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Abstract — The stereoselective synthesis of chiral terminal epoxide is of immense academic and industrial inter-
est due to their utility as versatile starting materials as well as chiral intermediates. In this review, we investigate
the research and development trend in the asymmetric ring opening reactions using cobalt salen catalysts. Hydro-
lytic kinetic resolution (HKR) technology is the very prominent way to prepare optically pure terminal epoxides
among available methods. We have synthesized homogeneous and heterogeneous chiral dinuclear salen com-
plexes and demonstrated their catalytic activity and selectivity for the asymmetric ring opening of terminal
epoxides with variety of nucleophiles and for asymmetric cyclization to prepare optically pure terminal epoxides
in one step. The resolved ring opened product combined with ring closing in the presence of base and catalyst
afforded the enantioriched terminal epoxides in quantitaive yield. Potentially, these catalysts are using on an indus-
trial scale to produce chiral intermediates. The experimental results of HKR technology applied to the synthesis of
various chiral compounds are presented in this paper.
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Scheme 1. The structure of optical isomers for chiral compounds.
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Table 1. Enantioselective hydrolysis of terminal epoxides to diols on the various chiral Co(III) salen catalysts

0 (1)~(9) HO

0.5 eq. H,O
0.3 mol% catalyst

> R/\/OH + R/<]

(@)

Entry Catalyst Time(h)® Yield of eopoxide(%) ee% of ECH® kMTsH®
1 1 6 43 98 8.1x03
2 2 10 42 98 6.2 x 107
3 3 5 43 99 103 x 107
4 4 6 44 99 88x 107
5 5 52 40 92 13x107
6 6 4 45 83 83 x 107
7 6 18 40 97 -

8 7 48 43 76 1.0x 107
9 8 6 41 99 79 x 107
10 9 10 42 98 48x10°

(a) Reaction rate constants were obtained from the plots of In([epoxide]/[epoxide],) versus time and calculated by dividing the slopes by the absolute
concentration of catalysts. Experimental procedure for the kinetic study was same as described in the Reference 11.

(b) The ee values were determined at the indicated reaction time.
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the HKR of (z)ECH using catalyst 3.
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Monomers (a) Dimers (b)
Bu By

:Z MX; or Q Precatal . ~
B N . yst t-B
ol VA MX3 a0 NN N ;O\ N
But=4 -0 0 B w0, 0 Jtbu ([ o _m~" €61 )

fBu tBU 11 equi\'. fBu Mx3tBu /\N O,/ X3 o N\ N
Precatalyst i /l\\\/t-Bu Bu N
12-9a \U /\ ll//J
e &
U
M X 4
1a-3b Al Cl, Br. 1 1b-9b
4a-6b Ga Cl 1, NO3
7a-8b In cL
9a-9b TI Cl
Scheme 4. The structure of monomeric and dimeric salen catalysts.
Table 2. HKR of terminal epoxides catalyzed by the dinuclear catalyst
(R.R)- Cat.1b-9b OH
o) 0.2-0.8 mol% (o) =
+ H,O———— + /'\/OH
R/S .2-7h e R
20 1.11 > 09 ¢€%,40-49 %y >85 ee%,42-50% y
equiv. equiv.
Entry Recovered Epoxides® Catalyst/Catalyst Loading (mol % )° Time (h) % Yield (ee)®
1 A\ 4b 02 2 43(99.3)

2 \/& 4b 02 3 45(99.7)

0

3d HO \/Q 4b 0.5 7 43 (98.7)
0

4 cl \/Q 4b 02 3 45 (99.8)
0

5 "300\/D 4b 0.4 3 49 (99.6)

