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mization. every effort was made to ensure that, other than those products 
resulting from decomposition of the starting materials.1° no reaction 
products isomeric with those isolated were present in the crude reac- 
tionproduct mixtures. In all cases geater than 95% of the material balance 
has been accounted for. (1973). 

(8) F. Zymalkowski and J. Rimek, Naturwissenschaften, 47, 83 (1960). 
(9) The air was dried by passage through successive drying towers of con- 

(IO) Cf. E. L. Esmans and F. C. Alderweireldt. Bull. SOC. Chim. Belg., 82, 435 
centrated H2S04, solid KOH, and silica gel. 
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Stereochemical results from reductions of alkyl-substituted cyclohexanones by organosilanes in boron trifluoride 
etherate and in aqueous sulfuric acid demonstrate that Lewis acid complexation with the carbonyl oxygen plays 
a major role in determining product stereoselectivity. These results, together with similar changes in stereoselectiv- 
ity due to variations in the metal ion employed in Meerwein-Ponndorf-Verley, borohydride, and aluminum hy- 
dride reductions, lead to the proposal that stereoselectivity in ketone reductions is a function of the size of the com- 
plexing agent and the degree of association between the carbonyl oxygen and the complexing agent in the transition 
state for hydride transfer. To  explain the “4-methyl, 4-tert-butyl effect” and the “2-methyl effect” the principle 
of complexation-induced conformational perturbation is introduced. According to this tenet, the reacting corn- 
plexed ketone adopts a conformation that minimizes steric (or torsional) interactions in the transition state for hy- 
dride transfer Stereochemical and kinetic data are consistently explained by application of this principle. Stereo- 
chemical results from reductions of model ketones, trans- I-decalone and trans- 2-decalone, are reported; these re- 
sults are consistent with the transition state model for complexation-induced conformational perturbation but are 
opposite to those predicted from the conformational equilibrium model. The effects of the postulate that hydride 
transfer preferentially occurs to minimize interactions between the incoming hydride and the complexed ketone 
on the currently held models for stereoselectivity in nucleophilic addition reactions are discussed. 

The predominance of one stereoisomeric product in nu- 
cleophilic additions to ketones depends on the nature of the 
nucleophile, on the stereochemical relationship between the 
reactants during addition, and on the intricate details of the 
reaction p a t h ~ a y . ~  The evolution of current understanding 
of stereoselectivity in these reactions has occurred primarily 
through studies of cyclic  ketone^.^^^ A wealth of data on ste- 
reoselective hydride reductions of cyclic ketones exists and 
is interpreted with general acceptance5 in terms of a combi- 
nation of steric and torsional interactions between the sub- 
strate and the reducing agent in the transition state for hy- 
dride transfer as well as by electronic influences emanating 
from polar substituents remote from the carbonyl group. 
Conformational6 and molecular orbital7 influences on stere- 
oselectivity in cyclic ketone reductions have recently been 
proposed. 

Steric approach control,4b which implies that the transition 
state resembles t,he reactants in geometry, is widely believed 
to govern the course of ketone reductions by hydride reducing 
agents. Furthermore, hydride transfer is understood to pref- 
erentially occur when the ketone is in its most stable confor- 
mation and, to effect maximum overlap in the transition state, 
hydride approaches the carbonyl carbon along a line per- 
pendicular to the plane of the carbonyl g r o ~ p . ~ ~ , ~  

When these criteria are applied to reductions of substituted 
cyclohexanones, for example, a distinct picture of stereose- 
lective control emerges (structure 1). Axial hydride attack is 

1 

subject to steric interactions from atoms or groups of atoms 
on the axial 3,5 positions. Equatorial hydride attack is subject 
to torsional interference with the axial 2,6 hydrogens. The 
stereoselectivity of hydride transfer to substituted cyclo- 
hexanones is believed to be determined by the relative mag- 
nitude of these steric and torsional interactions.5 

Recent stereochemical data on reductions of cyclohexa- 
nones by numerous aluminum h~dride,4h?~ borohydride,1° and 
organosilane1,6dJ1 reagents have generated several questions 
that cannot be explained by the account of stereoselective 
control outlined in structure 1. The “2-methyl effect”,6a in 
which the relative yields of the less stable cis isomer from re- 
ductions of 2-methylcyclohexanone are substantially greater 
than those from 4-tert- butylcyclohexanone, requires modi- 
fication of the currently held view of stereoselectivity. The 
complex “4-methyl, 4-tert- butyl effect” is even more difficult 
to understand. Here, the relative yield of the less stable cis 
alcohol from reductions of 4-methylcyclohexanone is greater 
than that from 4-tert- butylcyclohexanone when sterically 
small reducing agents are employed, but this phenomenon is 
reversed when sterically large reducing agents are used. 

