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New stereosclective reducing reagents were prepared in situ by modification of NaAIH 4 
with various chiral diot~. The eificiencx of 1.4- and 1,3-diols as chiral auxiliaries in the 
reactions of alkyl arvl ketones with modified NaAIH 4 was considerably higher than that of 
1.2-diols. The effect of the nature of the achiral ligand additionally introduced into the chiml 
hydride reagent on the enantioselectivity of ketone reduction was studied. It was proposed 
that the sodium cation doe~, no[ necessarily participate at the stage governing the reaction 
stereochemist ry. 
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L i th ium a l u m i n u m  hydrides  modif ied by chiral  
I,I ' - b i s - 2 - n a p h t h o l  ( B I N O L )  I or  ct ,ct ,ct ' ,a '- tetraar3'l-  
1 .3 -d ioxo lane -4 ,5 -d ime thano l s  ( T A D D O L )  2 are known 
to reduce s tereoselect ively alkyl ary. I ketones to optically 
act ive  s e c o n d a r y  a lcohols .  High enan t iose lec t iv i ty  
of  the hydride reduct ion  of  ketones was observed only 
in the case  w h e r e  a m o n o d e n t a t e  achiral  l igand,  
for example ,  E t O H  or  M e O H ,  was introduced into 
LiAIH4 besides 1he chirat bidentate  ligand. However,  
little data 3,4 are currently available on the reduction 
o fca rbony l  c o m p o u n d s  and o ther  subs(rates by NaAIH 4- 

derived chiral complexes;  the repor ted  optical yields 
are low. 

This  paper is the first c o m m u n i c a t i o n  devoted to the 
modif ica t ion  o f N a A l H  4 with var ious  chiral  1,2-, 1,3-, 
and 1,4-diols and to compar i son  o f  the eff iciency of  the 
resulting hydride complexes  in the asymmetr ic  reduc-  
t ion o f  prochiral substrates ( taking the reduct ion of  alkyl 
a u I  ke tones  I as an example)  ( S c h e m e  I). For  the 
synthesis of  secondary a lcohols  3 f rom ketones I, we 
prepared in situ reagents 2 c o n t a i n i n g  e i ther  one or  two 
hydride hydrogen atoms (X = H o r  OAIk or  OArl .  

Translaled from I.:vestiya Akademii ?r Ser(va Khimicheskaya. No. 3, pp. 459--464. March. 2000. 

10~6-5285/00/4903-0460 S25.00 ~ 2000 Kluwer Academic/Plenum Publishers 



Asymmetric reduction of ketones Rus.s.Chem.Bull.. Vol. 40..Vn 3, March, 2000 461 

Scheme I 

O 

Ar ' ~ A i k  

,/~O\ / H I -  *t /AI\ [ M 4- 
"~ 0 x J OH 

2a,b  
Ar Alk 

l a - - f  3 a - - f  

M = Na ~ (a), Li- (b); X = H. OAIk, OAr 

a b c d e f 

Ar Ph Ph Ph Ph 2-naphthyl 2 -fluorenyl 
Alk Me Et Pr Pr' Me Me 

0 O is a bidentale ligand formed by ci~iral diol 4--14. 

Ph ~X~H~O HbOH Ph~_~ - l 

HO OH 

4 H l... 
Ph Ph 

P h ~  1__ o F O / - ~  7 Ph 
~ 

HO OH 6 

9% 
8 

(S)-BINOL (1 1 

f 
OH OH 

12 
L__/ 

Ph - 

OH HO 

L_/  
Ph 2 

OH HO 

TADDOL 

(R.R)-( -)-IPTOL (13) (R,R)-(-)-CYTOL (14.) 

Results and Discussion 

Sterically hindered 1.4-diols such as B I N O L  (11), 
IPTOL (13) and CYTOL (14) proved to be the most 

efficient ligands for the asymmetric reduction of ketones 
! with sodium aluminum hydride reagents 2a iX = I-I) 
to auhllkylcarbinots 3 (70--90% ee) (Tables I and 21. 
1,3-Diols 9 and 10 are somewhat less efficient chiral 
inductors than 1,4-diols: they exhibit only moderate 
enantioselectivity (30--50% eel. except for some experi- 
ments in which an additional achiral ligand iX) has been 
introduced in complex g tTable 3). 

