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shielded than those in adamantane which are flanked by three
methylene groups. Consequently, the signals at 32.1 and 27.7 ppm
in the spectrum of 2 are assigned to bridgehead carbons b and d,
respectively.

The 13C NMR spectrum of 4-homoisotwistane (4) is assigned by
comparison of experimental and calculated chemical shifts. The
spectrum shows eight signals (Table I). According to the proton
off-resonance decoupling and the T; values the signals at 33.0,
30.8, and 24.7 ppm correspond to CH groups while those at 32.2,
31.8, 27.0, 26.2, and 15.2 ppm correspond to CH; groups. Grant’s
additivity rule?” was used to calculate the shifts of carbons a and b
(16.2 and 32.7, respectively). To calculate the chemical shifts of the
other carbons the shifts of bicyclo[2.2.2]octane?® were taken as the
basis and the influence of the trimethylene bridge was estimated
using the additivity increments. For carbons c, d, e, f, g, and h (see
Table I, footnote b) the following values were obtained: 32.1, 33.9,
26.7, 26.7, 24.6, and 29.2 ppm, respectively. Therefore, the signals
at 15.2, 30.8, 33.0, and 24.7 ppm are assigned to carbons a, ¢, d, and
g, respectively, whereas the signals at 32.2 and 31.8 ppm, as well as
the signals at 27.0 and 26.2 ppm, could not be assigned in this way.
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Tetrabutylammonium Borohydride. Borohydride Reductions in
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The utility of tetrabutylammonium borohydride as a reducing agent has been investigated. The high solubility
of this reagent in dichloromethane permits reductions to be carried out in high yields in the absence of protic sol-
vents. The selectivity of tetrabutylammoenium borohydride in dichloromethane toward organic carbonyl com-
pounds is similar to that exhibited by sodium borohydride in aqueous or alcoholic media. At room temperature
acid chlorides are reduced extremely rapidly, aldehydes and ketones are reduced at convenient rates, and esters
are reduced quite slowly. Synthetic procedures and results are reported for the reduction of a variety of aldehydes

and ketones.

The preparation of quaternary ammonium borohydrides
(tetramethylammonium, tetraethylammonium, and ben-
zyltrimethylammonium borohydride) was reported by
Banus, Bragdon, and Gibb in 1952.! The tetramethyl deriv-
ative exhibited solubilities similar to those of the alkali
metal borohydrides, and consequently the quaternary am-

monium derivatives did not appear to offer any advantages
as synthetic reagents. Subsequently, Sullivan and Hinckley
reported? the preparation of quaternary ammonium bor-
ohydrides which contained long chain alkyl groups: cetyl-
trimethylammonium borohydride and tricaprylmethylam-
monium borohydride. These compounds are soluble in
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Table 1 ) .
Reduction of Representative Carbonyl Compounds with Tetrabutylammonium Borohydride at 30°C
1 equiv4 2 equiv? 4 equiv
No. Compd t,,,, min Max % t,,,, min Max % ty 2, min Max %
0
1 é 2100 75 850 98 550 98
o}
2 ©/kCH3 2600 69 1100 94 600 98
CHO
3 ©/ 100 92 1205 92 400 96
4 (CH;),C—CHO 1250 94
)
5 | >10 000 40
(CHy),C~—C—CH,
0
6 : .C—Cl c 100
0
1 d 25

|
CH,(CH,),,C—O0Et

a This refers to the number of equivalents of reducing agent per mole of substrate; the concentr'ation of the carbonyl com-
pound was 1 M in each case. P £ = 6 x 10-* 1. mol™* 57'; none of the other substrates afforded a linear plot when the data

were analyzed in terms of second

-order kinetics (¢f. ref 10c). Even benzaldehyde failed to follow second-order kinetics when

only a single equivalent of reducing agent was used. ¢ The reduction of benzoy! chloride was extremely rapid at room tem-
perature and did not stop at the aldehyde state even at —78°C. d The reduction of ethyl laurate was followed for 96 h, at

which time only 25% had been reduced.

nonpolar aprotic solvents such as benzene and hexane. In
benzene, acid chlorides and aldehydes are reduced readily,
“ketones only very slowly, even at elevated temperatures;
and esters, not at all at room temperature and only slowly
at higher temperatures”.2 Quaternary ammonium borohy-
drides have thus appeared to offer few advantages in or-
ganic synthesis; their utility has been restricted by the poor
solubility of short-chain tetraalkylammonium derivatives
in aprotic solvents and by the poor ability of the long-chain
analogues to reduce ketones.

