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Asymmetric reduction of prochiral aromatic ketones using a freshly prepared complex derived from NaBH,,
1/3 equiv of ZnCl,, and 1,2:5,6-di-O-isopropylidene-a-D-glucofuranose (1) gives an excess of the corresponding

(S)-alcohols in substantial optical yields (28—689%,).

The effects of the NaBH,/ZnCl,/1 ratio, temperature,

solvent, structure of various monosaccharide derivatives, and the metal cation of the reagent on the optical yields

were examined.

Asymmetric reduction of carbonyl compounds has
recently been achieved by use of metal hydrides modi-
fied by chiral compounds such as chiral diols,"
amines,? and o-pinene.®* The hydrides would be
of use for the synthesis of enantiomerically pure mol-
ecules of biological interest.

However, only a few reports have been made on
the application of sodium borohydride(NaBH,) to the
same type of asymmetric reduction, the reagent being
found to be less effective with ketones,>~® though
NaBH, is a mild and highly selective reducing agent.

It was found that aromatic ketones are asymmetri-
cally reduced by NaBH, in the presence of mono-
saccharide derivatives, attempts for selectivity not being
quite successful.? Stereoselectivities have been greatly
enhanced by addition of Lewis acids. We reported
on a test of modified reagents derived from NaBH,
and Lewis acids such as zinc chloride and aluminium
chloride in the presence of 1,2:5,6-di-O-isopropylidene-
a-D-glucofuranose (1) for the asymmetric reduction of
aromatic ketones.1®
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The results show that reaction of NaBH, with zinc
chloride (ZnCl,) affords a reagent, presumably a zinc
borohydride or the related borohydride species, which
give higher stereoselectivities than those achieved with
NaBH, alone.

This paper describes a detailed study of asymmetric
reduction of prochiral ketones with the reagents pre-
pared from NaBH, and ZnCl,; in the presence of 1 to
establish the optimum conditions for maximum stereo-
selectivity. The species responsible for the maximum
asymmetric induction (689%,) has been discussed.

1

Results and Discussion

Asymmetric Reduction of Ketones with the Reagents Derived
Jrom NaBH, and ZnCl, in the Presence of 1. Addi-
tion of 0.5 molar equiv of ZnCl, to the suspended
NaBH, in tetrahydrofuran (THF) gave rise to quan-
titative precipitation of NaCl (1 mol) and the for-

mation of soluble borohydride species in the solution.
Subsequent addition of 2 equiv of monosaccharide
1 (R¥*OH) caused evolution of 2.0 mol of hydrogen,
2.0 equiv of hydride remaining in the reducing agents
in the solution. No further hydrogen uptake took
place after 24 h. The reaction of NaBH, with ZnCl,
and subsequent addition of 1 seems to proceed accord-
ing to the equation:

NaBH, + 1/2ZnCl, — 1/2Zn(BH,), + NaCl| (1)
1/2 Zn(BH,), + 2 R*OH ——
1/2 Zn(BH, (OR*),), + 2H, 1 (2)

Asymmetric reduction of propiophenone was carried
out with suspension of NaBH, in THF to which ZnCl,
in varying amounts and a fixed quantity (2 equiv
to NaBH,) of 1 had been added. The results are
summarized in Table 1. We see that the stereo-
selectivity increases to a maximum and then decreases
with addition of ZnCl,. The reagent formed by adding
1/3 mol of ZnCl, per mole of NaBH, gives optimum
induction; maximum selectivity as high as 689, was
obtained. It was found that all the I-phenyl-1-
propanols produced with the reagents derived from
NaBH, and ZnCl, have the (§)-configuration, while

TasLe 1. ErrFeEcT OF THE RATIO OF [ZnClL]/[NaBH,]