In the course of our investigations of stereoselectivity in 
ketone reductions by organosilanes we have found that the 
nature of the Lewis acid catalyst has a major effect.l In this 
paper we assign to Lewis acid complexation an integral role 
in the control of reduction stereoselectivity. We will describe 
the stereochemical relationship between the reactants in the 
process of reduction in terms of “complexation-induced 
conformational perturbation” of the ketone in the transition 
state. This new principle of stereoselective control unravels 
the “2-methyl effect” and the “4-methyl, 4-tert- butyl effect”, 
satisfactorily explains the results from hydride reductions and 
nucleophilic additions of cyclic ketones, and predicts the 
stereochemical course of these reactions more successfully 
than previous theories. 
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Table I. Stereoselectivities of Organosilane Reductions of Alkyl-Substituted Cyclohexanones in Aqueous Sulfuric Acid 
and in Boron Trifluoride Etheratea 

Relative yi,eld, % less stable alcohol from reduction by 
Registry n-BuSiHs EtzSiHZ Et3SiH 

no. Cvclohexanone BFA-EtzO HzS04‘ BFS-EtzOb H2S0dC BF3*Et20d H2S04‘ 

98-53-3 4-tert- Butyl- 17 10 36 20 61 32 
589-92-4 4-Methyl- 19 18 39 26 60 35 
591-24-2 3-Methyl- 24 19 48 29 65 39 
583-60-8 2-Methyl- 34 31 52 41  64 54 
873-94-9 3,3,5-Trimethyl- 87 74 91 85 95 90 

0 Reactions were run at room temperature (25 f 2 OC). Molar ratio of boron trifluoride etherate to ketone was 1:l. Alcohols were 
the only products observed after basic hydrolysis. Data taken from ref 6d. Data taken from ref 1. 

Table 11. Stereoselectivity in Triethylsilane Reductions of 4- tert-Butylcyclohexanone Promoted by Lewis Acid Catalysts - 

Registry Alcohol % cis hax iad  
no. Acid derivative isomer k equatorial - 

76-05-1 
7664-93-9 

64-18-6 
7772-99-8 
7446-70-0 
7637-07-2 

56889-93-1 
56889-94-2 

CF3COOHGd Trifluoroacetate 
HzS04, Hz06d Alcohol 
HCOOH’ Formate 
SnC1z1 Alkyl silyl ether 
AlC13’ Alkyl silyl ether 
BF3’ Borate ester 
trans- 4- tert- Buty lcy~ lohexy l~~~~  
cis- 4- t er t -  Butylcyclohexy16d~a 

Symmetrical ether 
Symmetrical ether 

32 
32 
38 
42 
60 
61 
63 
84 

0.47 
0.47 
0.61 
0.72 
1.50 
1.56 
1.7 
5.2 

a Reduction of RzC=+OR’ leading to symmetrical ethers during triethylsilane reduction of 4-tert- butylcyclohexanone in trifluo- 
roacetic acid. Analyzed as alcohol. 

Results and  Discussion 
Effect of Lewis Acid Complexation on Stereoselectivity 

in Cyclic Ketone Reductions. Table I presents the stereo- 
chemical results from reductions of alkyl-substituted cyclo- 
hexanones by alkylsilanes in boron trifluoride etherate and 
compares these results with those from the corresponding 
reactions in aqueous sulfuric acid. Cyclohexanones are rapidly 
reduced by organosilanes in BFs.Et20 to borate esters 

3R2C=0 + 3RjSiH + BF3 - (R2CHO)sB + 3RjSiF (1) 

which are, in turn, conveniently hydrolyzed to alcohols during 
product isolation from aqueous base. The mechanism of ke- 
tone reductions in HFrEt20 is suggested to involve hydrosi- 
lylation of the boron trifluoride activated carbonyl group 
followed by fluoride displacement at  silicon and has been 
previously discussed.l 

Table I clearly shows that stereoselectivity depends on the 
acid employed in cyclic ketone reductions by organosilanes. 
Not only do the relative yields of the less stable alcohol isomers 
increase with increasing size of the reducing agent (steric 
approach control) but, also, a substantial increase in the rel- 
ative yield of the less stable alcohol isomer is obtained when 
the size of the Lewis acid is increased from “H+” (aqueous 
H2SO4) to BFs (BF,.Et20). A similar effect on stereoselecti- 
vity has been noted in AlC13-, ZnClz-, and SnCl2-catalyzed 
organosilane reductions of 4-tert- butylcycl~hexanone.~ In 
addition, reductions of oxonium ions of the type R2C=+OR’ 
(R2C=O = 4-tert-butylcyclohexanone, R’ = cis- and trans- 
4-tert-  butylcycloheryl) to ethers by organosilanes are highly 
sensitive to the nature of R’.6d Table I1 summarizes the de- 
pendence of reduction stereoselectivity on Lewis acids by 
presenting the ratio of the relative rates for axial and equa- 
torial attack by triethylsilane on Lewis acid complexed 4- 
tert- butylcyclohexanone. Clearly the Lewis acid plays an in- 
tegral role in the control of stereoselectivity in organosilane 
reductions. 

