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Molybdenocene derivatives with some chiral carboxylato ligand of the types, Cp2MoH(OCOR™), Cp2Mo(OCOR*),,
Cp2MoH(OCO-E*-0CO)MoHCp;, [Cp,Mo(OCOR®)['R*CO, ™, are prepared by the reaction of Cp,MoH, with chiral
2-methylbutanoic acid, mandelic acid, O-acetylmandelic acid, tartaric acid, and O,0’-diacetyltartaric acid in the presence
of ketone and are characterized spectroscopically. Enantioselectivity in the reduction of the prochiral ketones using some

of these hydridocarboxylato derivatives is examined.

Utilization of the organometallics in the selective synthe-
sis of organic molecules is a matter of continuing interest. In
this regard a variety of stoichiometric and/or catalytic sys-
tems comprising molecules which contain transition metals
have been developed for the regio-, diastereo-, and/or enan-
tioselective organic syntheses. We have previously shown
that molybdenum hydride Cp,MoH, (1, Cp = 77°-CsHs) ef-
ficiently reduces ketones,? aldehydes,” and imines® in the
presence of protonic acid such as carboxylic acid or TsOH
(Ts = p-CH3(C¢H4)SO3). Noteworthy was an extremely
high diastereoselectivity .of the system, which resulted in
a 100% diastereoselectivity. in the reduction of 4-z-butylcy-
clohexanone to yield cis-4-t-butylcyclohexanol.?

Enantioselective reductions of prochiral ketones have been
hitherto reported as either catalytic by the use of transition
metal hydrides coordinated with chiral phosphines or as sto-
ichiometric by using inorganic hydrides such as LiAlH4 or
NaBHy in the presence of chiral auxiliaries.¥ In view of the
fact that the system consisting of the dihydride 1 and pro-
tonic acid reduces ketones in high diastereoselectivity, we are
interested in examining the enantioselectivity of the system
when the prochiral ketones are reduced by using derivatives
of 1 containing chiral anionic ligand. In this report, the
preparation of such derivatives with chiral carboxylato li-
gand and the results of their application to the reduction of
the prochiral ketones are described.

Results and Discussion

Preparation of the Mononuclear Molybdenocene
Derivatives with Chiral Carboxylato Ligands. On
the basis of our findings that monohydridotosylato complex
Cp2MoH(OTs), which is sterically more demanding than the
dihydride 1, reduces cyclic ketone in the presence of TsOH
in highly diastereoselective fashion, we aimed at preparing
such monohydrido complexes possessing chiral anionic li-
gand in place of OTs, i.e. Cp,MoH(A™). The preliminary

results, in which (+)-10-camphorsulfonic acid is employed
in place of TsOH, Cp,MoH(OCs*) (OCs™ =(+)-10-camphor-
sulfonato), did not show any remarkable enantioselectivity
when it was used in the reduction of acetophenone either in
the presence or in the absence of Cs*OH.”

Subsequently we aimed at preparing a monohydridocar-
boxylato derivative of 1 in which carboxylato ligand contains
a chiral center, Cp,MoH(OCOR*) (2). For the preparation
of type 2 complex starting from 1, there are three possible
routes:

(2) CpMoH, h—;»{szMo}‘”C—o"ﬁ‘chMoH(OCOR*) 1)
—H2

(b) Cp2MoH, % CpsMo(0Ts) 2% Cp,MoH(OCOR*) (2)°

R*COOH RR'C=0
ittt

(¢) Cp.MoH, Cp.MoH(OCOR*) 3y

—RR/CHOH

In the viewpoint of the preparation of chiral complex with-
out inducing racemization, it would be desirable to avoid
the use of the photoreaction, hence pathway (a) should be
omitted. In the preliminary experiment, the second step of
pathway (b), the anion metathesis reaction, was not found to
be a clean reaction and the isolation of 2 from the reaction
mixture was quite difficult. Thus, pathway (c), in which ke-
tone plays a role of dehydrogenation agent, was employed in
the following preparations.