Linlike complexes 2a. derived from 1.4- and 1.3- 
diols, sodium alumimun hydride reagents containing 
chiral Iigands derived from 1,2-diols t4--8)  exhibited a 
low degree of asymmetric induction in the reactions 
with alkyl arv..l ketones (no more than 15% ee for sec- 
ondary alcohol 3a in the reaction with ketone la  in 
T H F  even at -70  ~ 

Modification of NaAIH 4 by chiral 1,4-diols. As in 
the case of the BINOL-containing lithium aluminum 
hydride reagent, I asymmetric reduction of  ketones by 
NaAIH 4 modified with the same ligand proceeded most 
efficiently when the reagent contained an additional 
achiral ligand (MeOH)(see Table I). It should be noted 
that the reduction of ketone la with sodium-containing 
complexes (2a, X -- MeO) results in markedly (by 5-- 
10%) higher ee values for alcohols 3a than the reaction 
with lithium-containing reagent 2b under the same con- 
ditions (cj] entries I--6, Table I). 

The data of-Fable I (entries 7--9) demonstrate that 
BINOL can be used not only as a chiral inductor but 
simuhaneously as an additional monodentatc ligand if 
the initial AI : BINOL molar ratio is I : 1.5. In this case, 
the stereoselectbity of reduction of ketone la  might be 
due to the formation of binuclear complexes of type A. 

i 

.S%, ~ Z. 
/ 'H / \oJ 

2- 

Na2* 

A 

Like the BINOL-conta in ing  monohydr ide  reagent 
2a (X = OMe), the complex with the presurnable struc- 
ture A shows a higher enantioselectivity in the reaction 
with ketone la than its l i thium-containing analog (C/ 
entries 7--9, Table l). 

The greatest differenc e in enanti0selectivity of re- 
duction was observed for reactions involving dihydride 
complexes 2a and 2b (X = H), Thus the reaction of 
ketone la with Za (X = H) occurred .with a moderate 
optical yield (30--40% ee), whereas a similar reaction 
with Li+-containing reagents 2b (X = H) always af- 
forded the racemic product to within the accuracy of 
GLC (~f entries 10--14, Table 1). 

By analogy with the B1NOL-containing reagent I 
BI NAL-H, the TADDOk-containing a luminum hydride 
complexes 2 can be designated by TADDAL-H 2 (X = 
H) or TADDAL-H iX = ORL As noted above, the 
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Table 1. Reduction of :lcetophenone {la) v, ith reagents 2a and 2b containing the BlNOLate tigand 

Entry BINOL Aluminum Ligand X Reaction conditions Degree of conversion ee 

conllgu- hydride in T/ 'C e/h of ketone la into (%1 
ration complex complex 2 secondary alcohol 3a 4%) 

I {5) 2a MeO - 7 0  2 58 S9 ,' ,$'t 
2 (53 2a MeO -70  4 06 87 L5) 
3 IS) 2a MeO - 7 0  6 87 90 (,5) 
4 (,53 25 MeO - 7 0  2 92 79 (,5) 
5 15") 2b MeO -70  4 84 83 {,S) 
6 ( R} 211 MeO --70 5 60 78 I R)" 

t 

7 t' (5~ 2a 0.5 (5"-"~O - 7 0  2 72 73 (33 

8 i' lab 2a 0.5 ~ -70  3 ,q;0 65 (S} 

9 ~' (.53 2b 0.5 O/ '~O - 7 0  2 93 34 ~S) 

10 (3") Za H - 2 0  2 94 31 (.S) 
II ~.53 2a H - 7 0  2 91 38 (S) 
12 (R) 2h H 30 5 85 2 (R/~ 
13 ( ~  :gb H --20 2 IO0 0 
14 {.5) 2b H - 7 0  2 100 0 

Note. THF. the molar ratio AI : BINOL : XH : ketone = I : I : I(0) 
values over several parallel runs. 
" Published data. l 
;'The molar ratio AI : BINOL = I : 1.5. 