The increase in equatorial attack in cyclohexanone reduc- 
tions that is caused by changes in the Lewis acid is not limited 

to organosilane reagents. Recent stereochemical results from 
several laboratories, involving a wide range of hydride re- 
ducing agents, point to the same dependence. In the Meer- 
wein-Ponndorf-Verley reductions of substituted cyclohexa- 
nones and steroidal ketones, changing from lithium to sodium 
to potassium isopropoxide substantially increases the yields 
of the less stable alcohol isomers.12 Similarly, in cyclic ketone 
reductions by tri-sec- butyl borohydride, the potassium salt13 
favors the less stable alcohol isomer more than does the lith- 
ium salt;’& similar results are reported for lithium and sodium 
borohydride reductions of alkylcyclohexanones.14 Stereo- 
selectivity in aluminum hydride reductions is likewise subject 
to the nature of the metal Although these results can 
be explained by proposing changes in the effective sizes of the 
individual reducing agents, we believe that they are more 
properly and harmoniously ascribed to conformational 
changes in the reacting ketone due to complexation of the 
Lewis acid (or metal ion) with the carbonyl oxygen in the 
transition state for hydride transfer. This complexation ac- 
tivates the carbonyl group for hydride transfer and stabilizes 
the resulting alkoxide. 

Complexation-Induced Conformational Perturbation. 
Three basic postulates underlie the theories that have been 
developed to explain stereoselectivity in ketone reductions: 
(a) that steric approach control governs the course of ketone 
reductions by hydride reducing agents, (b) that the hydride 
approaches perpendicular to the carbonyl group,8 and (c) that 
hydride transfer preferentially occurs when the ketone is in 
its most stable conformation (which is usually defined as the 
most stable ground state c o n f o r r n a t i ~ n ~ ~ ~ ) .  When laid upon 
these foundations a t  least four reaction parameters are 
identified as controlling stereoselectivity during hydride at- 
tack a t  the carbonyl carbon of cyclic ketones: (1) the size of 
the nucleophile, (2) the “nucleophilicity” of the attacking 
reagent, (3) steric interactions between the cyclic ketone and 
the attacking reducing agent, and (4) torsional strain (or 
gauche hydrogen-hydrogen  interaction^'^) between the in- 
coming hydride and suitably positioned (Y  hydrogen^.^,^ Ex- 
cept for the recent proposal of a conformational equilibrium 
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Figure 1. Complexation-induced ring flattening of cyclohexanone: 
view from the side (3a) and view along the carbonyl group (3b). 

model to explain the 2-methyl effect: the attributes of com- 
plexation between the carbonyl oxygen of ketones and a Lewis 
acid or metal ion in effecting stereochemical control of hydride 
transfer have been generally overlooked. 

We propose that stereoselectivity in ketone reductions is 
a function of the size of the complexing agent and of the degree 
of association between the carbonyl oxygen of the ketone and 
the complexing agent in the transition state for hydride 
transfer. This complexation initially results in steric (or tor- 
sional) interference between the complexing agent and LY 

substituents of the ketone. With cyclohexanone in particular, 
the complexing agent (A) and substituents on the equatorial 
2,6 positions are nearly eclipsed or sterically encumbered when 
cyclohexanone is in its chair conformation (structure 2a). To 
relieve this strain the  complexed ketone adopts a conforma- 
tion tha t  minimizes steric (or torsional) interactions i n  the  
transition state for hydride transfer. In the case of cyclo- 
hexanone, complexation induces a flattening of the ring about 
the carbonyl group (structure 2b). The extent of ring flat- 

A 

2 a  2b 

tening in the transition state is dependent on the flexibility 
of the ketone, on the size and degree of association of A with 
the carbonyl oxygen, 011 the nature and size of CY substituents, 
and on the reactivity of the hydride reducing agent. Com- 
plexation may occur prior to hydride transfer, as in orga- 
nosilane reductions,l.ll or be concurrent with hydride transfer, 
as appears likely in ketone reductions by lithium aluminum 
hydride.16 In either case, complexation activates the carbonyl 
group for hydride transfer, stabilizes the developing alkoxide 
ion, and induces a change i n  the conformation of flexibleli 
ketones. 

Ground state flattening of cyclohexane rings from the ide- 
alized model having bond angles of 109.5’ and torsional angles 
of 60’ is well docurnented.laz0 Electron diffraction and x-ray 
analyses of substituted cyclohexane derivatives suggest that 
the cyclohexane ring is flexible to conformational distortions. 
Torsional angles around the bonds adjacent to the carbonyl 
group are contracted appreciably in comparison with the 
idealized model.20 Further flattening of the cyclohexanone 
ring is, therefore, a reasonable consequence of complexation 
between the carbonyl group and a Lewis acid in the transition 
state for hydride transfer. 