The ability to carry out borohydride reductions in
nonhydroxylic solvents would nevertheless be quite useful.

For instance, the reduction of aldehydes and ketones with

sodium borohydride in the commonly employed aqueous or
alcoholic solvents can be complicated by side reactions
such as the formation of hydrates, acetals, ketals, or
ethers.? In addition many organic compounds are not ade-
quately soluble in those solvents. While borohydride reduc-
tions have been carried out in aprotic media, the available
combinations of reagents and solvents have not been with-
out disadvantages. For example, sodium borohydride shows
very limited solubility? in ethereal solvents such as diethyl
ether, tetrahydrofuran, and dimethoxyethane, and while it
exhibits useful solubility4 in diglyme and dimethylformam-
ide, the water miscibility and high boiling points of the lat-
ter make work-up of reactions in these solvents quite in-
convenient. Furthermore, Brown, Mead, and Subba Rao
have shown®® that in diglyme sodium borohydride reduces
ketones only very slowly, the reduction of acetone at 25°C
being incomplete even after 96 h. Lithium borohydride is
adequately soluble in many ethereal solvents, but its much
greater reactivity decreases its synthetic utility; in contrast
to sodium borohydride the lithium derivative readily re-
duces esters as well as aldehydes and ketones.?
Brandstrém, Junggren, and Lamm® recently prepared
tetra-n-butylammonium borohydride and showed that it
can be used to prepare solutions of diborane in dichloro-

methane by reaction with alkyl halides, but the reactions of
tetrabutylammonium borohydride with carbonyl com-
pounds were not reported. Our own use’? of tetrabutylam-
monium borohydride as a mild and selective reagent for the
reduction of oxonium ions indicated that this readily avail-
able® compound might be a versatile reagent for carrying
out carbonyl reductions in aprotic solvents, Additional sup-
port for this idea was provided by the work of Hutchins,
who found tetrabutylammonium cyanoborohydride to be
aneffective reducing agent in HMPA 8

We hoped that the high solubility of tetrabutylammo-
nium borohydride in dichloromethane® would allow the use
of that solvent for the reduction of aldehydes and ketones.
Dichloromethane offers many advantages as a reaction me-
dium: it is a powerful solvent for many organic compounds
and (in contrast to many ethereal solvents) is relatively in-
expensive; its low boiling point (41°C) and water immisci-
bility greatly facilitate the reaction work-up. We have
therefore carried out an investigation of the reactions of a
series of carbonyl compounds with tetrabutylammonium
borohydride in dichloromethane.

Results and Discussion

Kinetic Studies. Our first goal was to determine the re-
activity of dichloromethane solutions of tetra-n-butylam-
monium borohydride toward various types of carbonyl
compounds, and this was done by monitoring the progress
of the reactions by infrared spectroscopy. The changes in
intensity in the carbonyl absorption of aliquots of reaction
solutions permitted a quantitative measurement of the
consumption of the substrate. The results are summarized
in Table I and in Figures 1 and 2.

The data clearly demonstrate large differences in reac-
tivity for the various classes of carbonyl derivatives as sum-
marized by the following series (in order of decreasing reac-
tivity): acid chlorides > aldehydes > ketones > esters. At
one extreme, the reduction of benzoyl chloride (6) with tet-
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Figure 1. Rates of reduction of carbonyl compounds (®, benzalde-
hyde; A, acetophenone; M, pivalaldehyde; O, pinacolone) with tet-
rabutylammonium borohydride (1 equiv of reducing agent per
mole of carbonyl compound) at 30°C in dichloromethane. The con-
centration of the carbonyl compound was 1 M in each case.
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Figure 2. Rates of reduction of cyclohexanone (1 M) with tetrabu-
tylammonium borohydride (W, 4 equiv; &, 2 equiv; @, 1 equiv) at
30°C in dichloromethane.

rabutylammonium borohydride is essentially instanta-
neous; even at —78°C the reaction proceeds rapidly. The
other extreme is represented by ethyl laurate (7): this ester
is only 25% reduced after 4 days at 25°C. Both aldehydes
and ketones undergo reduction at 25°C at rates which are
useful for synthetic purposes.

Figure 1 shows that as expected the rate of reduction is
highly dependent on .the steric bulk of the substituents;
thus replacement of a phenyl group by a tert-butyl group
results in a substantial decrease in rate for both pinacolone
(5) and pivalaldehyde (4) relative to acetophenone (2) and
benzaldehyde (3), respectively. Similar effects have been
found for other borohydride reductions.’