: 0.33. The yields and ee are lhc average 

hydride reagents T A D D A L - H ,  (2a, X = Hi,  prepared 
by modif ica t ion  of  NaA1H.I with ligands 13 and 14 (see 
Table  2), exhibited high enant ioselect ivi ty  in asymmet-  
ric reduct ion of  alkyl arvl ketones la,b. Meanwhile .  
s imi lar  reagents based on LiAIH~ (2b. X = I-I~ reduced 
the same ketones in markedly  (1.5--2 times) lower 
opt ical  yields (~2I~ entries I and 2, 19 and 20, f ab l e  2).* 

It should be emphasized that, unlike the case with 
the T A D D O L - m o d i f i e d  LiAIH4, 2 replacement  o f  the 
third hydride hydrogen a tom in 2a (X = H) by an 
achiral  ligand such as alkanol  or  pllenol did not result in 
a not iceable  increase in the stereoselectivity o f  the re- 
duc t ion  o f  ketones (O'2 entries 3--12 and 15--18). More-  
over,  the reduction o f  ke tone  la  with a C Y T O k - c o n -  
raining reagent 2a (X = O C H 2 C H 2 O M e )  in T H F  was 
absolutely  nonstereoselect ive (et~try 24). The possible 
explana t ion  of  this fact is presented below. 

l h e  presence of  phenyl substituents in the chiral 
l igand plays an important  role in the a t ta inment  o f  high 
e n a n t i o s e l e c t i v i t y  o f  the  k e t o n e  r educ t ion  with  
T A D D O k a t e - c o n t a i n i n g  reagents  2a (X = H). Without  
phenyl  groups, as in 1,4-diot 12. the corresponding 
dihydr ide  reagent 2a (X = H) does not show noticeable 
s tereoselect ivi ty  in the react ion with ketone la,  Moder-  
ate enant iosetect ivi ty  for this reagent was observed only 

* Recently it has been reported z that the reaction of equimolar 
amounts of acetophenone ( la l  and LiAIH 4 modified with 
ligand 13 (the aluminum hydride complex 2b, X = H) gives 
alcohol 3a in an optical yield of no more than 4t)% ee, and the 
reaction of propiophenone l ib)  witll the ~In~ reagent results 
in an optical yield of 6% ee. 

at - 7 0  =C in the presence of  an addit ional  achiral l igand 

(X = OEt)  tent  U 30). 
Modification of  Na~Mtt 4 with chiral 1 ,3-diols .  U n -  

like the reaction considered above (with T A D D O L -  
modified NaAIH4), the reaction with NaAIH 4 modi f ied  
by 1.3-diols 9 and 10 with replacement  of  tfle third 
hydride hydrogen atom in 2a (X = H) by the ArO group  
led in some cases to a substantial increase in the opt ica l  
yields of  secondary, alcohols 3; the greatest efli~ct was 
observed when a 4-tert -butylphenoxy group was in t ro-  
duced into NaAIH 4 in addition to chiral lig:lnd tO (see 
Table 3). However ,  the use of  simple alcohols  such as 
MeOH or M e O C H 2 C H 2 O H  for this purpose e i the r  de -  
teriorated tile process stereoselectivity (ent~ '  2) or,  as in 
the above-descr ibed example with C'Y'TOL-derived re- 
agent 2a (X = OCH2CH2OMe) ,  gave rise to a r acemic  
product (entry 6). 

The s tereochemical  ou tcome of  the reduct ion with 
reagent 2a derived from diol 10 (X = 4-Bu~CsH40)  is 
appreciably affected by the structure of  ketone 1. T h e  
greater the size o f  the a ~ l  fragment in the ke tone ,  the  
higher the enantioselect ivi ty of  this reaction (c~ ent r ies  
7--12).  The best result (89% ee) is at tained in the 
reduction o f  ketone If. 