Structures 3a and 3b in Figure 1 exemplify the conse- 
quences of complexation-induced ring flattening for hydride 
attack on cyclohexanones. In structure 3 Cg, CS, C1, Cz, and 
C3 all lie in the same plane; however, this conformation is but 
one complexation-induced conformational possibility between 
the chair and boat conformational extremes for cyclohexa- 
none. Flattening of the cyclohexanone ring produces increased 
“gauche - eciipsed” interactions between hydrogens on 2,6 
and 33 positions and between Cl-Cz, c 1 - C ~  and C3-C4. Cs-Cd, 

but these effects are counteracted by the decreased interac- 
tions between A and “equatorial” 2,6 hydrogens. Structure 
3 represents that conformation in which interactions between 
A and substituents on the 2 and 6 positions are minimized. 
Noteworthy is the inward compression of axial 3,5 hydrogens 
which leads to an increase in this long-range 1,3-diaxial in- 
teraction but effects a decrease in short-range torsional strain 
between “equatorial” 2,6 hydrogens and axial 3,5 hydrogens. 
For axial hydride attack flattening of the cyclohexanone ring 
leads to increased interactions of the incoming hydride with 
“equatorial” 2,6 hydrogens and to decreased interactions with 
axial 3,5 hydrogens (steric i n t e r f e r e n ~ e ~ ~ ) .  Likewise, for 
equatorial hydride attack there is an increase in the long-range 
interaction between the incoming hydride and the axial 4 
hydrogen but, also, a slight decrease in interactions with 
“axial” 2,6 hydrogens (torsional ~ t r a i n ~ ~ , g J ~ ) .  

Ring flattening of cyclohexanones during reduction or nu- 
cleophilic addition reactions has recently been promoted by 
Anh and co-workers as a factor favorable to axial attack.21 Our 
analysis does not provide such a clear-cut distinction. Indeed, 
the protraction of “axial” 2,6 hydrogens due to ring flattening 
leads to little change or a slight decrease in interactions of 
these hydrogens with an incoming hydride, while contraction 
of the “equatorial” 2,6 hydrogens suggests that an incoming 
hydride will encounter increased interactions with these hy- 
drogens. 

Participation of the flexible conformation of cyclohex- 
anones in chemical reductions has also been suggested to ex- 
plain reaction stereoselectivities.22 However, the flexible cy- 
clohexanone conformation does not offer any advantage over 
the chair conformation in minimizing interactions between 
CY substituents and A. 

The postulate of complexation-induced flattening of the 
cyclohexanone ring in the transition state for hydride transfer 
retains those four reaction parameters that were previously 
discussed as playing an integral role in controlling stereo- 
selectivity. However, our proposal modifies one of the basic 
postulates that underlies stereoselectivity arguments-that 
hydride transfer preferentially occurs when the ketone is in 
its most stable conformation. Application of the modified 
postulate, that hydride transfer preferentially occurs to  
minimize interactions between the incoming hydride and the 
complexed ketone, leads to the inference that as the transition 
state for hydride transfer approaches structure 3 the forces 
between the reducing agent and the substrate can be divided 
into two categories: short-range effects and long-range effects. 
Interactions of the incoming hydride with “axial” 2,6 hydro- 
gens and with “equatorial” 2,6 hydrogens comprise short- 
range effects and are responsible for the stereoselectivities 
obtained in reductions of cyclohexanones by small reducing 
agents such as sodium borohydride, lithium aluminum hy- 
dride, and n- butylsilane. Interactions with axial 3,5 hydrogens 
and with the axial 4 hydrogen comprise long-range effects 
which, together with short-range effects, affect the ster- 
eoselectivities in reductions of cyclohexanones by bulky re- 
ducing agents such as the tri-sec- butyl b o r o h y d r i d e ~ ~ ~ ~ J ~  or 
di-tert- butylmethy1silane.lla This stereochemical model is 
significantly different from that used by Marshall4e and, as 
will be discussed next, provides a uniform explanation for the 
“4-methyl, 4-tert- butyl effect”. 

Table 111 compares the relative yields of the less stable 
cis-alcohol isomers from reductions of 4-tert- butylcyclohex- 
anone and 4-methylcyclohexanone by representative alumi- 
num hydride, borohydride, and organosilane reagents. With 
small reducing agents such as diborane, n-butylsilane, lithium 
aluminum hydride, and sodium b o r o h ~ d r i d e , ~ ~  the relative 
yields of the less stable cis alcohol isomer from reductions of 
4-tert- butylcyclohexanone are less than those from reductions 
of 4-methylcyclohexanone. However, as the steric bulk of the 
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reducing agent is increased, there is a reversal in the relative 
yields of the cis-alcohol isomers; reductions of 4-tert- butyl- 
cyclohexanone by bulky trialkyl borohydrides and trialk- 
ylsilanes give a greater percentage of cis alcohol than do re- 
ductions of 4-methylcyclohexanone. 

This “4-methyl, 4 -tert- butyl effect”, although reflecting 
small energy differences, is adequately explained by appli- 
cation of the principle of complexation-induced conforma- 
tional perturbation. Ring flattening of complexed 4-tert- 
butylcyclohexanone during hydride transfer is hindered by 
steric interactions between the tert- butyl group and axial 3,5 
hydrogens. No such hindrance to ring flattening can be ex- 
pected from the methyl group of 4-methylcyclohexanone. 
Thus from our earlier consideration of short-range effects in 
reductions of complexed ketones, we can predict that the yield 
of the less stable alcohol isomer will be less in reductions of 
4-tert- butylcyclohexanone than in reductions of 4-methyl- 
cyclohexanone-exactly what is observed. However, the 
stereoselectivities in reductions of 4-methylcyclohexanone 
by bulky reducing agents, in which long-range effects are also 
operative, are influenced by decreased interaction between 
the incoming hydride and axial 3 3  hydrogens and by in- 
creased interference from the axial 4 hydrogen, relative to 
reductions of 4-tert- butylcyclohexanone (structures 4a and 
4b).20” Compared to reductions of 4-tert- butylcyclohexanone 

