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Aldehydes and ketones are selectively reduced by organosilanes in boron tri- 
fluoride etherate through a process in which boron trifluoride is consumed and 
fluorosilanes are formed. Reductions of aldehydes and keton,-s by triethylsilane 
produce, af%er hydrolysis, alcohols and symmetrical ethers or, when aryl ketones 
are reduced, hydrocarbons. Two new synthetic transformations involving organo- 
silanes, reductive elimination and acylation-reduction, are described. The mech- 
anism of reduction in BFB l E&O is suggested to involve hydrosilylation of the 
boron trifluoride-activated carbonyl group followed by fluoride displacement at 
silicon. The stereoselectivity of the boron trifluoride catalyzed reduction in 
reactions with alkyl-substituted cyclohexanones is described and compared to 
similar transformations with other acid catalysts. The stereochemical data show 
that in hydride transfer reactions Lewis acid complexation with the carbonyl 
oxygen plays a major role in determining product selectivity. 

Introduction 

Reductions of organic compounds by organosilanes require activation of the 
carbon center by a suitable acid catalyst. The nature of the acid employed in 
these reactions influences tie rate of reduction and, more importantly, the ex- 
tent of reactions subsequent to the hydride transfer step [2 J. In ixifluoroacetic 
acid media, for example, hydrosilylation of the carbonyl group by hindered or- 
ganosilanes yields relatively stable alkyl silyl ethers [3]; subsequent reactions of 
the alkyl silyl ether with trifluoroacetic acid give alcohol and silyl trifluoroaceta- 

* For Part VII. see ref. 1. 
** Camille and Henry Dreyfus Foundation Teacher-Scholar Grant Awardee, 1973-1978. 



130 

te products- With less sterically encumbered organosilanes such as triethylsilane, 
however, reactions subsequent to hydrosilylation are rapid-and the observed re- 
action products from aldehyde and ketone reductions are alkyl.trifluoroacetates 
arid silyl trifluoroa&etat&. _ _-__- 

Although Lewis acid catalyzed reductions of carbonyl compounds by organo- 
silanes have been less thoroughly investigated than those employing Br@nsted 
acids, hydrosilylation is the principal resuIt and subsequent reactions of a&y1 
silyl ethers with common Lewis acids are not observed [4-6] Ketone reductions 
by triethylsilane employing catalytic amounts of anhydrous zinc chloride or alu- 
minum chloride, for example, yield all@ silyl ethers and, through a parallel com- 
peting process, symmetrical ethers. Rhodium(I) catalysts have more recently 
been investigated as hydrosilylation catalysts, principally to effect asymmetric 
reductions of prochiral ketones [‘I-lO];although the mechanism of these reduc- 
tions is not known with certainty, the rhodium(I) catalystdoes appear to act 
as a Lewis acid template for the reducible substrate. 

In reductions by organosilanes the nature of the Lewis acid is expected to in- 
fluence reaction selectivity as well as the stability of the hydrosilylation product. 
Metal fluoride catalysts, in particular, are of interest because of their pronounc- 
ed ability to effect fluoride transfer to silicon derivatives [ll-131 and their po- 
tential influence on the geometry of the transition state during the transfer of 
hydride from silicon to carbon in hydrosilylation reactions [S]. In this paper we 
report the stereochemistry and mechanism of organosilane reductions involving 
boron trifluoride. 

Results and discussion 

Organosilane reductions in boron trifiuoride etherate 
In contrast to hydro&lylation reactions catalyzed by metal chlorides, alde- 

hydes and ketones are rapidly reduced at room temperature by tiethylsilane in 
boron trifluoride etherate primarily to borate esters and symmetrical ethers. 
Triethylsilyl fluoride is the oxidation product. Product yields from reductions of 
representative carbonyl compounds after basic hydrolysis are presented in Table 
1. Symmetrical ethers are formed preferentially in reactions with aldehydes and 
are less evident in ketone reductions; similar results were observed for tiethyl- 
silane reductions in trifluoroacetic acid [2]. Increasing the concentration of the 
acid also leads to a decrease in ether formation. However, increasing the amount 
of ethyl ether leads to an increase in the relative yield of symmetrical ether; for 
example, employing BFJ - 2EhO in a molar amount equivalent to that of cyclo- 
hexanone results in a 39% yield of cyclohexyl ether, nearly three-times more 
than that obtained with BFs - EhO under similar conditions. 