Previously, we have shown through the kinetic investi-
gation that the reaction of dihydride 1 with carboxylic acid
in the presence of ketone or aldehyde proceeds stepwise as
shown in Eq. 4.2 '
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Molybdenocenes with Chiral Carboxylato Ligand

cess of R*COOH resulted in the formation of biscarboxylato
complexes 3 (Table 1, Runs 2 and 5). The weak acid such
as L-(+)-proline did not react with an equimolar amount of 1

1 CH-OH 2 3
: either in benzene in the presence of trifluoroacetophenone at
femm=== Step 1-----mmneee- wnoeenmeo{ Step 2j--emonooees - room temperature or in ethyl methyl ketone at 55 °C.

@

In order to obtain monohydrido derivative 2 selectively, it

is necessary to promote the Step 1 reaction and suppress the
Step 2 reaction. Since reaction (4) has been known to pro-
ceed via a nucleophilic attack of the molybdenum metal to
the carbonyl carbon, the use of ketones with strong electron-
withdrawing substituent may enhance the overall reaction
rate. The higher basicity of 1 as compared with that of 2
may result in the selective formation of 2 when the electron-
deficient ketone is used in an amount equimolar to 1. In
fact, the reactions of 1 in benzene at room temperature with
chiral” (S)-(+)-2-methylbutanoic acid (a), (S)-(+)-mandelic
acid (b), and (R)-(—)-0O-acetylmandelic acid (c) in the pres-
ence of trifluoroacetophenone yielded corresponding type 2
complexes. (Table 1, Runs 1, 3, and 4) In the case of 2-meth-
ylbutanoic acid, no reaction took place with an equimolar
amount of 1 even at 50 °C when acetone was employed as
both hydrogen acceptor and solvent. The use of a large ex-

These results indicate that the higher the acidity of the car-
boxylic acid is, the higher becomes the yield of 2; the ratio
of the reaction rates for Steps 1 and 2 (Kep 1/ksiep 2) in Eq. 4
becomes larger as the acidity of R*COOH increases.

The resulting hydridocarboxylato derivatives of molybde-
nocene are dark yellow (2a) and red crystals (2b and 2c)
and are unstable to air. Dicarboxylato complexes are dark
purple (3b) and blue (3c) needles. Both complexes 2 and
3 are soluble in benzene, toluene, alcohols, tetrahydrofuran,
and acetone and insoluble or only very slightly soluble in
hexane and diethyl ether. These products were characterized
by IR and "HNMR spectroscopies and elemental analyses
(Table 2). The biscarboxylato derivatives of molybdenocene
of the type 3 have been prepared by the metathetical reaction
between CpaMoCl, and RCOONa for R=CF; and Ph.®

Preparation of the Binuclear Molybdenocene Deriva-
tives Bridged with Chiral Carboxylato Ligands. Re-
action of dihydride 1 with a half mole of L-(+)-tar-
taric acid (d) in ethanol in the presence of trifluoroaceto-

Table 1. Reactions of Cp,MoH, (1) with R*COOH in the Presence of Ketone

C=0, R*COOH

>C=O , R"COOH

CpaMoH, _JT. Cp,MoH(OCOR*) AT—» Cp,Mo(OCOR"),

1 CH-OH 2 CH-OH 3
CpMoH,(1) R*COOH PhCOCF; Temp Time Yield/%
Run mmol R* mmol mmol  Solvent °C h 2 3 Other products
1 0.84 Me(E)CH- (a) 0.84 0.84 MeOH 20 20 11 (2a) + PhCH(OH)CF;
2 0.48 Me(Et)CH-  (a) 23.8 — MeCOEt 20 16 0 56 (3a) MeCH(OH)Et
3 0.89 Ph(OH)CH- (b) 0.90 0.89 PhH 20 5 78 (2b) 0 PhCH(OH)CF;
4 1.35 Ph(OAc)CH- (¢) 1.35 1.35 PhH 20 15 49 (2¢) + PhCH(OH)CF;
5 0.83 Ph(OAc)CH- (c) 249 — Me,CO 20 20 O 91 (3¢) Me,CHOH
Table 2. Characteristic Spectral Data and Analytical Data for Complexeé 2and 3
IRY/cm™* "HNMR®/ppm Elemental analyses
(Calcd values)
Complexes v(Mo-H) v(OCO)asym  Others Jd(Mo-H) 6(Cp) OJ(COCH) C/% H/%
V(OCO)sym
Cp,MoH{OCOCH(Et)Me} 2a 1830 1635 — —8.06s 4.57d 224m c) 9)
1225
Cp:MoH{OCOCH(OH)Ph} 2b 1850 1620 3400 —-852s 4.12d 4.84s 56.72 4.86.
1190 v(OH) (57.15)  (4.80)
Cp:MoH{OCOCH(OAc)Ph} 2¢ 1840 1650 1730 —822s 448d 5.88s 56.84 4.88
1230 Y(CO)acyl (57.15)  (4.80)
Cp2Mo{OCOCH(Et)Me}, 3a - 1605 — — 5.10s 243m  56.04 6.56
1230 (56.07)  (6.58)
Cp:Mo{OCOCH(OAc)Ph}, 3¢ — 1610 1710 — 494 s 596s 58.56 4.63
1230 Y(CO)acy1 (58.83) (4.61)

