: 

The number of atoms participating in the cyclization; 

Steric effects in the chain connecting the reaction centers; 

* Hybridization of the atom that is attacked in the course of the cyclization; 

Geometric constraints imposed by through-space interactions between two 
orbitals on the same molecule (stereoelectronic effects). 

An extensive study of known cyclization reactions led J. E. Baldwin to formulate 
a set of empirical rules to predict the relative ease of ring-forming processes. These 
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ring closure rules - known as Baldwin's rules - apply to nucleophilic, electrophilic, 
and radical reactions. 

In evaluating the feasibility of a proposed ring closure, consider the following 
three questions: 

1. What is the number of atoms in the skeleton of the new ring? 

2. Is the breaking bond exo- or endocyclic to the smallest-formed ring? 

Exo: 

breaking 
bond 

3. What is the hybridization of the carbon being attacked by the nucleophile? 

Attack on sp3: tet 

Attack on sp? trig 

Attack on sp: dig 

Tetrahedral systems 

Trigonal systems 

Disfavored: 
3 to 5-endo-trig 

Digonal systems 

exo-dig X- Favored: 
3, 4-exo-dig 

Y Y c e y -  
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It shotrld be noted that disfavored does not mean that the ring closure will not occur. 
only that it is more difficult than the corresponding favored ring closure. 

Intramolecular For ring closures involving ketone enolates, Baldwin and Lusch modified the original 
AldoI Condensations rules as shown Again, these empirical rules are based on stereoelectronic 

considerations. 

0 
disfavored: 3-5 rings 

Y favored: 3-7 rings oFy- 

Intramolecuiar AIkylatioaa Favored ring-closing alkylation reactions include the 6-(eno1endo)-exo-tet, 6-(eno1exo)- 
of Enolates exo-tet, and 5-exo-tet cyclizations shown below.63 For these transformations, the leaving 

group may be C1, Br, I, -OMS or -0Ts and the electron-withdrawing group (EWG) gen- 
erally is a ketone, ester, nitrile, nitro, or sulfone moiety. 

/ B y  favored : 6,7 r ims " I 
/ disfavored: 3-5 rings I 
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6-(eno1endo)- 
exo-tet 6 ~ 8 ~  ek B r ed via 

kinetic 60% 
enolate 

CI exo-tef 

0 
kinetic 56% 
enolate 

P ' pho2flR' BPS0 

THF, -78 "C - 
via 

I ,  #-addition R 
BPSO 

Note that the 5-(eno1endo)-exo-tet cyclization shown below is a disfavored ring- 
closing alkylation. 

The importance of stereoelectronic eEects in intrarnolecular alkylation-cycliza- 
tion reactions is exemplified below. 

Colinear attack at C-Br by 
the enolate a-carbon is 
sterically not possible; 
thus 0-alkylation prevails. 

However, 

L _I 

enolate 

@sm STEREOCHEMISTRY OF CYCLIC KETONE ALKYLATION~~ 
*e<-wy&a" .p,-,-,~*wp-." 

Enolate reactions involve an early, reactant-like transition state. There is no apprecia- 
ble bond formation at the transition state; hence, the transition state should resemble 
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the enolate structure. Therefore. there should not be much discrimination between 
antiparallel and parallel attack. Axial attack via a chair-like TS is usually preferred, 
although not in a kinetically overwhelming fashion.65 Equatorial attack via a boat-like 
TS imparts torsional strain as R passes by the adjacent hydrogen. 

R-X 

R-X 

Rf major isomer 

0 
H 

ap = antiparallel alkylation 
p = parallel alkylation 

In conformationally rigid systems, steric factors play an important role in deter- 
mining the facial selectivity of alkylations of enolates. Whereas alkylation of eno- 
late A proceeds via a chairlike transition state, attack of the electrophile on enolate 
B in an antiparallel manner is subject to a synuxiul interaction with the axial Me 
group. Hence, parallel approach of the electrophile through a twist boat transition 
state prevails.66 

antiparallel alkylation 

J. 

4' 

parallel alkylation avoids @ [ Et - l 
I 

major product 
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Alkylation of the enolate derived from deprotonation of the lactone shown below 
occurs nearly exclusively from the face opposite from the t-butyl group.67 

Imine anions are superior to the corresponding enolate anions of the parent carbonyl 
cornpounds in alkylation reactions because they give only monoalkylated products of 
predictable regioselectivity. They can be prepared from aldehyde imines as well as 
from ketone imines by deprotonation with EtMgBr, LDA, or t - ~ u ~ i . ~ '  

!mine Alkylation High yields of alkylated aldehydes and ketones are obtained when using primary and 
even secondary alkyl halides in the presence of HMPA or DMPU. Little rearrange- 
ment is observed with allylic halides.68h Moreover, the new alkyl group is generally 
introduced at the less substituted a-carbon, even with a,P-unsaturated aldehydes or 
ketones. 

The effect of steric strain in the irnine anion assures good regiochemical control for 
a lky la t i~n .~~"  
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1. ChxNH2 

TsOH (-H20) 
2a. EtMgBr 

THF L -I 

minor major 
(strained) 

H 3C&cH3 

Hydrazone Alkylation Alkylations of hydrazone anions derived from aldehydes and ketones are closely 
related to imine anion alkylations. Lithiated hydrazones are particularly powerful 
nucleophiles for alkylation reactions. The alkylated hydrazones may be cleaved 
with periodate, as shown below.69 The choice of solvent and base is critical to the 
success of hydrazone alkylations; hexane-free medium is essential for complete 
metalati~n.~' 

Enantioselective Alkylation Reaction of 3-pentanone with the commercially available hydrazine (S)-1-amino-2- 
of Hydrazones71 methoxymethylpyrrolidine (SAMP) affords the corresponding chiral hydrazone. 

Deprotonation with LDA followed by alkylation and hydrolysis furnishes (S)-4- 
methyl-3-heptanone in greater than 99% enantiomeric e x c e s ~ . ~ ' ~ s i n ~  the corre- 
sponding (R)-hydrazine (RAMP) provides (R)-4-methyl-3-heptanone. 

Na'04 
NaH2P04 
MeOH, H20 
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~""'f I I 
a. LDA H3CJ,,CH3 

(SAMP) H3C9  OM^ 
CH3 0 "C 

c. Mel (excess) 0 

d. 3N HCI pentane H 3C& n-c3H7 

e. workup 
CH3 

An alternative to hydrolysis is cleavage of the RAMP- and SANIP-hydrazones 
by ozonolysis which takes place without epimerization or racernizati~n.~~ This is a reli- 
able method of obtaining the alkylated ketone products with high de and ee ~electivity.~~ 

N 
N/ OMe 

83% (> 98% ee) 

The enarnine reaction provides an alternative method for selective alkylation and acyla- 
tion of aldehydes and ketones. The enamine group is both a protecting group for car- 
bony1 compounds and a directing or activating group for further elaboration. Note the 
relationship between enolates and enamines: 

Preparation of Enamines Enamines are readily generated by acid-catalyzed condensation of an aldehyde or 
ketone with a secondary amine such as pyrrolidine, piperidine, rnorpholine, and di- 
tert-butylamine (for aldehydes). 

( A ' ? ~  strain), [ ' I \ 
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Alkylation of Enamines Enamines are ambident nucleophiies giving C- and N-alkyiated products. Acceptable 
yields of C-alkylated products are obtained by using reactive alkyl halides such as 
CH,I, allylic and benzylic halides, and a-halocarbonyl compounds. The resultant 
iminium ion intermediates no longer behave as a enolates, thus dialkylation is avoid- 
ed. The stereochemical course of alkylation of the enamine derived from 2-methylcy- 
clohexanone is depicted below. The reason for the preferred parallel alkylation via a 
boat-like transition state over antiparallel alkylation via a chair-like transition state is 
the synaxial RX I1 CH, interaction in the latter case.74b 

A-strain favored conformer 

minor product 

ap = antiparallel alkylation H3C/,/,/ 

p = parallel alkylation R-X b. H', H20 OR 
major product 

i-', 
conjugated product 

preferred \ - 
cryst. 81 % 

Stereoselective Aikylation Chiral enamines may be prepared by condensation of ketones with enantioenriched 
of E n a r n i n e ~ ~ ~  sec-amines. The C,-symmetric trans-2,5-dimethylpyrrolidine is a frequently used chi- 

ral auxiliary for the preparation of enantiomeric e n a m i n e ~ . ~ ~  Alkylation of chiral 
enamines followed by hydrolysis is an effective method for the enantioselective alky- 
lation of ketones.78 
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workup 
90% (80% ee) 

Acylation A useful method for preparing 1,3-diketones and P-keto esters from ketones is to 
first form the enamine and then acylate it with an appropriate acyl chloride deriva- 
tive. Morpholine, a sec-amine, is a good choice for this purpose since the derived 
enarnines have lower reactivity toward acyl halides, allowing for more control of the 
reaction. 

The aldol reaction is one of the most useful methods for the construction of carbon-car- 
bon bonds. The products of aldol reactions are either P-hydroxy carbonyl compounds 
or, after dehydration, a,P-unsaturated carbonyl compounds. The aldol reaction is useful 
not only for making C-C bonds, but also for providing two functional groups, the C=O 
and a P-OH, which can be further elaborated. 

In the strictest sense, the aldol reaction involves the condensation of an enolate 
derived from an aldehyde or a ketone with another aldehyde or ketone to give a 
P-hydroxyaldehyde or a P-hydroxyketone, respectively. In a broader sense, the aldol 
reaction encompasses reactions of enolates-usually derived from ketones, esters, or 
amides-with an aldehyde or a ketone. 

R1, R2, R3, R~ = H, alkyl, or aryl 

lnlermoiecdar Aldol The aldol reaction is catalyzed by base or by acid. Both base- and acid-catalyzed con- 
Weactions densations are reversible in the 1,2-addition step. The equilibrium constant for the 

addition step is usually unfavorable for ketones. 
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Base-catalyzed aldol reaction 

Nu = enolate 

Acid-catalyzed aldol reaction 

- 1  ; I 
H 

Nu = enol 

The en01 content of simple ketones is quite low under standard acid-catalyzed 
conditions (for acetone K,, = lo-/; cyclohexanone Keq = The base-catalyzed 
aldol reaction for aldehydes is slightly exothermic while the reaction for ketones is 
somewhat endothermic. 

CHO 

The P-hydroxy aldehydes and P-hydroxy ketones formed in aldol reactions are 
readily dehydrated to yield conjugated systems. These p-elimination reactions can be 
effected by either acid or base while heating during the condensation. 

Removal of H,O from the reaction mixture drives the equilibrium toward product 
formation. Even though the initial aldol step itself may be unfavorable (as it usually 
is for ketones), the subsequent dehydration step allows most aldol reactions to be car- 
ried out in good yield. 
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Ilntramolecular Aldol The intramolecular aldol condensation is a powerful tool for obtaining five- and 
Reaction8' six-member rings. This is an important step in the Robinson annulation reaction (see 

Section 7.9). 

2% NaOH 

CH30H 
heat &CH3 

In the following base-catalyzed intramolecular aldol reactions, both enolates are 
formed reversibly. However, cyclization is faster via attack of the enolate at the less 
hindered carbonyl group. 

less hindered 
carbonyl 

&R not qR 
CH3 

With 1,5-dicarbonyl compounds, two modes of ring closure are often possible. In 
the example shown below, the more stable (higher-substituted) enone is formed pref- 
erentially (thermodynamic c~nt ro l ) .~ '  The observed distribution of products is the 
result of equilibration via retro-nldol reaction. 

Intramolecular aldol reactions of 1,6-diketones or 1,6-keto-aldehydes afford the 
corresponding cyclopentenyl carbonyl  compound^.^" 

0 

&CH3 
H3c 60 "C, 15 min 

0 CH3 
CH3 
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Mixed ABdol Reactions Aldol reactions between two different carbonyl compounds are called mixed or 
crossed aldol reactions. With aqueous bases, these reactions are of little synthetic 
value if both reactants have a-hydrogens because they afford mixtures of products. 
However, under carefully controlled conditions, it is possible to condense ketones 
with aldehydes in the presence of dilute sodium hydroxide to furnish P-hydroxyke- 
tones, provided that the aldehyde is added slowly to the ketone. 

Changing from thermodynamic to kinetic conditions (LDA), it is possible to carry 
out crossed aldol reactions with good control, as exemplified below. 

Claisen-Schmidt Reactions3 
When one of the carbonyl compounds cannot form an enolate (as with HCHO, 
PhCHO, or Ph2CO), crossed aldol condensations are fea~ible.~, 

0 
NaOMe (1.3 eq) 

cat. MeOH 

Me0 DCHo + CH3/COMe D"+Co2Me 
The Mukaiyama ~eac t i on~~-Lewi s  Acid-Catalyzed Crossed Aldol Reactions 
The en01 content of simple aldehydes and ketones is low under standard acid-cat- 
alyzed conditions. Silyl en01 ethers, often available free of regioisomers, are an impor- 
tant source of en01 equivalents for nucleophilic addition reactions. The reaction of 
silyl en01 ethers with carbonyl compounds in the presence of BF3eEt20, SnCl,, TiC1,. 
or 1nC1,'~ proceeds through an open transition state instead of a closed transition state 
and leads, after hydrolytic workup, to aldol products. 

Lewis acid-catalyzed 
1,2-addition 

OTMS R-CHO I 

silyi en01 ether 
open transition state 

in situ 
TMSCI 
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OSiMe, 
1 a. LDA -78 OC 

1 b. Me3SiCI TiCI, 
CH2C12, -78 "C 

With P-alkoxy-substituted aldehydes, catalysis by Me,AlCl or MeAlCI, proceeds 
via a highly organized chelate and gives aldol products with excellent diastereoselec- 
tivity, as shown below.s7 

t- B 
b. H20 

Nu -.--- ---._ 
---._ 73% (980h de) 

----.A 
Nu 

Me2Aly.. o+ OBn 

H i- Pr 

chelation-controlled addition 

Silyl en01 ethers with a chiral a~lxiliary appendage react with achiral aldehydes to 
produce, after cleavage of the auxiliary group, enantiomerically enriched P-hydroxy 
carboxylic acids.88 

OTBS 

N h; +H+ 

0 2  - 
chiral auxiliary 

lmine AIdol Reactionss9 
Imine enolates can be prepared without self-condensation, yet they will add rapidly to 
carbonyl compounds. This circumvents the low reactivity of ketones toward carban- 
ions derived from nonactivated methylene compounds and permits addition of alde- 
hyde enolate equivalents to ketones. 
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" ~ 0  + H3C-CHO 
H3C CHO H 3C 

desired adduct 
not obtained 

product actually 
obtained 

However, 
a. LDA 

,Chx bn 1 
X Ph CH3 

H3C-CH0 
(- H20) H3C H c. H ~ O '  H3C CHO 

Enamines also undergo condensation with aldehydes to give a,P-unsaturated 
ketones on hydrolysis.90 

Stereoselective Aldol One of the most challenging problems for the synthetic chemist is control of stereo- 
Reactions9' chemistry in conformationally nonrigid, open-chain compounds. When planning and 

executing the synthesis of a complex organic compound, the chemist must cope with 
the following distinct and interrelated problems:92 

Assembly of the requisite molecular framework 

Placement of the necessary functional groups at their proper sites 

Control of the relative chirality at various points of asymmetry in the desired 
product 

Among these problems, effective control of the stereochemistry is often the most 
challenging, particularly when the elements of asymmetry reside in an acyclic struc- 
ture. In the evaluation of an aldol reaction as a method for building acyclic molecules 
containing many stereocenters, there are two types of diastereoselections that must be 
considered. 

The first is simple diastereoselection, using achiral substrates. Two newly created 
chiral centers may be formed at the 2- and 3-positions (numbering is by convention) 
with either syn or anti relative configuration. 
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(E)- or (Z)-enolate achiral 

aldol reaction 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - m - - - - - - - .  I simple 

0 OH diastereoselection 

R Ph R Ph 2,3-anti 

Me Me 

The second is referred to as diastereoface selectiorz, that is, in many cases one 
carries out aldol reactions on aldehydes already having one or more chiral centers. 
The carbonyl faces in these molecules are diastereotopic rather then enantiotopic. 

(E)- or (Z)-enolate chiral 

aldol reaction 

Felkin anti-Felkin 

3,4-syn 3,4-anti 

diastereoface selection 

Control of (E)- and (Z)- Enolate Stereocherni~try.~~ 
Simple diastereoselection from precursors that do not contain a chiral center is con- 
trolled by two factors: 

1. The configuration of the enolate ion, (E)-(0)- vs. Z-(0)-enolate. Note that 
the substituents at each end of the double bond having the higher priorities 
(OM > R) determine the configuration of the double bond. 
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2. The orientation of the enolate and aldehyde in the transition state of the aldol 
reaction, "open" transition state vs. the ordered, chelate-controlled transition 
state 

Whereas deprotonation of cyclic ketones (4-7-member rings) can only lead to the 
(El-(0)-enolate geometry: control of enolate stereochemistry of acyclic ketones with 
lithium arnides is rather complicated and depends on the structure of the carbonyl 
compound, steric requirements of the base, and reaction conditions. 

Ireland's deprotonation model is widely used to rationalize the stereochemistry with 
various ethyl ketones and bases.94 1n the absence of additives that solvate the lithium 
cation such as HMPA, proton transfer occurs via a chair-like "closed transition state. 
Under these conditions, the (2)-enolate is disfavored because of the 1,3-diaxial interac- 
tion between the Me and the i-Pr group on nitrogen. As the steric requirement of the 
R group increases, so does the A ' . ~  strain between the R and Me groups in forming the 
double bond, thus destabilizing the (E)-(0)- relative to the (2)-(0)-enolate (Table 6.2). 

1,3-diaxial 

THF 
i-Pr 

developing 
A ' ' ~  strain 1 R<e 1 1 RkMe] 

E Z 

HMPA solvates the lithium cation, leading to an "open" transition state, alleviat- 
ing the 1,3-diaxial interaction between the Me and i-Pr groups but increasing the 
strain between the R and Me groups, which favors the (Z)-(O)-en~late.~~ 
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+ + 
( M ~ ~ N ) , P - o ~ - - L  i + (M~~N),P-o----L~+ 

i-Pr THF, HMPA /i- Pr 
(-3 : 1) 

R H 

OEt 15 85 
Et 8 92 

Although stereoselective formation of enolates from acyclic ketones with bases 
such as LDA is rather dif5cult, stereodefined boron enolates are more readily accessi- 
ble." In the Mukaiyalna method, an ethyl ketone is treated with a dialkylboron triflate 
and a tertiary amine, usually i-Pr,NEt. The resultant Z-(0) boron enolates (also known 
as en01 borinates) are believed to be formed under kinetic control by deprotonation of 
the Lewis acid-complexed substrate. Brown and co-workers have shown that E-(0) 
boron enolates ]nay be prepared by treatment of ethyl ketones with dicyclohexylboron 
chloride in the presence of E ~ , N . ~ ~  

dialkylboron dialkylboron 
chloride 

(Chx)2BCI 

Et3N R 
Me 

(E)-(0) boron enolate 

(Z)-(0) boron enolate 

In analogous fashion, titanium97 and tin9' enolates are formed by the reaction of 
enolizable ketones with a tertiary amine and TiCl, or SnOTf,, respectively.99 The reac- 
tions of titanium enolates are highly selective and comparable to boron enolates in 
aldol condensations. loo 
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Simple Diastereoseledion - Syn-Anh'i Sek~tiarily.~~~ 
When an aldehyde is reacted with a ketone-derived enolate under equilibrating con- 
ditions, the thermodynamically more stable 2,3-anti product predominates regardless 
of the geometry of the enolate. If, however, the reaction is kinetically controlled, the 
(2)- and (E)-enolates furnish 2,3-syn and anti aldol products, respectively. This 
behavior has been interpreted in terms of a chair-type transition state known as the 
Zimmerman-Traxler m ~ d e l . ' ~ '  

2,3-syn 2,3-anti 
(erythro) (threo) 

Zimmerman-Traxler transition state model for (2)-(0)- and (E)-(0)-enolates 

favored 

selective 
Me ??e 

R ' 

2,3-anti 

interaction 

Me 
= 

.--- ' R' 0 

Me 
0 - 

H 
Me 

H R" OH R" 
R" 

(E)-(0)-enolate favored 2,3-anti 

2,3-anti 
selective 

Me 

R ' 0 

Me 
O H  R" 

disfavored 2,3-syn 

Note: If the aldol reaction is catalyzed by Lewis acids such as BF, or TiC1, the addi- 
tion reaction will proceed via an acyclic transition state (Mukaiyama a ld~l ) . '~ '  

Although boron enolates are usually more stereoselective in aldol reactions than 
lithium enolates, the latter are more readily prepared (e.g., using LDA). To obtain syn- 
thetically useful levels of aldol stereoselectivities with lithium enolates, the (E)-(0)- and 
(2)-(0)-enolates must be available with high selectivity (> 95 : 5), and the non-enolized 
carbonyl group R must be large (Table 6.3).79 
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a. THF 

Ph 

Aldol reactions of lithium (Z)-(0)-enolates derived from a-trimethylsilyloxy 
ketones with aldehydes provide, depending on the workup conditions, either 
P-hydroxy aldehydes,lo3 P-hydroxy acidsio4 or P-hydroxy ketones with high levels of 
2,3-syn selectivity. lo' 

------' 
bulky group promotes 

(2')-(0) enolate formation 

oxidative cleavage 
of vicinal diol 

oxidative cleavage of 1 
a-hydroxy ketone 

1. DHP, Hf 

2. EtLi, Et,O 

TMSO 

oxidative cleavage 
of vicinal diol 
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Since the reactions of lithium (E)-(0)-enolates are not stereoselective (see Table 
6.3b), formation of 2,3-anti aldol products is conveniently accomplished by ketone 
enolization using dicyclohexylboron chloride. Reaction of the resultant (E)-(0) boron 
enolates with aldehydes at low temperature affords the 2,3-anti products with excel- 
lent diastereoselecti~it~.'~~ 

(E)-(0)-enol borinate 
fZ: E, >1 :99) 

95% anti 

Boron enolates are more stereoselective lithium enolates.lo7 The reasons for this 
are (1) B-0 bonds are shorter than Li-0 bonds and (2) boron enolates are less reac- 
tive than lithium enolates, leading to late, product-like transition states where steric 
repulsions are more important. 

57%, 94 : 6 syn : anti 

0 OH 

workup 
61%, > 97 : 3 syn : anti 

When treated with dialkylboron triflates, thioesters preferentially form (E)-(0) 
boron enolates, which react with aldehydes to afford good yields of the 2,3-anti aldol 
products. lo' 

t-BUS 
t-BUS 

workup 
thioester 

R = cyclopentyl, X = OTf: 79%, > 95 : 5 anti : syn 
R = (menthyl)CH2-, X = CI: 61 % (98% ee), 96:4 anti: syn 

The P-hydroxy thioester products may be transformed to 1,3-diols by LiAlH, 
reduction. Protection of the hydroxyl group followed by reaction with DIBAL-H leads 
to the corresponding P-alkoxy aldehydes.lo9 Alternatively, treatment with a cuprate 
reagent produces the corresponding ketone.'I0 

0 OMOM a. Me2CuLi 0 OMOM 

Me OBPS 
workup 91 % 
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Eaaantioselective llaldol Development of diastereoselective and enantioselective aldol reactions has had a pro- 
Reactions1" found impact on the synthesis of two important classes of natural products-the 

macrolide antibiotics and the polyether ionophore~."~ The aldehyde and the enolate 
involved in aldol reactions can be chiral, but we shall disc~lss only the case of chiral 
enolates. 

a-Silyloxyketones 
There are several chiral enolate precursors, such as L-t-butylglycine"3 or (R)- or 
(S)-mandelic acid,l14 which can be used in asymmetric aldol reactions, as depicted 
below. 

t-Bu 

NaN02 

t-Bu 

EtLi (3 eq) 

H2S04 
NH2 H 2 0  OH 

(S)-tert-butylglycine commercially 
available 

EtLi (3 eq) 
C02H 

OH 

(R)-mandelic acid 

OH 

commercially 
available 

Deprotonation of a-silyloxy ketones with LDA furnishes (2)-lithiurn enolates, 
whereas treatment of ketones with n-Bu,BOTf in the presence of i-Pr,EtN gives the 
corresponding (2)-(0)-boron enolates. Interestingly, reaction of the Li-enolates with 
i-PrCHO proceeds with opposite facial preference to that of the boron enolates. Thus, 
the Si face of the Li-enolate adds to the Si face of the aldehyde and the Si face of the 
boron enolate adds to the Re face of the aldehyde to f~lrnish the chiral P-hydroxy 
ketone enantiomers shown below. The reason for the different face selectivity between 
the lithium enolate and the boron enolate is that lithium can coordinate with three oxy- 
gens in the aldol Zimmerman-Traxler transition state, whereas boron has olily two 
coordination sites for oxygen. 



6.7 The Aldol Reaction 25% 

i-P r 

i-Pr 
I 

Me I I .  TBAF 
i-Pr-CH0 addition to Si face 2. Na104 
M = B(n-Bu), 

OH 
favored rotomeric orientation, H02C- 

J promotes addition to Re face = i-Pr 
Me 

- - - - - - - - - - - - - - - - -  

t-Bu 
,02cJ i- Pr 

Me3Si0 Me Me 

It should be noted that these chiral enolate condensations are stoichiometric and 
sel;f-immolative; that is, the chirality of the enolate is sacrificed in its conversion to the 
P-hydroxy carboxylic acid. This problem can be circumvented by using a chiral aux- 
iliary, such as an N-acyloxazolidinone. 

N-Acylo~azolidinones~~~ 
When employed in stoichiometric amounts, the oxazolidinone auxiliaries can be 
recovered and reused. Moreover, they are readily prepared by reduction of a-amino 
acids followed by conversion of the resulting 1,2-amino alcohols to the N-acyloxazo- 
lidinones. Both enantiomers of a given oxazolidinone are acce~sible."~ 

oxazolidinone N-acyloxazolidinone 

Treatment of N-acyloxazolidinones with di-n-butylboron triflate in the presence 
of Et,N furnishes the (2)-(0) boron enolates. These on treatment with aldehydes 
give the corresponding 2,3-syn aldol products (the ratio of syn- to anti- isomers is 
typically 3 99 : I!). On hydrolysis they produce chiral a-methyl-P-hydroxy car- 
boxylic acids, as exemplified below. 'I7 The facial selectivity of the chiral boron eno- 
late is attributed to the favored rotomeric orientation of the oxazolidinone carbonyl 
group, where its dipole is opposed to the enolate oxygen dipole. At the Zirnmerman- 
Traxler transition state, the aldehyde approaches the oxazolidinone appendage from 
the face of the hydrogen rather than from the benzyl substituent. 
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The oxazolidinone auxiliary group can also be used to direct the stereochemical 
outcome to favor anti-selective aldol reactions by diverting the reaction to an open 
transition state using Lewis acid conditions (MgCl,, TMSCl, and E~,N) ."~  

A lithium hydroperoxide (LiOH + H20,) hydrolysis protocol is the method of 
choice for deacylation of the auxiliary oxazolidinone without racemization to obtain 
the P-hydroxy carboxylic acid  product^."^ The chiral auxiliary can be recovered and 
recycled. Direct substitution of the oxazolidinone auxiliary with (Me0)MeNH gives 
the corresponding Weinreb amide.120 Its subsequent reaction with DIBAL-H or with 
Grignard reagents converts the amide to an aldehyde or ketone, re~~ect ively. '~ '  
Furthermore, reduction of the N-acyloxazolidinone moiety with LiBH, affords the cor- 
responding alcohol in good yield.'22 

0 
1. Me3A THF, 0 "C 0 OTBS 

MeONHMee HCI MeO, 

2. TBSOTf, CH2C12 
2.6-lutidine 

w 
Weinreb amide 

0 OTBS 

Chiral Ligand-Mediated Aldol C ~ n d e n s a t i o n s " ~ , ' ~ ~  
Boron reagents such as (+)- or (-)-(Ipc),BOTf are chiral prornoters in aldol conden- 
s a t i o n ~ . ' ~ ~  Enolization of an achiral ketone with (Ipc),BOTf forms a chiral enolate and 
thus imparts diastereofacial selectivity (DS) for condensation with a chiral aldehyde. 
If the ketone is chiral, the DS of the reagent may be matched or mismatched with the 
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intrinsic DS of the ketone (see Section 5.1 for a discussion of reagent vs. substrate 
control). Therefore, selection of the proper enantiomer can increase the formation of 
a desired product diastereomer. This strategy is an example of double asymmetric 
induction125 (See Section 4.14) and is exemplified be10w.l~~ 

TBSO 0 a .bBOTf ,  TBSO 0 OH TBSO 0 OH 

+ - A 2,3-syn products B 
Although not a chiral auxiliary, this 
portion of the molecule acts similarly R2BOTf Biastereoselectivity (A : B) 
by imparting diastereofaciai selectivity 
(DS) in the reaction. Its magnitude 9-BBN-OTf 12 : 1 substrate DS 
can be determined using an achiral (+)-(l~c)2BOTf 47 : 1 t-f~atched case 
reagent such as 9-BBN-OTf. ( - ) - ( lp~)~BoTf 3 : 1 mismatched case 

The stereochemical outcome of an aldol reaction involving more than one chiral 
component is consistent with the rule of approximate multiplicativity of diastereofa- 
cia1 selectivities intrinsic to the chiral reactants. For a matched case, the diastereose- 
lectivity upproximutes (substrate DS) X (reagent DS). For a mismatched case, the 
diastereoselectivity is (substrate DS) t (reagent DS). Double asymmetric induction 
also can be used to enforce the inherent facial selectivity of a chiral aldehyde, as 
shown be10w.l~~ 

0 OTES 

OBn 

-BR2 Diastereoselectivity (C : D) 

achiral --  - + -BChx2 3 : 1 aldehyde DS 
-B[(+)-(~PC)]~ 1 : 1.3 mismatched case 
-B[(-)-(~Pc)]~ 13.3 : 1 matched case 

Ideally, double (and triple)"' asymmetric synthesis is most effective when the DS 
of the chiral reagent is significantly greater than the DS of all other reaction compo- 
nents, thus overwhelming any mismatch with a substrate and thereby dictating the 
stereochemical outcome based solely on the chirality of the reagent. One o f  the most 
powerful examples involving a reagent with an overwhelming DS is in Sharpless 
asymmetric epoxidation (see Section 5.1). 
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~~~~~~ CBNDEMSATBON REACTIONS OF ENOLS AND EMOLATES 

The Mannich Reaction'29 a$-Unsaturated carbonyl compounds are important substrates for C-C bond formation 
in Michael additions, Robinson annulations, and Diels-Alder reactions. There are a 
number of efficient methods available for the preparation of conjugated carbonyl com- 
pounds with a double bond positioned inside the chain or the ring. However, this is not 
the case when the double bond is located at the terminal position of a chain or is exo to 
a ring. These conjugated carbonyl compounds are vulnerable to attacks by nucleophiles 
or by radicals resulting in their polymerization or decomposition. For example, acrolein 
(propenal), the simplest conjugated carbonyl compound (H,C=CHCHO), has a ten- 
dency to polymerize when used in conjugate addition reactions. 

The ideal approach for the preparation of conjugated carbonyl compounds having 
an exo-methylene group would be via a mixed aldol condensation of an enolizable car- 
bony1 substrate with formaldehyde as the electrophilic partner. However, formalde- 
hyde is a very powerful electrophile and tends to react more than once with enols and 
enolates. This shortcoming can be circumvented by converting the formaldehyde to an 
iminium ion (Mannich reagent) by reaction with a secondary amine, usually dimethy- 
lamine, and a catalytic amount of HCl. 

iminium salt 

Aminomethylation 
In the presence of an enolizable aldehyde or a ketone, the resultant electrophilic 
iminium ion reacts in situ with the enol to produce, after neutralization, the corre- 
sponding p-amino ketone, also called a Marznich base. Unsymmetrically substituted 
ketones are aminoinethylated preferentially at the more highly substituted carbon of 
the enol. 

Mannich base 

Utilization of preprepared N,N-dimethylmethylenearnmonium iodide (Eschenmoser 
salt)I3O or chloride13' gives higher yields of p-amino ketones than does the classical 
Mannich reaction. Silyl en01 ethers also react with the Eschenmoser salt to give Mannich 
bases, as exemplified be10w.I~~ 
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Enone Synthesis 
In addition to the Mannich reaction being a valuable method for preparing amino 
kct~ncs. '~ '  which arc cncountcred in many drugs, the reaction is also important in 
organic synthesis in providing a stable equivalent of a conjugated exo-methylene moiety. 
Thus, addition of methyl iodide to the Mannich base converts it to the quaternary 
ammonium salt. Subsequent treatment with a base results in a p-elimination of 
trimethylamine to generate the a-methylene ketone. 

Aminomethylation of lactone enolates with the Eschenmoser salt followed by 
neutralization (workup) yields the corresponding Mannich bases. Their conversion to 
quaternary ammonium iodides followed by treatment with DBU (1,5-diazabicy- 
clo[5.4.0]undec-5-ene) leads to a-methylene lactones. 

1 a. LDA 

-78 "C 

1 b. H ~ c = ~ ( c H ~ ) ~  
I c. Na2C03, H20 

2. Mel 
3. DBU, dioxane 

65% (overall) 

Asymmetric Mannich Reaction 
A chiral promoter molecule such as L-proline can be used to catalytically mediate a 
stereoselective Mannich r e a ~ t i 0 n . l ~ ~  

\\\\H 
ketone aldehyde amine o C 0 2 H  

H ,PMP 

+ H2Nn (35 mol %) 
0 H i j  ./"I+ ,lR acetone li/\ ' OMe 12-48 h 

P R 

u R = i-Bu 
90% (93% ee) 

p-methoxyphenyl 
(PMP) 

R = CH2013n 82% (75% ee) 
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L J 

1,s-dicarbonyl R' = alkyl, H, phenyl, OR 

Base-Catalyzed Michael Addition 
The Michael-type addition, a nucleophilic addition of an anion to the carbon-carbon dou- 
ble bond of an a,P-unsaturated ketone, aldehyde, nitrile, nitro, sulphonyl, or carboxylic 
acid derivative, provides a powerful tool for carbon-carbon bond formation. The reaction 
is most successful with relatively nonbasic ("soft") nucleophiles such as thiols, cyanide, 
primary and secondary amines, and P-dicarbonyl compounds. There is often a competi- 
tion between direct attack on the carbonyl carbon (1,2-addition) and conjugate addition 
(1,4-addition) when the substrate is an a,P-unsaturated carbonyl compound. 

The reaction is facilitated by protonation of the enolate produced in the initial con- 
jugate-addition step. The resultant en01 rapidly rearranges to the more stable ketone 
form. Since the base is regenerated, a catalytic amount may be used. The Michael reac- 
tion is reversible. Hence, efficient protonation (EtOH, H,O) of the adduct is necessary. 

CH2(C02Et)2 + EtO- * C H ( C O ~ E ~ ) ~  + EtOH 

?- 8 
HC=CHCH2CH(C02Et)2 + EtOH HC-CHCH2CH(C02Et)2 + EtO- 

The reaction of an enolate with an a,P-unsaturated carbonyl compound yields a 
1,5-dicnrbonyl conzpound as a product. Two different reaction paths can be envisioned 
for synthesis of these compounds. The superior pathway is always that which employs 
the most acidic carbonyl partner (least basic enolate) as the nucleophile. 

Michael acceptors Michael donors 

a. NaOEt, EtOH 

b. H30+ 
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Enami~es are excellent addends in many Michael-type reactions; no base is required. 

Although the Michael addition is most successful when the carbon acid is rela- 
tively acidic, the reaction also occurs with simple ketones. The ~Michael acceptor is 
mainly introduced at the more highly substituted position of unsymmetrical ketones 
via the thermodynamic enoiate hrtrzed ciander ecjmilibrati~~g conditions (in contrast, 
acylation occurs at the less hindered position). 

Acid-Catalyzed Michael Addition 
The use of acidic conditions avoids base-catalyzed self-condensation and retro- 
Michael reactions and tolerates base-sensitive groups, as exemplified by the triflic- 
acid (CF,SO,H)-catalyzed Michael addition shown be10w.l~~ 

intramolecular Michael Addition 
The intramolecular Michael reaction is a convenient means for the synthesis of small- 
to medium-size carbocycle~. '~~ 

MeONa 

MeOH 

After the conjugate addition, activating groups such as al? ester or a sulfone often are 
removed by decarbalkoxylation or desulfonation methods, respectively, to afford the 
cyclic 
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pho2s~,:" - 

C02Et 

Na(Hg) , f l  
0 

I 
MeOH, 0 OC O N 

I 

major isomer 
75% (4 : 1 ) 

Stereochemistry 
The alkylation of a cyclic enolate by a Michael acceptor proceeds via antiparallel addition. 

methyl vinyl ketone 

(MVK) Due to ~ ' 1 ~  strain, the CHg 
group is pseudo-axial. 

ROBINSON ANNIULATION'39 hv-e,-m--y- 

One of the most important reactions for the construction of six-member rings (the 
Diels-Alder reaction is another) is based on a tandem reaction sequence: a Michael addi- 
tion reaction followed by an intramolecular aldol-dehydration reaction. This sequence is 
called the Robinson annulation (Sir Robert Robinson, Nobel Prize, 1947).I4O 

a' 
MVK OH 

not 
formed 

aldol 

bridged aldol, Robinson annulation 
a product of enolate product 

formation at postion a' 

Note that under basic conditions, dehydration of the bridged aldol product would 
place a double bond at the bridgehead, forming a highly strained enone. 
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Regiochemicai Course of the in the classical Robinson annulation, the Michael addition occurs at the more substi- 
Robinson Annulation tuted carbon via the thermodynamic enolate, except when the "normal product" expe- 

riences severe nonbonded interactions. 

Enolate formation at positions a and b 
will resuit in "the formation of higher 
substituted adducts or bridged aldols. 

To repress polymerization of methyl vinyl ketone (MVK) under basic conditions, 
the following procedures may be followed: 

NaOEt in EtOH-Et,O at -10 "C; at this temperature the polymerization of MVK 
is slow and the reaction stops at the P-hydroxy ketone, which is then dehydrated 
with oxalic acid714' or 

conduct the reaction in the presence of a catalytic amount of H,SO,,'~~ or  

cat. H2S04 
uo toluene, heat 

use an a-silylated vinyl ketone under kinetic, non-equilibrating conditions instead of 
M V K . ' ~ ~  The a-silyl products are readily desilylated under the basic conditions. 

Si stabilizes the 
adjacent carbanion 
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Annulation at the less substituted carbon is accomplished either using enamines 
or an activating group, as shown be10w.l~~ 

b. NaOAc, AcOH qcH3 
(Et0)2C=0 

NaOEt, EtOH - 

a. MVK C02Et 
-CO2Et NaOEt, EtOH * 

b. NaOAc 
AcOH, H20 
heat 

Another approach for annulation at the less substituted carbon is to first form the 
kinetic enolate using one of several methods (e.g., LDA, Birch reduction of an enone, 
conjugate addition of an organocuprate to an enone) followed by reaction with MVK 
and cyclization. 

- --- -- - - -- -- - - - - -m - - - -- --- -- - -- --- -- -- - * - - - - - - - - - - ---------*- - 
Stereochemical Course of the In the absence of strong steric interactions (synaxial), the Michael addition proceeds 

Robinson An~ lu l a t i i on '~~  via an antiparallel approach of the electrophilic vinyl ketone to the enolate anion. 

The cyclohexenone system generated by the Robinson annulation can be elabo- 
rated into a wide variety of synthetically useful structures via alkylation, conjugate 
addition, reduction, deconjugation, reductive deoxygenation, dissolving metal reduc- 
tion, hydrogenation, etc. 

An asymmetric Robinson annulation is available in which the ketone is reacted 
with a chiral amine to provide a chiral imine, which is then added to MVK to furnish, 
after annulation, the chiral p r 0 d ~ c t . l ~ ~  
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asymmetric fv'. 48% (9, w Robinson 
0 annulation 0 

NaOMe, MeOH 

a. MVK 

b. AcOH, H20 0 

j% ee) 

PROBLEMS 

I. Reagents. Give the structures of the major product(s) expected after each step of 
the following reactions. Be sure to indicate product stereochemistry where appli- 
cable. 

a. 1 a. LDA, THF, -78 "C 
Ib. m B r  

~ C N  w A 
2a. DIBAL-H (1.1 eq) 

toluene, -78 "C 
2b. H', H20 

1 a. 03, CH2CI2, MeOH, 0 "C 
1 b. Me2S, MeOH 

* B  
2. aq 10% Na2C03 68 % 

MeOH, reflux 

a. LDA, THF, -78 "C 
G 

b. CO(OEt)2, warm to rt 78% 
O c. dilute HOAc workup 

d. 1. NaH (2.0 eq), DMF 
2a. Sia2BH, THF, 0 "C 
2b. H202, NaOAc, H20 

CI I + M ~ O ~ C / \ S O ~ P ~  D 
3. Cr03, H2SO4 

(1 eq) (1 eq) 
5 0 O/o 

Et20, acetone, 0 "C 

e. 
Q o  la.  CH3CN, reflux 

B r w ~ r  + uOEt 
1 b. aq HCI, 100 "C * E 
2a. aq NaOH 

(1 eq) (2 eq) 
67 % 

2b. aq HCI, 50 "C 
3. mCPBA, CH2CI2 

1 a. 03, MeOH, -1 5 "C 3. MsCI, Et3N 
1 b. Me2S CH2CI2, 0 "C * F'lt - F2 
2. K2CO3 4. DBU 

MeOH, rt CH2CI2, rt 64% 
(4 steps) 
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~ C H O  
1. t-BuNH2, toluene * G 
2a. LDA (1.05 eq), THF, -78 "C 
2b. n-BuBr 
2c. aq HCI workup 

h. la .  (imid)2C=0, THF, 0 "C 
n I b. (Me02CCH2C02)2Mgl warm to rt 

CbzHNll);ii.OH Ic.  aq HCI workup * )-I 
2a. NaBH4, MeOH 62% 
2b. aq NaHC03 workup 

1. ZMe 1.30% aq H2C=0 
Me2NH. HCI, dioxane 

0 &- I 
2. Mel (excess), MeOH, rt 67% 

H 3. DMF, 80 "C 

I .  Na (>2 eq), NH3 (I) 4. Os04 (cat.), Na104 (excess) 
t-BuOH, Et20 H20, dioxane * J l  * J2 

2. (Ph3P)3RhCI (cat.) 5. Et3N, heat 
H2, toluene 

CH3 3a. ( C O ) ~ C I ~  
3b. EtOH 

: 0 0 
1. MgC12, Et3N, TMSCI 

0 'NP"/ + TBSO\\\\ 
w,, * K 

2. TESCI, imidazole 

Bn 
3. LiBH4, MeOH, THF 

2. Selectivity. Show the product(s) obtained or appropriate reagent(s) to be used for 
each step of the following transformations. 

1.1% H2S04, THF 
\ 2. Na104, THF A H 2 0  NaHC03 B- A 

- - V 3. H2 (20 psi), Pt02(cat.) 47% 
EtOAc 

/ 4. piperidine, toluene, heat 

b. 1. RuCI3, Na104 
CH3CN, CH3CI, H20 * B 

2. KOH, MeOH 32% 
i- Pr 

heat 

70% overall 

1. NaOMe (0.25 eq) 
MeOH, rt * 

2. p-TsOH, toluene 
H20, A 
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ee, 1 a. LiNjTMS)2, THF, -78 "C 
,.OTBS I b. TMSCl 

0 2. NBS, THF, H20 
El E2 

3. LiBr, Li2C03 62% MeOH, 0°C 80% 
DMF, 120 "C 

3. Stereochemistry. Give the structure and predict the stereochemistry of the  major 
product formed in each step for each of the following reactions. Give an explana- 
tion for your choice. 

a. Chx2BCI, Me2NEt 
CH2CI2, -78 "C 

b. CH3CH2CH6 
A 

-78 " to -25 "C 
82% 

c. H202, NaOH workup (dS: 95'5%) 

1 a. LiCH2C02Me 
THF, -78 "C 

Ib .  H20 workup - B 
2. MeS03H 

benzene$ 
50% 

H 

C. 1 a. LDA, THF, -78 "C 
I b. TMSCI * G 

2a. ?xMe (1 eq) 
62% 

0 Me 
acetone, THF, -40 "C 

2b. KH2P04, H20 

d. 
1. TsCI, pyridine * Dl 
2. KOt-Bu, t-BuOH 90% 

H reflux 

1. TsCI, pyridine * 02 
2. KOf-Bu, t-BuOH 80% 

H ref l ux 

"e 0 0 1 a. LDA, THF, -35 "C 
,( ),-,, I b. 2,3-dibrornopropene 

0 N * E u 2a. LiAIH4, THF, -78 " 10 O "C 66% 
: 5 2b. NaOH, H20 workup 

Ph. Me 

Fl (R), > 95% ee 

%;> F2 (S), > 95% ee 

MeOH 
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4. Reactivity. Propose mechanisms for each of the following transformations. 

SnCI4 

toluene 
Me rt, I h Me 

uC02Et a. EtONa 
EtOH 

b. H 2 0  
C02Et workup C02Et 

d. 
0 a. DBN (2eq) 

CHCI3, rt 
& B ~  + L c o 2 E t  b. H20 workup 

- 

DBN = a> a non-nucleophilic nitrogen base of 
comparable in strength to t-BuOK 

4Zee 
Me OTBS 

0 
N 

4 :  0 

6 1. Mel, acetone, rt 

2. t-BuNH2, aq NaOH 
I H2C=CHC02H, GO "C 

Me 

+ 6 I 

(acrylic acid) t-Bu 

80% 

5. Synthesis. Supply the reagents required to accomplish each of the following syn- 
theses. Give the structures of the intermediates obtained after each step and show 
their relative stereochemistries where applicable. 
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6. Retrosynthetic Analysis. Outline a synthetic scheme for preparing each of the 
following target molecules. Show (i) your retrosynthetic analysis, and (ii) all 
reagents and reaction conditions required to transform a commercially available 
starting material into the target molecule. 
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Research on transition metal templates in catalytic reactions has suggested 
that these easily tailored templates may become the "chemists' enzymes." 

Barry M. Trost 

/5?9wp*x ,, rganometallic reagents play a key role in carbon-carbon-bond-forming reac- 
a" %3 & 

2 tions, which are the backbone of organic synthesis. The negatively polarized 
(L-> 
-%...,Gy carbon-metal bond (CSMh) is especially well suited for this purpose, offering 

a convenient site for reactions with organic molecules. The reactivity of an 
organometallic reagent generally increases with the ionic character of the carbon-metal 
bond and is related to the electronegativity value EN (electrostatic force exerted by a 
nucleus on the valence electrons) difference between the carbon atom and the metal 
center, EN,-EN,,, (Table 7.1). ' 

The percent ionicity (ionic character) is related to the difference between the EN 
values of the atoms of the C-Met bond (EN,-EN,,,).' These are estimated values, 
which are affected by the nature of the substituents on carbon. Nevertheless, they indi- 
cate that the C-Li, C-Mg, C-Ti, and C-A1 bonds are more ionic than C-Zn, C-Cu, 
C-Sn, and C-B, which form mainly covalent bonds with carbon. Manipulation of cer- 
tain organornetallic reagents requires special  technique^.^ 

Organolithiurn reagents react with a wide variety of organic substrates to form carbon- 
carbon bonds and serve as precursors for the preparation of other organometallic 
reagents. The following sections describe methods for the preparation of various 
organolithiums and their utilization in organic syntheses. 

Organslithiurns from Aikyl The scope of this method is broad and is especially suited for the preparation of alkyl- 
Halides and Lithium Metal and aryllithiums. It is, however, less general than the corresponding method for 

preparing Grignard reagents in that allylic, benzylic, and propargylic halides cannot 
be successfully converted into the corresponding organolithiums because they tend to 

q-5; *:-F2 %2z 25; 
- Electronegativity Values and Ionic Character 5 %  z - - - ~ ~ - - & m - a v ~ = - a - ~ e m ~ w  

Element Li Mg Ti A1 Zn Cu S i Sn B C 
EN* 0.97 1.23 1.32 1.47 1.66 1.75 1.74 1.72 2.01 2.50 
% Ionicity 43 35 30 22 15 12 12 11 6 

Allred-Rochow electronegativity (EN). 
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undergo Wurtz coupling, in which the lithium reagents initially formed react compet- 
itively with the R-X to produce homocoupled products. 

RCHzCHCH21 + 2 Li RCH=CHCH2Li + Lil 

RCH=CHCH2CH2CH=CHR + Lil 

Important points to consider when preparing and using organolithiums are 

Atmosphere. Reactions with organolithiurn compounds must be carried out in an 
inert atmosphere (Ar and He are best; N, tarnishes lithium rnetal by forming lithi- 
um nitride). 

* Nature of the halide. Bromides generally are best; iodides have a tendency to 

undergo the Wurtz reaction. With chlorides, use Li containing 1-2% Na. 

P~irity and physical state oj'the metal. The rnetal surface should be clean and have 
a large surface area. Li wire typically is flattened with a hammer and then cut into 
small pieces. Li dispersions in mineral oil may be employed in place of Li wire. 
The oil is removed by washing with hydrocarbon solvents such as n-hexane. 

* Solvent. Most R-Li reagents are prepared in hydrocarbon solvents. However, 

phenyllithium, methyllithium, and vinyllithiurn, which are almost insoluble in 
hydrocarbon solvents, are quite soluble in Et,O. n-BLIL~, see-BuLi, and t-BuLi 
react at room temperature with Et,O and THF, so they must be used at low 
temperature in these solvents. 

pentane 
n-BuCI + Li wire n-BuLi (> 90%) + LiCl 

pentane 
t-BuCI + Li-2% Na dispersion t-BuLi (> 80%) 

Et20 
PhBr + Li dispersion PhLi 

Analysis of organolitlzium reagents. Many analytical procedures for the assay of 
alkyllithiums in solution have been rep~r ted .~  

Organolitlzium aggregation. Organolithiuins associate in solution to form 
oligorneric species in which the monomeric units are held together via multicenter 
bonding. Coordinating solvents such as Et,O and THF influence their aggregation5 
and rea~tivity.~ 

MeLi in Et,O - tetrarneric iz-BuLi in hexane - hexarneric 
in THF - tetramesic in THF - tetramesic + dirneric 

Reactivity. The basicity of organolithium reagents decreases with increasing stability 
of the carbanion moiety (e.g., t-BuLi > s-BuLi > n-BuLi). 

Organolithium reagents exhibit reactivities similar to those of Grignard reagents, 
with the notable exception that they react with CO, to produce ketones7 on workup, 
whereas Grignard reagents furnish carboxylic acids (Table 7.2). 

RLi + C02 R C O  ~ i +  R2C=0 
0 Li 
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;;~~s~gy~ Retrosyntheses Using Organolithium, RLi (A), or Crignard, RMgX (B), Reagents 
*-A*&&&&>7rr"twaxp" e2:*v -p-*->e ->-*-&--& w&ymv*p-A-s* --vdwd-edw M#l-Fa%--&- *-=-Pr-- *~-~4~*-~-~-~w~~~~~.-~~~-i*Si*Sxwekr~w~dli 

1. Preparation of alcohols 2. Preparation of aldehydes 

RCHO , (CH3),N-CHO + A OrB 
DMF 

3. Preparation of ketones 

'OH R': 

R, /H C 3 HCOOEt + 2A or 2B 
R/ \OH 

4. Preparation of carboxylic acids 

The high reactivity of organolithium reagents toward most functional groups requires 
special reaction conditions for the preparation of functionally substituted organolith- 
iums, such as working at low temperature or generating the organolithium in the pres- 
ence of the electrophile (Barbier-type reac t i~n) .~  

Organolithiums via R-X + Rf-Li e- R-Li + R'-X 

ISi th i ium-age Exchange 
This reaction proceeds in the forward direction when the new lithium reagent RLi 
formed is a weaker base (more stable carbanion) than the starting organolithiurn R'Li. 
The method is best suited for exchanges between C,,,-Li (stronger base) and  CsPI-X 
to give alkenyllithiums, C,,rLi (weaker base).9 

AI kenyllithium Reagents 
A problem encountered in the preparation of alkenyllithiums via lithium-halogen 
exchange may be the coupling of the newly formed alkyl halide (e.g., n-BuBr) with 
the alkenyllithium. 