The mechanism of the reduction of  ketones  with 
aluminum hydride reagents 2a. Table 4 presents the data  
o f  the [R spectra o f  some reagents 2a prepared in situ in 
T H F ,  The IR spectrum of  the dihydride complex  de -  
rived from ligand i0 {X = H) exhibits an absorp t ion  
band at 166(I cm - i  and the spectra of  m o n o h y d d d e  
chiral complexes  (X -- MeO) have an absorpt ion band at 
1760-- 1770 cm - I .  When I equivalent  of  M e O H  is added  
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Table 2, Asymmetr ic  reduction of  ketones I with reagents 2 containiag the T A D D O L a t e  tigand 

E n t o  T A D D O L  BINOL Reagent X Ketone Reaction condi t ions  

configu- Sol,,ent ~"~ 
ration 

Degree of  I---,.3 Prod- ee 

r /h convers ion (%) act (%) 

I 13 IR, R) 2a H 
2 13 ~ R,R~ 2b I-| 
3 13 (R.R) 2a H 
4 13 ( R. R) 2a MeO 
5 13 (R.R) 2a EIO 
0 13 ( R. R1 2a H 
7 13 ~R.R) 2a H 
8 13 I R.R) 2a MeO 
O 13 ( R. R) 2:, BuK) 
10 13 I R.R) 2a RO + 
I I  13 (R,R) 2x H 
12 13 i R.R) 2a RO* 
13 13 (R.R) 2a H 
14 13 (R,R~ 2a H 
t 5 13 ! S.5") 2a H 
16 13 (S..5") 2a Pr'O 
17 13 ~ %5"t 2a PhO 
I ,q 13 ~S.5") 2a RO* 
19 14 (S.S) 2a H 
20 14 ( S.S~ 2b H 
21 ! 4 ( S. ,53 2 a H 
-z 14 (S.Sp 2a H 
23 14 (S,53 2a H 
24 14 IS.S~ 2a RO* 
25 14 (S.,9 2a RO* 

26 14 (&53 2a RO* 
27 14 L5.,% 2a H 
2~ I1 (S,53 2a H 
29 12 (S .N 2a OEt  
30 12 (S,53 ga OEt  

Ix Diglyme 0 2) 95 3a 7t) 153 
ta Digtyme 0 20 t00 3a 48 (5"} 
la T H F  0 20 100 3a 68 <33 
la  T H F  0 20 97 3a 05 (5"1 
la  T H F  0 20 98 32 60 (55 
la TH F - 2 0  20 100 3a 76 (.5"~ 
lb TH F - 2 0  20 97 3b 82 (33 
la TH F - 2 0  20 78 3a 59 (S} 
la  T H F  - 2 0  20 48 3a 52 tS~ 
I x  THF - 2 0  20 48 3a 61 (55 
la I)iglyme - 2 0  20 100 3a 77 (5") 
l a  Diglyme -21) 20 78 3a 76 (S) 
la  TH F - 7 0  24 95 3a 82 (55 
Ib TH F - 7 0  24 100 3b 87 <S) 
la Diglyme 0 5 91 3a 68 ( RI 
la  Digtyme 0 5 82 3a 72 (R) 
la l) iglyme 0 5 92 3a 65 (R) 
Ix Digtyme 0 5 94 3a 73 (R) 
la  Diglyme 0 20 100 3a 72 (R) 
la Diglyme 0 20 100 3a 37 (R) 
la Diglyme - 2 0  20 100 3a 80 I R) 
ia T H F  - 2 0  20 100 3a 78 (R) 
lb Ttt F - 2 0  20 84 3b 75 *̀ R) 
I a TH F - 20 2',1 100 3a 0 
la  D i g t y m e - - T H F  - 2 0  20 94 32 29 {R) 

I : 1  
la  Digtyme - 2 0  2!) 76 3a 75 !R) 
l a  q-H F - 7 0  24 100 32 85 (R) 
Ib TFt F -7{)  2,1 100 3b 77 { R) 
la  FH F - 2 0  24 99 3a 8 (R) 
la  T H F  - 7 0  24 64 3a 27 ( R} 

.\"ore. The molar  ratio AI F..~.DDOL - XH - 1 = I �9 I �9 I(01 0.53. The yields and ee are the average values over several parallel runs. 
�9 RO = M e O C H 2 C H 2 0 .  