a) KBr. b) 270 MHz in C¢Dg. 6 values downfield positive from internal SiMey4 reference.

¢) Good analytical results were not obtainable
due to contamination of 3a. )
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Table 3. Reactions of Cp,MoH, (1) with L-(+)-Tartaric Acid and (R,R)-(—)-0,0’-Diacetyltartaric Acid in the Presence of CF;COPh

OX0X

-G — - CO OXOX PhCOCF,, Cp,M
PhCOCF3, HOCO ﬁ ﬁ OH 0CO-C&-COOH 3, CPaMoH,
c \ 4 HH
pMoH, 1 G paM O\H
1 Ph(CF3)CHOH 2 (CF3)2CHOH
o2 QX ox Cp
,OCO-CH H, ,OCO-CH ,0CO0-CH H_ ] ox
CpMd, | "MoCp, + CpMo | Macp, | MoCp, + +Mo-OCO-CHGH-CO
H HC-COO H HC-COO HC-COO (I) ox .
X = H, COCHgy ox OX ox P 6
4 5
Cp:MoH; (1) [-CH(OX)CO;H], PhCOCF; Temp Time Yield/%
Run mmol X mmol mmol  Solvent °C h 4 5 6 Other products
6 2.30 H d) 115 1.15 EtOH 20 20 74 (4d) 0 0 2d, PhCH(OH)CF;
7 0.81 OCH; (e) 041 0.81 MeOH 20 40 849 (de) + 0 2e, PACH(OH)CF;
8 2.57 OCH; (e) 1.29 2.57 PhMe 20 40 + 559 (5e) 39 (6e) PhCH(OH)CF3

a) Crude yield.

phenone afforded an orange complex which was analyzed
as binuclear complex bridged with the tartarato moiety 4d
(Table 3). D-(—)-Tartaric acid reacted similarly to yield
the corresponding enantiomeric counterpart. The analo-
gous results were obtained when (2R,3R)-(—)-0,0’-diace-
tyltartaric acid (e) was employed in place of tartaric acid
(d), although the brownish orange product 4e was contam-
inated with several by-products, such as the type 2 com-
plex Cp:MoH[OCOCH(OAc)CH(OAc)COOH] (2e) and the
brown trimer Cp,MoH[OCOCH(OAc)CH(OAc)COOMo-
(Cp2)OCOCH(OAC)CH(OAC)COOJHMoCp, (Se). When
the reaction with O,0’-diacetyltartaric acid was carried out
in toluene, Se was the main product; it was contaminated
with 4e and polymeric complexes 6e.” Thus, the isolation of
analytically pure 4e has so far been unsuccessful. Formation
of monohydrido complexes of the type 2e with the dibasic
carboxylato ligand has been reported for tungsten analogues
through the reaction of Cp, WH(Ph) with oxalic, malonic,
and succinic acids.'?

It is conceivable that the reaction of the basic Cp,MoHj,
with carboxylic acid is so fast that the difference of the pK,’s
of the tartaric acid (pK,,=2.93 and pK,,=4.23) was overcome,
yielding the bridged dimer 4 instead of the hydridocarboxyl-

ato type complex 2.

