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Abstract—The binuclear chiral (salen) Co complexes bearing Lewis acids of Al and Ga catalyze regio- and enantioselective ring
opening of terminal epoxides with carboxylic acids. The ring opened product of epichlorohydrin with carboxylic acids followed
by cyclization step in the presence of catalyst and base represent straightforward, efficient methods for the synthesis of enatiomeri-
cally enriched (>99% ee) valuable terminal epoxides. Strong synergistic effects of different Lewis acid of Co—-Al and Co-Ga were

exhibited in the catalytic process.
© 2006 Elsevier Ltd. All rights reserved.

Among the myriad of nucleophiles that have been
employed in epoxides ring openings catalyzed by chiral
(salen) metal complexes,! carboxylic acids (which afford
the corresponding 2-hydroxy monoesters) have been
paid very less attention. In contrast to chemo- and regio-
selective ring openings of terminal epoxides with carb-
oxylic acids,?> only one literature is available for the
enantioselective ring openings of meso epoxides using
carboxylic acid as nucleophile.?

To broaden the application range of dinuclear chiral
(salen) Co catalysts'™ herein we report the catalytic
enantioselective ring opening of terminal epoxides with
carboxylic acids. Indeed, the Jacobsen’s chiral (salen)
Co complex and HKR catalyst!® showed low activity
(<10% ee) in the present study. The coupled route of
ARO/cyclization for epichlorohydrin (ECH) experi-
enced to synthesize highly optically pure valuable termi-
nal epoxides, for example, glycidyl butyrate.

We recently reported that dinuclear complexes bearing
Lewis acids of B, Al, and Ga elements (Scheme 1) are
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Scheme 1.

highly efficient catalysts for the enantioselective ring
opening of terminal epoxides with H,O and HCL.!*#

Encouraged with these results we have extended the
applicability of these catalysts for enantioselective ring
opening of terminal epoxides with carboxylic acids.
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Carboxylic acids are interesting candidates because of
their low cost, ease of handling, and reaction with epox-
ides provide a direct route to 2-hydroxy monoesters.>

In a representative example of ARO of epichlorohydrin
(ECH) with propionic acid, a series of chiral (salen) Co
complexes (Scheme 1) were screened in order to identify
the most enantioselective and reactive catalyst (Fig. 1).
Complex II-1-d was proved to be most active and enan-
tioselective (86% ee, 4 h). For a solvent choice in the
present study, non-polar solvent zert-butyl methyl ether
(TBME) dramatically increased the reactivity (Fig. 2)
amongst CH,Cl,, CH3CN, THF, and 1,4-dioxane. The
catalyst loading amount depends on individual reaction
(Table 1) and 2-4 mol % was optimum for the reaction
to proceed (Fig. 3). Taking in to consideration all these
parameters, the reactivity and enantioselectivity of
the mono and dinuclear complexes were observed in
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Figure 1. Comparison of the catalytic activity of the heterometallic
mononuclear and dinuclear complexes for the ECH and propionic acid
taking conditions according to Table 1 (ee % of recovered ECH).
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Figure 2. Conversions and enantioselectivities for the asymmetric ring
opening of ECH with butyric acid in different solvents using catalyst
II-1-d keeping other reaction conditions identical with that of Scheme
4.

the following order II-1-d > II-2-d ~ II-1-c ~ II-2-
¢ ~1I-1-b ~ II-2-b ~ II-1-a > II-2-a > I-1-d > [-2-d ~ I-
1-c ~ I-2-¢c ~ I-1-b ~ I-2-b ~ I-2-a > I-1-a. Furthermore,
complex II-1-d was identified as the most effective of

those evaluated, and it was selected for further study
(Table 1).

Table 1 shows the optimized reaction conditions for var-
ious terminal epoxides with acetic, propionic, butyric,
and propiolic acids. It is quite obvious from Table 1 that
catalyst 1I-1-d showed mild (entry 1, 60% ee) to good
(entry 14, 86% ee) enantioselectivity. In all the cases
studied, the conversion of entries 1-25 to the corre-
sponding 2-hydroxy monoesters underwent in one-pot
within 4 h.

Complex II-1-d has also shown mild (45% ee) to good
(66% ee) enantioselective ring opening for various termi-
nal epoxides with aromatic carboxylic acid like benzoic
acid and provides corresponding 2-hydroxy monoesters
in a good yield (Table 2). The high selectivity factor
(ke = 60-70) of ring opened product in the present
study allowed to access optically active products in good
ee % and useful yields.’

