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New stereosclective reducing reagents were prepared in situ by modification of NaAlH,
with various chiral diols. The efficiency of t,4- and 1.3-diols as chiral auxiliaries in the
reactions of alkyl aryl ketones with modificd NaAlH, was considerably higher than that of
1.2-diols. The effect of the nature of the achiral ligand additionally introduced into the chiral
hydride reagent on the enantioselectivity of ketone reduction was studied. ft was proposed
that the sodium cation does not necessarily participate at the stage governing the reaction

stereochemistry.
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Lithium aluminum hydrides modified by chiral
1.1 -bis-2-naphthol (BINOL)! or a.a.a’,u’-tetraaryl-
1.3-dioxolane-4,35-dimethanols (TADDOL)? are known
to reduce stereosclectively alkyt aryt ketones to optically
active secondary alcohols. High enantioselectivity
of the hvdride reduction of ketones was observed only
in the case where a monodentate achiral ligand,
for example, EtOH or MeOH, was introduced into
LiAlH, besides the chirat bidentate ligand. However,
little data34 are currently available on the reduction
of carbonyl compounds and other substrates by NaAlH,-

derived chiral complexes; the reported optical vields
are low.

This paper is the first communication devoted to the
modification of NaAlH, with various chiral 1,2-, 13-,
and 1.4-diols and 10 comparison of the efficiency of the
resulting hydride complexes in the asymmetric reduc-
tion of prochiral substrates (taking the reduction of alkyl
aryl ketones 1 as an exampie) (Scheme 1). For the
synthesis of secondary alcohols 3 from ketones 1, we
prepared in situ reagents 2 containing either one or two
hvdride hydrogen atoms (X = H or QAlk or OAr).
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Results and Discussion

Sterically hindered 1.4-diols such as BINOL (11),
IPTOL (13), and CYTOL (14) proved to be the most

efficient ligands for the asymmetric reduction of ketones
1 with sodium aluminum hvdride reagents 2a (X = H)
to arvialkyicarbinols 3 (70—90% ee) (Tables 1 and 2).
1.3-Diols 9 and 10 are somewhat less efficient chiral
inductors than 1.4-diols; they exhibit only moderate
enantiosclectivity (30--30% ee). except for some experi-
ments in which an additionat achiral ligand (X) has been
introduced in complex 2 (Table 3).

Unlike complexes 2a. derived trom 1.4- and .3-
diols. sodium aluminum hydride reagents containing
chiral higands derived from 1,2-diols (4—8) exhibited a
low degree of asymunetric induction in the reactions
with alkyl arvl ketones (no more than 15% ee for sec-
ondary alcohol 3a in the reaction with ketone ia in
THF even at =70 °C).

Modification of NaAlH, by chiral 1,4-diols. As in
the case of the BINOL-containing lithium aluminum
hydride reagent,! asymmetric reduction of ketones by
NaAlH, modified with the same hgand proceeded most
efficiently when the reagent contained an additional
achiral ligand (MeOH) (sce Table 1). It should be noted
that the reduction of kztone 1a with sodium-containing
complexes (2a, X = McO) results in markedly (by 35—
1062) higher ee values for alcohols 3a than the reaction
with lithium-containing reagent 2b under the same con-
ditions (¢f. entries 1—6, Table 1).

The data of Table | (entries 7-—9) demonstrate that
BINOL can be used not only as a chiral inductor bur
simultaneously as an additional monodentate ligand if
the initial Al : BINOL molar ratio is 1 : 1.5, In this case.
the stereoselectivity of reduction of ketone la might be
due to the formation of binuclear complexes of type A.

Like the BINOL-containing monohydride reagent
2a (X = OMe), the compiex with the presumable struc-
ture A shows a higher enantioselectivity in the reaction
with ketone 1a than its lithium-containing analog (c¢f.
entries 7—9, Table 1).