Complex 4d was soluble in methanol, ethanol, tetrahy-
drofuran, and acetonitrile and insoluble in benzene, toluene,
acetone, diethyl ether, and hexane; it was able to be purified
analytically pure. Solubility of the complexes 4e and 5e was
similar to that of 4d except that they are soluble in acetone
and toluene. Such similarity in the solubility of 4e and Se
hindered their isolation. Grayish polymeric 6e was soluble
only in methanol and was stable to air for several days. Some
spectral data for these complexes are listed in Table 4.

Preparation of the Cationic Molybdenocene Deriva-
tives with the Chelate Carboxylato Ligand. = We have
already shown that the hydridocarboxylato complex of the
type 2 further reacts with carboxylic acid in the presence of
ketone to yield dicarboxylato derivatives of molybdenocene
3 (Step 2 of Eq. 4). Because of this, it is inevitable that
the complexes 2 prepared according to Eq. 4 are usually
contaminated with the dicarboxylates 3. It is noteworthy,
however, that no dimandelato by-product was detected in
the reaction mixture when hydridomandelato derivative was
prepared according to Eq. 4 (Table 1, Run 3). In order to get
further insight into this peculiar behavior of mandelic acid,
we examined the reaction of 2b with mandelic acid in the

Table 4. Characteristic Spectral Data for Complexes 4—6

IRY/cm™! '"HNMR®/ppm
Complexes vMo-H) v(OCO)asym  Others S(Mo-H) 6(Cp) S6(COCH)
V(OCO)eym
[Cp2Mo(H)OCOCH(OH)-], 4d 1810 1630 3400 —8.69s S.ll1s 3.69d
1310 v(OH)
[Cp2Mo(H)OCOCH(OAc)-]2 4e 1790 1640 1730 c)
1220 'V(Co)acyl
[Cp2Mo(H)OCOCH(OAC)CH(OAc)COO-];MoCp, 5Se 1810 1640 1730 c)
: 1220 ¥(CO)uey
[~MoCp,—OCOCH(OACc)CH(OAc)COO-], Ge — 1630 1730 5.70m 5.10d
1220 V(Co)acyl

a) KBr.
prevented from full assignment of the 'HNMR signals.

b) 270 MHz in CD30D. & values downfield positive from internal SiMey reference.

c) Contamination of the by-products
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Table 5. Preparation of the Cationic Monomandelato Derivatives of Molybdenocene, 7 and 8

Complexes R*COOH Solvent Temp Time Products
Run mmol R* mmol ml  °C h Yield/%
9 2b 041 Ph(OH)CH- (b) 041 MeCOEt 35 20 4 17 84
10 1 145 Ph(OH)CH- (b) 3.62 Me,CO 80 20 144 7 80
11 2b 0.68 — — MeCOEt 70 20 143 8 48
12 7 015 a) — — — 20 55 8 45

a) Treated with 0.21 mmol of NaOH in MeOH.

presence of ethyl methyl ketone (Table 5, Run 9) (Eq. 5).

MeCOEt

o]
oceHPn O 0.0 1*
CpaMo, o  + HOCGHPh CpMo Enph | PRCHORICO,
: OH  MeGHet i
2b OH 7
(5)

Unlike the other carboxylic acid, this reaction did not
afford a blue-to-purple colored complex which is character-
istic of dicarboxylato complex of type 3 but resulted in the
formation of red crystals in 84% yield. The reaction was ac-
companied by the formation of 2-butanol in 90% yield. The
red crystals thus formed were assigned to the novel cationic
monocarboxylato derivative of molybdenocene 7, based on
the spectral evidence (vide infra), in which a hydroxyl group
coordinates to the metal center giving rise to the chelate co-
ordination of the a-hydroxycarboxylato ligand. The same
complex 7 was obtained in 80% yield when dihydride 1 was
allowed to react with excess mandelic acid (2.5 mole/mole
of 1) in acetone (Table 5, Run 10).

When 2b was stirred at room temperature in ethyl methyl
ketone in the absence of mandelic acid, a slow reaction took
place, and, after 143 h, a brown complex assignable to 8 was
obtained in 48% yield together with 2-butanol in 63% yield

(Table 5, Run 11).

