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Direct Transformation of Carboxylic Acids into Aldlehydes
through Acyloxy-9-borabicyclo[3.3.1]nonane
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New methods for the direct reduction of carboxylic acids to aldehydes through the treatments of B-acyloxy-9-borabicyclo
[3.3.1]nonane (acyloxy-9-BBN) with fert-butyliithium and 9-borabicyelo[3.3.1]nonane or with lithium 9-horatabicycln[3.3.1]
nonane (Li 9-BBNH) are described. Both these systems provide the corresponding aldehydes from various carboxylic acids in
high yields. A mechanism for the reduction through stepwise treatment of acvioxy-9-BBN with tert-butyllithiunm and 9-BBN,
which seems to involve the hydride migration thraugh 9-BBN, is proposed and discussed in connection with the reduction

through treatment of acyloxy-9-BBN with Li 9-BBNH.

Introduction

Direct transformation of carboxylic acids into the corres-
ponding aldehydes is of great importance in organic syn-
theses because of their abundance in nature. A number of
methods for the preparation of aldehydes from carboxylic
acid derivatives have been developedz, however, only a few
methods are available to get aldehydes directly from carbox-
ylic acids®*. Among them, thexylchloroborane-methyl sul-
fide*®" and thexylbromoborane-methyl sulfide® have ap-
peared to be the most promising reducing agents for such
direct transformation. Furthermore, the convenient and
practical methods for isolation of aldehyde products have
been established®”. Although these reagents have their own
excellence, these reagents should be prepared by users
themselves under the present situation. Consequently; we
have centered our efforts to utilize the commercially avail-
able 9-borabicyclo{3.3.1]nonane(9-BBN) for such direct con-
version.

In this paper, we describe details of such new facile
methods for the direct syntheses of aldehydes from carbox-
ylic acids using 9-BBN, which have already reported in form
of communications®, including the mechanistic considera-
tions.

Results and Discussion

Reduction through Treatment of Acyloxy-9-BBN with

9-BBN. It is well known that the reduction of carboxylic
acids with boranes(i.e, BH;THF®, BH,SMe,”, or alkyl-
boranes®) proceeds via acyloxyboranes formed with evolu-
tion of equivalent hydrogen, followed by the hydride transfer
to acyloxy group, which indicates that the acvloxyboranes
are reactive intermediates for reduction. In this respect, we
utilized a commercially available 9-BBN in order to make an
acyloxyborane, in the hope of being a reactive intermediate
with an adequate structural feature for its acyloxy group be-
ing converted to the aldehyde stage.

The reaction of carboxylic acids and 9-BBN provides
readily the corresponding acyloxy-9-BBN(1) with evolution
of 1 equiv of hydrogen (eq 1)**.

"
il
R--0-1l + H-BL SN R—g—o—s@ + ”J 1)

1

(H—B@ = 9-borabicyclo [3.3. 1) nonane = 9-BRBN)

We attempted to carry out the partial reduction of the
acyloxy moiety of 1 to the aldehyde stage with another equiv
of 9-BBN. However, the yields of the expected aldehydes
were low (Table 1). Shortly, we realized that 9-BBN itself is
too weak to attack the carbonyl carbon of acyloxy group.

Reduction through Treatment of Acyloxy-9-BBN with
tert-Butyllithium. As described above, 9-BBN itself cannot
attack the acyloxy group of 1 efficiently. Therefore, we turn-
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Table 1. Yields of Aldehydes in the Reduction of Caproic and
Benzoic Acids as Represeniative Aliphatic and Aromatic Car-
boxylic Acids through Treatment of Acyloxy-9-borabicyclo
{3.3.1Jnonane’ with 9-Borabicyclo{3.3.1]nonane in Tetrahy-
drofuran at Room Temperature
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Table 3. Yields of Aldehydes in the Reduction of Represen-
tative Carboxylic Acids through Treatment of Acyloxy-9-bo-
rabicyclo [3.3.1] nonanes with fert-Butyllithium and 9-Borabi-
cyclo [3.3.1] nonane (9-BBN) in Tetrahydrofuran at Room Tem-
perature®