The greatest difference in enantioselectivity of re-
duction was observed for reactions involving dihydride
complexes 2a and 2b (X = H). Thus the reaction of
ketone la with 2a (X = H) occurred with a moderate
optical yield (30—40% ee), whereas a similar reaction
with LiT-containing reagentss 2b (X = H) always af-
forded the racemic product o within the accuracy of
GLC (¢f entries 10—14, Table ).

By analogy with the BINOL-containing reagent!
BINAL-H, the TADDOL-containing aluminum hvdride
compiexes 2 can be designated by TADDAL-H, (X =
H) or TADDAL-H (X = OR). As noted above. the
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Table 1. Reduction of acctophenone {1a) with reagents 2a and 2b containing the BINOLate figand

Entry BINOL Aluminum  Ligand X Reaction condijons  Degree of conversion  ee
configu- hydride in 7/°C /h of ketone 1a into (%)
ration complex  complex 2 secondary alcohol 3a (%)
! (S) 2a MeO -70 2 5% $9 (5
2 (5 2a MeO =70 4 06 37 (S
3 5 2a MeO =70 6 87 9 (.5
4 ) 2b MeO =70 2 92 79(%
5 (5 b MeO -70 4 34 $3 (5
6 (R 2h Me? =70 5 60 T8 (R
7h S o 05§ ~70 2 72 73(5)
*
gk ()] 2a 05 & o -7 3 80 63 (5
9f (5 2b 05 4 -70 2 93 EE NNy
19 ($ 2a H =20 2 94 3IL(S
i (5 2a H =70 2 91 389
12 (R) 2b H 3 5 83 2 (R)®
13 8] 2b H -20 2 100 0
4 5 2b H ~70 2 100 0
Note. THF. the molar ratio Al - BINOL : XH : ketone = 1 : 1 : 1{0) 1 0.33. The yiclds and ee are the average
values over several parallel runs.
“ Published data.!
" The molar ratio Al : BINOL = 1 : |5,

hydride reagents TADDAL-H> (2a. X = H), prepared
by modification of NaAlH, with ligands 13 and 14 (see
Table 2), exhibited high enantioselectivity in asvmmet-
ric reduction of alkyl arvl ketones fab. Meanwhile,
similar reagents based on LiAIH; (2b, X = H) reduced
the same ketones in markedly (1.3—2 times) lower
optical yields (¢f entries | and 2, 19 and 20. Tabic 2).*

It should be cmphasized that, unlike the case with
the TADDOL-modified LiAlH % replacement of the
third hydnde hydrogen atom in 2a (X = H) by an
achiral ligand such as alkanol ar phenol did not result in
a noticeable increuse in the stereoselectivity of the re-
duction of ketones (¢f. entries 3—12 and 15—18). More-
over. the reduction of ketone la with a CYTOL-con-
taining reagent 2a (X = OCH,CH,OMe) in THF was
absolutely nonsiereoselective (entrv 24). The possible
explanation of this fact is presented below.

The presence of phenyl substituents in the chiral
ligand plays an important role in the attainment of high
enantiosclectivity of the Kketone reduction with
TADDOLate-containing reagents 2a (X = H). Without
phenvl groups. as in 1.4-diol 12. the corresponding
dihvdride reagent 2a (X = H) does not show noticeable
stereoselectivity in the reaction with ketone la. Moder-
ate enantioselectivity for this reagent was observed only

* Recently it has been reported? that the reaction of equimolar
amounts of acctophenone (la) and LIAIH; modified with
ligand 13 (the aluminum hydride complex 2b. X = H) gives
alcohol 3a in an optical yield of no more than 40% e, and the
reaction of propiophenone (1b) with the same reagent results
in an optical vield of 6% ee.

at =70 >C in the presence of an additional achiral ligand
(X = OED) (entrv 30).

