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Abstract: The hydrolytic kinetic resolution of five
glycidaldehyde acetal derivatives was examined
using the recombinant Aspergillus niger epoxide hy-
drolase as biocatalyst. This could successfully be per-
formed, at room temperature, using solely deminer-
alised water as solvent and following a two-phase
methodology allowing us to operate at a global sub-
strate concentration as high as 200 g/L in the reactor.
The observed E values were shown to be modest to
excellent, depending on the structure of the acetal
moiety, indicating that it is possible to achieve this
resolution very efficiently just by choosing the right
substituents. Both the unreacted (R)-epoxide and the
formed (S)-diol could thus be obtained in good to
excellent ee (ee>99 % for the epoxide). For the best
substrates, the reaction could be performed within a

few hours by using a biocatalyst over substrate mo-
lecular ratio of about 9 to 10 × 10�4 mol%. The turn-
over frequency (TOF) as well as the total turnover
number (TON) of the enzyme proved to be excellent
as compared to chemical catalysts – reaching respec-
tively values in the order of 6 × 102 mol sub/mol enz/
min and 6 × 104 mol sub/mol enz. The space-time
yield of the best (two-phase) reactor could thus
reach a value as high as 56 g/L/hour. As a demon-
stration experiment, a 50-g scale resolution of glyci-
daldehyde 2,2-dimethyltrimethylene acetal was per-
formed.
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Introduction

Over the last decade, we (and others) have amply
demonstrated that the resolution of various structural-
ly different racemic epoxides could be very efficiently
performed using dedicated microbial enzymes, i.e. ,
epoxide hydrolases (EHs) as biocatalyst.[1,2] Following
this approach, it is possible to prepare, simultaneous-
ly, both the enantiomerically enriched epoxides and
the corresponding vicinal diols, which have been
shown to be interesting synthetic equivalents of these
epoxides.[3] We have, in particular, developed studies
using the Aspergillus niger epoxide hydrolase (A.
niger EH), a recombinant enzyme which can be pre-
pared in large quantity and is now commercially avail-
able.[4] The use of this natural, biodegradable and en-
vironmentally gentle catalyst interestingly provides an
important “sustainable chemistry” alternative to po-
tentially toxic transition metal-based methodologies.
It allows one to perform the hydrolytic kinetic resolu-

tion (HKR) of a given racemic epoxide under very
mild, cheap, easy to use and highly efficient experi-
mental conditions, at room temperature, using solely
demineralised water as solvent (i.e., following a salt-
free methodology) and by running the reaction in a
two-phase reactor at a “global substrate concentra-
tion” as high as several hundred grams per litre.[5,6]

With a few exceptions,[7] most of the epoxides we
have studied up to now were aromatic substrates, and
we recently decided to explore the possibility to oper-
ate this resolution on some selected alkyl substrates,
as for instance glycidyl derivatives. Indeed such chi-
rons, i.e., C-3 chiral building blocks bearing one ste-
reogenic centre and two different and chemically dif-
ferentiable functions located on a short carbon skele-
ton, are of particular interest due to their high chemi-
cal versatily. Acetal-protected glycidaldehyde deriva-
tives are important and widely used building blocks
allowing for the synthesis of a variety of bioactive
compounds like, for instance nucleoside analogues
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(antiviral and cytotoxic agents),[8] leukotriene B4 (an
anti-inflammatory drug),[9] phosphonate or dihydroxy-
acetone phosphate analogues[10] (aldolase inhibitors),
sugar analogues,[11] bicyclomycin[12] (antibiotic), breve-
toxin B[13] (neurotoxin) or a-tocopherol (vitamin
E).[14] Surprisingly enough, methodologies enabling
the preparation of these chirons are very scarce and
are not easy.[15] We here describe a simple, novel and
efficient methodology allowing for the preparation of
five glycidaldehyde acetal derivatives (1–5) and of
their corresponding vicinal diols (1d–5d), in enantio-
merically enriched form. This was performed by using
the epoxide hydrolase-catalysed HKR approach illus-
trated in Scheme 1.

Results and Discussion

Synthesis of Substrates rac-2–5

Except for glycidaldehyde diethyl acetal rac-1 which
was commercially available, rac-2–5 were synthesized
following a straightforward two-step procedure start-
ing from either acrolein (for 2 and 3) or methacrolein
(for 4 and 5). The first step implied protection of the
aldehyde function by formation of the corresponding
acetal, using either triethyl or triisopropyl orthofor-
mate or 2,2-dimethylpropane-1,3-diol. The thus ob-
tained acetal was further epoxidised following either
Payne’s procedure[16] or by using meta-chloroperben-
zoic acid/NaF oxidation,[17] as described in the Experi-
mental Section. The yields of these syntheses were
reasonable to good, but were not optimized.

Preliminary Controls

Before attempting to perform the A. niger EH-cata-
lysed HKR of rac-1–5, the stability of these substrates
had to be checked in the experimental conditions
used. These control experiments indicated that all
were stable at the employed pH range (6–8) and
room temperature. In particular, no noticeable hy-
drolysis of either the acetal or the epoxide function

could be detected. Under these conditions, the aque-
ous solubility of these substrates was also evaluated,
and was shown to be in the range of 30–60 g/ L.

Analytical Scale Hydrolytic Kinetic Resolution

We have previously shown that, depending on the
substrate structure, the A. niger EH-catalysed HKR
can be efficiently conducted at a global substrate con-
centration as high as several hundred grams per
litter.[5] Preliminary experiments aimed at exploring
the possible substrate concentration to be used with
rac-1–5 indicated that a 200 g/L (i.e., about 1.3 M)
was a reasonable – although not optimized – value.
Therefore, the experiments described in this work
were performed using this value. Owing to our aim to
allow further preparative (industrial) scale implemen-
tation of this process at low cost, one additional im-
portant parameter to be defined was the optimum
substrate over enzyme ratio (S/E) to be used. There-
fore, analytical scale experiments were conducted, at
room temperature (controlled at 27 8C), on rac-1–5 at
different, that is, 10, 50, 100 and 200, S/E weight
ratios. As an example, the kinetic profile observed
with rac-2 is illustrated in Figure 1. Similar profiles

were obtained using the other substrates. Our experi-
ments indicated clearly that, for rac-1–3, the HKR
process could be very satisfactorily achieved, within
only a few hours, using an S/E ratio of 100. In order
to achieve the resolution of rac-4 and 5 (bearing an
additional geminal methyl group) within the same
time period, a smaller S/E ratio (i.e., more enzyme)
had to be used to perform the resolution.