Figure 2 and Table I show the effects of variation of the
concentration of borohydride relative to the concentration
(1 M) of the carbonyl compound. As expected for a bimole-
cular process, the rate of reduction increases as the concen-
tration of tetrabutylammonium borohydride is increased.
Somewhat unexpected is the dependence of the total ex-
tent of reaction upon the concentration of borohydride rel-
ative to that of the carbonyl compound. Thus, while the re-
action with aldehydes proceeds readily and nearly to com-
pletion with only 1 equiv of tetrabutylammonium borohy-
dride it is preferable to use 4 equiv of the reducing agent in
the case of ketones; otherwise the reaction is inconvenient-
ly slow or does not proceed to completion.

Mechanistic Considerations. The reaction of borohy-
dride ion with aldehydes and ketones in aqueous or alco-
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Figure 3. Rates of reduction of cyclohexanone (1 M) with tetrabu-
tylammonium borohydride (1 M) (4, in the presence of 1 molar
equiv of ethanol; @, in the absence of ethanol) at 30°C in dichloro-
methane.

holic solutions is considered to proceed stepwise with suc-
cessive replacement of each of the four hydrides with alk-
oxide groups generated by reduction of the carbonyl deriv-
ative (eq 1).1° Under these conditions the reaction of bor-

=0 =0 — C==
BH, =% R,CHOBH,” 2= (R,CHO),BH,” 2>

(R,CHO),BH~ 2°=C, (R,CHO)B™ ™™ RCHOH (1)

ohydride ion with aldehydes and ketones is rapid and ex-
hibits clean second-order kinetics. This has been interpret-
ed as evidence!® that the first step of eq 1 is rate limiting;

otherwise different kinetic behavior would be expected.
Studies of borohydride reductions in aprotic media have

afforded additional mechanistic information. For example,

the reactivities of borohydride salts in aprotic solvents are
highly dependent on the nature of the cation. While lithi-
um borohydride reduces ketones in anhydrous pyridine,!!
the sodium salt reduces them very slowly!2 or not at all.1!
This difference in reactivity could be a result of ion pairing
effects as well as of electrophilic catalysis by lithium
ions.'?!2 The importance of the former effect is suggested
by the observation that lithium and sodium borohydride
react with acetone at the same rate in aqueous solution!3
where the salts should be largely dissociated. In isopropyl
alcohol (where more association of the ions would be ex-
pected) the lithium derivative reacts several times more
rapidly.!3

The importance of electrophilic catalysis is illustrated by
the observation that the addition of lithium salts enhances
the rate of reductions by sodium borohydride in nonaque-
ous solvents.>!3 Similarly, the large rate difference in sodi-
um borohydride reductions in aqueous or alcoholic solu-
tions relative to reactions in aprotic media has been attrib-
uted to electrophilic catalysis by the hydroxylic sol-
vent.!112 Our own work tends to support this interpreta-
tion. Thus, the overall rate of reaction of tetrabutylammo-
nium borohydride with ketones and aldehydes in dichloro-
methane is much slower than comparable reductions with
sodium borohydride in agqueous or alcoholic media. Figure
3 clearly shows that the addition of an equivalent amount
of ethanol results in a substantial (ca. twofold) increase in
the rate of reduction of cyclohexanone (1) by tetrabutylam-
monium borohydride in dichloromethane. Nevertheless, re-
duction does occur in the absence of ethanol, and one must
conclude that electrophilic catalysis (by either protic sol-
vent or metal ions) is not a prerequisite for reduction.

Earlier work has shown that sodium borohydride reduc-
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tions of ketones in aprotic solvents are extremely slow.
There was some initial confusion in the literature because
rapid reduction can occur during aqueous work-up of ali-
quots of reaction mixtures.!! Brown found essentially no
reduction of acetone by sodium borohydride in diglyme,
DMTF, acetonitrile, or pyridine after 24 h at 0°C.2? Similar-
ly, Ritchie observed no reduction of cyclohexanone by sodi-
um borohydride in pyridine after 72 h at room tempera-
ture. While the conditions used by those workers were not
the same as those utilized by us, the earlier results con-
cerning the reduction of ketones appear to be in sharp con-
trast with those summarized in Table I. The facile reduc-
tion of primary alkyl halides by tetrabutylammonium bor-
ohydride in dichloromethane® to liberate diborane suggest-
ed the possibility of a similar reaction between tetrabutyl-
ammonium borohydride and the solvent (dichlorometh-
ane).!4 The actual reducing agent in the ketone reductions
of Table I might therefore be diborane (eq 3) rather than
borohydride ion (eq 2). That diborane is indeed produced