Modification of NaAlH, with chiral 1,3-diols. Un-
like the reaction considered above (with TADDOL-
madificd NaAlHy), the reaction with NaAlH,; modified
by 1.3-diols 9 and 10 with replacement of the third
hvdride hydrogen atom in 2a (X = H) by the ArO group
led in some cases 1o a substantial increase in the optical
yields of secondary alcohols 3; the greatest effect was
observed when a 4-rerr-butylphenoxy group was intro-
duced into NaAlH, in addition to chiral ligand 10 (see
Table 3). However, the use of simple alcohols such as
MeOH or MeOQCH,CH,OH for this purpose either de-
teriorated the process stereoselectivity (entry 2) or. as in
the above-described example with CYTOL-derived re-
agent 2a (X = OCH,CH,OMe). gave rise to a racemic
product {entry 6).

The stereochemical outcome of the reduction with
reagent 2a derived from diol 10 (X = 4-Bu'CqH,0) s
appreciably affected by the structure of ketone 1. The
greater the size of the aryl fragment in the ketone, the
higher the enantioselectivity of this reaction (¢f. entries
7—12). The best result (89% ee) is attained in the
reduction of ketone (f.

The mechanism of the reduction of ketones with
aluminum hydride reagents 2a. Table 4 presents the data
of the IR spectra of some reagents 2a prepared iz sity in
THF. The IR spectrum of the dihvdride complex de-
rived from ligand 10 (X = H) exhibits an absorption
band at 1660 cm™! and the spectra of monohydride
chiral complexes (X = MeO) have an absorption band at
1760—1770 cm™!. When | equivalent of MeOH is added
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Table 2. Asymmetric reduction of ketones 1 with reagents 2 containing the TADDOLate taand

Entry TADDOL BINOL  Reagent X Kztone Reaction conditions Degree of 153 Prod- ee
contigu- Solvent T/°C  t/h conversion (%) uct (%)
ration
| 13 (R.R) 2a H la Diglymie 0 29 93 3a AN
2 13 (RAY 2% H ia Diglyme 0 20 100 3a 48 (5
3 13 (R.R) 2a H 1a THF 0 20 100 3a 68 (5
4 13 (R.R) 2a MeO 1a THF 0 20 97 3a 63 (5
3 13 (R.R) la ELO 1a THF 0 20 98 3a 60 (5
6 13 (R.R) 2a H 1a THF -20 20 100 3a 76 (5
7 13 (R.R) la H 1b THF -20 20 97 3b 829
3 13 {(R.R) 2a MeO la THF -20 20 78 3a 59 (5)
9 13 {R.R) 2a Bu'O {a THF -20 20 48 3a 5245
10 13 (R.R 2a RO~ 1a THF =20 20 48 3a 61 (S
i 13 (R.K) 2a H 1a Diglyme =20 20 100 3a 77 (S
12 13 (R.R) 2a RO* la Diglvme =20 20 78 3a 76 (5
13 13 (R.R) 2a H la THF =70 24 95 3a 82 (H
14 13 (R.P 2a H Ib THF =70 24 100 3b 37 (5
) 13 (5.5 2a H 1a Diglyme 0 3 91 3a 68 (R}
16 13 ($.5 la PO la Diglyme 0 h 82 3a 72 (R
7 13 (5.5 2a PhO 1a Diglvme 0 5 92 3a 65 (R
S 13 (5.5 la RO* 1a Diglyme 0 3 94 3a 73 (R)
19 14 (5.9 2a H 1a Diglyme 0 20 100 3a 72(R)
20 14 (5.5 Zb H 1a Diglyme 0 20 100 3a 37 (R)
21 14 (5.5 2a H 1a Diglyme =20 20 100 3a SO (R
22 14 (5.5 2a H la THF =20 20 100 3a 78 (R)
23 14 (5.9 2a H ib THF =20 20 84 3b 75 (R)
24 14 5.5 2a RO* ia THF -20 20 100 3a 0
25 14 (5.5 2a RO* a Diglvme—-THF —20 20 94 3a 294 R
[
26 14 (5.5 2a RO* la Diglvme =20 20 76 3a 735 (R)
27 14 (5.5 2a H la THF =70 24 100 3a 33 (R)
28 14 (55 2a H th THF =70 24 100 3b 77 (R)
29 12 (5.5 2a OEt ia THF =20 24 99 3a 8 (R)
30 12 (5.5 2a OEt Ia THF -70 24 64 3a 27 (R
Nore. The molar ratio Al : TADDOL : XH : I = {:1: {0): 0.33. The yields and ee are the average vatlues over several parallel runs.