Scheme 1. Hydrolytic kinetic resolution of glycidaldehyde
acetals rac-1–5.

Figure 1. Kinetic profile of the A. niger EH-catalysed HKR
resolution of rac-2 at various (10, 50, 100 and 200) S/E
ratios.
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Determination of Various Reaction Parameters.
Semi-Preparative 2-g Scale Experiments

In order to fully characterise a catalytic resolution,
one of the important parameters to be determined is
the enantioselectivity – E value.[18] Due to the hetero-
geneous nature of our two-phase process, it was im-
possible to accurately evaluate this parameter by
using the conversion ratio (c) value. Determination of
the ee of the formed diol (eep) was therefore necessa-
ry. Thus, the HKR of each substrate rac-1–3 was per-
formed at a 2-gram semi-preparative scale, using an
S/E ratio of 100. In a typical experiment, an emulsion
of 2 g of substrate in demineralised water (8 mL) was
processed with 20 mg of (partly purified) A. niger
EH, at 27 8C. Owing to their limited reactivity, rac-4
and rac-5 were processed using an S/E value of 19
and 25, respectively. The resolutions were monitored
by chiral GC analysis of the remaining epoxide ee, the
reaction being conducted until it reached a value of
about 99%. Depending on the substrate, this necessi-
tated about 2 to 6 h. The reaction was then stopped
by addition of acetonitrile. Selective extraction of the
aqueous reaction medium with pentane essentially af-
forded the unreacted epoxide, whereas further extrac-
tion with dichloromethane allowed isolation of the
formed diol. The ee of a given diol was determined by
chiral GC analysis after either derivatisation into its
acetonide (in the case of 1d, 2d, 3d) or recyclisation
into the starting epoxide (in the case of 4d, 5d).

Another important aspect to be determined for an
EH-catalysed reaction is the regioselectivity of the
(formal) water attack. This can formally occur at both
carbon atoms of the oxirane ring, and we have previ-
ously shown that, depending on the regioselectivity
coefficients, this will govern the stereochemical out-
come of the reaction.[19,20] In order to check this point
the E value was calculated, at different conversion
values of rac-1, on the basis of the ee of the residual
epoxide and of the formed diol. This led to very simi-
lar values (E=14, 14, 15 and 15), indicating that the

oxirane ring was attacked with a high regioselectivity
on one single carbon atom. Indeed, as we have previ-
ously demonstrated, a repartition of the water attack
on the two carbon atoms would have led to a varia-
tion of the calculated E value versus the reaction
time.[19] Further determination of the absolute config-
uration of the recovered epoxide and formed diol 1d
(see below) indicated that, in coherence with the gen-
erally observed regioselectivity exhibited by the A.
niger EH, this was very preferably (if not totally) di-
rected to the terminal – less substituted – carbon
atom. In the case of rac-2 and 3, the excellent ee of
the formed diol and absolute configuration determi-
nation indicated that the regioselectivity again was es-
sentially directed to the terminal atom for the fastest
enantiomer. As far as the trisubstituted epoxides rac-
4 and 5 are concerned it is most improbable, owing to
the mechanism of this enzyme,[21,22] that the nucleo-
philic attack would occur at the most substituted
carbon atom. This was further confirmed by the co-
herency of the yields and ee values obtained for the
remaining epoxide and the formed diol.

The measurements performed during these semi-
preparative experiments allowed us to estimate vari-
ous important parameters of each specific resolution:
(a) its E value and the absolute configuration of the
obtained products; (b) the efficiency of the biocata-
lyst (i.e., the specific activity of the enzyme against
each substrate) as well as the turnover frequency
(TOF) and the total turnover number (TON) of the
enzyme;[23] (c) the efficiency of the process (i.e., the
optimum percentage of biocatalyst to be used) (E/S
mol %) as well as the space-time yield of the reactor.
All these results are summarised in Table 1.

Enantioselectivity and Absolute Configuration of the
Obtained Products

As can be seen on Table 1, the enantioselectivity of
the A niger EH against rac-1–5 was highly dependent

Table 1. Parameters of the HKR of rac-1 to rac-5 using the A. niger EH.

Substrate[a] Reaction
time [h]

Yield
of ep-
oxide

Yield
of
diol

E ee epox-
ide%
[Abs.
conf.]

ee diol%
[Abs.
conf.]

Activity
[U·mg�1]

TOF[b] [mol
sub/mol enz/
min]

TON[b]

[mol
sub/mol
enz]

Space-
time
yield[c]

ACHTUNGTRENNUNG[g/Lh]�1

E/S
mol %[b]

1 3.5 39.4 41 16 >99 [R] 54 [S] 4.1 3·102 >6.1·104 20 8.1·10�4

2 4.5 46 34 >200 >99 [R] 97 [S] 2.3 2·102 >5·104 22 9.6·10�4

3 1.7 43.5 38 126 >99 [R] 92 [S] 14 6·102 >6·104 56 8.8·10�4

4 2.2 12 23 12 >99 [R] 45 [S] 1.3 70 >104 29 4.8·10�3

5 5.8 30 34 28 >99 [R] 70 [S] 0.7 34 >12·103 14.5 3.7·10�3

[a] All reactions were performed at a 200 g·L�1 global substrate concentration, at 27 8C and using an S/E (w/w) ratio of 100,
except for rac-4 and rac-5 for which S/E ratios of 19 and 25 were used, respectively.