Yield of aldehyde

Yield of aldehvde

Acid Reaction time (h) by analysis with Acid by analysis with
2,4-dinitrophenylhydrazine (%) 2,4-dinitrophenylhydrazine (%)
caproic 1 31 butyric 92
3 24 hexanoic 93 (79)
benzoic 3 24 decanoic 91
6 30 stearic 99 (91)
@ From the reaction of equivalents of carboxylic acid and 9-borabi- %snbutyric . 98
cvelof3.3.1)nonane. isopentanoic 96
pivalic 92d
Table 2. Yields of Aldehydes in the Reduction of Represen- cyclopropanecarboxylic 84
tative Carboxylic Acids through Treatment of Acyloxy-9-bo- cyclohexanecarboxylic 33
rabicyclo[3.3.1lnonanes with tert-Butyllithium in Tetrahydro- diphenylacetic 95
furan at Room Temperature.® triphenylacetic 93
Yield of aldehyde 6-bromohexanoic 87
Acid by analysis with 1,10-decanedicarboxylic 99 (93)
2.4-dinitrophenylhydrazine (%)¢ benzoic 81
- - a -naphthoic 79
hexano.xc & p-methoxybenzoic 72
dtecarllmc 32 p-chlorobenzoic 78
stearic . .
diphenylacetic 55 p:a1‘1tlfn1()>benz.o‘1c :2
cyclohexanecarboxylic 39 fe::e;;)t ;;?:K 08
chloroacetic 25
adipic 25 2 Reacted with 5% excess 9-BBN (1.05 equiv for monocarboxylic
benzoic 82t and 2.1 equiv for dicarboxylic acid) for 1 h with aliphatic and for 6 h
p-methylbenzoic 42 with aromatic carboxylic acids, both at room temperature, after ad-
p-chlorobenzoic 73 dition 10% excess fert-butyllithium at -20°C. # An yield of distilled
p-aminobenzoic 64 product after hydrolysis. ¢ Yields are based on the analytically pure
p-nitrobenzoic 49 aldehydes isolated after evaporation of solvent, following treatment
terephthalic g5 of the bisulfite adduct with formaldehyde3. ¢ Reacted for 6 h; 88%

¢ 1.1 Equiv of fert-butyllithium was added to acyloxy-9-BBN at
~-20°C and the mixture was stirred for 10 min at the temperature,
and followed by the additional stirring for 3 h with aliphatic and for
12 h with aromatic carboxylic acids, both at room temperature. ¢ 2.2
Equiv of ferf-butyllithium per 1 equiv of the compound (2 equiv of
each 9-BBN and acvloxy moieties). ¢ Analysis with 2,4-dinitrophen-
ylhydrazine.

ed to the formation of lithium 9-acyloxy-9-boratabicyclo{3.3.
1]nonanes(Li 9-acyloxy-9-BBNHs, 2) by treatment of 1 with
tert-butyllithium (eq 2)°, which are much stronger in hydride
-donating ability than 9-BBN"®

P
Li
t-BuLi 0 o
1 ——-‘6—4 R—(E—O—B@ ()
-20% H

Initially, we expected that 2 readily undergoes the reduc-
tion of its acyloxy group intermolecularly or/and intramolec-
ularly, followed by hydrolysis to give the corresponding al-
dehyde, the results of which are summarized in Table 2.
However, acyloxyborohydride(2) itself, as shown in Table 2,

for 3 h. € Analysis with 2,4-dinitrophenylhydrazine.

appeared not to be general, providing the variable yields of
aldehydes with the structure of acyloxy group, even though
the yields of aldehydes are high in some cases.

Reduction through Stepwise Treatment of Acyloxy-9
-BBN with terz-Butyllithium and 9-BBN. The ingenerali-
ty of 2 toward the partial reduction of their acyloxy group led
us to believe that the system is unfavorable for attacking the
acyloxy moiety intermolecularly or/and intramolecularly.
Therefore, we added 1 equiv of 9-BBN to the solution of 2 in
hopes that 9-BBN serves as a bridge to transfer the hydride
of 2 to the acyloxy group.

In fact, the system achieved a nice conversion of the
various acyloxy moieties of both aliphatic and aromatic car-
boxylic acids to the aldehyde stage (eq 3), showing the very
high yields of aldehydes as summarized in Table 3.