The alkylation problem can be circumvented by using two equivalents of tert- 
butyllithium. The second equivalent of t-BuLi is involved in the dehydrohalogenation 
(E2 reaction) of the t-BuBr formed in situ.1° 

R pentane 

+ t-BuLi I $:I + t-BuBr 
H Br (1st eq) -78 OC 

trans 
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)=( + t-BuLi 
mixture 

H H (Isteq) 
1 HHH + fBuBr 

cis 

t-BuLi 
Me)=== + LiBr + iBuH 

(2nd eq) Me 

(E) -  and (2)-alkenyllithiums are configurationally stable at low temperatures. 
The preparation of certain (2)-alkenyllithiums should be carried out in Et,O rather 
than in THF." When working at -100 OC or below, a 4 : 1 : 1 mixture of THF : Et20 
: rz-pentane, known as the Trapp mixture,12 is required as reaction solvent. 

The alkenyllithium reagents are used for stereospecific syntheses of alkenes and 
functionally substituted alkenes. 

t-BuLi (2.0 eq) R 

H~ 
H E 

E'= primary RBr or RI, GO,, DMF, RCHO, R,CO, or epoxides 

Aryllithium Reagents 
Metal-halogen exchange provides an efficient route to aryllithiurns and heteroaromatic 
lithium reagents that are inaccessible by metal-hydrogen exchange.14 The lithium-halo- 
gen exchange reaction is very fast, even at low temperatures, particularly in electron- 
donating solvents. Therefore, competitive alkylation and metal-hydrogen exchange 
(metalation) reactions are usually not a problem. Caution should be used when employ- 
ing TMEDA (tetramethylethylenediarnine) as a promoter for metal-halogen exchange 
reactions, since it accelerates metalations more than it does metal-halogen exchange. 

n-BuLi (1.0 eq) 

Et20, -70 "C 

Functionally substituted ayllithiums, such as the lithiobenzonitrile and lithioni- 
trobenzene shown below, are only stable at low temperature and thus require trapping 
with a reactive electrophile.I5 
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Brganolithiums via 
Lithium-Metal Exchange 

R-M + R'-Li @ R-Li + R'-M 

2. Ht, H20 aNo2 Br hexane, THF 

( R a ~ ~ m e ~ a ~ a t i o ~ )  Transmetalation is used to prepare allylic, belzzylic, and propargylic lithium reagents, 
which are difficult to obtain by other routes. 

-100 "C 
aNo2 Li 

The above conversion of the readily available allylic Grignard reagent into the 
corresponding allylic lithium reagent involves two metal-metal exchanges. These 
reactions proceed in the forward direction because (1) in the Mg-Sn exchange, the 
more electropositive Mg preferentially exists as the more ionic salt MgBrCl, and (2) 
in the Sn-Li exchange, the more electropositive Li is associated with the more elec- 
tronegative allylic ligand. 

Orgalnolithiurns via Metal-hydrogen exchange provides a general route to organolithium compounds. The 
Lithium-Hydrogen Exchange tendency to form the C-Li bond (and thus the reactivity of the C-Li bond) depends on 

(Metalation) the stability of the R group as a negative ion. The most important measure of stabili- 
ty is the acidity of the corresponding carbon acid. A difference of 2-3 pKa units is suf- 
ficient to drive the reaction to completion (98%), although a greater pKa difference is 
desirable (for a list of pKa values, see Chapter 616). 

I [ -?-H + RLi 
I 

-C-Li + RH 
I 7 
I 

stronger i weaker 
acids I acids 1 -iwH + R2NLi -C--Li + R2NH 

I 

The following factors influence the acidity of C-H bonds: 

Hybridization (s character of the C-H bond)-higher % s character, lower pK, 

pi(,: C-H - 50, C=C-H -44, CEC-H - 25 

Effect of substitution-lower carbanion stability, higher pKa 

Carbanion stability: RCH,Z- > R,CHS- > R,Ct- 

Resonance-an adjacent electron withdrawing group, lower pK, 
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Acidity of -c-R decreases in the following order: 
I 
W 

R = CHO > C(0)R1 > C02R1 > C(0)NRt2 - C02- > S02Rf > Ph - C=C 

Alkyllithi um and Arylithium An important development in organolithium chemistry was the discovery that certain 
Reagents for Metalation solvents such as THF (tetrahydrofuran), DME (dimethoxyethane), diglyrne (diethyl- 

ene glycol dimethyl ether), and various additives can greatly alter their reactivity.I7 
The addition of chelating agents such as TMEDA (tetramethylethylenediamine), 
HMPA (hexamethylphosphoramide, potential carcinogen), tertiary arnines, crown 
ethers, and t-BuO-K+ increases the basicity andlor the nucleophilicity of organolithi- 
urns. For example, TMEDA or HMPA f~~nction to deoligomerize the hexameric 
n-BuLi in hexane to the kinetically more reactive monomer by coordination of the Li+ 
atom. These strong cornplexing agents generally are used in stoichiometric amounts 
or in slight excess. An excellent replacement solvent for the carcinogenic HMPA in 
a variety of reactions is DMPU [N,N1-dimethylpropyleneurea; 1,3-dimethyl-3,4,5, 
6-tetrahydro-2(1H)pyrimidinone]. Is 

R 0 I 1  
n 

Me-N N;Me M e \ N / p y  
,Me Me, /Me 

~ e '  Me ~ e '  , Me NuN 
Me Me 

16-crown-4 ether 
TMEDA HMPA DMPU (16 atoms, 4 oxygens) 

The commonly used lithium dialkylarnides are LDA (lithium diisopropylamide), 
LTMP (lithium 2,2,6,6-tetramethylpiperidide), and LHMDS (lithium hexamethyldisi- 
lazide). They are available by reacting the appropriate amine with an organolithium 
reagent in Et,O or in THF solvent, as shown for the preparation of LDA. '~  

Li 

LD A LTM P LHMDS 

pKa of amine -38 -37 -30 

i-Pr2NH + n-BuLi 
THF 

i-Pr2NLi + n-Bu-H 
-78 "C 

pKa - 38 
stronger acid 

pKa - 50 
weaker acid 
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Chemoselectivity 
The choice of the metalating agent is especially crucial when the substrate molecule 
contains functional groups that can be attacked by bases and nucleophiles, as is usu- 
ally the case. 

R,NLi (e.g., LDA) are non-nucleophilic, strong bases. 

RLi are powerful nucleophiles as well as strong bases. 

LDA acts as a base 

R 

n-BuLi acts as a nucleophile 

Interestingly, R2NLi reagents are generally more effective metalating agents than 
the themodynamically more basic RLi reagents. The increased kinetic basicity of het- 
eroatom bases may be rationalized by the availability of the free electron pair, which 
permits formation of a four-centered transition state, thus avoiding the free ~arbanion.~' 
A similar transition state has been proposed for the deprotonation of ketones by R , N L ~ . ~ ~  

Benzyiic Metalation 
The preparation of benzyllithium from benzyl halides and alkyllithiums is not feasi- 
ble because the benzyllithium initially formed reacts with the starting benzyl halides, 
producing 1,2-diphenylethane. Metalation of toluene with n-BuLi in the presence of 
TMEDA at 30 O C  results in a 92 : 8 ratio of benzyllithium and ring metalated products.22 
Metalation of toluene with n-BuLi in the presence of potassium tert-butoxide, and treat- 
ment of the resultant organopotassium compound with lithium bromide, affords pure 
benzyllithium in 89% yield.23 Alternatively, benzyllithiums are accessible by cleavage 
of alkyl benzyl ethers with lithium 

Allylic Metalation 
The reaction of ailylic organometallics with electrophilic reagents is a very important 
tool for the formation of carbon-carbon bonds in acyclic systems25 and for controlling 
their ~tereochemistry.~~ Crotyl organometallic (2-butenylmetal) species undergo a 1,3- 
shift of the metal at room temperature. For the stereocontrolled use of allylmetals in 
synthesis, it is important to avoid their equilibration. 
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M = Li, MgX, ZnX, BR2, AIR2, TiL3, ZrL3 
L = ligand 

Treatment of propene or isobutylene with n-BuLi in Et,O in the presence of TMEDA 
provides a convenient route to allyllithium and methallyllithiurn, respectively." 

Thd rate of deprotonation of weakly acidic compounds by alkyllithiums may be 
changed by several orders of magnitude simply by altering the cation. Potassium tert- 
butoxide activates n-butyllithiuin (Schlosser's "super base"), allowing metalation of 
allylic C-H bonds of olefins in the low acidity range (pK, - 40).",~~ Although the true 
nature of the Super Base is not known, it is probably an organopotassiumllithi~~m alco- 
holate aggregate. 

Crotyllithium and crotylpotassium compounds can assume either the endo- or 
exo-configuration. Due to their planarity, both forms are stabilized by electron delo- 
calization. 

M is above the plane 

1 endo 1 / exo 

While equilibration of the endo- and exo-forms of crotyllithium is very fast, the 
corresponding potassium reagents are reinarkably stable and may be intercepted with 
electrophiles (I?)." However, after several hours, the crotylpotassium compounds 
also equilibrate, surprisingly favoring the endo-form over the sterically less hindered 
exo-form . 

n-BuLi THF 

KOt-BU 

Crotyllithium reagents are ambident nucleophiles and can react with electrophiles 
either at the a- or y-carbon. The regiochemistry of attack depends on many factors, 
such as structure, the electrophile, and the solvent. Generally, unhindered carbonyl 
compounds preferentially add to crotyllithiums at the y-position. 
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Allylic potassium organometallics derived from BuLi-t-BuOK react with elec- 
trophiles predominantly at the a-position.30 

Metalations of a-Heteroatom Protons attached to sp2 carbons are more acidic than protons attached to nonallylic sp3 
Substituted Alkenes carbons. Also, the inductive effect of a heteroatom further increases the acidity of an 

adjacent sp2 C-H bond, facilitating a-lithiation. The relative activating effect of hetero- 
atoms is sulfur > oxygen > nitrogen. Thus, treatment of 2-ethoxy-1-(pheny1thio)ethylene 
with t-BuLi results in exclusive lithiation at the phenylthio substituted carbon.3' 

EtodoH \ 
H SPh 2. H20 H SPh 

Metalation of dihydropyran with n-BuLi in the presence of TMEDA occurs at the 
a-vinylic position rather than at the allylic position. Abstraction of an allylic proton 
proceeds at a slower rate than abstraction of the vinylic proton of the sp2-carbon bond- 
ed to the inductively electron-withdrawing oxygen. 

Metalation of methyl vinyl ether or phenyl vinyl sulfides furnishes an a-metalated 
vinyl ether or vinyl sulfide, respectively. These carbanions represent acyl anion equiv- 
a l e n t ~ . ~ ~  
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H2C+OCH3 
t-BuLi, pentane 

or * H ~ c ~ ~ ~ ~ ~  1 I 
H t-BuLi, THF, TMEDA 1 0 

-65 "C 
H3C-C @ 

Ortho-Metalation of Substituted Benzenes and Heteroaromatic corn pound^^^ 
Direct metalation of certain aromatic substrates permits regioselective preparation of 
substituted benzene derivatives and heterocycles. Thus, replacement of a CSp-H by 
organolithiurn reagents is facilitated at the ortho-position to a f~~nctional group with 
nonbonding electrons, such as nitrogen or oxygen. Coordination of the lithium reagent 
with the nitrogen or oxygen holds the organolithium in proximity to the ortho- 
hydrogens .34 

E+= CO,, DMF, RCHO, R,CO, epoxides, primary alkyl halides 

Because of the greater coordinating ability of nitrogen as compared to oxygen, 
treatment of p-methoxy-N,N-dirnethylbenzylamine with 12-BuLi results in metalation 
ortho to the -CH,NMe,. However, in the presence of the strongly complexing 
TMEDA, coordination of lithium with the nitrogen of -CH,NMe, is suppressed. In 
this case, the most acidic proton ortho to the -0Me group is removed preferentia~ly.~~ 

Metalation of the heteroaromatic compounds furan and thiophene with alkyllithi- 
urn reagents furnishes the corresponding 2-lithio  derivative^.^^ For example, sequen- 
tial treatment of 2-methylfuran with t-BuLi in THF, followed by alkylation of the 
organolithium intermediate and hydrolysis of the resultant bis-vinyl ether, produces an 
unsaturated 1,4-diketone. 
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Sulfur is more effective than oxygen in stabilizing an adjacent carbanion. Thus, 
using an equimolar mixture of furan and thiophene, the thiophene is selectively meta- 
lated when using one equivalent of n-BuLi. 

- - -- -- - - -- - - -- - - - -- - - - -- - - - --- - - ---  - - - - --- - - -- - - - - - - - - - - - ---- 

Metalation of I-Alkynes A filled sp orbital is lower in energy than filled sp2 or sp3 orbitals since it is closer to 
(Preparation of Lithium the positively charged nucleus. This imparts sufficiently greater acidity to acetylene 

A l k y n y l i d e ~ ) ~ ~  and 1-alkynes (pKa 24-26) so that bases such as alkyllithiums, lithium dialkylamides, 
sodium amide in liquid ammonia, and ethylmagnesium bromide may be used to gen- 
erate the alkynyl anions (see Section 8.2). 

n-C4Hg+H I n-C4Hg+Li + n-Bu-H 
THF, -78 "C 

(stronger acid) 
I 

(weaker acid) 

Conjugate Addition Reactions Although alkyl- and aryllithium reagents usually attack the carbonyl group of a, p- 
of Lithium Reagents unsaturated carbonyl compounds (1, 2-addition), conjugate addition ( I ,  4-addition) is 

observed with vei-y hindered esters where approach to the carbonyl group is impeded, as 
in 2,6-di-tert-butyl-4-methylphenyl esters (butylated hydroxytoluene, BHT esters) and 
2,6-di-tert-butyl-4-methoxyphenyl esters (butylated hydroxyanisole; BHA esters).37 

OMe a. RLi, THF 
-78 "C 

R ' b. MeOH R ' 0-BHA 
I 

t-BU 
workup 

(BHA ester) 

oxidative R, R' = n-Bu, 90% 
cleavage 

OWGANBMACNESIUM REAGENTS'" 

The Grignard reaction, reported in 1900 by Victor Grignard (Nobel Prize, 1 9 1 2 ) , ~ ~  
provides the synthetic chemist with one of the most powerful tools for connecting car- 
bon moieties. 
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Preparation of Grignaad Allql Grignard reagents are prepared by the reaction of an alkyl chloride, bromide, or 

Reagents40 iodide4' with (1) "activated" magnesium turnings in Et,O or THF solvent or (2) with 
Rieke magnesium.42 Although it is also in the metallic state, Rieke magnesium differs 
from the bulk metal by being in the form of highly reactive small particles with a large 
surface area. 

Alkerzyl and phenyl Crignard reagents are usually prepared from the correspon- 
ding bromides or iodides in THF." In Et,O, Grignard reagents derived from (E)- and 
(2)-alkenyl halides are configurationally unstable, producing mixtures of isomers. 

(E)-bromide (E) l (Z)  mixture 

1. C02 (xs) n-C4H9 

2. H', H20 H H~ C02H 

Allylic Grignard reagents, prepared from allylic halides and magnesium, are often 
accompanied by allylic halide coupling products. This problem can be obviated by 
using the highly reactive Rieke-Mg or by mixing the allylic halide, the aldehyde or 
ketone, and magnesi~lin together in what is called a Barbier-type reaction. As the 
Grignard reagent forms, it reacts immediately with the electrophile before it has a 
chance to couple with unreacted allylic halide. 

Alkynyl Grignard reagents are obtained by deprotonation of 1-alkynes with ethyl- 
inagnesium bromide in THF." For the preparation of ethynylrnagnesium bromide 
(HC=CMgBr), a solution of ethylmagnesium bromide in THF is slowly added to a 
cooled solution of THF containing the acetylene.45 

R+H [ R+M~X ] + Et-H 
THF 

Although 100 years have passed since Grignard published the preparation of 
ethereal solutions of organornagnesiurn halides, the actual mechanism(s) for the for- 
mation of the reagents and their structures are still not completely understood. The 
overall reaction for the formation of Grignard reagents involves an insertion of mag- 
nesium into the carbon-halogen bond via an oxidative addition, thereby changing its 
oxidation state from Mg(0) to M ~ ( I I ) . ~ ~  
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R-X + Mg(0) R-Mg(ll)X 

It is generally accepted that the structure of RMgX can be represented by the 
Schlenk equilibrium shown 

2 RMgX + R2Mg + MgX2 =i+= R2MgoMgX2 

Reactions sf Crignard Grignard reagents are capable of aucleophilic additions to hetero double bonds such 
Reagents with Carrbony! as those in carbonyl compounds. The carbonyl reactivity toward Grignard reagents 

Compounds decreases in the order aldehyde 1 ketone > ester > amide. The high reactivity of 
Grignard reagents toward carbonyl groups is due primarily to the polarization of the 
C=O %-bond and the weak C-Mg bond. 

Additions of Grignard reagents to carbonyl groups may proceed either via a 
polar-concerted or a stepwise electron-transfer mechanism." A possible mechanistic 
scheme for the polar-concerted reaction of a Grignard reagent with an aldehyde or a 
ketone is depicted below. Coordination of the Lewis acidic magnesium to the Lewis 
basic carbonyl oxygen further polarizes the carbonyl group while enhancing the 
nucleophilicity of the R group. 

A summary of the utility of Grignard reagents in synthesis is shown in Table 7.2. 
In spite of the versatility and broad synthetic utility of the Grignard reaction for 

coupling two carbon moieties, it is often accompanied by competing side reactions 
such as enolization, reduction, or aldol condensation of the carbonyl substrate. 
Organomagnesium compounds can act not only as nucleophiles, but also as bases, 
thereby converting ketones with enolizable hydrogens to the corresponding magne- 
sium enolates. Loss of the carbanion moiety as R-H and hydrolytic workup leads to 
the starting ketone. 

enoliza tion 

If the Grignard reagent has a hydrogen in the P-position, reduction of the car- 
bony1 group by hydride transfer may compete with the addition reaction (Table 7.3). 

reduction 

To suppress these side reactions, use the smallest-possible group for the Grignard 
reagent, or use the corresponding lithium reagents, which give less reduction and eno- 
lization products. 
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~~~*$*p~~F~#-'J 
3 Inf luence of Structure o n  Grignard Reactivity ~Z.ZY%,,~ --cXw.yiB--x-- w--- n7c->4-9a--er9 %-. - Yu"--A w m  --*- a*--> -X Ta-n c X7j* Lsws- 2 w a s a s  

H3C&cH3 + Grignard reagent product(s) 

H3C CH3 

Product distribution (%) 

Grignard reagent Addition Enolization Reduction 

"P-hydrogens; 'no P-hydrogens. 

Limitations Certain functional groups present in a molecule interfere with the preparation of 
Grignard reagents. Thus, -NH, -OH, and -SH groups will protonate the Grignard 
reagent once it is formed. Carbonyl and nitrile groups attached to the lnolec~ile contain- 
ing the halogen substituent will undergo addition reactions. However, iodine-magne- 
sium exchange reactions of functionalized aryl iodides and heteroaryl iodides recently 
are reported to produce functionalized Grignard reagents at low temperat~re.~~ 

FG = Bs, C(0)NR2, CN, C02Et, C02t-BU 

E+ = RCHO, allyl-Br, etc. 

Many chemoselectivity problems are associated with organolithium and Grignard 
C-C-bond-forming reactions. In some cases, competing nucleophilic additions to 
aldehydes, ketones, and esters are not well differentiated by these organometallics, 
and other electrophilic functional groups such as cyano, nitro, or halo may interfere. 
With a$-unsaturated carbonyl substrates, regioselectivity (i.e., 1,2- vs. 1,4-addition) 
is often an issue. Also, as noted above, the basicity of organolithium and Grignard 
reagents rnay cause unwanted side reactions when they act as bases instead of as 
nucleophiles with carbonyl substrates, ca~rsing proton abstraction a to the carbonyl 
group. Fortunately, with organotitc~rziurn compounds, derived from organolithium and 
organomagnesiuin compounds, the reactivity and basicity of their respective carban- 
ions are tempered c ~ n s i d e r a b l y . ~ ~ ~ ~ '  

The highly chemo- and regioselective titanium reagents may be generated in situ 
by adding a Ti-alkoxide or amide to organolithium or Grignard reagents5'" 
Transmetalation with titanium is essentially instantaneous, even at low temperatures. 
A variety of groups rnay be attached to titanium. These include primary, secondary, 
and even tertiary alkyl groups, as well as allylic, propargylic, vinylic, and aryl groups. 

Et20 
CH3Li + CITi(O-iPr)3 H3C---Ti(Oi-Pr)3 + LiCl (ppt) 

-58 "C 
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lectivity in  the Addition Reactions of CH Ti ~ i - ~ r h ~ ' "  
w ~ * ~ ~ * ~ w + w ~ N ~ e ~ * * m ~ w A 7 & m ~ ~ A ~ &  AWN 

More reactive substrate Less reactive substrate Selectivity (%) 

A B C : B (unreacted) 

The most characteristic difference between organotitanates, RTi(OR),, and the RLi 
and RMgX reagents is the selectivity of titanium reagents. Branched and unbranched 
aldehydes, cyclic and acyclic ketones, and saturated and a$-unsaturated ketones can 
be distinguished with excellent selectivity, as exemplified by the competition experi- 
ments shown in Table 7.4.51Tunctional groups such as COOR, CONR,, C-halogen, 
and epoxides do not interfere with the additions of RTi(OR), to aldehyde groups. 

Especially useful for introducing alkyl groups onto hindered and easily enolizable 
ketones such as P,y-enones are the weakly basic and strongly nucleophilic organoceri- 
urn reagents. These are readily accessible from the corresponding organolithium or 
organomagnesium compounds via transmetalation with anhydrous CeC1,. Again, the 
metal-metal exchange proceeds so that the more electropositive metal exists as the 
more ionic inorganic salt. The organocerium reagents are used directly without 
isolation. 

RLi + CeCI3 
THF 

"RCeCI2" + LiCl 
-78 "C 

RMgX + CeCI3 THF "RCeCI2" + MgClX 
0 "C 
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Selectivity in the 1,2-Addition Reactions of RCeCI, Reagents" 

M = Li: iz-BuLi 0%11 
M = Ce: 1%-BuCeCl2 (from iz-BuLi) 99% 

M = Mg: i-PrMgBr 3% 
M = Ce: i-PrCeCl2 80% 

(from i-PrMgBr) 

88% 
trace 

M = Mg: i-PrMgBr 12% 
M = Ce: i-PrCeC12 91% 

"Main reaction is likely Li-l exchange. 

A distinguishing feature of organocerium reagents is their high regioselectivity 
toward a,P-unsaturated ketones. While Grignard reagents often afford mixtures of 
1,2- and 1,4-addition products, the corresponding organocerium regents furnish pre- 
dominately 1,2-adducts. The high selectivity of organoceriuin reagents for nucle- 
ophilic 1,2-additions is contrasted in Table 7.5 with those of organolithi~rm and 
Grignard reagents.j4 

Use of organocopper reagents offers a very efficient method for coupling of two dif- 
ferent carbon moieties. Since copper is less electropositive than lithium and magne- 
siurn, the C-Cu bond is less polarized than the C-Li and C-Mg bonds. This difference 
produces three usef~rl changes in reactivity: 

* The organocopper reagents react with alkyl-, alkenyl-, and aryl halides to give 

alkylated products. 

* The organocopper reagents are more selective and can be acylated with acid 

chlorides without concomitant attack on ketones, alkyl halides, and esters. 
Relative reactivity: RCOCl > RCHO > tosylates, iodides > epoxides > bromides 
>> ketones > esters > nitriles. 

* In reactions with a,P-unsaturated carbonyl compounds, the organocopper 

reagents prefer 1,4-over 1,Zaddition. 
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Preparation of Homocuprate Reagents (Gilman Reagents: R,CuLi, R,CuMgX) 
OrganocuprateP6 Homocuprates are widely used organocopper reagents. They are prepared by the reac- 

tion of copper(1) bromide or preferably copper(1) iodide with 2 equivalents of the 
appropriate lithium or Grignard reagents in ether or THF ~olvent. '~ The initially 
formed organocopper species (RCu),, are polymeric and insoluble in Et,O and THF 
but dissolve on addition of a second equivalent of RLi or RMgX. The resultant 
organocuprates are thermally labile and thus are prepared at low temperatures. 

RM + Cu(l)Br, 1 

M= Li, MgX 

Heterocuprate Reagents 
Since only one of the organic groups of homocuprates is usually utilized, a non-trans- 
ferable group bonded to copper, such as RCEC, 2-thienyl, PhS, t-BuO, R,N, Ph,P, or 
Me,SiCH,, is employed for the preparation of heterocuprate reagents. These cuprates 
are usually thermally more stable (less prone toward p-elimination of Cu-H), and a 
smaller excess of the reagent may be used. 

R2NLi + CuBreSMe2 R2NCu 9 SMe2 LiBr 

RLi + Me3SiCH2Li + Cul [(Me3SiCH2)Cu R] Li 

Higher-Order Cyanocuprates (Lipshutz Reagents) 
Cyanocuprates exhibit the reactivity of homocuprates and the thermal stability of het- 
erocuprates. They are readily available by the reaction of CuC=N with 2 equivalents 
of R L ~ . " > ~ ~  The cyanocuprates are especially useful for substitution reactions of sec- . 
ondary halides and epoxides. 

CuCN + 2 RLi R2Cu(CN)Li2 
-78" to 0 "C 

Grignard-Copper([) Reagents 
Copper-catalyzed reactions of RMgX reagents are attractive when compatible with 
the functionality present in the starting material. The use of Grignard reagents is often 
the method of choice since they are readily available and only catalytic amounts of 
Cu(1) halides are r e q ~ i r e d . ~ ~ ' l > ~ ~  

THF, 0 %  80-90% 

The Cu-catalyzed alkylation of organomagnesiurn reagents by alkyl bromides and 
iodides in the presence of NMP (N-methylpyrrolidinone, a nontoxic, polar, aprotic sol- 
vent) represents an attractive alternative to the classical cuprate alkylation reaction. 
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Only a slight excess of the Grignard reagent is required, and the reaction tolerates 
keto, ester, amide and nitrile groups. This method is especially suited for large-scale 

n- Bu THF, NMP, 20 OC n-Bu 
n-BU 

Reactions of 
Organocuprates 

Substitution of Alkyl Halides 
As depicted below, the coupling of a primary alkyl iodide with an organocuprate is 
inore economical when using a heterocuprate than a homoc~lprate.~~ 

Et20, 20 OC 
Me2CuLi (3  eq) n-CgH20 97% 

(1 6% based on MeLi) 

While homocuprates readily undergo substitution reactions at primary positions, 
they do not couple well with unactivated secondary halides. However, cyanocuprates 
uiidergo substitution reactions even at unactivated secondary carbon centemG3 

The mechanism for the substitution reaction is complex, depending on the nature 
of the cuprate reagent, the substrate, and the solvent used. The reaction may proceed 
via a S,2 displacement or via an oxidative addition followed by reductive elimination. 

\ 
M' R2Cu(l)- + -C-X 

/ 
reductive elimination 

inversion 
R 

Substitution of Allylic Halides 
Alkylation of allylic halides with organocuprates usually produces mixtures of prod- 
ucts due to Competing SN2 and S,2' reactions. Substitution with complete allylic re- 
arrangement (SN2' reaction) is observed with RCueBF, as the alkylating agent.64 

THF BF3 Et20 
Cu(l) + n-BuLi (hexane) "n-BuCu" "n-BuCu BF3" 

-78 OC to r t  
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hexane 
CH3CH=CHCH2CI + n-BuCueBF3 CH3FHCH=CH2 

n-Bu 

80% 
(> 98% isomerically pure) 

Reaction with Vinyl Halides 
Coupling of alkenyl bromides or iodides with organocuprates proceeds with high 
stereo~electivity.~~ 

Alternatively, iron-catalyzed alkenylation of organomagnesium compounds pro- 
vides a highly stereo- and chemoselective synthesis of substituted a l k e n e ~ . ~ ~  

1 % Fe(acac):! 
Mg Cl 

THF, NMP H H H 

Acylation 
The reaction of organocopper reagents with acid chlorides affords the corresponding 
ketones in high  yield^.^^^,^ Retrosynthetically, the reaction amounts to an alkylation of 
a carboxylic acid. 

In the presence of a catalytic amount of CuI, Grignard reagents convert acid chlor- 
ides chemoselectively to the corresponding ketones via a transiently formed cuprate 
reagent, which reacts competitively with the initial Grignard reagent.67 

M "  ulvle CUI (cat.) - 
0 b. workup 

O 86% 

1,2-Additions to Aldehydes and Ketones 
Organocuprates undergo 1 &additions to aldehydes, ketones, and imines. These reac- 
tions are often highly diastereo~elective.~~ 

THpoJ3 CHO THPO CH3 + THPO 

-78 "C OH OH 
b. H', H20 

20 90% 1 
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Epoxide Cleavage Reactions 
R,Cu(CN)Li, reagents are among the mildest and most efficient reagents available for 
generating carbon-carbon bonds by way of epoxide cleavage using organocopper 
chemistry. The nucleophilic addition occurs at the less sterically hindered carbon of 
the oxirane ring.59,63,69 

H2C=CHLi 

THF 

Stereospecific S,2 opening of cyclic epoxides with cyanocuprates furnishes, after 
workup, the trans-2-hydroxy-alkylated products. 

a. n-Bu2Cu(CN)Li2 (1.3 eq) OH 
THF, -20 "C, 2 hr  

b. NH4CI, N H 4 0 H  0 n-Bu 

98% 

However, the unsaturated epoxide shown below reacts with cyanocuprates via an 
anti-S,2'-type mechanism. Directed epoxidation of the resultant allylic alcoholate 
produces a hydroxy epoxide containing four stereodefined carbon centers. 

Conjugate Addition55b~55c~70 
Conjugate addition is an important C-G bond formation strategy available to the organic 
chemist. Organometallic reagents may add in a 1,2- or 1,4-manner to a,P-unsaturated 
carbonyl compounds (Table 7.6). I,$-Addition (conjugate addition) is most successful 

Regioselectivity in Addition of RLi, RMgX, and Organocopper 
Reagents to a, P-Unsaturated Carbonyl Compounds 

&-&L& ~--&%.,w~~W zx*> - % a%d3----- m>- - --- *$LzT a 0 -a- &--z&-~--%,,s*-*w 

Nucleophile 1,2-Addition 1,4-Addition 

RLi + - 
RMgX + - 

R,CuLi - + 
RMgX CuX - + 

* : ~ * > ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ w ~ 4 ~ > ~ ~ 3 ~ * ~ > " ~ e ~ ~ ~ e ~ & " * ~ " * ~ e ~ " ~ ~ ~ ~ ~ ~ Y ~ ~ ~ ~ ~ - = ~ * ~ , ~ ~ ~ ~ ~ ~ ~ & & ~ ~ < ~ ~ ~ ~ < ~ . ~ ~ ~ ~ ~ ~ , ~ ~ ~ : ~ ~ ~ ~ ~ A ~ ~ ~ ~ ~ ~ z ~ ~ ~ t ~ ~ A ~ ~ ~ ~ - ~ ~ - ~ ~ * ~ , ~ * ~ ~ ~  
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with "soft" (relatively nonbasic) nucleophiles such as -CsN, RNH,, R,NH, RSH, eno- 
lates derived from P-dicarbonyl compounds, and organocuprates. 1,2-Addition is most 
successful with "hard" (relatively basic) nucleophiles such as hydride, organolithi- 
ums, and Grignard reagents. The classification of hard and soft bases (nucleophiles) 
and hard and soft acids (electrophiles) has recently been reviewed.71 

Y = H, R, OR, halogen enolate anion 

The organocopper reagents used for conjugate additions to enones are hornocuprates, 
heterocuprates, higher-order cuprates, and Grignard reagents in the presence of catalytic 
amounts of copper salts (CuX). 

Addition of organocopper reagents to a,P-unsaturated carbonyl compounds 
(enones and conjugated esters) generates enolates with concomitant introduction of an 
organic group at the P-position. In the bicyclic system shown below, the addition is 
chemoselective, involving the less hindered double bond of the dienone. The reaction 
is also stereoselective in that introduction of the "Me" group occurs preferentially 
from the less hindered side of the molecule. 

The mechanistic picture for addition of organocuprates to a,P-unsaturated 
carbonyl compounds is no less complex than that for substitution reactions. On 
the basis of current information, conjugate addition of lithiocuprates to a ,  P- 
unsaturated ketones and esters may proceed via a initial reversible copper(1)- 
olefin-lithium association, which then undergoes oxidative addition followed by 
reductive eliminati~n.~, 

Conjugate additions of organocopper reagents with large steric requirements 
and/or when there is steric hindrance at the reaction center of the enone may be dif- 
ficult. Addition of Me3SiC1 accelerates the conjugate additions of copper reagents 
to such enones, probably by activating the carbonyl group.73 For example, 
3-methylcyclohexenone is essentially inert to n-Bu,CuLi at -70 O C  in TWF. 
However, in the presence of Me3SiCl the enolate initially formed is trapped to give 
the P-disubstituted silyl en01 ether in 99% yield. Hydrolysis of the silyl en01 ether 
regenerates the carbonyl group. 
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n-Bu2CuLi, THF 

CH3 -70°C,1hr 

99% 99% 

Reactions of P,P-disubstituted enones with organocuprates are often not very suc- 
cessful because of steric crowding of the double bond. In these cases, use of 
R,CuLi-BF, OEt, often obviates the p r ~ b l e r n . ~ " ~ ~  Possibly, the Lewis acid BF, fur- 
ther polarizes and activates the ketone by coordination. 

Grignard reagents in the presence of CuX or in the presence of a mixture of 
MnC1, and CuI undergo 1,4-addition to hindered en one^.^^ 

n-BuMgBr, 
30% MnCI2, 3% Cul 

THF, 0 "C, 2 h 

0 

n-Bu 

0 

9 4 O/o 

The reaction of dialkylcuprates with a,P-unsaturated aldehydes results in the 
preferential 1,2-addition to the carbonyl group. However, in the presence of Me,SiCl, 
conjugate addition prevails to furnish, after hydrolysis of the resultant silyl en01 ether, 
the saturated aldehyde. 

Conjugate additions of dialkylcuprates to P-substituted-a,P-unsaturated acids and 
esters give low yields. Addition of boron trifluoride etherate, BF,-OEt,, to certain 
dialkylc~~prates and higher-order cuprates enhances their reactivity in Michael addi- 
tions to conjugated acids and esters.77 

Tandem 1,4-Addition-Enolate Trapping 
One of the fundamental contributions of organocopper chemistry to organic synthe- 
sis is the ability to transfer a variety of ligands in a 1,4-manner to a,P-unsaturated 
carbonyl compounds to produce enolate anions in a regioselective manner. These 
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may be trapped by a variety of electrophiles in tandem-type reacti~ns.~"he enolates 
produced from conjugate additions of organocuprates to a ,  P-unsaturated carbonyl 
compounds possess two nucleophilic sites, reacting either at the oxygen or the car- 
bon terminus. Electrophiles having a high affinity toward oxygen such as chlorosi- 
lanes and phosphorochloridates tend to give 0-trapping products, whereas alkyl 
halides, aldehydes, a-halocarbonyl compounds, and halogens furnish C-trapping 
products. 

0-trapping: E+ = R3SiCI, (R0)2P(0)CI 

C-trapping: E+= R-XI RCHO, halogens 

0-Trapping. The enolate generated from the enone shown below reacts at oxygen with 
chlorotrimethylsilane in the presence of triethylarnine to produce the trirnethylsilyl 
en01 ether.78 Silyl en01 ethers are valuable intermediates for the preparation of regiode- 
fined enolates (see Chapter 6). 

OSi Me3 

c. workup 

Treatment of enolates with (RO),P(O)Cl also results in 0-trapping to yield the 
corresponding en01 phosphates. Dissolving metal reduction of en01 phosphates is a 
useful procedure for the deoxygenation of ketones with concomitant, regiospecific 
formation of the a ~ k e n e . ~ ~  

C-Trapping. Alkylation or hydroxyalkylation (i.e., reaction with RCHO) of enolates 
derived from conjugate addition of organocuprates affords vicinal dialkylated prod- 
ucts. However, the reaction is confined to highly reactive alkylating agents such as 
methyl, allyl, propargyl, benzyl, and a-halocarbonyl compounds or aldehydes. 

major isomer 
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Enolates obtained from conjugate addition of either hornocuprates or copper-cat- 
alyzed Grignard reagents undergo aldol condensation with aldehydes in the presence 
of ZnCl, to give stereoisomeric mixtures of aldol products.78 

Stereochemistry of 1 ,+Addition Reactions 
Factors controlling the stereochemistry of conjugate additions are not well understood. 
Mixtures of isomers are often produced, but generally one isomer predominates. Both 
steric and electronic factors play a role.80 Generally, Michael-type additions have late 
and hence productlike-and chairlike-transition states. In the example shown below, 
for stereoelectronic reasons antiparallel attack by the nucleophilic "CH," is favored over 
parallel attack. 

"CH," 

?'if 

antiparallel attack parallel attack 
with respect to I-l with respect to H 

Note that the 4-methylcyclohexenone gives preferentially the tmns-product. In this 
case, the reaction proceeds via a conformation with the Me group being pseudoaxial 
due to A ' , ~  strain. 

favored disfavored 
~~t~ strain 

(CH3, vinyl-H) 

As pointed out earlier, addition of organocuprates to enones followed by alkyla- 
tion of the resultant enolates generates two carbon-carbon bonds in a single reaction. 
Alkylntion of an enolate proceeds via an early, hence a reactantlike, transition state. 
Thus, steric factors in the ground state play an important role. 



7.5 Organocopper Reagents -- 299 

major isomer 

n-Bu pseudoaxial to avoid A strain 

anti-parallel attack for 
stereoelectronic reasons 

Preparation off Enones: a$-Unsaturated ketones may be prepared using one of several methods described 
Substrates for Conjugate below: 

additions 
From allylic alcohols via oxidation (see Section 4.3) 

From ketones via bromination-dehydrobrominationsl 

From silyl en01 ethers by iodination (N-iodosuccinimide) followed by 
dehydroiodinations2 

From alcohols or ketones via oxidation with o-iodoxybenzoic acid (IBX)'~ 

IBX (2 eq) 

toluene, DMSO 
55 "C 

By Saegusa-Ito oxidation. s4 Dehydrosilylation of silyl en01 ethers with 
palladium(I1) acetate and p-benzoquinone in acetonitrile occurs regioselectively 
to furnish the corresponding a,P-unsaturated compound. The Saegusa-Ito 
oxidation is particularly powerful when used in tandem with cuprate chemistry to 
restore the a$-unsaturation. 
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pbenzoquinone 

CH3CN 

pbenzoquinone 

&CH3 

Aldehydes can be converted to a,P-unsaturated aldehydes in a one-pot 
transformation by in situ silyl en01 ether formation followed by the Pd(I1)-catalyzed 
dehydr~silylation.'~ 

1. PCC, NaOAc H 

From enolates via se lenoxide~ .~~  Lithium enolates derived from ketones, lactones, 
and esters react with PhSe-SePh or with phenylselenyl bromide or chloride 
(PhSeX) to form a-(phenylse1eno)carbonyl compounds. These can be oxidized 
to the corresponding selenoxides with subsequent syn-elimination of 
benzeneselenic acid to form enones. 

or Na104 
- PhSeOH 

syn-elimination 

The Nozaki-Hiyama Reactions8 Although not derived from organolithium or Grignard reagents, organochromium 
compounds are especially useful for coupling an allylic moiety to an aldehyde or to a 
ketone. The organochromium reagents are obtained by oxidative addition of Cr(I1) 
chloride to allylic halides or tosylates. Their reaction with aldehydes and ketones pro- 
duces homoallylic alcohols in which the more substituted y-carbon of the ally1 group 
becomes attached to the carbonyl carbon. 



7.6 Organochromium Reagents 299 

R-X 
2 CrCI3 2 "Cr(ll)" "RCr(l l I)" 

THF oxidative 
addition 

Reaction of vinyl or aryl iodides or bromides with chromium(I1) chloride pro- 
duces chromium(1II) species that react chemoselectively with aldehydes to give allylic 
or benzylic alcohols, respectively, in high yields.89a 

The reduction of gem-diiodo- or gem-triiodoalkanes, such as iodoform, with 
CrC1, in the presence of aldehydes furnishes ( ~ ) - a l k e n e s , ~ ~ ~  as exemplified below.89c 

a. DIBAL-H (1 eq) 
hexanes, -78 "C 

~ O P M B  OHCP,,~~~~ 
Me02C b. aq NH4CI 

workup 

CHI3, CrCI2 

dioxane I 
-0PWIB 

THF, 0 "C 
42% (2 steps) 

The Noieaki-Tilkzili-Hiyama- Traces of nickel salts exert a catalytic effect on the formation of the C-Cr bond, allow- 
Kishi ing CrC1,-NiC1,-mediated coupling of vinyl bromides, iodides,90c and triflates (shown 

below90d) with aldehydes. The stereochemistry of the vinyl halide is retained in the 
allylic alcohol product. 

CrC 17 

-CHO cat. N ~ C I ~  
Ph + I * ( cH~)~cH~ THF 
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U 

OPMB 

CrC12 (4 eq) 
NiC12 (0.1 eq) 

gz2b-$&*/sG# z & ~ ~ & ~ ~ ~ ~ ! ~ ~  F!AAENTS9' 

In contrast to the polar nature of C-Li and C-MgX bonds, the C-Zn bond is highly 
covalent and hence less reactive, allowing the preparation of functionalized deriva- 
tives. Utilization of organozinc reagents in organic synthesis has mainly centered 
around the preparation and utilization of functional organozinc compounds in organ- 
ic syntheses (Reformatsky reaction), cyclopropanation (Simmons-Smith reaction), 
and transmetalations with transition metals. 

DMF 

Preparation of Organozinc 
Compounds92 

Alkylzinc Iodides 
Primary and secondary alkylzinc iodides (RZnI) are best prepared by direct insertion 
of zinc metal (zinc dust activated by 1,2-dibromoethane or chlorotrimethylsilane) into 
alkyl iodides or by treating alkyl iodides with Rieke zinc." 'lie zinc insertion shows 
a remarkable functional group tolerance, permitting the preparation of polyfunctional 
organozinc reagents .94 

FG-RX 
ZnCI2 Zn [FG- R Z ~ X ]  

(Rieke zinc) THF, 25-60 "C 

R: alkyl, aryl, benzyl, allyl 
X: Br, I 
FG: C02R, enolate, CN, halide, etc. 

Dial kylzincs 
Unfunctionalized dialkylzincs (R,Zn) are obtained by transmetalation of zinc 
halides, such as ZnCI,, with organolithium or Grignard reagents. Iodide-zinc 
exchange reactions catalyzed by CuI provide a practical way for preparing func- 
tionalized dialkylzincs. 

Et2Zn, Cul (cat.) 
FG - RCH21 (FG- RCH2)2Zn 

neat 
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Zinc &arbenoi$s (Cahene-like Species) 
The oxidative addition of zinc metal to diiodornethane affords an iodomethylzinc 
iodide, tentatively assigned as ICH,ZnI (Simmons-Smith reagent), which is used for 
cyclopropanation of alkenes. Alkyl group exchange between diethylzinc and 
diiodornethane produces the iodomethyl zinc carbenoid species, tentatively assigned 
as EtZnCH,I (Furukawa's reagent). 

Zn activation EtZnl in Et20 
CH212 ( 3 2 1 2  

(ICH2)2Zn-Zn12 

Reactions of Organszinc 
Compounds 

The Reformatsky Reaction95 
The Reformatsky reaction involves condensation of ester-derived zinc enolates with 
aldehydes or ketones to furnish the corsesponding P-hydroxy esters. The zinc enolates 
are generated by addition of an a-haloester in THF, DME, Et,O, benzene, or toluene 
to an activated zinc, such as a Zn-Cu couple or zinc obtained by reduction of zinc 
halides with potassium (Rieke zinc). An example of a Reformatsky condensation 
using Rieke zinc is shown below.93" 

Rieke-Zn 
OEt 

An important application of the Reformatsky reaction is the conversion of P-hydroxy 
esters to a ,  P-unsaturated esters. Acid-catalyzed dehydration usually leads to a mix- 
ture of a, p- and p, y-unsaturated esters. However, conversion of the initially formed 
P-hydroxy esters to their corresponding acetates by treatment with acetyl chloride, 
followed by base-catalyzed dehydration with NaOEt, produces conjugated esters in 
high purity." This sequence of reactions provides an alternative route to the Horner- 
Wadsworth-Emmons olefination of ketones (see Chapter 8). 

+ BrCH2C02Et 
py, cat. DMAP 
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NaOEt 
EtOH 

(p-elimination) 

P-Hydroxy esters and a$-unsaturated esters may also be prepared either via a 
single-step Barbier-type condensation of a t-Bu-brornoester with carbonyl corn- 
pounds in the presence of Mg metal or via a two-step condensation with Li-enolates, 
as depicted below. 

U o t - B u  
H+, H20 

R 
R 

. . 
reaction 

A feature distinguishing Reformatsky enolates from base-generated enolates is 
that zinc enolates add to highly hindered as well as to easily enolizable ketones, such 
as cyclopentanones, thus avoiding formation of condensation products. Moreover, 
there is no danger of a Claisen-type self-condensation since zinc-enolates do not react 
with esters but react readily with aldehydes and ketones to furnish aldol-type prod- 
~ l c t s ? ~  

cH3 a. Zn, benzene 

B rAC02Et reflux 

CH3 
b. H+, H20 H&co2Et CH3 

84% 

Enantioselective addition of organozinc reagents to carbonyl cornpounds furnish- 
es chiral  alcohol^.^' 

Reactions of Functionally Substituted RZnlg9 
The application of functionally substituted organozincs allows for the construction of 
carbon-carbon bonds while circumventing tedious protection-deprotection strategies, 
as exemplified be lo^.'^^^ l o '  Note that tosyl cyanide reacts with alkenyl or arylzinc 
reagents to provide a,P-unsaturated alkenyl or aromatic nitriles, respectively.102 
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Cyclopr~panat ion~~~ 
Cyclopropane rings are encountered in many natural products possessing interesting 
biological activities, such as pyrethrin (shown below), a natural insecticide from the 
pyrethrum daisy. Moreover, the cyclopropane moiety represents a useful synthon for 
further synthetic  transformation^.'^^ 

In 1958, Simmons and Smith reported that treatment of a zinc-copper couple with 
diiodomethane in ether produces a reagent that adds to alkenes to form cyclo- 
propanes. lo5 

The cyclopropanation reaction of simple alkenes appears to proceed via stereo- 
spec$c syn-addition of a Zn-carbenoid (carbene-like species) to the double bond 
without the involvement of a free carbene. 



304 f W V I E K  ?Formation of Carbon-Carbon Bonds via Organometallic Reagents - - - -- ---- 

The synthetic utility of the reaction stems from the following characteristics: (I)  
stereospecificity (retention of olefin geometry); (2) tolerance of a variety of f~lnction- 
al groups, such as Cl, Br, OH, OR, CO,R, C=O, and CN; (3) the syn-directing effect 
of hydroxyl and ether functions; and (4) chemoselectivity-zinc carbenoids are elec- 
trophilic and react chemoselectively with the more nucleophilic double bond in dienes 
and polyenes.lo6 

A number of modifications of the original Simmons-Smith cyclopropanation pro- 
cedure have been reported.lo7 Furukawa's reagent, (iodomethy1)zinc derived from 
diethylzinc and diiodomethane,lo8 or its modification using chloroiodomethane 
instead of diiodomethane,lo9 allows more flexibility in the choice of solvent. The 
reagent is homogeneous and the cyclopropanation of olefins can be carried out in non- 
complexing solvents, such as dichloromethane or 1,2-dichloroethane, which greatly 
increase the reactivity of the zinc car be no id^."^ 

An alternative to the Simmons-Smith and Furukawa reagents is iodoinethylzinc 
phenoxide, readily accessible by deprotonation of phenol with Et,Zn and subsequent 
metal-halogen exchange with CH,I,.lll An economically attractive method for cyclo- 
propanation of alkenes is to use CH,Br,, which is considerably less expensive and eas- 
ier to purify and store than CH212.112 

Directed Simmons-Smith Cyclopropanation 
A particularly interesting aspect of the Simmons-Smith reaction is the stereoelectron- 
ic control exhibited by proximal OH, OR groups, which favor cyclopropanation to 
occur from the same face of the double bond as the oxy s~bstituents."~ The follow- 
ing order of decreasing directive effects has been observed: OH > OR > C=O. 

Allylic alcohols undergo cyclopropanation faster than ~rnfunctionalized 
alkenes,'I4 and excellent diastereoselectivities have been observed in reactions of the 
Furukawa reagent with acyclic chiral allylic  alcohol^."^ 
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Et2Zn (5 eq) 
n-Pr Et - n-Pr 

CH21, (5 eq) 
Et 

syn : anti > 100 : 1 

87% 

Transmetalation Reactions 
Although the C-Zn bond is rather unreactive toward electrophiles such as aldehydes, 
ketones, esters, and nitriles, it undergoes transmetalations with many transition metal 
complexes to furnish new organometallics capable of reacting with a variety of elec- 
trophilic substrates (see Section 7.10). 

There is a vast array of carbon-carbon-bond-forming reactions involving organoboron 
compounds. This section covers transfer reactions of carbon moieties from boron to 
an adjacent carbon. Examples include the transfer of CO, CN, carbanions derived 
from dichloromethyl methyl ether and dichloromethane, and ally1 groups in reactions 
of allylic boranes with aldehydes. 

Tricoordinate boron compounds are Lewis acids and form complexes when treat- 
ed with nucleophiles. If the resultant tetracoordinate organoborate (ate-complex) pos- 
sesses an a-leaving group at the boron atom, a 1,2-migration of an alkyl group from 
boron to the migrating terminus can occur as in the carbonylation, cyanidation, 
dichloromethyl methyl ether (DCME), and boronic ester homologation  reaction^."^ 
The key features to all of these reactions are formation of the borate anion as the tran- 
sient species and intramolecular anionotropic 1,2-migration with retention of config- 
uration of the migrating group. The products of 1,2-migration reactions are new 
organoboranes that can be converted into a variety of organic compounds via  oxida- 
tion, protonolysis, etc. 

Carbonylati~nl~~'.~'~ The reaction of organoboranes with carbon monoxide [(-):CEO:(+) 1, an ylide, gives rise 
to three possible rearrangements. Depending on the reaction conditions, single, double, 
and triple migrations of groups may occur leading, after the appropriate workup, to a 
variety of aldehydes and ketones as well as primary, secondary, and tertiary alcohols. 

Synthesis of  Aldehydes and Primary Alcohols 
Addition of CO to trialkylboranes leads to the formation of an ate-complex (structure 
A below). Subsequent migration of an R group to the CO ligand yields intermediate 
B. In the presence of a mild reducing agent, such as lithium trimethoxyaluminum 
hydride or potassium triisopropoxyborohydride, B is converted to the mono-migra- 
tion product C. Oxidation (H,O,) of C furnishes the corresponding aldehyde. On the 
other hand, treatment of C with LiAlH, followed by oxidative workup produces the 
primary alcohol. 
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1 NaOH 
R,C\ C R -CH20H 

H H202 b. NaOH, 

To maximize utilization of valuable alkyl groups, alkenes used for the transfer 
reaction are hydroborated with 9-BBN. The resultant alkyl-9-BBN derivatives under- 
go selective migration of the alkyl group when treated with CO in the presence of a 
reducing agent. As shown below, applying this sequence of reactions to 2-methylcy- 
clopentene produces trans-2-methylcyclopentane carboxaldehyde, indicating reten- 
tion of configuration of the migrating group.'19 

Synthesis of Ketones 
If the carbonylation reaction is done in the presence of a small amount of water at 
100 "C, a second alkyl group migrates from B to the adjacent carbon to furnish, after 
oxidative workup, the corresponding ketone. 

0 ?"% yH NaOH 0 
// HOIII I I E ~ B - c \  \,B-C, R~lB-F, 
R heat R \ R ( ~  R R R R/"R 

B 

The use of thexylborane (1,1,2-trimethylpropylborane) as the hydroborating 
agent permits (a) the synthesis of mixed trialkyboranes, and (b) cyclic hydroboration 
of dienes. When followed by carbonylation, these hydroboration-carbonylation 
sequences generate a variety of unsymmetrically substituted ketones'20 and cyclic 
ketones,12' respectively. Since the thexyl moiety exhibits a low migratory aptitude in 
carbonylation reactions, it serves as an anchor group. 

0 
d. H202, 

NaOAc (C H2)60Ac 
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. . 

3b. CO, H20 
P 
3c. NaOAc, H202 

Synthesis of tert-Alcohols 
Cahonylation of krialkylboranes in the presence of ethylene glycol results in migra- 
tion of a second and a third alkyl group to give, after oxidation, the corresponding tert- 
alcohols.'22 

R3B 
CO, Ho-OH R3C-{] R3C-OH 

heat 0 

Hydroboration of polyenes followed by carbonylation and oxidation provides 
access to carbocyclic systems.123 

b. NaOH, H202 

C y a n i d a t i ~ n l * ~  A useful alternative to the carbonylation route to ketones and trialkylmethanols from 
alkylboranes is the cyanidation reaction. The nitrile anion [(-):C=N:] is isoelectronic 
with CO and also reacts with R,B. However, the cyanoborate salts are thermally sta- 
ble and therefore require an electrophile such as benzoyl chloride or trifluoroacetic 
anhydride (TFAA) to induce 1,2-migration. 