Boron trifluoride is consumed during the reaction of tiethylsilane with car- 
bony1 compounds. When less than one-third molar equivalent of boron trifluo- 
ride etherate is employed, reduction is incomplete; the extent of reaction cor- 
responds to a stoichiometic requirement of one BFJ to three R&=0 for both 
borate ester (eq. 1) and ether (eq. 2) formation. 

3 R#=O + 3 Et$iH + BFII + (R&H0)3B f 3 Et$iF (1) 

6 R&=0 + 6 Et&H + 2 BFB + 3 (R&H&O + 6 Et&F + &OS (2) 
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TABLE 1 

PRODUCT YIELDS FROM ALDEI-IYDE AND KETONE REDUCTIbNS BY TRIETHYLSILANE m 
BORON TRIFLUORIDE ETHERATE = 

lQC=O CRZCOIICBF~ - Wzol 
Yield<%) b 
R2CHOI-I (R2CHI20 Alkene 

octanal 2.0 34 66 0 
Benzaldehyde 2.0 25 75 
Cyclohexanone 3.0 65 30 5 

2.0 67 33 0 
1.0 86 I.4 0 
0.3 94 6 0 

a Reactions were nm at room temperature. A 10% molar excess of trietbykiIane to carbonyl compound 
was used. b Relative yield of products. 

Borate esters were inferred from ‘H NMR spectra of the reaction mixtures 
prior to basic hydrolysis but were not further identified. Attempts to isolate the 
borate reaction products from the reaction of cyclohexanone with triethylsilane 
in BF3 - E&O by distillation led, instead, to cyclohexene which was recovered in 
68% yield. The formation of cyclohexene by this procedure represents an unusu- 
al but facile one-pot reductive elimination (eq. 3). 

o= Et3SiH 
0 -0 / (3) 

BF, - Et,0 

Aryl ketones which were previously observed to undergo carbonyl group re- 
duction to methylene in trifiuoroacetic acid [14] were similarly reduced in bo- 
ron t&fluoride etherate. Thus acetophenone and benzophenone were quantita- 
tively converted tt, ethylbenzene and diphenylmethane, respectively, by triethyl- 
s&me in BF3 - E&O. Carboxylic acids, amides, esters, and nitro compounds were 
unaffected by triethylsilane in BF3 - E&O over time periods that were more than 

lOO-times longer than those required for the reduction of aldehydes and ketones. 
Alkenes were sinG.larly unreactive in this reducing medium, in contrast to their 
facile ionic hydrogenation in trifluoroacetic acid media [15]. 

Benzoyl chloride is not reduced by trietbylsilane in BF3 - EbO. However, 
Friedel-Crafts acylation reactions are observed under similar reaction condi- 
tions with boron trifluoride catalysis 1161, suggesting that the FYiedel-Crafts 
acylation - silane reduction reactions can be combined in a one-step procedure 
for the alkylation of aromatic compounds without rearrangement (eq. 4). In- 
deed, the combination of benzoyl chloride with benzene and triethylsilane in 

ArH + RCOCl BF3 =& ArCHzR (4) 

BF3 - EbO does result in the production of diphenylmethane (30% yield). 

Mechanism of aldehyde and ketone reductions 

The functional group selectivity of triethylsilane in boron trifluoride etherate 
as well as the nature of the reaction products in aldehyde and ketone reductions 
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suggested that the reducir& agent in these processes Was the organosilee. That 
a boron hydride spedies is not involved in these reactions [i7] wz& confirmed by 
IR analysis of tkiethylsilane in BF3 - E&O. No change in thd intetiity of the 
Si-H frequency (2100 cm-*) was observed over a period comparable to that 
used for carbonyl group reductions, and nd identifiable B-H bond absorption 
was detected_ 