[b] Calculated assuming a 25 % content of EH in the enzymatic extract and a molecular weight of 45 kDa of the protein.
[c] These values were calculated using the theoretically obtained amount of enantiopure epoxide (ee>99 %). The corre-

sponding conversion ratio was calculated from ees and eep [c=ees/ ACHTUNGTRENNUNG(ees+eep)].
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on the specific acetal structure. Thus, whereas an only
moderate E value was observed for diethyl acetals 1
and 4 (E=16 and 12, respectively), increasing the
bulkiness of the acetal moiety also improved the E
value. The best enantioselectivity was thus observed
for the diisopropyl acetal 2 for which E value was ex-
cellent (>200). As usual, it was however possible to
obtain each unreacted epoxide enantiomer in enantio-
pure form (ee>99 %) by fine-tuning the conversion
ratio.

Absolute Configuration of the Obtained Epoxides 1–
3

Except for (R)-1, the absolute configuration of the
thus obtained products has never been described pre-
viously. Thus, they were determined either by compar-
ison of their optical rotation sign with literature data
(for 1) or by chemical correlation with products of
known absolute configuration. The positive rotation
exhibited by the obtained enantiomer of 1 indicated
that it was of (R) configuration as previously de-
scribed.[24] The absolute configuration of the epoxides
2 and 3 was determined as detailed in Scheme 2, [path
(a) or (b)].

Path (a): the acetal moiety of (R)-1 was hydrolysed
using montmorillonite K10[25] to afford the corre-
sponding aldehyde (R)-6. The obtained glycidalde-
hyde diisopropyl acetal 2 was similarly deprotected.
Chiral GC comparison of the thus obtained glycidal-
dehyde enantiomers indicated an identical retention
time, leading us to conclude that the recovered enan-
tiomer of 2 was of (R) configuration.
Path (b): the absolute configuration of unreacted 3

was established as follows, using a convergent chemi-
cal correlation. Methanolysis of (R)-1 afforded (R)-7,
which by hydrolysis of the acetal moiety led to the al-
dehyde (R)-8. Further acetalisation of this aldehyde
with 2,2-dimethyl-propandiol afforded (R)-9. On the
other hand, the recovered epoxide 3 (of unknown ab-
solute configuration) was submitted to methanolysis.

Chiral GC analysis indicated that the thus obtained
enantiomers were identical, thus allowing to attribute
the (R) configuration to the obtained epoxide 3.

Recovered epoxides 4 and 5 were also shown (see
below) to be of (R) absolute configuration.

Absolute Configuration of the Obtained Diols 1d–5d

As a consequence of the (R) configuration of the ob-
tained epoxides and of the (formal) attack of a water
molecule at the less substituted carbon atom of the
oxirane ring (see above), the formed diols 1d–3d
should be of (S) absolute configuration. This was con-
firmed by chiral GC analysis of the epoxide obtained
after recyclisation of diols 1d–3d (via the correspond-
ing tosylate), which proved to essentially provide the
corresponding (S) epoxide. The absolute configura-
tion of diols 4d and 5d was determined following the
convergent chemical correlations detailed on
Scheme 3. First, the acetal moiety of 4d was hydro-
lysed into the corresponding aldehyde which was fur-
ther transformed into the corresponding acetonide 10.

Scheme 2. Determination of the absolute configuration of recovered 2 and 3.

Scheme 3. Determination of the absolute configuration of
the obtained diols 4d and 5d.
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Chiral GC analysis and comparison with published
data (chiral GC elution order of the two enantiomers
on an identical column)[26] led us to conclude that 10
was of (S)-absolute configuration. Consequently, this
same (S) configuration could be assigned to diol 4d.
On the other hand, the obtained enantioenriched diol
5d (of unknown configuration) was transformed into
its acetonide 11, which was compared (chiral GC
analysis) with the same product obtained by acetalisa-
tion of the corresponding (S)-10 aldehyde (obtained
above) by reaction with 2,2-dimethylpropandiol. This
indicated that 5d also was of (S) absolute configura-
tion.

Each of the (obtained) diols (S)-4d and (S)-5d was
cyclised back, without noticeable loss of stereochemi-
cal integrity, into the corresponding (S) epoxide.
Comparative chiral GC analysis confirmed that the
unreacted (recovered) epoxides 4 and 5 were, as ex-
pected, of opposite (R) absolute configuration.

As an overall result, it appears that, in all cases, the
A. niger EH essentially hydrolysed the (S) enantiomer
of epoxides rac-1–5, thus leading to the recovery of
the (R)-epoxide and to the formation of the (S)-diol.
At first glance, this appears to be the opposite of the
general preference of this enzyme for hydrolysing (R)
epoxides.[1a] However, this apparent switch of enantio-
selectivity is only due to the application of the Cahn–
Ingold–Prelog nomenclature. In fact, the spatial ar-
rangement of the recovered (R) 1–5 epoxides is simi-
lar to the ones of the generally obtained (S) epoxide
enantiomers of other substrates like styrene oxide de-
rivatives for example.

Biocatalyst Efficiency

As a general rule, one important type of parameter to
be evaluated for a catalytic – and biocatalytic – pro-
cess is the efficiency of the catalyst. This can be illus-
trated by different data, i.e. , (i) the specific activity of
the catalyst against each substrate, (ii) the specific
turnover frequency (TOF) (which indicates the
number of substrate molecules processed by one
single molecule of catalyst within a given time unit),
and (iii) the total turnover number (TON) (which in-
dicates the maximum number of substrate molecules
which can be processed by one single molecule of cat-
alyst until it is exhausted).[23] All these values were
determined for the resolution of rac-1–5 (Table 1).

As far as the biocatalyst activity (expressed in mmol
of substrate transformed per minute per mg of enzy-
matic powder) is concerned, it can be noticed that
these were on average higher for 1–3 than for 4 and
5, the best activity being observed for the most rigid
substrate 3. Both these observations can be explained
in terms of easier (faster) positioning of the substrate
into the enzymatic active site and increased steric hin-

drance introduced by the additional gem-methyl sub-
stitution.

