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Abstract: The hydrolytic kinetic resolution (HKR)
of terminal epoxides, using chiral chromium(III)-
salen catalysts based on DIANANE (endo,endo-2,5-
diaminonorbornane), was studied. A broad substrate
scope was found for the chromium(IIT)-DIANANE
catalysts, and very low loadings (down to 0.05
mol %) were needed to achieve high enantiomeric
purities of both the remaining epoxides and the
product diols (up to >99% ee). Besides monosubsti-

tuted epoxides, 2-methyl-2-n-pentyloxirane, which is
an example for 2,2-disubstituted epoxides, could be
ring-opened in an asymmetric fashion with water in
the presence of an electronically tuned chromium-
(IIT)-DIANANE complex.

Keywords: asymmetric catalysis; chromium; DIA-
NANE-salen; epoxide opening; hydrolytic kinetic
resolution

Introduction

Epoxides play an important role in organic synthesis
because they can be converted to a variety of highly
valuable products, usually in one further step.l!! The
asymmetric ring-opening (ARO) of epoxides with
heteroatom nucleophiles” and radicals® is well docu-
mented. Very recently, a number of catalytic systems
for the ARO of meso-epoxides has been developed.!!
Highly efficient methods were contributed by Jacob-
sen et al., using Cr(III)- and Co(III)-salen complexes
based on trans-1,2-diaminocyclohexane. The latter
catalysts show very high selectivities, broad substrate
scope, they are readily available and air-stable.l**®" A
particularly successful variant of the ARO is the ki-
netic resolution of racemic epoxides using half an
equivalent of the nucleophile.’! In 1997, the non-enzy-
matic hydrolytic kinetic resolution (HKR) of mono-
substituted racemic epoxides was discovered by Ja-
cobsen etal. (Scheme 1).)’' A very broad substrate
spectrum, and high selectivities are the typical fea-
tures of the HKR of epoxides, effected by low
amounts (0.2-2.0 mol%) of Co(IlI)-salen acetate
complexes such as 3 (Scheme 1). This method is par-
ticularly well suited for the generation of enantiomer-
ically pure aliphatic terminal epoxides. Currently, no
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Scheme 1. Hydrolytic kinetic resolution (HKR) of epoxides
according to Jacobsen et al.

general method exists for the synthesis of terminal ep-
oxides (in comparable enantiopurity) by asymmetric
epoxidation of the corresponding olefins.!®”)

While the HKR of monosubstituted epoxides is cat-
alyzed by the Co(III) complexes 3 and 4 with broad
substrate scope, the HKR of 2,2- and 2,3-disubstituted
epoxides is not efficiently effected by 3 or 4, which
are easily prepared by oxidation of the Co(II) com-
plex 2 in the presence of 2.00 equivs. of acetic acid or
p-toluenesulfonic acid, respectively. Co(III) com-

5‘},};- | WWILEY 5
‘@ InterScience’ 2619



FULL PAPERS

Albrecht Berkessel and Erkan Ertiirk

plexes of this type are more or less inactive in the
HKR of disubstituted epoxides. However, the kinetic
resolution of 22-disubstituted epoxides could be
achieved using Cr(III) complex 6 as catalyst, and
TMSN; as reagent.®! Recently, the kinetic resolution
of 2,3-disubstituted and 2,2,3-trisubstituted epoxides
catalyzed by 5, and using arylamines as nucleophiles,
was reported. The selectivity factors were in the range
§=10-21."" Epoxide hydrolase (EH)-catalyzed HKR
reactions of disubsituted epoxides have also been re-
ported. The main problems encountered in the
enzyme-catalyzed HKR of epoxides are the limited
substrate scope and varying selectivities with regard
to the remaining starting material and the product.!'”)
We recently reported the enantioselective synthesis of
a new type of salen ligand 7, based on the DIANANE
(endo,endo-2,5-diaminonorbornane) backbone (Fig-
ure 1)."% This new salen ligand 7 furnished a wider

N

7. M=2H
_N\\M,"N_ 8: M = CrCl
9: M = Cr(OTs)
t-Bu o o t-Bu
t-Bu -Bu

Figure 1. DIANANE-salen 7 and Cr(III) complexes 8 and 9.

substrate scope and higher enantioselectivities than
Jacobsen’s salen ligand 1 in the asymmetric Nozaki—
Hiyama-Kishi (NHK) reaction.""™ Salen ligands
based on DIANANE have a larger N,N-distance com-
pared to those based on trans-1,2-diaminocyclohex-
ane.'"" Expecting that the Cr(III) complexes 8 and 9
of the salen ligand 7 will be more electrophilic than
the ones derived from Jacobsen’s salen ligand, we em-
ployed the Cr(III) chelates 8 and 9 as Lewis acid cata-
lysts for the HKR reaction of epoxides (Figure 1).