Alkyl silyl ethers were not observed during or following reductions by tri- 
ethylsilane in BF3 - EhO. In contrast, comparable analyses provided clear evi- 
dence for the intermediacy of alkyl sibyl ethers during reductions in trifiuoroace- 
tic acid [2,3]. The possibility that these reaction intermediates are not formed 
in organosilane reductions that occur in boron trifluoride etherate must, there- 
fore, be considered. Our analysis is limited to two mechanistic schemes; more 
complex pathways are not considered. In Scheme 1 hydrogen transfer from sili- 

SCHEME 1 

R&=0 + BF3 = R&=&SF, (5) 

RzC=6-gF3 f R&i 

AZ>J 

R&iF 

-i- 

R&H--U--BF2 (6) 

con to carbon and fluoride transfer from boron to silicon occur simultaneously 
through a six-center cyclic transition state. Retention of configuration is the ex- 
pected result of this scheme. In Scheme 2 boron trifluoride serves to activate the 

SCHEME 2 

R&=0 + BF3 t R&=&-BF, (5) 

I$---$XRi * 

R&=&-RF3 + R;SiH R&z&~FB I-+ R,JJH-O-SiRL + BF3 (7) 
R&H-O-Sirs -t BF,-&C!H-O-BF, + R&IF (8) 

carbonyl group for hydrosilylation in a four-center cyclic transition &ate; a sub- 
sequent rapid reaction of the alkyl silyl ether with boron trifluoride is proposed 
to yield the observed products. Since the formation of fluorosilanes from alkoxy- 
silanes (eq. 8) is observed to occur with predominant inversion of configuration 
[ll,lSl and hkdrosilyIation (eq. 7) occurs with retention at silicon, the net ste- 
reochemical result at silicon from Scheme 2 is expected to be inversion of confi- 
guration. 

Reduction of acetone by (+)a-naphthylphenylmethylsilane (abbreviated as 
(+)-R3Si*H) in boron trifluoride etherate gave (-)+naphthylphenylmethylfluo- 
rosilane in 11 i- 2% optical purity when the molar ratio of acetone to BF3 - EhO 
was between 1.4 and 5. At molar ratios of acetone to BF3 - Et~0 less than one 
only racemic cu-naphthylphenylmethylfluorosilane was obtained. The net inversion 
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of configuration in the production of the silyl fluoride from the silane is consis- 
tent with Scheme 2. However, the production of clr-naphthylphenylmethylfluoro- 
silane with 56% inversion from reductions of acetone in BFB - EGO contrasts 
with the 73% inversion from the reaction of (+)-RsSi*OCHs with BF3 * EhO under si- 
milar reaction conditions-[lib] and with the 70% inversion observed in the for- 
mation of cu-naphthylphenyhnethylfiuorosilane after treatment of (+)-R&*OC- 
(CH,), with BFs - E&O [lib]. The production of R$iF solely by Scheme 2 
would have been expected to occur with at least 70% inversion of configuration 
at silicon (40% optical purity of R,S?F). 

The decreased yield of inverted product in reductions of acetone by (+)-R&*H 
may not be ascribed as the stereochemical consequence of competitive ether for- 
mation (eq. 2); no experimentally meaningful change in the optical purity of 
isolated cu-naphthylphenylmethylfluorosilane was observed when reaction con- 
ditions that led to a substantial increase in the relative yield of symmetrical ether 
were employed. In addition, those reductions in which the molar ratio of acetone , 
to BFJ - E&O was less than one, reaction conditions that minimized sym- 
metrical ether formation, resulted in only racemic cr-naphthylphenylmethylfluor- 
osilane. 

A commercial mixture of menthone and isomenthone was similarly_ reduc_ed by 
(+)a-naphthylphenyhnethylsilane in BFs - EhO. However, menthene was a major 
constituent of the reaction products and only racemic fluorosilane was recovered. 
In this case elimination competes with substitution presumably by a mechanism 
analogous to that previously used to explain olefin formation from reductions of 
alkyl-substituted cyclohexanones by hindered organosilanes in trifluoroacetic 
acid [19]. 

Hexachloroacetone and di-tert-butyl ketone were also treated with (+)a-naph- 
thylphenylmethylsilane in BF3 - EGO. However, reduction of these compounds 
was extremely slow; competing cleavage of the a-naphthyl group preceeded car- 
bony1 group reduction. The formation of naphthalene and phenylmethylfiuoro- 
s&me, which occurred slowly over a period of more than nine days at 5O”C, is 
explained by hydrolytic clea.vage of the reactant silane. 