ON OPTICAL YIELD IN THE PRESENCE oF 1 in THF
AT 30°C

Produced alcohol

Ratio

. . Con-
[ZnCL,]/[NaBH,] Gyf;:lrg;g/jl [a]% y?ef;g/ﬁ;: figura-
tion

0 100 —8.32° 18 R
0.2 100 —16.74° 36 S
0.25 100 —18.42° 39 S
0.26 100 —20.25° 42 S
0.28 100 —25.96° 55 S
0.30 100 —26.05° 55 S
0.33 100 —32.12° 68 S
0.4 98 —27.65° 59 S
0.5 100 —21.77° 46 S
1.0 100 —4.71° 10 S
1.1 100 —3.39° 7 S

a) Based on [«]} +47.03° reported by H. Kwart and
D. P. Hoster, J. Org. Chem., 32, 1867 (1967).
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TasLe 2. ErrFEcT OF THE RATIO OF [1]/[NaBH,+1/3 ZnClL]
ON OPTICAL YIELD IN THE ASYMMETRIC REDUCTION
oF PROPIOPHENONE IN THF at 30 °C
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TasLe 3. THE EFFECT OF [PROPIOPHENONE]/[NaBH,+
1/3ZnCl;] ON OPTICAL YIELD IN THE ASYMMETRIG
REDUCTION OF PROPIOPHENONE IN THF at 30°C

Ratio Produced alcohol Ratio Produced alcohol
[1] Chemical [o]® Optical ggo::ra_ [propiophenone]  Chemical [o]® Optical gol?r-a-
[NaBH,+1/3 ZnCl,] Yield/% P yield/%  on [NaBH,+ 1/3 ZnCl,] Yield/% > yield/% 5
0.5 100 —11.21° 24 S 0.3 100 —29.63° 63 S
1.0 100 —19.33° 41 § 0.5 100 —29.16° 62 S
2.0 100 —32.12° 68 N 0.8 100 —32.12° 68 S
3.0 80  —8.95° 19 S 1.0 100 —32.08° 68 S
4.0 0 — — — 1.5 100 —13.54° 29 S

the reduction with NaBH, alone gives the same al-
cohol of the (R)-configuration in 189, of an optical
yield.

The effect of the amount of 1 to the NaBH,-1/3
ZnCl, reagent on optical yield was examined (Table
2). Optical yield increased with the increase in the
ratio of 1 to the reagent based on NaBH,. The maxi-
mum selectivity could be obtained at a ca. 2 molar
ratio. A marked fall in selectivity took place by
addition of 3 molar equiv of 1. This is curious since
the resulting monohydride (b) would be in a more
steric and chiral environment than the corresponding
dihydride (a):

H
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Further addition of 1 (4equiv) might remove all
hydrides on the reagent giving tetrasubstituted al-
koxyborate complex which can not react further. Ad-
dition of 4 equiv of 1 evolved 4.0 mol of hydrogen,
giving rise to incomplete reduction of propiophenone.
The stoichiometric quantities of NaBH,, ZnCl,, and
1 were found to be optimum at 1,/1/3,/ and 2.0, re-
spectively.

We next examined the dependency of selectivity
on chemical yield with the complex from NaBH,,
1/3 equiv of ZnCl,, and 2 equiv of 1 and found that
selectivity is constant until less than one equiv of
propiophenone to the reagent was used (Table 3).
However, a significant decrease in the optical yield
was observed when 1.5equiv of ketone was used.
This suggests that of two available hydrides on the
complex (a) as described above, the first hydride
would be more effective for the asymmetric induction.

Optical yields vary with solvent, THF being the

TABLE 4. SOLVENT EFFCT ON OPTICAL YIELD IN THE
ASYMMETRIC REDUCTION OF PROPIOPHENONE WITH A
REAGENT PREPARED FRoM NaBH,, 1/3 equiv
oF ZnCl,, anp 2 EQuiv oF 1 at 30°C

Produced alcohol

Solvent Chemical [ Optical gon_
yield/% *v yield/%, tiggra-
THF 100 —32.12° 68 A}
Diethyl ether 100 —22.48° 48 S
Benzene 100 —14.48° 31 S

TABLE 5. TEMPERATURE EFFECT ON OPTICAL YIELD IN
THE ASYMMETRIC REDUCTION OF PROPIOPHENONE IN THF

Produced alcohol

M%ﬂlfe_ Chemical (o] thical ggt?;a-
yield/% P yield/% tion
50 99 —23.50° 50 S
30 100 —32.12° 68 S
0 93 —29.30° 62 S
—30 0 — — —

best in stereoselectivity (Table 4).