4a 4b 

by the same bulky reducing agents both of these long-range 
interactions favor axial hydride attack leading to the equa- 
torial alcohol.20b 

Similar considerations of complexation-induced ring flat- 
tening of cyclohexanones explain the general observation of 
higher yields of the less stable alcohol isomer in reductions of 
3-methylcyclohexanone when compared to reductions of 4- 
tert-butylcycohexanone. Although ring flattening of 3- 
methylcyclohexanone causes increased interaction between 
the “axial” 2-hydrogen and the equatorial 3-methyl group and 
leads to further inward compression of the axial 3,5 hydrogens 
compared to cyclohexanone, in the chair conformation for 
3-methylcyclohexanone the equatorial 3-methyl substituent 
increases steric interference of the equatorial 2 hydrogen with 
the complexing agent (“gauche-butane”-like interac- 
tions15,26,*7) and promotes ring flattening. 

2-Methyl Effect. The “2-methyl effect” in reductions of 
2-methylcyclohexanones has received considerable attention 
in recent years.6 Evidence has been presented to suggest that 
there is significant participation of the less stable chair con- 
former in the transition state for reduction of 2-methylcy- 
clohexanone.6a-c Model compounds for the equatorial chair 
conformer of 2-methylcyclohexanone, cis-4-tert- butyl-2- 
methylcyclohexanone,6a and 2,4,4-trimethylcyclohexanone6c 
have been used to determine the extent of involvement of the 
equatorial and axial chair conformers in the transition state 
for reduction by hydride reagents. To explain the accumulated 
data the reduction of‘ 2-methylcyclohexanone is represented 
as occurring through hydride attack on both the axial and 
equatorial conformers (conformational equilibrium model, 
Scheme I). Prior or concurrent association of the complexing 
agent (A) with the carbonyl group increases the relative pro- 
portion of the assocxated axial conformer in the transition 
state for hydride transfer.6a This interpretation for the 

Table 111. Stereoselectivities in Hydride Reductions of 4- 
tert-Butylcyclohexanone and 4-Methylcyclohexanone 

Relative % cis isomer from 
reduction of 

4-tert-Butyl 4-Methyl- 
Reducing agent cyclohexanone cyclohexanone 

B2H623 
LiAlH (0- t -Bu)sga 
n-BuSiHs, H+ 6d 
LiAlH4, EtzOgbJob 
NaBH4, i-PrOH 
n-BuSiHs, BF3 
EtzSiHz, H+ ed 
EtaSiH, H+ 6d 
EtzSiHz, BF3 
lpC2BH a, 10b.25 

LiPBPH b,lob 
EtsSiH, BFyEt20l 
(t-Bu)zMeSiH, H+ lla 
Li-sec-BusBH, 0 O C l o C  

LiSiasBH, -78 

10 
10 
10 
11 
12, 14log 
17 
20 
32 
36 
37 
54 
61 
72 
93 
>99.5 

15 
14 
18 
17 
15, lof 1 41°g 
19 
26 
35 
39 
33 
52 
60 
67 
80 
99.0 

a Diisopinocampheylborane. Lithium perhydro-9b-bora- 
phenalylhydride. 

Scheme I 

axial and equatorial 
“H-I’ attack i axial-and equatorial 4 “H attack 

OA Y 

A CH 3 4: + 
stereoselectivities that are observed in reductions of 2- 
methylcyclohexanone differs markedly from our proposal of 
complexation-induced conformational perturbation. 

The principle of complexation-induced conformational 
perturbation predicts that ring flattening of 2-methylcyclo- 
hexanone will occur in the transition state for hydride transfer. 
Ring flattening decreases steric interactions between the 
complexing agent and the “equatorial” 2-methyl group but, 
also, increases steric interactions between the incoming hy- 
dride and the “equatorial” 2-methyl group in the transition 
state for axial attack (structure 5). Increasing the size of the 

H 

5 

complexing agent magnifies these steric interactions by in- 
creasing the CH~-CZ-C~=+OA dihedral angle and leads to 
an increase in the relative yield of the less stable cis alcohol- 
exactly what is observed. However, although both this model 
and the conformational equilibrium model predict the same 
stereochemical results for reductions of 2-methylcyclohexa- 
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Table IV. Stereoselectivities in Reductions of 2-Methylcyclohexanone and Conformational Models for 2- 
Methylcyclohexanone 

Reducing 
agent 

Relative % less stable alcohol from reduction of 
2-Methvl- trans- 1- 4-tert-Butvl- cis- 4- ter t -  Butvl-2- 

cyclohexanone Decalone cyclohexanone methylcyclohexanone 

LiAlH4, THF'ja 
ClMgAlH4, THFGa 
Mg(AlH4)2, THF'a 
NaBH4, i-PrOH 
n-BuSiHa, H+ f'd 
n-BuSiH3, BFsa 
EtzSiHz, H+ 6d 
EtzSiHz, BF3" 
EtsSiH, H+ 6d 
EtaSiH, BFzl 