NaOH 
1-1202 

NaOH 
H202 



308 CWP"FE9 3 Formation of Carbon-Carbon Bonds via Organometallic Reagents 

The formation of ketones and trialkylmethanols occurs under milder conditions 
than when using CO. Again, the thexyl group may serve as an anchor group in the 
preparation of ketones.'" It is important that the NaCN be dry. 

a. ThexBH2 

THF 

b. NaCN 

d. NaOH, H202 

Using an excess of TFAA results in a third migration to furnish, after oxidation, 
trialkylmethanols as exemplified by the conversion of cyclohexene to tricyclohexyl- 
methanol. 126 

c. (LI-3' 

f i  a. BHn, THF &nB-CN diglyme, 40 "C 

. . - 
'-' C0)20 (excess) 

f - I k n C - O H  

d. NaOH, H202 'u" 

Dichloromethyl Methyl The reaction of organoboranes with nucleophiles containing more than one leaving 
Ether Reaction127 group results in multiple migrations. Thus, on treatment of R,B with a , a -  

dichlorornethyl methyl ether (DCME) in the presence of a sterically hindered base, 
such as Li-triethylmethoxide (LiOCEt,), all three groups are transferred, and oxida- 
tion of the product affords the corresponding tertiary alcohol. The LiCC1,OMe is gen- 
erated in situ from dichloromethyl methyl ether with lithium triethylmethoxide. 

a. [LiCCI20Me] 

b. NaOH, H202 O c - O H  / 

Matteson's Boronic Ester Homologation of chiral alkylboronic esters with dichloromethyllithium provides a 
Homologationu8 highly effective method for introduction of a chiral center while forming a carbon-car- 

bon bond. The required boronic esters are readily accessible from Grignard reagents 
and trirnethylborate or from lithium reagents and triisopropylborate. Hydrolysis of the 
resultant alkylboronic esters gives the corresponding alkylboronic acids, which on 
treatment with either (r)- or (s)-pinanediols furnish the stable (r)- or (s)-pinanediol 
alkylboronic esters. 

- ,\\\\ OMe 
~ e 0 - 7 ' ~ ~ ~  

R 

,OH H 0 1  0 
R-B, + (r) R-B/ I r )  

OH HO-I 'OJ 

(r)-pinanediol 
alkylboronic ester 
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The chiral directing groups are pinanediols derived from osmium tetroxide-cat- 
alyzed oxidation of either (+)-a-pinene or (-)-a-pinene with trimethylarnine oxide or 
with NMO (N-methyl-morpholine-N-oxide). The (s) and (r) notations shown in the 
abbreviations refer to the configuration of the chiral center in the a-chloroboronic 
ester using the appropriate pinanediol. 

The reaction of an (s)-pinanediol boronic ester A with dichloromethyllithium is 
rapid at -100 OC and forms the borate complex B, which on warming to  0-25 "C 
rearranges to the (1s)-1-chloroalkylboronic ester C. Zinc chloride catalyzes the 
rearrangement and results in improved diastereoselection. Reaction of C with a 
Grignard or lithium reagent leads to borate complex D which rearranges with inver- 
sion to a sec-alkylboronic ester E. Oxidation with alkaline hydrogen peroxide fur- 
nishes the secondary alcohol in greater than 97% enantiomeric excess. 

"/,>I 
H% R \ - , , O  Z ~ C I *  R\/, ,\\\\O 1 

(s) - ,C - B' (s) 
or R' Li bBio 20-25' R. hO j 

R ' inversion 

An important feature of the boron ester homologation reaction is that the boron- 
ic ester product E can itself be used as a starting boronic ester so that the cycle can be 
repeated to introduce a second chiral center. Matteson has used this methodology to 
synthesize insect pheromones and sugars.129 

Brown's Asymmetric The P-methyl homoallylic alcohol moiety of both anti- and syn-configurations is a 

Crotylborationlzo characteristic structural element of a number of macrolides and polyether antibiotics. 
Reactions of crotylmetal (2-butenylmetal) reagents with carbonyl substrates provide 
access to acyclic stereo- and enantioselective syntheses of P-methyl homoallylic 
alcohols. The alkene moiety of these alcohols can be further elaborated into aldehy- 
des by oxidative cleavage of the double bond, leading to aldol-type products. 
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homoallylic 
alcohol 

allyl allylboronic 
organometallic ester 

reagent 

P-methyl 
homoallylic 

alcohol 

crotyl crotylboronic esters 
organometallic 

reagent 

Crotyl organometallic species undergo 1,3-shifts of the metal at room tempera- 
ture. For the stereocontrolled use of allylic organometallic reagents in synthesis, it is 
important that the stereoisomeric reagents not equilibrate ~xnder the reaction condi- 
tions and add to carbonyl compounds regioselectively and irreversibly. Of the various 
allylic organoinetallic reagents, allylboronic esters and allyldialkylboranes are espe- 
cially suited for acyclic stereoselective syntheses of homoallylic  alcohol^."^^'^' 

The rate of interconversion of crotyl boron reagents varies with the nature of the 
R groups on boron: crotyldialkylborane (crotyl-BR,) > crotylalkylborinate (crotyl- 
BR(0R) > crotylboronate (crotyl-B(OR),). 

Ci-otylboronic esters (2-butenylboronates) are thermally stable and isolable com- 
pounds at room temperature and ~lndergo nearly quantitative additions to aldehydes. 
The required crotylboronic esters rnay be prepared by reaction of the crotyl potassi- 
um reagents derived from cis- or trans-2-butene wit11 n-butyllithiurn and potassium 
tert-butoxide followed by addition of the appropriate trialkyl borates.13, 

The reactions of crotylboronic esters with aldehydes is regioselective, generating 
two new stereochemical relationships and potentially four possible stereoiso~neric 
products. Thus, there are two stereochemical aspects: erzantioselection (Re- vs. Si-face 
addition) and dinstereoselection (syn vs. anti). 
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CH3 cI-13 
enantiomeric syn-homoallylic alcohols 

(E)-crotylboronate enantiomeric anti-homoallylic alcohols 

The transfer of the allylic moieties from boron to the electrophilic carbonyl car- 
bon proceeds via rearrangement to form intermediate boronic esters C and  D (see 
below). The reaction is highly diastereoselective. The (E)-crotylboronate reacts to 
give the anti-homoallylic alcohol and the (Z)-crotylboronate reacts to afford the syn- 
homoallylic This behavior has been interpreted in terms of the 
Zimmerman-Traxler chair-type transition state m0de1.l~~ Because of the double bond 
geometry, coordination of the (E)-crotylboronic ester places the Me preferentially 
equatorial, whereas coordination of the (Z)-crotylboronic ester places the M e  axial, as 
illustrated in the cyclohexane chair-form transition state conformations and B, 
respectively. In both cases, the R moiety of the aldehyde must occupy a pseudo- 
equatorial position to avoid steric repulsion by one of the OR substituents on  boron. 

A C anti-alcohol 

B D syn-alcohol 

The use of enantiopure allylic boranes in reactions with achiral aldehydes results not 
only in high diastereoselection, but also in high ennntiose~ection.~~~ Pure (2)- and (E)- 
crotyldiisopinocampheylboranes can be prepared at low temperature from (Z)- or (E)- 
crotylpotassium and B-methoxydiisopinocampheylborane, respectively, after treatment 
of the resultant ate-complexes with BF3eOEt2. The B-methoxydiisopinocampheylboranes 
are prepared by reacting (-)-diisopinocampheylborane, derived from (t-)-a-pinene, or 
(+)-diisopinocampheylborane, derived from (-)-a-pinene, with methanol. 

The reaction of the (Z)-crotyldiisopinocarnpheylborane derived from (+ )-a-pinene 
with aldehydes at -78 "C, followed by oxidative workup, furnishes the corresponding 
syn-P-methylhomoallyl alcohols with 99% diastereoselectivity and 95% enantioselectiv- 
ity. Use of (2)-crotyldiisopinocarnpheylborane derived from (-)-a-pinene also produces 
syn-alcohols with 99% diastereoselectivity but with opposite enantioselectivity, an exam- 
ple of reagent control. 
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ate-complex 

a. RCHO 

enantioselectivity (using (+)-a-pinene): 95% 5% 
diastereoselectivity: 99% 

enantioselectivity (using (-)-a-pinene): 4% 96% 
diastereoselectivity: 99% 

Treatment of (E)-crotyldiisopinocampheylborane, derived from (+)-a-pinene, with 
aldehydes furnishes, after oxidation, the anti-alcohols with 95% enantioselectivity. The 
reaction of (E)-crotyldiisopinocampheylborane, derived from (-)-a-pinene, with alde- 
hydes yields the enantiomeric anti-alcohols, also with 95% enantioselectivity. By this 
approach, using cis-and tmns-2-butene and (+)-a-pinene and (-)-a-pinene, all four 
stereoisomeric homoallyl alcohols may be obtained.136 

R = Me, Et, Ph, CH=CH2 

enantioselectivity (using (+)-a-pinene): 95% 5% 
diastereoselectivity: 99% 

enantioselectivity (using (-)-a-pinene): 4% 96% 
diastereoselectivity: 99% 

ORGANOSILICON REAGENTS'" 

The utility of organosilicon compounds in organic synthesis is based on the stability 
of the C-Si bond and on the regio- and stereoselective reactions of organosilanes with 
both nucleophilic and electrophilic reagents. The following discussion will present an 
overview of the properties of organosilicon compounds and on the preparation and uti- 
lization of alkynyl-, alkenyl-, and allylic silanes in organic synthesis. 

Properties of Bonds to 

Electronegativity 
Since silicon is more electropositive than carbon (see Table 7. I),  the carbon-silicon 
bond is polarized in the direction siS-cs-. This polarization has two important 
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Approximate Bond 
Dissociation 
~nerg ies. "?~3 '~~ 
,#-&*<w--wYMe-*ww&-* 

Si-C 7 6 318 
Si-0 127 53 1 
Si-Cl 113 47 1 
Si-F 193 807 

effects: (1) it makes the silicon susceptible to nucleophilic attack, and (2) i t  imparts 
stabilization to P-carbocations and a-carbanions. 

Bond Energy 
Organosilicon compounds are much more stable than other typical organometallic 
compounds. Single bonds from Si to electronegative elements such as 0, C1, and F are 
very strong (Table 7.7). There is little doubt that p,-d, bonding plays a role in these 
cases. Since such strong bonds are formed, substitution at Si is especially easy when 
the nucleophile is Om, C1-, or F .  The very strong affinity of silicon for F is evidenced 
by the facile desilylation of siiyl ethers by n-13u4N"F (see Chapter 3). 

Bond Length 
The Si-C bond (1.89 A) is significantly longer than a typical C-C bond (1.54 A), sug- 
gesting that the SiMe, group is sterically less demanding than a tert-butyl group. In fact, 
the A value for SiMe, is approximately that of the isopropyl group (- 2.1 kcal/mol). 

Stabilization of p-Carbocations and a-Carbanions 
The sis+-C& polarization supports the formation or development of carbocations in 
the p-position, a stereoelectronic phenomenon known as the pe#ect.l4' This is com- 
monly attributed to the stabilizing interaction between the Si-C bond and the empty 
p, orbital of the p-carbocation (o-n: conjugation). The p-effect is conformationally 
dependent in that the carbon-silicon o-bond and the vacant p-orbital must be in a 
common plane, as depicted in structure A below. As a corollary, cations a to  silicon 
are destabilized relative to those with alkyl groups.14' 

Second-row elements such as silicon are known to stabilize a-carbanions with 
considerably greater effectiveness than their first-row counterparts. Early rationali- 
zation of this phenomenon favored the p,-d, model B as a source of the stabilizing 
influence. More recently, stabilization by means of the high polarizability of Si and 
the presence of an empty o" orbital on the silicon have been proposed. Overlap with 
the filled orbital of a flanking carbanionic center as in C can account for the observed 
stabilization. 14' 

Preparation and Reactions of 
Albnyllsillaraes, Allkerr~ylsilanes, 

and A%lflsi%agaes 
Alkynylsilanes 
Alkynylsilanes are readily accessible by metalation of terminal alkynes, followed by 
addition of the appropriate trialkylchlorosilane. 

Rf A a. MeLi or n-BuLi 
- H B- R~~ - SiR3 

or LDA, THF 
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Reactions of alkynylsilanes with electrophiles in the presence of a Lewis acid cat- 
alyst such as BF,, AICl,, or TiCl, generally occur regioselectively at the silicon-bear- 
ing carbon, due to the p-effect, and under mild conditions. 

The AlC1,-mediated electrophilic substitution of alkynylsilanes with acid chlo- 
rides provides a convenient route to alkynyl ketones. Transfer of the acetylenic moi- 
ety from silicon to the acyl chloride proceeds via the acyl cation (acylium ion) formed 
by reaction of the acyl chloride with AlC13.143 

b, workup \ R 

The rernarkable silicon-directing reaction of electrophiles at the a-carbon of 
alkynylsilanes is further evident when comparing the intramolecular cyclizations of 
methyl- vs. silicon-substituted triple bonds, shown below.'44 

0 
I I 

OCH 
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Protonation of the hydroxyl and trimethylsilyloxy groups of A and D, respective- 
ly, generates carbocations B and E. In B, attack of the methyl-substituted triple bond 
leads to formation of the preferred linear vinyl cation. Its trapping by the formate ion 
furnishes the substituted bicyclo[2.2.2]octene C. On the other hand, attack of the sili- 
con-substituted triple bond in E occurs to form the silicon-stabilized P-carbocation, 
which, on trapping by formate ion, yields the substituted bicyclo[3.2.2]nonene F. 

A1 kenylsilanes 
Among the many available procedures for preparing alkenylsilanes are hydrosilylation 
of alkynes and partial reduction of alkynylsilanes. Hydrosilylation of 1-alkynes with 
triethylsilane in the presence of catalytic chloroplatinic acid results in regioselective 
syii-nddiiioii of H-SiEt, to the triple bond to produce (E)-alkeny~silanes.'"~ 

Reduction of 1-(trialkylsily1)alkynes with dialky1boranes'46 or with diisobutyl- 
aluminum h~dr ide ' "~  proceeds in a regio- and stereoselective manner to yield, after 
protonolysis or hydrolytic workup, (Z)-alkenylsilanes. 

Vinylsilanes react with a variety of electrophiles to give substitution or addition 
products. In substitution reactions, the silyl group is replaced by the electrophile 
because formation of the carbon-carbon n-bond is faster than capture of the incipient 
P-carbocation by the nucleophile. 

(3-carbocation n-bond formation substitution 
product 

In addition reactions, the nucleophile reacts with the carbocation before collapse 
of the Si-C bond. The resultant adduct can be induced to undergo syn- or anti-elimi- 
nation depending on the reaction conditions. With few exceptions, electrophilic attack 
on the vinylsilyl moiety is highly regioselective, placing the developing carbocation at 
the p-position (p-effect). 

addition 
product 
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Acylation of vinylsilanes with acid chlorides in the presence of a Lewis such as 
AlCl, provides a route to a, P-unsaturated ketones.14' 

The reaction is not only regioselective but also stereospecific. Stabilization of the 
incipient carbocation occurs only if the C-Si bond is correctly aligned with the devel- 
oping vacant p-orbital. Thus, parallel alignment of the C-Si 0-bond dictates the stereo- 
chemistry of the substitution product. 

Isomerically pure vinyl halides are important starting materials for preparation of 
the corresponding vinyl lithium species (see Section 7.1) and for use in Pd-catalyzed 
coupling reactions (see Section 7.10). Halogenation of vinylsilanes offers a valuable 
route for the synthesis of both (E)-  and (2)-vinyl halides. These 1-eactions involve addi- 
tion of the halogen to the double bond, followed by elimination of the silicon and halide 
moieties. The stereochemical o~ltco~ne of the reaction will depend on both the mode of 
addition and the mode of elimination. For example, bronlination of (2)-vinylsilanes with 
bromine in CH2C12 proceeds via an anti-addition. Treatment of the bromine adduct with 
sodium methoxide results in anti-desilicobromination. The conversion of the vinylsi- 
lane into the vinylbromide occurs with overall inversion of the double bond stereo- 
chemistry. '" 

R' = Me, Et, s-Bu 
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Allylsilanes 
Allylsilanes play an important role in organic s y n t h e ~ i s . ' ~ ~  Whereas Li-, Mg-, Zn-, and 
B-allylic species undergo 1,3-shift of the metal, allylsilanes are stable. 

IAM 
M = Li, Mg, Zn, B 

Allylsilanes may be prepared by silylation of allyl-metal species, provided that 
the carbanions can be trapped regioselectively by R3SiCl. 

The nickel- or palladium-catalyzed reaction of stereodefined alkenyl halides with 
trirnethylsilylrnethylmagnesium chloride (TMSCH,MgCl) delivers allylsilanes with 
excellent regio- and stereocontrol. 15' 

n-C6H13 H a. (Ph3P)4Pd n-C6H13 H 
)=( + CIMgCH2SiMe3 THF 0 "C 

H3C I (Ei20 solution) b. H', H20 ti 3c '=(SiMe3 

The hydroalumination-protonation of 1 -trimethylsilyl-2-alkynes152 and the Wittig 
reaction using silylated y l i d e ~ ' ~ ~  are other good approaches for the synthesis of allyl- 
silanes. 

a. I-BuLi, Et20 
TMEDA, -78 "C 

R-CI-13 R+CH2Si Me3 
b. Me3SiCI 

c. i-Bu2AlH, hexane 
70 "C * R\_/-SiMe3 

r"' 
SiMe3 

THF 

Attractive from a synthetic point of view is the readily available bifunctional 
reagent 2-bromo-3-(trimethylsi1yl)propene. It represents a synthon for a 1,2-dianion, 
and offers an opportunity to store chemical reactivity which can be selectively unleashed 
as illustrated be10w.l~~ 
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- TMS-CI 

workup 

In the presence of a Lewis acid (such as Et,AlCl), allylsilanes react with elec- 
trophiles in a regiospecific manner. The intermediate P-carbocation is stabilized by 
(o-n;)-conjugation with the C-Si bond. The most important feature of this reaction is 
that the electrophile reacts with the terminus (y-carbon) of the allyl system, and the n- 
system is relocated adjacent to its original position. Even substituted allylic silanes 
can be acylated at the more hindered site. Because of this predictability and their high 
nucleophilicity, allylsilanes are valuable in many synthetic  transformation^.'^^ 

There are two types of reactions of allylsilanes with electrophiles: (1) Lewis acid- 
mediated reactions, and (2) reactions involving allyl anions. 

Lewis Acid-Mediated Reactions. The highly nucleophilic double bond of allylsilanes 
reacts with a variety of electrophiles provided that the electrophiles are activated by a 
Lewis acid, such as TiCl,, BF,, or AlCl,. The y-position of the allylsilane attacks the 
electrophile to generate a stabilized carbocation (3 to silicon. Subsequent loss of the 
silyl group results in the transposition of the double bond.'56 

workup 
90% 

Both inter- and intramolecular reactions of allylsilanes with enones have been 
reported. 15?1 ,4-Addition of allylsilane to the conjugated enone shown below permits 
direct introduction of an angular allyl group to a bicyclic enone. 
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The reaction of (E)-crotylsilane with RCHO in the presence of TiC1, proceeds with 
high syn-selectivity. On the other hand, the corresponding (2)-silane furnishes syn-anti 
mixtures of homoallylie alcohols. It has been shown that the reaction proceeds via an 
acyclic linear and not via a cyclic six-member transition state. As shown below for the 
(PI;;?-crotyfsitarze, trailsition state A leading to the ~:r'n-c?lcokio3 is sterically favored over 
the diastereomeric transition state B, which has a gauche Me-Et interacti~n."~ 

SiMe3 -I- EtCHO 69% 31 % 
CH2CI2 

syn-selectivity 
favored 

anti-selectivity 
disfavored 

Reactions of Allylsilane A1.2ions.I~~ Generally, deprotonated silanes react in a y-regio- 
selective manner with electrophiles to give vinylsilanes. 

However, if the allylsilane anion is first complexed with certain metals or metalloids, 
such as boron or titanium, a-regioselectivity then predominates, and high anti-diastereo- 
selectivity is attained with aldehydes as e lec t r~phi les .~~~ The resultant P-hydroxysilanes 
may be converted into (E)-  and (2)-terminal dienes using the Hudrlik-Peterson method.16' 

a-addition 
R = n-C7H15, 79% 
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SiMe3 

anti-elim 
R- 

ACY~ S i i a n e ~ ' ~ ~  Acylsilanes are versatile intermediates for carbon-carbon bond formation reactions, 
and may serve as precursors for the synthesis of silyl en01 ethers, aldehydes, or car- 
boxylic acids. In the presence of a base or certain nucleophiles, they undergo the 
Brook rearrangement, where the silyl moiety migrates from carbon to oxygen (see 
below in this section). 

Preparation 
There are several procedures available for the preparation of acyl~i1anes.l~~ A general 
synthesis of acyl silanes is via the dithiane route.IG4 Hydrolysis of 2-silyl-l,3-dithianes 
which leads to acyl silanes can be accomplished with mercui-y(I1) salts. To repress for- 
mation of aldehyde by-products, various modifications for the deprotection of silyl dithi- 
anes have been reported, including the use of H~O-F,BOOE~, '~~  or chloramine-T.166 

HgO usiMe3 
acetone, H20 

Hydroboration of 1 -trimethylsilyl- l -alkynes with BH,*SMe, in a 3: 1 ratio, fol- 
lowed by oxidation of the resultant trivinylborane with anhydrous trimethylamine 
oxide, provides an operationally simple, one-pot synthesis of alkyl-substituted acylsi- 
lanes in good yield from readily available starting material~."~ 

R+SiMe3 
THF 

H 

Metalation-silylation-protonation of methyl vinyl ether furnishes acetyltrimethyl- 
silane, the simplest acyl ~ i1ane . I~~  
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Monohydroboration of bis(trimethylsilyl)acetylene and oxidation of the resultant 
trivinylborane with anhydrous trimethylamine oxide followed by hydrolytic workup 
affords [(trimethylsilyl)acetyl]trimethylsilane, which contains both a- and P-ketosi- 
lane structural features.167b This reagent is a versatile synthon for stereoselective syn- 
theses of functionalized trisubstituted 01efins.l~~ 

0 
a. H3B * SMe2, THF 

Me3Si --+iE-SiMe3 
b. Me3N0 (anhydr.) 

Me3Si,)k,  
SiMe3 

c. H20 workup 75% 

Reactions 
Acylsilanes are sensitive to light and basic reaction conditions. They can b e  regarded 
as sterically hindered aldehyde synthons displaying a range of reactivity patterns with 
nucleophiles. For example, treatment of an acylsilane with carbon nucleophiles leads 
to a-silyl alkoxides A, which may be stable under the reaction conditions or may 
undergo a reversible rearrangement (Brook rearrangement)16' of the silyl group from 
carbon to oxygen, providing a novel route to carbanions B. The carbanion formed may 
be protonated or trapped with an electrophile. The driving force for the rearrangement 
is likely formation of the strong Si-0 bond. The silyl alkoxide rearrangement A -+ B 
is rapid only when R or R' is a carbanion-stabilizing group, such as vinyl, aryl, or 
ethynyl. The reaction of acylsilanes with organolithium and Grignard reagents fre- 
quently gives complex product mixtures.170 

An instructive example showing the potential of acylsilanes as hindered aldehyde 
synthons is the preparation of the secondary alcohol shown below using (3- 
methy1pentadienyl)lithium as the nucleophilic reagent. Since the pentadienyl anion 
possesses two nucleophilic sites, its reaction with an aldehyde could in principle fur- 
nish the conjugated and/or deconjugated addition product(s). The pentadienyl anion 
possesses the highest electron density at the internal y-position, according to MO cal- 
culation~.'~' Its reaction with acetaldehyde gave a mixture of isomers, favoring bond 
formation at the more hindered position of the lithium reagent. To enhance coupling 
of the carbonyl carbon with the less hindered site, the sterically more hindered syn- 
thon of acetaldehyde-the readily accessible acetyltrimethylsilane-was used. In this 
case, only the conjugated diene product was observed. The trimethylsilyl group then 
was removed via a Brook rearrangement.172 
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a. KH, HMPA 
b. H 2 0  

The reaction of acylsilanes with appropriate carbon nucleophiles, followed by the 
Brook rearrangement, provides a novel source of carbanions which can be further 
elaborated on treatment with a reactive electrophile, allowing the formation of two 
carbon-carbon bonds in a one-pot reaction. '73 

Addition of nucleophiles containing a leaving gi-OLIP, such as an a-sulfonyl 
anion,'74 to acylsilanes provides a route to silyl en01 ethers, which have broad appli- 
cation as enolate equivalents. ' 75 

Acylsilanes may serve as synthetic equivalents of carboxylic acids when treated 
with alkaline hydrogen peroxide. Especially attractive is the one-pot conversion of the 
ethynyl group of 1-alkynes into monosubstituted acetic acids via sequential silylation, 
hydroboration, and oxidation, as depicted below.17" 

During the past decades, palladium-catalyzed coupling reactions have emerged as versa- 
tile tools for the formation of carbon-carbon bonds in industrial processes and in the lab- 
oratory. The usually high chemo-, regio-, and stereoselectivities observed in these reac- 
tions, coupled with their atom economy (i.e., the lack of by-products; see Section 1.4), 
provide powerful strategies for the construction of complex carbon-carbon frameworks. 



7.10 Palladium-Catalyzed Coupling Reactions 323 

Transition metal complexes possess reaction paths not available to main group 
metals, allowing selective transformations that otherwise would be difficult o r  impos- 
sible to carry out, such as coupling of C,,?-C,,2 centers. To understand the reactions 
of organotransition metal complexes and the reasons they react in a certain manner, it 
is important to grasp concepts such as the oxidation state of the metal, whether the 
metal is coordinatively saturated or unsaturated, and what effect the ligands will have 
on the reaction. The metal acts as a template to orient and activate coordinated reac- 
tants for further reaction. Transition metals have the ability to donate additional elec- 
trons or to accept electrons from organic substrates, and, in doing so, they change their 
oxidation state or coordination number. This facile, sometimes reversible oxidation- 
reduction process, plays an important role in catalytic reactions. 

clPxE'~lu~iotz stare. Tlsere are various ways to determine the oxidation state of the 
metal. One approach is to assign the metal a formal oxidation state of (0), unless it is 
o-bonded to ligands such as halogens, alkyl, aryl, or vinyl. In these cases, the metal 
and the ligands form bonds with shared electrons, with the ligands having a formal 
charge of - 1. Neutral ligands such as Ph,P and CO are not counted since they pro- 
vide two of their own electrons. For example, palladium in Pd(PPh,), is in the zero 
oxidation state, whereas in Pd(PPh,),Cl,, the palladium is in the -t-2 oxidation state. It 
is assumed that the outer electrons of the metal are all d electrons. Thus, Pd(0) is a dsO 
rather than 4ds5s' metal, and belongs in the transition metals Group 10, which 
includes Ni(0) and Pt(0). Pd(1I) is a dsrather than a 4d65s'rnetal. Complexes derived 
from these metals are widely used in synthetic transformations. 

Coordination number (CN). For monodentate and chelating ligands (i-e., ligands 
that form a metallocycle when bonded to a metal; see Table 7.8), the coordination num- 
ber is defined as the number of atoms or ligands directly bonded to the metal atom. This 
definition does not encompass the metal bonding of alkenes or alkenyl fragments, such 
as ethylene or cyclopentadienyl (Cp), which generally can be counted according to the 
pairs of n-electrons these ligands donate to the metal (e.g., in ferrocene, three pairs of 
n-electrons from each Cp ring participate in bonding to the Fe; thus the CN is 6). 
Understanding the relationship between CN and the "18 electron rule"Is8 allows us to 
make predictions about reactivity. By filling the one s-, three p-, and five d-01-bitals with 
two electrons each, the metal attains the noble gas configuration of 18 electrons in its 
valence shell. For example, in tetrakis(tripheny1phosphine)-palladium(0) A, the palla- 
dium has the dsO configuration, and each triphenylphosphine ligand donates two elec- 
trons, a total of eight electrons. Thus, the palladium complex has a total of 18 electrons, 
is coordinatively saturated, and has the maximum coordination number o f  four. In 
bis(triphenylphosphine)dichloropalladiurn(II) B, the Pd(I1) possesses 16 electrons, four 
from the two triphenylphosphine ligands, four from the two chlorine ligands, and eight 
electrons from palladium(I1). The 16-electron Pd(1I)-complex B is coordinatively 
unsaturated and has the maximum coordination number of five. 

ph3p pph3 oxidation state: Pd(0) 

\ ~r i '  dn count: d l0  
/ '  -\ max. coordination 

Ph3P PPh3 number: 4 
a 

18 electrons 

ph3p CI oxidation stale: Pd(ll) 
\ Pd/ dn count: d8 
/ \ max. coordination 

Ph3P number: 5 
B 

16 electrons 
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Organic Synthesis with Palladium(0) complexes are readily accessible, easily prepared, and easily handled. 
Palladiurn(0) Complexes The nature of the ligand plays an important role in palladium-catalyzed coupling reac- 

tions. For example, phosphine ligands (Table 7.8) provide a high electron density on 
the metal, making it a good nucleophile, thereby favoring oxidative additions with suit- 
able substrates. Also, high electron density on the metal favors dissociation of the lig- 
ands to a coordinatively unsaturated complex. On the other hand, carbon monoxide is 
a strong n-acid ligand, lowering the electron density in the filled d-orbitals of palladi- 
um, thereby reducing its reactivity towards oxidative addition. 

The chemistry of palladium is dominated by two stable oxidation states: the zero- 
valent state [Pd(O), dl0] and the 1-2 state [(Pd(II), d8]. Each oxidation state has its own 
characteristic reaction pattern. Thus, Pd(0) complexes are electron-rich nucleophilic 
species, and are prone to oxidation, ligand dissociation, insertion, and oxidative-coupling 
reactions. Pd(I1) complexes are electrophilic and undergo ligand association and reduc- 
tive-coupling reactions. A large amount of literature deals with these reactions. However, 
a few fundamental principles, such as oxidative addition, transmetalation, and reductive 
elinzination, provide a basis for applying the chemistry of palladium in research. 

An important property of Pd(0) complexes is their reaction with a broad spectrum 
of halides having proximal n-bonds to form o-organopalladium(1I) complexes. This 
process is known as oxidative addition because the metal becomes formally oxidized 
from Pd(0) to Pd(I1) while the substrate R-X (R = alkenyl, aryl; X = Br, I, OTf) adds 
to the metal. Oxidative addition is believed to occur on the 14-electron Pd(0) species 
resulting from ligand (L) dissociation in solution. This coordinatively unsaturated 
Pd(0) is then the active species undergoing oxidative addition with the substrate to 
form the 16-electron Pd(I1)complex. 

L L R 
I -L I -L R-X 

L-Pd-L - L-Pd L-Pd 
I 

L-Pd-X 
I I I oxidative 

addition 
I 

L L L L 

Pd(O) 
18 electrons 

Pd(O) Pd(l I) 
14 electrons 16 electrons 

i----- ligand dissociation - 
The most commonly used Pd(0) complex is tetrakis(tripheny1phosphine)palladi- 

urn, Pd(PPh,),, a yellow crystalline material when freshly prepared. Since the catalyst 

Monodendate 
pH3 Ph3P c ~ 3 p  

phosphine triphenylphosphine tricyclohexylphosphine 

Chelating 

dppm 
bis(dipheny1phosphino)- 

methane 

dmpm 
bis(dimethy1phosphino)- 

methane 

dppe 
1, 2-bis(dipheny1phosphino)- 

ethane 

~ P P P  
1, 3-bis(dipheny1phosphino)- 

propane 

dppf 
1, 1'-bis(dipheny1phosphino)- 

ferrocene 
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may lose its activity on storage, it is advisable to prepare it in small batches by reduc- 
ing the more stable, commercially available Pd(I1) complexes such as PdCl,, Pd(OAc),, 
or Pd(PPh,),Cl, in the presence of triphenylphosphine. 179 ~n active Pd-catalyst rnay be 
prepared in situ by reduction of a Pd(I1) complex, e.g., Pd(OAc), with PPh3.'80 In this 
case, only 2 to 3 equivalents of phosphine rnay be needed for producing a coordina- 
tively unsaturated Pd(0) catalyst. Another frequently used Pd(0) complex is bis(diben- 
zylideneacetone)palladiurn, Pd,(dba),, prepared by boiling palladium(I1) chloride with 
dibenzylideneacetone (PhCH=CHCOCH=CHPh) in methanol. The reduction of Pd(I1) 
species to catalytically active Pd(0) species rnay also be achieved with amines, alkenes, 
or organometallics (i-Bu,AlH, alkyllithiums, organostannanes). 

The oxidative addition to palladium reagents proceeds readily with 1-haloalkenes 
at room temperature. However, tile oxidative addition reactions of halides other than 
vinyl or aryl usually are very sluggish. Moreover, alkyl-Pd(II)-X complexes in which 
the alkyl moiety contains an sp3-bonded hydrogen at the a-position may undergo rapid 
dehydropalladation by syn-a-hydrogen elimination, generating the hydridopalladium 
complex and a double bond. Thus, the substrates used for the oxidative addition reac- 
tion are usually restricted to vinyl and aryl halides and triflates. 

P a 

dehydropalladation: 

I 

The oxidative addition of alkenyl halides (see syntheses of alkenyl halides in 
Table 7.9) to Pd(0) complexes proceeds with retention of the double bond stereochernistry. 

reagents 
R+H alkenyl halide 

Reagents Alkenyl halide Reference 

a. Rf,BH; b. Br,; c. NaOW 

la. RfLi; lb. Br, or I,; 2a. RLBH; 2b. AcOH 183 

a. i-Bu,AlH; b. Br, or I, 

a. Cp,lZr(H)Cl; b. NBS or I, 

a. [RfMgX + CuX]; b. I, 

a. Me,Al, Cp,ZrCl,; b. I, 

HI (from Me,SiCl + NaI) 
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The resultant, coordinatively unsaturated, 16-electron alkenyl- (or aryl-) palladi- 
um(I1) complexes can now acquire a second substrate by insertion of an alkene or by 
transmetalation with an organometallic reagent. The final step--coupling of the organo- 
palladium intermediate to form a carbon-carbon bond-requires a P-hydride elimina- 
tion for the insertion process and a reductive elimination for the transmetalation 
process. It should be noted that the Pd-carbon o-bond is stable to many functional 
groups such as -NO,, -Cl, -CO,R, -CN, -NR,, and -NHCOR. These coupling reac- 
tions, which bear the name of their discoverers, play a key role in organic synthesis 
and are described in the sections below. 

The Heck Reaction- The Heck reaction involves coupling of alkenyl or aryl halides with alkenes in the 
Pa8ladiirsm(~)-C;ataIyzed Olefin presence of a catalytic amount of a Pd(0) complex and a base to furnish alkenyl- and 

Bnserfbn  reaction^'^^^.'^^ aryl-substituted alkenes."' 

RX + FR' RwR/ + Pd(0) + base-HX 
base 

R: ally], alkenyl, aryl, alkynyl, benzyl 
R': alkyl, alkenyl, aryl, CO,R, OR 
base: Et,N, NaOAc, aqueous Na,CO, 

The catalytic cycle for the Heck reaction shown below presumably is initiated by 
oxidative addition of an alkenyl halide or an aryl halide to a coordinatively unsaturat- 
ed 14-electron Pd(0) complex, generating a 16-electron o-alkenyl- or o-arylpalladi- 
um(I1)-complex A, respectively. The presence of an alkene in the reaction mixture 
leads to its coordination with A. Subsequent syn insertion of the alkene double bond 
into the o-alkenyl- (or the o-aryl) Pd-C bond via a four-centered transition state pro- 
duces intermediate B. The unsaturated ligand R of the palladium complex A becomes 
attached to the less hindered carbon of the alkene. Rotation of the newly formed car- 
bon-carbon bond in B aligns a p-hydrogen with the palladium atom for a syn p- 
hydride elimination which leads to the coupling product C and the hydridopalladium 
complex D. Reductive elimination of HX from D by the added base regenerates the 
Pd(0) catalyst. For steric reasons (anti-periplanar arrangement of Rand R'), the Heck 
reaction with terminal alkenes generally yields (E)-alkenes. 

C 
product 

n = oxidative addition; b = carbopalladation; syn-insertion; 
c = syn p-hydride elimination; d = reductive elimination 
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The Heck palladium-catalyzed reaction is widely used in organic synthesis with the 
distinguishing features that it can be applied to a variety of alkenes and is compatible with 
many functional groups.'" A disadvantage of Heck-type reactions with organic halides is 
the relatively high temperature (- 100 "C) required for the coupling reaction. Many mod- 
ifications and improvements of the palladium catalyst have been reported since the orig- 
inal work of Heck. For example, addition of tetrabutylammonium chloi-ide (TBAC) as a 
phase transfer agent markedly improves the reactivity of the catalyst.'" Note that while 
most Heck reactions employ Pd(I1) salts as the added regents, the Pd(I1) is red~lced in situ 
by amines or alkenes to the catalytically active Pd(0) species. 

TBAC, DMF 
NaHC03, 30 "C 

94% 

The regiochemistry of addition of the organopalladium intermediate to the olefin 
is dominated by steric effects, in that the organic group prefers the less substituted car- 
bon of the double bond regardless of the substituents on either reactant. However, 
electronic effects play a significant role in the case of some olefins. Thus, electron- 
releasing groups on the double bond lead to increased addition to the most electron- 
deficient carbon of the double bond.193 

H H H3C H H3C H ~ P h  H H ~ c 4 H 9  H H 

regioselectivity in 4 
the addition of PhBr: 100 

4 4 
99 1 

4 4 
79 21 

4 4 
80 20 

The stereochemistry of the ultimate product alkene is the result of a syn-addition 
of the organopalladium followed by a syn-elimination of palladium hydride. 

Ph 
Ph-Br + H3cg 

H H 

of Pd-Ph 

of p-hydrogen H3C H 

79% 

If the organopalladium intermediate contains two P-hydrogens, syn-elimination can 
yield a mixture of (E)-  and (2)-alkenes. However, the thermodynamically more stable 
alkene is formed preferentially. Aryl substituents such as -el, - G N ,  -C02R, -CHO, 
and -NMe, do not interfere with the coupling reaction. 
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The reactivity order of aryl halides in oxidative additions is as follows: 

Ar-I > Ar-OTf > Ar-Br >> Ar-Cl 

Vinylation of alkenes with vinyl halides'94 or vinyl triflates furnishes conjugated 
dienes. =nyl triflates are especially attractive in coupling reactions since they can be pre- 
pared regio- and stereoselectively from enolizable ketones by treatment with a hindered 
base and trapping the enolate oxygen with triflating agents such as triflic anhydridei" or 
N-phenyltrifluoromethanesulfonimide (PhNTfJ.'" For example, the palladium-cat- 
alyzed reaction of vinyl triflates with acrolein, which generally cannot be used in the 
Heck reaction because the acrolein polymerizes, produces a,P-unsaturated aldehydes. 

,J'J'OTf 

Pd(PPh3)2C12 
(0.02 eq) 

+ +CHO 

t-Bu Et3N (3eq) ~ -BU 
acrolein DMF r 86% cHo 

Under the usual reaction conditions, coupling of (E) -  or (Z)-1 -halo- 1-alkenes 
with alkenes leads to mixtures of stereoisomeric dienes. However, stereoselective cou- 
pling reactions have been achieved by using Pd(OAc), in the presence of TBAC and 
K ~ C O ~ .  '97 

Pd(OAc)2 
+C02Me + n-C4H9CH=CHI n-C4H9CH=CH-CH=CHC02Me 

TBAC 
K2C03 
DMF E, E - , Z - Yield 

Intramolecular Heck reactions provide a powerful tool for the construction of car- 
bocyclic and heterocyclic ring systems.'" Note in the example below that unlike the 
other Heck reactions shown, the double bond does not end up in its original position 
due to the requirement of a syn-P-hydride elimination after the syn-alkene insertion. 

In the presence of a chiral auxiliary, the intramolecular Heck reaction provides for 
enantioselective syntheses of a variety of  compound^.'^^ 

Related to the Heck reaction is the Larock annulation of internal alkynes, which 
is a general route to heterocyclic and carbocyclic systems. Especially attractive is the 
construction of the pharmaceutically important indole ring system via palladium-cat- 
alyzed coupling of 2-iodo-aniline and the corresponding N-methyl, acetyl, and tosyl 
derivatives with a wide variety of internal alkynes. The catalytic process appears to 
involve arylpalladium formation, regioselective addition to the carbon-carbon triple 
bond, and subsequent intramolecular palladium displacement.200 
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Palladium-Catalyzed Cross- Palladium-catalyzed cross-coupling reactions have common features with the Heck 
Coupling with Organometaliic reaction but differ in that alkenyl and aryl organometallics instead of alkenes are 

Reagents involved in the coupling process. The role of the organometallic reagents is to 
transfer an alkenyl or an aryl group onto the species R-PdL,X in exchange for X 
(halide or triflate). Although a variety of organometallics for transrnetalation have 
been reported, reagents containing zinc, aluminum or zirconium (Negishi reac- 
tions), boron (Suzuki reaction), and tin (Stille reaction) are the most widely used. 
These organometallics are more compatible with functional groups such as esters, 
amides, nitriles, and nitro compounds than organolithium and organornagnesium 
reagents. 

The palladium(0)-catalyzed cross-coupling of alkenyl or aryl halides and triflates 
with organometallics proceeds via sequential oxidative addition (to species A below), 
transmetalation (usually rate determining), isomerization, and reductive elimination 
processes. The catalysts commonly used are the Pd(0)-complexes Pd(PPh,), or 
Pd,(dba),. 

R-X = alkenyl and aryl halides and triflates 

R' M = alkenyl and aryl zinc, aluminum, zirconium, 
or boron and tin 

a = oxidative addition; b = transrnetalation; c = tmns-cis-isomerization; d = reductive elimination 

The Negishi Reaction: Coupling Reactions with Organozinc, 
Organoalurninum, and Organozirconium corn pound^'^^^^^^^ 
The Negishi palladium-catalyzed cross-coupling reaction of alkenyl, aryl, and alkynyl 
halides with unsaturated organozinc reagents provides a versatile method for prepar- 
ing stereodefined arylalkenes, arylalkynes, conjugated dienes, and conjugated 
enyne~.~', 

ZnCl + l - e ~ z - n - C ~ H ~  
~ - c ~ H  (cat .) 

n-C5H I I d n-C4H9 
85% 
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The advantages of using organozinc reagents for cross-coupling reactions are 
efficient transmetalation to palladium and ready availability, even directly from func- 
tionalized halides."' 

a. Pd(PPh3)4 (cat.) 
THF 

b. 3N HCI 
workup 78% 

a. Pd(PPh3)4 (cat.) 

N C e L n B r  + 1 o C 0 2 E t  b. THF NH4CI 

Utilization of stereodefined alkenylalanes or alkenylzirconium reagents in palla- 
dium-catalyzed cross-coupling reactions greatly enhances the versatility of Negishi- 
type coupling reactions. These organometallics are readily available by hydroalumi- 
nation, carboalumination, and hydrozirconation of alkynes, respectively. 

Hydroalumination. The treatment of alkynes with diisobutylalurninum hydride in 
hydrocarbon solvents results in a cis-addition of the Al-H bond to the triple bond to 
prod~lce stereodefined a~ken~lalanes. '~~ The hydroalumination of alkynes is more lim- 
ited in scope than the corresponding hydroboration reaction of alkynes (see Chapter 5) 
with regard to accommodation of functional groups and regioselectivity. Whereas 
hydroalumination of 1 -alkynes is highly regioselective, placing the aluminum at the 
terminal position of the triple bond, ~rnsynirnetrically s~~bstituted alkynes produce 
mixtures of isomeric alkenylalanes. 

i-Bu2AlH 
R 

R-GEG-H 
heptane H H~ Al( i -B~i)~ 

50 "C. 4 h 

i - C H 3  i-Bu2AIH heptane q q H 3  - + %CH3 - 

50-70 "C, 4 h H AI(~-Bu)~ (i-Bu)2Al H 

Palladium-catalyzed cross-coupling of alkenylalanes with (E) or ( Z )  alkenyl halides 
leads to efficient, stereoselective syntheses of 1,3-dienes, as exemplified below.205 

'H~ 
H n-C4H9 

Pd(PPh3)4 (cat.) 
THF 
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QSarboi~lurnip2atiop2. The treatment of terminal alkynes and symmetrically disubstitut- 
ed alkynes with trimethylaluminum in the presence of a catalytic amount of Cp2ZrC12 
[bis(cyclopentadienyI)zirconium dichloride] results in a regioselective cis-addition of 
the Me-A1 moiety to the triple bond to furnish p-methyl-substsituted a ~ k e n ~ l a l a n e s . ~ ~ ~  

An example of a palladium-catalyzed stereospecific and regioselective coupling 
of an allylic chloride with an alkenylalane derived via Zr-catalyzed methylalumina- 
tion in the synthesis of a-i'zlmcsene is s h w n  

a. Cp2ZrC12 (cat.) 
H + Me3AI 

C6H6 

Pd(PPh3)4 (cat.) 
c. 3N HCI 

workup 
83% 

Attempts to introduce a primary alkyl group other than methyl onto the triple 
bond produced a mixture of regioisomers. 

Hydrozirconation. Tlie treatment of 1-alkynes with the Schwartz reagent, 
Cp,Zr(H)Cl [bis-(cyclopentadienyl)zirconiurn chloride hydride] results in highly 
regio- and stereospecific cis-addition of the Zr-H to the triple bond, with the zirconi- 
urn occupying the less substituted carbon in the resultant alkenylzirconiurn com- 
pound.208 Procedures for the preparation of Cp,Zr(H)Cl and its in situ generation are 
available.209 ~ydrozirconation of unsymmetrically substituted alkynes leads to mix- 
tures of regioisomers. Interestingly, in the presence of an excess of Cp2Zr(H)C1, the 
adduct initially formed isoinerizes to yield preferentially the alkenylzirconium having 
the metal at the sterically less hindered position of the double bond.210 

Cp2Zr(H)CI n-C4Hg 
n-C4Hg-ZE-H 

benzene, rt H~ 
H Zr(CI)Cp2 

Cp2Zr(H)CI 
i-P r- C H ~  j - ' k C H 3  + 

(0.93 eq) 
benzene, rt 

i-p r ~ c H 3  
H Zr(CI) Cp2 Cp2(CI)Zr H 

Alkenylzirconium compounds couple efficiently with alkenyl and aryl halides in 
the presence of Pd(0) catalysts, maintaining the stereochemical integrity of both 
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partners in the product. Since the hydrozirconation and oxidative addition steps toler- 
ate the presence of some functional groups, this cross-coupling methodology permits 
the synthesis of functionally substituted dienes." 

H' 'Co2cH3 
B-- 

Pci(O) (cat.) H WH3 
c. H20 workup 

Transmetalations of trisubstituted alkenylalanes derived from hydroalumination 
or carboalumination of symmetrically disubstituted alkynes, as well as alkenylzirco- 
nium compounds obtained from hydrozirconation of disubstituted alkynes to Pd(O), 
are sluggish, resulting in low yields of cross-coupling products. However, addition of 
ZnCl, or ZnBr, as a co-catalyst has a remarkable effect on both the rate of the cou- 
pling and yield of product. Although it is not clear what causes the accelerating and 
yield effects, it is conceivable that the alkenyl groups may be transferred from A1 or 
Zr to Pd via Zn, resulting in a more energetically favorable process."' 

- -- 
heptane - I \ 

H Al(i- RlrL, 
' 

Pd(0) (cat.) 

'%Me 

1 week, 25 OC, no ZnCI2 : < 1 % 

1 hr, 25 "C, ZnCI2 : 88% 

b. ZnCI2 
c. Pd(O) (cat.) Et %e 

H 

B r ~ M e  H C02CH3 

The Suzuki Reaction: Coupling Reactions with Organoboron 
C o r n p o ~ n d s ~ ' ~ , ~ ' ~  
The Suzuki reaction provides a versatile, general method for the stereo- and regiospe- 
cific synthesis of conjugated dienes, enynes, aryl substituted alkenes, and biaryl 
compounds via Pd-catalyzed cross-coupling of vinyl halides or aryl halides with 
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vinyl-, aryl-, or alkynylboron  reagent^."^ The wide use of this carbon-carbon bond 
forming reaction in organic synthesis stems from the ability to preserve the alkene 
geometry of both the haloalkene and alkenylboron in the product, the tolerance of 
functional groups, and the ready availability of the starting materials. 

The catalytic cycle for the Suzuki cross-coupling reaction involves an oxidative addi- 
tion (to form RPd(1I)X)-transmetalation-reductive elimination sequence. The transmeta- 
lation between the RPd(1I)X intermediate and the organoboron reagent does not occur 
readily until a base, such as sodium or potassium carbonate, hydroxide or alkoxide, is 
present in the reaction mixture. The role of the base can be rationalized by its coordina- 
tion with the boron to form the corresponding ate-complex A, thereby enhancing the 
nucleophilicity of the organic group, which facilitates its transfer to palladium. Also, the 
base RrO- may activate the palladium by formation of R-Pd-OR' from R-Pd-X. 

R'd B(OH)~OR" NaX 
A 

n = oxidative addition; b = hydroxypalladation; 
c = transmetalation; d = reductive elimination 

The organoboron reagents in Suzuki cross-coupling reactions are either organobor- 
anes, 1-alkenyl- and arylboronic acids (RB(OH),), or boronate esters (RB(ORr),). The 
traditional synthesis of 1-alkenyl- and arylboronic acids and boronate esters involves 
treatment of Grignard or lithium reagents with trialkyl borates to produce the corre- 
sponding boronate esters. Hydrolysis of these furnishes the correspondii~g boronic 
acids.,I3 However, several problems are associated with the preparation of these boron 
reagents, such as purification, polymerization, and lack of atom These 
shortcomings can be obviated by converting the boronate esters to potassiurn organotri- 
fluoroborates with potassium hydrogen fluoride (KHF,). Organotrifluoroborates are 
crystalline solids, readily isolated and stable to air and moisture, and are excellent part- 
ners in Suzuki coupling reactions.216 

boronic 
acid 

RLi boronate 

ester R-BF3K + 2 HOR' + KF 

R = alkyl, vinyl, aryl aq acetone 
potassium 

trifluoroborate 

(E)-and (Z)-alkenylboranes, or the corresponding boronic esters or potassium tri- 
fluoroborates, are conveniently available via hydroboration of terminal alkynes or 
1 -halo- 1 -alkynes using either disiamylborane, dicyclohexylborane, dibromoborane 
dimethyl sulfide, or catecholborane as hydroborating  agent^.^'^.^'^^.'^^' 
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Preparation of (E)-Alkenylboron Reagents 

KHF2 (excess) 
aq acetone 

H 

R+H 
(catecholborane) 

Preparation of (Z)-Alkeizylboron Reagents 

X = Br, I 
I I 

H H 

R'Li or R'MgX 

B(Oi-Pr):! 