In the absence of carboxylic acid, the fairly acidic hy-
droxyl proton in the mandelato ligand may play the role
of acid and the water molecule contaminated in the solvent
seems to have cleaved the cyclic intermediate. Formation
of more than 50% of 2-butanol suggests the presence of an
extra proton source other than a-hydroxyl proton. Cationic
complex 8 with the hydroxide anion as a counter cation was
also obtained by treatment of 7 with an equimolar amount of
NaOH in methanol in 45% yield (Table 5, Run 12).

Essentially the analogous results were obtained when tar-
taric acid was employed in place of mandelic acid. In this
case, carboxylato-bridged dimeric cations corresponding to
7 and 8, respectively, were obtained, although they were hard
to purify.

Red crystals of the cationic complexes 7 and 8 are fairly
stable to air in the solid state and are soluble only in the
alcoholic solvents, tetrahydrofuran, and dimethyl sulfoxide
(DMSO). As shown in Table 6, complex 7 exhibits strong IR
absorption assignable to the free carboxylate anion at 1720
cm~! in addition to the asymmetric and symmetric OCO
stretchings around 1620 and 1300 cm™!, respectively, which
are characteristics of a carboxylato ligand coordinated in a
monodentate fashion.!)

Table 6. Characteristic Spectral and Electric Conductivity Data for Complexes 7 and 8

0.0 1*
cpMo. § PhCH({OH)CO,™ (7)
No-CHPh 2

0..-0 1*
7 G
[szMo\ 1 ]OH‘ ®

0.CHPh
H H .
IR?/cm™! '"HNMR"/ppm Mole conductivity®
Complexes V(OCO)asym V(OCO)yym VY(OCO)see V(OH) S(Cp) S(COCH) OS(COCH)free ms cm? mol ™!
7 1620 1300 1720 3400 5.66s 427s 499 s 0.9
8 1630 1295 — 3300 5.66d 427s 440s 66
a) KBr. b) 270 MHz in DMSO-dg. & values downfield positive from internal SiMe4 reference. ¢) Mole conductivities in MeOH

solution.

Table 7. Recovery of Carboxylic Acids from Complexes 3a, 3¢, and 7 and the Comparison of their Specific Rotatory Power

Complexes HCl aq (35%)? Products Starting acid
Run X mmol ml R*COOH Yield/% [a] [a]
13 CpMo{OCOCH(Et)Me}, (3a) 049 4.8 Me(Et)yCHCOOH 97 b) b)
14  Cp:Mo{OCOCH(OAc)Ph}, (3¢) 0.16 1.6 Ph(OAc)CHCOOH 85 —123.8 —-117.5
15 [Cp.Mo{OCOCH(OH)Ph}T" 043 4.8 Ph(OH)CHCOOH 88 —135.7 —132.9
[OCOCH(OH)Ph]™ @)

a) Reactions are carried out in acetone at room temperature for 3h. b) Not measured.
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Table 8. Reduction of Acetophenone with the System Composed of Binuclear and Trinuclear Complexes 4 and 5

Complexes Dibasic Carboxylic Acids MeCOPh Solvent Temp  Time MeCH(OH)Ph
Run mmol mmol  mmol °C h  Yield% [a] ee%?
16 4d-L 0.92 L-Tartaric acid 0.55 8.6 MecOH 20 90 73 —-98 24 (8°
17 4d-L 0.66 L-Tartaric acid — 8.6 MeOH 5-20 180 38 —15.1 37 (8°
18 4d-L 0.83 L-Tartaric acid? 0.53 13 MeOH 20 180 43 —13.0 31 (8°
19 4dp 0.73 D-Tartaric acid 0.43 13 MeOH 20 90 54 135 25 (RY
20 4d-p 0.50 D-Tartaric acid 3.00 13 MeOH 0-10 180 99 84 16 (RY
21 4d-p 0.80 D-Tartaric acid 3.33 13 MeOH —~20-—10 180 32 73 14 R
22 4e-RR 0.59 (R,R)-(—)-0,0'-Diacetyltartaric 0.88 13 MeOH 20 96 138 34 8 (R
acid
23 d4e-RR 039 (R,R)-(—)-0,0-Diacetyltartaric 0.68 13 PhMe 20 72 47 55 11 (RY
acid
a) Molecular Sieve 4A (0.7 g) was added. b) Asymmetric yields were determined by an automatic polarimeter in 1 dm tube. ¢) Based on

maximum value of [a]p —40.6 (MeOH).