24 
36 
49 
316c 
31 
34 
41 
52 
48 
64 

26"ab 

37" (32)'td 
340 
42 
440 
58 
48" 
65 a 

10 
10 
13 
12" 
10 
17 
20 
36 
32 
61 

17 ( 1 7 ) " ~ ~  
21 
27 
21" 
19" 
2 l5 
31" 
43 
39" 
54" 

This work. Ethyl ether solvent. 0 "C. c Reduction in methanol, ref 28. d Reduction of 2,4,4-trimethylcyclohexanone yields 18% 
of the less stable cis isomer. 

Table V. Stereoselectivities in Reductions of trans-%- 
Decalone and 3- and 4-Methylcyclohexanones 

Relative % less stable alcohol from reduction 
of __ 

Reducing 3.-Methyl- 4-Methyl- trans-2- 
agent cyclohexanone cyclohexanone Decalone 

LiAlH4 161°b 171°b 18" 
n-BuSiH3, H+ 1 96d 186d 18 
EtSSiH, H+ 396d 356d 39 
EtaSiH, BF3 67l 601 64 

a Ethyl ether solvent, 0 "C. 

none, they differ significantly in their predictions of the ste- 
reochemical outcome for reductions of trans- 1-decalone. 

The stereoselectivities for reductions of trans- 1-decalone 
are predicted by the conformational equilibrium model to be 
nearly identical with those of cis- 2-methyl-4-tert-butylcyc- 
lohexanone or 2,4,4-trimethylcyclohexanone, since in each of 
these three ketones the 2-alkyl group is essentially locked in 
the equatorial position. The yield of the less stable alcohol 
isomer from reductions of trans- 1-decalone is, therefore, 
predicted to be significantly less than that found in reductions 
of 2-methylcyclohexanone. 

In contrast, the principle of complexation-induced con- 
formational perturbation predicts that the relative yield of 
the less stable alcohol isomer from reductions of trans-1- 
decalone will be a t  least as great as the relative yield of cis- 
2-methylcyclohexanol from reductions of 2-methylcyclo- 
hexanone. Ring flattening about the carbonyl group of 
trans-1-decalone is not restricted by the ring fusion and 
should occur to nearly the same extent as in reductions of 
2-methylcyclohexanone. However, because of the "3-alkyl" 
substituent on the cyclohexanone ring of trans- 1-decalone, 
which also promotes ring flattening in the transition state for 
hydride transfer, the relative yield of the less stable axial 
isomer from trans- 1-decalone reductions is expected to be 
slightly greater than the relative yield of cis- 2-methylcyclo- 
hexanol. 

Table IV presents the stereochemical results from reduc- 
tions of trans- 1-decalone and 2-methylcyclohexanone and 
compares these yields with those from reductions of 4-tert- 
butylcyclohexanone and cis-4-tert-butyl-2-methylcyclo~ 
hexanone. Clearly, the relative yields of the less stable alcohol 
isomer from reductions of trans-1-decalone are a t  least as 
great as or greater than those from reductions of 2-methyl- 
cyclohexanone. The data in Table IV are consistent with the 
predictions of stereoselectivity that are based on the com- 
plexation-induced ring flattening model but markedly dis- 

agree with those based on the conformational equilibrium 
model. 

Hydride reduction of cis-4-tert- butyl-2-methylcyclohex- 
anone gives lower yields of the less stable alcohol isomer than 
does hydride reduction of 2-methylcyclohexanone because the 
4-tert-butyl group restricts ring flattening. Indeed, it is 
noteworthy that the yield of the less stable alcohol from re- 
ductions of cis-4-tert-butyl-2-methylcyclohexanone falls 
approximately midway between the corresponding alcohol 
yields from reductions of 2-methyl- and 4-tert- butylcyclo- 
hexanones. For reductions of complexed cis-4-tert- butyl- 
2-methylcyclohexanone the effects on energy minimization 
by the 4-tert- butyl and 2-methyl groups are opposed in the 
transition state for hydride transfer: the 2-methyl group 
promotes ring flattening while the 4-tert- butyl group hinders 
ring flattening. 

Consideration of the principle of complexation-induced 
conformational perturbation for reductions of 2,4,4-tri- 
methylcyclohexanone also results in the prediction that the 
relative yield of the cis-alcohol product will be less than the 
relative yield of cis- 2-methylcyclohexanol from reductions 
of 2-methylcyclohexanone. The axial 4-methyl substituent 
does not restrict ring flattening. However, ring flattening 
presses the axial 4-methyl group close to the carbonyl group 
and leads to an increase in steric hindrance to hydride attack 
that results in the less stable alcohol isomer. 