Scheme 2 requires the intermediacy of alkyl silyl ethers. Since these com- 
pounds are not detected during reduction, they must be converted to the fluoro- 
s&me at a faster rate than they are formed. Prior results from the reaction of 
(-)e-naphthylphenylmethyl-(-)-menthoxysilane with boron trifluoride.etherate 
have indicated that fluorosilane formation is relatively slow (5 h at 48” C) [ lla]; 
however, complete reduction of an isomenthone/menthone mixture by cY-naph- 
thylphenyhnethylsilane in BF3 - EbO under comparable conditions is consider- 
ably slower, requiring more than 30 h. In addition, treatment of cY-naphthylphen- 
ylmethylmethoxysilane with a molar excess of BF, - Et20 yields the correspond- 
ing fluorosilane quantitatively within 10 min at room temperature, indicating by 
comparison with the menthoxy derivative that fluoride transfer from boron to 
silicon is subject to steric interference from alkyl groups remote from silicon. 
The same conclusion can be drawn by comparing R3SiOCH3 and R$iOC(CH& 
in their reactions with BF3 - EGO [llb]. 

The accumulation of data suggests that the mechanism of organosilane reduc- 
tions of carbonyl compounds-in BFB - E&O is primarily a two-step process which 
parallels that observed in reductions of ketones by hindered organosilanes in tri- 
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fiuoroacktic~acid [ 33. ~ydro$lylation bf the:boron-~~o~d~~~~tivated.carbdr;yl. 
group _preceeds fluoride displacement at silicon (Scheme’2); &v&ver~~‘&ernate .,.; 
schemes for carbonyl group reductions by organosilanes in &ich fhioride~t&ns- 
fer to sil&n and hydrogen transfer to carbon @c&r simulta;;e_ously-(S~emes.l :-. 
and 3) cannot be e&rely dismissed. - : 

. . 

SCHEME i 

Z-BF3 SiR: 

l!I 

Z-BF, F-SiR: 

+ 

B.&i),_ 
f: 

R-zc--o\_ 

I=‘3 BFB 

In Scheme 3 fluoride transfer occurs from a boron fluoride not associated with 
the carbonyl compound that is being reduced; the stereochemical course of this 
process may parallel that .observed in the reduction of trityl halides by RJSi*H 
[ZO] in methylene chloride, racemization, or the high inversion of configuration 
in the reaction of R3Si*H with silver tetrafluoroborate in ether [ 211. Additional 
information is necessary to clarify the mechanism of carbonyl group reductions 
by relatively unhindered organosilanes. 

Stereoselectivity in cyclic ketone reductions 
Table 2 presents the relative yields of the less stable alcohol isomer from reduc- 

tions of alkyl-substituted cyclohexanones by tiethylsilane in BF3 - Et& and 
compares these data to similar results from reductions in trifluoroacetic acid and 

TABLE 2 

STEREOSELECTMTIES OF TRIETHYLSILANE REDUCTIONS OF ALKYL-SUBSTITUTED 
cYcLoHExANoNEs 

Relative yield. <%) 
from reduction in 

Cycloherauone Alcohol product BF-EtzOa CF3COOH b &SO4 b 

2.Methyl- 

S-Methyl- 

4MethyI- 

4tert-Butyl- 

3.3.5Trimethyl- 

ris-2.Methyl- 64 48 54 
cyclohexanol 

trons-3-Methyl- 67 42 39 
cyclohexaaol 

cis-+Methyl- 60 36 35 
cyclohexauol 

Cis-4-tert-BUtyl- 61 32 32 
cyclohexanol 

trans.3.3.5-T& 95 84 so 
mekylcydohexanol 

a Reactions wese run at room’temgm&ure. Alcohols were the only-products observed after basic hydrolysis. 
b Data taken from ref. 22. , 
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aqueous sulfuric acid/ethyl ether media 1221. Use of a 3-fold molar excess of 
BF3’*.&0 over ketone, completely suppresses symmetrical ether formation in 
these’.reductions; by comparison, with a [R&=O]/[BF, - EhO] molar ratio of 
3.0 for the triethylsilane reduction of 4-tert~butylcyclohexanone, 4-tert-butyl- 
cyclohexyl ether is produced in 42% yield (44% cis, cis-, 46% cis, &an?-, and 10% 
bans; tians-).-Elimination to cycloalkenes is not observed even from reactions of 
triethylsilane with 2-methylcyclohexanone in BF3 - F&O. 