*RO = ,\vlL’OCHch:O

Table 3. Asymmetric reduction of ketones 1 with reagent 2a
obtained from NuaAlH, and 1.3-dol 9 or 10

Entry Chi- X Ke-  Degree Prod-  ce

ral tone of con-  uct (%)

ligand version (%)
1-3 (%)

| 9 H fa 99 3a 208
2 9 MeO ia 97 32 13(H
3 9 PhO 1a 99 3a 329
4 9 1-Bu'C,H., 0 la. . 99 3a 3049
3 10 H 1a 99 3a 3309
6 10 MeOCH-CH,O  1a 89 3a 0
7 10 4-Bu'C,H,O la 99 3a 40 (5
N 10 4-Bu'CH,0 ib 100 3b 39 (WM
9 10 4-Bu'CH,0 Ic 70 3¢ I5(S
10O 10 4-Bu'C,H,0 td 100 d A7 (9
tl 10 4-Bu'C,H,0 le 60 3e 80 (&
12 10 4-Bu'C,H,0 1f 100 3 89 (S
3 10 2.6-(Bu.C H:O 1a 62 3a 51 (®
Neare. The molar ratio NaAlH, - t3-diol XH 1 =11 (D

2 0.33. THF, —20 ¢C. 24 h. The yields and ee are the average
vatues over several puralie! runs.

to the dihvdride reagent prepared from diol 10, the
absorption band at 1660 ¢m ™! disappears and a band at
1760 cm™! typical of a monohvdride complex appears
instead (Table 4).

Table 4. Characteristics of the {R spectra of reagents 2a
prepared /in sizu from NaAlH, and chiral diols

Entry _Reagent 2a VAl—H D Emux
Chiral X in com- !
ligand plex 2a
t 10 H 1660 0.08 93
2 10 MeO 1760 0.03 20
3 11 MeO 1760 0.063 20
4 13 MeO 1770 0.085 70
*The extinction coeficient ¢, (L mol™ cm™) was calculated
from the equation ¢ = Df(c-d), where D = logify/ 1.0
(Jy and [ are transmited light intensities for THF and for a

solution of the hydride reagent, respectively), ¢/mol L™ is the
reagent concentration, and d/cm is the cell thickness.
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The data obtaned are in agreement with the results
of an IR spectrometric study of lithium aluminum hy-
drides. Thus LiAIH,(0Ar,.% LiAIH(OBu'):.” and
LIATH(BINOLate){OMe)! exhibit IR spectra similar to
those presented in Table 4 for NaAlH,. derivatives. The
IR spectra of reagents 2a contain no absorption bands at
about 18001900 em™!. characteristic of AlH; deriva-
tives. The spectral data indicate that di- and monohydride
reagents 2a do not disproportionate in solution and do
not dissociate to a noticeable degree to give substituted
alanes; therefore, it is these compounds that appear to
be responsible for the stereochemistry of the reduction
of ketones.

When considering the mechanism of reduction of
carbonyvl compounds with LIATH, or with 1ts derivatives
(2b}. researchers usually postufate the formation of a
six-membered cyclic transition state of type B in which
Li* is coordinated to the oxygen atom of the C=0 group
and thus activates it toward hvdride reduction.!=* Pro-
ceeding from this bypothesis and using molecular mod-
els, we evaluated qualitatively the degree of steric hin-
drance in the possible configurations of the cyclic transi-
tion state B for the reactions of (53-BINOL- (1) and
(R.R-1PTOL-containing (13) complexes 2a (X = H)
with ketone la. This was done taking into account the
X-rav diffraction data for structural analogs of diol 13,
IPTOL having 4-CFj substituents in the benzene rings!?
and (IPTOLate), Ti.!!