6 >_°\ 20 4b 0.4 4 40(99.3)
7 O ab 0.5 2 42(99.3)
o
g Q—Q 4b 0.8 6 40 (98.2)
(1]
0.
9 N A 4b 0.5 3 44 (99.4)
0
10 \/\ﬂ’"‘/g 4b 0.5 4 43 (99.8)
N7
e @ o 4b 0.5 6 43 (96.8)
12¢ Q"’\_g 4b 05 2 42(99.3)
HsC
13¢ Q“’\_{? 4b 05 2 42(99.3)
a

a[solated yield is based on racemic epoxides (theoretical maximum=50%). ®Loading on a per [Co| basis w.r.t. racemic epoxides. ‘ee % was determined by
chiral GC or chiral HPLC. “THF was used as a solvent. “Solvents CH,Cl,: THF =2:1.
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Table 3. Kinetic data for the HKR of racemic ECH catalyzed by
monomers and dimers

NO Of (Salen) kmtta kmier
Catalyst Co unit (min 102 (M xmin )
la 1 : T
p 2 444 10.2
" : i 5.07
" i 478 114
. ! 49.8 15.2
o 2 66.0 220
o ! 493 12.1
: - 613 21.0
184 v 1a R'=0.977100.999 =
1 O B5Ba ‘
1.6+ v 1b
14l ® 80 .
o~ 41 o oa ) : |
: - - .
2 124 Y 7a -
= | ¢ %® .
.g‘ 104 ® 7b’
= O s
2 1 =]
o]
£ 0.6
0.4
- _- Qo ey
] o O O
0.0 : : ] | I | | | |
0.01 0.02 0.03 0.04 005
Catalyst [M]

Fig. 7. Initial rate Kinetics for the asymmetric HKR of the ECH cat-
alyzed by the monomer and dimmer catalysts.
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Table 4. Enantioselective hydrolysis of terminal epoxides to diols on the polymeric chiral Co(1lI)-(PF,) and (BF,) -type salen catalysts

P H,0 }B\/OH
R 0.5mol% RA "R
salen catalyst

Entry Substrate Catalyst Time(h)® Yield of epoxide(%)  ee% of epoxide®  Yield of diol(%) ee% of diol ™
1 ECH 1 12 44 99 46 97
2 SO 1 48 44 98 47 98
3 EB 1 6 42 98 47 98
4 HO 1 11 43 98 47 98
5 ECH 2 9 43 99 45 98
6 SO 2 45 30 98 44 97
7 EB 2 5 46 98 45 98
8 HB 2 9 42 99 45 98

1) ECH; epichlorohydrine, SO; styrene oxide, EB ;1,2-epoxybutane, HB; 1,2-epoxyhexane
2) Catalyst ; (1) Co(111)-(PF ¢)-type polymeric salen, (2) Co(111)-(BF,)-type polymeric salen
3) Epoxide; 10mmol, water; 0.55 mmol, chiral salen catalyst; 0.5 mol %, reaction temp.; 20 °C
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Table 5. Recyclability of polymeric chiral Co(IIl) salens in HKR of
ECH (Catalysts were reused without further treatment after
simple filtration of product)

Cycle 1 2 3 4 5 6 7(times)
Yield(%) 45 45 45 45 45 45 44
Ee% of ECH 99 99 99 99 99 99 99
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Scheme 6. The procedure for the synthesis of chiral salen complexes immobilized on MCM-41 [ref. 24]|.
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Fig. 8. SEM images of bimodal silica structure: (a) and (b) cross-sec-
tion of the calcined monolith obtained from the mixture of n-
butanol/ethanol solvent(n-Butanol: EtOH=1:3), (¢) enlargement
of (a), (d) low magnification of monolith sample obtained with
decreasing solvent amount, (e¢) enlargement of (d).
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Fig. 9. The structure of heterogeneous salen catalyst immobilized on
meso/macroporous composite.
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Fig. 10. The catalytic activities of Co(1LI)-(PF) salen catalysts immo-
bilized on meso/macro porous silica in the asymmetric HKR

of epoxides.
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Fig. 11. The catalytic recyclabilities of heterogeneous Co(111)-(PF,) salen
catalysts on meso/macro porous silica asymmetric HKR of
1,2-epoxybutane.
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Scheme 7. Asymmetric ring opening of terminal epoxides with HCI
catalyzed by 4b and 9b (Yield based on HCI).