The turnover frequency (TOF) value is another
way to evaluate the biocatalyst efficiency, and the re-
sults obtained obviously reflected the same tendency,
i.e. , the lowest TOF values were for 4 and 5, and the
best one for 3. As far as the total turnover (TON)
number is concerned, it could not be calculated accu-
rately since (although rather harsh, that is, two-phase
system, no buffer to protect the enzyme, very high
substrate concentration…) the experimental condi-
tions employed did not fully exhaust the biocatalyst
over the time period used. However, minimum values
could be evaluated. They indicate that, for the less
substituted epoxides 1–3, one molecule of enzyme
could at least transform about 5 to 6 × 104 molecules
of substrate. A nearly ten-fold decrease of this value
was observed for 4 and 5.

Finally, evaluation of the interest of such a process
also implies to examine its potential cost and overall
efficiency. This can be reflected both in terms of opti-
mum percentage of biocatalyst to be used (mol %)
and by determination of the space-time yield value.
Our calculations indicated that, for rac-1–3, the mo-
lecular ratio of biocatalyst necessary to perform the
resolution within a very few hours was as low as 9 to
10× 10�4 mol%. In the case of the less reactive sub-
strates rac-4 and rac-5, about five times more enzyme
had to be used to achieve the reaction within the
same time period. It should however be stressed that,
by allowing the process to be run over a longer time
period, an even lower ratio (i.e., amount) of biocata-
lyst would be sufficient, thus further lowering the
overall cost of a potential (industrial) process. The
calculated space time yields also were very satisfacto-
ry – if not excellent – reaching 56 g/L/h in the case of
rac-3.

50-g Preparative Scale Experiment on rac-3

In order to demonstrate the practical feasibility of
this methodology, a preparative scale resolution of
rac-3 was achieved on a 50-g scale. This substrate was
chosen because of its easy synthesis and high activity
with the enzyme. The kinetic profile of this resolution
is shown in Figure 2. A total amount of 310 mg of
enzyme powder (i.e., an S/E=160 ratio) was added to
the reactor in four batches, over a total reaction time
of 10.3 h. The reaction was followed by chiral GC
analysis of the unreacted epoxide, and was stopped
when this ee reached a value of about 99.5%. After
extraction and normal work-up, 22.8 g of unreacted
(R)-3 were isolated (ee>99 %, 45.6% preparative
yield) whereas 25.4 g of the formed (S)-3d diol were
also obtained (ee 92%, 45.8% yield). Under these
conditions, the reactor space-time yield was about 9 g/
L/h.
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Synthesis of the Corresponding (S)-Epoxides

In order to open the way to the preparation of either
enantiomer of the epoxides and/or diols studied in
enantiopure form, we have checked the possibility to
cyclise the obtained enantiomerically enriched (S)-
diols 1d–5d back to the starting epoxide. Analytical
scale experiments indicated that this could be effi-
ciently achieved and did generally occur without no-
ticeable (if any) loss of stereochemical integrity. This
was for instance applied at a gram-scale to (S)-2d (ee
97%) and led to (S)-2 which showed an ee of 90%
(70% yield) using a TsCl/NaOH methodology. Simi-
larly, the a-methyl-substituted diol (S)-4d (ee 72%)
was converted into the corresponding acetonide on
one hand or, on the other hand, cyclised back to the
starting (S)-4 epoxide without noticeable loss of enan-
tiomeric integrity. Interestingly, this recyclisation
strategy would allow one to resubmit the thus ob-
tained enantiomerically enriched epoxide to a second
A. niger EH-catalysed resolution cycle, which could
afford the corresponding (S)-diol in nearly enantio-
pure form by fine-tuning the conversion ratio appro-
priately.[18] This diol could then be used further as a
synthetic equivalent of the enantiopure (S) epoxide.[3]

Conclusions

In the course of this work, we have demonstrated that
the resolution of five differently substituted glycidyl
acetal derivatives could be achieved using the re-
combinant commercially available A. niger epoxide
hydrolase. This interestingly confirmed that this
enzyme – which we have shown previously to be very
efficient for performing the HKR of various aromatic
epoxides – can also be applied to the resolution of

alkyl derivatives. This was successfully performed, at
room temperature, using solely demineralised water
as a solvent and by running a two-phase reactor at a
global substrate concentration as high as 200 g/L. By
using a biocatalyst over substrate molecular ratio as
low as 9 to 10× 10�4 mol %, the reaction could be per-
formed within a few hours in all cases, allowing a
space-time yield values of 56 g/L/h for the best reac-
tor. All the epoxides of (R) absolute configuration
could thus be prepared, for the first time, in high en-
antiomeric purity (ee>99%), whereas the formed
diols were of (S) configuration and showed moderate
to excellent ees (45–97%). Depending on the struc-
ture of the acetal moiety, the observed E values were
shown to be modest to excellent, thus allowing the ef-
ficient preparation of a glycidyl acetal building block
of high enantiomeric purity simply by choosing the
right derivative. We have also shown that the ob-
tained diols could be cyclised back into the corre-
sponding epoxide without important loss of stereo-
chemical integrity. This interestingly would allow to
perform a second resolution cycle leading to the (S)-
diols in nearly enantiopure form. The turnover fre-
quency (TOF) as well as the total turnover number
(TON) of the enzyme proved to be good to excellent
against these substrates – reaching respectively values
in the order of 6 × 102 mol of substrate/mol biocata-
lyst/minute and 6 × 104 mol of substrate/mol biocata-
lyst as a minimum value. As a demonstration experi-
ment, a 50-g scale resolution of glycidaldehyde 2,2-di-
methyltrimethylene acetal was performed.