Results and Discussion

The salen ligand 7 was prepared according to our pre-
vious publication.'? The chromium insertion into 7
was achieved by reaction with CrCl, in THF under
argon. Two equivalents of triethylamine had to be
added to drive the Cr(II) complex formation to com-
pletion. Subsequent air oxidation to the Cr(III) com-
plex, followed by work-up with aqueous NH,Cl and
NaCl (see Experimental Section) completed the prep-
aration of 8. In this way, the Cr(III) complex 8 was
obtained in 93% yield. The Cr(III) complex 9 was
prepared by treating 8 with AgOTs in acetonitrile
(73%).

In order to compare the Cr(III) catalysts 8, 9, and 5
with regard to activity and selectivity, the HKR of
racemic 1l-octene oxide (rac-10a) was performed
(Table 1). In the presence of 1 mol % of Cr(III) com-
plex 8 and 0.55 equivs. of water (Table 1, entry 1), this
substrate was fully resolved after 14 h at room tem-
perature, giving enantiopure epoxide 10a (>99% ee)
in 49% yield and practically enantiopure diol 11a
(>99% ee). Changing the chloride counterion of the
catalyst 8 to tosylate (9) furnished higher reactivity
(entry 2). The HKR of rac-10a was complete within
6 h.’“2l For comparison, we have also used the
Cr(III) complex 5 for the same reaction under identi-
cal conditions (Table 1, entries1 and 3). Although
some ring opening of racemic 1-octene oxide (rac-10a)
with water occurred in the presence of the Cr(III)
complex §, the HKR of rac-10a did not reach comple-
tion after 14 h at room temperature, nor upon extend-
ing the reaction time to 32 h (60% of remaining 10a,
65% ee). This comparison supports the idea that Cr-
(IITI) complexes of the DIANANE-based ligand 7
appear to be more Lewis acidic than the corresponding
Cr(IIT) complexes based on the salen ligand 1.

Encouraged by these results in the HKR of 1-
octene oxide, we applied the catalyst 9 to other mono-

Herein, we report the initial results of our study. substituted epoxides (Table2). First, the HKR
Table 1. The HKR of racemic 1-octene oxide (rac-10a), catalyzed by the Cr(III) complexes 5, 8, and 9.7
OH
o) catalyst (o) :
—_— > + OH
n-CgHy3 * H,0O, solvent  n-CgH,3 n-CgHy3
rac-10a 10a 11a
Entry Catalyst [1 mol %] Time [h] Epoxide (10a) Diol (11a)
ee [%]™ Yield [%]® ee [%]"
1 8 14 >99 49 >99
2 9 6 >99 48 >99
3 5 14 36 73 >99

[l The reactions were run at room temperature, using 1.00 equiv. of rac-10a and 0.55 equivs. of water in rac-1,2-hexanediol
as solvent, approx. 0.40 equivs. of epoxide volume (see also ref.™l).

[l Determined by chiral GC analysis.

[ Yield based on rac-10a was determined by chiral GC analysis using bromobenzene as internal standard.
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method was optimized separately for each epoxide
with regard to catalyst loading, conversion, and selec-
tivity by means of GC, using an internal standard.
The optimized conditions were then applied in prepa-
rative scale experiments as summarized in Table 2. As
shown in Table 2, the HKR of 1-octene oxide (rac-
10a) proceeded well using THF as the solvent, giving
the epoxide 10a (>99% ee, 46 % yield) and the diol
11a (>95% ee, 50% yield), when 0.5 mol% of the
catalyst 9 were used (entry1). Under solvent-free
conditions, as little as 0.05 mol % of the complex 9 ef-
fected the HKR of propylene oxide (rac-10b), provid-
ing propylene oxide (10b, 45% yield) and 1,2-pro-
panediol (11b, 48 % yield) in enantiopure form, dem-
onstrating the high activity of the Cr(III) complex 9
(entry 2). The HKR of epichlorohydrin (rac-10c) was
also accomplished using 0.05 mol % of the catalyst 9,
affording 10c in 46% yield (>99% ee), and 1lc in
49% yield (95% ee, entry 3). 1-Hexene oxide (rac-
10d) could be reacted with 0.55 equivs. of water in the
presence of 0.20 mol% of 9 to give 10d (>99% ee,
46 % yield) and 11d (>95 % ee, 51 % yield) under sol-
vent-free conditions (entry 4). The HKR of vinylcy-
clohexane oxide (rac-10e) took place affording the re-
solved products 10e (>99% ee, 43% yield) and 1le
(96% ee, 50% yield) in 54 h in the presence of 0.20
mol % of the catalyst 9 (entry 5). The HKR of steri-
cally hindered tert-butyloxirane (rac-10f) required a