Unlikely asymmetric ring opening of terminal epoxides
with H,O (HKR), the mononuclear catalyst also showed
good reactivity. It seems that Al and Ga Lewis acids
coordinated to oxygen of chiral (salen) Co also play a
crucial role to activate the reacting partners. In our
present finding Co-Al/Co-Ga act as heterometallic
complexes exhibiting two different Lewis acid centers
and show strong synergistic effect. The proposed intra-
molecular pathway for the catalyst monomeric complex
depicted in Scheme 2, which may be similar to enantio-
selective ring opening of epoxides with 4-methoxyphenol
catalyzed by Ga heterobimetallic multifunctional cata-
lysts was reported by Shibasaki et al.®

It appears that central metal atom Co activates, control
the orientation of epoxide, and stereoselectively activate
only one enantiomer and the Al. Ga seems to bind and
control the orientation of nucleophlie carboxylic acid by
enabling an enantioselective ring opening of epoxides
with nucleophiles. However binuclear complexes show
higher reactivity and enantioselectivity than their mono-
meric analogues. The intermolecular mechanism for
mono- and dimeric complexes may follow the earlier
report.” Although the ARO reaction with carboxylic
acids is easily carried out with Co" complexes, it

appears that the actual reactive species is in fact Co™".

In an important and interesting reaction the optically
active epichlorohydrin and glycidol were obtained in
good ee with over 70% ee and 43% yield, respectively,
catalyzed by the catalyst dimeric complex in the pres-
ence of equivalent amount base with respect to the sub-
strate (Scheme 3). The asymmetric cyclization of 1,3-
dichloro-2-propanol involves asymmetric elimination
of hydrogen chloride with base potassium phosphate.
The asymmetric cyclization of 1, 3-dichloro-2-propanol
could proceed significantly only in the presence of
the catalyst. In the absence of a catalyst the reaction
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Table 1. Asymmetric ring opening of terminal epoxides with carboxylic acids catalyzed by heterometallic chiral (salen) Co complex

OH
0
(R,R)-Cat. -4 mol% R e}
\ ARR)-Cat 2-4 mol%
+ RCOOH ) oc TBME \H/ R
S o

2,2; 1.00 53-86 ee%, 35-43 yield %
equiv. equiv,
Entry Terminal epoxide (R) Carboxylic acid Catalyst type Catalyst amount® Time (h) Product® ee % (yield)®
o
1 CH, L, I-1-d 2.0 1.0 60.2 (41)
(0]
2 CH, L, II-1-a 2.0 1.0 537 (37)
o
3 CH, L, A 2.0 1.0 23.8 (15)
(0]
4 CH, L, B 2.0 1.0 27.3(17)
o
5 C.Hs L, 11-1-d 2.0 1.5 65.7 (40)
o
6 CH,Br P I-1-d 2.0 3.0 67.1 (43)
OH
(0]
7 CH,CI By 11-1-d 2.0 3.0 61.5 (42)
OH
o
8 C4HsOCH, P I-1-d 4.0 6.0 55.8 (39)
OH
(o)
9 CH, L, 1I-1-d 2.0 2.0 66.9 (40)
(0]
10 CH, PN -l-a 2.0 2.0 43.8 (41)
OH
(0]
1 CH, P A 2.0 2.0 21.6 (14)
OH
o
12 C-Hs L, I-1d 3.0 2.0 67.5 (40)
(0]
13 CH,Br P 11-1-d 2.0 4.0 71.8 (43)
OH
(o]
14 CH,Cl PN I-1-d 2.0 4.0 86.3 (41)
OH
o
15 C¢H;OCH, PN I-1d 4.0 5.0 53.5 (36)
OH
16 CH, /\j\OH 1-1-d 2.0 3.0 68.2 (40)
17 C,Hs /\)(J)\OH 11-1-d 2.0 35 67.5 (41)
18 CH,Br L, II-1-d 20 4.0 69.3 (40)
19 CH,CI /\j\OH 11-1-d 2.0 4.0 76.7 (43)
20 C4HsOCH, /\)(J)\OH I-1-d 40 5.0 532 (39)
(0]
21 CH 11-1-d 3.0 3.0 65.6 (42
3 QOH (42)
o)
2 C.H 1-1-d 3.0 3.0 67.2 (43
>Hs \\)LOH (43)

(continued on next page)
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Table 1 (continued)

Entry Terminal epoxide (R) Carboxylic acid Catalyst type Catalyst amount® Time (h) Product® ee % (yield)®
0
23 CH,Br 1I-1-d 4.0 4.0 73.3 (40
2 §)J\OH (40)
o]
24 CH,Cl 1I-1-d 4.0 4.0 75.1 (41
2 @OH (41)
0
25 Cs¢HsOCH 1I-1-d 4.0 4.5 52.8 (35
oHs 2 §/IL0H (35)

#In mol % loading on a per [Co] basis w.r.t. racemic epoxides.