0—BH,
RN'BH, ———> | R—C—R | 25" . CHOH (2)
h
RN'BH,” S
0—BH,
BH, ——— R—(—R e, Wb, R,CHOH  (3)
H

by such a reaction was shown by the isolation of a moderate
yield (50%) of cyclohexanol following oxidative work-up of
a solution of cyclohexene and tetrabutylammonium bor-
ohydride in dichloromethane which had been maintained
at room temperature for 40 h.

In order to ascertain whether or not the rate of produc-
tion of diborane is sufficiently rapid to account for the re-
duction of ketones, several additional experiments were
carried out. The rate of decomposition of tetrabutylammo-
nium borohydride in dichloromethane at 30°C was deter-
mined by monitoring the 2240-cm™1 band!! of aliquots of
the solution; the decomposition followed first-order kinet-
ics and exhibited a half-life of approximately 2300 min. We
also found that the reduction of cyclohexanone (1) by dibo-
rane is quite rapid: the reaction of a dichloromethane solu-
tion of cyclohexanone (1 M) and diborane (0.5 M) is com-
plete within 15 min at room temperature. On the other
hand, only two of the three hydrides per boron exhibit this
high reactivity. Thus when only an equivalent amount of
diborane was employed (1 M cyclohexanone, 0.17 M B;Hg)
the reduction proceeded rapidly to ca. 67% completion; fur-
ther reduction was extremely slow. Similar behavior was
observed by Brown and Korytnyk for the reduction of cy-
clohexanone by borane in tetrahydrofuran.15

Comparison of the results of the borane reductions with
the data in Figure 2 lead to the conclusion that diborane
alone cannot be responsible for the reduction of cyclohexa-
none. Thus in 2300 min one-half of the original borohy-
dride ion has been converted to diborane. In the case where
1 equiv (0.25 mol) of borohydride was employed this would
correspond to the formation of 0.06 mol of diborane, which
would account for only 87% reduction of cyclohexanone
even if all three hydrides per boron were utilized. Since
transfer of the third hydrogen is slow, 37% represents an
upper limit. If transfer of that hydrogen were considered
negligible, only 25% reduction would be expected. However,
the actual reduction of cyclohexanone proceeded to greater
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Figure 4. First-order decomposition of tetrabutylammonium bor-
ohydride at 30°C in dichloromethane [@®, in the absence of ethanol,
k = (3.0 £ 0.1) X 1074 s~1; 4, in the presence of 1 molar equiv of
ethanol, 2 = (1.52 £ 0.03) X 10~* sec™!]. The lines are least-
squares fits of the experimental points.

than 50% within this time period, indicating that at least a
substantial proportion of the reduction of cyclohexanone
proceeds via direct reaction with borohydride ion (eq 2).
Thus, one must consider two alternative pathways for
the initial reaction of the borohydride ion: direct hydride
reduction of the carbonyl compound (eq 2) and initial reac-
tion of the borohydride ion with solvent to give diborane as
the reducing agent (eq 3).18 Table I clearly shows that the
reduction of aldehydes proceeds via eq 2 as the major path-
way; these reactions are too fast to be reconciled with prior
decomposition of tetrabutylammonium borohydride. On
the other hand, the rates of ketone reductions are compara-
ble to the rate of diborane production and eq 3 may repre-
sent a significant pathway in these cases. However, the ad-
dition of an equivalent amount of ethanol causes a substan-
tial change in the reaction. Thus, while ethanol enhances
the rate of cyclohexanone reduction (Figure 3), it actually
decreases the rate of borohydride decomposition (Figure
4). Under these conditions the rate of borane production is
much too slow to account for the reduction of cyclohexa-
none by the pathway of eq 3. Thus, the addition of protic
solvent must result in electrophilic catalysis of the direct
reduction of ketone by borohydride ion, and the pathway
represented by eq 2 becomes increasingly important.
Synthetic Applications. The data in Table I suggested
the general procedures to be followed for preparative re-
ductions: Aldehydes (1 M) are reduced at a convenient rate
with a single equivalent of borohydride; for preparative
work we have used a 50% excess (1.5 equiv). Ketones (1 M)
are reduced at a convenient rate only when a substantial
excess of reducing agent is employed; for preparative reac-
tions we have utilized 4 equiv of tetrabutylammonium bor-
ohydride. The results of a series of reductions are present-
ed in Table I Isolated yields and purities are consistently
high, and the experimental procedure is straightforward. A
typical reduction was accomplished by allowing a dichloro-
methane solution of the carbonyl derivative (1 M) and tet-