The conformational equilibrium model has also been used 
to explain the stereoselectivities in reductions of 3-alkylcy- 
clohexanones.6dJ0a However, as can be seen from the stereo- 
chemical data in Table V, there is little or no difference in the 
percent yields of the less stable alcohol isomers from reduc- 
tions of 3-methylcyclohexanone and trans- 2-decalone. Thus, 
the conformational populations of the reactant ketones do not 
measurably influence reduction stereoselectivity. The com- 
plexation-induced conformational perturbation model cor- 
rectly predicts the observed stereochemical results. 

The principle of complexation-induced conformational 
perturbation unifies diverse results that have been previously 
explained by the conformational equilibrium model or by 
electrostatic effects from remote  substituent^.^^^^^^^ Appli- 
cation of this principle to the kinetic and stereochemical re- 
sults obtained by Kwart and Takeshita on the sodium bor- 
ohydride reductions of cyclohexanones with polar substituents 
at the 4 position, for example, adequately explains the ob- 
served increases in percent cis alcohol and in the relative rate 
for reduction. Association of the polar Z group with the metal 
ion complexed carbonyl group (structure 6) stabilizes the 
transition state for hydride transfer and, a t  the same time, 
effectively blocks hydride attack from the direction that would 
lead to the less stable trans alcohol. Indeed, results such as 
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these suggest a corollary to the principle of complexation- 
induced conformational perturbation: that the conformation 
of the  reacting ketone i n  the transition state for hydride 
transfer is altered i5y remote polar substituents in order to  
maximize stabilization of the complexed carbonyl group and 
minimize interference between the  complexing agent and 
substituent groups on cy positions. 3o 

It must be emphasized t h a t  those same factors that influ- 
ence conformational equilibration and the rates for confor- 
mational i n t e r ~ h a n g e ~ ~ * ~ ~ - ~ ~  are integrated in the principle of 
complexation-induced conformational perturbation. Theories 
of stereoselectivity that are based on conformational rigidity 
present a n  unwarranted oversimplification of energy mini- 
mization in the  transition state for nucleophilic addition re- 
actions. Complexation with the  carbonyl group modifies t he  
conformation of the reacting ketone. Only conformationally 
rigid ketones such as norcamphor can be expected to be rel- 
atively insensitive to  the  complexing agent. T h e  stereo- 
chemical course in riucleophilic additions to  flexible ketones, 
particularly cyclohexanones, is demonstrably affected by both 
the  complexing agent and the  nucleophile. In our survey of 
nucleophilic addition reactions with cyclic ketones we have 
found no  stereochemical results that could not be explained 
by application of the principle of complexation-induced 
conformational p e r ~ ; u r b a t i o n . ~ ~ . ~ *  We expect that this same 
principle can also be applied t o  nucleophilic additions to  
acyclic ketones and ,  with suitable modifications, can be used 
to  explain the  stereochemical course of other stereoselective 
processes.35 

E x p e r i m e n t a l  Section 
Methods and Materials. Instrumentation has been previously 

described.Gd The Varian Model 485 digital integrator and the Varian 
CDS 101 data system were used to determine peak areas in GLC 
analyses. Commercial samples of 3- and 4-methylcyclohexanones and 
of trans- I-decalone were used without further purification. 2- 
Methylcyclohexanone and 4-tert- butylcyclohexanone were purified 
by distillation prior to use. 3.3,5-Trimethylcyclohexanone was pre- 
pared by a standard Jones oxidation procedure from commercially 
available 3,3,5-trimethylcyclohexanol; 2-decal01 was similarly oxidized 
to 2-decalone. Isomeric alcohol mixtures were either commercially 
available or were prepared from the corresponding ketones by lithium 
aluminum hydride reduction. Diethyl- and triethylsilane were com- 
merically available and were used without further purification. n- 
Butylsilane was prepared by lithium aluminum hydride reduction 
of n- butyltrichlorosilane."6 Commercial boron trifluoride etherate 
was purified by distillation from calcium hydride through a 10-cm 
Vigreux column under a slow flow of nitrogen and was stored over 
calcium hydride and under nitrogen in a refrigerator at 5 "C. 
cis-4-tert-Butyl-2-methylcyclohexanone. A solution of 32.9 

g of 4-tert-butyl-2-methylphenol in 175 mL of glacial acetic acid was 
hydrogenated at room temperature and 45 psi of initial pressure ac- 
cording to the procedure of Allinger and c o - w ~ r k e r s , ~ ~  using 1.0 g of 
platinum oxide. The resulting 4-tert- butyl-2-methylcyclohexanol, 
which was isolated in 80% yield, was then oxidized by chromic acid 
in aqueous acetone to cis-4-tert- butyl-2-methylcyclohexanone in 75% 
yield by the procedure of Djerassi et al.,38 with the workup procedure 
similar to that used in 5,tandard Jones oxidation procedures. The re- 
sulting dark orange solution was distilled to give a clear, colorless 
liquid, bp 82-84 "C (1.1 Torr) [lit.39 110-113 OC (14 Torr)]. The iso- 
lated ketone was free of alcohol and isomerically pure by 'H NMR37,40 
and GLC analysis (6 ft 10% DEGS on Chromosorb W). 