higher catalyst loading (2.50 mol %), THF and rac-
1,2-hexanediol as solvents, and yielded 46% of 10f
(>95% ee) and 11f (90 % ee) (entry 6). The HKR of
rac-styrene oxide (rac-10g) was effected using 2.50
mol% 9 and 0.70 equivs. of H,O (entry 7). Styrene
oxide (10g) was obtained in enantiomerically highly
enriched form (97 % ee, 20% yield). The correspond-
ing diol 11g was obtained in 53 % yield and 88 % ee.
The HKR of racemic methyl glycidate (rac-10h), an
epoxide bearing an ester functionality, was effected
using 2.50 mol% of the catalyst 9. The enantiopure
epoxide 10h and the corresponding diol (88% ee)
were isolated in 37% and 48% yield, respectively
(entry 8). In the HKR of racemic epibromohydrin
(rac-10i), racemization was observed, as reported ear-
lier by Jacobsen et al.®®! The hydrolytic dynamic ki-
netic resolution (HDKR) of this substrate could be
effected using only 1.00 mol % of the catalyst 9. After
22 h at room temperature, the diol 11i was obtained
in 90% vyield and 94 % ee (entry 9). The comparison
of Table 2 with literature data reveals that the perfor-
mance of the Cr(III)-DIANANE-salen catalyst 9
even exceeds that of the Co(Ill)-salen 3 in some
cases.® Significantly lower loadings of the Cr(III)-
DIANANE catalyst 9 could be applied in the HKR

of racemic propylene oxide (rac-10b; Table 2,
entry )11 epichlorohydrin  (rac-10c;  Table 2,
entry 3)¥1,  1-hexene oxide (rac-10d; Table 2,

Table 2. The hydrolytic kinetic resolution (HKR) of epoxides catalyzed by the Cr(IIT)-complex 9.

<3
R

(+/-)
rac-10a - i

9

H,O, solvent

OH

) H
R/<I RN OH

10a-i

1Ma-i

a: R =n-CzHq3; b: R = CHj; c: R = CICH,; d: R = n-C,Hy;
e: R =c-C4Hyy; f: R = +-C,Hg; g: R =Ph; h: R = CH;0,C; i: R = BrCH,

Entry Epoxide 9 Water Solvent T Time Epoxide (10a—i) Diol (11a—i)
[mol %] [equivs.] [°C] [h] eel Yield®™ (C) eel Yield™
[%] [%] (%]  [%]
1 rac-10a 0.50 0.55 THF r.t. 24 >99 46 (51) >95 50
2 rac-10b 0.05 0.55 — 1 34 >99 45 (n.d.) >99 48
3 rac-10c 0.05 0.55 THF r.t. 42 >99 46 (51) >95 49
4 rac-10d 0.20 0.55 — r.t. 26 >99 46 (52) >95 51
5 rac-10e 0.20 0.55 THF r.t. 54 >99 43 (n.d.) 96 50
6 rac-10f 2.50 0.60 THE, r.t. 42 >95 46 (53) 90 n.d.
1,2-hexane-
diol
7 rac-10g 250 0.70 THF r.t. 34 97 201 (80) 88 534
8 rac-10h 2.50 0.60 THF r.t. 48 >99 37 (52) 88 48
9 mc[—] 1.00 1.50 THF r.t. 22 - - (quant.) 94 90
10i*°

Isolated yield.

Hydrolytic dynamic kinetic resolution (HDKR).
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Determined by chiral GC analysis (see Supporting Information).

C: Conversion determined by GC analysis using bromobenzene as internal standard.
GC yield determined by using bromobenzene as internal standard.
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entry )1 and in the HDKR of epibromohydrin
(rac-10i; Table 2, entry 9).!¥

Since the Cr(IIT) complex 9 showed very high cata-
lytic activities and selectivities in the HKR of mono-
substituted teminal epoxides, we reasoned that it
might as well be suitable for the HKR of 2,2-disubsti-
tuted epoxides. We chose racemic 2-methyl-2-n-pentyl-
oxirane (rac-10j) as the test substrate (Scheme 2).

H,C, H,C,

0 catalyst 0 HO, SCHs
+ 2 OH
n-CsHy; n-CgHy;

(+/-)

rac-10j 10 11j

H,0, solvent  n-CgH;;

Scheme 2. The HKR of racemic 2-methyl-2-n-pentyloxirane
(rac-10j).

First, the Cr(III) complex 9 was employed as catalyst
for this reaction. In the presence of 2.00 mol% of 9,
0.55 equivs. of water and THF as solvent at room tem-
perature, no conversion of epoxide was detected after
two days at room temperature. After one week, 13 %
ee for 10j and 55% ee for 11j were detected. This
result points to a relatively high stability of the Cr(III)
complex 9 under the reaction conditions, in the pres-
ence of water, for long periods of time. In spite of all
attempts to enhance the catalytic activity of catalyst 9
by varying the solvent (e.g., 2-propanol and rac-1,2-
hexanediol), by adding an excess of water (up to
2.0 equivs.), and by increasing the temperature (40°C),
the initial result could not be improved.