Table 3, &s,,mmetric reduction of  ketones 1 with reagent 2a 
obtained from NaAIH 4 and 1.3-diol 9 or 10 

EniD' Chi-  X Ke- Degree Prod- ee 
ral tone of  con-  uct (%) 

ligand version (%) 
! - , 3  {%) 

I 9 tt la  9q 3a 20 i,5! 
2 9 MoO la 97 3a t4 (.% 
3 9 PhO la 99 3a 32 t5') 
4 9 4- BuLC~,H,~O l a  9 9  3a 3Q (3) 
5 10 H la  99 3a 33 (5") 
6 10 M e O C H ~ C H , O  la 89 3a 0 
7 10 4- Bu~CT, H4() la 99 3a 40 (5"} 
8 l0 4- ButC6H.tO Ib 100 3b 3q (& 
9 10 4-Bu:C6H40 lc 70 3r 25 {S) 
I(} l0 4- ButCr~H40 ld I00 3d 47 (S') 
II 10 4- BtdC~H40 le 60 3e 80 (5") 
12 10 4 -BdCoH~O If  100 3f  89 (53 
13 10 2 .6- (Bu92C~H30 la  62 3a 51 (S) 

New. The  mo la r  rat io N a A I H 4  : 1 ,3-d io l  : X H  : I = I : I : I ( 0 )  
" 0.33,  T H F ,  - 2 0  ~'C, 24 h. The ~ields and ee are the average 
values over several parallel runs. 

to t h e  d i h y d r i d e  r eagen t  p r e p a r e d  f r o m  diol  10, the  

a b s o r p t i o n  b a n d  at 1660 c m - I  d i s a p p e a r s  a n d  a b a n d  at 

1760 c m  - I  typ ica l  o f  a m o n o h y d r i d e  c o m p l e x  a p p e a r s  

i n s t e a d  ( T a b l e  4).  

Table 4. Characterist ics of  the IR spectra of  reagents 2a 
prepared in situ f rom NaAIH~ and ehiral  diols 

Entry. . Reagent. 2a vAI.H D gn:~ax* 

Chiml  X in corn- .,l(IY',, -~ 
ligand plex 2a 

1 10 H 1660 0.08 95 
2 10 MeO 1760 0.03 20 
3 I1 MeO 1760 0.065 20 
4 13 Me() 1770 0.085 70 

*Tile ext inct ion coeffcient % m  (L mol -I  cm - j )  was calculated 
from the equat ion c,n~,x = D / ( c , d ) ,  where D = Iog(/cf/ma ,) 
(I  o and l, nax are tmnsnli ted light intensit ies lot T H F  and for a 
solution o f  the hydride reagent, respectively),  c /mol  L -I  is the 
reagent concent ra t ion ,  and d/cm is the cell thickness.  
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1he data obtained are in agreement will] the results 
of an IR spectrometric study, of lithium aluminum hy- 
drides. Thus LiAIHdOAr) , ,  ~' LiAIH(OBut)~, v and 
LiAIH(BINOLate)tOMe) I exhibit IR spectra similar to 
those presented m Table 4 for NaAIH 4. derivatives. The 
IR spectra of reagents 2a contain no absorption bands at 
about 1800--1900 cm -T. characteristic of AIH 5 deriva- 
tives. The spectral data indicate that di- and monohydride 
reagents 2a do not disproportionate in solution and do 
not dissociate to a notice-~ble degree to give substituted 
alanes: therefore, it is these compounds that appear to 
be responsible for the stereochemistu of the reduction 
of ketones. 

When considering the mechanism of reduction of 
carbonyl compounds ~ith LiAIH 4 or with its derivatives 
t2bL researchers usually postulate the lbrmation of a 
six-membered cyclic transition state of type B in which 
Li* is coordinated to the oxygen atom of the C=O group 
and thus activates it toward hydride reduction, l -4  Pro- 
ceeding from this hypothesis 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 (,.g;-BINOL- ~11) and 
(R.R)-lPTOL-containing (13) complexes 2a (X = H) 
with ketone l a  This was done taking into account the 
X-ray diffraction data for structural analogs of diot 13, 
I PTOL having 4-CF;  substituents in the benzenc rings I~ 
and (I P'l'O Latc]2Ti. It 

,/~-O ~;/H . . . . .  < < ~ 2 : > ~ 0  Mepro_(S ) 

"~-O X . . . .  M l+--i~a--"O 

B C 

Ph O-- /..- Ph I , 'H , ; , . u ~  
Ph---]-v ! ; H . . . .  ~ pro-(S) " v,--. ', .?~,! 