OH OH OH OH oH
A o~ LOAA \/O\/\/C‘ O A1
88 % ec 86% ce 87 % e 88 % ee Y 89 % ee
89 % yicld 87% yield 88 % yield 90 % yield 92 % yield
ol OH oH OH
H B O _A~_Cl A
SO A O A /\”/ ~ \/\”/O\/\/Cl
79% ce 83%ee O 829%ece O 83%ee
91 % yield 94% yield 86 % yield 90 % yield
ol ol
O ()\/\/C1 ()\/\/Cl O A
39 % ec 43 % ee 21 %ee 19 %ee
86 % yield 92 % yield 90 % yield 84 % yield

Fig. 12. Kinetic resolution products obtained using HCI and catalyst
4b. Conditions are shown in scheme 2. Yields correspond to
the isolated product based on HCL
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Scheme 8. Asymmetric cyclization of chlorohydrin catalyzed by dinu
clear complex 1b-4b.
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Scheme 9. Kinetic resolution/cyclization sequence in the presence of
catalyst 4b.
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Table 6. Asymmetric ring opening of terminal epoxides with carboxylic acids catalyzed by 4b

O

OH
, (RR)-Cat.1b-9b 2mol% . K O\/L
/Q +  RCOOH 1,4-dioxane/TBME rt \[( R
R () 1.00
222 equiv. 50-75 e %> 42-47 yield %
equiv.
R=CH,ClI R=CHj3,C;H; , n-C3H; propiolic acid
Emtry* R R’ Catalyst Catalyst Loading® Time (h) Yield (% )° ee(%)°
O
1 CH,Cl 4b 2.0 0.5 45 61
2 P o
O
2 CH,CI \)J\OH 4b 2.0 02 45 63
o}
3 CH,CI /\)J\OH 4b 3.0 3.0 46 76
O
4 CH,CI ///J\OH 4b 3.0 3.0 47 75

2In mol% loading on a per [Co] basis w.rt. racemic epoxide PIsolated yield is based on racemic epoxides (theoretical maximum=50% ). ee% was determined
by chiral GC or chiral HPLC. *For entry 1-2, 1,4-dioxane and 3-4 TBME was taken as solvent.
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Table 7. Asymmetric ring opening of terminal epoxides with alcohols and phenol

0 (R.R)-Cat. Ib-9b’ OH
+ R'OH 2-5 mol% */OR'
;A 5°C, 1-6h R
R ()
2.22 equiv. 1.00 equiv 91-99 % ee,73-94 % yield
Entry R R' Catalyst Catalyst Loading® Time (h) Yield (%)° ee (%)°
1 CH,4 CH, 4b 2.0 2 73 91
2 CH,CI CH,4 4b 2.0 4 74 92
3 CH,Br CH, 4b 2.0 5 71 92
4 CH, C,H; 4b 2.0 1 80 96
5 CH,Cl1 C,H; 4b 2.0 3 81 95
6 CH,Br C,H; 4b 2.0 5 82 93
7 CH, i-C3H, 4b 5.0 6 nd nd
8 CH,Cl1 i-C3H, 4b 5.0 6 nd nd
9 CH,Br i-C3H, 4b 5.0 6 nd nd
10 CH, C¢Hs 4b 5.0 4 93 99
11 CH,CI CgHs 4b 5.0 5 91 98
12 CH,Br CgHs 4b 5.0 6 92 98
13 CH, 3-(CHCeH,4 4b 2.0 3 90 98
14 CH,Cl1 3-(CHCgH, 4b 2.0 4 94 97
15 CH,Br 3-(C1C¢H, 4b 2.0 4 91 95
16 CH,4 3-(CH;)C¢H, 4b 3.0 5 83 97
17 CH,Cl1 3-(CH;)CgH, 4b 3.0 6 86 96
18 CH,Br 3-(CH;)CgH, 4b 3.0 7 82 98

2in mol% loading on a per [Co] basis w.rt. racemic epoxide, ®lsolated yield is based on ROH. “ee % was determined by Chiral GC or chiral HPLC.
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