The yield of the less stable alcohol isomer is consistently greater from reduc- 
tions by triethylsilane in BF:, - EGO than from those in Bronsted acids. This in- 
crease in selectivity for hydride transfer from the equatorial direction is caused 
by the change in the Lewis acid. The effects of Lewis acids (or metal ions) on 
reactivity and Selectivity in hydride transfer reactions have been generally over- 
looked. These results and those from other laboratories [23,24] provide an in- 
creasing amount of evidence that in hydride transfer reactions Lewis acid com- 
plexation with the carbonyl oxygen plays a major role in determining product 
selectivity. 

Table 3 presents the stereochemical results from reductions of 4-tert-butyl- 
cyclohexanone by tiethylsilane which employ selected acid catalysts. Compared 
with protonic acids, the use of Lewis acids generally leads to significantly higher 
relative yields of the less stable alcohol derivative. Indeed, by comparing the data 
in Table 3 it is evident that changing the steric bulk of the acid required to acti- 

TABLE 3 

ACID CATALYZED REDUCTIONS OF 4.TERT-BUTYLCYCLOHEXANONE BY TRIETHYLSILANE a 

Acid CAcidl/[R2C=O] Alcohol 
derivative * 

Alcohol Rel&iW= Symmetrical 

derivative cis-isomer ether 

(46) (ss) (a) 

CF3COOH c 6.8 

H2SOq,H20 = 0.70 
HCOOH 2.0 
ZnCl2 1.0 

SnC12 0.10 

AX13 0.10 

BF3 - Et20 3.0 
znc12 0.10 

tranS-4.tert- 1.0 
butYlcYclo- 
hexyl c*f 
cis-4.tert- 1.0 
butylcyclo- 
hexyl cBf 

Trifluoro- 

acetate 
Alcohol 
Formate 
Alkyl SilYl 

ether 
Alkyl silyl 
ether 
Alkyl silyl 
ether 
Borate ester 
AlkYl silyl 
ether 
Symmetrical 
ether 

Symmetrical 
ether 

83 32 17 

100 

100 
100 

50 

55 

100 
100 

100 

100 84 

32 
38 
32 

42 

60 

61 0 
67 0 

63 

0 

0 
0 

50d 

45= 

_.._..-. 
u All reactions were nm at room tempkature. b Observed reduction product. c Data taken from ref. 22. 
d 27% cis. cis-. 53% cis. tmns-, and 20% trans. trons4terr-butylcyelohexyl ethq. e 43% cis, cis-. 45% cis. 
tmns-. and 12% trans. irons-4.tert-butylcyclohexyl ether. f Reduction of RzC=OCHRz <RzCH = cis- or 
tiolrr--&tert.hutylcyelohexyl. R2C=O = 4tert-butylcyclohexanone) leading to symmetrical ethers during 
triethylsilane reduction of Ptert-butylcyclohexanone in trifluoroacetic acid. 
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vate the carbonyl group in s&me reductions dramatically affects the stereoselec- 
tivit$ of hydride transfer. 

Because of competing symmetrical ether formation anbydrous aluminum 
chloride and stannous chloride were generally less satisfactory than either zinc 
chloride or boron trifluoride etherate for carbonyl group reductions by triethyl- 
s&me. In reductions catalyzed by zinc chloride, reaction stereoselectivity was 
remarkably sensitive to the amount of zinc chloride employed and to the reaction 
temperature. Reductions at room temperature, catalyzed by 10 mol% of zinc 
chloride with respect to 4-tert-butylcyclohexanone, led to 67% of the less stable 
alcohol derivative; in contrast, when equal amounts of zinc chloride and ketone 
were used reaction times were significantly shorter but the yield of cis-4-tert-bu- 
tylcyclohexyl triethylsilyl ether was only 32%. Zinc chloride catalyzed tiethyl- 
silane reductions at 25” C were much slower than those run at 100°C but yielded 
a significantly higher relative yield of the less stable &-isomer: 67% at 25”C, 
33% at 1Od”C. These results are compatible with the coordination of zinc chlo- 
ride with simple ketones to form mono- and di-carbonyl zinc chloride complex- 
es (eq. 9,10) [26.27]. Dicarbonyl complexes, offering greater steric restrictions 
for hydride transfer, promote reductions that yield predominantly the less stable 

