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Reducing agents formed by combining transition-metal
halides [e.g. Co(Il)' or Zr(IV)?] with sodium borohydride
have recently been applied to the reduction of various
functional groups, including C --C double bonds and C=C
triple bonds. These reduction reactions are attracting in-
creasing interest in organic synthesis. The low-valent titan-
ium reagent prepared from titanium(IV)® or titanium(III)*
compounds and lithium alanate [Ti(IV)/LiAlH, or Ti(IIT)/
LiAlH,} have been found to possess particular reducing
properties. The combined reagent TiCl,/NaBH, has been
used™*7 for the reduction of carboxylic acids and esters to
alcohols and of nitriles to amines; however, unsatisfactory
results were obtained in the reduction of nitro compounds
and carboxamides. We have now investigated the reducing
properties of the TiCl,/NaBH, reagent and have found
that this reagent can be used to advantage for the reduction
of carboxylic acids, acyl chlorides, carboxamides, oximes,
nitro compounds, and sulfoxides.

Treatment of mandelic acid with a mixture of titanium(IV)
chloride (2.2 equiv) and sodium borohydride (6.6 equiv) in
1,2-dimethoxyethane at room temperature for 14 h affords
phenylethanediol in 60% yield without formation of al-
kanes or C—C coupling products (as is observed when the
system TiCl;/LiAlH, is used*). In the same manner, we re-
duced other carboxylic acids to the corresponding alcohols
with the system TiCl,/NaBH,. In general, the optimum
molar ratio of substrate/TiCl,/NaBH, was found to be 1/
1.1/3.3 for monofunctional carboxylic acids. Acyl chlorides
are readily reduced to alcohols by the reagent; likewise,
carboxamides and lactams are reduced to amines, halogen
atoms on a benzene ring remaining unaffected. The reduc-
tion of oximes to amines is of practical interest for the deri-
vatization of certain organic compounds. The reduction of
oximes with diborane usually affords hydroxylamines®
whereas the reduction with lithium alanate generally af-
fords amines only in low yields and in some cases, azirid-
ines are obtained®. Our reagent reduces oximes to amines
without formation of hydroxylamines or aziridines. Fur-
ther, sulfoxides'” are smoothly reduced to the correspond-
ing thioethers by our reagent.
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Table. Reduction with Titanium (IV) Chloride/Sodium Borohydride

SYNTHESIS

Substrate Product Yield® m.p. or b.p./torr [°C]
[%1
found reported

@—(I:H—-COOH —_— \—/}—(l:H-—CHZ—OH 60 m.p. 67-69° m.p. 68—70°11

OH OH
1-CHyy—COOH ——>  n-CgHy—CH,~OH 93 b.p. 100-101°/10 torr  b.p. 107.5°/15 torr!?
@—O—CHZ—COOH N @»—O—CHZ—CHZ-OH 95 b.p. 102°/10 torr b.p. 185°/80 torr!?

COOH s {{ )CH—OH 92 b.p. 95-96°/5 torr b.p. 180°/250 torr'

OCH, OCH,
@—O—?H—COOH — @)—o—(fH—CHZ—OH 95 b.p. 99-101°/5 torr b.p. 120°/10 torr!S
CH; CH,

COOH CH,—OH 5 ) o 16
X, — (X 9% bp. 75-77/10torr  bp. 91-92°/23 torr
om—@—coori —_— HoN- -CH, 96 m.p. 43° m.p. 42.8° 17

0]
n-C7H15"C/<Cl —_— n-CyHis—CH,—OH 95 b.p. 100-101°/10 torr b.p. 107.5°/15 torrlz
n-Cus-C/(c,:H ——>  n-CgHig—CH—NH, 75 b.p. 65-67°/20 totr b.p. 171-174°/760 torr'®
2
40 - 0 o 19
mCabe~C o, _@ s n‘C9H|9"'CH2‘NH_CH2—<:/> 93 b.p. 154—155°/10 torr  b.p. 156-157°/13 torr
Y o )
n-ch,g—c(N(C o D n-CgHyg—CH,—NIC,Hs), 94 b.p. 128~130°/5 torr b.p. 95-98°/1 torr2?
2Ms%3
0]
dN—CHz—Q — CI\—CHZ—Q 93 b.p. 105-106°/5 torr  bp. 72°/1 torr??
o]
CN-CHz—Q — Oﬂ—%—@ 95 b.p. 118-120°/10 torr  b.p. 122°/15 torr>2
(0]
o o 22
CN_CHZ_Q — C\/N—CHZ—O 92 b.p. 130-132°/5Storr  b.p. 143—-144°/13 torr
@-cfo ——>  {)-CH—NICHg), 96 m.p. 244-246°° m.p. 245°% 23
N(C;Hs),
Br Br
Q—c{’ - Q»cuz-mcznsb 95 m.p. 256-2357°0 m.p. 257°° 24
N(C,Hs),
J J
HyCO CH=NOH s HCO= )CHmNH, 89 bp. 136-138°/5 torr  b.p. 160°/14 torr®
WO \on HCO
Comt-cn)  — Croneti-on~C) % m.p. 199-201°° m.p. 200-202°" 26
CH=NOH —— @)—CHZ—NH; 82 m.p. 59-61° m.p. 60-62°27
NO, NH,

NOH _ IIIHZ 5
@‘g"CHa —_— @FCH—CHx 86 b.p. 65—66°/10 torr b.p. 184.5°/760 torr?