R+ R' 

H 

R+X 
THF 

X = Br, I H -78 "C H 

A variety of conjugated dienes, whose structural features are frequently encoun- 
tered in natural products and insect pheromones, as well as dienophiles in Diels-Alder 
reactions, are accessible via the Suzuki 
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n-C4Hg+?,% + BrHph 

H 0 H H 
EtONa, EtOH 

L, benzene, heat 

82% (> 98% E, Z isomer) 

Cross-cnrtpling of i -alkei~ylboron compounds with l -halo- l -alkynes leads to 
conjugated enynes, which can serve as precursors for conjugated d i e n e ~ . ~ ' ~  

Pd(PPh3)4 (1 mol%) Ph H 

BSia2 + Br-n-C6H13 
MeONa, MeOH 

H benzene, heat 

Pd(0)-mediated arylation of 1 -alkenylboronates or 1 -alkenyltrifluoroboronates with 
haloarenes is a stereoselective method for the synthesis of ruyl-substituted a l k e n e ~ . ~ ' ~ * ~ ' ~  

The Suzuki coupling reaction is a powerful tool for the construction of biaryl 
compounds and their homologues, which are key structural elements of various natu- 
ral products, polymers, and compounds of medicinal interest. Aryl boronic acids and 
their esters are the usual substrates in reactions with aryl or heteroaromatic halides and 
aryl t r i f la te~.~~'  

Pd(PPh3)4 

0 B ( O H I 2  - + i f O e N 0 2  - (0.03 eq) Me 
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A BrwC02Me Pd(PPh3I4 (0.03 eq) 

benzene, aq Na2C03 'neat1 

An important feature of the Suzuki reaction is that it allows allyl-alkenyl or alkyl- 
aryl coupling of B-alkyl-9-borabicyclo[3.3.3]nonane derivatives with haloalkenes and 
haloarenes without concomitant P-hydride elimination. The required organoboranes 
are obtained by hydroboration of the appropriate alkenes or functionally substituted 
alkenes with 9-BBN. The coupling reaction tolerates the presence of f~rnctional 
groups in both reaction partners, thus circumventing a requirement of their prior pro- 
t e ~ t i o n . ~ ~ '  

(3 mol%) 
M e 0 2 C ~  Br + (ICB ( c H ~ ) ~ ~ c N  M e 0 2 C ~  ( c H ~ ) ~  o~~ 

K2C03 
THF. DMF 

heat 80% 

a. 9-BBN in THF 

b. PdC12(dppf) (3 mol%) 
3N NaOMe 

The palladium-catalyzed carbonylative coupling reaction of alkenyl halides with 
organoboron compounds in the presence of carbon monoxide is a valuable procedure 
for the synthesis of unsy~ninetrical ketones.222 

benzene 99% 

The probable catalytic cycle for the carbonylative coupling reaction involves 
oxidative addition, carbon monoxide insertion into the R-Pd complex, transmetala- 
tion, trans-cis-isomerization, and red~rctive elimination. 
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0 
I I 

RX = alkenyl or aryl halide 

'-;-"' -),/ L2Pd(" 3 ("" 

R'-BY2 = alkyl- BD 
n = oxidative addition; b = carbon monoxide insertion; 
c = transrnetalation followed by tmns-cis-isornerization; d = reductive elimination 

The Stille Reaction: Coupling Reactions with Organotin C ~ r n p o u n d s * ~ ~  
The Stille reaction involves the palladium-catalyzed cross-coupling of organostan- 
nanes with electrophiles such as organic halides, triflates, or acid chlorides. The coup- 
ling of the two carbon moieties is stereospecific and regioselective, occurs under mild 
conditions, and tolerates a variety of functional groups (CHO, CO,R, CN, OH) on 
either coupling partner. These properties make the Stille reaction frequently the 
method of choice in syntheses of colnplex n~olecules. '~~ 

R-X R-R' + x - S n ( n - B ~ ) ~  
R ' s n ( n - B ~ ) ~  

R = acyl, allyl, aryl, vinyl, benzyl 
R' = aryl, vinyl 
Pd(L,) = Pd(PPh 3)4, (MeCN)2PdC12, (PhCN)2Pd(PPh3)2 

A problem of the Stille reaction is the toxicity of organotin reagents, especially 
the lower-molecular weight alkyl derivatives. Thus, the preparation of organostan- 
nanes and their reactions must be carried out in a well-ventilated hood.225 

Electrophiles used in the Stille reaction are allylic chlorides, aryl or vinylbromides, 
iodides and triflates. They are employed in a polar solvent such as THF or DMF. 
Because of the greater reactivity of alkenyl iodides cornpared to that of the correspon- 
ding bromides and triflates, their reaction can be carried out at lower temperature, 
thereby increasing the stereoselectivity of the alkenyl moiety being transferred to pal- 
ladium. The catalyst precursors for coupling aryl and vinyl halides are 1-2 mol % 
Pd(PPh,),, (MeCN),PdGl,, or Pd(OAc),, which are rapidly reduced to catalytically 
active Pd(0) species by the stannanes. The catalytic cycle proposed for the Stille reac- 
tion follows the general principles of transition metal-mediated cross-coupling reac- 
tions: ( a )  oxidative addition, (b) transmetalation, (c) tr-c~ns-cis-isomerization, and (d) 
reductive elimination. 
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@ ~ n ( n - ~ u ) ~  
b- 

transmetalation 
followed by 

Me Me trans-cis-isomerization 

+ '"I""* 

elimination 

The most widely used groups in transmetalations from tin to carbon are those 
with proximal n-bonds such as alkenyl-, alkynyl-, and ary1stannanes.226 The transfer 
of an R' group from R1Sn(n-Bu), follows the order: 

RC=C > RCH=CH > Ar > RCH=CHCH, =: ArCH, >> alkyl 

Thus, alkyl groups such as methyl or n-butyl in mixed stannanes [e.g., R'SnMe,, 
RISn(n-Bu),] serve as nontransferable ligands, ensuring that acetylenic, vinyl, and 
aryl groups (R') are selectively transferred to palladium. The requisite mixed organo- 
stannanes are available by various ro~ltes s ~ ~ c h  as treatment of trialkyltin halides with 
unsaturated organolithium or organomagnesium reagents and radical-induced or 
palladium-promoted addition of tin hydrides to alkynes.226,-227 Cross-coupling reac- 
tions of alkenylZ8 and arylX9 halides with organostannanes proceed in high yields. 
Using allylic chlorides as electrophiles poses a regioselectivity problern. However, 
coupling generally occurs by attack of the organostannane at the less hindered termi- 
nus of the allylic ~ n o i e t ~ . ~ ~ '  

0 - + M e 3 S n a  - THF, heat 

+ PhSn(n-Bu)3 
THF, 50 "C 

'Vinyl triflates are especially attractive in Stille reactions since they can be pre- 
pared regioselectively from enolizable ketones by trapping the enolate oxygen with 
triflating agents (e.g., T ~ ~ o , ~ , '  P ~ N T ~ ; ~ ~ ) .  For reactions of vinyl triflates with 
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organostannanes, Pd(PPh,), is the catalyst of cl~oice. An excess of litl-nium chloride is 
required. 233 

regioselectivity = 95 : 5 

SiMe3 
l 

regioselectivity = 98 : 2 

When the Stille reaction is carried out under a CO atmosphere, the carbonylative 
coupling proceeds in a manner similar to that described for the Suzuki reaction; name- 
ly, carbonyl insertion into the Pd-C bond of the oxidative addition complex. 
Transmetalation, followed by cis-trans-isornerization and reductive elimination, gen- 
erates the ketone product.234 

I n 7 - 4  CO, 150 psi I 1-1 , 

+ Me3Sn,& 
THF, 50 "C 

Cross-Coupling Reactions 
involving sp-Carbons This section deals with specific procedures for conjugation of -ene and -yne fragments 

via arylation and alkenylation of 1-alkynes. These unsaturated structural features are 
often found in natural products, especially pheromones, in pharmaceuticals and in 
organic materials such as rnolecular wires. 

The Castro-Stephens Reaction: Preparation of Disubstituted 
Alkynes and Enynes 
The Castro-Stephens reaction entails coupling of alkynylcopper(1) reagents with aryl 
or heteroaromatic halides in refluxing pyridine to furnish arylacetylenes. The cuprous 
alkynylides are prepared by adding the 1-alkynes to an aqueoils ammonia solution of 
cuprous iodide.235 Since dry copper(1) alkynylides have the tendency to explode, they 
must be handled with great care and should only be used in a slightly damp state.236 

Ar+R 

caution 

A milder route to arylacetylenes is the Sonognshira reaction, the direct cross-cou- 
pling of terminal alkynes with aryl halides or aryl triflates in the presence of catalyt- 
ic amounts of Pd(PPh,), or (PPh,),PdCl, and using cuprous iodide as a cocatalyst in 
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amine s o l v e n t ~ . ~ ~ ~  The reaction can also be applied to the vinylation of 1-alkynes 
using vinyl halides or triflates to yield conjugated enynes.238 

V &. 

X = CI, Br, I, OTf 

DMF 

Instead of using palladiurn(0) complexes, the more stable bis(tripheny1phos- 
phine)Pd(II) chloride, which is rapidly reduced in situ to a coordinatively unsaturated 
lCelectron, catalytically active Pd(0) species, is often the catalyst of choice.239 

The cross-coupling reaction of the sp carbon with the sp2 carbon entails oxidative 
addition, Cu(1) catalyzed transmetalation, and reductive elimination. 

R'-X 
I II 

L-Pd-X 
I 

addition R ' 
c u x  

L-P~LR Rr- - R 
I reductive 
R ' elimination 

A more general method for arylation of terminal alkynes as well as electron-defi- 
cient alkynes is the Negishi Pd-catalyzed cross-coupling of aryl halides with alkynyl- 
zinc reagents.240 When using functionally substituted alkynylzincs, the deprotonation 
of 1-alkynes must be done with LDA instead of alkylithiums. 

a. ZnBr2, Et3N, THF 
n-C6H 3+ H &=- n-C6Hl3 

b. Pd(PPh3)4 (cat.) 



a. LDA, THF 

Me0 b. ZnBr2 Me0 

workup 

Preparation of Conjugated Enediynes 
The Pd-catalyzed homocoupling of terminal alkynes with (Z)- 1,2-dichloroethylene fur- 
nishes the corresponding (Z)-conjugated enediynes, whose structural feature is encoun- 
tered in a class of antitumor antibiotics and is the object of current intense synthetic and 
mechanistic studies.24' Unsymmetrical (E)- and (Z)-enediynes are prepared in a one-pot 
procedure by two sequential Pd-catalyzed cross-coupling reactions of (E)- and (2)- 1,2- 
dichloroethylene with the appropriate ~ - a lk~nes .~"  Reduction of enediynes A with a 
zinc copper-silver couple in aqueous methanol provides access to ( ~ ) - t r i e n e s . ~ ~ ~  

a. HO(CH2)4*H b. n-C5H1 *H 
HHH (0.5 eq) (0.5 eq) 

Pd(PPh3)4, Cul (PhCN)2PdC12 
n-BuNH2, rt piperidine, rt n-C5H 11 (C H2)40H 
C6H6 C. aq NH4CI 73% 

workup 
a 

A one-pot tandem process for the synthesis of (El-enediynes that allows incorpo- 
ration of ethynyl groups is via Pd-catalyzed coupling of (E)-bromoiodoethylene with 
zinc alkynylides.244 

Preparation of 1,3-Diynes 
The synthesis of conjugated diynes via the Glaser coupling reaction245 is the classical 
method for homocoupling of terminal alkynes. The coupling reaction is catalyzed by 
CuCl or Cu(OAc), in the presence of an oxidant and ammonium chloride or pyridine to 
yield symmetrically substituted diynes.246 The oxidative dirnerization appears to proceed 
via removal of the acetylenic proton, formation of an alkynyl radical, and its dirnerization. 



342 C%iPTEER 7 Formation of Carbon-Carbon Bonds via Organometallic Reagents 
---  " - - - -  

Homocoupling of 1-trimethylsilylalkynes with CuCl in DMF under aerobic con- 
ditions also produces the corresponding 1 , 3 - b ~ t a d i ~ n e s . ~ ~ ~  

CuC1, o2 - - 
n-C6H 13--EE-SiMe3 n-C6HI3 - - 

DMF, 60 "C 
n-C6H 13 

Unsymmetrically substituted 1,3-diynes can be obtained via the Cadiot- 

Chodkiewicz copper(1)-catalyzed coupling of 1-alkynes with 1-halo- 1-alkynes in the 
presence of hydroxylamine hydrochloride and an a ~ n i n e , ~ ~ ~  

- - 
R-H + Br-R' R R '  

NH20HeHCI 
RNH2 

A problem that may be encountered when using the original procedure is that 
some functionally substituted acetylenes do not survive the acidic reaction conditions. 
Furthermore, one or both undesired homocoupled diynes may be formed, and these 
are often difficult to separate from the desired product. A number of methods are 
available that minimize or circumvent these shortcomings. For example, coupling of 
terminal alkynes with in situ preformed copper alkynylides accommodates the cleav- 
age-prone Me,Si moiety.249 

a. n-BuLi - - 
n-C6H 3--EEZ- H n-C6HI3 - - SiMe3 

b. CuBr, pyridine 

Especially attractive are syntheses of 1,3-diynes via Pd(0)-catalyzed coupling 
reactions using 1,2-dihaloethylenes. For example, treatment of an acetylene with (Z ) -  
1,2-dichloroethylene followed by dehydrohalogenation of the resultant halo-enyne 
produces monosubstituted 1,3-diyne~.~ '~ 

(Et0)2CH H 
THF 

70% 

The Pd-catalyzed cross-coupling of diynylzincs, formed as shown below, with 
aryl halides leads to disubstituted conj~~gated diynes. This procedure allows great flex- 
ibility in the choice of reaction partr~ers.?"' 

la.  n-BuLi. THF 

2% Pd(PPh3)4 I - 

Id. aq NH4CI 
H 

90°/o 
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2a. n-BuLi (2 eq) 

2b. ZnBr2, THF 1 M e a - -  ZnBr 1 
I n O M e  

The most-Tsuji Reaction: 
Palladium-Catalyzed Allylie 

Allylic substrates with good leaving groups are excellent reagents for joining an ally1 
moiety with a nucleophile. However. these reactions suffer from loss of regioselectiv- 
ity because of competition between SN2 and SN2' substitution reactions (see Section 
1.10). Palladium-catalyzed nucleophilic substitution of allylic substrates allows the 
formation of new carbon-carbon or carbon-hetero bonds with control of both regio- 
and stereochemistry. Moreover, use of chiral ligands increases the potential for asym- 
metric syntheses, which has been the subject of intensive investigations. 

The palladium-mediated allylation proceeds via an initial oxidative addition of an 
allylic substrate to Pd(0). The resultant n-allylpalladium(I1) complex A is electrophilic 
and reacts with carbon nucleophiles generating the Pd(0) complex B, which under- 
goes ligand exchange to release the product and restart the cycle for palladium. With 
substituted allylic compounds, the palladium-catalyzed nucleophilic addition usually 
occurs at the less substituted side. 

allylic 
substrate B 

product 

The palladium catalyst generally used is Pd(PPh,),, which can be formed in situ 
from P ~ ( O A C ) ~  and P P ~ ~ . ~ ~ '  The most often used allylic substrates are those having an 
ester or a carbonate as a leaving group, although -OPO(OR),, -OPh, -C1, or -Br will 
also work. Soft nucleophiles of the malonate-type generally give the best results for 
carbon-carbon bond formation. The reaction is usually irreversible and thus proceeds 
under kinetic control. Other soft carbon nucleophiles are anions from nitromethane, 
enolates, and enamines. 

I 
H 3 C w O A c  + NaCHC02Me 

THF 

With the introduction of the highly reactive allylic carbonates, coupling reactions 
can be carried out under neutral conditions. This is especially important when dealing 
with compounds that are sensitive to bases. The oxidative addition of allylic carbon- 
ates is followed by decarboxylation as the irreversible step to produce the n-allylpal- 
ladium alkoxides. Since the alkoxides produced are rather poor nucleophiles, they do 
not compete with the carbon nucleophile for the n-allylpalladium complex but do 
deprotonate the active methylene compound. Attack of the Nu- on the n-allylpalladi- 
um complex leads to the substitution product. 
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An example of a neutral, chemoselective palladium-catalyzed carbon-allylation is 
the reaction of ally1 ethyl carbonate with one equivalent of the nitroacetic ester shown 
be lo^."^ 

Secondary amines are especially good nucleophiles for allylic substitutions. 
Alkylation-amination of the (2)-bis-allylic compound shown below in the presence of 
Pd(PPh,), with one equivalent of rnalonate furnishes the bis-substitution product with 
(~) - se lec t iv i ty .~~~ Alkene isomerization due to syn-anti interconversion in the n-ally1 
intermediate is often observed. 

AcO - - / = \ 1 0 P O ( O E t ) 2  + NaCH(C02Et)2 
THF 

L 

not isolated 

Palladium-catalyzed displacement reactions with carbon nucleophiles are not 
only regioselective but also highly stereoselective. In the first step, displacement of the 
leaving group by palladium to form the n-allylpalladium complex occurs from the less 
hindered face with inversion. Subsequent nucleophilic substitution of the intermediate 
n-allylpalladium complex with soft nucleophiles such as arnines, phenols, or mal- 
onate-type anions also proceeds with inversion of the stereochemistry. The overall 
process is a retention of configuration as a result of the double inversion. 

OAc 

-ACO- 
in version 

Intramolecular allylic substitution reactions provide a valuable tool for the con- 
struction of carbo- and heterocyclic systems.256 
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2. Nal, HMPA 
n-C5H 11 heat 

- Mel 
- co2 

In the example shown below, the regiochemistry of attack of the nucleophilic 
amine at the six-member ring favors, for steric reasons, formation of a five-member 
heterocyclic ring.'57 

Ammonium formate hydrogenolysis of n-allyl-palladium(I1) complexes formed 
via oxidative addition of Pd(0) to propargylic carbonate esters is a useful method for 
preparing disubstituted a lkyne~ , ' ~~  as depicted below.259 This method of deoxygena- 
tion avoids the use of expensive and toxic reagents often associated with the free-rad- 
ical Barton-McCombie de~x~gena t i on . ' ~~  

OR 
R'O 

n-Bu3P (cat.) 
HC02NH4 (2.5 eq) Me 

toluene, 65 OC 
90% (2 steps) 

R = TBS, R' = PMB 

PROBLEMS 

I. Reagents. Give the structures of the intermediates obtained in each step and the 
final major product expected for each of the following reaction sequences. Be 
sure to indicate product stereochemistry where applicable. 

a. a. Me3AI, C12ZrCp2 (cat.) 

CICH2CH2CI 
n-C6H 13-C= CH A 

b. l2 85% 



346 69APXER 7 Formation of Carbon-Carbon Bonds via Organometallic Reagents 
-- - 

b. l a .  Me2CuLi, Et20, THF, -30 OC 

o ~ O B P S  
I b. aq NH4CI workup 

&- 
- B 

2a. DIBAL-H (1.0 eq), CH2CI2, -78 "C 89% 
2b. Rochelle's salt workup 

c. 1. (Me0)MeNH 8 HCI, DCC 
Et3N, CH2CI2 * c 

O&CO;?H 
2. [ Me3SiJ Li 1 49% 

THF, -78 OC 

d. OTf 

P ~ ( O A C ) ~  (cat.), CO, PPh3 
b- D 

Et3N, DMF, MeOH 72% 

e* /--0 1 a. KN(TMS)?, THF, -65 "C . - 
I b. T ~ ~ N P ~  

P;, E 

0 \Q 2. Me3Sn-SnMe3, THF 7 3 O/O 

Pd(PPh3)4 (cat.), LiCl 
OTBS 3. 12, Et20 

f. 1 a. (isopentyl)ZnCI (2.1 eq) 
Pd(PPh3)4 (cat.), THF, rt 

I b. n-Bu4NF (1 .I eq) 
)r, 

TBSO 
F 

50°/o 
2. Cr03, H2S04, H20, acetone 

g* Me0 B T F 2. PhBr, Pd(PPh3) (cat.) 

2M Na2C03 
b- GI + G2 

DME, reflux 

pentank, THF, -78 "C 

x t 3 r  
b. DMF 

I r - W  
n-C3 H7 c. H20 workup 

1. l a .  LDA (2 eq), THF, -78 "C to 0 "C 
I b. (CH20), (paraformaldehyde) 
I c. H +, H20 workup 

IBb I 
2a. LiAIH4, NaOMe, THF 76 O h  

CI 2b.12 

j- a. t-BuMgCI (2.1 eq) 

CI&CI 
C u  (cat.), THF -78 OC b - J  

0 
b. sat'd aq NH4CI 

PdC12(PPh3)2 (cat.) 

* DMF 90 OC ' 
0 
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b. Me 

a. 9-BBN 
h 
I C02Et 

L2 
BPS0 Pd(PPh3)4 (cat.), K3P04 74% 

dioxane, 85 OC 

OTs 
I /' 

1. NaSePh, EtOH 
&- an 

2a. mCPBA (1 eq), CHCI3, 0 OC 
2b. warm 

Pd(PPh3)4 (cat.) 
)B- 

THF, 30 "C 

" 3 c 0 e o ~  (ph3p) 2pdcl2 (cat.) w 8 

CO (4 atm) 78% 
K2CO3, DMF, 50 "C 

:9* l a .  LHMDS, THF, -78 OC 
t-Bu024i( I b. Tf2NPh * P 

tiEt 2. ~ 2 ,  pt02 (cat.), I-BUOH 87% 
Ph 

2. Selectivity. Give the structures of the intermediates obtained after each step, and 
show the major product obtained for each of the following transformations. 

OBPS 
R OH a. Red-Al (1 eq), THF, 0 OC 

- * B 
M~ b. 12, -78 OC 70% 

C. NH4CI, H20 
R = PMBO(CH2)~ 

a. ThxBH2, THF 
(high dilution) 

b. KCN 
BS- C 

C. (CF3C0) 2 0  80% 
d. NaOH, H202 

3. Stereochernistry. Predict the stereochemistry of the major product formed for 
each of the following reactions, Give an explanation for your choice. 

a* CHO 

6 
-SiMe3 
/ 

\\\ \ \ \  A 
OPMB MgBr24320 95%(20:1) 
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b. a. Me3AI, Cp2ZrC12 (cat.) 
CICH2CH2CI * B 

b. ~ r ,  ZnC12 (1 eq) 700'0 
Pd(0) (cat.) 

c. 1. CBr4, Ph3P, Zn 
2a. n-BuLi (2.1 eq), hexane, THF 

' C 
56% 

BH, THF 

Pd(PPh3)4 (cat.) 

B r NaOEt, toluene, 80 OC 

2. TsOH H20 
l a  Me2CuL, Et20 

b 01 (1 -2 eq) 
B- 02 (bicyclic) uO I b. NC-C02Me, HMPA 91 % toluene, reflux 94% 

1c. aq NH4CI workup 

*e. 
1. MeCH(Br)C02Et, Zn, THF 
2. p-Ts0H (cat.), CICH2CH2CI 

PP. E 
3a. Red-Al (excess), THF 

OMe 
3b. Rochelle's salt workup 
4. (Ph3P)3RhCI, H2, t-BuOK, THF 

:YE. Explain the observed stereoselectivities. 

CHO + [ Q L ~ ]  

a. THF 
ZnBr, 

,. . ' L  - 
workup OH 

*g. Supply the missing reagents and structures. 

3a. (-)-(/PC)@ ~ C H ~  
Et20, -78 OC 

61  * 6 2  
72% 3b. NaOH, H202 64% 



Problems 349 

4, Reactivity. Propose a mechanism for each of the following transformations to 
explain the observed regioselectivity and stereochemistry. 

SiMe3 n-Bu4N F 

DMF, HMPA 
H 

5. Synthesis. Supply the reagents required to accoinplish each of the following 
syntheses. Show the structures of the intermediates obtained after each step and 
their relative stereochernistry where applicable. 

c. OH 

OBn BnO OBn 
OH 

consider the pK, 
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6. Retrosynthetie Analysis. Propose syntheses of the following compounds using a 
Suzuki coupling procedure as a key step. Show (1) your retrosynthetic analysis 
and (2) all reagents and reaction conditions required to transform commercially 
available starting materials into the target molecules. 
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In the field of obsen/ation, chance only favors those minds which have been prepared. 
Louis Pasteur 

e carbon-carbon double and triple bond structural features are frequently 
ncountered in nature, and their n-systems are rich repositories for a variety of 

,,.,,,, functional group interconversions. 

y r p s k -  """" 

ci~m&g% FORMATlON OF CARBON-CARBON DOUBLE BONDS1 

Stereoselective synthesis of substituted olefins is a major challenge to  organic 
chemists since these are fundamental structural units found in numerous natural 
products and compounds having biological activities. Several methods may be 
used for the preparation of alkenes, and computer-assisted analysis is available for 
guidance in stereoselective olefin ~ynthesis.~ The following sections deal with syn- 
theses of olefins via commonly used methods such as (1) introduction of  a double 
bond by functional group interconversion (e.g., 1,2-elimination reactions), (2) con- 
version of alkynes to stereodefined olefins (e.g., catalytic hydrogenation, hydromet- 
alation, carbometalation), and (3) construction of double bonds where the olefin 
C,,2 carbons are joined in a convergent reaction (e.g., Wittig, Peterson, and Julia ole- 
fination reactions). 

p-Elimination Reactions3 The synthesis of stereodefined acyclic alkenes via p-elimination reactions-such as 
(1) dehydration of alcohols, (2) base-induced eliminations of alkyl halides or sul- 
fonates (tosyl or mesyl esters), and (3) Hofmann eliminations of quaternary ammoni- 
um salts-often suffers from a lack of regio- and stereoselectivity, producing mixtures 
of isomeric alkenes. 

I I + 
-C-C- X = OH, Br, I, OTs, OMS, NR3 

I I 
X H 

Dehydration of alcohols in the presence of an acid such as H3P04 or H2S04 pro- 
ceeds most readily with substrates that ionize in an El-type elimination to give a rela- 
tively stable tertiary, allylic, or benzylic carbocation. Secondary alcohols require more 
vigorous reaction conditions, and the dehydration of prirnary alcohols occurs only at 
high temperatures. E l  eliminations are subject to side reactions such S,1 substitution, 
hydrogen or alkyl group shift, and isomerization of the initially formed double bond. 
In cases where the E l  elimination could lead to two regioisomeric alkenes, the more 
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substituted (more stable) double bond is generally favored. Also, the trans-isomer 
usually predominates. 

major product minor product 

E2-type elimination reactions proceed under milder reaction conditioils and allow 
more control over the stereoselectivity of double bond formation. Moreover, since the 
reactions do not involve a carbocation, typical side reactions observed in acid-cat- 
alyzed eliminations are not a problem. Although the -OH group is not a leaving group 
in E2 elimination reactions, it can be converted into a halide (usually bromide or 
iodide), a sulfonate ester (tosylate or mesylate ester), or a dichlorophosphate interme- 
diate. These derivatives are good leaving groups for anti- or syn-elimination in the 
presence of an appropriate base. The commonly used procedure for the preparation of 
tosylates involves stirring the alcohol with p-toluenesulfonyl chloride in pyridine at 
0-25 "c." The function of the pyridine is to form a low concentration of alkoxide 
species as well as to neutralize the HCl formed in the reaction. 

ROH + pyridine RO- [pyridine-HI + ROTS + CI- [pyridine-~]f 

The tosylation reaction is chernoselective in that a less hindered hydroxyl group 
reacts preferentially with tosyl chloride. 

I TsCI I I 

OH 0-25 OC OH heat OH 

Tosylate esters may be prepared in the absence of pyridine as solvent by con- 
verting the hydroxyl group to a lithiurn salt by addition of methyl or butyllithium. 
The resulta~lt lithium alkoxide is then treated with tosyl ~h lo r i de .~  This approach is 
recorninended for the preparation of tosylates from very sensitive alcohols, provided 
that they do not contain other functional groups that react with the alkyl lithium 
reagents. 

The treatment of alcohols with methanesulfonyl chloride and triethylamine pro- 
vides a rapid, convenient method for the preparation of m e ~ ~ l a t e s , ~  and these can be 
eliminated to furnish alkenes. 
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Mesylation of diols containing both a secondary- and a tertiary-OH group with 
slightly more than one equivalent of methanesulfonyl chloride results in a cheinose- 
lective esterification of the sterically less hindered secondary-OH group.7 

"@&OH CH3S02CI Et3N, CH2CI2, (1.15 -5 eq) O C  

OH OH 

87% 

Dehydration of secondary and tertiary alcohols with phosphorus sxychloride 
(POCl,) in pyridine leads directly to allcenes without isolating the dichloropbosphate 
intermediate.8 

Secondary and tertiary alcohols on treatment with dialkoxydiarylsulfuranes 
[Ph,S(OR),] react under very mild conditions without isolation of intermediates to 
give good yields of a l kene~ .~  

OC(C F3)*P h 
Ph, l 

,S: 
Ph I 

OC(C F3)2Ph 

I Martin sulfurane I 

Regarding the stereochemistry of E2 elimination reactions, anti-elimination 
requires an nntiperiplanar arrangement of the hydrogen atom and the leaving group, 
whereas syn-eliminations are observed when the antiperiplanar arrangement is pre- 
cluded. To suppress competing S,2 reactions and to permit some control over the 
regiochemistry of elimination, strong bases with large steric requirements such as 
t-BuOK in t-BuOH or in DMSO, or the amidine bases 1,5-diazabicyclo[4.3.0]-non- 
5-ene (DBN) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) should be utilized. 
Both DBN and DBU are strong bases with large steric requirements and  are fre- 
quently the reagents of choice for dehydrohalogenation reactions.I0 

0 QiH+ 
DBU protonation leads to stabilized amidinium ions 
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Only with diastereomeric acyclic alkyl halides or sulfonates having only one 
P-hydrogen is formation of a single geometrical isomer observed. 

. . .  
EtO- 

(Z)-  isomer 

Pyroiytic syn-Elimination Alkenes are formed by the thermal decomposition of esters, xanthates, amine 
Reactions oxides, sulfoxides, and selenoxides that contain at least one P-hydrogen atom. 

These elimination reactions require a cis-configuration of the eliminated group and 
hydrogen and proceed by a concerted process. If rnore than one P-hydrogen is pres- 
ent, rnixt~rres of alkenes are generally formed. Since these reactions proceed via 
cyclic transition states, conforrnational effects play an important role in determin- 
ing the coinposition of the alkene product. 

' R \SR 
,,esters xanthates amine oxides sulfoxides selenoxides , 

heat 

Pyrolysis of Esters 
High temperatures are required for these reactions, and some alkenes formed may not 
be stable under these conditions. ' ' 

Pyrolysis of Xanthates: The Chugaev Reaction" 
The loss of C(0)S and MeSH occur at lower ternperatures than the carboxylic ester 
pyrolysis and thus is rnore suitable for the preparation of sensitive alkenes. For exam- 
ple, heating the xanthate derived by sequential treatment of cis-2-benzylcyclopen- 
tan01 with sodium in toluene followed by addition of excess carbon disulfide and 
methyl iodide furnishes, via a syn-elimination, 3-benzylcyclopentene in 90% yield 
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with 98% purity. On the other hand, dehydration of the alcohol in the presence of 
H3P04 produces a mixture of isomeric olefins containing only 20% of 3-benzyl- 
cyclopentene. j 3  

& c. Mel 

II 
syn-elimination MeSCSH 

S=C=O 
MeSH 

Xanthates and also thiocarbonates are useful for deoxygenation of an alcohol 
moiety.14 The reaction, called the Barton-McCombie deoxygenation, involves treat- 
ment of the derived xanthate or thiocarbonate with n-Bu,SnH in the presence of an 
initiator such as AIBN, as shown below.15 

HO HO 
S OBn 

HO PhOKO 

selective acylation of the 
equatorial alcohol 

HO 

AIBN (cat.) 
toluene, 85°C 

O 93% 

Pyrolysis of Amine Oxides: The Cope Elimination Reaction16 
Amine oxides are derived from oxidation of tert-amines with peroxyacids or hydro- 
gen peroxide. In the Cope elimination, the negatively charged oxygen acts as a base 
in accepting a P-hydrogen atom via a syn transition state. 

Pyrolysis of Sulfoxides 
Sulfoxides are readily available via oxidation of sulfides with peroxycarboxylic 
acids (e.g., I~CPBA, 1.0 eq) or sodium or potassium periodate. The sulfides 
themselves can be prepared by nucleophilic displacement of tosylate or mesylate 
esters with sodium alkyl- or phenylsulfides. In the exa~llple shown below, the 
sulfoxide approach worked better than direct E2 elimination of the mesylate 
precursor. ' ' 
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SPh 

heat 

The reaction of enolates with dimethyl disulfides (MeSSMe) or diphenyl disul- 
fides (PhSSPh) leads to the corresponding sulfides. Their oxidation to sulfoxides 
followed by heating provides a route to functionally substituted alkenes, such as 
a,P-unsaturated carbonyl corn pound^.^^ In the example below, the exocyclic alkene is 
formed since that is the only possible syn-elimination prod~~ct. 

Syn-Elimination of Selen~xides'~ 
Selenoxide elimination occurs under relatively mild conditions in comparison to the 
elimination reactions described above. Selenoxides undergo spontaneous syrz-elimi- 
nation at room temperature or below and thus have been used for the preparation of a 
variety of unsaturated coinpounds. The selenide precursors can be obtained by dis- 
placement of halides or sulfonate esters with PhSeNa. Oxidation of the selenides with 
hydrogen peroxide or tert-butyl hydroperoxide, sodium periodate, or peroxycar- 
boxylic acids furnishes the corresponding selenoxides. Their eliminations usually 
favor formation of the less substituted olefin in the absence of heteroato~n substituents 
or delocalizing groups." Since selenium compounds are toxic, they should be handled 
with care. 

PhCH2Br 
MeOH ph 

H202 

THF 

An important strategy for the regio- and stereoselective preparation of a,@-unsat- 
urated carbonyl compounds is via selenoxide eliminati~n.~'  Treatment of enolates 
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derived from ketones, esters, amides, and lactones with diphenyl diselenide, or with 
benzeneselenenyl chloride or bromide, leads to a-selenenylation. Oxidation of the 
selenium intermediates produces the selenoxides, which undergo spontaneous elimi- 
nation to furnish the corresponding a$-unsaturated carbonyl compounds, with the 
trans-isomer usually being formed in better than 98% purity.22 

fV\/\co2~e a. LDA, THF C02M e 

A n-C5H I I b. PhSeSePh n-c5H I I 

MeOH - n-C5H 11 

H 2 0  

Direct selenenylation of aldehydes with LDA followed by addition of PhSeCl 
gives low yields of selenides contaminated with complex mixtures of products. 
However, conversion of aldehydes to enamines followed by selenenylation, oxidation, 
and elimination leads to an efficient synthesis of trans-a,p-unsaturated aldehydes.23 

TH PO-CHO 
piperidine 

TH 
4 A mol. sieves 

a. PhSeCl 
SePh 

THF, -1 00 "C 
TH PO TH PO- 

b. H 2 0  MeOH 
' CHO 

workup 74% H 2 0  98% trans 

Conjugate addition of organocuprates to enones followed by selenenylation of the 
resultant enolates and oxidation provides a valuable method for p-alkylation with 
enone restoration, although with double bond rearrangement in the example below.24 

PhSeBr 

THF 
HMPA 

of Stereodefined An alternate strategy for the stereoselective synthesis of alkenes is to start with an 
Aikenes from A l k ~ n e s  alkyne and then transform the carbon-carbon triple bond to the double bond of the tar- 

get molecule. This approach plays an important role in syntheses of alkenes because 



3165 t:94flDEi2 9 Formation of Carbon-Carbon n-Bonds 

a number of reliable methods exist for the preparation of alkynes and for their stereo- 
selective elaboration into substituted alkenes via reduction, hydrometalation, and car- 
bornetalation reactions. 

Via Reduction 
Semireduction of internal alkynes in the presence of a transition metal catalyst (e.g., 
Ni,B, Pd/C) provides disubstituted cis-alkenes. On the other hand, dissolving metal 
reduction of alkynes or reduction of propargylic alcohols with LiAlH, or with Red-A1 
[sodium bis(2-methoxyethoxy)aluminurn hydride] furnishes trans-disubstituted 
alkene~.~" 

R-CGC-R' R\ P' 
C=C 

\ Lindlar 
catalyst 

Chernoselective semired~lction of a propargylic alcohol triple bond in the pres- 
ence of an isolated triple bond is fea~ible.~' 

Via Hydrometalation 
The regio- and stereoselective monohydroboration of 1 -alkynes or f~lnctionally substitut- 
ed alkynes with dialkylboranes followed by protonolysis of the resultant alkenylboranes 
with a carboxylic acid is a powerful tool for the synthesis of 1 -alkenes, and cis-disubsti- 
tuted and f~~nctionally substituted alkenes.'" 

H' ' B R ~  H' 'H 
R' = H, R, SiMe3, C02R", Br, I 

Monohydroboration of unsyrnn~etrically dialkylsubstituted alkynes with dialkyl- 
boranes produces mixtures of regioisorneric alkenylboranes. However, their protonol- 
ysis leads to cis-disubstituted alkenes. 
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Reduction of mono- or disubstituted alicynes with diisobutylaluminulli hydride 
proceeds, like the corresponding hydroboration reaction, via stereoselective cis-addition 
of the Al-H bond to the triple bond.'7 Hydrolysis of the resultant tmns-alkenylalanes 
produces 1 -alkenes and cis-alkenes, respectively. 

I U U  2' "' ' . . 

\ / -  \ / R-CsC-R' C=C, C=C\ 
hydrocarbon 

R' = H, SiMe3 solvent HI Al(i-Bu), H' H 

Diisobutylaluminum hydride reacts chernoselectively with a triple bond in corn- 
petition with a do~ble  bond in eiayrws. However, a carhonyl moiety contained in an 
alkyne is reduced preferentially. 

Although alkenylalurninurn and alkenylboron compounds are structurally related, 
the C-A1 and C-B bonds exhibit different reactivities with inorganic and organic elec- 
trophiles. Thus, reactions of vinylaluminum compounds with electrophilic reagents 
generally proceed with stereospecific intermolecular transfer of the alkenyl moiety 
with retention of configuration of the double bond to afford functionally substituted 
olefins. For example, trans-1-alkenyldiisobutylalanes derived from 1-alkynes on 
treatment with N-bromosuccinimide or with I, provides trans- 1 -brorno and tmns- 
1 -iodo- 1 -alkenes, re~pectively.~~ 

R, /H 
,c= C\ 

H  Br 
R\ ,H R = Chx, 78% 

C=C, 
H ' A I ( ~ - B U ) ~  

9 ,H 
/c=C 

b. H ~ O +  \ 
workup H I 

In contrast to the reactivity behavior observed with alkenylalanes, halogenation 
of alkenyldialkylboranes takes a different course. Thus, bromination of alkenyl- 
dialkylboranes proceeds via an initial tmns-addition of the bromine to the double 
bond. Trans-elimination of dialkylboron bromide during hydrolytic workup leads to 
cis- 1 -alkenylbr~rnides.~' 

Hydroboration of 1-hexyne with bis(tmns-2-methylcyc1ohexyl)borane followed 
by treatment with iodine and aqueous NaOW results in the transfer of one alkyl group 
from boron to the adjacent carbon. The hydroxide-mediated deboronoiodination gives 
isomerically pure cis-a~kenes.,~ 
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v J/YiBH cis-addition 

The formation of the cis-alkene can be rationalized by migration of the tmns-2- 
methylcyclohexyl group proceeding with inversion at the migration terminus, and the 
deboronoiodination occurring in a tmns-manner. 

The transfer of a traizs-alkenyl group frola alkenylalanes derived from 1 -alkynes 
onto carbon electrophiles is sluggish except with methyl and ethyl chloroformate. 

However, conversion of alkenylalanes into the corresponding ate-complexes 
(tetracoordinated aluminurn) by addition of methyllithiurn or n-butyllithiurn enhances 
their reactivity toward carbon ele~trophiles."~ 

t 
n-BukH H CH20H 

73% 

ate-complex c. H30+ n - B u ~ H  H C02H 

78% 

a. MeLi 

Via C a r b ~ r n e t a l a t i o n ~ ~  
Carbometalation of alkynes is a widely used method for the synthesis of stereodefined 
di- and trisubstituted alkenes. These structural features are often encountered in 

hexane, Et20 
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acyclic natural products, such as insect pheromenes, where small amounts of the 
wrong stereoisomer inhibits the bioactivity. Carbometalation reactions exhibit high 
regio- and stereoselectivity in the addition of a carbon and metal to triple bonds. The 
resultant alkenyl organometallic intermediates can be elaborated into highly function- 
alized olefins in a one-pot procedure. The following discussion focuses on (1) the zir- 
conium-catalyzed carboalumination of alkynes and (2) the addition of organocopper 
reagents to alkynes. 

Carboal~mination.~~ The zirconium-catalyzed carboalumination of terminal alkynes 
was briefly discussed in connection with palladium-catalyzed cross-coupling reac- 
tions. An important facet of the carboalumination reaction is that it allows the 
preparation of trisubstituted olefins containing a methyl substituent, a structural 
feature encountered in a wide variety of natural products, especially in terpenoids. 
The Negishi methylalumination of 1-alkynes is a highly regio- and stereoselective 
reaction that proceeds via syn-addition of an Me-A1 bond to a triple bond with the 
aluminum being attached to the terminal carbon. The alkenylaluminum inter- 
mediate formed (or the derived ate-complex thereof) reacts with a variety of 
electrophiles with retention of the double bond configuration, as exemplified 
be10w.~' Since trimethylalane is highly pyrophoric, it must be kept and used under 
an inert atmosphere. 

workup ""jHWH Me C02Et 
86% 

The efficiency of the above one-pot methylalumination procedure applied to the 
synthesis of trans-farnesol compares favorably32 with the reported three-step proce- 
dure involving preparation of the propargylic alcohol, LiAlH, reduction o f  the triple 
bond, iodination of the vinyl carbon-aluminum bond, and final coupling of the alkenyl 
iodide with lithium dimethyl~uprate.~, 

a. Me3AI, C12ZrCp2 
THF, Et20 Me Me UH 

R \ b. n-BuLi R" \ OH 
c. (CH20)n 

la ,  n-BuLi d. H30f workup 
1 b. (CH20), (85%) 
1 c. H30+ workup 3. Me2CuLi, E t20 

2a. LiAIH4 
NaOMe Me I 
THF reflux 
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C a r b o c ~ p r a t i o n . ~ ' ~ ~ ~ ~  The carbocupration of alkynes, introduced by J. F. Normant in 
197 1 ,36 shares some common features with the methylalumination reaction in regard 
to its regio- and syn-stereoselectivity, but is wider in scope in that it allows the intro- 
duction of a variety of alkyl groups onto the triple bond of acetylene, 1-alkynes, and 
functionally substituted alkynes. The organocopper reagents used in carbocupration 
reactions are derived either from Grignard reagents37 (RCu, MgX, and RCuoSMe,, 
MgX,) or from organolithium reagents (homocuprates R,CuLi, and heterocuprates 
RCuXLi, where X = SPh, Ot-Bu, or C=CRf). 

A possible mechanistic scheme for carbocupration may involve initial complexa- 
tion of the RCu(I)MgBr, species with the triple bond, oxidative addition (insertion) of 
RCLI to the activated triple bond, transfer of the R to the vinylic casbon, reductive elim- 
ination of Cu(I), and finally metal-metal exchange to furnish the 2,2-disubstituted 
vinylcopper intermediate. 

R'-CEC-H 
RMgBr + CuBr RCu MgBr2 \ 

R' = H, alkyl ~ b ~ r  I 

CuBr 

The formation of vinylcopper reagents is most successful when R and R' are pri- 
mary alkyl groups. Utilization of the dimethylsulfide-cuprous bromide complex, 
CuBr-SMe,, is recommended since SMe, stabilizes the vinylcopper species toward 
side reactions such as metal-hydrogen exchange, dimerization, and vinyl-alkyl cou- 
pling. Carbocupration of acetylene with homoc~~prates usually res~rlts in the utiliza- 
tion of both ligands to produce di~in~lcuprates .~~".  3" 

Et20 
2 n-C4HgLi + CuBr e SMe2 (n-C4Hg)~CuLi 0 SMe2 + LiBr 

-50 to -20 OC 
A 

Vinylcopper reagents react with a wide variety of electrophilic reagents such as 
halogens, alkyl halides, allylic halides, acid chlorides, epoxides, a,P-unsat~~rated ketones, 
and a,P-acetylenic esters with complete retention of the double bond ~tereochemistry.~'" 
To enhance the reactivity of vinylcopper intermediates toward carbon electrophiles, 
the coupling is often carried out in the presence of activators such as HMPT, DMPU, 
and/or P(OEt), (triethylphosphite). Some representative examples of stereospecific 
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syntheses of di- and trisubstituted alkenes via the carbocupration route axe shown 
below.37b,39 

E t20 a. R-CEC-H 
EtMgBr + CuBr 0 SMe2 EtCueSMe2 t- MgBr2 

-45 "C 

R 
n-C5H 1 1 

DMPU, -30 "C 
c. NH4CI, H20  Et 

94% 

b. ,p,,Br 
R H 

BMPU, -36 OC 

SMe2 MgBr2 c. NH4CI, H20 Et 
workup 71 % 

Under controlled conditions, divinylcuprates derived from acetylene carbocupra- 
tion can be converted to the (lZ,3Z)-bis(dieny1)cuprates using an excess of acetylene. 
Reacting the divinylcopper intermediates with electrophiles affords conjugated 
(2, 2)-dienes in a highly stereoselective manner.40 

excess 
2 HC=CH HC-CH 

(n-C4H9)2CuLi 
Et20, -50 "C 0 "C 

Addition to a,P-Unsaturated Ketones. 2,2-Disubstituted alkenylcopper-dimethyl- 
sulfide complexes react by conjugate addition with a number of a, @-unsaturated car- 
bony1 compounds to furnish trisubstituted olefins containing a keto group.37b 

a. M e C e C H  
n-C6HI3MgBr + CuBr 0 SMe2 n-C6H1 3 C ~  e SMe2 + MgBr2 

-45 "C 

Addition to a,P-Acetylenic Esters. Addition of alkylcuprates to acetylenic esters 
proceeds in a stereoselective manner to yield, after hydrolytic work, trisubstituted 
a,@-unsaturated estersS4' 
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n-CH8CO2Me 

n-C7H, ,-C 32-C02Me 
THF, -78 "C Me H 

95% (99% cis) 

Conjugate additions of divinylcuprates to ethyl propiolate joins two acetylenic 
units to furnish isomerically pure (2E, 42)-conjugated die no ate^.^^ 

workup 

The Wittig, Horner- In each of the stereoselective reactions described above, the double bond is formed by 
Wadsworth-Emmons, connecting two separate molecules. The steps leading to the alkene involve addition 

Peterson, and of a carbanion to the carbonyl carbon of an aldehyde or a ketone followed by an elim- 
Bulia Olefireation Reaetiasms ination process. 

Peterson Me,Si C * 
/ 

+ O=C ** \ /' * C=C ** 
\ -' I- \ / \ 

Julia phso2-C;* 

Wittig Olefinationsi3 
In the 1950s, Georg Wittig (Nobel Prize, 1979) reported that the reaction of phos- 
phorus ylides with aldehydes or ltetones produces alkenes." The Wittig olefination 
is one of the rnost powerful tools for the construction of double bonds and has found 
wide application ill natural product synthesis as well in the pharmaceutical industry 
for the manufacture of drugs. The prime utility of the Wittig reaction lies in the ease 
with which the reaction occurs under mild conditions and that no ambiguity exists 
concerning the location of the double bond in the product. A drawback of the Wittig 
reaction is its s~~sceptibility to steric hindrance. Whereas aldehydes usually give high 
yield of alkenes, ketones often react less satisfactorily. The synthesis of tetrasubsti- 
tuted alkenes via the Wittig reaction is problematic. The following discussion will be 
confined to reactions of ylides with aldehydes and ketones. A literature review is 
available for phosphorous ylide reactions with ester- and amide-type substrates.43d 

The Wittig reagent is prepared by alkylation of a phosphine followed by treat- 
ment of the res~~lting phosphonium salt with a base (RLi, NaH, etc.). The ylide 
formed has a Lewis contributing structure with a positive charge on phosphorus and 
a negative charge residing on carbon. The ylide is stabilized by electron delocaliza- 
tion into the phosphorus 3d orbitals, as represented by the ylide-alkylidene resonance 
form. Ylide addition to a carbonyl group results in the formation of an alkene and a 
phosphine oxide. 
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- 
+ n-BuLi + - 

Ph3P: + RCH2X Ph3P-CH2R [P h3p-c~  R P ~ ~ P = C H R ]  
THF 

phosphonium phosphonium alkylidene 
salt ylide triphenyl- 

phosphorane 

The reactivity and stability of phosphoranes depend on the nature of the sub- 
stituents at thr: ylide carbanion carbon. Accordingly. the ylides rased in Wittig reactions 
are divided into nonstabilized and stabilized ylides. 

Nonstabilized Ylides. These ylides are devoid of electron-withdrawing substituents at 
the anionic center; they carry hydrogen or electron-donating alkyl groups o n  the ylide 
carbon and phenyl groups on the phosphorus. Nonstabilized ylides are very nucle- 
ophilic and react with CO,, O,, and H,O; hence they must be handled in an inert 
atmosphere. Primary as well as secondary alkyl halides may be used for the prepara- 
tion of phosphonium salts and subsequently ylides. 

Stereochemistry. Wittig reactions of aldehydes with nonstabilized ylides general- 
ly produce (2)-alkenes. However, the presence of soluble lithium salts may affect the 
stereochemical outcorne by decreasing the (2)-alkene selectivity. Therefore, sodium 
or potassium hexamethyldisilazide (NaHMDS or KHMDS) or t-BuOK in THF, which 
produce the less soluble sodium or potassium salts, should be used for deprotonation 
of the phosphonium salt instead of organolithium reagents. The solvent plays an 
important role for achieving high (2)-stereoselectivity. Generally, ethers such as Et,O, 
THF, or DME are the solvents of choice. For carbonyl compounds that show a high 
tendency for enolate formation, toluene is often the most suitable solvent. DMSO and 
protic solvents such as alcohols must be avoided because they adversely affect both 
the yields and the stereosele~tivities.~~ Also, the aldehyde or ketone must be added 
dropwise to the ylide at low temperature (-78 "C). As exemplified below, the Wittig 
reaction tolerates the presence of functional groups such as ester, ether, halogen, or 
double and triple bonds. 

B r-+ 
ph3p- 

1. base, solvent n-C4H 9 

phosphonium 
' bromide LC02Et 

base, solvent (2') : (E) ratio 

t-BuOK,THF 9 4 : 6  
NaH, DMF 94 : 6 
n-BuLi, Et20 78 : 22 

The (2)-stereoselectivity of salt-free Wittig olefinations leading to the thermody- 
namically less stable cis-alkenes has long been the subject of intense iwe~tigations.~~"" 
At one time, the olefination was thought to proceed via an ionic stepwise process involv- 
ing a zwitterionic betaine and a 1,2-oxaphosphetane intermediate. However, 31P NMR 
spectroscopy studies revealed the oxaphosphetane as the only observed interrnediz~te.~~ 
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Ph3P= CHR P h3P-0 
+ , H 

R'CHO R ' 

betaine oxaphosphetane 

As mentioned above, the ratio of (2)- to (E)-alkenes in Wittig reactions is 
influenced by a variety of factors such as the structure of the ylide and carbonyl 
components, the presence of lithium salts, the solvent, and reaction temperature. 
To incorporate these reaction characteristics into a mechanistic scheme that 
explains the high (2)-alkene selectivity observed in reactions of salt-free nonstabi- 
lized ylides with aldehydes is no easy task, and there may not be a single unifying 
mechanism for all Wittig-type reactions." Current views to rationalize the (2)-alkene 
stereoselectivity of Wittig olefinations of nonstabilized ylides and aldehydes favor 
a one-step, nonsynchronous cycloaddition mechanism. Early carbon-carbon bond 
formation by attack of the ylide at the carbonyl group in a foour-centered, puckered 
trailsition state, keeping the substituent R' of the ylide, the Ph moieties of the 
phosphorus, and the R group of the aldehyde positioned to minimize steric 
interactions, leads directly to the kinetic (cis)-oxaphosphetane. For detailed discus- 
sions on mechanistic schemes for the Wittig reaction, the original literature should 
be 

puckered transition state 
oxaphosphetane 

RI H preferred over R j! R' 
I l l  

Generally, oxaphosphetanes are thermodynamically unstable and fragment into 
alkeiles and triphenylphosphine oxide. This eliinirzntion step is stereospecijic with 
oxygen and phosphorus departing in a syrz-periplanar mode to produce (a-alkenes, 
the driving force being formatioil of the very stable P = 0 bond (130-140 kcal/mol, 
544-586 kJ/mol bond dissociation energy). 

Interestingly, methylenetriphenylphosphorane, Ph,P=CH,, the simplest Wittig 
reagent, reacts sl~lggishly with hindered ketones. Although camphor is converted to 
2-methylenebornane on treatment with Ph,P=CH, in DMSO at 50 OC, the sterically 
more hindered fenchone is unaffected when reacted with Ph,P=CH, at 50' C in THF, 
THF-HMPA, or in DMSO.~" more reactive lnethenylating agent for hindered 
ketones is the lithiated ylide Ph,P=CHLi derived from deprotonation of Ph,P=CH, 
with t-BuLi. Thus, treatment of fenchone with Ph,P=CHLi in the presence of HMPA 
followed by decomposition of the adduct with t-BuOH furnishes the exo-methylene 
deri~ative.~' 
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f (dimsyl anion) 

P h 3 k H 3  B; DMSO [ P ~ ~ P = c H ~ ]  

r I camphor 
LPh3?=~H2 1 

DMSO, 50 "C 

t-BuLi 
[Ph3P=CH2] THF [ P ~ ~ P = c H L ~ ]  

[ P ~ ~ P = c H L ~ ]  
THF, HMPA 

Schlosser Modifi~ation.~' Almost pure trans-olefins are obtained from nonstabilized 
ylides by the Schlosser modification of the Wittig reaction (Wittig-Schlosser reaction). 
For example, treatment of the (cis)-oxaphosphetane intermediate A with n-BuLi or PhLi 
at -78 "C results in lithiation of the acidic proton adjacent to phosphorus to produce the 
P-oxido phosphonium ylide B. Protonation of B with t-BuOH leads to the trans-1,2- 
disubstituted alkene C. 