\ /7 N\ 5/ O [ ®)
~0 X----M H\ﬁa' -
B C
Pt
Ph_I'(’\ ' E
O""'\‘\‘AI\?'"";"Q |u-§:A| ot \,O
| 0 on \ e
o H---Na
D Ph o

Modeling of the possibie configurations of transition
state B for the reduction of ta by (-BINOL-contain-
ing complex 2a showed that the least steric hindrance js
ensured in the boat structure (C). in which the phenyl
¢group occupies an equatorial position and the Na* ton and
the more remote hydride hydrogen atom are located close
1o each other. Consideration of molecular models of the
transition state for the reaction of ketone fa with the
IPTOL derivative of NaAlH, (the Al atoms of structures
D and D’ should be superposed) demonstrated that a
pseudoequatorial—pseudoaxial arrangement of the Ph
and Me is sterically more favorable in this case, indicat-
ing a lower size discrimination between these groups
compared to that in structure C.

Scheme 2

o . - Q. -
/ N2y Nz 28 / N\ &
> /Al\ Na % = Al NaS,
\, 4 \ -
~0 X S \O
F G
{//0\9/ S
o 9 o
/N
F
S is solvent.

Structures C and D', preferred from the viewpoint of
the least steric hindrance. account for the stereochemis-
try of the reduction of ketone la with (5)-BINOL- and
(R.R)-1PTOL-containing reagents 2a (X = H), ie.. tor
the fact that ($)-3a is formed in both cases. However,
the idea that LiT or Na™ participates in the transition
state is inconsistent with the results of some of the
above-cited experiments. In our opiman. satisfactory
agreement with the experiment could be attained by
assuming the cxistence of an equilibrium between vari-
ous tvpes of ion pairs in solutions of reagents 259
(Scheme 2).

Presumably. hydrides 2a. like nonmodified LiAIH,
or NaAlH,.? react with ketones 1 in THF or diglyme
mainlv as partially or completely dissociated ion pairs G
{sce Scheme 2).

This assumption is supported by the above-cited
results of reduction of ketone la with reagents 2a con-
taining a chiral bidentate ligand (10. 13, 14) and an
additional achiral ligand, —OCH-,CH,OMe (see Tables
2 and 3). The presence of the 2-methoxyethoxy group in
reagent 2a should markedly increase the stabihity of the
contact ion pairs designated in Scheme 2 by F', which,
unlike the solvent-separated ion pairs (G). apparently
react with la either less stereoselectively or give rise to
the racemic product (2a). Apparently, the solvating
capacity of THF is insutficient for the contact ion pair
(F') to be transformed into the solvent-separated one
(G): this accounis for the fow asymmetric induction or
for the absence of enantioselectivity in the reduction of
1a in THF by reagents 2a. where X = OCH,CH,0Me
(see Table 2. entries 10, 24; see Table 3. entry 6).
Meanwhile. in diglyme. which solvates Na™ cations
much more efficiently due to chelation, the same re-
agents appear to react with ketone as solvent-separated
jon pairs G. which presumably ensure the reaction
enantioselectivity. It is notable that in a mixed THF—
diglyme solvent, the optical yield was intermediate be-
tween those obtained for the reduction of la in each
solvent (see Table 2. entries 24-—26).