NOH H NH,

- i
@é @ﬁ; 91 100-102°/10 torr b.p. 105-108°/18 torr>®

Q
)-5-cms — sens 91 b.p. 84-85°/15 torr b.p. 84-85°/15 torr>®

ﬁ = o o 30
@—S—CZH5 —_— @)——s—csz 85 b.p. 85—-86°/12 torr b.p. 85-86"/12 torr

?l = o o 31
C)-s-citen —_ @)—s—can,.n 92 b.p. 82-84°/2 tort b.p. 102-103°/15 torr

0

)i

Ny -S~CHs N S CHs 89 b.p. 61-63°/3 torr b.p. 197°/760 torr>?
g — ’
o o 33
n-CLHg"g_Csz > PG Hg—S5—CHs 92 b.p. 142°/760 torr b.p. 43°/16 torr
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Table. (Continued)
Substrate Product Yieldd  m.p. or b.p./torr [°C]
[%}
found reported
0 o o 30
n-CoHy—8-C Hyon n-CyHg=S—CiHg-n 90 b.p. 78—80°/20 torr b.p. 80°/20 torr
2 o _ene 30

Q_CHZ_E_CHZ—Q Q_CHZ_S_CHZ_O 93 m.p. 49 m.p. 49-50

o CHz_ﬁ_CHB O._CH;—S—CH, 91 b.p. 64°/25 torr b.p. 62—63°/28 torr34
r r

o 4

HyCO CHZ—g—CH3 H4CO CH,—S—CH, 86 b.p. 160°/5 torr -

HyCO H,CO

2 Yield of isolated purified product
® Hydrochloride.
€ Compound gave satisfactory microanalysis.

Reduction of Carboxylic Acids, Acyl Chlorides, Carboxamides, and
Oximes; General Procedure:

Amounts of Reagent used for 10 mmol of substrate:

for Carboxylic Acids: TiCl,, 2.09 g (11 mmol); NaBH,, 1.25 g (33
mmol).

for Acyl Chlorides: TiCl,, 2.09 g (11 mmol); NaBH.,, 0.83 g (22
mmol).

for Carboxamides and Lactams: TiCl,, 2.85 g (15 mmol); NaBH,,
1.13 g (30 mmol).

for Oximes: TiCly, 3.99 g (21 mmol); NaBH,, 1.59 g (42 mmol).

Procedure: A solution of the substrate (10 mmol) in anhydrous
1,2-dimethoxyethane (10 ml) is added dropwise to an ice-cooled,
stirred mixture of titanium(IV) chloride and sodium borohydride
in anhydrous 1,2-dimethoxyethane (40 ml). Stirring is continued
for 14 h at room temperature and the reaction then quenched by
the addition of water (100 ml) with ice cooling. In the case of car-
boxylic acids, the mixture is extracted with benzene (2 x 60 ml). In
the other cases, the mixture is basified with 28% aqueous ammonia
and then extracted with benzene (2 x 70 ml). The extract is washed
with saturated sodium chloride solution (100 ml), dried with sodi-
um sulfate, and evaporated. The products thus obtained are spec-
troscopically pure. They are further purified by distillation or re-
crystallization.

Reduction of Sulfexides to Sulfides; General Procedure:

A solution of the sulfoxide (10 mmol) in anhydrous 1,2-dimethoxy-
ethane (10 ml) is added dropwise to an ice-cooled, stirred mixture
of titanium(1V) chloride (2.09 g, 11 mmol) and sodium borohy-
dride (0.82 g, 22 mmol) in anhydrous 1,2-dimethoxyethane (40 ml).
The blue reaction mixture is decolorized within 10-15 min after the
addition of the substrate. Stirring is continued for 15 min at room
temperature and the reaction then quenched by the addition of wa-
ter (100 ml) with ice cooling. The mixture is extracted with benzene
(2 x 60 ml), the extract washed with saturated sodium chloride so-
lution (100 ml), and dried with sodium suifate. The solvent is re-
moved to give the spectroscopically pure sulfides which are further
purified by distillation or recrystallization.
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