Experimental Section

General Remarks

2-(Diethoxymethyl)oxirane 1 was purchased as a racemate
from Interchim (Montlucon, France). Acrolein was from
Acros (Noisy-Le-Grand, France). All other reagents were
from Fluka (Buchs, Switzerland). Silica gel 60H (Fluka) was
used for flash chromatography. GC analyses were performed
with a Shimadzu GC14 A apparatus equipped with an FID
detector and helium as carrier gas. Determination of the en-
antiomeric excesses was performed using 6 different chiral
columns (0.25 mm, 25 m), i.e., Lipodex G (column I, Ma-
cherey–Nagel), Chirasil-Dex CB (column II, Varian), Cyclo-
sil B (column III, Agilent), DActBuSilGammaCDX (column
IV, MEGA), Lipodex E (column V, Macherey–Nagel), octa-
kis(6-O-methyl-2,3-di-O-pentyl)-g-cyclodextrin (column VI).
1H and 13C NMR spectra were recorded on a Bruker AC250
instrument at 250 and 62.9 MHz, respectively. All measure-
ments were carried out at room temperature in CDCl3.

Synthesis of Epoxides

2-(Diethoxymethyl)oxirane (1): Commercial 1 was purified
by flash chromatography (pentane/diethyl ether gradient)
and the solvent removed under normal pressure. The resi-

Figure 2. Kinteic profile of the 50-g scale resolution of rac-3.
Arrows indicate addition of epoxide hydrolase.
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due was purified by bulb-to-bulb distillation (130 8C,
0.1 mbar) to give rac-1 as a translucent colourless liquid.
1H NMR: d=1.22 (6H, m), 2.78 (m, 2 H), 3.10 (m, 1 H),
3.60, (4H, m), 4.34 (1H, d, J=4.4 Hz);13C NMR: d=15.4
(2CH3); 44.0 (CH2); 52.0 (CH); 62.5 (CH2); 63 (CH2); 101.6
(CH).

2-(Diisopropoxymethyl)oxirane (2): para-Toluenesulfonic
acid (250 mg) was dissolved in triisopropyl orthoformate
(50mL, 224 mmol) under a nitrogen atmosphere and the so-
lution was refluxed at 40 8C. Distilled acrolein was added
dropwise until total conversion of triisopropyl orthoformate.
The reaction mixture was neutralised with solid NaHCO3,
filtered over celite and then diluted with pentane. The or-
ganic phase was dried over MgSO4 and solvent was removed
under atmospheric pressure. 3,3-Diisopropoxyprop-1-ene
was recovered as a translucent colourless liquid after distil-
lation (80 8C, 10 mbar); yield: 38–42 %. 1H NMR: d=1.18
(12H, m), 3.89 (2H, septet J=6.1 Hz), 4.93 (1H, d, J=
5.4 Hz), 5.30 (2H, m), 5.86 (1H, m).
3,3-Diisopropoxyprop-1-ene (31 g, 196 mmol), NaHCO3

(7 g), benzonitrile (27 g, 262 mmol) and methanol (150 mL)
were mixed at 35 8C. H2O2 (35%, 25 mL) was added drop-
wise until total conversion of benzonitrile. The reaction mix-
ture was extracted with CH2Cl2 and dried over MgSO4. The
solvent was distilled and the formed benzamide was precipi-
tated in cold pentane. The solvent was distilled under atmos-
pheric pressure, then 2 was isolated by distillation (70 8C,
7 mbar) and further purified by flash chromatography (pen-
tane/ether gradient). The solvent was evaporated at atmos-
pheric pressure and rac-2 was recovered as a translucent col-
ourless liquid after distillation under reduced pressure;
yield: 50 %. 1H NMR: d=1.18 (12H, m), 2.75 (2H, m), 3.05
(1H, m), 3.92 (2H, septet, J=6.1 Hz), 4.38 (1H, d, J=
4.5 Hz); 13C NMR: d=22.4 (CH3); 22.5 (CH3); 23.1 (CH3);
23.2 (CH3); 44.0 (CH2); 52.7 (CH); 68.8 (CH); 68.9 (CH);
99.0 (CH).

5,5-Dimethyl-2-(oxiran-2-yl)-1,3-dioxane (3): Acrolein
(200 mL) was added dropwise to a stirred mixture of anhy-
drous copper sulfate (100 g, 629 mmol), 2,2-dimethylpro-
pane-1,3-diol (200 g, 1.92 mol) and pTSA (500 mg) in anhy-
drous CH2Cl2 (600 mL) under a nitrogen atmosphere. After
total conversion of 2,2-dimethylene-1,3-propanediol, the re-
action medium was filtered over celite and washed with
CH2Cl2. Organic phases were dried over MgSO4, solvent
was removed under atmospheric pressure and the olefin was
purified by distillation (97 8C, 150 mbar) to furnish 5,5-di-
methyl-2-vinyl-1,3-dioxane as a translucent liquid; yield:
84 %. 1H NMR: d=0.73 (3H, s), 1.20 (3H, s), 3.43 (2H, d,
J=11 Hz), 3.70 (2H, d, J=11 Hz), 4.87 (1H, d, J=4.5 Hz),
5.50 (1H, ddd, J=10.5 Hz, J=1.5 Hz, J=1.5 Hz), 5.50 (1H,
ddd, J=17.2 Hz, J=1.5 Hz, J=1.5 Hz), 5.88 (1H, ddd, J=
17 Hz, J=10.5 Hz, J=4.7 Hz).

To a stirred solution of 5,5-dimethyl-2-vinyl-1,3-dioxane
(71.5 g, 503 mmol), NaHCO3 (17 g) and benzonitrile (67 g,
650 mmol) in methanol (300 mL), 25 mL of H2O2 (35%)
were added dropwise at 40 8C until total conversion of 5,5-
dimethyl-2-vinyl-1,3-dioxane and of benzonitrile. The reac-
tion mixture was filtered over celite and Na2SO3 was added
to destroy the remaining H2O2. The reaction mixture was
extracted two times by CH2Cl2 and the organic phase dried
over MgSO4. Solvent was evaporated under atmospheric
pressure. Benzamide was precipitated in cold pentane

(�20 8C) and solvent was eliminated by evaporation at at-
mospheric pressure. The obtained 5,5-dimethyl-2-(oxiran-2-
yl)-1,3-dioxane (3) was further purified by flash chromatog-
raphy (pentane/ether gradient) then distilled (90 8C, 5 mbar)
to provide a colourless oil ; yield: 57.4 g (72%). 1H NMR:
d=0.70 (3H, s), 1.18 (3H, s), 2.77 (2H, m), 3.07 (1H, m),
3.42 (2H, m) 3.62 (2H, m), 4.31 (1H, d, J=4.1 Hz);
13C NMR: d=21.7 (CH3); 22.8 (CH3); 30.3 (C); 43.5 (CH2);
51.5 (CH); 76.9 (2CH2); 100.3 (CH).