O.,,...,AI ...,,t,,O ,'"-AI ..,,D O 

. -".. Ph H---N~ 

Ph 
D D" 

Modeling of the possible configurations of transition 
state B for the reduction of la by (S')-BINOL-contaiu- 
lug complex 2a showed that the least steric hindrance is 
ensured in the boat structure r in which the phenyl 
group occupies an equatorial position and the Na + ion and 
the more remote hydride hydrogen atom are located close 
to each other. Consideration of molecular models of the 
transition state for the reaction of ketone la with the 
IPTOL derivative of NaAIH~ (the AI 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 H S 
S \ C ' /  ","~," 

* l AI Na 
', / N .." ... 
" '-O X S 

F 

a--' " " ( AI 
-2 S ~ - O  / \ X  
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.---O _, H ._. S / \~.v',/ ".~!." 
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._Vo/  ", .,- ,,, O O \ / \  
F" 

NaS 4 

Structures C and D'. preferred from the viewpoint of 
the least steric hindrance, account for the stereochemis- 
tW of the reduction of ketone la with (S)-BINOL- and 
(R,R)-lPTOL-containing reagents 2a tX = H), i.e.. for 
the fact that (53-3a is formed in both cases. I-Iov, ever, 
the idea that Li + or Na + participates in the transition 
state is inconsistent with the results of some of the 
above-cited experiments. In our opinion,  satisfactow 
agreement with the experiment could be attained by 
assuming the existence of an equilibrium between vari- 
ous types of ion pairs in solutions of reagents 2 s,'~ 
(Scheme 2). 

Presumably, hydrides 2a, like nonmodified LiAIH4 
or NaAIH4, 9 react with ketones ! in T H F  or diglyme 
mainly as partially or completely dissociated ion pairs G 
(see Scheme 2). 

This assumption is supported by the above-cited 
results of reduction of ketone la with reagents 2a con- 
taining a chiral bidentate [igand (10. 13, 14) and an 
additional achiral ligand, - -OCH2CH2OMe lsee Tables 
2 and 3). t h e  presence of the 2-methoxyethoxy group in 
reagent 2a should markedly increase the stability of the 
contact ion pairs designated in Scheme 2 by F', which, 
unlike the so/vent-separated ion pairs (G), apparently 
react with la either less stereoselectively or give rise to 
the mcemic product (2a). Apparently, the solvating 
capacity of TH F  is insufficient for the contact ion pair 
(F') to be transformed into the solvent-separated one 
(G): this accounts for the tow asymmetric induction or 
for the absence of enantioselectivity in the reduction of 
la  in THF by reagents 2a, where X = OCH2CH2OMe 
(see Fable 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 
ion pairs G. which presumably ensure the reaction 
enantioselectivity. It is notable that in a mixed T H F - -  
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  enant iose lec t iv i ty  o f  the reduction of  ketones 
with NaAIH4-based reagents  (2at  compared to similar 
LiAIH4-based ones  ~2b) ~see Tables I and 2 )  The Li" 
ca t ion  is a s t ronger  acid than the N a -  cation; therefore,  
the stability and,  hence ,  the concen t ra t ion  o f  contac t  
ion pairs F, which p re sumab ly  react with the ketone 
nons tereose lec t ive ty ,  is expec t ed  to be higher for reagent 
2b ( the bridging A I - - - X - - ' M -  bond is s tronger if .,'kl = = 