Treatment of P-oxido ylides with electrophiles other than proton donors provides 
a route to stereospecific trisubstituted alkenes. For example, trapping the P-oxido 
phosphonium ylide B with formaldehyde (generated from paraformaldehyde) leads to 
dioxido phosphonium derivative D to yield, after elimination of triphenylphosphine 
oxide, the trisubstituted allylic alcohol E.~' 
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y-Oxido ylides are accessible by the reaction of epoxides with either Ph,P=CH, 
or with P ~ , P = c H L ~ . ~ ~ , ~ ~  They react with aldehydes to stereoselectively form homoal- 
lylic alcohols, as exemplified by the conversion of cyclopentene oxide to the trans, 
trans-homoallylic alcohol, thereby generating two carbon-carbon bonds and three 
stereocenters. 

o-L~+ 
PhCHO OH 0 n n - I  H I 

Intramolecular Wittig reactions provide a methodology for the preparation of 
five-, six-, and seven-member rings.54 

DMSO 

The phosphorane derived from triphenylphosphine and chloromethyl methyl 
ether (MOM-C1, carcinogenic) reacts with aldehydes or ketones to furnish the 
corresponding en01 ethers. These on acid hydrolysis produce one-carbon homo- 
logated aldehydes or lead to the conversion of a keto into an aldehyde group, 
respe~t ive l~ .~ '  

Me0 
dioxane 

Me0 

TsO H - 
H20, heat 

Stabilized Ylides.j6 The carbanion center of phosphorus ylides is further stabilized by 
conjugation, usually with a carbonyl group (-CHO, -COR, -CO,R). Hence, these 
ylides are less reactive and weaker bases, but are more stable towasd oxygen and pro- 
tic solvents than nonstabilized ylides. This type of stabilized ylide is mainly used in 
olefinations with aldehydes. 

Synthesis of the synthetically important casbethoxymethylenetriphenylphospho- 
ranes (Ph,P=CHCO,Et and Ph,P=CRCO,Et) involves treatment of a-bromoesters 
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with Ph,P and deprotonation of the phosphonium salts forrned with NaH, metal alkox- 
ides, or aqueous N ~ o H . ~ ~  Organolithium reagents are not suitable for deprotonation 
since they would react with the ester carbonyl group. 

benzene + 
Ph3P + BrCH2C02Et Ph3PCH2C02Et Br - Ph3P=CHC02Et 

25 "C 
H20 mp 125-1 27 "C 

The corresponding forrnyl analogue, forrnylmethylenetriphenylphosphorane, is 
available by treatment of methylenetriphenylphosphorane with ethyl f~rmate .~ '  

I I + 0 
// 

Ph3P-CH3 i r  P h3P=CH2 P h3P=CHC, 
Et20 b. workup H 

While stabilized Wittig reagents in nonpolar solvents produce preferentially 
(a-olefinic products, in polar solvents the (2)-isomer may predominate. Depending 
on the substitution pattern of the ylide, its reaction with aldehydes can lead to di- or 
trisubstituted olefins of predictable stereochemistry. Olefinations in nonpolar sol- 
vents furnish olefins with the electron-withdrawing group of the ylide and the R 
group of the aldehyde in a trans-relationship. For example, the reactions of Ph,P = 
CHC02EtS9 and Ph,P = CHCHO~' with aldehydes leads to an (E)-a,p-unsaturated 
ester or an (E)-a,p-unsaturated aldehyde, respectively. The (2)-a$-unsaturated alde- 
hyde A can be prepared by condensing Ph,P=CHCH(OEt), (Bestmann reagent)61 
with an aldehyde followed by mild, selective hydrolysis of the resultant unsaturated 
acetal. wCHo P ~ ~ P = C H C O ~ E ~  (2 eq) 

C6H 6, heat 
OH 

OMe 

86% 

CHO toluene, 0 "C CHO 

Ph3P=CHCH(OEt)2 * 
CHO THF, 0°C 

TsOH (cat.) HO 

acetone, H20 
-10 too  "C A 

90% (98% Z) 
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The mechanism proposed for the (a-alkene selectivity involves a nonsynchro- 
nous cycloaddition with a relatively advanced, productlike transition state leading to 
the kinetic trans-oxaphosphetane intermediate. Extrusion of triphenylphosphine oxide 
produces the ( ~ ) - a l k e n e . ~ ~  

The Horner-Wadsworth-Emmons Reaction43e356,63 
An important addition to the Wittig trans-olefination procedure is the introduction of 
phosphonate-stabilized carbanions as olefin-forming reagents, referred to as the 
Horner-Wadsworth-Ernrnons or HWE reaction. The HWE olefination offers several 
advantages over the Wittig reaction using stabilized ylides: 

Phosphonate carbanions are more nucleophilic than phosphonium ylides. Thus, 
they can be used in condensations with ketones as well as with aldehydes under 
mild conditions. 

* Separation of the olefin product from the water-soluble phosphate ester by-product 
formed from phosphonates circumvents the problem often encountered in removing 
Ph,P = 0 .  

* Reaction conditions are available for the preparation of alkenes enriched in either 
the (E)- or the (a-isomer. 

The HWE reaction works best when the phosphonate bears a strong electron- 
withdrawing group, such as -COR, -COOR, -CN, that can stabilize a carbanion. 
Owing to their increased nucleophilicity, phosphonate carbanions often give higher 
yields of olefins than the corresponding stabilized phosphoranes. In the case of 
nonstabilized phosphonate reagents, decomposition of the condensation products to 
alkenes is slow. 

A number of methods are available for the preparation of phosphonate reagents.63 
For example, treatment of triethylphosphite with ethyl bromoacetate (Arbuzov reac- 
tion) produces the phosphonoacetate A. Its reaction with a suitable base such as NaH 
gives the carbanion B, which, on treatment with cyclohexanone, furnishes cyclo- 
hexylideneacetate C in '70% yield. This compares favorably to the 25% yield obtained 
when using the triphenylphosphorane Ph,P=CHCO,Et. 

/-h 
0 0 0 

f I I  
(E~o)~'P + CH2C02Et (Et0)2P--CH2COEt 

I I I  I 
(Et0)2P-CH2COEt + EtBr 

The Arbuzov reaction is not suitable for the preparation of a-ketophosphonates. 
However, these synthetically useful reagents64 can be prepared from the lithium salt 
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of dirnethyl rnethylphosphonate and an ester.65 Treatment of a-ketophosphonates with 
sodium hydride or metal alkoxides furnishes the corresponding carbanions, which on 
further reaction with aldehydes provides the synthetically valuable conjugated enones, 
as exemplified below.66 

R' = H, alkyl 

NaH, DME, 25 O C  

The stereoselectivity of the HWE olefination reaction depends on the nature of 
the RO groups on phosphorus, structural features of the ylide, the solvent, and the 
reaction temperature. Generally, the HWE reactions give preferentially the more sta- 
ble trans-disubstituted olefins. 

The preparation of trisubstituted olefins via the HWE reaction can be achieved 
either by using a-branched phosphonate reagents with aldehydes or by using 
ketones as the carbonyl reagents. The stereoselectivity of these reactions depends 
on the structure of the phosphonate anion and on the solvent used. For example, 
treatment of the a-methyl-substituted phosphonate anion with the sterically encum- 
bered aldehyde depicted below gives the (2)-unsaturated ester.67 The corresponding 
(E)-unsaturated ester is accessible by condensation of the aldehyde with car- 
bomethoxyethylidenetriphenylphosphorane. Note that it is difficult to obtain high 
(E)-selectivity when the HIVE reagent has an a-substituent that is larger than a 
methyl 

phosphonate 

Me 

Relatively strong bases are used for the deprotonation of phosphonate reagents, 
and the phosphonate-stabilized carbanions formed are more basic than the corre- 
sponding phosphorane reagents. Such conditions may be incompatible with base- 
sensitive aldehydes and ketones, causing epimerization of chiral compounds or 
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condensation reactions. Mild HWE olefination procedures circumventing these prob- 
lems involve condensation with a tertiary-amine as the base in the presence of ~ i ~ l ~ '  
or ~ g ~ r ~ . ~ ~    he function of the Lewis acid cation (Lif or JMgf2) is to lower the pK, 
of the methylene a-hydrogens of A by coordination with both the ester carbonyl 
group and the phosphonate oxygen (as in B) so that a weaker base is sufficient to 
form metal enolate C. Also, cornplexation of the carbonyl oxygen of the aldehyde by 
the rnetal cation increases the electrophilic character of the carbonyl carbon, thereby 
facilitating nucleophilic addition by the phosphono enolate. LiCl-mediated olefina- 
tions are now widely used in organic syntheses. 

By proper choice of the phosphonate reagent, the HWE reaction shows great flex- 
ibility in controlling the stereochemistry of the double bond of vinylic esters. Whereas 
condensation of dialkylphosphonoacetates with aldehydes gives preferentially the 
Inore stable (E)-unsaturated esters, the reaction of methyl bis(tri-tluoroethyl)phospho- 
noacetate with aliphatic and aromatic aldehydes in the presence of a mixture of 
KHMDS (potassium hexamethyldisilazide) and 1 8-crown-6 produces ( a - a ,  p-unsat- 
~lrated esters stereoselectivel y.70 

0 KHMDS [ 0 1 

L -  - - .  Note: The trifluoroethyl groups alter 
reaction stereoselectivity. 
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An alternative, economical procedure for generating (2)-unsaturated esters from 
phosphonates and aldehydes avoiding the use of the expensive 18-crown-6 is the 
olefination with ethyl diarylphosphonoacetates in the presence of NaH or Triton B 
(benzyltrimethylammonium hydr~xide).~' Condensations of (diary1phosphono)acetates 
with base-labile or functionalized aldehydes are best carried out in the presence of NaI 
and DBU in THF solvent.72 

a. NaH 
THF -78 "C 

2 PCH2CQEt b. C-C6HIICH0, -78 "C 
Q0>** 

C02Et 
C. NH4CI, H20 

Me 

C"I 
100% (95 : 5, Z: E) 

a. Nal, DBU 
THF, 0 "C 

Bz\ wCHO 
b. I 

BOC TBSO 
( o - M ~ P ~ o ) ~ ~ H ~ c o ~ E ~  B- 

C. NH4CI, H20 
Boc TBSO C02Et 

workup 91O/0 (96% Z )  

The (E)- and (2)-selectivity in HWE reactions is determined by a combination 
of the stereoselectivity in the initial carbon-carbon bond formation and the 
reversibility of the intermediate adducts. The (E)-selectivity has been explained by 
the formation of the thermodynamically more stable threo-adduct, which then 
decomposes via the oxaphosphetane intermediate to the @)-olefin. The (2)-selec- 
tivity has been attributed to the predominant formation of the erythro-adduct 
which collapses irreversibly via a transient oxaphosphetane intermediate to the 
(Z)-~lefin.~ 

0 
I I 7- 

(R'0)2P-0 
I I H\ / 

R" 
H\\'\C-C"// ,c=c, 

0 P R" R02C H 
I I R02C H 

(R'0)2PCH2C02 R threo adduct 
+ (more stable) 

P- 
(R'0)2P-O 

I I H 

H\\\\C-C~//,H H,\\\,C-C"// 
\ 1 R02C R" 

R02d 1 R" R02C R" 

Peterson O l e f i n a t i ~ n ~ ~  
The Peterson olejination is a connective alkene synthesis and represents a useful alter- 
native to the Wittig reaction. The precursors for the Peterson olefination are P-hydroxy- 
alkyltrimethylsilanes which undergo p-elimination of trirnethylsilanol under basic or 
acidic conditions to furnish stereodefined alkenes. This olefination method is espe- 
cially valuable for the preparation of terminal and exo-cyclic double bonds and for the 
methylenation of hindered ketones where the Wittig reaction is problematic. Also, the 
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by-product of the reaction, hexamethyldisiloxane (Me,%-0-SiMe,, bp 10I°C), is read- 
ily removed by distillation. 

Several procedures are available for the preparation of the requisite P-hydroxysi- 
lanes such as addition of a-silyl carbanions to aldehydes and ketones, reaction of 
organocuprates with a,P-epoxysilanes, reduction of P-ketosilanes, and addition of 
organometallic regents to P-ketosilanes. The selection of a particular procedure is dic- 
tated by the structure and stereochemistry of the desired alkene. 

The synthesis of terminal alkenes entails addition of either (trimethylsily1)methyl- 
magnesium chloride (Me,SiCH,MgCl) or (trimethylsily1)methyllithium (Me,SiCH,Li) 
to an aldehyde or a ketone to yield the corresponding P-hydroxysilane, which 
undergoes base- or acid-mediated elimination to furnish the alkene, as exemplified 
below.74 

Me3SiCH2CI 
a. RCHO 

Me3SiCH2MgCI > 
THF b. aq NH4CI 

R = n-C7HI5 H 2C=CHR 
THF, heat 

73% 

Instead of using the highly basic lithium reagent Me,SiCH,Li for the methylena- 
tion of readily enolizable carbonyl compounds, the less basic and more nucleophilic 
cerium reagent (presumably "RCeCl,") derived by combining (trimethylsily1)methyl- 
lithium with anhydrous cerium(II1) chloride should be employed. To facilitate isola- 
tion of the P-hydroxy silane, one equivalent of TMEDA per equivalent of CeCl, is 
added before hydrolytic workup. The conversion of 2-indanone to 2-methyleneindane 
is repre~entative.~~ 

a. Me3SiCH2Li 
CeC13 

SiMe, 
b. TMEDA 
c. aa NaHCOl 

The Peterson olefination may also be applied to the preparation of a,p-unsatu- 
rated esters, thus providing an attractive alternative to the HWE phosphonate 
method. For example, deprotonation of trimethylsilylacetate with R,NLi followed 
by addition of cyclohexanone yields the intermediate P-hydroxysilane, which, on 
elimination of the silicon-oxygen moieties, furnishes ethyl cyclohexylidene- 
acetate.76 
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LDA or (Chx)zNLi 
Me3Si@H2C02R B- [ M ~ ~ S ~ C H L ~ C O ~ R ]  

R=Et,f-Bu THF,-780C 

An attractive feature of the Peterson reaction is that a single diastereomer of a 
P-hydoxyalkylsilane can serve as precursor for the stereospecific preparation of both 
(Q- and jm-alkenes, depending on whether the elirnin;ltisn is carried out under acidic 
(H2S04 or BF3.Et20 in THF) or basic (KH in THF) conditions. For example, treatment 
of the syn diastereomer of 5-trimethylsilyl-4-octanol with H2S04 in THE; followed by 
workup gave the (2)-4-octene. The same syn-P-hydroxysilane, but using potassium 
hydride in THF to induce elimination, produced the (E)-octene. Subjecting the anti-p- 
hydoxysilane under similar reaction conditions to acid gives the (E)-4-octene and to 
base the (Z)-i~omer.~~ The acid-mediated elimination is stereospecific, proceeding via an 
antiperiplanar transition state. In the presence of base, the p-hydoxysilane is deproto- 
nated and the oxyanion attacks the silicon atom to form, presumably, the oxasiletane 
anion A, which undergoes a syn-periplanar elimination to furnish the alkene.78 

I nr, 1 1  

I 
94% syn H20 ' 

In the P-ketosilane approach, the condensation of a-silyl carbanions with car- 
bony1 compounds produces mixtures of diastereomeric p-hydroxysilanes. Therefore, 
the preparation of stereodefined alkenes via the Peterson reaction hinges on the avail- 
ability of just one diastereomer. To overcome this shortcoming, procedures have been 
developed to prepare stereoselectively P-hydroxyalkylsilanes via the p-ketosilane or 
the epoxysilane routes, as exemplified below. 

The following example illustrates the preparation of (a-4-octene via the 
P-ketosilane approach. Addition of ethyllithium to vinyltrimethylsilane in THF gen- 
erated the a-trimethylsilylbutyl carbanion, which reacted with n-butanal to give a 
diastereomeric mixture of P-hydroxysilanes. Oxidation with Cr0,-pyridine produced 
the P-ketosilane A, which on reduction with i-Bu,AlH yielded stereoselectively the 
syn-P-hydroxysilane B. The observed syn-stereochemistry is in agreement with that 
predicted based on the preferred approach of the hydride to the carbonyl group of the 
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P-ketosilane using the Felkin-Anh model. Treatment of the syn P-hydroxysilane with 
conc. H,SO, in THF afforded (a-4-0ctene.~~ 

a. EtLi b. n-PrCHO 
THF re3sir 

-78 OC 
- 78 "C - rt Me3Si 

________)) 

n-Pr C. aq. NH 
to -30 OC n-Pr 

mixture of 
diastereomers 

1 a. i-Bu2AIH 
A = n-Pr 

pentane, 
-1 20 "C 
to -20 "C B 

"H -" 94% syn 

2. H2S04 - 
THF 

n-Pr n-Pr 

99% (92% Z)  

The reaction of P-ketosilanes with alkyllithium reagents produces predominately 
one diastereomer of two possible P-hydroxysilanes. For example, sequential treatment 
of 5-trimethylsilyl-4-decanone with methyllithium followed by basic workup yielded 
preferentially the trisubstituted ( ~ ) - a l k e n e . ~ ~  

Diastereomerically enriched P-hydroxysilanes are also accessible from a,P- 
epoxysilanes and reaction of these with organocuprate reagents. The epoxysilanes are 
synthesized by epoxidation of (E)- or (3-vinylsilanes with m-chloroperbenzoic acid. 
The required (2)- and (E)-vinylsilanes can be obtained by hydroboration-protonolysis 
of 1 -trimethylsilyl- 1 -alkynes or by hydrosilylation of 1 -alkynes, respectively. 

The reaction of a,@-epoxysilanes with organocuprate reagents proceeds with the 
regioselective opening of the epoxide ring to form P-hydroxyalkylsilanes, which are 
then converted to stereodefined alkenes, as exemplified below.80 

a. R2BH, THF Me3Si-C~C- n - ~ r  Me3Si)+n-Pr - mCPBA 
b. R'C02H 

H H 
CH2C12 

THF, rt n ' r ~ n - p r  H H 
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Julia Qledinalicrrnsl 
The Julia olefination reaction is highly regioselective and (E)-stereoselective, provid- 
ing a valuable alternative to the Schlosser reaction for making trans-disubstituted 
olefins. The reaction involves condensation of a metalated alkyl phenyl sulfone with 
an aldehyde to yield a P-hydroxysulfone, which is then subjected to a reductive elim- 
ination to produce the alkene. There are limitations to the preparation of tri- and tetra- 
substituted alkenes via the sulfone route because the P-alkoxy sulfones derived from 
addition of the sulfone anion to ketones may be difficult to trap and isolate or they 
may revert back to their ketone and sulfone precursors. 

The alkyl phenyl sulfone precursors for the olefination may be prepared by the 
reaction of alkyl halides with sodium benzenethiolate, followed by oxidation of the 
alkyl phenyI sulfides formed with rnCPBA. Alternatively, displacement of an alkyl 
bromide or iodide with the less nucleophilic sodium benzenesulfinate PhS02Na leads 
directly to the alkyl phenyl sulfone. 

rnCPBA 0 
Na I I 

PhSH PhS-Na' PhS-n-C8H 17 Ph-S- n-C8H l7  
EtOH I I 

0 

RCH2Br PhS02CH2R + NaBr 
DMF, 25 "C 

Alkyl phenyl sulfones (pK, 27) are nearly as acidic as esters; hence they are read- 
ily deprotonated by n-BuLi, LDA in THF, or EtMgBr in THF to give a-metalated sul- 
fones. Their reaction with aldehydes gives a mixture of diastereomeric P-phenylsul- 
fone alkoxide adducts. Reductive elimination of the benzenesulfinate moiety from 
the adduct to produce the alkene is usually slow. To minimize side reactions, the 
hydroxyl group is first converted to an acetate, benzoate, mesylate, or p-toluenesul- 
fonate and then treated with an excess of sodium amalgam [Na(Hg), prepared by 
adding small pieces of sodium to mercurylS2 in methanol to furnish the trans- 
alkene.83 

mixture of diastereomers 

2. Na(Hg) 

MeOH, EtOAc H15C7 H ~ n - c 6 H 1  H 

62% overall yield 
100% E 

Reduction of the mixture of erythro- and threo-sulfones with Na(Hg) leads stere- 
oselectively to the trans-alkene, indicating that the alkene-forming steps for both 
diastereomeric sulfones must involve a common intermediate. The (E)-selectivity of 
the elimination step may involve two successive electron transfers from the sodium 
to the sulfone, resulting in the loss of benzenesulfinate. The anion that is formed 
must have a lifetime sufficient to equilibrate and assume the low-energy conforma- 
tion, which places (1) the p-orbital of the carbanion antiperiplanar to the acetoxy 
leaving group and (2) the bulky substituents as far apart as possible. Therefore, the 
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stereochernical course of the elimination is governed by the steric interactions of the 
substituents. 

~ a +  ~ a '  
Ph-S: 

\3- /HR' 
H\,\;'"- f' 

R 
OAc P ~ S O ;  

radical anion dianion 

Conjugate addition of sodium benzenesulfinate to a,P-unsaturated carbonyl 
compounds produces P-ketosulfones, which may be elaborated into trans-a,p- 
unsaturated aldehydes or ketones, respectively, by the sequence of reactions shown 
be10w.'~ 

a. n-BuLi, THF "= R PhS02 

Et3N 
THF, H20 0 

4 85%. R = H, R' = n-C7HI5 
p-elimination R'C H2 

The utility of alkyl arylsulfones in organic synthesis extends beyond the olefi- 
nation reaction by adding to the arsenal of carbon-carbon-bond-forming reactions. 
The sulfone may serve as temporary activating group for alkylation, acylation, 
and addition reactions by providing a source of sulfur-stabilized carbanions. After 
having served its purpose, the benzenesulfinyl moiety is removed by reductive 
eliminationag5 

reductive 
elimination r R'CH2Br RC H2-CH2 R' 

7 R'CH 2C02R" 
I I 

RC H2-CCH 2R' 

In the Kocienski-modified Julia ~ le f ina t ion ,~~  replacement of the phenylsulfone 
moiety with a heteroarylsulfone such as the 1 -phenyl- 1 H-tetrazol-5-yl group (PT), 
shown below, profoundly alters the course of the Julia coupling. The olefin product is 
obtained in a one-pot procedure as opposed to the three-step protocol of the classical 
Julia ~lefination.'~ 
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The PTSO, moiety is introduced either via an S,2 displacement-oxidation 
sequence or by using the Mitsunobu reaction followed by oxidation, as shown below.88 

1. DIAD, Ph,P 
THF 
0 OC to rt 

2. mCPBA 
NaHCO, 
CH2C12 - - 

(PT-SH) 61 % 

a. KHMDS fi 

TBSO 
TBSO 

The Shapiro R e a d i ~ n ~ ~  The Shapiro reaction is a nonconnective procedure for interconversion of a keto group 
and its a-methylene moiety into an alkene, providing a powerful method for the 
preparation of alkenyllithiums that are not readily available by current methodologies. 
Further elaboration of the intermediate alkenyllithiums leads to a variety of struc- 
turally diverse alkenes. 

Condensation of ketones with an arylsulfonylhydrazine gives the corresponding 
arylhydrazones. These on treatment with a strong base such as MeLi, n-BuLi, s-BuLi, 
or an LDA fragment to vinyl carbanions, with loss of arylsulfinate and nitrogen. 
Depending on the reaction conditions, the intermediate vinyl carbanions may be pro- 
tonated by the solvent to produce alkenes or they may be intercepted with various 
electrophiles to give alkene products.90 

(hydrazone) 

E+ = H+ or HC(0)NMe2 (DMF) 

The proposed mechanism for the formation of the vinyl carbanion intermediate 
involves removal of the acidic N-H proton from the hydrazone by the strong base to 
form. the mono-anion A. In the presence of a second equivalent of base, the a-proton 
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is removed to give the dianion B. Elimination of the arylsulfinate anion in the rate-lim- 
iting step leads to the alkenyl diazenide C, which loses nitrogen to produce the alkenyl- 
lithium D. Depending on the nature of the aryl moiety of the ketone hydrazone and the 
reaction conditions, the intermediate vinyl anion D may undergo in situ protonation by 
the solvent to give the alkene or it may be trapped by an added electrophile. 

. .. . 
(E,Z) mixture A B 

of hydrazone isomers 

Although the original procedure using p-toluenesulfonylhydrazones (tosylhydra- 
zones) and methyllithium in ether furnished alkenes in good yields, as exemplified 
below," it was not suited for the generation of alkenyllithiums and their trapping with 
electrophiles because of protonation by the solvent (usually Et,O or THF). 

100% 
MeLi 
(2 eq) 

' I / /  

Me 

> 80% overall 

Subsequently, conditions were reported that not only gave high yields of alkenes, 
but also allowed the incorporation of ele~trophiles.~~ However, for efficient trapping 
of the alkenyllithium intermediates a large excess of base (2 3 eq of n-BuLi) was 
needed, instead of the two equivalents required by the mechanism, because of com- 
peting metalation of the ortho-andlor benzylic-hydrogens of the tosyl group. 

The problem necessitating the use of excess n-BuLi, and consequently an excess 
of the electrophile, was obviated by using ketone-derived 2,4,6-triisopropylbenzene- 
sulfonylhydrazones ( t r i~ylh~drazones) .~~ Elimination to give the carbanion intermedi- 
ate is much faster with the trisylhydrazone-derived dianion than with that obtained 
from tosylhydrazones, presumably because of relief of strain. This shortens the time 
of exposure of the carbanion to the solvent, thereby reducing the chance of its proto- 
nation before it can be trapped by an electrophilic reagent. 

The trisylhydrazide can be prepared in nearly quantitative yield by treatment of 
a solution of 2,4,6-triisopropylbenzenesulfonylchloride in THF with hydrazine 
hydrate at 0 OC. The trisylhydrazide formed reacts rapidly with a wide variety of 
ketones (and aldehydes) in the absence of an acid catalyst to give the corresponding 
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trisylhydrazones as mixtures of (E,Z) isomers, with the (E)-hydrazone usually being 
present in excess.94 

no ortho-hydrogens 
i-Pr 

'a / 

is hinbered trisylhydrazone 

Alkenyllithiums generated from trisylhydrazones react with electrophiles such as 
primary alkyl bromides, aldehydes, ketones, dimethylformamide, CO,, chloro- 
trimethylsilane, or 1,2-dibromoethane to furnish substituted alkenes, allylic alcohols, 
a,@-unsaturated aldehydes, a,@-unsaturated acids, alkenylsilanes, or alkenyl bro- 
mides, respectively, as exemplified below for the preparation of an allylic alcohol and 
an a,@-unsaturated aldehyde.95 

CH3 a. n-BuLi (2.2 eq) 

R ANNHTris hexane-THF * 
-78 OC, then 0 OC 

b. R'CHO 
P 
c. sat. NaHC03 

workup OH 

0 TrisNHNH, hNmNHTris a, sBuLi (2 eq) - W H O  
b. DMF 

An important feature of tosyl- and trisylhydrazones as a source of alkenyllithium 
reagents is that generally deprotonation of the mono-anion is regioselective and 
occurs predominately at the less substituted a-position, following the order of acidi- 
ty: RCH, > R2CH2 > R,CH. Fragmentation of the dianion formed produces the less 
substituted vinyllithium. For the removal of a secondary a-hydrogen, two equivalents 
of the stronger base sec-butyllithium should be used.96 

Alkenylithium reagents derived from symmetrical acyclic ketone hydrazones 
possess the trans-configuration, which is consistent with a syn-deprotonation of the 
hydrazone anion in a conformation that places the alkyl group R anti to the hydrazone 
moiety during dianion formation. The presence of an a-branch such as a n  isopropyl 
group, however, diminishes the stereoselectivity. 

CH2Rf 
H R'C 

N,- NS02Ar R N+ NS02Ar - '+Li 

R H H 
favored major isomer 

R'CH 
H 

H R R 
disfavored minor isomer 
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Transposition of Double The Claisen rearrangementg8 and its variants are powerful tools for the homologation 
Bonds-The Claisen of allylic alcohols into stereodefined y,6-unsaturated aldehydes, ketones, esters, acids, 

Rearrangement97 and amides and play an important role as methods for acyclic stereocontrol. Because 
of the predictable stereo-, regio-, and enantioselectivity, and diversity of functionali- 
ty, the Claisen rearrangement is often a crucial step in the synthesis of natural prod- 
ucts. The prototype of the Claisen rearrangement involves a pericyclic, thermally 
induced [3,3]-sigmatropic rearrangement of an allyl vinyl ether or an allyl aryl ether 
to produce a y,6-unsaturated carbonyl compound or an o-allylphenol, respectively. 
Pericyclic reactions take place in a single step without intermediates and involve bond 
breaking and bond forming through a cyclic array of interacting orbitals. 

2' 
3 ' p 0  [3,3]-sigmatropic 

3 a 1 rearrangement * 
2 

4 

tautomerization 

H 0 9  

2 

With few exceptions, the rearrangement of acyclic systems occurs via a chair-like 
transition state where the two groups connected by the o-bond, C(1)-0(1'), migrate to 
position 3 of the allyl group and to position 3' of the vinyl ether (hence the term [3,3] 
shift) while minimizing 1,3-diaxial or pseudodiaxal  interaction^.^^ The conformation 
of the transition state determines the stereochemistry of the newly formed double 
bond. The strong preference for the formation of products with the (E)-configuration 
is a characteristic feature of Claisen rearrangements. In cyclic systems, because of 
conformational constraints of the chairlike transition state, the rearrangement may 
proceed via a boatlike transition state. 

favored conformation 

(E)-4-hexenal 
maior isomer 

1,3-diaxial interactions 

minor isomer 

The Claisen rearrangement not only controls the stereochemistry of the newly 
formed double bond, but also the stereochemistry of any substituents at the newly 
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formed single bond. The new stereocenters are formed in direct relation to the geom- 
etry of the starting allyl and vinyl ether double bonds, as shown below.loO 

trans, trans 1 H 
n70/ A- 

The stereochemical course of the rearrangement is controlled by suprafacial in- 
phase interactions of the participating molecular [n2s+cr2s+n2s] orbitals and is consis- 
tent with that predicted by frontier molecular orbital theorylO' and orbital symmetry 
rules. lo2 

The highly ordered transition state of [3,3]-sigmatropic Claisen rearrangements 
allows the chirality transfer of a preexisting chiral center along the allylic system to a 
new position with high enantioselectivity. In the course of the rearrangement, the orig- 
inal chiral center is destroyed (self-immolative process) and a new chiral center is cre- 
ated whose configurations is related to that of the starting material. An exarnple of the 
simultaneous stereo- and enantioselective transposition of a double bond and  a chiral 
center is shown below.lo3 Either enantiomer of the unsaturated carbonyl compound 
may be obtained by changing the configuration of the double bond of the  starting 
material. 

X= H, alkyl, OR, 
NR2, OSiR3 

The versatility of the Claisen rearrangement for the synthesis of functionally substi- 
tuted y, &unsaturated carbonyl compounds has been greatly enhanced by the  introduc- 
tion of various vinyl ether appendages. These not only participate in the stereochemical 
control of the rearrangement, but also determine the nature of the functional group in the 
product (-CHO, -COR, -COOH, -COOR, -CONR,). 

The pyrolysis of allyl vinyl ethers derived by acid- or mercuric ion-catalyzed ether 
exchange of ethyl vinyl ether or substituted vinyl ethers with allylic alcohols produces 
the corresponding y, Bunsaturated aldehydes or ketones, respectively.'04 
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OH H3P04 (cat.) 

H3Cb H3C + H3C-CH3 
CH3 0 

An alternative route to y,F-unsaturated ketones is via the Carroll-Claisen 
rearrangenzent, which uses allylic esters of P-keto acids (which exist mainly in the 
en01 form) as substrates. These are readily prepared by condensation of allylic alco- 
hols with acetoacetic esters or diketene. Following rearrangement, the intermediate P- 
keto acid undergoes in situ decarboxylation on heating.lo5 

A ~nodification of the Carroll reaction that enables the preparation of y,&unsatu- 
rated ketones under milder conditions uses the dianion of allylic acetoacetates in a 
sequence of reactions depicted below. lo" 

2a. LDA (2 eq) 
THF 

w0 -70 to 60 OC 
OH diketene 

The Johnson ortho-ester variant of the Claisen rearrangement provides access 
to y,F-unsaturated esters.'" The reaction entails heating the allylic alcohol with 
an ortho-ester in the presence of a carboxylic acid to form a ketene acetal, 
which then rearranges to the trans-unsaturated ester.'08 An elevated reaction tem- 
perature is necessary for the in situ formation of the ketene acetal but not for the 
rearrangement. 
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Et8 

-EtOH 

CH3 
CH3 

R = H2C=CH(CH2)2 mixed ortho ester ketene acetal 

83-88%, (E)-isomer only 

The ortho-ester Claisen rearrangement is also an effective tool for the transfer of 
chirality. As shown below, simply changing the stereochemistry of the double bond of 
the ally1 vinyl ether while maintaining the configuration of the chiral center leads to 
the other enantiomer of the unsaturated ester.lo9 

RC02H OBn 
heat EtO 

Me 

(E) -isomer 
(S)-enantiomer 65% (87% ee) 

=I 

Me heat 
EtO 

A r 

(Z) -isomer 
(R)-enantiomer 

(€)-isomer 
(R)-enantiomer 78% (90% ee) 

Chirality may also be transferred from a side chain onto a ring system via a chair- 
like transition state."' 

C2H5C02H 
I heat I 
C02M e C02Me 
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Related to the ortho-ester rearrangement is the Eschenrnoser variation, which 
involves exchange of N,N-dimethylacetamide dimethyl acetal with an allylic alcohol 
and in situ rearrangement of the intermediate ketene N,O-acetal to furnish the corre- 
sponding unsaturated amides. Again, transfer of stereochemistry from the allylic alco- 
hol to the product is observed. 

2Me Me0 OMe 

H ,cX NM e2 Me2N . 
xylene, 140 OC 

70% 

The Ireland rnodijtcation utilizes silyl ketene acetals derived from ally1 ester eno- 
lates and provides a general method to effect stereocontrolled Claisen rearrangements 
under mild conditions, making it possible to apply the reaction to acid-sensitive and 
thermally labile substrates. Moreover, by proper choice of the reaction conditions, one 
can control the geometry of the en01 ethers and hence the stereochemistry of the new 
C-C bond that is produced in the rearrangement step.'I2 

Treatment of allylic esters with a strong, non-nucleophilic base such as LDA in 
THF produces preferentially the (a-enolate, while the use of a mixture of THF and 
HMPA favors the (Q-enolate. To avoid formation of unwanted aldol products and to 
preserve the integrity of the enolate double bond stereochemistry, the lithium enolates 
are converted to the corresponding stable silyl en01 ethers by treatment with a tri- 
alkylchlorosilane (usually tert-butyldimethylchlorosilane). The sigmatropic rearrange- 
ment occurs at ambient or slightly higher temperature to furnish, after hydrolytic 
workup of the intermediate silyl esters, the erythro- or threo-y,6-unsaturated car- 
boxylic acids, respectively (the reversal of configuration of the enolate and the ketene 
acetal is due to the higher priority of Si over Li). In acyclic systems, the Ireland- 
Claisen rearrangement exhibits the well-established preference for chairlike transition 
states. "3 

LiO R3Si0 OH 

2a. 25-65 "C 
O1_\ ~ b .  R ~ S ~ C I  ~-.i' 2.. NaOH, H20 - O*" 

Q3 22. H 2 0  Hi 

1 a. LDA CH3 
CH3 

THF (Z)-enolate (E)-ketene erythro-acid 
-78 O C ~  acetal 

THF OSiR 
-78 "C GcH3 2a. 25-65 *C 

v 
2b. NaOH H2O 

CH3 2c. H20, H+ 
(E)-enolate (Z)-ketene threo-acid 

acetal 
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A remarkably facile tandem 1,4-conjugate addition Claisen rearrangement is 
observed by utilizing the copper enolate derived by addition of lithium dimethylcop- 
per to 2-(ally1oxy)-2-cyclohexenone. The resultant hydroxy ketone is obtained as a 
single stereoisomer in nearly quantitative yield.'14 

Yamamoto Asymmetric Claisen Rearrangement1'" 
Several chiral organoaluminum Lewis acids catalyze the Claisen rearrangement of 
achiral allyl vinyl ethers to furnish chiral P, y-unsaturated aldehydes with good 
enantioselectivity. Among the most effective catalysts is ATBN-F, a chiral alu- 
minum tris(f3-naphthoxide) species prepared from enantiomerically pure 
binaptho1.l l6 

allyl vinyl ether 
(achiral) 

(R)-ATBN-F 

toluene 
-78 "C 

y,F-unsaturated aldehyde 
(enantioenriched) 

R = t-Bu, 70% (91% ee) 
R = Chx, 85% (86% ee) 
R = Ph, 97% (76% ee) 

ATBN-F may selectively activate (bind) one of the two possible six-member 
chair-like transition states in which the (R)-substituent is equatorial. 

I 
H 

transition state that I 
binds (R)-ATBN-F 

transition state that 
binds (S)-ATBN-F 

Allyl Vinyl Ether Synthesis 
Allyl vinyl ethers may be prepared via stereospecific copper-catalyzed coupling of 
allyl alcohols and vinyl halides.ll7 For example, the copper catalyst derived from the 
tetramethyl 1,lO-phenanthroline ligand shown below facilitates C-0 bond formation 
between (0-vinyl iodides and allyl alcohols when the reaction mixture is heated in 
the presence of air. ' l8 
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Cs2C03 (1.5 eq) 

I* n-c8H toluene, air 
80 "C, 24 h 

ligand (20 mol %) 

Alkynes play a pivotal role in organic chemistry. Although they are not as wide- 
spread in nature as alkenes, triple bonds are embedded in many natural products, 
drugs, and antitumor agents. From a synthetic viewpoint, the ethynyl moiety is an 
exceedingly versatile group because it is readily introduced onto a variety of organ- 
ic substrates and provides a site for further modifications, as already demonstrated in 
the preceding chapters. A plethora of procedures exist for the preparation of 
 acetylene^"^; the following discussion will focus on some selected methods for their 
preparation. 

Alkynes and functionally substituted alkynes may be synthesized either from 
starting materials that do not already contain the triple bond by elimination reactions, 
or the ethynyl and alkynyl groups may be introduced onto substrates by nucleophilic 
or electrophilic substitution reactions. 

Elimination Reactions12' Triple bonds are generated when 1,l-  or 1,2-dihaloalkanes or vinyl halides are sub- 
jected to dehydrohalogenation with an appropriate base. The requisite 1,l-dihaloalka- 
nes are generally obtained by chlorination of aldehydes or ketones with PCl,, by 
treatment of an alkyl or cycloalkyl chloride with vinyl chloride in the presence of 
anhydrous aluminum chloride (RCH2C1 + H2C=CHC1 + AlC13 --+ RCH2CH2CHC12) 
or by treatment of 1,2-dichloroalkanes by halogenation of alkenes with chlorine or 
bromine. 

X = CI, Br 

Base-induced dehydrohalogention of vicinal and geminal dihaloalkanes proceeds 
via the intermediacy of the vinyl halides and requires three equivalents of the base to 
generate the triple bond. 

vinyl bromide 
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Elimination of the first HX from dihaloalkanes can be effected with weaker bases 
such as tert-amines or t-BuOK, whereas elimination of the second HX usually requires 
stronger bases, such as NaNH, or lithium dialkylamide~."~g~'~~ 

Br2, Et20 (C H2)8COOH -* (CH2)8COOH 4 NaNH2 
4 

ABr 
- 

<-20 "C Br liq. NH3 

1 ~ -  OMe 

OMe 

The choice of base for the elimination reaction depends on the structure of the 
substrate and the acidity of the proton being removed. For example, dehydrohalo- 
genation of the vicinal dibromo carboxylic acid shown below occurs readily with 
alcoholic potassium hyd r0~ ide . l~~  

ph& 

a. KOH MeOH 
C02Et Ph-COOH 

b. H +, H20 
B r workup 81 % 

Bromomethylenation of aldehydes with dibromomethylenphosphorane, a Wittig- 
type reaction, followed by dehydrobromination of the resultant gerninal dibromoalkene 
is an expeditious method for preparing mono- and disubstituted acetylenes. The over- 
all reaction represents a chain extension of an aldehyde to an acetylene with one addi- 
tional carbon.',, The phosphorane is generated by addition of Ph3P (4 eq) to CBr, 
(2 eq) or by adding zinc dust (2 eq) and Ph3P (2 eq) to CBr, (2 eq). The latter proce- 
dure is preferable since less Ph3P is required, which facilitates isolation of the product. 

Addition of the appropriate aldehyde to the dibromomethylenphosphorane pre- 
pared in situ furnishes the dibromoalkene, which, on treatment with two equivalents 
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of n-BuLi, undergoes dehydrobromination to produce the corresponding lithium 
alkynylide. Its protonation furnishes the 1-alkyne. An attractive feature of this reac- 
tion sequence is that the intermediate lithium alkynylide formed is itself an important 
precursor for the formation of carbon-carbon bonds (e.g., by reaction with elec- 
trophiles). 

Ph3P, CBr, 
Zn 

n-C7H1 5CH0 CH2CI2 [ ~ - c ~ H ~ ~ c - c - L ~  1 

GO2 (solid) 
n-C7H1 5C=C-C02H 

87% 

Another route to terminal alkynes having one carbon more than the aldehyde pre- 
cursor is via alkylation of primary alkyl bromides with dichlorornethyllithium in the 
presence of HMPA to yield the 1 , 1 -dichloroalkane. Subsequent dehydrochlorination 
with three equivalents of n-BuLi followed by hydrolytic workup affords the corre- 
sponding terminal a1k~ne.l '~ 

a. n-BuLi (3 eq) 
Et9O. THF 

HMPA 
n-Cl H23Br n-C1 H23CHC12 

-4 O'C n-C1 OH21 -C=C-H 

b. H', H 2 0  
92% b. HS,  H 2 0  93% 

A mild and efficient synthesis of terminal alkynes starts with readily accessible 
methyl ketones and converts them to the corresponding enolates with LDA. The eno- 
lates produced are trapped with diethyl chlorophosphate to give en01 phosphates, 
which possess a good leaving group for elimination. Subsequent treatment of the en01 
phosphates with LDA furnishes the corresponding lithium alkynylides and on proto- 
nation of these, the corresponding terminal  acetylene^."^ 

a. LDA (2.5 eq) 

b. ti20 workup 

85% overall 

A l k y l a t i ~ n ' * ~ ; ~ ~ ~  The most utilized method for alkylation of alkynes is via alkynylide anions. Their 
reaction with electrophilic reagents provides access to both terminal and internal 
alkynes as well as to functionally substituted alkynes. The higher electronegativity of 
carbon in the sp-hybridization state imparts relatively greater acidity to acetylene and 
1-alkynes (pKa 24-26), so that bases such as alkyllithiums, lithium dialkylamides, 
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sodium amide in liquid ammonia, and ethyl magnesium b r ~ r n i d e ' ~ ~ > ' ~ ~  can be used to 
generate the carbanions. 

R-CZC-Na' + NH3 
(weaker acid) 

R-CZC-H R-CrC-Li  + RiNH 
(weaker acid) 

(stronger acid) 

R- C E  C-MgBr + R$NH or EtH 
Et20 or THF (weaker acid) 

Lithium acetylide is obtained commercially as a complex with ethylenediarnine 
[HC=CLi EDA] .I3' However, the EDA-complexed lithium acetylide is less reactive than 
uncornplexed lithium acetylide, which is readily prepared by Midland's procedure. 13' 

n-BuLi 
H-C-C-H H-CGC-Li 

THF, -78 "C 

To avoid addition of alkyllithiums to functionally substituted alkynes, their meta- 
lation is best carried out using L D A . ' ~ ~  

0 0 
I /  LDA I /  

H-CEC-C\ Li-C E C  -C\ 
R THF, -78 "C R 

I /  LDA I /  
H-CZC-C\ Li-C EC -C\ 

OR THF, -78 "C OR 

Displacement Reactions 
Alkylation of lithium a ~ e t y l i d e ' ~ ~  or the lithium acetylide-EDA complex with primary 
alkyl bromides affords monosubstituted alkynes. The reaction of the lithium 
acetylideeEDA complex with a,w-dibrornoalkanes produces terminal d i y n e ~ . ' ~ ~  

a. n-C6H13Br 
NH3 (I), DMSO 

DMSO 
H-CEC-Li. EDA H-CEC-n-C5H11 

b. H20 workup 
83% 

DMSO - 
2 H-CEC-Li 0 EDA H-CEC-(CH2)3-C--C-H 

b. H20 workup 
66% 

Lithium or sodium alkynylides derived from 1-alkynes react with primary alkyl 
halides in the presence of HMPA to give disubstituted alkynes.135 This method is lim- 
ited to primary alkyl halides that are not branched at the b-position. Secondary and 
tertiary alkyl halides tend to undergo dehydrohalogenation (E2-elimination). 
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THPO- THF THPO- 
CEC-H CEC-  n-C7H 15 

b. n-C7H1 5CI 
HMPA 92% 

Disubstituted acetylenes having a secondary and a primary alkyl substituent at the 
triple bond carbons are accessible by proper choice of the starting materials, as exem- 
plified below. 

Favorable synthesis: 
r 1 

b. n-BuBr 
CEC- n-Bu 

HMPA 
c. workup 

Unfavorable synthesis: 

a. n-BuLi 
n-Bu-C=C-H n-Bu-CEC-Li n-Bu-CEC 

THF 
c. workup 

(step b requires the displacement of a 2"-halide) 

No general method is available for ter-t-nlkyl-alkynyl-coupling based on sodium 
or lithium alkynylide reagents because of prevalent elimination. However, trialkyn- 
ylalanes obtained from the corresponding alkynyllithiums and anliydrous alumintun 
trichloride undergo clean reaction with tert-halides to produce tert-alkyl substituted 
acetylenes. 13' 

Carbonyl Addition 
a-Hydroxysubstituted alkynes are important intermediates for synthetic transfor- 
mations and are often used as starting materials for the synthesis of medicinally 
val~rable drugs. They are generally prepared by treatment of 1 -1ithio- I-alkynes with 
the appropriate aldehydes or ketones.12" Since the carbonyl carbon is more elec- 
trophilic than the carbon-halogen bond in alkyl halides, alkynyl-carbonyl coupling 
proceeds with greater ease. Addition of lithium alkynylides to ketones with enoliz- 
able hydrogens results in competition between deprotonation to form the enolates 
and addition to the carbonyl carbon, leading to low yields of propargylic alcohols. 
However, addition of LiBr markedly increases the yield of propargylic alcoh01s.l~~ 

Acylation of metallated I-alkynes with dimethylformarnide or ethyl chlorofor- 
mate leads to conjugated acetylenic aldehydes or esters, respecti~ely."~Z These are 
important substrates for conjugate addition reactions. 

a. n-BuLi (1 eq) 
hexane 

CGCH 
b. AICI3 (0.3 eq) 

- 

(-J-c-c~Al 
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a. HCHO R-CGC-CH20H 

M = Na, Li, MgX OH 
I 

R-CEC-CR'R" 
b. H20 

Acyla tion 

M = Li, MgX 

R-CEC-C02R' 
b. aq NH4CI 

Propargylic Alkylation 
Tandem chain extension at both the 1 -alkyne and propargylic positions of 1 -alkynes 
by sequential (1) alkylation and (2) hydroxy-alkylation (1,2-addition) of 1,3-dilithiated 
alkynes provides an attractive, one-pot preparation of functionally disubstituted 
alkynes. The required 1,3-dilithiated species are obtained by lithiation of 1 -alkynes at 
both the 1- and 3- positions with two equivalents of n-BuLi in the presence of 
TMEDA (tetramethylethylenediamine). The two-stage chain extension depicted 
below for propyne involves initial alkylation of the dilithiated propyne with the less 
reactive electrophile, n-BuBr, at the more nucleophilic propargylic position. 
Subsequent hydroxyalkylation at the less nucleophilic alkynylide position with the 
more electrophilic formaldehyde furnishes the a-hydro~ya1kyne.l~~ 

- 
dianion 

In view of the differentia1 reactivities of the 1,3-dilithiated positions of 1-alkynes, 
it is possible to selectively alkylate the more reactive propargylic position.139 

dianion 

workup 

Fuchs Alkynylation 
Even unactivated hydrocarbons can be alkynylated to furnish disubstituted a l k y n e ~ . ' ~ ~  
For example, treatment of cyclohexane with the acetylenic triflone (RC=C-SO,CF,) 
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shown below in the presence of a catalytic amount of AIBN in THF leads, via a radi- 
cal intermediate, to the 1 -phenyl-2-cyclohexyl acetylene. 

v 

THF, reflux 

I ~ ~ p n e f i ~ a f i i c ~ ~ ~ ~  In the presence of a base, the triple bond of certain terminal and internal alkynes can 
be shifted to a new position along the chain, providing a valuable tool for intercon- 
verting acetylenic compounds. Thus, straight chain 1-alkynes, on treatment with 
t-BuOK in DMSO at room temperature or above, isomerize cleanly to the thermody- 
namically more stable 2-alI~ynes.'~' 

t-BuOK, DMSO 
n-C5HIICH2-CEC-H n-C5H1 1-CEC-CH3 

25 to 80 OC 90% 

The acefylene zipper reaction is the shifting of a triple bond in any position of a 
straight chain internal alkyne to the terminus of the chain in the presence of a very 
strong base. This multipositional isomerization of the triple bond is especially inter- 
esting when applied to acetylenic alcohols as a route to long chain structtrres with 
chemically differentiated functionality. 

Potassium 3-aminopropylarnide (KAPA), prepared by adding potassium 
hydride'" to an excess of 3-aminopropylamine (APA), causes the rapid migration of 
triple bonds from internal positions to the terminus of the carbon chain at 0 OC with- 
in minutes to from acetylide anions. The migration of the triple bond to the terminal 
position is blocked by an alkyl branch. The corresponding terminal acetylenes are 
obtained on hydrolytic w~rkup ."~  

KH + H2N(CH2)3NH2 [ K H N ( C H ~ ) ~ N H ~  ] in APA 

APA (excess) KAPA 

a. KAPA APA 
CH3(CH2) 5-CzC-(C H2)5CH3 n-C12H25-CEC-H 

b. H 2 0  workup 
89% 

a. KAPA, APA 
CH3(CH2)7-CEC-(C H2)6-OH H-CEC-(CH2)1 4-OH 

b. H20 workup 
90% 

(< 1 % internal alkyne isomers) 

(743 a. KAPA 
C H3CH2CH2C H2-CEC-CHC H2CH 3 

APA 

migration only in 
this direction (743 

H-CEC- C H2CH2CH2C H2-CHC H2CH 3 

The following example depicts a chain elongation of 2-propyne- 1-01. The resultant 
internal triple bond is then shifted to the terminal position using the KAPA reagent.14 
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" A -,.v....m.-,. . 

H-CE C-CH20H [Li-CEC-CH20Li 
liq. NH3 

KAPA 
n-C5H I ,--CE C-CH20H H-CEC-(C H2)60H 

liq. NH3 
85% 90% 

A modification of the "acetylene zipper" method employs lithium 3-amino- 
propylamide and circumvents the use of potassium hydride. The reagent is prepared 
by adding lithium metal to APA followed by addition of ~ - B u o K . ' ~ ~  

t-BuOK APA 
HOC H2-CEC-(C H2)6CH3 H O(CH2)8-CEC-H 

b. H 2 0  
8348% 

The isomerization of a thermodynamically more stable internal triple bond to a 
thermodynamically less stable terminal triple bond may proceed via a sequence of 
deprotonation and proton donation steps involving allenic anions and/or allene inter- 
mediates, eventually leading to the more stable acetylide anion.'46 

H 3C-C C-R H 2 ~ = ~ = C - ~  I 
proton shift 

Base-induced isoinerization of terminal allenes provides convenient access 
to branched terminal alkynes that are not readily accessible by displacement of 
2'-halides. 