rabutylammonium borohydride to stand at room tempera-

ture for 0.25-48 h. The reaction mixture was then
quenched by stirring with dilute alkaline hydrogen perox-
ide. The aqueous phase was extracted with dichlorometh-
ane, and the combined organic solutions were washed with
saturated aqueous sodium sulfite, dried over sodium sul-
fate, and evaporated at reduced pressure. The crude prod-
uct was taken up in diethyl ether and the insoluble ammo-
nium salts were removed by filtration through a short col-
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) Table II
Reduction of Representative Carbonyl Compounds4 with Tetrabutylammonium Borohydride
No. Compd Equiv? Time, h Product % yielde Purity,d %
9 CH,0H
6 ©)K01 4 0.25 o 98 99
CHO CH,OH
3 ©/ 1.5 24 @’ 91 99
0 H.__OH
1 é 4 24 6 86 99
0
H.__OH 08
2 CH 4 45 93
(Oj)k 3 4 2¢ ©><CH“ 90 8
H CHO H
N N g R
8 @/ ~H 1.5 17 @/ K 73 90
) OH
5 i 4 48 | 89d.f
(CHy,C—C—CH, 4 5.5¢ {CH,,C—CH—CH, 97 94
7 CHy(CH,),¢CO,Et 4 96 CH,(CH,),CH,OH 25d.f
9 @/Q COCH, 4 40 © 98 90
HO . M 0 HC~,_ M OH
- C=C
10 e OO, CHy—C—CH, 4 24 HC” T NCH,CH,—CH—CH, 87 98

2 The solutions were approximately 1 M in the carbonyl compound; reductions were carried out at room temperature.
b This refers to the number of equivalents of reducing agent per mole of substrate. ¢ Isolated yield after Kugelrohr distilla-
tion.d Estimated by GLC. ¢ The reduction was performed in refluxing chloroform.f The major impurity was unreacted start-

ing material.

umn of alumina. Kugelrohr distillation then afforded the
final product.

The use of aqueous hydrogen peroxide in the work-up
not only serves to destroy any unreacted hydride, but also
facilitates the hydrolysis of the borate esters formed in the
reduction.l” If this step is omitted, much lower yields re-
sult. The dichloromethane solution was washed with aque-
ous sodium sulfite in order to destroy any peroxides in the
organic phase prior to distillation.

Several entries in Table II require comment. As expected
(Table I) only the keto group of methyl 3-benzoylpro-
pionate (9) was reduced, and the lactone (which is formed
spontaneously upon distillation) was obtained in excellent
yield. The reduction of pinacolone (5) is extremely slow
(Figure 1), and even after 48 h substantial amounts of un-
reduced ketone remained. However, when the reduction
was conducted at higher temperatures (refluxing chloro-
form), a reaction time of 5.5 h provided pinacolyl alcohol in
excellent yield. Reaction times necessary for reduction of
other ketones can also be decreased by this procedure. For
example, the reduction of acetophenone (2) in refluxing
chloroform requires only 2 h for complete reaction. Al-
though diborane is probably formed during the reduction
of ketones, hydroboration of the carbon—carbon double
bond in 6-methyl-5-hepten-2-one (10) did not compete
with reduction of the keto group; the unsaturated alcohol
was isolated in good yield. Although this may appear to
contradict the relative reactivities of functional groups
toward diborane reported by Brown,® hydroboration of
olefing is known to take place very slowly in the absence of
ethers.18

In conclusion, tetrabutylammonium borohydride is a
mild and selective reagent for the reduction of organic com-
pounds, It provides a useful complement to the variety of

reducing agents which are already available: borohydride
reductions can now be conveniently performed in dichloro-
methane thus avoiding difficulties which sometimes arise
with aqueous or alcoholic media.

Experimental Section

Infrared spectra were recorded on a Perkin-Elmer Model 337
spectrophotometer; NMR spectra were recorded on a Varian A-60
spectrometer, and chemical shifts are reported in parts per million
downfield from MesSi. Gas chromatographic analyses were per-
formed on a Varian Model 2400 gas chromatograph equipped with
flame ionization detectors and 5 ft X 0.125 in. (0.d.) columns
packed with 10% Carbowax 20M on Chromosorb W.