Therefore, we synthesized the sterically and elec-
tronically tuned Cr(III) complexes 13, 14, 16 and 17
from the salen ligands 12 and 15" respectively
(Figure 2). The Cr(III) complexes 13, 14 (and also the
complexes 3, 4, and 5) showed initially no catalytic ac-
tivity in the test reaction (almost no conversion after
one week at room temperature). However, the com-

122M=2H
13: M = CrCl
14: M = Cr(OTs)

d“%}

Figure 2. Sterically and electronically tuned chromium(IIT)
complexes based on DIANANE.

15:M=2H
16: M = CrCl
17: M = Cr(OTs)
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plexes 16 and 17 were more active. Again, the Cr-
(IIT)-salen complex with a tosylate anion (17) proved
superior to the one bearing a chloride anion (16). The
results obtained in the HKR of rac-10j catalyzed by
17 are summarized in Table 3. Enantioselective open-
ing of rac-10j was achieved using 2.00 mol %, of the
catalyst 17. By using 2.00 equivs. of water (rel. to rac-

Table 3. The HKR of racemic 2-methyl-2-n-pentyloxirane
(rac-10j), catalyzed by the Cr(III)-complex 17.1%

Entry Time [h] 10j 11j
ee [%]® Conversion[%] ee [%]° S
1 46 28 50 33 2.3
2 96 33 56 33 2.3
3 144 51 72 26 2.3

[ The reaction was conducted using 1.00 equiv. of rac-10j,
2.00 equivs. of water, and 2 mol % of the catalyst 17 in a
1:1 mixture of THF/rac-1,2-hexanediol at room tempera-
ture (see Supporting Information).

I Determined by chiral GC.

[ Determined by GC analysis using 1,3-dibromobenzene as
internal standard.

[ Selectivity, calculated using the equation S=k,,=In-
[(1-C)(1—ee))/In[(1—C)(1+ee)], where ee and C are the
enantiomeric excess and the conversion of epoxide 10j in
the reaction mixture, respectively.!'!

10j) and a 1:1 mixture of THF/rac-1,2-hexanediol as
solvent, 50 % conversion and 28 % ee for rac-10j were
detected after 46 h at room temperature (Table 3,
entry 1). The enantiomeric excess of the diol product
11j was 33 % at this point of the reaction. Prolonged
reaction times resulted in higher conversion, and
higher ee of the remaining epoxide 10j (Table 3, en-
tries 2 and 3). However, the catalyst selectivity in this
transformation (§=2.38) is still rather low and re-
quires further improvement.

Conclusions

We have shown that the readily available chiral Cr-
(IIT)-DIANANE-salen complexes perform excellently
in the HKR of monosubstituted epoxides, giving high
yields and >99% ee for the remaining epoxides, and
up to >99% ee for the product diols. Furthermore,
the enantioselective opening of racemic 2-methyl-2-n-
pentyloxirane (rac-10j), an example for 2,2-disubsti-
tuted epoxides, could also be performed with water in
a non-enzymatic manner for the first time. For the
latter purpose, the electronically tuned Cr(III)-salen
complex 17 proved best. We expect that both the cat-
alyst activity and selectivity can be enhanced further
by careful electronic and structural tuning. Work in
this direction is underway in our laboratory.

Adv. Synth. Catal. 2006, 348, 2619-2625


www.asc.wiley-vch.de

Hydrolytic Kinetic Resolution of Epoxides

FULL PAPERS

Experimental Section

General Remarks

The epoxides rac-10h1"" and rac-10j"! were prepared ac-
cording to literature methods. All other epoxides were pur-
chased from Fluka or Aldrich and distilled prior to use. Sol-
vents were purified using standard techniques. The salen li-
gands 7, 12,09 and 15" were synthesized according to
our published procedures.” The Co(II)-salen complex 2
and the Cr(III)-salen complex 5 were purchased from Al-
drich. Co(II)-salen acetate!® (3) and Co(III)-salen p-tolue-
nesulfonate*! (4) were prepared by oxidation of Co(II)-
salen (2) according to the literature. CrCl, (99.99%) was
purchased from Aldrich. NMR spectra were recorded on a
Bruker AC 300 instrument. The IR measurements were per-
formed on a Perkin—Elmer Paragon 1000 spectrometer. UV-
Vis spectra were recorded on a Beckman Coulter DU 800
spectrometer. ESI mass spectra were recorded on a Finnigan
MAT 900. The optical rotations of the epoxides 10a-h and
of the 1,2-diols 11a—-i were measured on a Perkin—Elmer po-
larimeter 343 plus. The absolute configurations of the prod-
ucts 10a—h and 1la-i were determined by comparison of
their optical rotations with literature data. Capillary GC
data were obtained using a Hewlett—Packard HP 6890 GC
system using chiral columns (see Supporting Information).