®The products obtained were characterized by 'H, 13C, and elemental analyses.
“Isolated yield is based on racemic epoxides (theoretical maximum = 45%). Ee % was determined by chiral GC or chiral HPLC.
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Figure 3. Effect of catalyst (II-1-d) loading amount on enantioselec-
tivity of the asymmetric ring opening of ECH with butyric acid,
keeping other reaction conditions identical with Table 1 (entry 19) (ee
% of recovered ECH).

Table 2. Asymmetric ring opening of terminal epoxides with carb-
oxylic acids catalyzed by heterometallic chiral (salen) Co complex

o (RR)-Cat., 24 mol% o R
/Q T0-4°C,TBME OH

)

222 s 45-66 ee%, 40-43 yield
equiv. equiv.
Entry R Catalyst Catalyst Time Yield ece
loading®  (h) (%)°  (%)°
1 CH; II-1-d 4.0 2.0 41 56.2
2 CH; II-1-a 4.0 2.0 33 453
3 CH; A 4.0 2.0 14 23.2
4 CH; B 4.0 2.0 18 25.5
5 C,Hs 1I-1-d 2.0 2.5 40 65.5
6 CH,Br 1I-1-d 4.0 3.0 42 59.3
7 CH,Cl 1I-1-d 3.0 4.0 43 66.7

#In mol % loading on a per [Co] basis w.r.t. racemic epoxides.

®Isolated yield is based on racemic epoxides (theoretical
maximum = 45%).

“Ee % was determined by chiral HPLC and the products obtained
were characterized by 'H, *C, and elemental analyses.

proceeded slowly and formed racemic mixture. Similarly
optically active glycidol was synthesized from asymmet-
ric cyclization of 3-chloro-propane-1,2-diol via kinetic

7N oH
N N
0 ( co R O
N
R XX
N /N /\
( /CP\ N\C _—N
Qi o) Py
X RCOOH -~ N\ 0l XGn o
: : N N P
X XOA ( ~e ) X 58
(o]
0 \ )K/O
o~ ,
R Xt K ! o R
M :
X0 X(—\ <O
R O/H AR
M = Al Ga
X =Cl, Br, NO;,
Scheme 2.
OH (R,R)-Cat. 1I-1-d o
5 mol%
Cl o —=mo% . o
A K4PO,. THF. 1t, 7 h \/(RQ)_
® 70.8% ee, 43 % Yield

OH (RR)-Cat. TI-1-d o
c1\)\/c1 Smol%

K;PO,, THF, 1t, 3 h
Prochiral A (-

75.6% ee, 70 % Yield

(R,R)-Cat. II-1-d 0
0
/g\/Cl 2 mol%
KOH, 1-4 dioxane,4h _~
() (R)-
78.5% ee, 41 % Yield

Scheme 3.

resolution. The result shows that (S)-3-chloro-propane-
1,2-diol is preferentially cyclized to give (S)-glycidol.
Similarly these asymmetric cyclization may also follow
the mechanism reported by Takeichi et al.®

The practical utility of the present study is synthesis of
optically pure (R)-glycidyl butyrate (Scheme 4). Butyric
acid and (4) epichlorohydrin were catalyzed by II-1-d
with complete regioselectivity along with 76% ee and
in a 46% yield (50% theoretical yield). The resolved ring
opened product followed by ring closing in the presence
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of base and catalyst afforded glycidyl butyrate in high
98.9% ee and 40% yield. In the absence of catalyst II-
1-d, the reaction proceeded slowly and formed racemic
mixture. The role of the catalyst II-1-d for asymmetric
cyclization may be understood by a similar report of
Takeichi et al.®

(R)-Glycidyl butyrate is a very important compound
and has been used to introduce a stereogenic center in
the synthesis of Linezolid,® which is currently marketed
for the treatment of multidrug resistant Gram-positive
infections such as nosocomial, community-acquired
pneumonia, and skin infections.

In summary, the chiral (salen) Co bearing Lewis acids of
Al and Ga were not only able to activate the enantio-
selective ring opening of terminal epoxide with carb-
oxylic acids, it also catalyze asymmetric cyclization
reaction too. Currently we are looking at the synergistic
effect of Co-Al and Co-Ga on other asymmetric
catalytic reaction for a multifunctional characteristic
of the catalyst.
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