H 30+
2 + H—B@ R AN

As shown in Table 3, the system reduces aliphatic carbox-
ylic acids to aldehydes in approximately 1 h at room tempera-

RCHO (3)
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Table 4. Yields of Aldehydes in the Reduction of Representa-
tive Carboxylic Acids through Treatment of Acyloxy-9-borabi-
cyclo[3.3.1]nonanes with Lithium 9-Boratabicyclo[3.3.1]no-
nane(Li 9-BBNH) in Tetrahydrofuran at Room Temperature”

Yield of aldehyde by analysis with

Acid 2,4-dinitropheny!hydrazine (%)

butyric 90
hexanoic 92 (80)b
decanoic 92
stearic 99 (92)°
isobutyric 94
1sopentanoic 89
pivalic 854
cyclopropanecarboxylic 85
cyclohexanecarboxylic 83
diphenylacetic 96
triphenylacetic 94
6-bromohexanoic 87
1,10-decanedicarboxylic 99 (92)¢
benzoic 78
a-naphthoic 30
p-methoxybenzoic 79
p-chlorobenzoic 76
p-aminobenzoic 79
p-nitrobenzoic 30
terephthalic 92

2 Reacted with 5% excess Li 9-BBNH (1.05 equiv for monocarbox-
ylic and 2.1 equiv for dicarboxylic acid) for 1 h with aliphatic and for
6 h with aromatic carboxylic acids, both at room temperature. ¥ An
isolated yield on distillation of the generated product after
hydrolysis. ¢ Yields are based on the analytically pure aldehydes iso-
lated after evaporation of solvent, following treatment of the bisul-
fite adduct with formaldehyde?b.c. 4 Reacted for 6 h.

ture in yields of 90-99%. Alicyclic derivatives undergo the
reaction well in yields of 84-88%. Derivatives such as diphen-
ylacetic and triphenylacetic acids work equally well to pro-
vide the corresponding aldehydes in yields of 93-95%. Di-
acids, such as 1,10-decanedicarboxylic acid, are converted to
the dialdehydes almost quantitatively.

The reduction of aromatic carboxylic acids by this system
requires 6 h for the complete reaction at room temperature.
The yields of aldehydes are somewhat lower than those in
aliphatic acids, but still high (ca. 80%). However, aromatic
diacid such as terephthalic acid provides the corresponding
dialdehyde essentially quantitative.

The reaction seems to proceed via the consecutive hyd-
ride-transfer pathway in which the hydride from 2 migrates

R—SCP—O—G}“:?@
A
N

S

Scheme 1

Jin Soon Cha el al.

to 9-BBN (i.e,, formation of 9-boratabicyclo[3.3.1]nonane,
9-BBNH) and then again the hydride from 9-BBNH species
attacks the carbonyl carbon of acyloxy moiety, as illustrated
in Scheme 1.

Reduction through Treatment of Acyloxy-9-BBN with
Lithium 9-Boratabicyclo[3.3.1]nonane(Li 9-BBNH).
If the suggested mechanism as illustrated in Scheme 1 is cor-
rect, we might obtain similar results when treated the acy-
loxy-9-BBN(1) with 9-BBNH itself instead of addition of
9-BBN to the solution of 2. We examined this possibility.
Thus, we added 1 equiv of Li 9-BBNH(3) to the solution of 1
(eq 4). Finally, we found that this system equally achieves a
nice conversion of the various acyloxy moieties of 1 to the
aldehyde stage and the results are summarized in Table 4.

1:®

N RCHO (4)

As shown in Table 4, the results are essentially same as
the case of reduction of carboxylic acids through stepwise
treatment of 1 with fert-butyllithium and 9-BBN, as listed in
Table 3, which indicates strongly that our suggestion for
reaction mechanism is correct.

Isolation of Aldehyde Products. Aldehydes are notori-
ously unstable, and hence it is desirable to find the conve-
nient isolation method from the reaction mixture to obtain
the aldehyde in pure form.