The temperature effect on asymmetric reduction of
propiophenone appeared not to be critical in the
range 0—50 °C (Table 5). Rise in temperature from
0 °C to 50 °C caused decrease in optical yield to some
extent. No reduction took place at —30 °C even after
108 h.

The complex from NaBH,, 1/3 equiv of ZnCl,, and
2 equiv of 1, reduced a variety of aromatic ketones
in excellent chemical yields with substantial enantio-
meric excesses (=>509%,) except for the case of iso-
propyl phenyl ketone. The same complex also re-
duced an alkyl ketone such as isobutyl methyl ketone
with moderate selectivity. The six ketones were re-
duced with NaBH, in the presence of 1 (Table 6).
It is apparent from a comparison of the results that
the complex system is superior to the original system
with use of NaBH, and 1. In each case with the
complex the (S)-configuration of the alcohols produced
was opposite that of the alcohols obtained by NaBH,
alone in which (R) isomer predominates.

In order to determine the structural effect of various
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TABLE 6. ASYMMETRIC REDUCTION OF VARIOUS KETONES
WITH THE COMPLEX PREPARED FrROM NaBH,, 1/3 ZnCl,,
AND 2 EQuiv oF 1 v THF at 30°C

A. Hirao, M. Onwa, S. Itsuno, H. Mocuizukl, S. NakaHAMA, and N. YAMAZAKI

Produced alcohol

Ketones Chemical [o]® thical gglrll;a-
yield/9%, P yield/%  on

C¢H;COCH, 100 —26.25° 50 ( 3)» § (R)D
CH,COC,H; 100 —32.12° 689 (18) S (R)
C:H,COC,H, 100 —25.29° 589 (14) S (R)
CH,COC;H,-; 98 —13.36° 289 (9) S (R)
N\ COCH
O " 100 —28.49° 689 (20) S (R)
N
CH,COCH,-; 99 +7.60° 372 (3) §(R)

a) Based on [a]p +52.5° (CH,Cl,) reported by U.
Nagai and T. Shishido, Tetrahedron, 21, 1701 (1965).
b) Values in parentheses obtained by asymmetric re-
duction with NaBH, plus 1 in THF. c¢) Based on
[«]% +47.03° (Acetone) reported by H. Kwart and
D. P. Hoster, J. Org. Chem., 32, 1867 (1967). d) Based
on [«]p +43.6° (CgHg) reported by S. Yamaguchi and
H. S. Mosher, J. Org. Chem., 38, 1870 (1973). e)
Based on [«]p +47.7° (Diethyl ether) reported by P. A.
Levene and L. A. Mikeska, J. Biol. Chem., 70, 355
(1926). f) Based on [«]p —41.9° (Ethanol) reported
by T. A. Collyer and J. Kenyon, J. Ghem. Soc., 1940,
676. g) Based on [«¢]p +20.54 (neat) reported by ]J.
Kenyon and H. E. Strauss, J. Chem. Soc., 1949, 2153.

TABLE 7. ASYMMETRIC REDUCTION OF PROPIOPHENONE
WITH A REAGENT FRoM NaBH, anpb 1/3 EQuIV OF
ZnCl, ix THF 30°C IN THE PRESENCE OF VARIOUS

MONOSACCHARIDE DERIVATIVES (VALUES IN PARENTHESES

WERE OBTAINED IN THE ASYMMETRIC REDUCTION WITH

NaBH, prus 1, 2, 3, 4, 5, or 6 1N THF

Produced alcohol

Monosaccharid f . Con-

derivative Chemical [o]2 Optical figura-
yield/%, P yield/%  iion

1 100 —32.12° 68(18) S (R)

2 97  —4.23°  9(25) S (R)

3 100 +4.71° 10(13)  R(S)

4 94  —11.90° 25( 7) S (S)

5 100 +5.22° 11(6)  R(S)