The equilibrium between contact and dissociated ion
pairs (see Scheme 2) also provides an explanation for
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the higher enantioselectivity of the reduction of ketones
with NaAlH,-based reagents (2a) compared to similar
LiAlH -based ones (2b) (see Tables | and 2). The Li™
cation is a stronger acid than the Na~ cation; therefore,
the stability and, hence, the concentration of contact
ion pairs F. which presumably react with the ketone
nonstereoselectively, 1s expected to be higher for reagent
2b (the bridging AlI™—X~--M"~ bond is stronger if M~ =
Lim).
As regards the common opinion concerning the acti-
vation of ketone by Li® or Na* ions incorporated into
hydride reagent 2. this activation does not seem to be
necessary. Indeed. in accordunce with the above-con-
sidered alternative mechanism of reduction of ketones 1
vig transition state B. higher cnantioselectivity would be
expected in the case of reagents 2b rather than 2a, duc
not only to the formation of a stronger AlI"—X—-M"~
bond but also to more effective activation of the carbo-
nyvt group by Li* ions. However. in reality. the opposite
sitwation is observed. The assumption that the metal
cation does not participate in the step determining the
process stereochemistry in the enantioselective reduc-
tion of ketones by reagents 2 requires further experi-
mental verification.

Experimental

The commercial reagents used were NaAlH; (Zeeland
Chemicals): ligands 4, 5. and 11—13 (Aldrich): ketones la—f.
LiAlH | (Aldrich): anhydrous THF. diglyme (Fluka), tigands
6.12 713 14 915 19,16 and 14 V7 were synthesized as de-
scribed in the hiterature.

The composition of the products of reduction of ketoncs
1a.b was determined by capiliary GLC on a Biokhrom-21
instrument using a 30 m «0.25 mm * 025 wn p-DEXT™
quartz capillary column (Supelcoy. The carrier gas (Hey pres-
sure upstream the columa was 4 atm, the gas vetocity through
the column was | mbL min !, the column temperature was
115 °C. and the temperatures in the detector and evaporatton
chamber were 150 *C. The retentron time for a nonreiainable
gas (CH,) in the column was 2 min. The retention times of the
mitial compounds and reaction products were as follows, min:
fa. 9.4 (R)-3a, 12.8: ($H-3a. 13.4; 1b, 14.1: (R)-3b. 19.8: and
{$)-3b, 20.4. The products of asymmetric reduction of ketones
fc—f were analyzed by HPLC on a Laboratorny prisiroje
Praha chromatographic instrument. UV detection, & 234 nm. a
1.6x250 mm Chiralcel OD cotumn (Daicely. Hexane contain-
ing 5 % (v/v) Pr'OH was used as the mobile phase. The clution
velocity was | mL min”!, and the retention time for §.3.5-tri-
serr-butylbenzene (nonretainable compound) was 2.7 min. The
retention times of the initial ketones and reaction products
were as follows, min: s, 3.7: (5)-3s, 4.3; (R)-3s. 5.0; 1d. 3.3;
($-3d. 4.3; (R)-3d. 5.1 le. 12; (9)-3e. 16.0; (R)-3e. 16.2: If.
6.6: ($)-30, 15.0; and (R)-31, 24 0.

Asymmetric reduction of ketomes la—f by reagents a
general procedure). A solution of chiral diol (1.05 mmol) or a
mixture of a chiral dwol (1 mmol) and an achiral modifier

{aicohol or phenol. T mmot) in THF (10 mL) was graduaily
added at ~20 °C to a solution of NaAlH; (J mmol) in THF
(5 mL). The mixture was stirred for an additional T h. The thus
prepared sofution of reagent 2a was cooled to the required
temperature and ketone 1 (0.33 mmol) was injected therein
through the rubber gasket using a microsyringe. The prepara-
tion of the hydride reagents and the reduction of ketones were
carried out in anhydrous solvents under drv argon. The reac-
ton mixture was quenched with a MeOH—H,O mixture
(9 : 1), the solvent was removed in vacuo. and the residue was
extracted with an ether—hexane nuxture. A small portion of
the extract was analyzed by GLC and (or) HPLC in order to
determine the degree of ketone conversion and the enantio-
meric composition of the resulting alcohol. The main bulk of
the product was isolated by distillation or crystallization; the
enantiomerte composition did not change during isolation.

This work was financially supported by the Cambrex
Comoration (USA).
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