Recently, the sodium bisulfite procedure® have been ap-
peared to be broadly applicable. We examined this procedure
and the results are listed in Table 3 and 4. As shown in the
Tables, the sodium bisulfite procedure provides a convenient
and practical means for such purpose, especially useful for
the aldehydes of relatively high boiling point (more than
200°C). However, in the case of products of lower boiling
point the distillation after stirring the reaction mixture over
excess anhydrous magnesium sulfate overnight gives the
quite reasonable yield of aldehyde products.®*

Conculsion

The treatments of acyloxy-9-BBN with ferf-butyllithium
and 9-BBN or with Li 9-BBNH provide the corresponding al-
dehydes in high yields. These systems utilize the commer-
cially available 9-BBN and its derivative, Li 9-BBNH. 9-BBN
is an acid-type reducing agent®*, while Li 9-BBNH is a base
-type.!” Therefore, these two systems are complements each
of the other on the basis of their reducing characteristics
toward organic functionalities, which provides an useful
judging tool to select a proper system to the practical reduc-
tion of carboxylic acid bearing organic functions in a mo-
lecule. In addition, because the practical procedures for isola-
tion of aldehyde products have been established, these sys-
tems should find useful applications in organic synthesis.

Experimental Section

All glassware used was dried throughly in a drying oven,
assembled hot, and cooled under a stream of dry nitrogen
prior to use. All reactions and manipulations of air- and
moisture-sensitive materials were carried out under a dry
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nitrogen atmosphere. Further special experimental techni-
ques are described elsewhere!2

All chemicals were commercially products of the highest
purity which were carefully purified by standard methods
before use. Tetrahydrofuran (THF) was distilled from benzo-
phenone-sodium ketyl.

The yields reported in all cases are of analytically pure
compounds unless otherwise mentioned.

GLC analyses were carried out using a Varian Model 1400
FID chromatograph equipped with a Hewlett-Packard 3390
A Integrator/Plotter.

Preparation of Li 9-BBNH(3)'!. An oven-dried 500-m!
flask equipped with a side-arm and a stopcock leading to a
mercury bubbler was added 200 m!/ of 9-BBN-THF solution
(0.5 M, 100 mmol) and the content was cooled to -20°C with
a cooling bath. At this temperature, 58 m/ of tert-butylli-
thium-pentane solution (1.9 M, 110 mmol, 10% excess) was
injected slowly with constant stirring. After stirring for an-
other 10 min, the reaction mixture was allowed to room tem-
perature. The concentration of the resulting standard solu-
tion was measured gasometrically to indicate 0.38 M in Li
9-BBNH(3).

Reduction of Carboxylic Acids through Treatment of
1 with 9-BBN. In the usual setup, 0.35g of caproic acid (3
mmol) was added. 6 m/ of a 0.5M 9-BBN solution in THF (3
mmol) was injected slowly and the reaction mixture was stir-
red at room temperature until hydrogen was no longer evolv-
ed. After the complete hydrogen evolution, THF was evapo-
rated. And then was added 6 m/ of 9-BBN-THF solution and
the mixture was stirred for 1 h or 3 h at room temperature.
Analysis with 2,4-dinitrophenylhydrazine yielded 31% and
24% of the corresponding aldehyde for 1 h and 3 h reactions,
respectively. The results including benzoic acid are sum-
marized in Table 1.

Reduction of Carboxylic Acids through Treatment of
1 with fert-Butyllithium. The following procedure for the
reaction of caproic acid is representative. In the usual setup,
0.35g of caproic acid (3 mmol) and 6 m/ of a 0.5 M 9-BBN
-THF solution (3 mmol) were added successively. After the
complete hydrogen evolution, the mixture was cooled to
-20°C. At this temperature, 1.9 m/ of tert-butyllithium-
pentane solution (1.9 M, 3.6 mmol, 20% excess) was added
dropwise and the mixture was stirred for 10 min. The reac-
tion mixture was then warmed to room temperature and stir-
red for another 3 h. Analysis with 2,4-dinitrophenyhyd-
razine indicated the yield of 75% of the corresponding alde-
hyde (Table 2).