R&=0 + ZnCll + R&=&ZnCl~ (9) 

l&C=&-&Cl2 + R&=0 f (R2C=O),ZnC12 (10) 

alkyl silyl ether isomer. Similar coordination is not possible with boron trifluor- 
ide and, therefore, stereoselectivity in cyclic ketone reductions is not dependent 
on the molar ratio of ketone to boron trifluoride etherate. 

Experimental 

Methods and materials 
Instrumentation has been previously described [22]. A Varian Model 485 dig- 

ital integrator was used to determine peak areas in GLC analysis_ 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 under nitrogen in a refrigerator at 5” C. Purified boron tri- 
fluoride ether-ate could be stored and used for more than six weeks without no- 
ticeable deterioration. Other anhydrous Lewis acids were commercial reagents 
and were not further purified. (+)a-Naphthylphenylmethylsilane having an op- 
tical rotation of +31” (ether, 91% optical purity) and racemic ar-naphthylphenyl- 
methyhnethoxysilane were prepared by the method of Sommer [ll]. 

General reduction procedure in boron trifluoride etherate 
Boron trifluoride etherate was added dropwise to an ice-bath cooled and rapid- 

ly stirred solution of the reduceable substrate and organosilane which were con- 
tained in a round bottom flask fitted with a condenser and drying tube. After 
addition was complete the homogeneous solution was allowed to warm to room 
temperature. In reactions with carbonyl compounds, addition of the boron tri- 
fluoride etherate initiated a mildly exothermic reaction. Generally a white pre- 
cipitate formed as the reaction progressed. The progress of .tbe reaction was fol- 
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lowed by ‘H NMR analysis. Reaction times for aliphatic ketone and aldehyde 
reductions were less than one hour when one or more molar equival nts of 
BFB - EbO to carbonyl compound were used. Reductions of acetop g enone and 
benzophenone were performed with a molar ratio of BF3 - EbO to ketone be- 
tween 1.0 and 2.5; these reactions were complete within two hours. Benzoic acid, 
benzamide, ethyl phenylacetate, nitrobenzene, and 1-methylcyclohexene were 
not reduced by triethylsilane even after reaction times as long as six days. Upon 
complete reduction, an excess of 3IV sodium hydroxide was slowly added to the 
reaction mixture which was then stirred at room temperature for four hours. 
After approximately 5 min of hydrolysis the white solid had completely dissi- 
pated. The hydrolyzed mixture was then extracted three times with ether, the 
combined ether extract was dried over and filtered from anhydrous magnesium 
sulfate, and the magnesium sulfate filter cake was rinsed several times with small 
portions of ether. The combined ether washes and extract were concentrated un- 
der reduced pressure,-and the products were subjected to ‘H NMR and GLC 
analyses. Triethylsilyl fluoride (>95%) and hexaethyldisiloxane (<5’S) were the 
only silicon-containing products from reactions employing triethylsilane follow- 
ing hydrolysis, as determined by spectral and chromatographic analyses. Mass 
spectrum (70 eV) E&SiFr 136 (P + 2,0.0X), 135 (P f 1, O-42), 134 (P, 3.20), 
115 (45), 87 (12), 77 (loo), 59 (30), 49 (29), 47 (33), 31 (lo), 29 (11). Alco- 
hols, symmetrical ethers, and alkenes were analyzed after hydrolysis; these com- 
pounds were the sole products from reductions of aliphatic ketones and aldehydes. 
Prior to hydrolysis borate ester products, (RO),BF,_, were inferred from ‘H 
NMR analyses: R = benzyl (s, 6 4.92 ppm), R = 1-octyl (t, 6 3.93 ppm), R = cy- 
clohexyl (m, S 4.35-3-85 ppm)_ These ‘H NMR spect;ra were identical to those 
of the tibenzyl, tri-1-octyl, and tiicyclohexyl borate esters that were prepared 
from boric acid and the corresponding alcohols by standard procedures. 