2-(Diethoxymethyl)-2-methyloxirane (4): 2-Methyl-2-pro-
penal (10mL, 121 mmol) was distilled prior use and added
dropwise to a stirred solution of triethyl orthoformate
(18mL, 108 mmol) and pTSA (70mg) at 0 8C under a nitro-
gen atmosphere. After 4 h, consumption of triethyl orthofor-
mate was total. The reaction media was washed with satu-
rated NaHCO3 solution, and extracted three times with
CH2Cl2. The organic phase was dried over MgSO4 and the
solvent removed under normal pressure before distillation.
3,3-Diethoxy-2-methylprop-1-ene was recovered as a translu-
cent liquid (61 8C, 100 mbar); yield: 7.47 g (43%). 1H NMR:
d=1.22 (6H, m), 1.74 (3H, s), 3.53 (4H, m), 4.69 (1H, s),
4.98 (1H, m), 5.10 (1H, m).

To a solution of 3,3-diethoxy-2-methylprop-1-ene (7.4 g,
51 mmol) dissolved in dichloromethane were added
mCPBA (9 g, 52 mmol) and NaF (2.2 g, 52 mmol) and this
solution was stirred at room temperature. After 24 h,
mCPBA (4.5 g, 26 mmol) and NaF (1.1 g, 26 mmol) were
added to the reaction mixture to complete the reaction.
After total conversion of 3,3-diethoxy-2-methylprop-1-ene,
the reaction mixture was filtered over celite and mCPBA
was destroyed by addition of an aqueous solution of Na2SO3

(10%). The organic phase was isolated and the aqueous
phase was saturated with NaHCO3 and extracted by CH2Cl2.
The organic phases were pooled, dried over MgSO4 and the
solvent was removed under atmospheric pressure. 2-(Dieth-
oxymethyl)-2-methyloxirane (4) was isolated by distillation
(90 8C, 6 mbar) as a translucent colourless liquid; yield:
19 %. 1H NMR: d=1.24 (6H, m), 1.37 (3H, s), 2.60 (1H, d,
J=5.0 Hz), 2.82 (1H, d, J=5.0 Hz), 3.67 (4H, m), 4.18 (1H,
s); 13C NMR: d=15.21 (CH3); 15.26 (CH3); 16.01 (CH3);
50.43 (CH2); 57.1 (C); 63.54 (2CH2); 104.0 (CH).

5,5-Dimethyl-2-(2-methyloxiran-2-yl)-1,3-dioxane (5):
2-Methyl-2-propenal (20mL, 242 mmol) was distilled prior
use and added dropwise to a stirred mixture of anhydrous
copper sulfate (10g), 2,2-dimethylpropane-1,3-diol (20g,
192 mmol) and pTSA (50mg) in anhydrous CH2Cl2 (100 mL)
under a nitrogen atmosphere. After 24 h, conversion of the
diol was complete. The reaction media was filtered over
celite, washed with CH2Cl2 and dried over MgSO4. The sol-
vent was removed under normal pressure before isolation of
5,5-dimethyl-2-(prop-1-en-2-yl)-1,3-dioxane by distillation
(90 8C, 100 mbar) as a translucent liquid; yield: 22 g (58%).
1H NMR: d=0.74 (3H, s), 1.21 (3H, s), 1.82 (3H, s), 3.50
(2H, d, J=11 Hz), 3.66 (2H, d, J=11 Hz), 4.76 (1H, s), 4.98
(1H, m), 5.15 (1H, m).

To a solution of 5,5-dimethyl-2-(prop-1-en-2-yl)-1,3-diox-
ane (10 g, 64 mmol) in dichloromethane, were added
mCPBA (22.3 g, 128 mmol) and NaF (5.5 g, 131 mmol).
After stirring for 24 h at room temperature more mCPBA
(11 g, 63 mmol) and NaF (2.7 g, 64 mmol) were added and
the crude reaction mixture was stirred for 1 h. The reaction
media was filtered over celite and remaining mCPBA was
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destroyed by addition of an aqueous Na2SO3 solution
(10%). The organic and aqueous phases were separated and
the aqueous phase was saturated by NaHCO3 and extracted
by CH2Cl2. The organic phases were pooled, dried over
MgSO4 and the solvent was removed under atmospheric
pressure. 5,5-Dimethyl-2-(2-methyloxiran-2-yl)-1,3-dioxane
(5) was recovered by distillation (90 8C, 60 mbar) as colour-
less and translucent oil ; yield: 74 %. 1H NMR: d=0.73 (3H,
s), 1.21 (3H, s), 1.21 (3H, s), 2.64 (1H, d, J=5 Hz), 2.86
(1H, d, J=5.3 Hz), 3.44 (2H, m), 3.65 (2H, m), 4.17 (1H,
s); 13C NMR: 15.49 (CH3); 21.76 (CH3); 22.88 (CH3); 30.34
(C); 51.07 (CH2); 56.56 (C); 76.99 (CH2); 77.05 (CH2);
102.62 (CH).