THF, 0 "C 

One-Step, One-Carbon The elaboration of aldehydes to terininal alkynes in one step may be accomplished 
Homologation---Gilbert's by one-carbon homologation using methyl (diazomethy1)phosphonate (Gilbert's 

Reagent reagent).14' The mechanism of alkyne formation may proceed via a rapid Wittig-type 
reaction (e.g., a I-lorner-Wadsworth-Emmons olefination) to form a diazoethene inter- 
mediate, which undergoes a 1,2-shift of hydrogen and concomitant loss of nitrogen to 
furnish 1 -alkynes. 
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FI 0 
a. t-BuOK I I 

(Me0)2PvN2 
THF 

&- 

Wittig-type 
Gilbert's reagent -78 "C reaction 

n 2  c. H20 workup 1 1 -N2 

1,2-t-1 shift 

diazoethene 80% 
intermediate 

The mild (low temperature) conditiotls used makes this approach the method of 
choice for the conversion of enolizable aldehydes to chain-extended I-alkynes. It is 
especially useful in cases where the aldehyde a-carbon is an enolisable stereocenter, 
as exemplified be10w.I~~ 

7 

t-BuOK 
THF, -50 "C H 

PROBLEMS 

I. Reagents. Give the structure of the major product expected from each of the 
following reactions. Be sure to indicate product stereochemistry. 

1-1 
CHO 1. (Et0) 2PCH2C02Et 

NaH, THF 
A 

2. 1-12, 5% PdIC (cat) 91 % 
EtOAc 

b. 1. H2NNHTs, MeOH 
2a. n-BuLi (2.1 eq), hexane, THF 

-78 to -20" C 
b- B 

2b. C02 
2c. dil aq HCI workup 

C. l a .  NaH, DME, 0 O C  

1 b. CS2 
OH Ic .  Mel 

Ih/ 2. toluene, sealed tube 
C 

H 160 "C 



Problems 485 

u - 
3. n-Bu4NF, THF 

e. 1. PPh3, CBr4, Et3N, CH2CI2, -78 OC t o  rt 
2a. DIBAL-H (3 eq), toluene, -78 "C 

OHC 2b. Rochelle's salt workup 
C02Et * E 

OTMS 3. n-Bu4NF, THF, rt 71 % 4a. n-BuLi (5 eq), hexane, -78 OC to rt 
4b. aq HCI 

fF. "la. NaH ( ? . I  eq), DtvlF, 0 OC 
1 b. PMB-CI 
2. PCC, NaOAc, Celite, CH2CI2, rt 

F H~~~~ 3. Ph3P=CHC02Et benzene, reflux * 
4a. DIBAL-H (2.1 eq), CH2CI2 
4b. Rochelle's salt workup 

I a. LDA (1.05 eq), THF, -78 "C 
I b. 0 Et 

0 B~&P(o)(oM~)~ 
* G 

I c. 1 N HCI, acetone, rt 74% 
2. NaH, DME 

I. 3. (Me0)2 PCH2C02Me 
1. KCN, DMSO THF, -78 OC to rt 

Ph OTs B- 11 * I2 dTBS 2a. DIBAL-H (1.2 eq), 87% NH 8 3 O/O 
CH2CI2 -78 OC to rt 

2b. Rochelle's salt Me2NANMe2 
workup 

4a. n-BuLi (1.05 eq), 
1 a. [ PhSCH2Li 1, THF, 0 "C THF, -78 OC 

CYo 
4b. PhCHO 

J 1 
J2 

2. mCPBA (2.2 eq), 4c. Ac20 67% 
CH2CI2, 0 OC 5. Na(Hg), MeOH, EtOAc 

3. POCI3, pyridine, rt 

3. BnBr, K2C03, 

OH acetone 
I I. wBr 4a. 2N NaOH, THF 

K2C03, acetone K1 4b. aq HCI K2 

Me02C O C o 2 M e  2. NN-dimethyaniinb heat 86% 5. aq CHC13 NaHC03, ~ r r  78% 

1. 1 a. PhMgCl (excess), THF, -78 "C J J ~ ~ ~ [ o o  
I b sat'd. NH4Cl quench at -78 OC 

@- L - 
2. Ph2S[OC(CF3)2Ph]2 (5 eq) 86% 

O B ~  CH2CI2 
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2. Selectivity. Show the reaction intermediates obtained after each step and the 
major product obtained as well as provide the reagents and conditions when not 
given to accomplish the following transformations. 

a. 
3a. n-BuLi (1.2 eq) 
3b. CIC02Me A 

4a. Me2CuLi (1.2 eq) ) 92% 
THF, -78 "C 

63% 4b. aq NH4CI workup 

L - J 

poTs Nal, HMPA, 50 "C 
B- B 

U O A c  6a. NaH, THF, 0 OC 7 1 O/O 

6b. Pd(PPh3)4 (cat.), reflux 
57O/o 

C. 0 

pivo\l I I 
1. (Me0)2PCH2N2, KO t-Bu, THF, -78 "C 

TESOI~~' * C 
2a. DIBAL-H (2.1 eq), CH2CI2, -78 "C 83% 

OHC 1 \nG5H l l  2b. Rochelle's salt workup 

d. a. Chx2BH (1 eq), THF 
b. CH3C02D 

D 
c. NaOH, H202 87 % 

3. Stereoehemistry. Predict the stereocheinistry of the major product formed for 
each of the following reactions. Give an explanation for your choice. 

a. 1. NaBH4 (excess), NiC12, MeOH 
2. TsOH, acetone, H20 A 

n-C5H 11 +CH(OEt), )zr 46% 
3. (Et0)2P(0)CH2C02Et, NaH, THF (8~3:12 mixture) 

R OMOM v DMAP (cat.) 
THF, rt * B1 c B2 (94 : 4 mixture of isomers) 

2. A1203, 60 "C 72% 

C. 
OH 1 a. NaH (1 0 eq), THF, 0 "C 

1b.TBSCI * el 
3. @ O E ~  

C2 - - 
2a. Ph3Pl DEAD, PhC02H, THF 9301~ Hg(OAc), 89% 

HO 
2b. LiOH, MeOH, H20 4.200 "C 

- 0 ~ ~ s  2. H202, THF 
(Hint: phenylselenolactonization) 
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4. Reactivity. Explain the regioselectivity and stereochemistry observed in each of 
the following transformations. 

e C02t-BU 

3. [LiCH2C02t-Bu] 
toluene, hexane, 0 "C 28% 

4. HC104, THF, 0 "C 

*e. 1 a. n-BuLi, THF, -78 "C 
1 b. Cul (0.5 eq) 
I c. allyl bromide (0.5 eq) 

I>--SP~ -78 OC to rt 

2a. MeOS02F (neat) 
2b. triturate wl pentane 
3. KOH (s) (4 eq), DMSO, RT 56% 

5. Synthesis. Supply the missing reagents required to accomplish each of the fol- 
lowing syntheses. Be sure to control the relative stereochemistry. 

qcH3 V C H O  
p CHO p CH2 



408 r ~ ~ p ~ c l a  L l r  ;s Formation of Carbon-Carbon n-Bonds 

REFERENCES 
1. (a) Whitharn, G. H. In Co~zzprelzensive Organic Cheizzistry, 

Barton, D., Ollis, W. D., Eds., Pergamon Press: Oxford, 
UK, 1979, Vol. 1, p. 121. (b) Kelly, S. E. In Conz1~relzensive 
Organic Syrztlzesis, Trost, B. M., Fleming, I., Eds., Pergamon 
Press: Oxford, UK, 199 1, Vol. 1, p. 729. (c) Larock, R. C. 
Conzl7reherzsive Organic Trarzsformntions, 2nd Ed., Wiley- 
VCH: New York, 1999, pp. 25 1-3 15. (d) Organ, M. G., 
Cooper, J. T., Rogers, L. R., Soleymanzadeh, F., Paul, T. J. 
Org. Chem. 2000, 65, 7959, and references cited therein. 

2. Corey, E. J., Long, A. K. J. Or-g. Cherzz. 1978, 43, 2208. 

3. (a) Carey, F. A., Sundberg, R. J. Advurzcecl Orgnrzic Clzerizistrj~: 
Reactions and Synthesis, Part B, 4th ed., Plenum Press: New 
York, 2001, pp. 408-414. (b) Carruthers, W., Coldham, I., 
Modern Methocls qf Orga~zic Sj~~zthe.si,s, 4th ed., Cambridge 
University Press: Cambridge, MA, 2004, pp. 105-1 10. 

4. Tipson, R. S. J. Org. Chem. 1944, 9, 235. 

5 .  Brown, H. C., Benlheimer, R., Kiln, C. J., Scheppele, S. E. 
J. Am. Chem. Soc. 1967, 89, 370. 

4. Crossland, R. K., Servis, K. L. J. Or-g. Chenz. 1970, 35, 3195. 

7. Larsen, S. D., Monti, S. A. J. Am. Chern. Soc. 1977, 99, 8015. 

8. Bunce, R. A., Schilling. C. L. 111 J. Org. Chern. 1995, 60, 2748. 

9. (a) Arhart, R. J., Martin, J. C. J. Arn. Che111. Soc. 1972, 94, 
5003. (b) Winkler, J. D., Stelmach, J. E., Axten, J. 
Tetrahedrorz Lett. 1996, 37, 4317. (c) Yokokawa, F., Shioiri, 
T. Tetmhedson Lett. 2002, 43, 8679. 

10. (a) Vogel, E., Klarner, F. G. Angew. Clzenz., Int. Ed. 1968, 7, 
374. (b) Nicolas, M., Fabri, B., Pilard, J.-F., Sirnonet, J. J. 
Heterocycl. Chem. 1999, 36, 1 105. 

11. Hiickel, W., Riicker, D. Liebigs Aniz. 1963, 666, 30. 

12. Nace, H. R. Org. React. 1962, 12, 57. 

13. McNamara, L. S., Price, C. C. J. 01-g. Chenz. 1962, 27, 1230. 

14. (a) Barton, D. H. R., McCombie, S. W. J. Chenz. Soc., Perkin 
Trans. 1 1975, 1574. (b) Crich, D., Quintero, L. Clzern. Rev. 
1989,89, 1413. 

15. Ramachandran, P. V., Prabl~udas, B., Chandra, J. S., Reddy, 
M. V. R. J. Org. Cherzz. 2004, 69, 6294. 

16. Cope, A. C., Trumbull, E. R. Org. React. 1960, 11, 317. 

17. Fukuyarna, T., Wang, C.-L. J., Kishi, Y. J. A~iz. Chenz. Soc. 
1979, 101,260. 

18. Grieco, P. A., Reap, J. J. Tetmhecli-on Lett. 1974, 1097. 

19. (a) Clive, D. L. J. Tetrahedron 1978,34, 1049. (b) Nicolaou, 
K. C., Petasis, N. A. In Seleniu17z in Natttml Product Synthesis, 
CIS Inc.: Philadelphia, 1984. (c) Paulmier, C. In Seleni~iin 
Reagents and Interrzzediate.~ in Orgatzic Syrzthesis, Pergamon 
Press: Oxford, UK, 1986. (d) Liotta, D. Orgarzoselerziurn 

Cheznistry, Wiley: New Yorlc, 1957. (e) Back, T. G. 
O~ganoseleni~~ilz Clzen~istry: A Pmctical Approach, Oxford 
University Press: Oxford, UK, 1999. (f) Organoselenium 
Clze17zistry: Moiler11 Deve1opr1zent.s in Organic Synthesis, 

Wirth, T., Ed., Springer-Verlag: Berlin, 2000. 

20. Sharpless, K. B., Young, M. W., Lauer, R. F. Tetmhedron 
Lett. 1973, 1979. 

21. Reich, H. J., Wollowitz, S. 0 % .  lieact. 1993, 44, 1. 

22. Sharpless, K. B., Lauer, R. F., Teranishi, A. Y. .I. Am. Chein. 

Soc. 1973,95,6 1 37. 

23. Mancini, I., Guella, G., Pietra, F. Helv. Chin?. Actu 1991, 74, 
941. 

24. Oppolzer, W., Battig, K. Helv. Clzirzl. Actc~ 1981, 64, 2489. 

25. Trost, B. M., Lee, D. C. J. 0 % .  Clzem. 1989, 54, 2271. 

24. Brown, H. C., Kramer, G. W., Levy, A. B., Midland, M. M. 
Or-gunic Synthesis via Borarzes, Wiley: New York, 1975. 

27. Zweifel, G., Miller, J. A. Org. React. 1984, 32, 375. 

28. Brown, H. C., Bowman, D. H., Mis~tmi, S., Unni, M. K. J. 
Am. Clzeizz. Soc. 1967, 89, 453 1. 

29. (a) Zweifel, G., Arzoumanian, H., Whitney, C. C. J. Am. 
Clzern. Soc. 196'7, 89, 3652. (b) Zweifel, G., Fisher, R. P., 
Snow, J. T., Whitney, C. C. J. Am. Chein. Soc. 1971, 93, 
6309. 



References 489 

34). Zweifel, G., Steele, R. B. J. Am. Chem. Soc. 1967, 89, 2754. 

31. (a) Normant, J. F., Alexakis, A. Synthesis 1981, 841. 
(b) Marek, I., Normant, J. F. In Metal-Catalyzed Ci-oss- 
Coc~pling Reactions, Diederich, F., Stang, P. J., Eds., Wiley- 
VCH: Weinheim, Germany, 1988, p. 27 1. (c) Marek, I., 
Normant, J. F. In Tmnsition Metals for Organic Synthesis, 
Beller, M., Bolm, C., Eds., Wiley-VCH: Weinheirn, 
Germany, 1998, Vol. 1, p. 5 14. (d) Negishi, E. In Catalytic 
Asymmetric Synthesis, Ojima, I., Ed., 2nd ed., VCH: New 
York, 2000, p. 165. 

32. (a) Negishi, E., Valente, L. F., Kobayashi, M. J. Am. Chenz. 
Soc. 1980, 102, 3298. (b) Negishi, E. Piirv & ilpplied 
Chemistry 1981, 53, 2333, and references cited therein. 

33. Okukado, N., Negishi, E. Tetmdedron Lett. 1978, 2357. 

34. Corey, E. J., Katzenellenbogen, J. A., Posner, G. H. J. Am. 
Chern. Soc. 1967, 89,4245. 

35. (a) Lipshutz, B. H., Sengupta, S. Org. React. 1992, 41, 171. 
(b) Normant, J. F. In Organocopper Reagents: A Practical 
Approaclz, Taylor, R. J. K., Ed., Oxford University Press: 
Oxford, UK, 1994, p. 237. 

36. Normant. J. F., Bourgain, M. Tetrahedron Lett. 1971, 2583. 

37. (a) Marfat, A., McGuirk, P. R., Helquist, P. J. Org. Chem. 
1979, 44, 1345. (b) Marfat, A., McGuirk, P. R., Helquist, P. 
J. Org. Chem. 1979, 44, 3888, and references cited therein. 

38. (a) Levy, A. B., Talley, P., Dunford, J. A. Tetmhedron Lett. 
1977, 3545. (b) Alexakis, A., Cahiez, G., Normant, J. F. Org. 
Syntlz. Col. Vol. VII, 1990, 290. 

39. Iyer, R. S., Helquist, P. Org. Sy~ztlz. Col. VoL. VII 1990, 236. 

40. Furber, M., Taylor, J. K., Burford, S. C. J. Chern. Soc. Pel-kin 
Tram. 1 1986, 1809. 

41. (a) Corey, E. J., Katzenellenbogen, J. A. J. Am. CIiem. Soc. 
1969, 91, 1851. (b) Siddall, J. B., Biskup, M., Fried, J. H. J. 
Am. Clzem. Soc. 1969, 91, 1853. 

42. (a) Alexakis, A., Commercon, A., Villidras, J., Normant, J. F. 
Tetetmhedr~on Lett. 1976, 23 13. (b) Alexakis, A., Normant, 
J. F., Villikras, J. Tetrahedron Lett. 1976, 3461. 

43. (a) Maercker, A. Org. React. 1965, 14, 270. (b) Schlosser, M. 
Top. Stereochem. 1970, 5, 1. (c) Bestmann, H. J., 
Vostrowsky, 0 .  Top.  cur^ Clzem. 1983, 109, 85. (d) Murphy, 
P. J., Brennan, J. Chem. Soc. Rev. 1988, 17, 1. (e) Maryanoff, 
B. E., Reitz, A. B. CIzern. Rev. 1989, 89, 863. (f) Kelly, S. E. 
In Conzprehensive Organic Syntlzesis, Trost, B. M., Fleming, 
I., Eds., Pergarno11 Press: Oxford, UK, 1991, Vol. I,  p. 755. 
(g) Smith, M. B. Organic Synthesis, 2nd d., McGraw-Hill: 
Boston, 2002, pp. 656-670. 

44, (a) Wittig, G., Geissler, G. Liebigs Ann. Chem. 1953, 580, 
44. (b) Wittig, G., Schollkopf, U. Clzenz. Bet: 1954, 87, 1318. 

45. Schlosser, M., Schaub, B., de Oliveira-Neto, J., Jeganathan, 
S. Clzin~ia, 1986, 40, 244. 

46. Vedejs, E., Snoble, I(. A. J. Am. Clzenz., Soc. 1973, 95, 5778. 

47. Vedejs, E., Meier, G. P., Snoble, K. A. J. J. Anz. Cl~em. SOC. 
1981,103,2823. 

48. (a) Vedejs, E., Marth, C. F. J. Am. Chem. Soc. 1988, 110, 
3948. (b) Vedejs, E., Marth, C. F. J. Am. Chem. Soc. 1990, 
112, 3905. (c) Mari, F.: Lahti, P. M., McEwan, W. E. J. Am. 
Chem. Soc. 1992, 114, 813. 

49. Greenwald, R., Chaykovsky, M., Corey, E. J. J. Org. Chem. 
1963,28, 1128. 

50. Corey, E. J., Kang, J. J. Anz. Chem. Soc. 1982, 104,4724. 

51. (a) Schlosser, M., Christmann, K.-F. Angew. Chern., Int. Ed. 
1966, 5. 126. (b) Schlosser, M., Christmann, F.-K. Syrzthesis 
1969, 38. 

52. Corey, E. J., Yamamoto, H. J. Anz. Chem. Soc. 1970, 92, 226. 

53. Salmond, W. G., Basta, M. A., Havens, J. L. J. Org. Chem. 
1978,43, 790. 

54. (a) Becker, K. B. Helv. Chirn. Acta 1977, 60, 69. (b) Becker, 
K. B. Tetmlzedron 11980, 36, 1717, and references cited 
therein. 

55. Novak, J., Salemink, C. A. Tetrahedron Lett. 1981, 22, 1063. 

56. Wadsworth, W. S. Jr., Org. React. 1977, 25, 73. 

5'7'. Denney, V. B., Ross, S. T. J. 01-g. Chern. 1962, 27, 998. 

58. Trippett, S., Walker, D. M. J. Clzern. Soc. 1961, 1266. 

59. Liri, Y. Y., Thorn, E., Liebman, A. A. J. Heterocycl. Clzem. 
1979, 16, 799. 

60. Katsuki, T., Lee, A. W. M., Ma, P., Martin, V. S., Masamune, 
S., Sharpless, K. P., Tuddenham, D., Walker, F. J. J. Org. 
Clzem. 1982, 47, 1373. 

61. Bestmann, H. J., Roth, K., Ettlinger, M. Arzgew Chenz., Int. 
Ecl. 1979, 18, 687. 

62. (a) Vedejs, E., Fleck, T., Hara, S. J. Org. Chem., 1987, 52, 
4637. (b) Vedejs, E., Marth, C. F. J. Am. Chem. Soc. 1988, 
110,3948. 

63. Boutagy, J., Thomas, R. Chem. Res. 1974, 74, 87. 

64. Takahashi, H., F~~jiwara, K., Ohta, M. Bc~ll. Chem. Soc. Jpn. 
1962,35, 1498. 

65. Corey, E. J., Kwiatkowski, G. T. J. Am. Clzem. Soc. 1966, 88, 
5655. 

66. Corey, E. J., Weinshenker, N. M., Schaaf, T. K., Huber, W. J. 
Am. Chenz. Soc. 1969, 91, 5675. 

67. Schrnid, G., Fukuyama, T., Akasaka, K., Kishi, Y. J. Am. 
Chef??. Soc. 1979, 101, 259. 

68. Blanchette, M. A., Choy, W.. Davis, J. T.. Essenfeld, A. P., 
Masamune, S., Roush, W. R., Sakai, T. Tetrahedron Lett. 
1984,25,2 183. 

69. Rathke, M. W., Nowak, M. J. Org. Clzem. 1985, 50, 2624. 

70. Still, W. C., Gennari, C. Tetrahedron Lett. 1983, 24, 4405. 

71. (a) Ando, K. J. Org. Chern. 1997, 62, 1934. (b) Ando, K. J. 
Org. Chern. 1998, 63, 841 1. 



410 c: h. id:"-:? q Format~on of Carbon-Carbon n-Bonds 

72. Ando, K., Oishi, T., Hirama, M., Ohno, H., Ibuka, T. J. Org. 
Chem. 2000,65,4745. 

73. (a) Peterson, D. J. Organomet. Chern. Rev. A 1972, 7, 295. 
(b) Hudrlik, P. F. J. Organor~zet. Chenz. Lib. 1976, 1, 127. 
(c) Chan, T-H. Ace. Cherzz. Res. 1977, 10, 442. (d) Ager, D. J. 
Syntlzesis 1984, 384. (e) Colvin, E. W. Silicon Reagents in 
Organic Synthesis, Academic Press: London, 1988, p. 63. 
(0 Hudrlik, P. F., Agwaramgbo, E. L. 0 .  In Silicorz 
Chenzistt-y, Corey, E. R., Corey, J. Y., Gaspar, P. P., Eds., 
Ellis Horwood: Chichester, UK, 1988, p. 95. (g) Ager, D. J. 
Org. React. 1990, 38, 1. 

74. Peterson, D. J. .I. Org. Chet~z. 1968, 33, 780. 

'35. Johnson, C. R., Tait, B. D. J. Org. Chenz. 1987, 52, 281. 

76. (a) Shimoji, K., Tagucl~i, H., Oshima, K., Yamanloto, H., 
Nozaki, H., J. Am. CI~enz. Soc. 1974,96, 1620. (b) Har-tzell, 
S. L., Sullivatl, D. F., Rathke, M. W. Etrahedron ktt. 1974, 1403. 

74. Hudrlik, P. F., Peterson, D. J. J. Am. Clzenz. Soc. 1975, 97, 1464. 

78. Hudrlik, P. F., Agwararngbo, E. L. O., Hudrlik, A. M. J. Org. 
Che~~z. 1989, 54, 56 13. 

'99. Utimoto, K., Obayashi, M., Nozaki, H. J. Org. Chenz. 1976, 
41, 2940. 

80. Hi~drlik, P. F., Peterson, D., Rona, R. J. Org. Chen?. 1975, 
40, 2263. 

81. (a) Julia, M., Paris, J-M. Tetmhedl*orz Lett. 1973, 4833. 
(b) Kocienski, P., Lythgoe, B., Ruston, S. J. CIzem. Soc. 
Perl~iiz 1 1978, 829. (c) Kocienski, P. Phosphorzis S~tljitr 
1985, 24, 97. (d) Julia, M. Pure Appl. Clzem. 1985, 57, 763. 
(e) Kelly, S. K. In Con~l~relzerzsive Oragarzic Synthesis, Trost, 
B. M.,  Fleming, I., Eds., Pergamon Press: Oxford, UK, 1991, 
Vol. 1, p. 792. 

82. Chang, T. C. T., Rosenblum, M., Simms, N. Org. Syntlz. Col. 
Vol. VIII, 1993, 479. 

83. Kocienski. P. J, Lythgoe, B., Ruston, S. J. Clzern. Soc., Perkirz 
T~zrzs. 1 1978, 829. 

84. Kondo, K., Tunemoto, D. Tet~~lzedr-on Lett. 1975, 1007. 

85. Magnus, P. D. Tetrahedron 1977, 40, 150. 

86. Blakemore, P. R. J. Cherzz. Soc., Perkirz Trans. 1 2002, 2563. 

87. Leas, M. J., Hirama, M. Tetmheclro~z Lett. 1999, 40, 4897. 

88. Blakemore, P. R., Cole, W. J., Kocienski, P. J., Morley, A. 
Syrzlett 1998, 26. 

89. (a) Shapiro, R. H. Org. React. 1976, 23, 405. 
(b) Charnberlin, A. R., Bloom, S. H. Org. React. 1990, 39, 1. 

98. Shapiro, R. H., Heath, M. J. ,I. Arzz. CIzern. Soc. 1967, 89, 5734. 

911. Scott, W. L., Evans, D. A. J. Am. Clzenz. Soc. 1972, 94, 4779. 

92. (a) Shapiro, R. H., Lipton, M. F., Kolonko, K. J., Buswell, 
R. L., Capuano, L. A. Tetmlzedron Lett. 1975, 1 8 1 1. 
(b) Stemke, J. E., Bond, F. T. Tetmheclr-on Lett. 1975, 1815. 

93. (a) Chamberlin, A. R., Sternke, J. E., Bond, F. T. J. Org. 
Clzem. 1978, 43, 147. (b) Adlington, R. M., Barrett, A. G. M. 
Ace. Cherzz. Res. 1983, 16, 55. 

94. Cusack, N. J., Reese, C. B., Risius, A. C., Roozpeikar, B. 
Tetmhecll-orz 1976, 32, 2 157. 

9%. (a) Martin, S. F., Daniel, D., Cherney, R. J., Liras, S. J. Org. 
Clzer~z. 1992, 57, 2523. (b) a,P-unsaturated aldehyde: 
Wsserman, H. H., Fukuyama, J. M. Tetralzedrorz Lett. 1984, 
25, 1387. 

96. Chainberlin, A. R., Bond, F. T. Synthesis 1979, 44. 

97. (a) Rhoads, S. J., Raulins, N. R. Org. React. 1975, 22, 1. 
(b) Bennett, G. B. Synthesis 1977, 589. (c) Carruthers, W., 
Coldham, I. Modern Methods c?fOrga~zic S~~~ztlzesis, 4th ed., 
Cambridge University Press: Cambridge, MA, 2004, 
pp. 244-252. (d) Ziegler, F. E. Clzenz. Rev. 1988, 88, 1423. 
(e) Blechert, S. Synthesis 1989, 7 1 .  (f) Wipf, P. In 
Comprehensive Organic Sy~zthesis, Trost, B. M., Fleming, I., 
Eds., Pergamon Press: Oxford, UK, 1991, Vol. 5, p. 827. 
(g) Smith, M. B. Orgnr~ic Syrztlzesis, 2nd Ed., McGraw-Hill: 
Boston, 2002, p. 1021. 

98. Claisen, L. Chem. Ber: 1912,45, 3 157. 

99. (a) Vance, R. L., Rondan, N. G., Houk, K. N., Jensen, F., 
Borden, W. T., Kornorilicki, A., Wimmer, E. J. Am. Chem. 
Soc. 1988, 110, 23 14. (b) Ganem, B. Angew. Clzem., Int. Ed. 
1996, 35, 936. 

100. Hansen, J. J., Schmid, H. Tetmlzeclron 1974, 30, 1959. 

181. Fleming, I. Pericyclic Reactions, Oxford University Press: 
Oxford, UK, 1999. 

102. (a) Woodward, R. B., Hof-frnann, R. A~zgevv. Clzer~z., Int. Ed. 
1969, 8, 781. (b) Woodward, R. B., Hoffmai~n, R. The 
Co~zservation qf Orbitcil Syrzznzetry, VCH: Weinheirn, 
Germany, 1970. 

103. Kametani, T., Suzuki, T., Sato, E., Nishimura, M., Unno, K. 
J. Clzer~z. Soc., Chem. Cornrzzutz. 1982, 123. 

1104. (a) Saucy, G., Marbet, R. Helv. Chin?. Acta 1967, 50, 2091. 
(b) Dauben, W. G., Dietsche, T. J. J. Org. Chem. 1972, 37, 
1212. 

105. (a) Carroll, M. F. J. Chem. Soc. 1940, 704. (b) Carroll, M. F. 
J. Clzer?z. Soc. 1940, 1266. (c) Carroll, M. F. J. Chenz. Soc. 
1941, 507. (d) Kimel, W., Cope, A. C. J. Am. Chem. Soc. 
1943,65, 1992. 

106. Wilson, S. R., Price, M. F. J. Org. Clzenz. 1984, 49, 722. 

107. Johnson, W S., Werthernann, L., Bartlett, W. R., Brocksorn, 
T. J., Li, T., Faulkner, D. J., Petersen, M. R. J. Am. Clzem. 
Soc. 1970, 92, 741. 

188. Trust, R. I., Ireland, R. E. Org. Synth. Col. Vol. VI 1988, 
606. 

109. Takano, S., Sugihara, T., Samizu, K., Akiyama, M., 
Ogasawara, K. Chern. Lett. 1989, 1781. 

114). Uskokovic, M. R., Lewis, R. L., Partridge, J. J., Despreaux, 
C. W., Pruess, D. L. J. Am. Chenz. Soc. 1979, 101, 6742. 

111. Wick, A. E., Felix, D., Steen, K., Eschenmoser, A. Helv. 
Chin?. Acta 1964, 47, 2425. 



References 41 1 

1112. (a) Ireland, R. E., Mueller, R. H. J. Am. Chem. Soc. 1972, 94, 
5897. (b) Ireland, R. E., Mueller, R. H., Willard, A. K. J. Am. 
Chem. Soc. 1976, 98, 2868. (c) Ireland, R. E., Wilcox, C. S. 
Tetrahedron Lett. 1977, 2839. (d) Mulzer, J., Altenbach, H.-J., 
Braun, H., Krohn, K., Reissig, H.-U. Organic Synthesis 
Highlights, VCH: Weinheim, Germany, 1991, p. 1 1 1. 
(e) Pereira, S., Srebnik, M. Aldriclzimica Acta 1993, 26, 17. 

1113. Ireland, R. E., Wipf, P., Xiang, J.-N. J. Org. Chem. 1991, 56, 
3572. 

114. Koreeda, M., Luengo, J. I. J. Am. Chem. Soc. 1985,107, 5572. 

115. Maruoka, K., Banno, H., Yamamoto, H. J. Am. Chem. Soc. 
1990,112,7791. 

116. Maruoka, K., Saito, S., Yamamoto, H. J. Am. Chem. Soc. 
1995,117, 1165. 

117. Keegstra, M. A. Tetrahedron 1992,48, 2681. 

118. Nordmann, G., Buchwald, S. L. J. Am. Chenz. Soc. 2003, 
125,4978. 

119. (a) Raphael, R. A. Acetylenic Compo~inds in Organic 
Synthesis, Butterworth: London, 1955. (b) Rutledge, T. F. 
Acetylenic Compounds, Reinhold Book Corp.: New York, 
1968. (c) Viehe, H. G., Ed. Chemistry of Acetylenes, Marcel 
Dekker: New York, 1969. (d) Brandsma, L. Preparative 
Acetylene Chemistry, 2nd ed., Elsevier: Amsterdam, 1988. 
(e) Brandsma, L, Verkruijsse, H. D. Synthesis of Acetylenes, 
Allenes and Cumulenes, Elsevier: Amsterdam, 198 1. 
(f) Stang, P. J., Diederich, F., Eds. Modern Acetylene 
Chemistry, VCH: Weinheim, Germany, 1995. (g) Brandsma, 
L. Synthesis of Acetylerzes, Allenes and Cumulenes, Elsevier: 
Amsterdam, 2004. 

120. Larock, R. C. Comprehensive Organic Transformations, 
2nd. ed., Wiley-VCH: New York, 1999, pp. 565-605. 

121. Krebs, A., Swienty-Busch, J. In Comprehensive Organic 
Synthesis, Trost, B. M., Fleming, I., Eds., Pergarnon Press: 
Oxford, 1991, Vol. 6, p. 949. 

122. Fringuelli, F., Mancini, V., Taticchi, A. Tetrahedron 1969, 25, 
4249. 

123. Abbott, T. W. Org. Synth. Col. Vol I1 1943, 515. 

124. Corey, E. J., Fuchs, P. L. Tetrahedron Lett. 1972, 3769. 

125. Villikras, J., Periot, P., Normant, J. F. Synthesis 1979, 502. 

126. (a) Negishi, E., King, A. O., Klirna, W. L., Patterson, W., 
Silveira, A., Jr., J. Org. Chem. 1980, 45, 2526. (b) Negishi, 
E., King, A. O., Tour, J. M. Org. Synth. 1986, 64, 44. 

1127. Garratt, P. J. In Comprehensive Organic Synthesis, Trost, 
B. M., Fleming, I., Eds., Pergamon Press: Oxford, UK, 1991, 
Vol. 3, p. 271. 

128. Umeno, M., Suzuki, A. In Handbook of Grignard Reagents, 
Silverman, G. S., Rakita, P. E., Eds., Marcel Dekker: 
New York, 1996. 

129. (a) Skattebprl, L., Jones, E. H., Whiting, M. Org. Synth.Co1. 
Vol. IV 1963, 792. (b) Amos, R. A., Katzenellenbogen, J. A. 
J. Org. Chem. 1978,43, 555. 

130. Beumel, 0 .  F., Jr., Harris, R. F. J. Org. Chem. 1977, 42, 566. 

13Pe Midland, M. M., McLoughlin, J. I., Werley, R. T. Jr. Org. 
Synth. 1990, 68, 14. 

132. Yamada, K., Miyaura, N., Itoh, M., Suzuki, A. Synthesis 
1977,679. 

133. Brandsma, L. Synthesis of Acetylenes, Allenes and 
Cumulenes, Elsevier: Amsterdam, 2004, pp. 85-1 18. 

134. Smith, JV. Pa., Beurne!. 0. E Jr., Synthesis 1974, 441. 

135. (a) Schwarz, M., Waters, M. Synthesis 1972, 567. 
(b) Brattesani, D. N., Heathcock, C. H. Synth. Commun. 
1973, 3, 245. (c) Sagar, A. J. G., Scheinmann, F. Synthesis 
1976,321. 

136. Negishi, E., Baba, S. J. Am. Chern. Soc. 1975,97,7385. 

1137. (a) van Rijn, P. E., Mommers, S., Visser, R. G., Verkruijsse, 
H. D., Brandsma, L. Synthesis 1981, 459. (b) Seebach, D., 
Beck, A. K., Studer, A. In Modern Synthetic Methods, 
Ernst, B., Leumann, C., Eds., VCH: Weinheim, Germany, 
1995, p. 1. 

138. Bhanu, S., Scheinmann, F. J. Chem. Soc., Clzem. Comnz~tn. 
1975,817. 

139. McMurry, J., Matz, J. R., Kees, K. L., Bock, P. A. 
Tetralzedron Lett. 1982, 23, 1777. 

140. Gong, J., Fuchs, P. L. J. Am. Chenz. Soc. 1996, 118,4486. 

141. Brandsma, L. Synthesis of Acetylenes, Allenes and 
Curnulenes, Elsevier: Amsterdam, 2004, pp. 3 19-340. 

142. For handling KH, see Brown, C. A. J. Org. Chem. 1974, 39, 
3913. 

143. (a) Brown, C. A., Yamashita, A. J. Am. Chem. Soc. 1975, 97, 
891. (b) Brown, C. A., Yamashita, A. Chem. Coinmurz. 1976, 
959. 

144. Waanders, P. I?., Thijs, L., Zwanenburg, B. Tetrahedron Lett. 
1987,28,2409. 

145. Abrams, S. R., Shaw, A. C. Org. Synth. Col. Vol. VIII 1993, 
146. 

146. For mechanistic interpretations, see (a) Wotiz, J. H., 
Barelski, P. M., Koster, D. R. J. Org. Chern. 1973, 38, 489. 
(b) Abrams, S. R., Shaw, A. C. J. Org. Chem. 1987,52, 
1835. (c) Brandsma, L. Synthesis of Acetylenes, Allenes and 
Cumulenes, Elsevier: Amsterdam, 2004, p. 35. 

147. Spence, J. D., Wyatt, J. K., Bender, D. M., Moss, D. K., 
Nantz, M. H. J. Org. Chem. 1996, 61,4014. 

148. Gilbert, J. C., Weerasooriya, U. J. Org. Chem. 1979,44,4997. 

3149. Hung, D. T., Nerenberg, J. B., Schreiber, S. L. J. Am. Chern. 
Soc. 1996,118, 11054. 





9.1 Intramolecular Free Radical Cyclizations 41 3 

The diester is usually added to the suspension of molten, dispersed sodium in the 
appropriate solvent over a prolonged period, especially for the preparation of medium 
and large carbocyclic systems. This is to limit intermolecular coupling from compet- 
ing with the desired cyclization. Since the intermediates formed during the reaction 
are prone to oxidation in the basic reaction medium, the cyclization should be carried 
out under a nitrogen atmosphere. 

In the initial step of the reductive coupling, electron transfer from Na or K to the 
diester leads to a di(radica1 anion) species (two ketyl radical anions), which then 
combine. Elimination of alkoxide produces the 1,2-diketone, which is further 
reduced to an enediolate by transfer of two electrons. Protonation of the dianion with 
dilute aqueous acid leads to the enediol, which tautomerizes to the a-hydroxy 
ketone.' 

enediolate A 

Undesirable side-reactions, such as Dieckmann ring closure and Claisen conden- 
sation reactions, often compete with the acyloin condensation. 

a. MeONa, MeOH 
b. H', H20 

75% 
Dieckmann condensation 

(5-member ring) 

a. Na, toluene 

b. H', H20 

53% 

acyloin condensation 
(6-member ring) 

These side reactions can be minimized by adding trimethylsilyl chloride to the 
reaction mixture as an alkoxide scavenger. This traps the enediolate dianion as a bis- 
silyl en01 ether, and traps the sodium or potassium alkoxides, which are catalysts for 
the Dieckmann ring closure, as neutral silyl  ether^.^ The resultant bis-siloxy cycloalkenes 
are either isolated or converted in situ to a-hydroxy ketones by alcoholysis5 or by 
acid hydroly~is.~ 
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+ 2 EtOSiMe3 
heat 

C 
OSiMe3 

1 N HCI 

C02Me toluene TH F, heat 
OSiMe3 

The acyloin coupling reaction is suitable for the synthesis of medium and large 
(2 12 membered) carbocyclic systems, using high-dilution  technique^.^ 

C02Me Na toluene c1 C02Me 
TMSCI, heat 

12 OSi Me3 
68% 

Na ,OTMS 
TMSCI f---c t i+ 

Me02C(CH2)20C02Me 
toluene 

(H2C)20 I 
heat -'\OTMS 

Acyloins are versatile intermediates in organic synthesis since they offer the pos- 
sibility for a variety of functional group interconversions. For example, treatment of 
an acyloin with zinc dust and acetic anhydride in glacial acetic acid furnishes the cor- 
responding k e t ~ n e . ~  

I~zternzolecular dimerization of mono-esters via acyloin condensation is a viable 
tool for the preparation of acyclic, symmetrically substituted a-hydroxy  ketone^.^ 
However, attempted coupling of two different mono-esters ~lsually produces mixtures 
of products. 

ITMS 1 N HCI 

Pinacoi Cou~iinglo The inter- and intramolecular coupling of two carbonyl groups of aldehydes or ketones 
in the presence of a low-valent titanium species produces a C-C bond with two adja- 
cent stereocenters, a 1,2-diol (a pinacol). These may be further elaborated into ketones 
by the pinacol rearrangement or be deoxygenated to alkenes (McMurry reaction). 

Low-valent titanium metal species [Ti(II), Ti(I), Ti(O)] are generated by reduction 
of TiCl, with magnesium amalgami1 or by reduction of TiCl, with either Li, K, Zn-Cu 
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couple, or LiAlH4.1U" Although the following discussion focuses on the use of low- 
valent titanium species, other metals have been used for pinacol-type coupling 
 reaction^.'^" 

A mechanistic scheme for the titanium-mediated co~ipling of two carbonyl groups 
involves an initial one-electron transfer from titanium metal to the aldehyde or ketone 
carbonyl group to produce radical anions (ketyl species), which then dirnerize to a 
Ti-pinacolate. Hydrolysis of the pinacolate generates the vicinal diol. 

1~z~cn~zoirrc~ilcri.- pinacof reactiorzs provide access to either syrnrnetrical or unsym- 
metrical 1,2-diols. In the latter case, however, an excess of the smaller carbonyl com- 
pound has to be used. The diols produced can be converted to ketones by treatment 
with acids (pinncol renrrangenzent). The following reaction scheme illustrates the 
intermolecular pinacol coupling of cyclopentanone, and conversion of the pinacol to 
the spirodecanone." When employing low-valent Ti-species, it is important to carry 
out the coupling at low temperature to avoid deoxygenation of the initially formed 
1,2-diol to the corresponding alkene. 

"Y a. Mg(Hg), TiC14 
THF 0 "C 

b. K2CO3, H20 

The titanium-mediated intrarnolecular pinacol co~ipling is suitable for the con- 
struction of both small-ring and macrocyclic 1,2-diols. Interestingly, the yields of 
cyclic diols obtained are nearly independent of the ring size. The success of ring for- 
mation over a such a wide range may be due to a template effect, where the two car- 
bony1 moieties are brought together on the active titanium surface to form a C-C 
bond. In intrarnolecular pinacol coupling reactions, this template effect may overcome 
the strain involved in the formation of small rings as well as the entropy factors asso- 
ciated with formation of large rings." 

a. Zn(Cu), TiC13 
~ C H O  THF. 25 "C 

OH 

85% (1 00% cis) 

80% (25% cis, 75% trans) 

'The MCMUC~ Reaction--. Finely divided Ti(0) metal particles produced by reduction of TiC1, with potassium or 
Synthesis of A l k e n e ~ l ~ " . ~ ~  lithium metal or with a zinc-copper coupleI4 reductive1 couple aldehydes and ketones 

at elevated temperature to produce alkenes. 
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a. Li, TiC13 
DME, reflux 

b. workup 

Formation of the alkene is thought to proceed via initial formation of a 
Ti-pinacolate followed by its deoxygenation to produce the double bond. In support 
of the proposed mechanistic scheme are the facts that ( I )  pinacol intermediates can be 
isolated when the coupling reaction is carried out at 0 OC rather than at solvent reflux 
ternperat~lre and (2) treatment of isolated pinacols with low-valent titanium at 60 OC 
deoxygenates them to the corresponding alkenes. 

L titanium 
pinacolate 

The stereochemistry of the alkene formed by coupling of aliphatic carbonyl com- 
pounds is related to the energy difference between the (E) and (2)-alkene. If AE is 
larger than 4-5 kcallmol, the (E)-isomer is formed selectively. "I" 

The inter*~nolecular McMuiry carbonyl coupling reaction has been applied to the 
synthesis of a variety of symmetrically and, in certain cases, unsymmetrically substi- 
t~lted alkenes.'" 

a. K, Tic13 
DME, reflux 

2 \/\/c'-'o 
b. K2CO3, H20 

77% (70% trans, 30% cis) 

An especially active Ti(0) metal is obtained by converting TiCl, into its crys- 
talline TiC1,-dirnethoxyethane solvate [TiCl,(DME)], which is then reduced with a 
zinc-copper couple to Ti(0) metal.'"he Ti-mediated coupling inay also be carried out 
in the presence of carbon-carbon double bonds, as exemplified below. '" 

TiCI3(DME) ,5 

Zn(Cu), DME 



From a synthetic point of view. the titanium-induced intrnmolecular cyclization of 
dicarbonyl compounds is especially attractive in that carbocyclic rings of all sizes may 
be prepared in good yields, competitive with those obtained using the Dieckmann and 
acyloin cyclization methods. The synthesis of medium- and large-ring cycloalkenes by 
the McMuny reaction requires high-dilution conditions (< 0.01M) to repress intermol- 
ecular p~lymerization.'~,'~ 

TiCI3(DME) I .5 

Zn(Cu), DME 
reflux 

Extension of the low-valent titanium dicarbonyl coupling reaction to  ketoesters 
leads to cyclic en01 ethers, and hydrolysis of these affords the corresponding 
cycloalkanones. l7 This methodology has been applied to the synthesis of various nat- 
ural products, as exemplified by the preparation of the highly unsaturated C(14) 
macrocyclic ketone shown below. l8  

0 0 
I I I I 

CH3C(CH2)8COMe 
DME 
reflux 

enol ether 

a. TiC13, LiAIH4 
Et3N, DME 

Cation-n cyclization is an effective method for constructing five- and six-member ring 
systems. A carbocation of an acyclic molecule that is in proximity to a .n-bond may 
react intramolecularly with the nucleophilic double bond to form a C-C bond with 
concomitant ring closure and generation of a new cation in the product (Table 9.1). 
This type of cyclization works best if a relatively stable carbocation can be  generated 
under mild conditions using protonic acids (H2S04, HCO,H, CF,C02H) or Lewis 
acids (BF,eOEt,, TiCl,, SnCl,). Alkenes, tertiary alcohols, allylic alcohols, epoxides, 
and acetals are common precursors of the cations. 



41 8 CFA9f  C!? 9 Svntheses of Carbocvclic Svstems 
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Initiation and Propagation Steps in Cation-lr Cyclizations 
&2&*~@gg*&q 
c4+awsA~~~ of Unsaturated Substrates 
Ra*H&s&s<**2&*w% z*xsL a#*wAwa:eA4 w.,w:Ax3*>7*fa.x -mJ- =:,& <*:A. c<r>z&zz<zwA ~:**~~\:z2L$,~"?xe~*~Ah,<> ~%>x:<*s* >,?A~d.>La7* zse\ ~ ~ ~ * z ~ ~ A ~ A ~ ~ v s ~ z - A ~ ~ ~ 7 ~ z , ~ ~ - ~ A - ~ d x ~ ~ ~  

Starting substrate 

diene; polyene 

alcohol 

aldehyde or ketone 
(Priizs reaction) 

epoxide 

acetal 

Mode of cyclization 

The success of a given cyclization depends on an interplay between the method 
of generation of the carbocation (initiation), the nucleophilicity of the double bond 
undergoing bond formation with the cationic center (propagation), and the method 
for intercepting the resulting carbocation by an internal or external nucleophile or by 
elimination of a proton to form an alkene (termination). All of these steps can pro- 
ceed in a concerted or in a stepwise manner depending on the nature of the substrate 
and the reaction conditions. It is important to terminate the cyclization process by 
trapping the carbocation in the final product in an efficient manner to minimize side 
reactions. Proton elimination is usually the observed termination step with tertiary 
cations and also takes place with secondary cations when the cyclizing reagent is a 
Lewis acid. Termination by nucleophilic attack is often observed when a protonic 
acid such as formic acid is used as a cyclizing reagent and is usually stereoselective. 
Without careful control of the reaction conditions, complex mixtures of products 
may be obtained. 

The monocyclization reaction shown below is initiated by protonation of the 
trisubstituted double bond to give a transient tertiary carbenium ion. Markovnikov 
addition of this electrophilic species to the proximal double bond forms a o-bond and 
generates a new tertiary carbocation. Loss of a proton produces the methylenecyclo- 
hexane deri~ative.~' 



Bicyclization of polyenes provides access to fused ring systems. When the 
cyclization leads to a cyclohexane ring, the reaction usually proceeds via a chairlike 
transition state. Thus, the allylic cation-promoted cyclization of the butenylcyclo- 
hexenol below presumably proceeds via formation of the allylic carbocation followed 
by cyclization. Equatorial interception of the resultant cation by the solvent furnishes 
the bicyclic formate ester.21 

I I 
HCOH 

Formation of ring junctions with substrates containing an (E)-alkene in a 5,6- 
relationship to the carbocation initiator leads to the thermodynamically more stable 
transfused rings, as exemplified by the cyclization of diene A to the trans-bicyclic 
product B. Interestingly, the same product B was obtained when the (2)-isomer C was 
subjected to the same cyclization  condition^.^^ It appears that both dienes A and C 
cyclize initially to a common monocyclic intermediate E. Cyclization of E and trapping 
of the incipient cation by formic acid proceeds in a trans-manner to give the bicyclic 
formate ester F, which is hydrolyzed under the reaction conditions to the alcohol B . ~ ~  
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B OCH 
I I 
0 

Five-member rings are widely encountered in the structures of natural products 
such as in the D ring of steroids. A methyl24 or trialkylsily12%~~bstituted triple bond 
located in the 5,6-position to a developing catioilic center is an effective cyclization 
terminator, leading to a trans-fused five-membered ring. Where ring junctions are 
formed in bi- and tricyclizations, the stereochemistry of the alkene that becomes the 
bridgehead is maintained.'" In the example below, the (E)-alkene cyclizes to the 
tmizs-fused product in 90% yield. 

OC(0)H 

NaHC03 

MeOH 
78% 

In summary, the stereochemical course of cation-n: cyclizations is determined by 
stereoelectronic and conforn~ational effects. Concerted cation-n cyclizations usually 
involve a stereospecific tr-ans-addition (axial attack) of the carbocation to the double 
bond. This is exemplified by Johnson's biomimetic synthesis (+)-progesterone, which 
possesses a trarzs, anti, trans-fused ring system.'" 
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Pericyclic reactions take place in a single step without intermediates and involve a 
cyclic redistribution of bonding electrons through a concerted process in a cyclic tran- 
sition state. An example is the Diels-Alder reaction, a pericyclic reaction between a 
1,3-diene and a dienophile that forms a six-member ring adduct. 

diene dienophile adduct 

A related i~rtran~~olecular pericyclic reaction is the electrocyclic ring closure of 
1,3,5-polyenes. 

"He Direis-Alder The discovery of the [4n + 2n] cycloaddition reaction by Otto Diels (Nobel Prize, 

Baea~tion~.~~ 1950) and Kurt Alder (Nobel Prize, 1950), a landmark in synthetic organic 
permits the regio- and stereoselective preparation of both carbocyclic and heterocyclic 
ring systems. Its application can result simultaneously in an increase of (I)  the num- 
ber of rings, (2) the number of asymmetric centers, and (3) the number of functional 
groups. The reaction controls the relative stereochemistry at  four contiguous centers. 
The Diels-Alder reaction can be depicted as a concerted n4% nh (suprafacial) 
cycloaddition. While depicted as a concerted process, the reaction has been proposed 
to proceed in a nonsynchronous manner via an unsymmetrical transition state.30 

Cycloadditions are controlled by orbital symvzetry (Woodward-Hoffman rules) and 
can take place only if the symmetry of all reactant molecular orbitals is the same as 
the symmetry of the product molecular  orbital^.^' Thus, an analysis of all reactant and 
product orbitals is required. A useful simplification is to consider only the frontier 
molecular orbitals." These orbitals are the highest occ~tpied molecular orbitals (HOMO) 
and the lowest ~tnoccctyied r?zolecular orbitals (LUNIO). The orbital symmetry must 
be such that bonding overlap of the terminal lobes can occur with s~rprafacial geometry; 
that is, both new bonds are formed using the same face of the diene. 

The Diels-Alder reaction is reversible, and many adducts, particularly those 
formed from cyclic dienes, dissociate into their components at higher  temperature^.^^ 
Indeed, a retro-Diels-Alder reaction is the principal method for preparing cyclopenta- 
diene prior to its use in cycloaddition  reaction^.^" 
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Dienes 
The diene must be able to adopt the s-cis geometry (s refers to the single bond) in 
order for cycloaddition to occur. Thus, mono-substituted (E)-dienes are more reactive 
than (Z)-dienes since (E)-dienes more readily adopt the reactive s-cis c~nformation.~' 

K,, r 0.01 
=\= A c 
s- trans 

conformation 
s-cis 

conformation 

relative reactivity: (= > > > c  
(E)-diene (2')-diene no reaction! 

unreactive dienes 
(locked s-trans) 

reactive dienes 
(locked s-cis) 

In electron-demand Diels-Alder reactions, dienes are activated by electron-donating 
substituents, such as alkyl, -NR,, and -OR. Electron-rich dienes accelerate the reac- 
tion with electron-deficient dienophiles, as illustrated by the relative reactivity trend 
shown below. 

Atnong the inore reactive and synthetically useful dienes are doubly and triply 
activated alkoxy- and amino-substituted dienes, such as (E)-1-methoxy-3- 
(trimethylsi1yloxy)- l,3-butadiene (Danisliefsky's d i e ~ ~ e ) , ~ ~  (El- l -(dimethylamino)-3- 
(tert-butyldi1nethylsilyloxy)- 1,3-butadiene (Rawal's diene)", and l ,3-dimethoxy- 
1 -(trimethylsilyloxy)- 1,3-butadiene (Brassard's ~liene).~%s illustrated below, the 
cyclo-addition products arising kom these dienes can either be hydrolyzed or treated 
with fluoride ion to remove the silyl group, which is followed by p-elimination to pro- 
vide conjugated cyclohexenones. 

TMSO TBSO 

' MeAcH0 CHO 

I 
OMe 

5 Me 
OMe 

Danishefsky's diene (mixture of isomers) 

0.1 N HCI 

Me 
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NMe2 

Ra wal's diene 

1. LiAIH4, Et20 

2.10% HF, CH3CN 

M eO 

Brassard's diene 
not isolated 

HCI 

H20 Me0 

Dienophiles 
Dienophiles are activated by electron-withdrawing subst i t~ents .~~ ~ l k ~ l  groups, by 
means of inductive electron donation and steric effects, tend to reduce the rate of 
cycloaddition. 