(18,25,48,55)-N, N'-Bis-(3,5-di-tert-butylsalicylidene)-
2,5-diaminobicyclo[2.2.1]heptanechromium(I1T)
Chloride [8]

The salen ligand 7 (838 mg, 1.50 mmol) and CrCl, (203 mg,
1.65 mmol) were dissolved in 40 mL of absolute THF under
argon. To the resulting yellow solution was added triethyl-
amine (304 mg, 3.00 mmol), and the solution turned deep
brown instantaneously. The mixture was strirred overnight
at room temperature under argon. The mixture was then
stirred open to air for an additional 6 h. The mixture was
then diluted with 200 mL of diethyl ether, and successively
washed with aqueous NH,CI (3x 100 mL) and aqueous satu-
rated NaCl (4 x100 mL).The organic phase was dried over
Na,SO,, and the solvent was evaporated under reduced
pressure. After drying under vacuum overnight, the chromi-
um complex 8 was obtained as a deep-brown solid; yield:
904 mg (1.40 mmol, 93%); mp >250°C; FT-IR (film): ¥=
2949, 1607, 1414, 1359, 1310, 1255, 1200, 1186, 1171, 1029,
831, 782 cm™; UV-Vis (CH,CL): A, (abs)=250 (0.91),
407 nm (0.16); HR-EI-MS (70 eV): m/z =643.313, calcd. for
CyH5,CICrN,0,: 643.312; ESI-MS (CH,Cl,/MeOH): m/z
(%)=642.4 (13, [M(*Cr)-Cl+MeOH]"), 641 (43, [M-
(**Cr)—Cl4+-MeOH]J*), 640.4 (82, [M(*Cr)—Cl+MeOH]"),
609.4 (56, [M(**Cr)—CI]"), 608.4 (100, [M(**Cr)—CI]*").

(15,25,45,55)-N, N'-Bis-(3,5-di-tert-butylsalicylidene)-
2,5-diaminobicyclo[2.2.1]heptanechromium(III) p-
Toluenesulfonate [9]

To a solution of silver p-toluenesulfonate (389 mg,
1.40 mmol) in acetonitrile (20 mL) under argon was slowly
added a solution of the chromium(III) complex 8 (840 mg,
1.30 mmol) in acetonitrile (200 mL) at room temperature.
The reaction mixture was stirred overnight. The reaction

Adv. Synth. Catal. 2006, 348, 2619-2625
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mixture was then filtered over celite, washed with acetoni-
trile (2x50mL), and the solvent was removed by rotary
evaporation. The residue was dissolved in tert-butyl methyl
ether (TBME, 250 mL) and quickly extracted two times
with water (2x50 mL). After drying of the organic phase
over Na,SO,, evaporation of the solvent under reduced
pressure, and drying of the solid under vacuum (2x
102 mbar) overnight, the chromium(III) complex 9 was ob-
tained as a black-green powder; yield: 745 mg (0.96 mmol,
73%); FT-IR (film): ¥=2950, 1593, 1531, 1475, 1413, 1385,
1359, 1307, 1254, 1200, 1185, 1171, 1118, 1058, 1033, 837,
782, 732, 693 cm’™'; UV-Vis (CH,CL,): A (abs.) =250 (1.00),
407 nm (0.241); EI-MS (70 eV): m/z (%)=611 (8), 610 (62,
[M(*Cr)—OTs]*) 608 (100, [M(**Cr)—OTs]*"), 521 (4), 297
(18), 290 (28), 289 (82).

(18,25,48,55)-N, N'-Bis-(2-hydroxy-1-naphthyl-
methylene)-2,5-diaminobicyclo[2.2.1]heptane-
chromium(III) Chloride [13]

The chromium(III) complex 13 was prepared by chromium
insertion into the salen ligand 12 under conditions analogous
to those for the synthesis of the chromium complex 8 (see
above). Employing the ligand 12 (130 mg, 0.30 mmol), CrCl,
(41 mg, 0.33 mmol), and triethylamine (74 mg, 0.60 mmol) in
30 mL of absolute THF, the complex 13 was obtained as a
brown solid; yield: 153 mg (0.29 mmol, 97 % ); FT-IR (film):
v=2954, 1766, 1715, 1614, 1597, 1538, 1506, 1456, 1422,
1361, 1341, 1252, 1191, 1031, 824, 743, 649 cm™; UV-Vis
(CH,CL,): Ay (abs.)=250 (0.78), 309 (0.30), 403 nm (0.15);
HR-ESI-MS (CH,Cl,/MeOH): m/z=516.150, calcd. for
CyH, ?CrN,0,  ([M(MeOH)-CI]*):  516.151; ESI-MS
(CH,Cl,/MeOH): m/z (%)=5182 (16, [M(*Cr)-Cl+
MeOH]"), 517.2 (43, [M(**Cr)—Cl+MeOH]"), 516.2 (100,
[M(**Cr)—Cl+MeOH]"), 486.2 (4.5, [M(**Cr)—CI]"), 485
(21, [M(¥Cr)—ClI]%), 484.2 (41, [M(**Cr)—CI]"), 482.2 (22).