Absence of the band at 1720 cm™! in 8 and the low
frequency shift of v(OH) going from 7 to 8 by 100 cm™!
strongly suggest the anion exchange from carboxylate in 7
to hydroxyl in 8. The presence of two kinds of carboxyl-
ate gfoup, coordinated and free, in 7 was also evidenced
by '"HNMR spectra where two sets of signals assignable to
carboxylato groups were observed.

Interestingly, electric conductance of the methanol solu-
tion of 7 was found to be significantly lower than that of
8, as shown in Table 6. This result may be rationalized by
considering the contribution of the neutral dicarboxylato iso-
mer which is in equilibrium with the ionic 7 as shown below

(Eq. 6).

QOH
OO M JO-CCHPh
CpaMo_ 1 PhCH(OH)CO, CpzMo,
No-CHPh O C-CHPh
H OOH
7
6)

Examination of the Retention of the Chirality of the
Carboxylic Acids. = Since the dihydrido complex 1 has
been known to be a strong base whose basicity corresponds
to that of ammonia,'® there is a possibility that racemization
of the chiral acid might have taken place during the reaction
represented in Eq. 4. In order to examine this, recovery of
the carboxylic acid from some of the isolated carboxylato
complexes and the measurement of the optical purity of the
recovered carboxylic acid were attempted.

Treatment of the carboxylato complexes 3a, 3¢, and 7
with dil hydrochloric acid in acetone at room temperature re-
leased corresponding carboxylic acid almost quantitatively,
accompanied by the formation of Cp,MoCl, (Table 7). Com-
parison of the specific rotatory power of the carboxylic acids
thus recovered with those of the corresponding starting car-
boxylic acids revealed that racemization was not induced by
this sequence of the reactions (Table 7).

These results, in which the chirality of the carboxylic acids
has been retained throughout the reaction, suggest that the
complex CpsMoHj, (1) may be utilized as a protecting agent
for the various chiral carboxylic acids. As shown in Eq. 7, 1

d) Based on maximum value of [a]p 52.5 (CH,Cly).

reacts with carboxylic acids in the presence of ketone under
mild conditions to give, in most cases, dicarboxylato com-
plexes 3, from which carboxylic acids are easily recovered
quantitatively by treatment with dilute HCI in acetone.

2 HCI
C pMo(OCOR*),

\
Cpz2MoHz, 2/C=0
1

2 R*COCOH 2 R"COOH

29 H-OH C pzMoCly

@

Reduction of Prochiral Ketones with Hydridomolyb-
denocene Derivatives Coordinated with the Chiral Car-
boxylato Ligands.  In order to inspect the possibility of
the asymmetric induction in the reduction of the prochiral
ketones to the chiral alcohols, reactions of prochiral ketones
such as ethyl methyl ketone and acetophenone with hydrido-
molybdenocene derivatives 2, 4, and 5 in the presence or
absence of acid are examined.

When ethyl methyl ketone or acetophenone was reduced
with mononuclear hydridocarboxylato complexes 2a, 2b,
and 2c either in the presence or absence of the corresponding
chiral carboxylic acids, the enantioselectivity of the pro-
duced 2-butanol or 1-phenylethanol, respectively, was trivial
with the ee values of only 0.7—3.5%. These results are
in accord with that obtained previously for the (hydrido)-
camphorsulphonato complex.” '

A significant improvement in the enantioselectivity was
observed when acetophenone was reduced with the dibasic
acid-bridged binuclear hydrido complex 4d (Table 8). Thus,
use of the binuclear complex prepared from the L- or (2R,
3R)-isomer of tartaric acid (4d-L) in methanol in the presence
of L-tartaric acid at room temperature in the reduction of
acetophenone resulted in the formation of S-isomer of 1-
phenylethanol in 73% yield with 24% ee (Table 8, Run 16).
When binuclear complex 4d-D which was prepared from D-
or (25,38)-isomer of tartaric acid was used, (R)-1-phenyleth-
anol was yielded (Run 19). Such enantioselectivity was not
observed by binuclear and trinuclear hydrido complexes 4e
and Se which are prepared from 0,0’-diacetyltartaric acid
(Runs 7 and 8). '