6 100  —7.52° 16( 0) S (—)

monosaccharide derivatives on the reaction, we have
examined the asymmetric reduction of propiophenone
with the complexes prepared from NaBH,, 1/3 equiv
of ZnCl,, and 2 equiv of 2, 3, 4, 5, or 2/3 equiv of 6
(2 equiv for OH moiety) in THF at 30 °C. The
reactions resuited in complete reduction in all cases.
The enantiomeric excess from each reduction is given
in Table 7. Selectivity was generally low as com-
pared with that obtained by the complex from 1.
The order of asymmetric induction by the complexes
from 1 to 6 is not the same as that by NaBH,. An
increase in the stereoselectivity of NaBH, by adding
1/3 equiv of ZnCl, occurred with 1, but it is not as
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TaABLE 8. ASYMMETRIC REDUCTION OF PROPIOPHENONE
WITH REAGENTS FROM VARIOUS METAL BOROHYDRIDES AND
1/3 Equiv oF ZnCl, IN THE PRESENCE OF 1 IN THF AT
30 °C (VALUES IN PARENTHESES WERE OBTAINED BY THE

ASYMMETRIG REDUCTION witH LiBH,, NaBH,, KBH,,
RbBH,, or CsBH, prLus 1 ix THF at 30 °C)

Produced alcohol

Reagents Chemical [e]® O_ptical gg:r-a-
yield/% P yield/%, tion

LiBH,+1/3ZnCl, 100 0 0( 0) —(—)

NaBH,+1/3ZnCl 100 —32.12° 68(18) S (R)

KBH,+1/3 ZnCl, 100 —17.12° 36( 5) S (R)

RbBH,+1/3ZnCl, 100 —25.02° 53(—)® §(—)

CsBH,-+1/3 ZnCl, 70 —20.69° 44(—)» S (—)

a) Chemical yields in both cases were less than 109,
Optical rotations could not be measured.

pronounced as with other monosaccharides, 2—&6.

Four additional modified reagents were prepared
from lithium, potassium, rubidium, or caesium boro-
hydrides and 1/3 equiv of ZnCl, and were applied
to the asymmetric reduction of propiophenone with
subsequent addition of 2 equiv of 1 in THF at 30 °C.
The results are summarized in Table 8. We see that
the reagents from sodium, potassium, rubidium, and
caesium borohydrides and 1/3 equiv of ZnCl, have
emerged as more effective asymmetric reducing agents
than the corresponding metal borohydrides and pro-
piophenone can be reduced with these reagents in
good chemical and optical yields, giving product mix-
tures in which the (S)-alcohol configuration predo-
minates. Neither LiBH,~1/3 ZnCl, nor LiBH, showed
asymmetric induction, although the reducing vyields
were quantitative, the order of the influence of the
metal cation on selectivity being Na>Rb>Cs~K»Li.
The cause of the effect is not clear so far.

The rates of reduction by these reagents were much
greater than those by the corresponding metal boro-
hydrides except for the case when the metal was lith-
ium: chemical yields: 1009, with NaBH,-1/3 ZnCl,
vs. 20%, with NaBH, for 2 h; 1009, with KBH,-1/3
ZnCl, vs. 259, with KBH, for 24 h; 1009, with RbBH,—
1/3 ZnCl, vs. 10% with RbBH, for 72 h; 709, with
CsBH,-1/3 ZnCl, vs. 5% with CsBH, for 72 h. This
can be, at least, attributed to the great increase in
solubility of the metal borohydrides caused by the
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addition of ZnCl,. The order of reduction rate by
the reagent, LiBH,-1/3 ZnCl, > NaBH,~1/3 ZnCl, >
KBH,-1/3ZnCl,>RbBH,~1/3ZnCl,>CsBH,~1/3ZnCl,,
is in line with the order of the reducing strength
of the metal borohydrides, LiBH,>NaBH,>KBH,>
RbBH,>CsBH,.11

Examination of the Reaction Species from NaBH, and
ZnCly in the Presence of 1. The complex pre-
pared from NaBH, and 1/3 equiv of ZnCl, with further
addition of 2 equiv of 1 reduced propiophenone with
the highest optical yield (68%). The complex re-
sponsible for the asymmetric induction was examined.