Cyclohexanone, acetophenone, and 6-methyl-5-hepten-2-one
were obtained from Aldrich Chemical Co. and were used without
purification. Benzoyl chloride and ethyl laurate were obtained
from Eastman Organic Chemicals and were used without purifica-
tion. Pinacolone and cinnamaldehyde (Eastman Organic Chemi-
cals) were distilled prior to use; benzaldehyde (Aldrich Chemical
Co.) was washed with 1 M aqueous KHCO; and distilled prior to
use. Pivalaldehyde was prepared via the reaction of tert-butylmag-
nesium chloride with ethyl formate.!® Methyl 3-benzoylpropionate
was prepared via esterification2° of 3-benzoylpropionic acid.?! Re-
agent grade dichloromethane was stored over Linde 4A molecular
sieves and used without subsequent purification.

Tetrabutylammonium borohydride was prepared by the reac-
tion between sodium borohydride and tetrabutylammonium chlo-
ride®?2 and was purified by recrystallization from ethyl acetate fol-
lowed by careful drying under vacuum at 50-60°C. Samples of tet-
rabutylammonium borohydride purified in this manner showed no
loss of active hydrogen after storage at room temperature for more
than 1 year. Nevertheless, we stored tetrabutylammonium borohy-
dride at 6°C in a tightly stoppered bottle.

Kinetic Studies. Reductions with Tetrabutylammonium
Borohydride. The following general procedure was employed for
the reduction of cyclohexanone, acetophenone, pinacolone, benzo-
yl chloride, pivalaldehyde, and benzaldehyde.

In a 5-ml volumetric flask was placed either 5, 2.5, or 1.25 mmol
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of tetrabutylammonium borohydride and approximately 3 ml of
dichloromethane. To the resulting solution was added 5 mmol of
the appropriate carbonyl compound followed by sufficient dichlo-
romethane to bring the volume to 5 ml. The solution was then
placed in a constant-temperature bath at 30.0°C. Aliquots (50 ul)
were withdrawn periodically, diluted to 2 ml with dichlorometh-
ane, and analyzed by infrared spectroscopy. Matched sodium chlo-
ride cells (1 mm path length; the reference cell contained dichloro-
methane) were used to measure the intensity of the carbonyl ab-
sorption.

Beer’s law plots of the carbonyl absorbance were found to be lin-
ear in the concentration range employed for all compounds except
benzaldehyde. The concentrations of the benzaldehyde solutions
were determined from a calibration curve.

Reduction of Cyclohexanone (1) with Diborane. A. Using 3
Equiv of Diborane. To a solution of 1.21 g (4.7 mmol) of tetrabu-
tylammonium borohydride in 8 ml of dichloromethane was added
dropwise with stirring 0.67 g (4.7 mmol) of methyl iodide. The re-
sulting solution was allowed to stand at room temperature for 15
min and was then cooled in an ice bath while 0.46 g (4.7 mmol) of
cyclohexanone was added dropwise. When the addition was com-
plete, the solution was allowed to warm to reom temperature and
the volume was brought up to 5 ml with dichloromethane. The ir
spectrum of an aliquot removed after a reaction time of 15 min
showed no carbony! absorbtion.

B. Using 1 Equiv of Diborane. To a solution of 0.46 g (4.7
mmol) of cyclohexanone in 3 ml of dichloromethane was added
0.40 g (1.6 mmol) of tetrabutylammonium borohydride. Sufficient
dichloromethane was added to bring the total volume to 5 ml, and
an aliquot of the resulting solution was removed for ir analysis.
The reaction solution was cooled in an ice bath and 0.23 g (1.6
mmol) of methyl iodide was added. The reaction mixture was re-
moved from the ice bath and aliquots were periodically removed
for infrared analysis. The reaction had proceeded to the extent of
ca. 66% after 15 min, and no further decrease of the carbonyl ab-
sorption was observed over a period of 24 h at room temperature.

Reduction of Ethyl Laurate (7) with Tetrabutylammonium
Borohydride. To a solution of 1.15-g (5 mmol) of ethy! laurate in 5
ml of dichloromethane was added 1.3 g (5.1 mmol) of tetrabutyl-
ammonium borohydride. The solution was allowed to stand at
room temperature for 96 h and was then quenched by the addition
of 10 ml of 3% aqueous hydrogen peroxide and 5 ml of 10% aqueous
sodium hydroxide. The mixture was stirred for 2 h, the layers were
separated, and the aqueous phase was extracted with two 15-ml
portions of dichloromethane. The combined organic layers-were
dried over sodium sulfate and concentrated at reduced pressure.
GLC analysis of the residue showed the presence of 25% laury! al-
cohol and 75% unreacted ester.