Li ~1. 
,As regards the c o m m o n  op in ion  concern ing  the acti-  

vation o f  ketone by Li ~- or Na ~ ions incorporated into 
hydr ide  reagent 2. this actix, a t ion does not seem to be 
necessaw,  Indeed,  in a c c o r d a n c e  with the above -con-  
s idered alternative m e c h a n i s m  o f  rcduction of  ketones 1 
via t ransi t ion state B. h igher  enantioselecti , , i ty would be 
expec ted  in the case o f  reagents  2b rather than 2a, due 
not only  to the format ion  o f  a s t ronger  A I - - - X - - M  ~ 
bond  but also to more  effect ive activation o f  the carbo-  
nyl g roup  by Li +- ions. However ,  in reality, the opposi te  
s i tua t ion  is observed.  "[he assumpt ion  ttlat the metat 
ca t ion  does  not par t ic ipate  in the step determining the 
process  s t e r e o c h e m i s t u  in the enant ioselect ive reduc-  
t ion o f  ketones by reagents  2 requires further experi-  
rnental  verit ication. 

Experimental 

The commercial reagents used were NaAIH 4 tZeeland 
Chemical,',): ligands 4, 5. and i 1--13 (Aldrich'K ketones la--f.  
kiAIHa (Aldrichl; anhydrous THF. diglyme (Fluka); figands 
6, 12 7.13 8,14 9,15 10. 16 and 14 t7 were syntllesized as de- 
scribed in the literature. 

The compo~,ition of the products of reductior~ of ketones 
ia,b was determined by capillary GLC on a giokhrom-21 
instrument using a 30 m-" 0.25 mm•  0.25 ~_tm lr-f)EX TM 

quartz capillary column (Supelcoi. The carrier gas (Hel pres- 
sure upstream the column was 4 arm, the gas velocity through 
the column was I mL rain t the column temperature was 
115 "C, and the temperatures in the detector and evaporation 
chamber were 150 ~C, / he  retention lime lbr a nonretainabie 
gas (CH4) in the column was 2 ram, The retention times of H~e 
initial compounds and rcqction products were as follows, rain: 
la. 9.4; (R)-3a, 12.8: (~gl-3a, 13,4: lb, 14.1: (R)-3b, 19.8: and 
(S)-3b, 20,4. The products of asymmetric reduction of ketones 
Ic- - f  were analyzed by HPLC on a Laboratorny pristroje 
Praha chromatographic instrument, UV detection, k 254 nm. a 
4.6x250 mm ChiraIcel OD column (Daicel). Itexanc contaht- 
ing 5 % (v/v) Pr'OH was used as the mobile phase. The elution 
velocity was I mL rain -I ,  and tile retemion time for 1,3.5-tri- 
wrtzbmv!benzen} (nonretainable comp6ur/d/ WaS 2.7 inirt The 
retention times o( tile initial ketones and reaction products 
were as follows, rain: Is, 3.7: (S)-3s, 4,3; IRI-3s, 5.0; Id, 3,5; 
155-3d. 4,3: (R)-3d. 5.1; le, 12; (51-3e, 16.0: (B)-3e, 1~.2: If. 
6.6; (51-3E t5.0; and (R]-3f, 24.0. 

Asymmetric reduction of ketones la--f by reagents 2a 
(general procedure). A solution ofchiral diol (IO5 mmoh or a 
mixture of a chiral diol (I retool) and an achiral modifier 

(alcohol of pi~cnol, I mine0 in THF (10 mLI was gradually 
added at -20 ~ to a solution of NaAIH 4 (I retool) m THF 
(5 ink) The mixture was stirred tor an additional 1 h. The thus 
prepared solution of reagent 2a was cooled to the required 
temperature and ketone I (0.33 retool) was injected therein 
through the rubber gasket using a microsyringe. The prepara- 
tion of Ihe hydride reagents and the reduction of ketones were 
carried otiI in anhydrous sotven~s under d~' argon. The reac- 
tion mixture was quenched with a MeOH--H20 mixture 
(9 : I), the sohent was removed in vacuo, and the residue was 
extracted with an ether--hexane mixture, 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- 
merle composition of the resuhing alcohol. The main bulk of 
the product was isolated by distillation or crystallization; the 
enanliomeric composition did not change during isolation. 

This work was financially supported by the Carnbrex  

Corporat ion (USA).  
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