General Organosilane Reduction Procedure in Boron Tri- 
fluoride Etherate. Boron trifluoride etherate (5.0 mmol) was added 
dropwise by syringe to an ice-bath cooled and rapidly stirred solution 
of the ketone (5.0 rnmlol) and organosilane (5.5 mmol) that. were 

contained in a round-bottom flask fitted with a gas inlet tube, septum, 
and drying tube. The reaction system was flushed with dry nitrogen 
or argon prior to the addition of BFrEt20. After the addition was 
complete the homogeneous solution was allowed to warm to room 
temperature. Generally a white precipitate formed as the reaction 
progressed. Although reaction times for >95% reduction were less than 
1 h, the reaction was allowed to continue for 24 h. An excess of 3 N 
sodium hydroxide was then slowly added to the reaction mixture and 
stirring was continued for an additional 30 min. The hydrolyzed 
mixture was then extracted three times with ether, the combined ether 
extract was passed through anhydrous magnesium sulfate, and the 
magnesium sulfate filter cake was rinsed several times with small 
portions of ether. The combined ether washes and extract was con- 
centrated under reduced pressure, and the products were subjected 
to GLC analyses. Yields of recovered alcohol products, determined 
by GLC analyses through reference to an internal standard and cor- 
rected for detector response, were 65-82%. Aldol condensation com- 
petes with reduction in reactions that employ BFYEt20.l 

Effect of BF3-Et20 Concentration on Stereoselectivity. Since 
BFrEk0  is a reactant in the reductive conversion of ketones to borate 
esters,' stereoselectivity in reductions of alkyl-substituted cyclo- 
hexanones may be expected to be sensitive to the boron trifluoride 
to ketont ratio. Organosilane reductions of 2-methylcyclohexanone, 
4-tert- butylcyclohexanone, trans- 1-decalone, and cis-4-tert- butyl- 
2-methylcyclohexanone were, therefore, performed at two different 
molar ratios of boron trifluoride to ketone. The results from reductions 
of these ketones using a molar ratio of BF3:ketone of 1.0 were given 
in Tables I-V. Reductions using a molar ratio of BF3:ketone equal to 
0.38 were performed in the manner previously described. Reaction 
times for complete reduction were generally 24 h. Alcohol products 
were obtained in 84-89% isolated yield. Stereoselectivities in the 
formation of the less stable alcohol isomer from reductions of 4- 
tert- butylcyclohexanone, trans- 1-decalone, and cis-4-tert- butyl- 
2-methylcyclohexanone by n- butylsilane, diethylsilane, and trieth- 
ylsilane with a BF3:ketone molar ratio of 0.38, and from the reduction 
of 2-methylcyclohexanone by triethylsilane under the same condi- 
tions, were 1-3% less than those from reductions with a BF3:ketone 
molar ratio of 1.0. For reductions of 2-methylcyclohexanone with 
n- butylsilane and diethylsilane using a BF3:ketone molar ratio of 0.38, 
the percent yield of cis-2-methylcyclohexanol was 2% greater than 
in reductions using a BF3:ketone molar ratio of 1.0. Thus, the varia- 
tions in stereoselectivity by changing the BFYEt20 concentration are 
not large, particularly when compared to those observed in sodium 
borohydride reductions,loa and the results obtained for organosilane 
reductions using 1:l BF3:EtzO accurately reflect the effect of boron 
trifluoride complexation with alkyl-substituted cyclohexanones. 

Other Reduction Procedures. Organosilane reductions in tri- 
fluoroacetic acid were performed as previously described.6d Sodium 
borohydride reductions in isopropyl alcohol were performed according 
to the procedure of Wigfield and Phelps6b,cv41 with a twofold molar 
excess of sodium borohydride over ketone. Reductions by lithium 
aluminum hydride were run in anhydrous ethyl ether using equimolar 
amounts of LiAlH4 and ketone. Control experiments that were run 
for procedural comparison with published results duplicated literature 
values for stereoselectivities in reduction. 

Product Analyses. Product yields were determined by GLC 
analyses. Isomeric alcohols from 3- and 4-methylcyclohexanone and 
from trans- 1-decalone reductions were separated and analyzed on 
6-ft, 10% DEGS columns at  75 "C (3- and 4-methylcyclohexanone 
reductions) and 110 "C (trans-2-decalone reductions). Isomeric al- 
cohols from reductions of 4-tert- butylcyclohexanone and 3,3,5-tri- 
methylcyclohexanone were separated and analyzed on 7-ft 20% Car- 
bowax 20M columns operated at 170 and 165 "C, respectively. Iso- 
meric alcohols from reductions of trans-2-decalone were analyzed on 
9-ft 20% Carbowax 20M columns. Isomeric alcohols from reductions 
of cis-4-tert-butyl-2-methylcyclohexanone were analyzed on 6-ft 10% 
DEGS columns operated at 120 "C and on 7-ft 20% Carbowax 20M 
columns operated at  170 "C. In each separation the axial alcohol 
isomer was eluted first.fid The thermal conductivities of the geomet- 
rical isomers of each alcohol were assumed to be identical.42 
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