A slight increase of the selectivity was observed when
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the reaction was conducted in the absence of added chiral
carboxylic acid though the yield of alcohol was lowered
considerably (Run 17). Increase of the amount of acid tended
to increase the reactivity with a concomitant decrease of the
enantioselectivity (Runs 19 and 20). Addition of molecular
sieve 4A in the reaction mixture improved the selectivity a
little (Run 18). Change of reaction temperature to —20 °C
did not improve but rather lowered the selectivity (Runs 20
and 21).

Experimental

Most manipulations were carried out either under dry, oxygen-
free argon or nitrogen or in vacuo with Schlenk-type flasks. Solvents
were dried and purified in the usual manner, and stored under an
atmosphere of argon.

Infrared spectra were recorded on a JASCO A-202 spectrometer
using KBr disks prepared under inert atmosphere. 'HNMR spectra
were measured on a INM-EX270 spectrometer. GLC was recorded
on Shimadzu GC-7A and GC-14A gas chromatographs using PEG-
20M column. The specific rotatory power was measured in a quartz
cell using Horiba SEPA-200 rotatory meter. Electric conductivity
of the solution was measured by Toa CM-20S conductivity meter.

Guaranteed grade commercial chiral carboxylic acids were used
as purchased. CpaMoHj; (1) was prepared according to the literature
method.'?

Preparation of the Complexes 2—S5.  Since the procedures for
the preparation of complexes 2—5 are similar to one another, the
preparation of bis(77°-cyclopentadienyl)hydrido[(S)-2-mandelato]-
molybdenum(IV) (2b) is described below as a typical example. The
reaction conditions and yields for each preparation are shown in the
corresponding Tables.

To the flask containing Cp.MoH; (1) (0.203 g, 0.890 mmol) and
(8)-(+)-mandelic acid (0.137 g, 0.900 mmol) were added trifluoro-
acetophenone (0.125 cm?, 0.89 mmol) and benzene (6 cm?) by a
trap-to-trap method and the mixture was stirred in vacuo at room
temperature for 5 h. From the solution, the solvent was removed
by evaporation in vacuo and the residue was washed with dieth-
yl ether to give yellow powder of 2b (0.264 g, yield 78%). Red
microcrystalline 2b was obtained on leaving its saturated solution
in a mixture of Et,O/EtOH (10/1) at —28 °C for a week.

In the preparation of 2-methylbutanoato complexes 2a and 3a,
isolation of the products from unreacted 2-methylbutanoic acid was
somewhat difficult and it was necessary to remove traces of car-
boxylic acid as the toluene azeotrope in vacuo. These additional
procedures rendered the yield of 2a fairly low.

Elemental analyses for complex u-L-tartrat-bis[bis(#’-cyclo-
pentadienyl)hydridomolybdenum(IV)] (4d-L) (not cited in the Ta-
ble). Found: C, 47.43; H, 4.51%. Calcd for Co4HosOsMo,: C,
47.86; H, 4.35%.

Preparation of Polynuclear Complex [-MoCp,—OCOCH-
(OAc)CH(OAC)COO-], (6e). The mixture of trinuclear complex
(Se) (0.448 g, 0.392 mmol), (2R,3R)-(—)-0,0’ -diacetyltartaric acid
(0.159 g, 0.679 mmol), and acetophenone (1.5 cm®, 13 mmol) in
20 cm® of toluene was stirred at room temperature for 72 h, while a
gray precipitate accumulated in solution gradually. After the reac-
tion, the solvent was evaporated off in vacuo to leave a gray solid,
which was washed with diethyl ether and dried in vacuo to yield
0.517 g of a gray powder of 6e.