Synthesis of cyclohexene from cyclohexanone 
Following complete reduction of cyclohexanone (5.0 g., 50 mmol) by tri- 

ethyl&me (6.4 g., 55 mmol.) in BF3 - EbO (3.08 g., 22 mmol.) the reaction 
mixture was directly distilled at atmospheric pressure. Two fractions were col- 
lected and analyzed by GLC and ‘H NMR spectroscopy: fraction 1, b.p. 
35-83°C and fraction 2, b.p. 83-140°C. Fraction 2 was composed of 10.1 g. 
of a mixture of triethylsilane (0.6 g., 5.0 mmol), tiethylfluorosilane (6.7 g., 50 
mmol.), and cyclohexene (2.8 g., 34 mmol., 68% yield). Analysis of the pot re- 
sidue after distillation showed cyclohexene, cyclohexyl ether, and unidentified 
materials. 

Diphenylmethane from acylation-reduction 
Boron trifluoride etherate (5.69 g., 40.2 mmol.) was added to a stirred solution 

of benzoyl chloride (1.43 g., 10.2 mmol), benzene (3.16 g., 40.5 mmol), and tri- 
ethyls&me (3.58 g., 30.7 mmol) in a round bottom flask fitted with a reflux 
condenser and drying tube. After heating at 95°C for 18 h the reaction solution 
was cooled, quenched with 10% aqueous sodium hydroxide, and extracted as 
previously described. GLC analysis using an internal standard identified diphenyl- 
methane in 30% yield. Identical yields of diphenylmethane were obtained when 
triethylsilane was added to the reaction solution subsequent to acylation of ben- 
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zene by benzoyl chloride and when only 1.6 equivalent of BFJ - Et.@, based on 
benzoyl chloride, was employed -for acylation-reduction_ .Benzyl alcohol was not 
produced in these reactions. The relatively low yield of.diphenylmethane was, 
therefore, a consequence of the acylation process rather than the red&don step 
and is consistent with yields from boron trifiuoride etherate catalyzed acylation 
reactions that employ acid chlorides rather than acid fluorides [16]. 

Reactions with (+)-a-naphthylphenyitnethylsilane 
To a mixture of (+)+naphthylphenylmethylsilane (1.24 g., 5.0 mmoi., 91% 

optical purity) and acetone (2.90 g., 50 mmol) in a round bottom flask was 
added 1.30 g. of BFs - EbO (9.2 mmol.). Extreme care was used to avoid the 
introduction of water into the reaction mixture: oven dried glassware was used, 
BFJ - Et+20 was transferred by syringe, and reagents were added under a slow 
flow of nitrogen. After reduction was complete (2 h), as evidenced by the dis- 
appearance of the 6 5.39 (q, Si-H, J= 4 Hz) and 0.65 ppm (d, Si-CHB, J = 4 Hz) 
signals and the appearance of the fludrosilane methyl doublet at 6 O-75 ppm (J 

= 7.5 Hz), the reaction solution was quenched with 15 ml. of saturated sodium 
bicarbonate. Pentane was added, the resulting mixture was extracted, and the 
aqueous solution was washed twice with pentane. The combined pentane solution 
was washed twice with water and was dried over anhydrous magnesium sulfate. 
Removal of pentane under reduced pressure gave an oil which was identified by 
‘H NMR spectroscony as the fiuorosilane: (CC14, internal TMS) 6 0.75 (d, J= A 
7.5 Hz, 3H) and 7.2-8.2 ppm (m, 13H). Distillation of the oil at 0.3 Torr gave 
a-naphthylphenylmethylfiuorosilane (b.p. 129-132” C) in 78% isolated yield: 
[a],, = -4.2” ( e th er, ca. 0.81). Recrystallization of the fluorosilane had no effect 
on the specific rotation. In an alternate workup procedure, employed for the 
majority of reductions with (+)-cr-naphthylphenyhnethylsilane, the reaction so- 
lution was evacuated to dryness after complete reduction. The remaining solid was 
was recrystallized twice from pentane to give the same stereochemical result. Net 
inversion (in parentheses) was observed for acetone reductions with relative si- 
lane: BF3 - EGO: acetone concentrations given: 1 : 1.80 : 10 (lo%), 1 : 2.0 : 2.9 
(13%), 1 : 1.9 I 2-3 (ll%), 1 : O-5 : l-8 (9%) In a control experiment (+)-or- 
naphthylphenylmethylsilane was treated with a five-fold molar excess of BFJ- 
- E&O. No change in the specific rotation of the silane was observed after three 
days at room temperature. 