ZnCl, (7 mmol) in THF was added to a suspension
of 21 mmol of NaBH, in THF at 30°C. A solid
was always present during the course of reaction.
The resulting slurry was stirred at 30 °C for 3 h and
then filtered. A very small amount of the starting
zinc compound but no active hydride species was
present in the solid product. From the result of anal-
ysis this seems to be sodium chloride, yield of which
is nearly quantitative based on initial sodium amount.
The filtrate contained ca. 100%, of the initial amounts
of zinc and the active hydrides. The analysis gave
a Na:Zn: hydride (B-H): Cl of 1.0:1.0:12.3:0, in-
dicating a physical mixture of NaBH, and Zn(BH,),
at 1:1 molar ratio or a double hydride complex of
NaZn(BH,);. The reaction may be represented as
follows.

NaBH, + 1/3 ZnCl,
— 1/3NaBH, + 1/3 Zn(BH,), + 2/3NaCl| (1)
—— 1/3 NaZn(BH,); + 2/3 NaCl | (2)

If the reaction of NaBH, and ZnCl, gives a physical
mixture of NaBH, and Zn(BH,), (Eq. 1), the reaction
might afford precipitates of NaBH, and NaCl, leaving
Zn(BH,), in solution, since NaBH, is sparingly soluble
in THF'® and Zn(BH,), is soluble in THF. How-
ever, the reaction actually gave only a ‘“soluble boro-
hydride species” and a precipitate of sodium chloride.
Thus, the product is not a physical mixture of the
two simple borohydrides, but may be a soluble double
borohydride complex, NaZn(BH,), (Eq. 2).

The double borohydride complex, first prepared by
Noth and his coworkers in 1971,1® has been charac-
terized by the B-NMR, IR-spectra, and elemental
analysis. The BH, groups in the reagent are bonded
via double hydrogen bridges to the central Zn atom.
The structure is as follows.

H 1-
H—B;”;"\/H\ H

, AH":/Z(-[\H/’B\H
H---BL .~

[

H

Further addition of 2 equiv of 1 evolved 2.2 moles
of hydrogen, 1.8 equiv of hydrogen remaining in the
complex. The reaction of the reagent with 1 seems
to take place as follows.

NaBH, + 1/3ZnCl, — 1/3 NaZn(BH,), + 2/3 NaCl |
l 2 R*OH

1/3 NaZn(BH,(OR*),), + 2H,1 (3)

Asymmetric Reduction with NaBH,-ZnCl, Reagent
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The complex formed was soluble in THF and reduc-
tion with it was homogeneous, in contrast to NaBH,
as reducing agent which was sparingly soluble in THF
and gave reduction which was heterogeneous, at least
in part.

Additional evidence for a homogeneous reduction
was given when a suspension prepared from NaBH,,
1/3 equiv of ZnCl,, and 2 equiv of 1 was filtered under
N, atomsphere. Addition of propiophenone to this
clear filtrate resulted in the same asymmetric reduc-
tion obtained with the originally prepared complex.

Apart from the asymmetric induction, a comparison
of the reagent from NaBH, and 1/3 equiv of ZnCl,
with conventional hydridic reducing agents such as
NaBH, demonstrates the potential utility of the re-
agent in organic reactions. (1) The reagent has a
selectivity for functional groups similar to that of
NaBH, but acts as a THF soluble analogue (ca. 4.5
g/100 mL at 25 °C) of NaBH, allowing selective re-
duction of carbonyl compounds in THF. Aldehydes
and ketones are reduced in THF with much higher
rates than those with NaBH, in the same solvent.
For example, propiophenone was reduced to the cor-
responding alcohol quantitatively over a 2 h reaction
period with the reagent in THF at 30 °C, whereas
less than 209, of the alcohol was obtained with NaBH,
under the same conditions. (2) The reagent can be
easily modified in a stepwise fashion by various al-
cohols, i.e. even highly hindered alcohols such as 1.
No similar modification has been proposed for sodium
borohydride. The highly hindered reagents thus form-
ed indicate the possibility of developing a superior
reducing agent with a high stereochemical selectivity.