Reduction of Cyclohexanone (1) with Tetrabutylammo-
nium Borohydride in the Presence of Ethanol. To a solution of
0.92 g (9.4 mmol) of cyclohexanone in 8 ml of dichloromethane was
added 0.44 g (9.6 mmol) of ethanol-and 0.60 g (2.3 mmol) of tetra-
butylammonium borohydride. , Sufficient dichloromethane was
added to bring the volume to 10 ml, and the general procedure was
followed.

Decomposition of Tetrabutylammonium Borohydride. A so-
lution of 0.64 g (10 mequiv) of tetrabutylammonium borohydride
in 5 ml of dichloromethane was placed in a constant-temperature
bath at 80.0°C. Aliquots (50 ul) were withdrawn periodically, dilut-
ed to 2 ml with dichloromethane, and analyzed by ir spectroscopy.
The same procedure was followed for the decomposition of tetra-
butylammonium borohydride in the presence of ethanol: 0.45 g
(9.8 mequiv) or 0.23 g (5 mequiv) of ethanol was added to the reac-
tion solutions immediately prior to placing it in the constant-tem-
perature bath. The reaction with the lower concentration of etha-
nol exhibited behavior intermediate between that of the two cases
illustrated in Figure 3.

Synthetic Studies. General Procedure. To a solution of tetra-
butylammonium borohydride (15 mequiv for aldehydes, 40 mequiv
for ketones) in 10 ml of dichloromethane was added in a single por-
tion 10 mmol of the carbonyl compound. The reaction vessel was
stoppered and the solution was allowed to stand for 0.25-48 h
(Table II). The reaction was quenched by the addition of 20 ml of
3% hydrogen peroxide followed by 10 ml of 10% sodium hydroxide
and the mixture was stirred for ca. 2 h. The layers were separated
and the aqueous phase was extracted with three 30-ml portions of
dichloromethane. The combined organic solutions were extracted
with 20 ml of saturated sodium sulfite, dried over anhydrous sodi-
um sulfate, and concentrated under reduced pressure. The crude
product was taken up in anhydrous diethyl ether, the insoluble tet-
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rabutylammonium salts were removed by filtration, and the ether
solution was percolated through a short (ca. 3 cm) column of alu-
mina. The solvent was evaporated under reduced pressure and the
crude product was distilled (Kugelrohr).

Reduction of benzoyl chloride (6), benzaldehyde (3), cyclohexa-
none (1), acetophenone (2), and pinacolone (5) by this procedure
afforded products in the yields and purities listed in Table II. The
ir and NMR spectra of the products were in agreement with pre-

- viously published spectra.?

Reduction of Benzoyl Chloride (6) at ~78°. A solutlon of1.0g
(7 mmol) of benzoyl chloride in 20 ml of dichloromethane was
cooled to —~78°C, and 1.8 g (7.0 mmol) of tetrabutylammonium bo-
rohydride in 10 ml of dichloromethane was added dropwise. The
resulting solution was poured into ~50 ml of 1 N NaOH, and the
layers were separated. The organic layer was washed with two
30-ml portions of 1 N NaOH and was dried over sodium sulfate.
GLC analysis indicated a mixture of benzaldehyde and benzyl al-
cohol in a ratio of 1:15,

Reduction of Acetophenone (2) in Refluxing Chloroform, A
solution of 1.1 g (4.3 mmol) of tetrabutylammonium borohydride
and 0.50 g (4.2 mmol) of acetophenone in 5 ml of chloroform was
heated at reflux for 2 h. Work-up according to the general proce-
dure afforded 0.46 (90%) of 1-phenylethanol (98% pure by GLC).

Reduction of Cinnamaldehyde (8). To a solution of 1.0 g (15.6
mequiv) of tetrabutylammonium borohydride in 3 ml of dichloro-
methane cooled to 0°C was added slowly 1.32 g (10.0 mmol) of cin-
namaldehyde in 10 ml of dichloromethane. The solution was al-
lowed to warm slowly to room temperature (at which point the so-
lution became red) and remain at room temperature for 17 h.
Work-up as described in the general procedure (percolation
through alumina was omitted) afforded 0.98 g (73%) of cinnamyl
alcohol after Kugelrohr distillation (130-160°C, ~1 mm). The dis--
tilled product was 90% pure by GLC and exhibited ir and NMR
spectra in agreement with those previously reported.?