General Procedure for Analytical Scale Biohydrolysis
of rac-1–5

50 mL of enzymatic solution (1–10 mg mL�1 in phosphate
buffer 10 mM, pH 7.0) were added to 450 mL of a freshly
prepared aqueous solution (using demineralised water) of
rac-1–5 in order to obtain a final epoxide concentration of 5
to 200 g L�1. The reaction was performed at 27 8C. Aliquots
(50 mL or 1 mL for 5 g L�1 or 200 g L�1 respectively) were
withdrawn at regular time intervals and immediately added
to acetonitrile (50 mL). The remaining epoxide was extracted
with hexane (100 mL) and its enantiomeric excess was deter-
mined by chiral GC analysis (column II, see below).

General Procedure for Semi-Preparative
Biohydrolysis of 1–5

Typically, 1 mL of an A. niger EH solution (10 mg mL�1 in
phosphate buffer 10 mm, pH 7.0) was added to rac-1–3 (2 g)
or 5 in demineralised water (7 mL) previously placed at
27 8C. The enantiomeric excess of the residual epoxide was
determined by chiral GC chromatography (column II, see
below) until ee>99 %. The biohydrolysis of 4 (0.9 g) was
performed at 27 8C in 3.7 mL of an A. niger EH solution
(12.7 mgmL�1). The biohydrolysis of 5 (2 g) was carried out
at 27 8C in 8 mL of an A. niger EH solution (10 mg mL�1).
The enzymatic reaction was stopped by addition of 1 mL
acetonitrile before extraction of the remaining epoxide with
pentane. Pentane was removed under atmospheric pressure
and remaining epoxide was purified by bulb-to-bulb distilla-
tion. The aqueous phase was extracted with ethyl acetate
before being continuously extracted with CH2Cl2. The or-
ganic phases were removed under atmospheric pressure and
crude diol was purified by bulb-to-bulb distillation.

The 1H NMR spectra of the enantiopure epoxides 1–5
were identical to those of the racemates.

All diols were colourless liquids except diol 5d which was
found to be a white solid at room temperature (mp 42–
43 8C).

(R)-1 (ee>99 %): [a]28
D : +6.9 (c 1, EtOH); lit.[24] [a]28

D :
+7.2 (c 1, EtOH); GC: Column V, 60 8C, 19.4 min (R) and
21.9 min (S).

(S)-1d (ee=54 %): 1H NMR: d=1.22 (6H, m), 2.35 (1H,
t, J=6.2 Hz), 2.59 (1H, d, J=4.4 Hz), 3.59 (3H, m), 3.78
(4H, m), 4.5 (1H, d, J=5.8 Hz); 13C NMR: 15.5 (2CH3);
62.7 ACHTUNGTRENNUNG(CH2); 63.7 (CH2); 64.4 (CH2); 72.0 (CH); 103.5 (CH);
[a]22

D : �15.3 (c 1.27, EtOH); lit.[24] (R)-1d : [a]28
D: +30.3 (c

1.04, EtOH).

(R)-2 (ee>99 %): [a]22
D : + 6.5 (c 1.08, EtOH); GC:

Column I, 70 8C, 12.0 min (S) and 12.3 min (R); anal. calcd.
for C9H18O3 (174.24): C 62.77, H 9.36; found: C 62.51, H
10.61.

(S)-2d (ee=97 %): 1H NMR: d=1.21 (12H, m), 2.38 (1H,
t, J=6.2 Hz), 2.55 (1H, d, J=5.7 Hz), 3.52 (1H, m), 3.82
(4H, m), 4.66 (1H, d, J=5.0 Hz); 13C NMR: 22.1 (CH3);
22.5 (CH3); 23.2 (CH3); 23.4 (CH3); 62.3 (CH2); 70.0(CH);
72.3 (CH); 100.2 (CH); [a]22

D: �22.2 (c 1.43, EtOH); GC:
Column II, 115 8C, 13.2 min (S) and 14.5 min (R); anal.
calcd. for C9H20O4 (192.25): C 56.82, H 9.54; found: C 56.17,
H 10.54.

(R)-3 (ee>99 %): [a]29
D : + 13.3 (c 1, EtOH); GC: Column

II, 100 8C, 16.3 min (S) and 17.0 min (R) or column IV:
120 8C, 11.22 min (R) and 11.92 min (S); anal. calcd. for
C8H14O3 (158.19): C 60.74, H 8.92; found: C 59.55, H 8.85.

(S)-3d (ee=92 %): 1H NMR: d=0.74 (3H, s), 1.19 (3H,
s), 2.25 (1H, dd), J=7.1 Hz, J=5.5 Hz), 2.57 (1H, d, J=
5.7 Hz), 3.46 (2H, dd, J=11 Hz, J=3.6 Hz), 3.65 (3H, m),
3.80 (2H, m), 4.55 (1H, d, J=4.3 Hz); 13C NMR: 21.7
(CH3); 22.9 (CH3); 30.5 (C); 62.4 (CH2); 72.1(CH); 76.9
(2CH2); 100.3 (CH); [a]22

D : �13.2 (c 1.25, EtOH); anal.
calcd. for C8H16O4 (176.21): C 54.53, H 9.15; found: C 55.09,
H 9.38.

(R)-4 : (ee>99 %): [a]30
D : + 17.8 (c 1.16, EtOH); GC:

Column IV, 80 8C, 10.3 min (R) and 11.1 min (S).
(S)-4d (ee=45 %): 1H NMR: d=1.13 (3H, s), 1.26 (6H,

m), 2.50 (1H, dd, J=7.7 Hz, 5.4 Hz), 2.72 (1H, s), 3.36 to
4.0 (6H, m), 4.36 (1H, s); 13C NMR: 15.01 (CH3); 15.08
(CH3); 19.1 (CH3); 65.78 (CH2); 66.09 (CH2); 66.36 (CH2);
72.24 (C); 107.37 (CH); [a]30

D : +3.62 (c 0.94, EtOH).
(R)-5 (ee>99 %): [a]30

D : +6.0 (c 1.73, EtOH); GC:
Column II, 120 8C, 6.5 min (R) and 6.9 min (S).