Experimental

All reactions were carried out under an atmosphere of
nitrogen. Tetrahydrofuran, diethyl ether, and benzene were
heated under reflux over sodium metal and distilled from
lithium aluminium hydride in a nitrogen atmosphere.
Acetophenone, propiophenone, phenyl propyl ketone, and
isopropyl phenyl ketone were dried and distilled over calcium
hydride. Methyl 2-naphthyl ketone was purified by re-
crystallization. Sodium borohydride was purified by re-
crystallization from 2,5,8-trioxanonane. Zinc chloride was
purified by sublimation and dried at 100 °C. The mono-
saccharide derivatives, 1,2:5,6-di-O-isopropylidene-a-D-
glucofuranose 1, 1,2:5,6-di-O-cyclohexylidene-a-p-glucofur-
anose 2, 1,2:4,5-di-O-isopropylidene-p-fructopyranose 3, 2,3:
4,5-di-O-isopropylidene-p-fructopyranose 4, 1,2:4,5-di-O-
cyclohexylidene-f-p-fructopyranose 5, and 1,2-O-isopropy-
lidene-p-glucofranose 6 were prepared according to the
methods reported.’*-1") All the substances were stored un-
der a nitrogen atmosphere prior to use. GLPC analyses
were performed on a Shimadzu GC-6A instrument using a
Silicone SE-30 prepared column. NMR spectra were meas-
ured on a Hitachi R-22, 90 MHz spectrometer. Optical
rotations were taken on a Zeiss visual polarimeter with read-
ing to £0.02° using a 1dm cell. IR spectra were meas-
ured with a JASCO IR-G instrument for nujol mulls. Na
analysis by flame photometry was performed on a Hitachi
170-30 instrument. Hydrogen evolution was measured by
Brown’s method.’® Zinc was determined by EDTA titra-
tion, halogens (chlorine) by Volhard procedure.
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General Procedure for Asymmetric Reduction of Propiophenone
with NaBH —ZnCl, Reagent in the Presence of 1 in THF. All
experiments were carried out under a nitrogen atmosphere,
transfer being made with a syringe through rubber septums.
A typical experiment is as follows. THF suspension of
ZnCl, (3 mmol) was added to a THF suspension of NaBH,
(9 mmol) at 30 °C. After stirring for 3h at 30 °C, THF
solution of 1 (18 mmol) was added. On addition of 1,
hydrogen gas evolved slowly. After stirring at 30 °C for
24 h, hydrogen gas evolution was completed, propiopheone
(7.2 mmol) then being added dropwise. The resulting mix-
ture was decomposed by addition of 2 mol/l hydrochloric
acid. The hydrolyzed mixture was filtered, the organic
solvents being removed by evaporation under reduced pres-
sure. The resulting aqueous layer was stirred for 1h in
order to decompose 1 completely. The aqueous mixture
was extracted with three 10 mL portions of diethyl ether
and the extract washed with saturated NaCl solution (2 X 10
mL). The etheral layer was dried over MgSO,, and con-
centrated to give a crude product which was analyzed by
GLPC. This was further purified by distillation under
reduced pressure. The optical rotation was measured for
this purified sample. Absolute configuration and optical
yield were calculated from known values.

A number of other asymmetric reductions using different
reagents such as ketones and sugar derivatives were per-
formed under conditions similar to those described above.

Reaction of NaBH, with ZnCl,. THF suspension of
ZnCl, (10 mmol) was added to a suspension of NaBH, (30
mmol) at 30 °C. The resulting slurry was stirred at 30 °C
for 3h. The solid was separated by filtration under a ni-
trogen atmosphere and dried at room temperature in vacuo.
The filtrate contained 339, and 1009%, of initial sodium and
zinc concentrations, respectively. The solid product was
found to be sodium chloride by analysis. The filtrate showed
Na:Zn:hydridic hydrogen in the ratio 1:1.00:12.3, analyzed
by flame photometry, EDTA titration, and hydrogen evolu-
tion measurement, but mno chloride.
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