(18,25,48,55)-N, N'-Bis-(2-hydroxy-1-naphthyl-
methylene)-2,5-diaminobicyclo[2.2.1]heptane-
chromium(IIT) p-Toluenesulfonate [14]

The anion exchange was conducted under conditions analo-
gous to those for the synthesis of the chromium complex 9
(see above). Employing the chromium(III) complex 13
(96 mg, 0.19 mmol) and AgOTs (57 mg, 0.20 mmol) in a
mixture of 25 mL absolute THF and 75 mL acetonitrile gave
the complex 14 as a brown solid; yield: 100 mg (0.15 mmol,
83%); FT-IR (film): ¥=2951, 1716, 1715, 1614, 1598, 1538,
1361, 1341, 1257, 1164, 1031, 827, 749 cm™; UV-Vis
(CH,CL,): Apex (abs.)=250 (2.17), 308 (0.80), 405 nm (0.39);
ESI-MS (CH,Cl,/MeOH): m/z (%)=5182 (12, [M-
(**Cr)—OTs+MeOH]"), 517.1 (50, [M(¥Cr)-OTs+
MeOH]J*), 516.1 (100, [M(**Cr)—OTs+MeOH]"), 486.1 (8,
[M(**Cr)—OTs]"), 485.1 (24, [M(**Cr)—-OTs]"), 484.1 (56,
[M(**Cr)—-OTs]").

(18,25,48,55)-N, N'-Bis-(3,5-dichlorosalicylidene)-2,5-
diaminobicyclo[2.2.1]heptanechromium(III) Chloride
[16]

The chromium(III) complex 16 was prepared by chromium
insertion into the salen ligand 15 under conditions analogous
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to those for the synthesis of the chromium complex 8 (see
above). Employing the ligand 15 (236 mg, 0.50 mmol), CrCl,
(68 mg, 0.55 mmol), and triethylamine (101 mg, 1.00 mmol)
in 40 mL of absolute THF, the chromium(IIT) complex 16
was obtained as a brown solid; yield: 243 mg (0.44 mmol,
87%); FT-IR (film): ¥=2959, 1717, 1606, 1444, 1308, 1259,
1175, 1027, 866, 799, 766 cm™; UV-Vis (CH,CL): A
(abs.)=250 (0.88), 402nm (0.20); HR-ESI-MS (CH,Cly/
MeOH): m/z=551.964, calcd. for C,H,,Cl>CrN,O; ([M-
(MeOH)-CI]%): 551.963; ESI-MS (CH,Cl,-MeOH): m/z
(%)=559 (2), 558 (11), 557 (21), 556 (57), 554 (100, [M-
(**Cr)-Cl+MeOH]"), 553 (31, [M(*Cr)—Cl+MeOH]"),
552 (74, [M(**Cr)—Cl+MeOH]"), 524 (7), 522 (16, [M-
(**Cr)—Cl1]%), 520 (11, [M(*Cr)—-CI]%).

(15,25,45,55)-N, N'-Bis-(3,5-dichlorosalicylidene)-2,5-
diaminobicyclo[2.2.1]heptanechromium(III) p-Tolu-
enesulfonate [17]

The anion exchange was conducted under conditions analo-
gous to those for the synthesis of the chromium complex 9
(see above). Employing the chromium(III) complex 16
(115 mg, 0.20 mmol) and AgOTs (62 mg, 0.22 mmol) in a
mixture of 15 mL absolute THF and 50 mL acetonitrile gave
the complex 17 as a brown solid; yield: 115 mg (0.17 mmol,
83%); FT-IR (film): ¥=2958, 1719, 1605, 1443, 1308, 1259,
1173, 1025, 865, 798, 766, 732; UV-Vis (CH,ClL): Ap.
(abs.)=250 (1.86), 398 nm (0.37); ESI-MS (CH,Cl,/MeOH):
miz (%) =559 (6), 558 (14), 557 (11), 556 (46), 554 (100, [M-
(*Cr)-OTs+MeOH]"), 553 (23, [M(¥Cr)-OTs+
MeOH]*), 552 (81, [M(**Cr)—OTs+MeOH]"), 522 (6, [M-
(**Cr)—OTs]%), 520 (3, [M(**Cr)—OTs]").

Representative Procedure for the HKR of Terminal
Epoxides (Table 2)

To the mixture of the racemic epoxide (1.00 eq) and the cat-
alyst 9 (0.05-2.50 mol%) (in a solvent, if necessary) was
added water (0.55 equivs.). Approx. 50 pL samples were
taken periodically, diluted with 200 pL of ethyl acetate, and
filtered through a plug of neutral alumina. The latter was
flushed with ethyl acetate or diethyl ether. The enantiomeric
excesses of the starting epoxide and the product diol were
followed by means of chiral GC. Upon detection of >99 %
ee for the epoxide, the reaction was stopped. The epoxide
(10a-h) and the diol (11a-i) were isolated by fractionating
(vacuum) distillation (see Supporting Information).

Acknowledgements

This work was supported by the Fonds der Chemischen In-
dustrie.