(S)-5d (ee=70 %); 1H NMR: d=0.71 (3H, s), 1.17 (3H,
s), 1.56 (3H, s), 2.49 (1H, dd, J=4.34 Hz), 2.74 (1H, s), 3.45
(4H, m), 3.66 (2H, d, J=11 Hz), 3.74 (1H, dd, J=11 Hz,
J=5.0 Hz), 4.40 (1H); 13C NMR: 19.35 (CH3); 21.64 (CH3);
22.89 (CH3); 30.42 (C); 66.80 (CH2); 72.70 (C); 77.18 (CH2);
77.21 (CH2); 104.36 (CH); [a]30

D : +5.2 (c 1.05, EtOH).

Preparative Scale Biohydrolysis of 50g of rac-3 at 200
g·L�1

In a propelled reactor, rac-3 (50 g, 316 mmol) was added in
plain (demineralised) water (180 mL). An emulsion was
formed by agitation at ~350 rpm before careful addition of
the enzyme (20 mL of a 10 mgmL�1 solution in phosphate
buffer 10 mM, pH 7.0). The enantiomeric excess of the re-
maining epoxide was followed by chiral GC analysis
(column IV). Enzyme (50 mg, 50 mg and 10 mg) was further
added to reach an ee>99 % in three batches at time inter-
vals as indicated on Figure 2. The reaction was stopped by
addition of acetonitrile (5 mL). (R)-3 was recovered by ex-
traction with pentane followed by removal of the solvent
under normal pressure. (R)-3 was purified by distillation
(47 8C, 2 mbar); yield: 22.8 g (144 mmol, 45.6 %). The emul-
sion in the aqueous reaction media was broken by centrifu-
gation and the aqueous phase was first extracted with ethyl
acetate to recover the diol and further continuously extract-
ed by CH2Cl2. The combined organic phases were dried over
MgSO4. Solvents were removed under atmospheric pressure.
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(S)-3d was recovered after distillation (77 8C, 3–
4.10�2 mbar); yield: 25.4 g (144 mmol, 45.9 %).

Derivatisation of 1d–5d to the Corresponding
Acetonide

Diol 1d–5d (5 mL) was added to 100 mL of a pTSA solution
(0.47 g·L�1) in 2,2-dimethoxypropane at room temperature.
After 30 min, the reaction was quenched by addition of
50 mL NaHCO3 (saturated solution). The organic phase was
diluted with hexane before chiral GC analysis.

Acetonide of 1d : GC: column II, 80 8C, 24.7 min (S) and
25.9 min (R).

Acetonide of 2d : GC: column II, 100 8C, 12.2 min (R) and
12.7 min (S).

Acetonide of 3d : GC: column I, 90 8C, 33.7 min (R) and
34.3 min (S).

Acetonide of 4d : GC: column III, 130 8C, 9.72 min (R)
and 9.99 min (S).

Acetonide of 5d (11): GC: column III, 110 8C, 38.8 min
(R) and 39.5 min (S).

Cyclisation of 4d–5d to the Corresponding Epoxides

Diol 4d or 5d (8–20 mg) was dissolved in 1 mL anhydrous
THF before addition of one molar equivalent of tosyl chlo-
ride. After 30–60 min, a large excess of NaH (60–65 % in
oil) was added and let to react overnight. Water (1 mL) was
carefully added before extraction of the epoxide 4 or 5 with
hexane and chiral GC analysis.

Assignment of the Absolute Configuration of the
Epoxides and Diols

Epoxides (R)-1 or (?)-2 (50 mg) were dissolved in dry
CH2Cl2 (10 mL) and stirred with montmorillonite K10
(200 mg). After 30 min at room temperature, the organic
phase was submitted to chiral GC analysis in order to com-
pare the elution order of (R)-6 obtained from (R)-1 and
(?)-2. GC: column V, 60 8C, 3.4 min (R) and 3.7 min (S).

To a stirred solution of pure (R)-1 (150 mg) dissolved in
methanol (5 mL) MeONa (10 mg) was added and the mix-
ture was refluxed for 24 h. Solvent was removed under
vacuum, the residue was extracted with ether (20 mL) and
the formed product (R)-7 was dissolved in a sulfuric acid so-
lution (1 mL, 0.1 N) and heated at 40 8C for 12 h. After neu-
tralisation (NaHCO3 powder) and extraction (CH2Cl2,
10 mL) of the aqueous solution the organic phase was dried
over Na2SO4 and evaporated to give crude (R)-8. (R)-8 was
further protected using 2,2-dimethyl-1,3-propanediol
(100 mg, 0.96 mmol) in CH2Cl2 (2 mL) in presence of CuSO4

(20 mg) and pTSA (traces). After 1 h of stirring the CuSO4

was filtered off and the organic phase, containing (R)-9, was
directly submitted to chiral GC (column VI). Epoxide (?)-3
(150 mg) was treated by MeONa in methanol as described
above to lead to (?)-9 and analysed by chiral GC (column
VI) in order to compare the elution order with the one of
(R)-9 previously obtained. GC: column VI, 100 8C, 23.8 min
(R) and 25.2 min (S).

Diol (?)-4d (30 mg, ee=72 %), were stirred in water
under acidic conditions for 2 h (50 mg Dowex 50H+). After
filtration and evaporation of water in vacuum, 2,2-dimethoxy-
propane (300 mL) and 50 mg of Dowex 50H+ were added.

The solution was stirred (45 min) to furnish (after filtration
and evaporation) the corresponding aldehyde-acetonide (S)-
10 which was submitted to chiral GC analysis in order to
compare the elution order with the one described in litera-
ture.[26] GC: column II, 70 8C, 10.7 min (S) and 11.22 min
(R). The aldehyde moiety was then protected by 2,2-dimeth-
yl-1,3-propanediol (35 mg) in CH2Cl2 in presence of anhy-
drous CuSO4 (40 mg) and pTSA (traces) to lead to diacetal
(S)-11 (ee=72 %). Diol (?)-5d (30 mg) was transformed to
the corresponding acetonide 11 as previously described and
the elution order of both acetonides was compared by chiral
GC analysis (column III, see above).
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