Relative dienophile reactivity 

The reactivity of dienophiles may be increased by conjugation with additional 
electron-withdrawing groups. Doubly activated alkynes and 1,4-benzoquinones are 
particularly good participants in the Diels-Alder rea~tion.~' 

Relative dienophile reactivity 

FEWG > EWG* EWG = electron-withdrawing group 

EWG 
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electron O less electron 
deficient deficient 

In situ-generated cyclopentadienones are among the most reactive dienophile~.~' 
The cyclopentadienone moiety is generated by eliminative processes in the presence 
of a diene, as shown below.42 The doubly activated alkene reacts in preference to the 
singly activated one. 

Cyclopentadienone equivalents, such as 4-acetoxy-2-cyclopenten- 1 -one, below, 
may serve as conjunctive reagents for tandem Diels-Alder reactions providing poly- 
cyclic adducts.,, 

0 

major isomer 
(endo, endo adduct; see 

Stereochemistry section below) 

Lewis Acid Activation 
Many Diels-Alder reactions are accelerated by Lewis acid catalysts" such as 
BF,.OEtZ, AlCl,, Et,AlCl, SnCl,, TiCl,, and in~l , ."  These increase the rate of reac- 
tion by cornplexation with conjugated C=O and C=N groups in the d i e n ~ p h i l e . ~ ~ . ~ ~  

activated 
dienophile complex 
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The reaction selectivity is often improved when using Lewis a c i d ~ . ~ ~ ~ , ~ ~ > ~ ~  

conditions yield isomer ratio 

150 "C, 142 h 20% 65 : 35 
AICI3, 25 "C, 17 h 52% 90 : 1 0  (80% de) 

Lewis acid activation is particularly important for the catalysis of hetero-Diels- 
Alder reactions involving aldehydes." Lanthanide complexes of Yb and E U ~ '  as well 
as samarium diiodide5, are mild catalysts for this reaction. 

OMe r OMe 1 

Regiochemistry 
The regioselectivity of Diels-Alder reactions ranges from moderate to very high.53 AS 
shown below in Tables 9.2 and 9.3, the cycloaddition reactions of monosubstituted 
dienes proceed with good ~elect ivi ty .~~ Generally, the more powerful the electronic 
effect of the diene substituent is, the more regioselective is the reaction. 

p%yFm-mJ + 1 -Substituted Butadienes React to Give Mainly the "ortho" Product 
, _ * ~ * - , x ~ , . . . . . . . . . . . . * ~ 2 ~ ~ x ~ ~ s ~ m  

EWG 
"ortho" "meta" 

R EWG Temp Yield ortko : meta 
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i-&AwAv"-+w -0%- " - 
$ 9 :  2-Substituted Butadienes React t o  Give Mainly the "para" Product 

EWG 

R)'JEwG + ,,, EWG 

"meta" "para" 

R EVVG Temp Yield meta : para 

OEt CO,CH, 160 "C 50% 0 : 100 
CH3 C0,H 20 "C 54% 16:  84 
CN CO,CH, 95 "C 86% 0 : 100 

A "simplistic" approach to predicting the regiochemical course of a Diels- 
Alder reaction is to consider the polarization of the diene and of the dienophile by 
examining the resonance forms, and then join the atoms with unlike charges to 
form a six-member ring, as exemplified below. However, this approach fails to 
account for some reactions that occur with good regi~chernistry.~~ 

D = electron-donating group 
EWG = electron-withdrawing group 

To rigorously predict the regiochemistry of Diels-Alder reactions, one has to 
apply frontier molecular orbital theory.s6 

* Estimate the energies of the HOMO and the LUMO of both components. 

Identify which HOMO-LUMO pair is closer in energy. 

* Using this HOMO-LUMO pair, estimate the relative sizes of the coefficients of 

the atomic orbitals on the atoms at which bonding is to occur. 

Match ~ r p  the larger coefficient of one component with the larger on the other. 

OMe OMe M eO 

HOMO NJMO 

Note: In the example above, the HOMO of the diene possessing an electron-donating 
group (OMe) has the largest coefficient at the terminus of that group, and the LUMO 
has the larger coefficient at the end of the electron-withdrawing C0,Me group. 

Stereochemistry 
An important aspect of the Diels-Alder reaction is its stereospecificity, wherein the 
relative stereochernical relationships present in the starting materials are preserved 
throughout the course of the reactionaS7 



9.3 Pericyclic Reactions 427 

cis-Principle. The D-A reaction is concerted and sc~pr@cinl with respect to diene 
and dienophile. Hence, the stereochemistries of both the diene and dienophile are 
retained in the adduct. Note that the initial suprafacial cycloadduct formed may in 
some cases be prone to isomerization. 

Suprufuciul with respect to diene: 

trans, trans 

Suprufuciul with respect to dienophile: 
U 

endo-Principle. The dienophile can undergo reaction via two different orientations 
with respect to the plane of the diene (endo or exo). Maximum overlap of the n-orbitals 
of the diene and dienophile favors formation of the endo-adduct (secorzdary orbital 
overlap between the dienophile's activating substituent and the dienela5' 
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exo-Transition state (- CO,Me away from n-system of 

.Me 

endo-Transition state (-C0,Me toward n-systenz ~ f d i e n e ) ~ "  

Note that the endo-product has the electron-withdrawing group cis to the (E, E)- 
substituents of the diene. Only one mode of stacking of the reagents is shown, with 
the diene above the dienophile. The other possibility is with the diene below the 
dienophile, leading to the enantiomer. 

In general, endo-selectivity is determined by a balance of electronic and steric 
effects. The endo-selectivity may be improved by using Lewis acid catalysis to lower 
the temperature required for cycloaddition, as shown below. 

top views 
r 

endo addition exo addition 

The diene will approach the dienophile from the face opposite a bulky sub- 
stituent, and a dienophile will approach the less hindered face of the diene. 
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diene assumes endo-TS on 
face opposite the i-Pr group 

Intramolecular Dieis-Alder In the intramolecular Diels-Alder reaction, two rings are formed in one step. Notable 
 reaction^^^^.^^ advantages of intramolecular cycloadditions include (1) entropy assistance (2) well- 

defined regiochemistry, and (3) greater control of endo- versus exo- selectivity. 

fused 

bridged 

Of the two possible regiochemical modes of addition, one that leads to a fused prod- 
uct usually predominates over one that leads to a bridged product, especially for (E) -  
dienes. Although products formed via an endo-transition state may predominate, steric 
constraints in transition states may favor the exo- products. As a retrosynthetic strategy, 
the intramolecular Diels-Alder reaction should be considered for any synthesis of a mol- 
ecule containing a six-member ring fused to a six- or five-member ring. 

(Z)-Dienes can attain only a single transition state (on either face of the 
dienophile) as a consequence of their geometry. Hence, intramolecular cycloadditions 
of (25)-dienes are highly dia~tereoselective.~' 

(xylene, reflux, 92 h: exclusive cis-product) 

Me02 \\,\CO2Me 

dienophile approach 
on a-face of diene 

- enantiomers 

dienophile approach 
on p-face of diene 
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In contrast, (E)-dienes are more likely to afford cis- and trans-fused cycloadducts 
since both the endo- and exo-transition states are conformationally possible. 

L enantiomers 

- diastereomers 

Me02C enantiomers 

As with intermolecular D-A reactions, the diastereoselectivity of intrainolecular 
cycloadditions can be improved by the addition of Lewis acids.""63 

yield cis : trans 
no catalyst, 155 OC, 5 h: 90% 62 : 38 
cat. LiBF4, 25 OC, 72 h: 100% 100 : 0 

endo-adduct exo-adduct 

+ enantiomer + enantiomer 
yield 

C6H6, 150 OC, 72 h: 65% 6 0 40 
EtAICI2, rt, 36 h: 6 0 O/O 100 0 
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Asymmetric Dieis-Alder Catalysis of D-A reactions by Lewis acids makes it possible to conduct the cycload- 
Reactions ditions under mild conditions, which promotes higher levels of diastereoselection and 

enantioselection in comparison to the thermally induced reactions. Control over the 
formation of single diastereomers or enantiomers in D-A reactions may b e  achieved 
using chiral promoters functioning either as chiral a~x i l l i a r i e s~~  (substmte control) or 
chiral catalysts65 (reagent control). 

Substrate Control 
Camphor-derived scaffolds can function as chiral auxilliaries in Lewis acid-promoted 
D-A reactions to direct the cycloaddition in a predictable manner with nearly com- 
plete asymmetric ind~ction.'~ 

1 

chiral auxilliary 
derived from (-)-camphor 

Reagent Control 
Chiral oxazaborolidine salts are useful catalysts not only for enantioselective reduc- 
tions (i.e., CBS reduction), but also for promoting enantioselective D-A reactions.67 
The cationic Lewis acids formed by reaction of chiral oxazaborolidines with triflic 
acid [TfOH] or trifluoromethanesulfonirnide [(Tf),NH] coordinate to dienophiles to 
direct subsequent cycloadditions in a highly controlled fashion. The D - A  reactions 
using these chiral salts proceed in CH,CI, under very mild conditions at temperatures 
as low as -95 "C (Table 9.4).67 

CBS salts for enantioselective 
Diels-Alder additions 
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1 20 mol 
O/O catalyst 

h~ 0 
endo-adduct 

single enantiomer 

The dienophile a-face is blocked; 
only the p-face is available for cycloaddition 

R Cat. mol % Temp, Time Yield (endo : exo) % ee 

H 6 -95 OC, 2 h 
Et 20 -20 "C, 2 h 
OEt 20 -20 "C, 16 h 

R Cat. mol % Temp, Time Yield (endo : exo) % ee 

H 20 -95 OC, 1.5 h 36 (84 : 16) 63 
Et 20 -20 OC, 2 h 97 (69 : 31) 65 
OEt 13 +4 "C, 72 h 46(91 : 9) > 98 

- - _ I  _I - XX_I Î̂ X. -- -- - 

1,3-Dipolar tycloaddition Rolf Huisgen developed the concept of 1,3-dipolar cycloadditions in the early 
Reactions: [3+2] 1960s." These cycloadditions are closely related to the Diels-Alder reaction in 
Cy~loadditions~~ that they also are 6 n-electron pericyclic reactions. However, unlike with the 

Diels-Alder reaction, the 4 n-electron partner is a 3-atom moiety containing at least 
one heteroatorn. These charged molecules are called 1,3-dipoles, having charge- 
separated resonance structures with opposite charges in a 1,3-relationship. The 
2 n-electron partner is the dipolarophile, usually an alkene or an alkyne. The fol- 
lowing example illustrates the basic principles involved in a 1,3-dipolar cycloaddition 
reaction. 



9.4 Ring-Closing Olefin Metathesis (RCM) 433 

nitrile oxide, 
a l,3-dipole 

alkene sewing 
as a dipolarophile 

The products of [3 + 21 cycloadditions arejve-r?~e17?ber heterocyclic systems. A 
large body of information is available concerning the scope of 1,3-dipolar addition 
reactions and their mechanistic interpretation; a detailed discussion is outside the 
realm of this book. 

fp~$g~g& 
a-+&gv-wss* RING-CLOSING OBlEFBN METATHESIS (RCM)70 enrr-x*&*&%S*a "." 

Olefin metathesis has emerged as a powerful tool for the preparation of cyclic organ- 
ic compounds. Metathesis involves the redistribution of carbon-carbon double bonds 
in the presence of metal carbene complexes ([M]=CR,). The reaction of these metal 
carbenes with a,o-dienes leads to well-defined carbocyclic systems in what is termed 
ring-closing olejn metathesis (RCM).~' 

[M]=CR2 
metal carbene catalvst 

ring-closing olefin metathesis 
(RCM) 

The introduction of molybdenum7' by R. Schrock (Nobel Prize, 2005) and ruthe- 
nium catalyst systems by R. Grubbs (Nobel Prize, 2005), especially the cornrnercially 
available Grubbs catalyst73 [bis(tricyclohexylphosphine)benzylidene ruthenium(1V) 
dichloride], A, and its second-generation variant, B, shown has l ed  to many 
RCM applications in organic synthesis.70 

Grubbs catalyst 2nd-generation 
(L4Ru=CHPh) metathesis catalyst 

A B 

carbene 
ligand 

Mes = 9.. 
Mesityl 

RCM niay proceed by the formation of a series of metallocyclobutane intermedi- 
ates that break apart to form new alkenes and new metal carbenes, which propagate 
the reacti~n.~~'.~"he cycloalkene product accumulates as the reaction proceeds since 
the reverse reaction, ring-opening metathesis, is kinetically disfavored. 
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( ) -+ [MI= ; \  

// \\ Ph - coinp,exation, - ,) 
insertion 

Ph 
a,o-diene catalyst 

(initiator) 
metallocyclobutane 

intermediate 

H2C 1 [MI 

propagating 
metal carbene 

( (actual catalyst) 

cycloal kene 
product 

$. 
A new 

metallocyclobutane 
is formed, and the 

cycle repeats. 

The reaction tolerates a wide range of functional groups, including base-sensitive 
(ester) and acid-sensitive (acetonide) functionality, as shown in the following exam- 
p l e ~ . ~ ~  

L4Ru=CHPh (0.05 eq) 
(catalyst A) 

w 
CH2CI2, rt, 24 h 

Note that the ruthenium catalyst also can be used in the presence of hydroxyl groups.78 

hemiacetal 98% 95% 

RCM is an excellent strategy for the synthesis of spiro-fused co rnpo~~nds .~~  

L4Ru=CHPh (0.05 eq) 

CH2CI2, rt 

L4Ru=CHPh (0.05 eq) 
CH2CI2, rt 

n = 2  
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Synthesis of Heterocycles The oleiirr metathesis reaction is often used to prepare heterocyclic rings." The mild 
conditions tolerate a wide variety of oxygen and nitrogen functionalities, such as the 
epoxide81 and cyclic amines, as exemplified be lo^.^',^^ 

cat. L4Ru=CHPh 
(catalyst A) 

L4Ru=CHPh (0.05 eq) 
+ cl- 

CH2CI2 
R = H, 60% 
R = Ph, 100% 

catalyst B (0.05 eq) 

CH2CI2, reflux 

When larger amounts of ruthenium catalyst are used (0.3-0.5 eq), the removal of 
colored, toxic ruthenium metal by-products is problematic and requires multiple 
purifications by silica gel column chromatography interspersed with activated carbon 
 treatment^.'^,^^ 

Large-Ring Synthesis The RCM reaction is one of the most reliable methods for the formation of  large-ring 
systems. The preparation of macrocyclic systems via RCM reactions may lead to EIZ 
mixtures in which the (E)-isomer generally predominates because of further metathe- 
sis reactions that isomerize the product to a thermodynamically favorable EIZ ratio.86 

1. Ru-catalyst A (0.05 eq) 
CH2C12, 45 "C, 21 h 

B- 
2. H2, 10% PdIC, EtOH 

(0.01 eq) 

CH2CI2, reflux 
40 min 
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2. Selectivity. Show the productis) obtained and the missing reagent(s) necessary 
for each of the following transformations. 

I .  w/ 
Me benzene, 100 "C (sealed tube) 

A 
Me0 2a. NaOH, H20, dioxane, 40 "C 77% 

0 
2b. aq HCI workup 

3. TiCI, 

DME 56% 
heat 

k ~r (tricyclic product) 

3. Stereochernistry. Give the structure of the major product formed for each of the 
following reactions. Provide an explanation for your choice of stereochemistry. 

a. I .  WOTMS 
Bn? ?02Me 160 "C (sealed tube) 

Me 
A 

2. HF, CH3CN, rt 97% 
3. PDC, 4 A mol. sieves, CH2CI2 

180 "C 
13 

70% 
(sealed tube) 

c. 0 a. LiN(TMS)2, TMSCl LOSEM THF, -I 00 OC 

0 b. warm to rt 
G 

I I I IE~  c. 5% aq HCI workup 71 % 

SEM = CH2CH2SiMe3 
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*e. SiMe2Ph 

a. BF3eOEt2, CH2CI2, -78°C 
&- E 

b. aq NaHC03 workup 

Me 

4. Reactivity. Propose a mechanism for each of the following transformations that 
explains the observed regioselectivity and stereochemistry. 

v 

c. NaCN 

conditions: 
0 

xylene, heat, 5 h 51 % 15% 
Et2AICI, 0 "C, 20 min 0% 90% 

C't" M~ CHO 

a. TiCI4 CH2C12 
-78 to 0°C 

b. H20 workup 



Problems $39 

5. Synthesis. Supply the missing reagents necessary to accomplish each of the 
following syntheses. Be sure to control the relative stereochemistry. 

d. OMOM OPMB OBn 

Me02C 
OH 

6. Retrosynthetie Analysis 

a. Propose a synthesis of (-)-coniceine using a ring-closing metathesis (RCM) 
procedure as a key step. Show (1) your retrosynthetic analysis and (2) all 
reagents and reaction conditions required to transform a commercially 
available starting material into the target molecule. 
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b. Propose syntheses of purniliotoxin C using (I) an intramolecular Diels-Alder 
cycloaddition as a key step and (2) a conjugate addition of a side chain, either 
the C(5)-methyl or C(2)-n-propyl group. 

pumiliotoxin C 
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I believe that chemistry, including chemical synthesis, will be a key driver of progress 
in medicine and human health during the rest of the twenty-first century 

Elias J. Corey 

FwT$F*3he ultimate challenge for a synthetic organic chemist is to emulate nature's 
*5 

ability to assemble complex molecular structures with high efficiency and 
stereochemical precision. The motive for the total synthesis of a particular 

natural product or designed molecule may be to probe its biological origin, to devel- 
op new methodologies, or for its commercial exploitation. Many natural products of 
medicinal interest are produced in such minute quantities in nature that only labora- 
tory syntheses will make them available in sufficient amounts for use in medicine. In 
the planning and execution stages of such syntheses, the chemist has to rely on anal- 
ogy; that is, searching for published reactions that are related to the project. Thus, it 
is important to be intimately acquainted with the literature in the field. For those who 
are interested in the synthesis of natural products, Classics in Total Synthesis, by 
K. C. Nicolaou and E. J. Sorensen, is highly recommended. It provides a collection 
of imaginative, well-presented syntheses. 

The previous nine chapters have provided a diligent student the knowledge nec- 
essary to design syntheses of complex target molecules, to address problems of regio- 
and stereocontrol, and to devise schemes for effective functional group protection and 
deprotection. You should now have reached the stage where you can apply your skill 
and imagination as an investigator to design procedures for total synthesis o f  the four 
natural products shown below. 

progesterone (+)-juvenile hormone Z1 

These natural products have each been synthesized via several routes and by 
different research groups. To provide an historical perspective, we have selected 
compounds that were synthesized in different decades, allowing for comparison of 
early synthetic approaches with modern ones. With your exposure to modern organic 
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synthesis, we hope that your approaches to these target molecules will lead to new, 
ingenious routes for their synthesis. 

Your protocol for proposing syntheses should include 

The strategic design: a detailed retrosynthetic analysis 

The synthetic execution: methodologies, reagents, and conditions to be used 

Progester-one, a female sex hormone, has been prepared by total synthesis and by 
modifications of other steroids. Using established methodologies, such as Diels-Alder 
cycloadditions, Michael additions, Robinson annulations, aldol reactions, and ring con- 
traction reactions, propose a total synthesis of progesterone. Discuss the merits of your 
approach in comparison with the total synthesis reported by Woodward, R. B., 
Sondheimer, F., Taub, D., Heusler, K., McLamore, W. M. J. Am. Clzern. Soc. 1952, 74, 
4223. 

(+)-Juvenile hormone I is the vital hormone that regulates the metamorphosis of 
insects. Its unique structure stimulated a number of synthetic efforts to devise meth- 
ods for controlling double-bond stereochemistry and the enantioselectivity of the 
epoxide. Propose a synthesis of juvenile hormone I as a single enantiorner and 
compare your approach with those reported by Imai, IS., Marumo, S., Ohtaki, T. 
Tetrahedron Lett. 1976, 121 1 and Mori, K., Fujiwhara, M. Tetrahedron 1988,44, 343. 

(+)-Octalactirz B, a marine-derived cytotoxic lactone, has been a target for total 
synthesis by several research groups. A common retrosynthetic strategy in many of the 
octalactin B syntheses has been the initial disconnection of the C(~>-C(IO) bond. 
Elaboration of the resultant two fragments must take into account the problem of how 
to control the introduction of the five stereocenters present in the target. This might be 
accomplished by employing asymmetric crotylboration and/or the Sharpless asym- 
metric epoxidation methodologies in the reaction protocol. Evaluate your strategy in 
terms of efficiency, selection of starting materials, and stereocontrol, and contrast it 
with three of the previously reported syntheses of octalactin B: Buszek, K. R., Sato, 
N., Jeong, Y. J. Anz. Chenz. Soc. 1994, 116, 55 11 ; Andrus, M. B., Argade, A. B. 
Tetraheclrorz Lett. 1996, 37, 5049; and Inoue, S., Iwabuchi, Y., Irie, H., Hatakeyama, S. 
Syrzlett 1998, 735. 

El~othilorze D, a microtub~rle-stabilizing 16-member rnacrolide that mimics the 
biological effects of Taxol (paclitaxel), features three contiguous stereocenters, 
C(6)-C(8>, as well as two trisubstituted alkene moieties. Its challenging molecular 
structure and important biological activity motivated intense research efforts culmi- 
nating in several total syntheses. Creative applications of various olefination strate- 
gies, such as the Wittig reaction, the Horner-Wadsworth-Emmons modification, and 
ring-closing metathesis, have been used to assemble the side chain and the large ring 
of epothilone D. Contrast your proposed approach with those reported by Mulzer, J., 
Mantoulidis, A., dhler, E. J. Org. Chem. 2000, 65, 7456; White, J. D., Carter, R. G., 
Sundermann, K. E, Wartinann, M. J. Arm Clzem. Soc. 2001,123,5407 and Biswas, K., 
Lin, H., Njxdarson, J. T., Chappell, M. D., Chou, T.-C., Guan, Y., Tong, W. P., He, L., 
Horwitz, S. B., Danishefsky, S. J. J. Am. Chem. Soc. 2002, 124, 9825. 



Ac .................. .acetyl, acetate 
acac ............... .acetylacetonate 
AIBN ............. .2,2'-azobisisobutyronitrile 
anhydr .......... ..anhydrous 
APA ............... .3-aminopropylamine 
aq .................... aqueous 
atm.. ................ atmosphere 
9-BBN .......... ..9-borabicyclo[3.3. llnonane 
Bn .................. .benzyl 
Boc ................ .tert-butoxycarbo~~yf 
bp.. .................. boiling point 
BPS ............... .tert-butyldiphenylsilyl 
n-Bu ............... .n-butyl 
s-Bu .............. ..sec-butyl 
t-Bu ............... .tert-butyl 
Bz ................... benzoyl 
cat. .................. catalytic 
CBS ............... .2,5-oxazoborolidine 
Cbz ................. benzyloxycarbonyl 
CDI.. .............. .carbonyldiimidazole 
Chx ................ .cyclohexyl 
Cp .................. .cyclopentadienyl 
CSA ................ 10-camphorsulfonic acid 
DABCO ......... .1,4-diazabicyclo[2.2.2]octane 
DBN ............... 1,5-diazabicyclo[4.3.0] 

non-5-ene 
DBU .............. .1,8-diazabicyclo[5.4.0] 

undec-7-ene 
DCC ................ .1 ,3-dicyclohexylcarbde 
DDQ .............. .2,3-dichloro-5,6-dicyano- 

1,4-benzoquinone 
de .................... diastereomeric excess 
DEAD ............ diethyl azodicarboxylate 
DET.. ............. .diethy1 tartrate 
DHP.. ............. .3,4-dihydro-2H-pyran 
DIAD ............. .diisopropyl azodicarboxylate 
DIBAL-H ...... .diisobutylaluminum hydride 
DIPT. ............. .diisopropyl tartrate 
DMAP ........... .4-dimethylaminopyridine 
DMDO .......... .dimethyldioxirane 
DME .............. .I ,2-dimethoxyethane 
DMF ............... N,N-dimethylformamide 
DMP ............... Dess-Martin periodinane 
DMPU ............ N,N1-dimethylpropy leneurea 

DMS .............. .dimethyl sulfide 
DMSO ........... .dimethyl sulfoxide 
DS .................. diastereofacial selectivity 
ee .................... enantiomeric excess 
eq .................... equivalents 
Et ................... .ethyl 
EWG .............. electron-withdrawing group 
FG .................. functional group 

................... h.. .hour 
HMDS ........... .hexamethyldisi1azane 
HMPA ........... .hexamethylphosphoramide 
HQ .................. hydroquinone 

................... hv light 
IBX ................. o-iodoxybenzoic acid 
imid ............... .imidazole 
Ipc ................. .isopinocampheyl 
KAPA .............p otassium 

3-aminopropylamide 
KHMDS .........p otassium 

hexamethyldisilazide 
L-Selectride .. ..lithium 

tri-sec-butylborohydride 
LAH ............... lithium aluminum hydride 
LDA ............... lithium diisopropylarnide 
LHMDS ......... .lithium 

hexamethyldisilazide 
mCPBA ......... .m-chloroperoxybenzoic acid 
Me .................. methyl 
MEM ............. .2-methoxyethoxymethyl 
mol ................. mole 
MOM.. ........... .methoxymethyl 
mp .................. melting point 
Ms ................. .mesyl (methanesulfonyl) 
MS .................. molecular sieves 
MVK .............. methyl vinyl ketone 
NBS ............... .N-bromosuccinimide 
NCS ............... .N-chlorosuccinimide 
NMO .............. N-methyl~norpholine 

N-oxide 
NMP .............. .N-methyl-pyrrolidinone 
PCC ................ pyridinium chlorochromate 
PDC ............... .pyridinium dichromate 
PG ..................p rotecting group 
Ph .................. .phenyl 

Piv .................. pivaloyl 
.............. PMB .4-methoxybenzyl 
............. PPTS .pyridinium 

p-toluenesulfonate 
i-Pr.. ................ iso-propyl 
n-Pr.. .............. .n-propyl 

................... psi pounds per square inch 

................... PT 1 -phenyl- 1H-tetrazol-5-yl 
py ................... .pyridine 

............. Ra-Ni .Ra~,~ey-nickel (usually 
W-I1 type) 

............ RCM.. .ring-closing olefin 
metathesis 

Red-A1 ........... .sodium bis 
(2-methoxyethoxy) 
aluminum hydride 

st ..................... room temperature 
................ SAE Sharpless asymmetric 

expoxidation 
SE ................... synthetic equivalent 

.............. SEM .2-(trimethylsily1)ethoxy- 
methyl 

Sia ................. .disiamyl 
TBAF ............ .tetra-n-butylammonium 

fluoride 
TBS ............... .tert-butyldimethylsilyl 
TES ................ triethylsilyl 
Tf .................... trifluoromethanesulfonyl 
TFA ................ trifluoroacetic acid 
TFAA ............. trifluoroacetic anhydride 
THF ................ tetrahydrofuran 
THP ................ tetrahydropyranyl 
Thx ................ .thexyl (Me2CHMe,C-) 
TIPS ............... triisopropylsilyl 
TMEDA ........ .N,N,N1 ,N1-tetramethylethyl- 

enediamine 
TMS ............... trimethylsilyl 
TMSOTf ......... trimethylsilyl 

trifluoromethanesulfonate 
TPAP .............. tetra-n-propylamonium 

perruthenate 
Tr .................... trityl (triphenylrnethyl) 
Ts .................... tosyl (p-toluenesulfonyl) 
A ..................... heat 



ANSWERS "PQ SELECT END-06-CHAPTER PROBLEMS 

To give students the opportunity to put into practice what they have learned, 
relevant problems are included at the end of each chapter. Below is a selection of 
answers presented either as literature references, structures, or reaction schemes. 
By providing references we hope to encourage students to consult the orginal 
works to more fully appreciate how research is actually carried out. 

Chapter 1 

Ib. 1. SOCl,, 2. NH,, 3a. LiAlH,, THF, 3b. H+, H,O workup, 3c. NaOH, H,O 
Ic. 1. mCPBA, CH,Cl,, 2a. [CH,CCMgBr], THF, 2b. H,O workup, 3. H,, 

PdeBaSO, (cat.), EtOH, quinoline, 4. CH,C(O)Cl, pyridine 
1e. McGuirk, P. R., Collum, D. B. J. Org. Chem. 1984,49, 843. 
If. Takano, S., Tamura, N., Ogasawar, I(. J. Chern. Soc., Chenz. Commun. 1981, 1155. 

2a. 
a n-BuLi THF n-BuLi 

b. I(CH2)&I THF 
-78 "C 

2c. Smith, R. G., Daves, Jr., G. D., Daterman, G. E. J. Org. Chern. 1975, 40, 1593. 
2e. Kang, S. H., Lee, H. S. Tetrahedron Lett. 1995, 36, 67 13. 

1 a. TMSCN, Zn19 . '.. 
CH2C12 3a. LDA 

I b I N H C l  THF; 0 "C 

*. &OE~  
P- 

CN , - 
CH2CI2 
cat. H+ 

R = CH(OEt)(Me) ' V \ c 0 2 ~ e  

4 C O 2 M e  4a. PPTS, MeOH 
CN acetal cleavage 

B=- [&CO2Me] CN 

cyanohydrin, 
unstable to base 

4b. NaHC03 
H20 

basic workup + /\\jt-co2Me 
Step 1 furnishes the cyanohydrin. 
Step 2 protects the OH as an acetal. 

3a. Pearce, G. T., Gore, W. E., Silverstein, R. M. J. Org. Chem. 1976, 41, 2797. 

cyclohexene 3 Diels-Alder transform 
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The 3"-allylic alcohol i s  not well-suited as a dienophile (bulky, acid-sensitive). A 
better choice is methyl acrylate (electron deficient alkene). Addition of MeMgBr 
to the ester after cycloaddition furnishes the 3"-alcohol moiety. 

3d. Denniff, P., Macleod, I., Whiting, D. A. J. Chern. Soc., Perkin Trans. 11981, 82. 

Analysis: 0 OH OH 

M ~ ~ ~ ~ ' ~ - ~ ~ H  11 * + +'n-c5Hll 

HO 
/ HO 

[6]-ginger01 111 111 

HO B 

Synthesis: 
0 a. LDA 

THF, -78 OC 
b. aldehyde B 

w- TM (57%) w \ ,  

TM SO c. H+, H 2 0  
work-up cleaves TMS group 

4a. Diana, G. D., Salvador, U. J., Zalay, E. S., Carabateas, P. M., Williams, G. L., 
Collins, J. C. J. Med. Chem. 1977, 20, 757. 

4e. Gates, M. J. Org. Chern. 1984),45, 1675. 
4f. Sharma, A., Iyer, P., Gamre, S., Chattopadhyay, S. Synthesis 2004, 1037. 

Synthesis: 

1 b. Na2S04, H 2 0  
workup * B r 

C02Et 2. CBr4, Ph3P 
Et3N, CH2C12 C (73%) 

3. - 
HMPA. THF 

4a. n-BuLi 5. HgC12 
THF WleOH, H 2 0  

4b. C 
P 7-M 
6. H+, H 2 0  

4h. Khanapure, S. P., Najafi, N., Manna, S., Yang, J.-J., Rokach, J. J. Org. Chem. 
1995,60,7548. 

Chapter 2 

Pa. AED = 6.15 - 1.0 = 5.15 kcallmol 
Ic. AED = 4.3 - 1.4 = 2.9 kcallmol 
Ie. AED = 4.5 - 2.4 = 2.1 kcallmol 
Ig. ED = 5.1 - 4.4 = 0.7 kcallrnol 
3a. 70% at 25 "C; 66% at 100 "C 
3c, 99.9% 
4. C > B > A  
5. Marshall, J. A., I-Iochstetler, A. R. J. Org. Chern. 1966, 31, 1020. 



448 Answers to Select End-of-Chapter Problems 

7. Suga, T., Shishibori, T. Chemistry and Industry 1971, 733. 

favored conformer sterically disfavored conformer 

Opposing dipole The intramolecular hydrogen-bonding in 
interaction a nonpolar solvent offsets the 

unfavorable steric and dipole interactions. 

9. Quifionero, D., Frontera, A., Cap6, M., Ballester, P., Sufier, 6. A., Garau, C., 
Deyii, P. M. New J. Chenz. 2001, 25, 259. 

i ec i t i s  rule violation 

Resonance hybrid B violates Bredt's r~lle. Thus, there is little delocalization of 
the nitrogen lone pair to the carbonyl moiety. 

Chapter 3 

la. Paterson, I., Delgado, O., Florence, 6. J., Lyothier, I., O'Brien, M., Scott, J. P., 
Sereinig, N. J. Org. Chem. 2005, 70, 150. 

le. Gu, Y., Snider, B. B. Org. Lett. 2803, 5, 4385. 
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Ie. Wang, Q., Sasaki, N. A. J. Org. Chem. 2004, 69, 4767. 
lg. Nomura, I., Mukai, C. J. Org. Chem. 2004, 69, 1803. 
2a. Gyergybi, K., Tbth, A., Bajza, I., LiptAk, A. Synlett 1998, 127 

2c. Sefkow, M., Kelling, A., Schilde, U. Eur: J. Org. Chem. 2001, 2735. 
2e. Ella-Menye, J.-R., Sharrna, V., Wang, G. J. Org. Chem. 2005, 70, 463. 

OH 0 OH 

TrO N.Me TrO .Me 
H H 

El E2 

3b. Magatti, C. V., Karninski, J. J., Rothberg, I. J. Org. Chem. 1991, 56, 3102. 
4a. 

1. acetone, TsOH (cat.) 
HC(OMe)3 3. CH2N2 

is- - 
02H 2- HO(CH2)20H Et20 

HC(OMe)3 
TsOH (cat.) 

4b. Alibks, R., Ballb6, M., Busqu6, F., de March, P., Elias, L., Figueredo, M., Font, 
J. Org. Lett. 2004, 6, 1813. 

4e. Lanrnan, B. A., Myers, A. G. Org. Lett. 2004, 6, 1045. 

II 
2. CI3CCOBn 

TfOH (cat.) * 
HO 

hexane, CH2CI2 BnO 
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5 .  Cheol, E. L., Park, M., Yun, J. S. J. Am. Chern. Soc. 1995,117, 801 '7 

_1 

Lewis acid-assisted cleavage diester 
product of step 1 of the acetal reduction 

Step 2. Reductive cleavage of the acetal and reduction of the ester groups 
Step 3. Selective transacetalization of the 1,3-diol with benzaldehyde dimethyl 
acetal 

Chapter rd, 

Ib. Defosseux, M., Blanchard, N., Meyer, C., Cossy, J. J. Org. Chern. 2004, 69,4626. 

Id. Jiang, L., Martinelli, J. R., Burke, S. D. J. 01-g. Clzem. 2003, 68, 1150. 

TBSO 

lh. So, R. C., Ndonye, R., Izmirian, D. P., Richardson, S. K., Guel-sara, R. L., 
Howell, A. R. J. Org. Chem. 2004, 69, 3233. 

2a. Shi, B., Hawryluk, N. A., Snider, B. B. J. Org. Chenz. 2003, 68, 1030. 

1. K2CO3, MeOH 
@- 

2. DMP (2.5 eq) 
pyridine 
CH2CI2 

A, 89% 

TMSOTf (cat.) 
CH2CI2,-78°C i-p 
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2c. Ag,CO, in acetone. MnO, or Ba[MnO,], can also be used for selective allylic 
oxidation. 

2e. Momiin, E., Nicoletti, D., Mourifio, A. J. Org. Chem. 2004, 69, 4615. 
2g. Lee, H. K., Chun, J. S., Chwang, S. P. J. Org. Chem. 2003, 68, 2471. 

BnO 

3b. Clive, D. L. J., Magnuson, S. R., Manning, H. W., Mayhew, D. L. J. Org. Chem. 
1996,61,2095. 

3d. Mohr, P. J., Halcomb, R. L. J. Am. Chem. Soc. 2003, 125, 17 12. 
3f. Fettes, A., Carreira, E. M. J. Org. Chem. 2003, 68, 9274. 
3h. Brown, H. C., Chandrasekharan, J., Ramachandran, P. V. J. Am. Chem. Soc. 

1988, 110, 1539. The stereochemical outcome may be explained by considering 
the following transition state: 

I>" 

c+ 
gem-dimethyl group points away from 

the axial-CH3 of the pinane moiety 

4a. Collum, D. B., McDonald, J. H., Still, W. C. J. Am. Chem. Soc. 1980, 102, 
2118. 

intramolecular 
transesterification 

3. BOMCl 

acetone OH OBOM 

4c. Kang, S. H., Kang, S. Y., Kim, C. M., Choi, H., Jun, H.-Y., Lee, B. M., Park, 
C. M., Jeong, J. W. Angew. Chem., Int. Ed. 2003,42,4779. 
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Pc, Malkov, A. V., Pernazza, D., Bell, M., Bella, M., Massa, A., Teply, F., Meghani, 
P., Kocovsky, P. J. Org. Chem. 2003, 68, 4727. 

Id. Lepage, O., Deslongcharnps, P. J. Org. Chem. 2003,68,2183. 

Ie. Piers, E., Oballa, R. M. J. Org. Chem. 1996, 61, 8439. 

li. MomBn, E., Nicoletti, D., Mourifio, A. J. Org. Chem. 2004, 69, 4615. 
Ik. Chen, L., Wierner, D. F. J. Org. Chem. 2002, 67,7561. 

2b. Roush, W. R., Brown, R. J. J. Org. Chem. 1983,48,5093. 

OH OMe 0 

H - 
2d. Nozoe, S., Furukawa, J., Sankawa, U., Shibata, S. Tetrahedron Lett. 19'76, 195. 

2f. Wovkulich, P. M., Shankaran, K., Kiegiel, J., Uskokovic, M. R. J. Org. Chem. 
1993, 58, 832. 
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3a. Evans, D. A., Bender, S. L., Morris, J. J. Am. Chem. Soc. 1988, 110, 2506. 

3b. P-face is more 
hindered 

H-BH2 Me 

Me 
b. NaOH f-BU ,,,OH 

Step a. syn-Addition of the H-B bond at the sterically less hindered face. To 
minimize h'>%train, the favored cyclohexene conformer has the t-BLI group 
equatorial and the allylic-Me group pseudoaxial. 

3e. Martin, S. F., Zinke, P. W. J. Org. Chem. 1991, 56, 6600. 
Reduction using NaBH, or DIBAL-H furnished a product mixture in which the 
equatorial allylic alcohol predominated. However, reduction using K-Selectride 
produced the axial alcohol as the major product (88% yield, 9.8 : 1 mixture of 
diastereomers). 

1. 1,4-Reduction is impeded by the adjacent disubsituted carbon center. 
2. The sterically hindered reducing agent K-Selectride favors 1,2-addition from 

the face opposite of the R,,, substituent. 

4d. Ekhato, I. V., Silverton, J. V., Robinson, C. H. J. Org. Chenz. 1988, 53, 2180. 
4e. Kende, A. S., Blacklock, T. J. Tetrahedron Lett. 1980, 21, 31 19. 
4.F. Bergman, R., Magnusson, G. J. Org. Chem. 1986, 51, 212. 

5c. 0 2. n-Bu3SnH 
AlBN (cat.) 

H02C- toluene, heat 
\ +- TTM 

3a. LiAIH4, Et20 
3b. H', H20 

I 
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5d. Machinaga, N., Kibayashi, C. Tetrahedron Lett. 31993, 34, 5739. 

OBOM 
1. DIBAL-H (2.2 eq) 

toluene OBOM 

n CH2CI2, -78 "C 

Me 2a. (COC1)2, DMSO 
C02Me CH2CI2, -78 "C 

OBPS 2b. Et3N, 0 "C 

Me-Me 

OBPS OH 
3. MeMgBr, THF 

71 % 

OBOM 
6. K2CO3, THF 

4 PDC DMF reflux - Me\\\\ 5. n-Bu4NF 
THF, 66 '"C 1,4-addition 

OH 0 52% 

5e. McWilliams, J. C., Clardy, J. J. Am. Chem. Soc. 1994, 116, 8378. 

double Baeyer- Villiger oxidation 
a ,  
& .  

1. CH3C03H * .  
(excess) 

Me - AcO 
CH3C02H 
CH3C02Na 
70 "C, 72 h A (85%) + Aco%~e B (1 5%) 

a 2a. KOH, MeOH, rt 

2b. HCI (to pH < 1) 
workup HO 

5f* Holoboski, M. A., Koft, E. J. Org. Chem. 1992, 57, 965. 
51h. Altman, L. J., Han, C. Y., Bertolino, A,, Handy, G., Laungani, D., Muller, W., 

Schwartz, S., Shanker, D., de Wolf, W. H., Yang, F. J. Am. Chem. Soc. 1978, 
100,3235. 

6. (a) 6ii. (c) 
7a. Kumar, P., Bodas, M. S. J. Org. Chem. 2005, 70, 360. 

Retrosynthetic Analysis (PG = protecting group) 
X = leaving group 

X 

H H H 

OH stereochemical 
inversion 

U. 
p~30->eOH =+ PG30-CHO 

7b. Kang, J.-H., Siddiqui, M. A., Sigano, D. M., Krajewski, K., Lewin, N. E., 
Pu, Y., Blumberg, P. M., Lee, J., Marquez, V. E. Org. Lett. 2004, 6, 2413. 
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Retrosynthetic Analysis 

TrO 

.u. 
HO HO-: 

Chapter 6 

lb. House, H. O., Lee, J. H. C., VanDerveer, D., Wissinger, J. E. J. Org. Chern. 
1983,48, 5285. 

Id, Nantz, M. H., Radisson, X., Fuchs, P. L. Synth. Co~mzctn. 6987, 17, 55. 

Ilf. Falck, J. R., Manna, S., Chandrasekhar, S., Alcaraz, L., Mioskowski, C. 
Tetrahedt-orz Lett. 1994, 35, 20 13. 

Ih. Durham, T. B., Miller, M. J. J. Org. Chenz. 2003, 68, 35. 

Ik. Gaul, C., Njardarson, 5. T., Danishefsky, S. J. J. Am. Chern. Soc. 2003, 125, 6042. 
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2a. Mehta, G. Pure & Appl. Chem. 1990,62, 1263. 

2c. Trost, B. M., Shuey, C. D., DiNinno, F., Jr., McElvain, S. S. J. Am. Chem. Soc. 
1979,101, 1284. 

2e. Hartung, R., Paquette, L. A. J. Org. Chem. 2005, 70, 1597. 

3a. Paterson, I., Wallace, D. J., Cowden, C. J. Synthesis 1998, 639. 
3e. Shi, B., Hawryluk, N. A., Snider, B. B. J. Org. Chem. 2003, 68, 1030. 

3e. Evans, D. A., Bender, S. L., Morris, J. J. Am. Chem. Soc. 1988, 110, 2506. 
3f. King, S. A. J. Org. Chem. 1994, 59, 2253. 

a. NaOH co; b. concentrate, 
H20 add Me2S04 ~ e 0 2 C d O ~ e  - 

(98% ee) 
HC(OMe)3 

MeOH 

lactone 

F1, (>95% ee) 

Me0 H Me02C OMe 
H+ AH * [Me6AOMe ] ' 

Meo OMe F2 (>95O/0 ee) 
dioxocarbenium ion 

Base catalyzed reaction : saponification followed by alkylation with 
dimethylsulfate does not invert the chiral center. 
Acid catalyzed reaction : Dioxocarbenium ion activation of the lactone 
carbonyl group followed by attack of methanol (S,2 inversion) at the methyl- 
substituted y-carbon. 
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4a. Padwa, A., Lee, H. I., Rashatasakhon, P., Rose, M. J. Org. Chem. 2004, 69, 
8209. 

oxocarbenium ion N-acyliminium ion 
intermediate 

4e. Boeckman, R. K., Jr., Bruza, K. J. Tetmhedr-on Leu. 1977, 4 187. 
4e. Morihira, K., Seto, M., Furukawa, T., Horiguchi, U., Kuwajirna, I. Tetrcihedron 

Lett. 1993, 34, 345. 
4fe Amato, J. S., Ch~lng, J. Y. L., Cvetovich, R. J., Gong, X., McLaughlin, M., 

Reamer, R. A. J. Org. Chem. 2005, 70, 1930. 
5k. McDermott, T. S., Moi-tlock, A. A., Heathcock, C. H. J. 01%. Clzem. 11996, 61, 700. 

1. MsCI, Et3N 
CH2CI2 

B- 
2. KCN, DMSO 
3. KOH, HO(CH2)20H 

heat 
4. EtOH, H2SO4 (cat.) 

THF 
TNI 

5b. H+ 
~~0 98% 

5d. Clark, R. D., Heathcock, C. H. J. Org. Clzenz. 1976, 41, 1396. 

CN 
1 a. (Et0)2C=0 

NaOEt, EtOH 
a- 

1 b. CH31 (excess) CH3 Et2NH, heat 
C02Et C02Et 

5h. 

1 . MeLi, Et20 

hexane 
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5i. Helal, C. J., Kang, Z., Lucas, J. C., Bohall, B. R. Org. Lett. 2004, 6, 1853. 
5j. Fleck, T. J., McWhorter, W. W., Jr., DeKam, R. N., Pearlman, B. A. J. Org. 

Chem. 2003,68,9612. 

2a. 0 3 ,  MeOH 

CbzNH la.LDA(2. leq) C ~ Z N H  -78 "C 
THF, -78 "C 2b. Me2S 

CO Me 
H3C+ 

w 
1 b. allyl bromide H3C 3. BnNH2, HOAc 

NaBH3CN 
THF, MeOH 

I CbzNH CbzNH I CbzNH 0 

MeNH MeNH 
4. LiAlH4 5. Hz (30 psi) 

3c Pd(OH)2/C (cat.) H ~ C  N-Bn NH 
THF MeOH 

6a. Clive, D. L. J., Wang, J. J. Org. Chem. 2004, 69, 2773. 

Retrosynthetic Analysis 

intramolecular 

Chapter 7 

la. Negishi, E., Bagheri, V., Chatterjee, S., Luo, F.-T., Miller, J. R., Stoll, A. T. 
Tetrahedron Lett. 1983, 24, 5 18 1. 

Ic. Piscopio, A. D., Minowa, N., Chakraborty, T. K., Koide, K., Bertinato, P., 
Nicolasu, K. C. J. Clzenz. Soc., Chem. Conzmun. 1993, 617. 

le. Su, Z., Paquette, L. A. J. Org. Chem. 1995, 60, 764. 
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Ife Rodeschini, V., Boiteau, J.-G., Van de Weghe, P., Tarnus, C., Eustache, J. J. Org. 
Chem. 2804,69, 357. 

Ih. 

n-C3 H7 

l i .  Zhang, U., Wu, G., Agnel, G., Negishi, E. J. Anz. Chem. Soc. 1990, 112, 8590. 

Ik. AlibCs, R., BallbC, M., BusquC, F., de March, P., Elias, L., Figueredo, M., Font, 
J. Org. Lett. 2004, 6, 18 13. 

11. Tailliei-, C., Gille, B., Bellosta, V., Cossy, J. J. Org. Chem. 2005, 70, 2097 
In. Tsuji, J. Tetmhedron 1986, 42, 4361. 

Ip. Burke, S. D., Piscopio, A. D., Kort, M. E., Matulenko, M. A., Parker, M. H., 
Armistead, D. M., Shankaran, K. J. Org. Chem. 1994, 59, 332. 

2b. I-loye, T. R., Humpal, P. E., JimCnez, J. I., Mayer, M. J., Tan, L., Ye, Z. 
Tetmhedron Lett. 1994, 35, 75 17. 

2c. Pelter, A,, Smith, K., Hutchings, M. G., Rowe, I(. J. Clzern. Soc., Perkin Trans. I 
1975, 129. 
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3a. Nagamitsu, T., Takano, D., Fukuda, T., Otoguro, K., Kuwajima, I., Harigaya, Y., 
Omura, S. Org. Lett. 2004, 6, 1865. 

\\\\\ \ 

%iH A OPMB 

3c. Vyryan, J. R., Peterson, E. A., Stephan, MI. L. Tetrahedron Lett. 11999, 40, 4947. 

3e. McCombie, S. W., Ortiz, C., Cox, B., Ganguly, A. K. Synlett 1993, 541. 

OMe 
E 

3g. Kouklovsky, C., Ley, S. V., Marsden, S. P. Tetrahedron Lett. 1994, 35, 2091. 

3a. (-)-(lpc);?B 1 a. 9-BBN, THF TMSO,, CH3 
1 b. NaOH, H202 Et20, -78 OC 

bp B- 
2. Swern M eO CHO 3b. NaOH, H202 

oxidation 
GI,  72% 

(equatorial aldehyde) 

4b. Zhang, Y., Negishi, E. J. Am. Chem. Soc. 1989, 11 1, 3454. 

(Ph3P)4Pd (cat.) 

Et3N, CH3CN 
reflux 

oxidative addition L 
intramolecular 1 

insertion 

Heck reaction 

I- Pd Me 
I 

Me02C 
80% 
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4d. Majetich, G., Song, J.-S., Leigh, A. J., Condon, S. M. J. Org. Chem. 1993, 58, 
1030. 

5a. 

workup 

3a. Me2CuLi (xs) 

3b. NH4CI, H20 
I I workup I 

5c. Takano, S., Sugihara, T., Ogasawara, K. Synlett 1990, 453, see also Takano, S., 
Murakarni, T., Samizu, K., Ogasawara, I(. Heter+ocycles 11994, 39, 67. 

- a. =Li EDA 
DMSO (P h3P)2PdC12 (cat.) 

OBn b- OBn w- 
b. H', H20 Cul (cat.), 0 2  

workup Et3N, DMF 

a. LiAIH4 
THF, 0 to 25 OC 

BnO OBn w- TTM 
b. H', H20 88% 

workup 

5e. Imamoto, T., Sugiura, Y., Takiyama, N. Tetrahedron Lett. 1984, 25, 4233. 
5g. Anderson, J. C., Ley, S. V., Marsden, S. P. Tet~-ahedro-on Lett. 1994, 35, 2087. 

1 a. DMSO, (COCI)2 
CH2CI2, - 78 OC 4a. Cp2Zr(Cl)H 

I b. Et3N, warm to 0 "C (5 eq 
1 c. aq. NaHC03 THF 

THPO&OH I+ 
2. Ph3P, CBr4, CH2CI2 b T H P o ~  4 b 2  
3a. n-BuLi (2 eq), THF Me 

75% 
3b. TMel 

Me Me 
i-PrCHO 

CrCI2, NiCI2 (cat.) * THPO+ Me 

85% DMSO OH 

Nozaki-Kishi coupling 

5i. Kitagawa, Y., Itoh, A., Hashitnoto, S., hinamoto, H., Nozaki, H. J. Am. Chem. 
Soc. 1977,99,3864. 

B r 5  a'[voMe]e 
b. H20, workup 

AcO Me AcO Me 

a. NaH, THF 
B-- TM 

b. Pd(PPh 3)4 (cat.) 59% 
HMPA, reflux 

intramolecular 
nost- Tsuji reaction 
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da. Soderquist, J. A., Rane, A. M. Tetrahedron Lett. 1993, 34, 5031. 

Retrosynthetic Analysis 

0 OH 

Me 

OH asymmetric 
dihydroxylation Suzuki coupling 

disconnection 

6b. Miyaura, N., Ishikawa, M., Suzuki, A. Tetrahedron Lett. 1992, 33, 2571. 

Retrosynthetic Analysis 

Me 

Suzuki 

Chapter 8 

la.  Moman, E., Nicoletti, D., Mourino, A. J. Org. Chem. 2004, 69, 4615. + 
TBSO 

le. Qukron, E., Lett, R. Tetrahedron Lett. 2004,45, 4527. 

Ig. Piers, E., Abeysekera, B., Scheffer, J. R. Tetrahedron Lett. 1979, 3279. 

1i. Barrow, R. A., Hemscheidt, T., Liang, J., Paik, S., Moore, R. E., Tius, M. A. 
J. Am. Chem. Soc. 1995,117,2479. 
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P CHO Ph C02Me 
~ T B S  OTBS 

I1 12 

Step 3. HWE-modification of the Wittig reaction, tetramethyl-guanidine 
functions as a base, rnuch like DBU. 

Ik. Yoshino, T., Nagata, Y., Itoh, E., Hashirnoto, M., Katoh, T., Terashirna, S. 
Tetrahedron Lett. 1996, 37, 3475. 

11. Boyd, V. A., Drake, B. E., Sulikowski, 6 .  A. J. Org. Clzem. 1993, 58, 3 191. 

2ae Mai-ron, B. E., Nicolaou, K. C. Syntlzesis 1889, 537. 
2b. Trost, B. M., Verboeven, 7: R. J. Am. Cher~z. Soc. 1947, 99, 3867. 