References

[1] J. G. Smith, Synthesis 1984, 629—656.
[2] For reviews on ARO of meso-epoxides: a) D. M. Hodg-
son, A.R. Gibbs, G.P. Lee, Tetrahedron 1996, 52,

2624 www.asc.wiley-vch.de

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

14361-14384; b) E. N. Jacobsen, Acc. Chem. Res. 2000,
33,421-431.

A. Ganséduer, T. Lauterbach, S. Narayan, Angew.
Chem. Int. Ed. 2003, 42, 5556-5573.

ARO of meso-epoxides with water: a)J. M. Ready,
E. N. Jacobsen, J. Am. Chem. Soc. 2001, 123, 2687 -
2688; with carboxylic acids: b) E. N. Jacobsen, F. Ka-
kiuchi, R. G. Konsler, J. F. Larrow, M. Tokunaga, Tetra-
hedron Lett. 1997, 38, 773-776; with phenols: c) T.
Iida, N. Yamamoto, S. Matsunaga, H.-G. Woo, M. Shi-
basaki, Angew. Chem. Int. Ed. 1998, 37, 2223-2226;
d) S. Matsunaga, J. Das, J. Roels, E. M. Vogl, N. Yama-
moto, T. lida, K. Yamaguchi, M. Shibasaki, J. Am.
Chem. Soc. 2000, 122, 2252-2260; with arylselenols:
e) M. Yang, C. Zhu, F. Yuan, Y. Huang, Y. Pan, Org.
Lett. 2005, 7, 1927-1930; with thiols: f) H. Yamashita,
Bull. Chem. Soc. Jpn. 1988, 61, 1213-1220; g) T. lida,
N. Yamamoto, H. Sasai, M. Shibasaki, J. Am. Chem.
Soc. 1997, 119, 4783-4784; h) M. H. Wu, E. N. Jacob-
sen, J. Org. Chem. 1998, 63, 5252—5254; with amines:
i) H. Yamashita, Chem. Lett. 1987, 525-528; j)C.
Schneider, A. R. Sreekanth, E. Mai, Angew. Chem. Int.
Ed. 2004, 43, 5691-5694; k) F. Carrée, R. Gil, J. Collin,
Org. Lett. 2005, 7, 1023-1026; 1)S. Azoulay, K.
Manabe, S. Kobayashi, Org. Lett. 2005, 7, 4593-4595;
with TMSN;: m) W. A. Nugent, J. Am. Chem. Soc.
1992, 114, 2768-2769; n) L. M. Martinez, J. L. Leight-
on, D. H. Carsten, E. N. Jacobsen, J. Am. Chem. Soc.
1995, 117, 5897-5898; o) B. W. McCleland, W. A.
Nugent, M. G. Finn, J. Org. Chem. 1998, 63, 6656—
6666; with TMSCN: p) B.M. Cole, K.D. Shimizu,
C. A. Krueger, J. P. A. Harrity, M. L. Snapper, A. H.
Hoveyda, Angew. Chem. Int. Ed. 1996, 35, 1668—1671;
q) S.E. Schaus, E.N. Jacobsen, Org. Lett. 2000, 2,
1001-1004; with PhCCLi: r) C. Zhu, M. Yang, J. Sun,
Y. Zhu, Y. Pan, Synlett 2004, 465-468; with PhLi: s) N.
Oguni, Y. Miyagi, K. Itoh, Tetrahedron Lett. 1998, 39,
9023-9026; t) E. Vrancken, A. Alexakis, P. Mangeney,
Eur. J. Org. Chem. 2005, 1354-1366; with SiCl,:
u) S. E. Denmark, P. A. Barsanti, K.-T. Wong, R. A.
Stavenger, J. Org. Chem. 1998, 63, 2428-2429; v)S.
Reymond, O. Legrand, J. M. Brunel, G. Buono, Eur. J.
Org. Chem. 2001, 2819-2823; with TMSBr: w) W. A.
Nugent, J. Am. Chem. Soc. 1998, 120, 7139-7140; by
electron transfer: x) A. Gansiduer, T. Lauterbach, H.
Bluhm, M. Noltemeyer, Angew. Chem. Int. Ed. 1999,
38, 2909-2910.

Reviews on kinetic resolution: a)J. M. Keith, J. F.
Larrow, E. N. Jacobsen, Adv. Synth. Catal. 2001, 343,
5-26; b) E. Vedejs, M. Jure, Angew. Chem. Int. Ed.
2005, 44, 3974-4001.

a) M. Tokunaga, J. F. Larrow, F. Kakiuchi, E. N. Jacob-
sen, Science 1997, 277, 936-938; b) S. E. Schaus, B. D.
Brandes, J.F. Larrow, M. Tokunaga, K.B. Hansen,
A.E. Gould, M. E. Furrow, E.N. Jacobsen, J Am.
Chem. Soc. 2002, 124, 1307-1315; c) L. P. C. Nielsen,
C.P. Stevenson, D. G. Blackmond, E.N. Jacobsen, J.
Am. Chem. Soc. 2004, 126, 1360- 1362.