Reduction of Carboxylic Acids through Stepwise
Treatment of 1 with tert- Butyllithium and 9-BBN., The
following procedure for the reduction of stearic acid is illus-
trative. In the usual setup, 6.47g (53 mmol) of 9-BBN and
15.08g (53 mmol) of stearic acid were added. To this mixture
was injected 10 m/ of THF and the slurry was stirred at room
temperature until hydrogen was no longer evolved. The reac-
tion mixture was then cooled to -20°C with a cold bath and
29 m/ of 2.0 M fert-butyllithium (10% excess) in pentane was
injected into the well-stirred mixture. After stirring for 10
min at -20°C, 112 m!/ of 0.5 M solution of 9-BBN (65 mmo],
5% excess) in THF was added and the mixture was warmed
to room temperature and stirred for 1 h at the temperature.
Analysis of an aliquot with 2,4-dinitrophenylhydrazine yield-
ed 99% of the corresponding aldehyde.
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The rest of the reaction mixture (50 mmol) was hydrolyz-
ed with 30 m/ of 2 N HCl for 1 h at room temperature. The
mixture was then saturated with sodium chloride and the
separated organic layer was subjected to the sodium bisulfite
isolation procedure®*®, Thus, the separated organic layer
was poured into 75 m/ of a saturated aqueous sodium bisul-
fite solution. The mixture was stirred for 1 h and cooled in an
ice-water bath to ensure complete crystallization of the bisul-
fite adduct, which was then collected by filtration and wash-
ed with 3 x 25 m! of pentane and dried. The solid adduct
was placed in 40 m/ of water and then 50 m/ of THF and 8 m{
of a 37% formaldehyde solution were added. The mixture
was heated to 90-95°C for 1 h with stirring. The solid disap-
peared. The mixture was cooled to room temperature and
saturated magnesium sulfate heptahydrate. The organic
layer was separated, dried, and on removal of the solvent,
analytically pure stearaldehyde (12.22g, 91%) was oktained:
mp 37-38°C (Table 3).

Reduction of Carboxylic Acids through Treatment of
1 with 3. The following procedure for the reduction of hex-
anoic acid is representative. In the assembly previously des-
cribed, 6.47g (53 mmol) of 9-BBN and 6.16g (53 mmol) of
hexanoic acid were charged. To this mixture was added 10
m/ of THF and the slurry was stirred at room temperature
until hydrogen evolution ceased. After completing the hydro-
gen evolution, 111 m/ of a 0.5 M solution of Li 9-BBNH (3,
55.6 mmol, 5% excess) in THF was injected viz a double-
ended needle and the reaction mixture was stirred for 1 h at
room temperature. Analysis of an aliquot with 2,4-dinitro-
phenylhydrazine yielded 92% of hexanal.

The rest of the reaction mixture (50 mmol) was hydrolyz-
ed with 20 m/ of water for 1 h at room temperature. The mix-
ture was then saturated with sodium chloride and the organic
layer was separated. The separated organic layer was stirred
over anhydrous magnesium sulfate overnight and subjected
to fractional distillation: 4.0g of hexanal (80%): bp 131-132
°C (Table 4).
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Starting with readily avaiiable p-terf-butylcalix(4]arene 3 fert-buty! groups are removed by AiClz-catalvzed de-alkylation reac-
tion, and the calix[4]arene 4 formed is converted into the tetraacyl esters. These compounds undergo Fries rearrangement to
vield p-acylcalix[4]arenes. p-Acetyl, p-propionyl, p-butyryl, and p-benzoylcalix[4]arene 10, 11, 12 and 14 are synthesized in
70-80% vields by treatment of the corresponding esters 5, 6, 7 and 9 with AlCi3 in nitrobenzene. When the tetraisobutvryl

ester 8 was treated with the same condition, only two isobutyryl groups were rearranged 10 the para-positions of calix[4]

arene, and remaining two groups were simply cleaved.

Introduction

Since the interesting prospects for enzyme model building
were proposed by Gutsche!, various calixarenes have been
tried to synthesize by the base-induced condensation reac-
tion between p-alkylphenols and formaldehyde as shown on
scheme 12. As the results of the research work, the synthetic
procedures and the cyclic structure of p-fert- butylcalixarenes
and some other calixarenes are well established.

If calixarenes are to serve as enzyme mimics it is neces-
sary that they carry various functional groups that can act as
active catalystic sites or binding sites®. Because the carbonyl

HCHO
—_— R
-OH

Scheme 1