CHo 1. Ph,P = CHOMe 

oAc THF, 0 "C to rt THF, H20, rt c L H o  
Wiltig reaction 87% en01 ether hydrolysis 94% 

3. NaBH4, EtOH, 0 "C 
& 

4. TsCI, pyridine Nal, HMPA, 50 "C 

69% 

6a. NaH 
C02Me THF, 0 "C 

6b. Pd(PPh,), (cat.) 
ref lux - Pd C02Me 

95% S02Ph 
n-allylpalladium cis-fused product 

75% 

2c. Powell, N. A., Roush, W. R. Org. Lett. 2001, 3, 453. 

3a. Byrne, B., Lawter, L. M. L., Wengenroth, K. J. J. Org. Chem. 1986, 51, 2607. 

3e. Clive, D. L. J., Magnuson, S. R., Manning, H. W., Mayhew, D. L. J. Org. Chem. 
1996, 61,2095. 

4a. Biichi, G., Pawlak, M. J. Org. Chern. 1975, 40, 100. 
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$c. Zutterman, F., Krief, A. J. Org. Chem. 31983, 48, 1135 

1 b. Cul (0.5 eq) [ ;XSL bhl 1 c alyl bromide (0.5 eq) 
l a .  n-BuLi I)-SP~ -78 "C to rt 

THF, -78 "C 

2a. MeOS02F (neat) OS02F 3- KoH (s) (4 eq) 

2b. trittirate vv/ pentane *d YPh DMSO, rt 
' isolate sulfonium salt Me 70% (2 steps) 

Step la. The enhanced acidity of cyclopropyl over normal secondary hydrogens 
permits the facile deprotonation using n-BuLi; see J. Am. Chem. Soc. 1973. 95, 
3068. 
Step 2a. Methylation using magic methyl (caution, carcinogen!). 
Step 3. Regioselective E2-elimination (no cyclopropene is formed due to the 
ring strain). 

5c. Mehta, G., Krishnamurthy, N., Karra, S. R. J. Am. Chem. Soc. 1991, 113, 5765. 

CeCI3 7 H20 acH3 MeOH 3.200 "C TM 

- CHO 2. EtOCH=CH2 sealed 90% 

i-~; Hg(OAc)2 j-pf 
tube 

5e. Normant, J. F., Cahiez, G., Chuit, C., Villieras, J. J. Organomet. Chem. 1974, 
77, 281. 

a. Mg, Et20 a. LiAIH4 

c. Me-H b. workup 
90% 

d. C02, HMPA C02H ove ral l 
P(OEt)3 (0.1 eq) 

e. H+, H20 

Sg. Reyes, E. D., Carballeira, N. M. Synthesis 1997, 1195. 
5i. White, J. D., Jeffrey, S. C. J. Org. Chem. 1996, 61, 2600. 

1. PivCl, py 

HO t 110 0 "C 1110 
.- PivO 

'0 
2a. NaH, CS2 

THF '0 % 
2b. Mel 

MeS AS 

3. n-Bu3SnH 
AlBN (cat.) 
toluene, heat 

B- TM 
4a. DIBAL-H (2 eq) 81% 

Et20, -78 " to 0 "C 
4b. ~6chelle's salt 

workup 
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Chapter 9 

la. Taillier, C., Gille, B., Bellosta, V., Cossy, J. J. Org. Chem. 2005, 70, 2097. 

lc. Yarnamoto, W., Sham, W. L. J. Am. Chem. Soc. 19'99,101, 1609. 

le. Jones, T. K., Denmark, S. E. Helv. Chirn. Acta 1983, 66, 2377. 

Ig. Oppolzer, W., Robyr, C. Tetmlzedro~z 1894, 50, 4 15. 

l i .  Overman, L. E., Jessup, P. J. J. Am. Clzenz. Soc. 11978, 100, 5179. 
2a. Woodward, R. B., Sondheirner, F., Ta~tb, D., Weusler, K., McLatnore, W M. 

J. Am. Chenz. Soc. 1952, 74, 4223. 

trans-isomer 

2c. Mikami, K., Takaliashi, K., Nakai, T. J. Am. Chem. Soc. 1990, 112,4035. 
2e. Kim, D., Lee, J., Shim, P. J., Lim, J. I., Jo, H., Kim, S. J. Org. Chenz. 2002, 67, 764. 

OH 1. CH3C(OEt)3 

Me02C phenol, 125 OC MeO2C 
H 

Johnson ortho-ester 
Claisen rearrangement 

/C02Et 3.19, PPh?, imidazole 2. NaBH4 
EtOH 

MOMO 

rt, 8 h 
HO& 1- , 

V ~ V  v 
H 

4. LHMDS, THF, 0 "C 

MOMO 1 1 1 1  
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Step 2. Chemoselective reduction of the a-alkoxy ester 
Step 4. Ester enolate alkylation (5-exo-tet cyclization) 

3a. Kan, T., Hosokawa, S., Nara, S., Oikawa, M., Ito, S., Matsuda, F., Shirahama, H. 
J. Org. Chem. 1984, 59, 5532. 

BnO 

0 

3c. Burke, S. D., Pacofsky, 6. J. Tetrahedror~ Lett. 1984,27, 445. 
3e. Li, W.-D. Z., Yang, J.-H. Org. Lett. 2004, 6, 1849. 

HO 

OBn 

4th Volkmann, R. A., Andrews, G. C., Johnson, W. S. J. Am. Chem. Soc. 1975,97, 
4777. 

A 

tertiary 
carbenium ion 

4d. Chen, C. Y., Hart, D. J. J. Org. Chem. 1993, 58, 3840. 
4e. Willmore, N. D., Goodman, R., Lee, H. H., Kennedy, R. M. J. Org. Chem. 

1992,57, 1216. 



468 Answers to Select End-of-Chapter Problems 

5a. Baurnstark, A. L., McCloskey, C. J., Witt, IS. E. J. 0rg. Chem. 19'78, 43, 3609. 

Tic13 (2 mol eq) 
LiAlH4 (8 mol eq) 

Ph 
0 "C to rt (H20workup) Ph Ph 

McMurry coupling 
46% 

5c. Bassetti, M., D'Annibale, A., Fanfoni, A., Minissi, F. Org. Lett. 2005, 7, 1805. 

Me C6'-/ C12(Chx3P)2Ru=CHPh (cat.) - 0 
CH2CI2, reflux 

(Grubbs catalyst) 

The ring-closing metathesis reaction (step 2) req~rired dilute conditions 
(0.01M substrate) and employed a syringe pump to introduce the substrate at a 
controlled rate. 

5e. Corey, E. J., Danheiser, R. L., Chandrasekaran, S. J. 0 % .  Chem. 1976, 41, 260. 
5f. Lee, W.-D., Kirn, K., S~llikowski, G. A. Org. Lett. 2805, 7, 168'7. 

~e.2~ j o y  1. DIBAL-H Et20, -78 "C 0 
3. RCM 

b. Y (Grubbs catalyst) 
Bt.- 

/-Co' ' 2. vinylmagnesium *o' ' 4. Dess-Martin Me02C - 
H bromide 

HO 
oxidation 

THF, -78 "C to rt 

WOTBS 
&- 

CH2CI2, 40 "C, 3 d 
I I  

4 + 2 cycloaddition 0 

Steps 1 and 2. See Tetrahedron 24)00,56,2195. 
Step 4. The Swern oxidation resulted in aroniatization of the I,4-quinone. 

6a. Arisawa, M., Takezawa, E., Nishida, A., Mori, M., Nakagawa, M. Syrdett 1997, 
11 79. 

Retrosynthetic Analysis 

acyla tion 



Note: Page numbers followed by t indicate tables. 

A values, in substituted 
cyclohexanes, 36, 38t 

Acetals 
in alcohol protection, 

66-69 
in carbonyl group 

protection, 7 1-78 
in diol protection, 69-7 1 

Acetoacetic ester synthesis, 
220 

Acetonide, 70 
Acetylene zipper reaction, 

402-403 
Acid-catalyzed benzylation, 

62 
Acidity, pK, values, 2 13t 
Acyclic systems. See also 

specific systems 
allylic strain, 45-46 
conformations, 3 1-33 
diastereofacial 

selectivity, 1 18-1 24 
chelation-controlled 

addition 
reactions, 122- 
123 

Cram's rule, 120 
double asymmetric 

induction, 1 19- 
120 

Felkin-Anh model, 
120-121,121t 

hydroxyl-directed 
reduction, 123- 
124 

Acyl anions, 8 
in Uinpolung 

cyanohydrin-derived, 
12-14 

dithiane-derived, 9- 1 1 
en01 ether-derived, 14, 

282 

lithium acetylide- 
derived, 14 

nitroalkane-derived, 
11-12 

Acylation, of 
alcohols, 68 
alkynylides, 400-40 1 
amines, 59-60 
enolates, 229, 262 
organocopper reagents, 

29 1 
Acylium ion, 3 t, 3 14 
Acyloin condensation, 

412-414 
Acyloin oxidation, 96-97 
N-Acyloxazolidones, 

253-254 
Acylsilanes, 320-322 
Adam's catalyst, 139 
AD-mix, 184 
AIBN, 78, 187,363 
Alcohols 

dehydration, 359-362 
functional group 

interconversions, 
20t 

oxidation, 88-97 
acyloins, 96-97 
to aldehydes and 

ketones, 88-93 
barium manganate, 94 
ceric ammonium 

nitrate, 95 
chemoselective agents, 

93-96 
Collins-Ratcliff 

reagent, 89t, 90 
Dess-Martin 

periodinane, 89t, 
92 

Fetizon's reagent, 
94-95 

Jones reagent, 89, 89t 
manganese dioxide, 

93-94 

pyridinium 
chlorochromate, 
89t, 90 

pyridinium 
dichromate, 89t, 
90-9 1 

silver carbonate, 
94-95 

sodium hypochlorite, 
96 

Swern, 89t, 91-92 
TPAP (tetrapropyl- 

ammonlum 
perruthenate), 
89t, 93 

TEMPO, 95 
tertiary allylic 

alcohols, 97 
triphenylcarbenium 

tetrafluoroborate, 
95-96 

propargylic, reduction of, 
199-200 

protection, 60-69 
stereochemical inversion, 

117-1 18 
synthesis, from 

alkenes, 15 1-159, 
181-185 

allylic oxidation of 
alkenes, 99-10 1 

carbonylation, 307 
carbonyl compounds, 

104t, 106-109, 
11 1-1 17, 115t, 
117t 

epoxide ring-opening, 
168-172,179-180 

Aldehydes 
deoxygenation, 77-78 
diastereo- and 

enantiotopicity, 
118-120 

as dienophiles in Diels- 
Alder reactions, 425 

functional group 
interconversions, 21t 

nucleophilic additions, 
118-123,291 

oxidation, 98 
protection, 7 1-78 
reduction, 1 12-1 14, 1 13t 

enantioselective, 
124-129, 125t 

in the presence of 
ketones, 1 13-1 14 

synthesis, from 
acid chlorides, 105 
alcohols, 88-95, 97 
alkenes (via 

ozonolysis), 
188-190 

alkynes, 200 
amides, 105, 254 
carbonylation, 

305-306 
Claisen rearrangement, 

390-392,395 
epoxides, 180 
esters, 105, 110, 123 
glycol cleavage, 

191-192 
nitriles, 105, 110 

a,P-unsaturated, via 
aldol reaction, 245 
alkenes by SeO, 

oxidation, 100 
alkenyl halides, 276 
Shapiro reaction, 387- 

389 
terminal alkynes, 40 1 

Alder, Kurt, 421 
Aldol reactions, 240-255 

diastereoselective, 
245-25 1 

(E)- VS. (2)- 
stereochemistry, 
246-248 

syn-anti selectivity, 
248-252 



Aldol reactions (continued) 
enantioselective, 

252-255 
intermolecular, 240-24 1 
intramolecular, 242 
mixed (crossed), 

243-245 
Claisen-Schmidt, 243 
imine, 244-245 
Mukaiyarna, 243 

a-silyloxyketones in, 
252-253 

Alkenes 
allylic oxidation, 99-1 0 1 
cleavage, 1 88-1 93 
dihydroxylation, 

181-185 
asymmetric, 1 84-1 85 
osmium tetroxide, 

181-183 
potassium 

permanganate, 
184 

dissolving metal 
reduction, 143-145 

epoxidation, 160- 1 66, 
173-1 78 

diastereoselective, 
173-178 

DMDO 
(dimethyldioxi- 
sane), 1 64- I 65 

enantioselective, 
176-178 

haloh y drin approach, 
165-167 

hydrogen peroxide, 
163-164 

hydroxyl-directed, 
173-176 

Jacobsen, 18 1 
peroxy acids, 1 60- 163 
Sharpless asymmetric 

epoxidation, 
176-181 

f~rnctional group 
intei-conversions, 22t 

halolactonization, 
185-188 

hydration, 1 5 1-1 59 
hydroboration- 

oxidation, 15 1- 
158 

oxymercuration- 
demercuration, 
158-159 

hydroboration, 15 1-1 58 
asymmetric, 156-1 58 
chemoselective, 154, 

155t 
diastereoselective, 

157-158 
organoborane 

oxidation, 
155-156 

regiochemistry, 154, 
154t 

s tereochemistry, 
154- 155 

hydrogenation, 1 39-1 43 
oxidation, 1 60- 166, 

173-1 92 
lead tetraacetate, 

191-192 
Lemieux-Johnson, 

190-191 
osmium tetroxide, 

190-191 
potassiutn 

permanganate, 
191 

ruthenium tetroxide, 
192 

oxymercuration- 
demercuration, 
158-1 59 

ozonolysis, 1 88- 190 
stereochemical inversion, 

170 
synthesis, 359-396 

a~nine oxide pyrolysis, 
363 

p-elir~~ination 
reactions, 50-5 1, 
359-362 

Chugaev reaction, 
362-363 

Claisen rean-angement, 
390-396 

Cope elimination, 363 
from alkynes, 193-200, 

365-372 
from ei~ol phosphates, 

295 
from palladium- 

catalyzed 
co~lpling 
reactions, 
322-345 

Hoi-ner- Wadsworth- 
Emmons reaction, 
301,378-381 

Julia reaction, 
385-387 

metathesis, 433-435 
McMurray reaction, 

415-417 
Peterson reaction, 

381-384 
pyrolytic syn 

elimination 
reactions, 
362-365 

selenoxide 
elimination, 
364-365 

Shapiro reaction, 
387-389 

sulfoxide pyrolysis, 
363-364 

Wittig reaction, 
372-378 

xanthate pyrolysis, 
362-363 

transposition, 390-396 
Wacker reaction, 201 

Alkenyl halide synthesis, 
325, 325t 

Alkenylboi-anes 
cleavage, 197- 198 
synthesis, 195-1 96 

Alkenyllithium reagents, 
275-276 

Alkenylsilanes, 3 15-3 1 6 
Alkyl broinides, 1 9t 
Alkyl chlorides, 19t 
Ally1 halides 

in organolithium reagent 
preparation, 
273-275 

reduction to 
hydrocarbon, 
107, 186-1 87 

Alkyl iodides, 19t 
Alkyllithiuln reagents, 

278-28 1 
Alkynes 

alkylation, 399-402 
carboalumination, 33 1, 

369-370 
carbocupration, 370-372 
dissolving metal 

reduction, 
198-200 

functional group 
interconversions, 
22t 

hydration, 200-202 

hydride reduction, 
199-200 

hydroalumination, 330, 
367-368 

hydroboration, 200-201, 
366-368 

hydrozirconation, 
33 1-332 

isornerization, 402-403 
~nethylal~rininatio~~, 369 
oxidation, 99 
oxymercuration, 20 1-202 
reduction via 

alkenyl borane 
protonolysis, 
195-1 98 

semi-hydrogenation, 
193-195 

synthesis, 396-404 
alkynylide alkylation, 

399-40 1 
allene isornerization, 

403 
Corey-Fuchs 

bromomethylenati 
on, 397-398 

dehydrohalogenation, 
396-404 

en01 phosphate 
elimination, 398 

frorn aldehydes, 
397-398,403-404 

Fuchs alkynylation, 
40 1-402 

Gilbert's reagent, 
403-404 

Alkynylide anions, in 
alkyne synthesis, 
398-399 

Alkynylsilanes, 3 1 3-3 15 
Allenes, 403 
K-Ally1 palladium 

cotnplexes, 343-34-5 
Ally1 vinyl ethers, 395-396 
Allylic alcohols 

epoxidation, 173-1 8 1 
diastereoselective, 

173-178 
enantioselective, 

176-177 
hydroxyl-directed, 

173-1 76 
Jacobsen, 18 1 
Sharpless asymmetric 

epoxidation, 
176-180 
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oxidation of tert-allylic 
alcohols, 97 

synthesis 
oxidation of alkenes, 

99-101 
reduction of 

propargylic 
alcohols, 
199-200 

resolution, 180 
Allylic boranes, 309-3 12 
Allylic bromides, 

funcrio~~al group 
interconversions, 19t 

Allylic metalation, 279 
Allylic strain, 45-46 
Allylic substitution, 

palladium-catalyzed, 
343-345 

Allylsilanes, 3 17-3 19 
Alpine-Borane, 125-1 26, 

125t 
Alternating polarity 

disconnections, 4-8 
Aluminum hydrides, 

103-106, 104t 
Amides 

alkylation of amide 
enolates, 225 

in WE4 group protection, 
59 

pK,, 213t 
reduction, 104t, 

104-205,254 
Weinreb amide, 254 

Amine oxides, pyrolysis of, 
363 

Ainines 
functional group 

interconversions, 20t 
oxides, 155, 362-363 
synthesis, 104, 109-1 10, 

112t 
Amino acids, 58, 106-107, 

252-253, 257 
Ammonium nitrate, 95 
Ando-Wittig reaction, 38 1 
Anomeric effect, 40-41 
Anti conformation, 32-33 
Arbuzov reaction, 

378-379 
Aromatic compounds 

reduction, 145-1 5 1. See 
also Birch 
reduction 

synthesis, 15 1 

Aryl esters, in carboxyl 
group protection, 
80-8 1 

Aryllithiurn reagents, 
276-277 

Asymmetric induction, 103, 
119-120 

Asymmetric reactions 
aldol, 252-255 
alkylation, 237-238 
allylation, 3 1 1-3 12 
allylic alcohol resolution, 

180 
allylic oxidation, 10 1 
cycloaddition, 43 1-432 
dihydroxylation, 184-1 85 
epoxidation, 176-179, 

181 
hydroboration, 156-157 
hydrogenation, 142-143 
ketone reduction, 

124-126, 125t 
Robinson reactions, 

262-263 

B 
Babler oxidation, 97 
Baeyer, Adolf von, 162 
Baeyer-Villiger reaction, 

162-163 
Baldwin's rules, 23 1-234 
Barium manganate, 94 
Barton, Derek H.R., 31 
Barton-McCombie 

deoxygenation, 345, 
363 

9-BBN (9- 
borabicyclo [3.3.1] - 
nonane), 125, 153, 
154t, 155t, 156, 196, 
336-337 

Benzamides, 59 
Benzyl esters, 80 
Benzyl ethers, 6 1-63 
N-Benzylamine, in NH 

group protection, 
5 8-5 9 

Benzylation, acid- 
catalyzed, 62 

Benzylic metalation, 279 
Benzyloxycarbonyl 

protective group, 60 
Bestmann reagent, 377 
p-effect, 3 13 
p-elimination reactions, 

3 5 9-3 62 

Bicyclo[4.4.0]decane, 
41-43 

Bicyclo[2.2. llheptane, 
43-44 

Bicyclo[4.3.0]nonane, 41 
BINAL-H, 125t, 128 
BINAP, 143 
Birch reduction, 145-15 1 

chiral quaternary carbon 
formation, 
150-151 

1,3-cyclohexadiene 
forn~ation, 1 49 

cyclohexenone 
formation, 149-1 50 

reaction conditions, 
146-147 

regiochemistry, 147-1 49 
Bismuth sesquioxide, 96 
Boat conformation, 35 
Bond dissociation energies, 

313t 
9-Borabicyclo[3.3. llnonane, 

125, 153, 154t, 1551, 
156, 196,336-337 

Borane-dirnethyl sulfide, 
151 

Borane-tetrahydrofuran, 
151 

Borohydrides, 106-1 09 
Boron enolates, 248-255 
Boronic ester 

homolog ation, 
308-309 

Brassard's diene, 422 
Bredt's rule, 44 
Brook rearrangement, 

321-322 
Brown, Herbert C., 15 1 
~ r o w n ~  gasimeter, 194 
Brown's asymmetric 

crotylboration, 
309-3 12 

Burgi-Dunitz trajectory, 
116 

Butane, 32 
t-Butoxycasbonyl protective 

group (Boc), 60 
t-Butyl esters, 80 
t-Butyl ethers, 61 
t-Butyl peroxybenzoate, 

101 
t-Butyldimethylsilyl ethers, 

64-65 
t-Butyldiphenylsilyl ethers , 

65-66 

C 
Cadiot-Chodkiewicz 

reaction, 342 
Camphorsulfonic acid 

(CSA), 71 
CAN (ceric ammonium 

nitrate), 62, 9 5  
Carbarnates, in NH group 

protection, 59 
Carbenium ion, 3t 
Carbenoids, 167, 301, 

303-304 
Carboalumination, 33 1, 

368-369 
Carbocupration, 370-372 
Carbonyl groups 

acetalization 
with 0,O-acetals, 

71-76 
with S,S-acetals, 

76-77 
polarity reversal 

(Umpolung), 8-14 
reduction, 101- 129 

diisobutylaluminum 
hydride, 109-1 1 1, 
112t 

lithium borohydride, 
106-107 

lithium trialkylboro- 
hydride, 107-108 

Rosemund procedure, 
105 

sodium borohydride, 
106 

sodium 
cyanoborohydride, 
107-108 

terminology, 1 0 1 - 1 02 
zinc borohydride, 107 

Carbonylation, 305-307 
Carboxyl groups, protection 

of, 78-82 
Carboxylic acids, 

enolate alkylation, 225 
functional group 

interconversion, 2 1 t 
reduction, 104t, 107 

using borane, 
111-112, 114 

synthesis, from 
alcohols, 88-9 1 
aldehydes, 98 
alkynes, 99, 4.01 
glycol oxidative 

cleavage, 191-193 



Carboxylic acids (continued) 
Grignard reagents, 

274,275t, 284 
silyl en01 ether 

ozonolysis, 190 
Carroll-Claisen 

rearrangement, 392 
Cascade reactions, 26 
Castro-Stevens reaction, 

339-341 
Catecholborane, 334 
Cation-n cyclizations, 3 14, 

417420,418t 
CBS reagents, 1251, 

127-128,43 1-432, 
432t 

CeCl,, 114,287-288,382 
Ceric ammonium nitrate, 

62,95 
Chair conformation, 34-35 
Chelation control, 122-1 24, 

244 
Chemoselective reactions, 

48,102 
epoxidation, 1 6 1 
hydroboration, 154-1 55 
hydrogenation, 194 
oxidation, 93-96 
reduction, 1 12-1 15 

B-Chlorodiisopinocarn- 
pheylborane, 125t, 126 

Chloroiodomethane, 167 
Chlorotris(triphenylphos- 

phine)rhodium, 
141-142 

Chromic acid oxidation, 89 
Chromic anhydride, 100 
Chugaev reaction, 362-363 
Claisen condensation, 2 17 
Claisen rearrangement, 

390-396 
Carroll-Claisen variant, 

392 
Eschenmoser variant, 394 
Ireland variant, 394 
Johnson ortho-ester 

variant, 392-394 
Yamamoto asymmetric 

variant, 395 
Claisen-Schmidt reaction, 

243 
Clemmensen reduction, 78 
Collins-Ratcliff reagent, 

89t, 90 
Computer-assisted molecular 

modeling, 46-47 

Conformational analysis 
acyclic systems, 3 1-33 
anomeric effect, 40-4 1 
boat, 35 
bridged bicyclic systems, 

43-44 
chair, 34 
cyclohexyl systems with 

sp2-hybridized 
atoms, 44-46 

destabilization energies, 
3 8-39 

eclipsed, 3 1-32 
envelope, 34 
gauche, 32-33 
LHASA program, 38-39 
nonbonded interactions, 

35-39 
of ring systems, 33-44 
of six-member 

heterocyclic 
systems, 40-41, 46 

skew, 3 1 
staggered, 3 1-32 
tricyclic systems, 43-44 
twist boat, 35 

Conjugate addition (l,4- 
addition) 

of dithianes, 10 
of hydrides, 1 12-1 13 
Michael-type reactions, 

2 15-2 16,25 8-262 
of organocopper 

reagents, 229, 292t, 
292-294,37 1-372 

of sodium 
benzensulfinate, 3 86 

stereochemistry of, 
296-297 

Consonant patterns, 5-7 
Convergent synthesis, 23-24 
Cope elimination, 363 
Corey, E.J., 1 
Corey-Fuchs 

bromornethylenation, 
397-398 

Corey lactone, 187 
Crabtree's catalyst, 142 
Cram's rule, 120 
Crotylboration, 309-3 12 
Crotyllithium reagents, 

279-28 1 
Crown ethers, 278 
Cupric acetate, 96 
Curtin-Hammett principle, 

47 

Cyanidation, 30'7-308 
Cyanocuprate reagents, 289 
Cyanohydrins, 12-14,98 
Cyclization reactions, 

23 1-234,412-435 
in aldol condensations, 

233 
Baldwin's rules, 23 1-234 
cation-n, 4 17-420, 4 1 8 t 
intramolecular free 

radical, 4 12-4 17 
acyloin condensation, 

4 12 
McMurray reaction, 

414,415-417 
Pinacol coupling, 

414-415 
pericyclic 

Diels- Alder 
cycloaddition, 
421-432 

1,3-dipolar 
cycloaddition, 
432-433 

ring-closing olefin 
metathesis, 433-434 

Cyclobutane, 33-34 
Cyciohexanes 

conformations, 34-40 
destabilization energies, 

38-39,38t 
Cyclohexanones, 

conformations, 44 
Cyclohexenes 

allylic strain, 45-46 
conformations, 44-46 

Cyclopentadienones, 424 
Cyclopentane, 34 
2-Cyclopentenone, 1 13t 
Cyclopropanation, 

303-305 
Cyclopropane, 33 

D 
Danishefsky 's diene, 422 
DBU, 257, 361, 381 
DDQ, 62-63 
DEAD (diethyl 

azodicarboxylate), 
79-80, 1 18 

Decalin, 4 1-43 
Decarboxylation, 2 15, 

22 1-222 
Demercuration, 15 8- 159 
Deoxygenation, via 

reduction of 

propargylic carbonates, 
345 

thioacetals, 77-78 
tosylates, 69, 107-108 
tosylhydrazones, 109 
xanthates, 363 

Dess-Martin periodinane 
(DMP), 89t, 92 

Destabilization energies, 
38-39,38t 

DHQ, DHQD, 184 
Dianions 

P-keto ester, 221 
carboxylic acid, 255 
propargylic, 40 1 

Diastereomeric excess (de), 
103 

Diastereotopicity, 1 19-1 20 
Diazomethane, 79 
DIBAL-H, 109-1 11, 1 12t, 

367-368 
1,3-Dicarbonyl compounds 

acidity, 21 3-214, 2$3t 
synthesis and reactions, 

2 13-223 
Dichloromethyl methyl 

ether reaction 
(DCME), 305,308 

Dicyclohexylborane, 99, 
153, 196-198 

Dicyclohexylcarbodiimide 
(DCC), 79 

Dieckrnann condensation, 
217-219 

Diels, Otto, 421 
Diels-Alder reaction, 

421-432 
asymmetric, 43 1-432 
electron-demand, 422 
frontier molecular 

orbitals, 421 
intramolecular, 429-430 
Lewis acid-catalyzed, 

424-425,43 1 
oxazaborolidine- 

catalyzed, 43 1-432, 
432t 

regiochernistry, 425-426 
reversibility, 42 1 
stereochemistry, 426-429 

Dihydroxylation, 18 1-1 85 
asymmetric, 1 84- 1 85 
osmium tetroxide, 

181-183 
Woodward procedure, 

183 



Index 473 

Diisobutylaluminum 
hydride, 109-1 1 1, 
1 12t, 367-368 

Diisopinocampheylborane, 
153, 156 

Diketene, 219, 392 
1,3-Diketones, 222-223 
4-(N,IV-dimethy lamino)- 

pyridine (DMAP), 63 
Dimethylborolane, 125t, 

126-127, 157 
Dimethyldioxirane 

(DWIDO), 164-1 65 
Dimethyloxosulfonium 

methylide, 166-1 67 
Dimethylsulfoniuin 

methylide, 166 
Dimsyl anion, 375 
1,2-Diols 

acetalization, 69-7 1 
oxidation, 91-92, 94 
oxidative cleavage, 

190-193 
synthesis, 18 1-1 85, 

414-415 
DIPAMP, 143 
DIP-C1 (B- 

Chlorodiisopinocarn- 
pheylborane), 125t, 126 

1,3-Dipolar cycloaddition 
reactions, 432-433 

Disconnections, table, 15t 
Disiamylborane, 153, 

196-198 
Dissolving metal 

reductions, 143-1 5 1 
Dissonant patterns, 5, 7-8 
1,3-Dithianes, 9-1 1, 320 
Diynes, 194-195,341-343 
DMPU, 224,278 
Doebner condensation, 2 16 
Domino reactions, 26 
Double asymmetric 

induction, 255 

E 
E l  eliminations, 359-360 
E2 eliminations, 360-362 

reactivity and product 
differentiation in, 
5 0-5 1 

Eclipsed conformation, 
31-32 

18 electron rule, 323 
Electronegativity values, 

273t 

Electrophilic reducing 
agents, 109-1 1 1, 1 12t 

Elimination reactions 
alkene synthesis, 

359-365 
alkyne synthesis, 

396-398 
Enamines, 238-240 
Enantiomeric excess (ee), 

103 
Enantioselective reactions. 

See Asymmetric 
reactions 

Enantiotopicity, 1 1 9-1 20 
Enediynes, 341 
En01 borinates, 248-255 
En01 ethers 

acyl anion equivalent, 14 
dihydropyran, 66, 28 1 
a-metalation, 28 1-283 
2-methoxypropene, 68,70 
ozonolysis of, 190 
silyl, 226-227, 243-244 
synthesis via Birch 

reduction, 149-1 50 
En01 phosphates, 295, 398 
En01 triflates, 328, 337-339 
Enolate trapping, 229, 294- 

296,338-339,365 
Enolates, 21 3-263 

alkylation, 223-23 1 
amide-derived, 225 
boron, 248-255 
C- vs. 0-alkylation, 

222-223 
carboxylic acid-derived, 

225 
condensation reactions, 

256-260 
(E)-(0)- VS. (Z)-(0)- 

stereochemistry, 
246-248 

kinetic vs. 
thermodynamic, 
226-229,339 

intramolecular alkylation, 
23 1-234 

nitrile-derived, 225 
Enones 

conjugate reduction, 
112t, 112-1 13, 
140-141, 143-145 

protection, 73-76 
synthesis, 257, 297-298, 

3 16,336 
transposition, 97 

Enynes, 194-1 96 
Enzymatic reductions, 129 
Epothilone D, synthesis of, 

443-444 
Epoxidation 

alkenes, 160-173 
allylic alcohols, 173-1 8 1 

Epoxides 
reactions 

acid-catalyzed ring 
opening, 171-172 

base-induced 
elil~~ination, 
170-171 

intramolecular ring- 
opening, 169-170 

Lewis acid-mediated 
rearrangement, 
172-173, 180 

nucleophilic 
ring-opening, 
168, 178-179 

organocopper cleavage, 
292,371 

synthesis, from 
alkenes, 160-1 66, 

173-181 
halohydrins, 165-1 66 
ketones, 166-1 67 

Eschenmoser-Claisen 
rearrangement, 394 

Eschenmoser salt, 257 
Ester enolates, alkylation 

of, 223 
Esters 

in alcohol protection, 
68-69 

in carboxyl group 
protection, 79-82 

pyrolysis of, 362 
reduction, 104t, 104, 

109-1 11, 114-1 15 
synthesis, via 

aldehyde oxidation, 
98-99 

allylic alcohol 
oxidation, 98 

carboxylic acid 
esterification, 
79-8 1 

Claisen rearrangement, 
390-394 

enolate acylation, 2 19, 
225,230 

en01 ether ozonolysis, 
189 

Esterification, rate of, 48 
Ethane, 3 1-32 
Ethers, in alcohol 

protection, 60-66 
Evans aldol reaction, 

253-254 

F 
Felkin-Anh model, 

120-121 
Fetizon's Reagent, 94 
Formyl anions, 8 

Umpolullg, dithiane- 
derived, 9- 1 1 

Frank-Condon effect, 50 
Frontier molecular orbital 

theory, 426 
Fuchs alkynylation, 

401-402 
Functional group 

interconversions, 
19t-22t 

Furakawa's reagent, 30 1, 
304 

G 
G values, for substituted 

cyclohexanes , 3 8 t 
Gauche conformation, 32 
Gilbert reagent, 403-404 
Gilman reagents, 2 8 9  
Glaser reaction, 341-343 
Glycols, formation and 

cleavage, 190- 193 
Grignard, Victor, 2 8 3  
Grignard-copper reagents, 

289-290 
Grignard reagents, 283-286 
Grubbs, R., 433 
Grubbs catalyst, 4 33-434 

H 
Halohydrins, 165- 166 
Halolactonization, 185-1 88 
Hamrnond postulate, 47 
Hassel, Odd, 31 
Heck reaction, 326-329 
Henry-Nef reaction, 11 
Heterocuprate reagents, 289 
Heterolytic disconnections 

alternating-polarity, 4-8 
in retrosyntheti~ analysis, 

2-8 
Hexamethylphosphoramide 

(HMPA), 224,227, 
278 



Hoffman eliminations, 359 
Homochirality, 103 
Homocuprate reagents, 289 
Homolytic disconnections, 2 
Horner- Wadsworth-Emmons 

reaction, 301, 378-38 1 
Huang-Minlon reduction, 78 
Hudrlik-Peterson diene 

synthesis, 3 19 
Hydration, of 

alkenes, 151-158 
alkynes, 200-202 

Hydrazone anions, 237-238 
Hydrazones, 78, 237-238, 

387-389 
Hydrindane, 4 1 
Hydroalumination, 330, 

367-368 
Hydroboration, of 

alkenes, 151-158 
alkynes, 195-1 96, 

200-20 1,366-368 
enynes, 195-196 

Hydrogen peroxide, 163-1 64 
Hydrogenation 

of alkenes, 139-1 43 
of alkynes, 193-195 
directed, 142 
asymmetric, 142 

Hydrogenolysis, of 
allylic groups, 141 
benzylic groups, 59-62, 

141 
cyclopropanes, 33 
halides, 141, 187 
thioacetals, 77 

Hydrosilylation, 3 15 
P-Hydroxy ketones, 

reduction of, 123-1 24 
Hydrozirconation, 33 1-332 

I 
IBX, 92,297 
Imine aldol reactions, 

244-245 
Imine anions, 236-237 
Intramoleculas reactions 

aldol reaction, 242, 
260-263 

alkylation, 2 15, 223, 
23 1-234 

cation-n; cyclization, 3 14, 
417420,418t 

diester condensation 
acyloin, 2 19,412-4 14 
Dieckmann, 2 17-2 18 

Diels-Alder cycloaddition, 
429-430 

epoxide cleavage, 
169-170, 172, 
178-180,418t 

free radical cyclizations, 
412-417 

halonium ion capture, 
185-1 88 

Michael addition, 
259-260,303 

oxymercuration, 159 
Prins reaction, 4 18t 
Wittig reaction, 376 

Iodoform, 299 
Iodolactonization, 185-1 88 
Iodotrimethylsilane, 59 
Ireland-Claisen 

rearrangement, 394 
Isomerization, in alkyne 

synthesis, 402-403 
Isopropylidene acetals, 

70-7 1 
Isoxazolines, 433 

J 
Jacobsen epoxidation, 18 1 
Johnson ortho-ester 

rearrangement, 
392-394 

Jones reagent, 89, 89t 
Julia olefination, 385-387 

Kocienski modification 
of, 386 

Juvenile hormone, 
443-444 

K 
KAPA (potassium 3- 

aminopropylamide), 
402-403 

Katsuki, T., 176 
p-Keto esters 

alkylation, 220-22 1 
decarboxylation, 

221-222 
preparation 

of acetoacetic esters, 
219 

by C-acylation, 
2 19-220 

by Claisen 
condensation, 2 17 

by Dieckmann 
condensation, 
217-219 

Ketone enamines, 238-240 
Ketone enolates 

alkylation, 230-236 
formation, 225-230 

Ketones 
1,2-addition, 1 18-123, 

29 1 
deoxygenation, 77-78 
diastereo- and 

enantiotopicity, 
118-120 

epoxide preparation 
from, 166-1 67 

functional group 
interconversions, 2 1 t 

methyl ketone syntheses, 
20 1-202 

protection, 7 1-78 
reduction 

diastereoselective, 
115-1 16, 117t 

dissolving metal, 
143-145 

enantioselective, 
124-129, 125t 

enzymatic, 129 
hydroxyl-directed, 

123-124 
in presence of 

aldehydes or 
esters, 114 

synthesis, via 
alcohol oxidation, 

88-97 
alkene cleavage, 

188-192 
alkyne hydration, 

200-20 1 
allylic oxidation, 

100 
carbonylation, 

306-307 
cyanidation, 307-308 
en01 ether hydrolysis, 

149-150 
thioesters, 25 1 

Kinetic enolate formation, 
226-229 

Kinetic resolution, 180 
Knoevenagel condensation, 

216 
Kocienski-modified Julia 

olefination, 386 
K-Selectride (potassium tri- 

sec-butylborohydride), 
107-108, 113, 116 

L 
Lactones, from 

Baeyer-Villiger 
oxidation, 162-1 63 

lactol oxidation, 94-95 
Larock annulation, 

328-329 
Latent polarity, 4-5 
Lead tetraacetate, 

191-192 
Lemieux-Johnson 

oxidation, 190-1 9 1 
Lewis acid-catalyzed 

reactions 
allylic alcohol 

epoxidation, 180 
allylsilane addition, 

318-319 
crossed Aldol, 243-244 
Diels- Alder, 424-425, 

43 1 
epoxide rearrangement, 

172-173, 179-180 
Lindlar catalyst, 193-194 
Linear synthesis, 23-24 
Lipschutz reagents, 289 
Lithium acetylide, 14, 

398-399 
Lithium alkynylides, 

preparation, 283, 
3 97--40 1 

Lithium aluminum hydride, 
103-105, 104t 

Lithium borohydride, 
106-107 

Lithium diisopropylamide 
(LDA), 278 

Lithium 
hexarnethyldisilazide 
(LHMDS), 278 

Lithium 
2,2,6,6-tetramethylpip 
eridide (LTMP), 278 

Lithium tri-t- 
butoxyaluminum 
hydride, 104t, 105 

Lithium 
triethoxyaluminum 
hydride, 104t, 105 

Lithium-halogen exchange, 
275-277 

L-Selectride (lithium tri- 
sec-butylborohydride), 
107-108, 115t, 116, 
117t, 121t 

Luche reagent, 1 12-1 14 



Index 475 

M 
Malonic acid esters, 

214-216 
Manganese dioxide, 93-94 
Mannich reaction, 256-257 
Martin sulfurane, 36 1 
Matteson's boronic ester 

homologation, 
308-309 

McMurray reaction, 
414-417 

mCPBA (meta- 
chloroperoxybe~izoic 
acid), 160-163 

Meerwein-Ponndorf-Verley 
reduction, 115, 1 15t 

Mesylates 
based-induced 

elimination, 
359-361 

preparation, 360-36 1 
reduction, 69 

Metalation, 277-283 
of a-heteroatorn 

substituted alkenes, 
28 1-283 

of 1-alkynes, 283, 
397-401 

allylic or benzylic, 
279-28 1 

reagents for, 278-28 1 
p-Methoxybenzyl (PMB) 

ethers, 62-63 
Methoxymethyl (MOM) 

ethers, 66-67 
Methyl ketones, preparation 

of, 201-202,25 1 
3-Methylcyclohexanone, 

115, 115t 
Michael addition, 258-260 

disconnections in, 15t 
intramolecular, 259-260 
in Robinson annulation, 

26 
stereochemistry of, 260 
stereoelectronic factors 

in, 50 
Michael-type reactions, 

2 15-2 16,25 8-262 
Mitsunobu reaction, 79-80, 

117-1 18, 387 
Monoisopinocampheyl- 

borane (IpcBH,), 157 
Mukaiyama reaction, 243 
MVK (methyl vinyl 

ketone), 260-263 

N 
Nef reaction, 11 
Negishi reaction, 329-332, 

340-341 
Ni-boride, in 

hydrogenation, 139, 140 
thioacetal reduction, 77 

Nitriles 
enolate alkylation, 225 
functional group 

interconversions, 
20t 

as ketone precursors, 
275t 

pK, values, 12, 21 3t 
reduction (DIBAL-H), 

110 
Nitroalkanes, 1 1-12 
NMO (N-methylmorpholine- 

N-oxide), 182-1 83 
2,5-Norbornadiene-Rh(1) 

catalyst, 142 
Norbornane, 43-44 
Nozaki-Hiyama reaction, 

298-299 
Nozaki-Takai-Hiyama- 

Kishi coupling, 
299-300 

Nucleophilic reducing 
agents, 103-109 

0 
Octalactin B, synthesis of, 

443-444 
Olefin metathesis, 433-435 
Oppenauer oxidation, 1 15 
Organoalanes, 330, 

367-368 
Organoboranes, oxidation 

of, 155-156 
Organoboron reagents, 

305-3 12 
in asymmetric 

crotylboration, 
309-3 1 2 

in cyanidation, 307-308 
in dichloromethyl 

methyl ether 
reaction, 308 

in Matteson's boronic 
ester homologation, 
308-309 

in Suzuki reaction, 
332-337 

Organoceriurn reagents, 
287-288,288t 

Organochromium reagents, 
298-300 

in alcohol oxidation, 88 
Organocopper reagents, 

288-297 
Grignard-copper, 289-290 
heterocuprates (Gilman), 

289 
higher-order 

cyanocuprates 
(Lipshutz), 289 

homocuprates, 289 
in ketone preparation, 

297-298 
preparation of, 289-290 
reactions of, 288-297 

Organolithium reagents, 
273-285 

alkenyllithium, 275-276 
alkyllithium, 278-28 1 
aryllithium, 276-28 1 
conjugate addition 

reactions of, 81, 283 
crotyllithium, 279-28 1 

Organomagnesium 
reagents, 283-286 

Organomercury 
compounds, 159 

Organopalladiurn species, 
322-345 

Organosilicon reagents, 
3 1 2-322 

acylsilanes, 320-322 
alkenylsilanes, 3 15-3 16 
alkynylsilanes and, 

313-315 
allylsilanes, 3 17-3 1 9 
a -  and P-stabilization, 

313 
electronegativity, 

312-313,313t 
Organotin reagents, in Stille 

reaction, 337-339 
Organotitanium reagents, 

286-287, 287t 
Organotransition metal 

complexes 
ligand coordination 

number, 323 
oxidation state, 323-324 

Organozinc reagents 
in palladium-catalyzed 

cross-coupling 
reactions, 340-34 1 

preparation, 300-30 1 
reactions, 301-305 

Organozirconium reagents, 
331-332 

Ortho ester rearrangement, 
392-394 

Ortho esters, in carboxyl 
protection, 8 1-82 

Ortho-lithiation, 282-283 
Osmium tetroxide 

in alkene dihydroxylation, 
181-183 

in alkene oxidation, 
190-191 

Oxazaborolidines 
in asymmetric Diels- 

Adler reactions, 
431432,432t 

in reduction of aldehydes 
or ketones, 125t, 
127-128 

Oxazolidinones, 253-254 
Oxazolines, 8 1 
Oxidation, of 

acyloins, 96-97 
alcohols, 88-97 
aldehydes, 98 
alkanes, 165 
alkenes (allylic), 99-1 0 1 
alkynes, 99 
enones, 163-1 64 
ketones, 162-1 6 3  
organoboranes, 1 55-1 56 

Oxone, 92,98-99, 164 
Oxy mercuration 

of alkenes, 158-159 
of alkynes, 201-202 

Ozonolysis, 188- 190 

P 
Palladium-catalyzed 

coupling reactions, 
322-345 

allylic substitution, 
343-345 

P-hydride elimination, 
326 

Cadiot-Chodkiewicz 
reaction, 342 

Castro-S tevens reaction, 
339-341 

conjugated enediyne 
synthesis, 341 

Glaser reaction, 
341-343 

Heck reaction, 326-329 
Larock annulation, 

328-329 



coupling reactions 
(continued) 

Negishi reaction, 
329-339,340-341 

oxidative addition, 
324-326 

Pd(0)-catalyzed olefin 
insertion, 326-329 

reductive elimination, 
326 

Sonogashira reaction, 
339-340 

with sp-carbons, 
339-343 

Suzuki reaction, 332-337 
transmetalation, 324, 326 
Trost-Tsuji reaction, 

343-345 
Payne rearrangement, 

178-179 
PCC, 90,97 
PDC, 90-9 1,97-98 
Pericyclic reactions, 

421-433 
Periodates, 190-1 93 
Peroxy acids, 160- 163, 

173-176 
Peterson olefination, 

381-384 
Phase transfer catalysis, 99, 

223 
Phosphine ligands, 324, 324t 
Phosphonate reagents, 

378-38 1 
Pinacol coupling, 4 14-4 16 
pK, values, 213t, 277 
Polycyclic ring systems, 

41-44 
Potassium caroate, 164 
Potassium permanganate, 

184 
PPTS, 66 
Prochiral centers, 102 
Progesterone, 443-444 
Proline, 257 
Propane, 32 
Propargylic alcohols, 

reduction of, 199-200 
Propargylic alkylation, 40 1 
Protective groups, of 

alcohols, 20t, 60-69 
carbonyl groups in 

aldehydes and 
ketones, 7 1-78 

carboxyl groups, 78-82 

diols, 69-7 1 
double bonds, 82 
NH groups, 58-60 
triple bonds, 82 

Pyridinium chlorochromate 
(PCC), 89t, 90 

Pyridinium dichromate 
(PDC), 89t, 90-91 

Pyrolysis, 362-365 

Q 
Quinidines, 184 
Quinones, 423-424 

R 
Ra-Ni (Raney nickel), 77, 

139-140 
Rawal's diene, 422 
Re face, 11 8 
Red-Al, 105-106, 180, 

200 
Reduction, of 

alkenes, 139-15 1 
alkynes, 193-200 
aromatic compounds 

(dissolving metal), 
145-15 1 

carbonyl groups, 
101-129 

chemoselective, 
114-1 15 

enantioselective, 
124-128 

cyclic ketones, 1 15-1 17 
cyclopropanes, 33 
enones, 112-1 13, 

140-141, 143-145 
enzymatic, 129 
nitriles, 1 10 
sulfonate esters, 69 
vinyl esters, 145 

Reductive amination, 109 
Reformatsky reaction, 

301 
Retrosynthetic analysis, 

1-26 
carbon skeleton 

construction in, 
15-18 

convergent vs. linear 
synthesis, 23-25 

synthetic equivalents, 2, 
15t 

synthons, 2-4, 3t 
Umpolung in, 8-14 

Rieke magnesium, 284 

Rieke zinc, 300-303 
Ring-closing olefin 

metathesis, 433-435 
Robinson, Robert, 260 
Robinson annulation, 26, 

260-263 
Rochelle's salt, 104 
Rosenmund reduction, 

105 
Ruthenium tetroxide, 

192-193 

Saegusa-Ito oxidation, 
297-298 

Schlenk equilibrium, 285 
Schlosser-modified Wittig 

olefination, 375-376 
Schlosser's base, 280 
Schrock, R., 433 
Schwartz reagent, 33 1 
Secondary orbital overlap, 

427-428 
Selectivity, terminology of, 

48 
Selenium dioxide, 99- 100 
Selenoxides, syn- 

elimination of, 
364-365 

Shapiro reaction, 387-389 
Sharpless, K.B., 176 
Sharpless asymmetric 

dihydroxylation, 
184-185 

Sharpless asymmetric 
epoxidation, 176-1 8 1 

resolution of racemic 
allylic alcohols, 180 

Si face, 1 18 
[3,3] -Sigmatropic 

rearrangement, 
390-395 

Silver carbonate, 94-95 
Silyl en01 ethers, 226-227, 

243-244,294-295, 
322,414 

Silyl esters, in carboxyl 
protection, 8 1 

Silyl ethers, 63-64 
a-Silyloxyketones, in aldol 

reactions, 252-253 
Simmons-Smith 

cyclopropanation, 
303-305 

Skew conformation, 3 1 
S,2 reactions, 15t, 49-50 

Sodium bis(2- 
methoxyethoxy)alumin 
um hydride (Red-Al), 
105-106 

Sodium borohydride, 106 
Sodium chlorite, 98 
Sodium cyanoborohydride, 

108-109 
Sodium hypochlorite, 96 
Solvomercuration- 

demercuration, 159 
Sonogashira reaction, 

339-340 
Staggered conformation, 

3 1-33 
S tereoelectronic effects, 

47-54 
Stereogenic carbon, 102 
Stereoisomers, 48, 102 
Stereoselective reactions, 

48, 102 
Stereospecific reactions, 48, 

102 
Steric strain, 32 
Stetter reaction, 13 
Stille reaction, 338-339 
S till-Gennari olefination, 3 80 
Sulfones, 213t, 260, 

385-387 
Sulfoxides, pyrolysis of, 

363-364 
Sulfur ylides, 166-1 67 
Super Base, 280 
Suzuki reaction, 332-337 
Swern oxidation, 89t, 9 1-92 
Synthetic equivalents, 2 
Synthons, 2-4, 3t, 15t 

T 
Tandem reactions, 26, 341 
TBAF, 63-64 
TEMPO, 95 
Tetrahydropyrans, 

conformations of, 40 
Tetrahydropyranyl ethers, 66 
Tetramethylammonium 

triacetoxyborohydride, 
123-124 

Thermodynamic enolate 
formation, 226-229 

Thexylborane, 152-153 
Thexylchloroborane, 153 
Thexyldimethylsilyl ethers, 

65 
Thioacetals, reduction of, 

77-78 
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Thioesters, 25 1 
TMEDA 

(tetramethylethylene- 
diamine), 27 8 

Torsional strain, 32 
Tosyl hydrazone, 109, 

3 87-3 8 8 
Tosylates, preparation of, 

360 
TPAP 

(tetrapropylammonium 
perruthenate) 
oxidation, 89t, 93 

Transforms, 2. See also 
Disconnections; 
Functional group 
interconversions 

Transition states, early vs. 
late, 47 

Transmetalation, 277 
Trapp mixture, 276 
Trichloroacetimidates, 62 
Triflating agents, 338 
Trifluorornethanesulfonimi 

de (Tf,NH), 43 1 
Triisopropylsilyl ethers, 65 

3,3,5-Trimethyl- 
cyclohexanone, 1 16, 
117t 

Trimethylsilyl ethers, 64 
Tri-n-butyltin hydride 

in halide reduction, 
186-1 87 

in thioacetal reduction, 
78 

in xanthate reduction, 
363 

Triphenylcarbenium 
tetrafiuoroborate, 
95-96 

Trisylhydrazones, 
3 8 8-3 89 

Trityl ethers, 63 
Trost-Tsuji reaction, 

343-345 
Twist boat conformation, 

3 5 

U 
U values, for substituted 

cyclohexanes, 38t 
Umpolung, 2, 8-14 

$T 

Vilsmeier-Haack 
formylation, 15 1 

Vinyl halides, 29 1, 3 16, 
323, 367 

Vinyl lithium, 275-276, 
387-389 

Vinyl triflates, 328, 
337-339 

Vinylic boranes, protonolysis 
of, 197-198 

Vinylsilanes, 3 15-3 16 
VO (acac),, 175 

w 
Wacker oxidation, 201 
Weinreb amide, 254 
Wilkinson's catalyst, 

141-142 
Wittig, Georg, 372 
Wittig reaction, 372-378 

Schlosser modification, 
375-376 

y lides 
nonstabilized, 373-376 
stabilized, 376-378 

Wol-flf-Kishner reduction, 
78 

Woodward-Hoffrnann rules, 
42 1 

Xanthates, pyrolysis of, 
362-363 

U 
Yamamoto asymmetric 

Claisen rearrangement, 
395 

Ylides 
phosphonium, 373-378 
sulfonium, 166- 1 67 

Z 
Zimmerman-Traxler 

transition state model, 
249,253-254, 3 1 1 

Zinc borohydride, 107 
Zinc carbenoids, 301 
Zirconium reagents, in 

hydrozirconation, 
33 1-332 