Preparation of Bis(1°-cyclopentadienyl)[(hydroxy-x O)phen-
ylacetato- Olmolybdenum(IV) Mandelate (7).  The mixture
of Cp:MoH; (1) (0.330 g, 1.45 mmol) and (S)-(+)-mandelic acid

Molybdenocenes with Chiral Carboxylato Ligand

(0.543 g, 3.62 mmol) in 8 cm® of acetone was stirred at room
temperature for 144 h, while the solution changed at first to red
and then gradually deposited a red precipitate. The precipitate was
collected by filtration, washed with acetone and dried in vacuo to
yield red powder of 7 in 80% yield (0.610 g). Red prisms of 7
were obtained by recrystallization from a solvent of 50:50 (v/v)
acetone/ethanol at —28 °C. Found: C, 56.72; H, 4.28%. Calcd.for
CysH2306Mo-H,0: C, 57.26; H, 4.62%.

Preparation of Bis(7°-cyclopentadienyl)[ (hydroxy-»O)phen-
ylacetato- »x Olmolybdenum(IV) Hydroxide (8). Method a:
Hydridomandelato complex 2b (0.268 g, 0.708 mmol) in 7 cm?
of ethyl methyl ketone was stirred at room temperature for 143 h,
while a brown precipitate gradually came out. From the solution,
the solvent was removed by a trap-to-trap method. Formation of
2-butanol in 81% yield was observed by a GLC analysis of the
recovered liquid phase. The residue was washed with diethyl ether
and benzene and dried in vacuo to yield red powder of 8 in 44%
yield (0.123 g).

Method b:  To the cationic complex 7 (0.081 g, 0.15 mmol)
in methanol (4 cm?) was added 2.5 M ethanol solution of NaOH
(0.085 cm®, 0.21 mmol, M=mol dm~?); the mixture was stirred at
room temperature for 5.5 h. Standing the solution at —28 °C for
2 d afforded red plates. These were filtered off and washed with
hexane and dried in vacuo to yield red crystals of 8 in 45% yield
(0.0272 g).

Recovery of 2-Methylbutanoic Acid from Complex 3a. On
adding acetone (10 cm®) and HCI (35% aq, 0.5 cm’, ca. 4.8 mmol)
to 3a (0.208 g, 0.486 mmol), yellow precipitate came out rapidly.
After being stirred for 3 h at room temperature, the mixture was
filtered. GLC analysis of the filtrate showed formation of 2-meth-
ylbutanoic acid in 97% yield. The yellow precipitate which is
assignable to Cp,MoCl, on the spectral basis was obtained in 73%
yield.

Recovery of O-Acetylmandelic Acid from Complex 3c. On
adding acetone (5 cm®) and HC1 (35% aq, 0.16 cm’, ca. 1.6 mmol)
to 3¢ (0.0948 g, 0.155 mmol), yellow precipitate came out rapidly.
After being stirred for 3 h at room temperature, the mixture was
filtered. The solvent was evaporated off from the filtrate and the
residue was crystallized from water at 5 °C to give a colorless solid
of O-acetylmandelic acid in 85% yield. Specific rotatory power
measured in acetone at room temperature showed the optical purity
of 98% ee. Analogous results were obtained when complex 7 (0.225
g, 0.43 mmol) was treated similarly with HCI to give mandelic acid
in 88% yield, the optical purity of which was 98% ee.

Reduction of Prochiral Ketones.  Since the procedures are
similar to one another, reduction of acetophenone with y-tartarato
complex 4d-b is described below as a typical example (Run 19 in
Table 8).

Complex 4d-D (0.440 g, 0.730 mmol), D-(—)-tartaric acid (0.065
g, 0.43 mmol), and acetophenone (1.5 cm?®, 13 mmol) were dis-
solved in 10 cm® of methanol in the Schienk flask and the solution
was stirred at room temperature for 90 h. After the solvent was re-
moved by evaporation in vacuo, the residue was washed four times
with 13 cm? of ethanol. The combined washings were concentrated
by a rotary evaporator and the concentrate was separated by the
column chromatography with silica gel. 1-Phenylethanol was thus
isolated in 54% yield on the basis of 4d-D and the measurement of
its optical purity in dichloromethane revealed the enantioselectivity
of 25% ee [(R)-isomer].
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