Reduction of Methy! 3-Benzoylpropionate (9). To a solution
of 1.4 g (5.4 mmol) of tetrabutylammonium borohydride in 5 ml of
dichloromethane was added 1.0 g (5.2 mmol) of methyl 3-benzoyl-
propionate. The solution was allowed to stand at room tempera-
ture for 40 h and was then quenched by the addition of 10 ml of 3%
hydrogen peroxide followed by 5 ml of 10% sodium hydroxide. The
resulting mixture was stirred for 2 h and was then acidified with 3
M sulfuric acid. The layers were separated, and the aqueous phase
was extracted with three 20-ml portions of diethyl ether. The com-
bined organic phases were dried over anhydrous sodium sulfate,
and the solvent was evaporated at reduced pressure. Ammonium
salts were removed by partitioning the crude product between di-
ethyl ether (100 ml) and water (50 ml). The layers were separated
and the aqueous phase was extracted with three 50-ml portions of
diethyl ether. The combined ether extracts were dried over sodium
sulfate and the solvent was evaporated at reduced pressure. The
residue was distilled (Kugelrohr, 150~180°C, ~1 mm) to give 0.82 g
(98%) of 4-phenylbutyrolactone. The lactone was 90% pure by
GLC and exhibited ir and NMR spectra corresponding to those
previously reported.2* The major by-product was the uncyclized
derivative, methyl 4-hydroxy-4-phenylbutyrate.

Reduction of Pinacolone (5) in Refluxing Chloroform. A so-
lution of 2.6 g (10 mmol) of tetrabutylammomum borohydride and
1.0 g (10 mmol) of pinacolone in 10 ml of chloroform was heated at
reflux for 5.5 h. The solution was allowed to cool to room tempera-
ture and was quenched by the addition of 20 ml of 3% hydrogen
peroxide and 10 ml of 10% sodium_hydroxide. The mixture was
stirred ‘at room temperature for 2.5 h. The layers-were them sepa-
rated, and the aqueous phase was extracted with three 30-ml por-
tions of dichloromethane. The combined organic solutions were ex-
tracted with 10 m! of saturated sodium sulfite and dried over sodi-
um sulfate. The solvent was distilled from the crude product
through a 6-in. column packed with glass helices, and the residue
was taken up in anhydrous diethy! ether. The resulting mixture
was percolated through a 3-cm column of alumina and the solvent

.was distilled as above. The crude product was subjected to Kugel-

rohr distillation (170-180°C, 1 atm) to give 0.99 g (97%) of pinaco-
lyl alcohol with a purity of 94% by GLC.

Reduction of 6-Methyl-5-hepten-2-one (11). The general pro-
cedure provided an 87% yield of 6-methy!l-5-hepten-2-0125 with a
purity of 98% by GLC after Kugelrohr distillation (100-105°C, ~8
mm): NMR (CDCly) 6 1.1 (d, J = 6 Hz, 3 H), 1.5 (s, 3 H), 16(s,
H), 1.8-2.2 (m, 4 H), 3.2 (s, 1 H), 37(m 1 H), 5.0 (m, 1 H); ir (thin
film) 3390, 1670 cm™! (weak).

" Hydroboration-Oxidation of Cyclohexene. To a solution of
1.0 g (12 mmol) of freshly distilled cyclohexene in 10 m] of dichlo-
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romethane was added 3.2 g (12 mmol) of tetrabutylammeonium bo-
rohydride. The solution was allowed to stand for 40 h and was then
quenched by the addition of 3 ml of water and 3 ml of 3% hydrogen
peroxide. Oxidation was effected by dropwise addition of 2 ml of 3
N sodium hydroxide and 3 ml of 30% hydrogen peroxide. The mix-
ture was warmed to 40° for 30 min; it was then allowed to cool to
room temperature and was stirred for an additional 1 h. Diethyl
ether (100 ml) was added, and the layers were separated. The or-
ganic phase was extracted with three 50-ml portions of water, with
10 ml of saturated sodium sulfite, and with 50 ml of saturated so-
dium chloride. The organic solution was dried over sodium sulfate,
percolated through a short column (~3 cm) of alumina, and con-
centrated at reduced pressure to afford 0.60 g (50%) of cyclohexa-

nol (97% pure by GLC). The product was identical with an authen- .

tic sample of cyclohexanol by GLC and ir.
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