Reductions of menthone-isomenthone were performed as previously described. 
Racemic ol-naphthylphenyhnethylfiuorosilane, isolated by a procedure identical 
to that used by Sommer [lla], was the only silicon product from these reactions. 
The olefinic proton from menthene was evident in ‘H NMR analyses of the reac- 
tion solutions (m, 6 5.2-5.3). 

Attempted reductions of hexachloroacetone and di-tert-butyl ketone by (+)- 
ar-naphthylphenylmethylsilane gave evidence for hydrolytic cleavage of napht- 
halene. In reactions with hexachloroacetone phenylmethylfluorosilane was form- 
ed and dissipated during a 16 day period at 50°C: ‘H NMR (BFB - EbO, internal 
TMS) 6 0.40 (doublet of doublets, J (F-CH,) = 7.5 Hz, J (H-CH,) = 2.5 Hz, 
3 H) and 5.22 ppm (doublet of quartets, J (F-H) = 54 Hz, J (CH,-H) = 2.5 Hz, 
1 H). Naphthalene was isolated and identified by spectral and GLC methods. 
Similar observations were made in reductions of di-tert-butyi ketone, but reac- 
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tion times were three-times longer. No evidence for the reduction of these ke- 
tones by a-naphthylphenylmethylsilane was obtained. In a separate experiment 
naphthalene was formed from cu-naphthylphenylmethylsilane and BF3 - E&O 
when trace amounts of water were introduced into the reaction solution. 

Reductions of alkyd-substituted cyclohexanones by triethylsilane in BF, - Et,0 

Reactions were performed as previously described. Product yields were deter- 
mined by GLC analyses. Isomeric alcohols from 2-, 3-, and 4-methylcyclohexa- 
none reductions were separated and analyzed on 5 ft., 25% glycerol columns at 
100°C. Isomeric alcohols from 4-tert-butylcyclohexanone reductions were sepa- 
rated and analyzed on a 5 ft. 20% Carbowax 20M column programmed from 
135 to 180°C at 4OC/min. Isomeric alcohols from 3,3,5trimethylcyclohexanone 
reductions were separated and analyzed on a 10 ft., 20% Carbowax 20M column 
at 180°C. The individual thermal conductivities of alcohol and symmetrical ether 
products were determined and used to obtain absolute yields. The thermal con- 
ductivities of the geometrical isomers of each alcohol were assumed to be iden- 
tical [28]; those of the symmetrical ethers were identical within experimental 
error. 

!l’riethylsilane reductions of 4-tert-butylcyclohexanone catalyzed by zinc chloride 
Anhydrous zinc chloride was added to the solution of triethylsilane and 4-tert- 

butylcyclohexanone and the resulting mixture was stirred at 25” C or at 100” C_ 
Reactions employing an equivalent amount of zinc chloride relative to ketone 
were complete within four hours at 25°C; however, as the reaction progressed a 
thick gel formed. Methylene chloride was used successfully to break up the gel 
to the point where good mixing of reagents occurred. Reactions employing 10 
mol.% of zinc chloride relative to ketone were slow at room temperature; after 
two days less than 20% reduction had occurred. At 100°C reactions catalyzed by 
zinc chloride were complete within 24 h. Reaction solutions were quenched with 
excess saturated sodium bicarbonate and extracted with ether. The isomeric 4- 
tert-butylcyclohexyl triethylsilyl ethers were separated and anlyzed on a 5’ 15% 
SE-30 column at 200°C. 
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