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1. Introduction

Supercritical carbon dioxide (sc-CO2) has been employed in re-
cent years as an alternative solvent for a number of purposes in the
context of Green Chemistry, since it is cheap, non-toxic and can be
easily recycled.1 Among the applications of sc-CO2 as an alternative
green solvent, is its use in biocatalysis.2 It has been observed that
pressure and temperature have deep influence in the efficiency
of biotransformations in this solvent.2 However, to date there is
no way to predict enzyme activity and enantioselectivity in sc-
CO2. In this way, a careful screening for the optimal reaction con-
ditions for a biotransformation in sc-CO2 must be established for
each specific substrate/enzyme system.

The enzymatic kinetic resolution of alcohols3 and amines4 con-
taining chalcogen groups in their structures, especially Se and Te,
has been investigated in our group in the last years.5 The impor-
tance of organic compounds containing sulfur,6 selenium7 and tel-
lurium8 in organic synthesis, and the role played by compounds of
these elements in biological systems9 make the preparation of
enantiomerically pure organochalcogen compounds under envi-
ronmentally benign conditions a challenge for the chemists dedi-
cated to the field.

In view of the facts commented above, we decided to investi-
gate the enzymatic kinetic resolution of hydroxychalcogenides in
sc-CO2. As far as we know, this is the first time that sc-CO2 is used
for this purpose.
ll rights reserved.
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2. Results and discussion

The three hydroxychalcogenides shown in Scheme 1 were
prepared by opening racemic propylene oxide with phenylchalco-
genolate anions, according to previously described procedures.3

The b-hydroxychalcogenides were then submitted to enzymatic
kinetic resolution using vinyl acetate as the acetate transfer agent
and CAL-B as the enzyme. The commercially available supported
enzyme CAL-B was chosen because of the superior results obtained
by us with this enzyme in prior enzymatic kinetic resolution of
hydroxychalcogenides in conventional solvents.3,5

Optimization of the reaction conditions, that is, pressure, tem-
perature, amount of enzyme and reaction time, in order to obtain
the maximal enantiomeric excess for the products, was performed
using a Doehlert experimental design,10 with 1a as a model com-
pound. A set of 21 experiments resulted, which are presented in
Table 1.

The data obtained in the Doehlert experimental design were
analyzed using Analysis of Variance (ANOVA)11 and Response Sur-
face Methodology (RSM),12 using the software Statistica 9 (Statsoft,
USA).13 The experimental data were adjusted to a polynomial
regression model (Eq. 1), where Y is the response, that is, enantio-
Scheme 1. Enzymatic kinetic resolution of b-hydroxychalcogenides in sc-CO2.
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Chart 1. Optimal reaction conditions for the enzymatic kinetic resolution of 1a by
CAL-B in sc-CO2.

Table 1
Experiments performed according to the Doehlert experimental design aiming the enzymatic kinetic resolution of 1a by CAL-B in sc-CO2

Planned experiments Experimental results

Entry Time (h) Pressure (bar) Temp (�C) CAL-B (mg) (S)-1aa yield (%) (R)-2aa yield (%) (S)-1ab ee (%) (R)-2ab ee (%) c E

1 3 150.0 36.7 200 43 42 91.1 93.9 51 75
2 5 150.0 36.7 200 43 36 85.2 96.1 53 47
3 4 250.0 36.7 200 33 43 92.3 96.9 51 100
4 4 217.1 36.7 200 33 31 91.3 97.3 52 89
5 4 217.1 38.3 300 45 39 90.1 92.7 51 64
6 1 150.0 36.7 200 39 43 93.5 96.7 51 115
7 2 50.0 36.7 200 — — — — — —
8 2 116.6 30.0 200 42 45 94.9 90.1 49 120
9 2 116.6 35.0 100 36 46 95.4 91.7 49 128

10 4 50.0 36.7 200 — — — — — —
11 4 116.6 30.0 200 43 45 90.5 92.7 51 64
12 4 116.6 35.0 100 41 37 94.3 79.5 46 78
13 2 250.0 36.7 200 36 45 95 88.4 48 114
14 3 217.1 30.0 200 32 33 95.3 97.9 51 179
15 3 217.1 35.0 100 41 48 96.8 96.7 50 193
16 2 183.8 43.4 200 43 49 91.3 83.7 48 56
17 3 83.3 43.4 200 31 42 58.8 33.9 37 5.4
18 3 150.0 41.7 100 36 46 94.5 96.9 51 136
19 2 183.8 38.3 300 43 42 90.1 91.7 51 62
20 3 83.3 38.3 300 33 49 66.0 38.7 37 7.1
21 3 150.0 31.7 300 40 47 91.7 98.1 52 110

a Isolated yield after flash silica gel column chromatography. Compound 1a (1 mmol), vinyl acetate (1 mL). Maximum yield in each case: 50%. The absolute configurations
were attributed by comparison with literature data.3,17

b Enantiomeric excess determined by chiral high efficiency liquid chromatography.
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meric excess (ee); bi, bij and bii are the regression coefficients; Xi

and Xj are the experimental variables (time, temperature, pressure,
and CAL-B amount) and e is the residual. The resulting polynomial
was used to construct a Response Surface, to which were applied
the Lagrangian criteria,14 allowing the determination of the opti-
mal reaction conditions for a maximum ee. This optimum can be
any point inside the experimental domain, not necessarily a tested
one. The optimal parameters are shown in Chart 1. It is worth men-
tioning that no reaction was observed for conditions were the car-
bon dioxide was not supercritical (entries 7 and 10 of Table 1).

Y ¼ b0 þ biXi þ bijXiXj þ biiX
2
i þ e ð1Þ

These optimum conditions were employed in the enzymatic ki-
netic resolution reaction (Scheme 1) for compounds 1a, b, and c,
leading to the results shown in Chart 2.15
Chart 2. Enzymatic kinetic resolution of 1a, b, c usi
The high ee and E values (Chart 2) obtained for the enzymatic
kinetic resolution reaction (Scheme 1) for the b-hydroxy sulfide
1a using the determined optimum parameters (Chart 1), indicate
a good agreement between the predicted and the obtained ee for
this transformation (eepredicted = 97.3%, eeobtained = 96.6%). Good re-
sults, that is, high ee and E values, were also obtained when these
conditions were applied for the same reaction for the selenide 1b
and the telluride 1c (Chart 2), showing that the process can be ap-
plied to organochalcogenides in general.

In conclusion, the enzymatic kinetic resolution of b-hydroxy-
chalcogenides promoted by CAL-B in sc-CO2 is an efficient method
to obtain these compounds in enantiomerically enriched form un-
der environmentally friendly conditions. In view of the recent use
of enantiomerically-enriched organotellurides in the enantioselec-
tive synthesis of biologically active compounds,16 the method de-
scribed in this Letter is under investigation to produce
enantiomerically-enriched tellurides in a large scale.
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Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tetlet.2011.04.073.
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