For a recent example of enzymatic/microbial synthesis
of chiral a-halohydrins as chiral epoxide precursors,
see: T. M. Poessl, B. Kosjek, U. Ellmer, C. C. Gruber,
K. Edegger, K. Faber, P. Hildebrandt, U. T. Bornsche-

Adv. Synth. Catal. 2006, 348, 2619-2625


www.asc.wiley-vch.de

Hydrolytic Kinetic Resolution of Epoxides

FULL PAPERS

uer, W. Kroutil, Adv. Synth. Catal. 2005, 347, 1827
1834.

[8] a) H. Lebel, E.N. Jacobsen, J. Org. Chem. 1998, 63,
9624-9625; b) H. Lebel, E.N. Jacobsen, Tetrahedron
Lett. 1999, 40, 7303 -7306.

[9] G. Bartoli, M. Bosco, A. Carlone, M. Locatelli, M.
Massaccesi, P. Melchiorre, L. Sambri, Org. Lett. 2004,
6, 2173-2176.

[10] For the EH-catalyzed HKR of di- and trisubstituted ep-
oxides, see: a) M. Mischitz, W. Kroutil, U. Wandel, K.
Faber, Tetrahedron: Asymmetry 1995, 6, 1261-1272;
b) C. A. G. M. Weijers, Tetrahedron: Asymmetry 1997,
8, 639-647; c) A. Steinreiber, S.F. Mayer, K. Faber,
Synthesis 2001, 2035-2039; for the EH-catalyzed HKR
of epoxides in general, see: d) K. Faber, M. Mischitz,
W. Kroutil, Acta Chem. Scand. 1996, 50, 249-258;
e) M. T. Reetz, C. Torre, A. Eipper, R. Lohmer, M.
Hermes, B. Brunner, A. Maichele, M. Bocola, M.
Arand, A. Cronin, Y. Genzel, A. Archelas, R. Furstoss,
Org. Lert. 2004, 6, 177-180; f) M. 1. Monterde, M.
Lombard, A. Archelas, A. Cronin, M. Arand, R. Fur-
stoss, Tetrahedron: Asymmetry 2004, 15, 2801-2805.

[11] a) A. Berkessel, M. Schroder, C. A. Sklorz, S. Tabanel-
la, N. Vogl, J. Lex, J. M. Neudorfl, J. Org. Chem. 2004,
69, 3050-3056; b) A. Berkessel, D. Menche, C.A.
Sklorz, M. Schroder, 1. Paterson, Angew. Chem. Int.
Ed. 2003, 42, 1032-1035; ¢) I. Paterson, H. Bergmann,
D. Menche, A. Berkessel, Org. Lett. 2004, 6, 1293—
1295.

[12] For a discussion of counterion and solvent effects in
the HKR of epoxides, catalyzed by Co(III)-salen com-

plexes, see: a) G.-J. Kim, H. Lee, S.-J. Kim, Tetrahedron
Lett. 2003, 44, 5005-5008; b) C.R. Oh, D.J. Choo,
W. H. Shim, D. H. Lee, E.J. Roh, S. Lee, C. E. Song,
Chem. Commun. 2003, 1100-1101; c) S. Aerts, A. Bue-
kenhoudt, H. Weyten, 1. F. J. Vankelecom, P. A. Jacobs,
Tetrahedron: Asymmetry 2005, 16, 657 —660.

[13] For the HKR of rac-10b, a catalyst loading of 0.2
mol % and for the HKR of both rac-10¢ and rac-10d, a
catalyst loading of 0.5 mol % was reported by Jacobsen
etal., see ref® The catalytic performance of the Cr-
(IIT) complex 9 also exceeds that of the Co(IIl) com-
plex 4 bearing tosylate as counter anion (second gener-
ation catalyst) in the HKR of epichlorohydrin (rac-
10c). For the HKR of rac-10¢, 0.2 mol % of the Co(I1I)
complex 4 was employed by Jacobsen et al.; see ref.[*!

[14] The HDKR of rac-10i catalyzed by the Co(III) com-
plex 3 required 2.00 mol % of catalyst and 48 h at 4°C,
giving 11i in 96% ee and 90 % yield, see ref.*"!

[15] For the synthesis of the DIANANE-salen ligands 12
and 15, see: M. Schroder, Dissertation, Universitit zu
Koln, 2005.

[16] a) E. L. Eliel, S. H. Wilen, Stereochemistry of Organic
Compounds, Wiley, New York, 1994, chapter 7.6;
b) H. B. Kagan, J. C. Fiaud, Top. Stereochem. 1988, 18,
249-330.

[17] A. Berkessel, C. A. Sklorz, Tetrahedron Lett. 1999, 40,
7965-7968.

[18] P. Moussou, A. Archelas, R. Furstoss, Tetrahedron
1998, 54, 1563 -1572.

Adv. Synth. Catal. 2006, 348, 2619-2625

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.asc.wiley-vch.de 2625


www.asc.wiley-vch.de

