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Abstract—The vibrational circular dichroism (VCD) spectra of the acetate derivative, 3, of 2-(1-hydroxyethyl)-chromen-4-one, 1,
and the acetate derivative, 4, of 6-bromo-2-(1-hydroxyethyl)-chromen-4-one, 2, in the C@O stretching region are reported. Density
functional theory (DFT) predictions of the VCD spectra of the C@O stretching modes of (R)-3 and (R)-4 are in excellent agreement
with the experimental spectra for (+)-3 and (+)-4, demonstrating that the absolute configurations of both molecules are (R)-(+)/(S)-
(�). Since acetylation of (+)-1 and (+)-2 yields (+)-3 and (+)-4, this in turn leads to (R)-(+)/(S)-(�) for both 1 and 2. The absolute
configurations of (�)-1 and (�)-2 were previously determined using X-ray crystallography to be R and S, respectively. Our results
lead to the conclusion that the previously reported absolute configuration of 1 is incorrect.

This work is the first to apply the �conformational rigidification via chemical derivatisation� methodology to the determination of
absolute configuration using VCD spectroscopy and illustrates its utility in determining the absolute configurations of chiral
alcohols and, by extension, other classes of chiral molecules containing flexible functional groups.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Chiral molecules exhibit vibrational circular dichroism
(VCD).1–5 Mirror-image enantiomers of a chiral mole-
cule exhibit mirror-image VCD spectra. Consequently,
VCD spectroscopy permits the determination of the
absolute configuration of a chiral molecule. The applica-
tion of VCD spectroscopy to the determination of abso-
lute configurations has been made practical by the
development of a quantum-mechanical theory of VCD
intensities,6,7 and its implementation using ab initio
density functional theory (DFT), together with gauge-
invariant (including) atomic orbitals (GIAOs).8,9 Since
1998, this DFT/GIAO methodology has been distrib-
uted via the GAUSSIANGAUSSIAN ab initio program,10 and has been
the basis for an increasing number of absolute configu-
ration determinations using VCD.3–5,11–17
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Herein, we further demonstrate the power of the VCD
technique via its application to the determination of
the absolute configurations of 2-(1-hydroxyethyl)-chro-
men-4-one, 1, and its 6-bromo derivative, 2:
Optically active 1 was first prepared by Besse et al.18 via
the microbiological reduction of 2-acetyl-chromen-4-
one. The (�)-isomer of 1 was studied using X-ray crys-
tallography and the absolute configuration determined
to be R. In parallel, the (�)-isomer of the 6-bromo deriv-
ative of 1,2, was also prepared and its absolute configu-
ration determined by X-ray crystallography to be S. The
surprising switch of the absolute configuration from
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(R)-(�) for 1 to (S)-(�) for 2 has led us to re-investigate
the absolute configurations of these two molecules using
VCD spectroscopy.

Molecules 1 and 2 are conformationally flexible due to
the ability of the –CH(CH3)OH group to rotate around
the C–C bond linking it to the chromen-4-one moiety
(C2–C9) and, simultaneously, the ability of the OH
group to rotate about the adjacent C–O bond (C9–
O10). 1 and 2 thus exist at room temperature as equilib-
rium mixtures of several conformations and their VCD
spectra are the superpositions of the VCD spectra of
the individual conformations. In order to simplify the
analysis of the VCD spectra of 1 and 2, we have adopted
a protocol, which we refer to as �conformational rigidifi-
cation via chemical derivatisation� (CRCD).19 The idea is
very simple: the OH group of the –CH(CH3)OH moiety
is derivatised to form –CH(CH3)OX, where X is a much
bulkier group than H. By virtue of the greater steric hin-
drance to internal rotation caused by the derivatisation,
conformational flexibility is reduced, that is, the number
of thermally accessible conformations is smaller than in
the parent molecule. We have recently demonstrated
the viability of this approach in the case of chiral alcohols
via studies of the acetate, tert-butyl and trimethyl-silyl
derivatives of endo-borneol.19 Here, it is applied to the
molecules 1 and 2, using their acetate derivatives, 3 and 4.
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A further benefit of replacing the OH groups of 1 and 2
by the OCOCH3 groups of 3 and 4 is the introduction
of an additional C@O stretching vibrational mode. Typ-
ically, C@O stretching modes of organic molecules are at
P1650 cm�1 and are well-resolved from the other mid-
infrared (IR) modes, generally at 61600 cm�1. Thus,
the C@O stretching modes are easily assigned and their
contributions to IR and VCD spectra measurable with-
out the complication of overlapping contributions from
other modes nearby. As will be demonstrated below,
the C@O stretching modes of 3 and 4 are well-resolved,
easily assigned and give well-defined VCD, permitting
our analysis of the absolute configurations of 3 and 4
to be convincingly based on these modes alone.

Lastly, the derivatisation of the OH groups of 1 and 2
removes inter-molecular hydrogen (H)-bonding and, as
a result, aggregation at the concentrations used in
measuring VCD spectra. The VCD spectra calculated
for isolated molecules can then be meaningfully com-
pared to experimental VCD data.
2. Results

The experimental IR and VCD spectra of 3 and 4 in the
C@O stretching region are shown in Figure 1. For both
3 and 4, strong bands are observed in the IR spectrum at
�1665 and �1755 cm�1, which can be assigned to C@O
stretching modes. VCD is observed corresponding to
these bands. The VCD of (+)-3 and (+)-4 are qualita-
tively identical and quantitatively very similar.

Analysis of these spectra begins with the conformational
analysis of 3 and 4. A potential energy surface (PES)
scan, varying the two dihedral angles O1C2C9O10
and C2C9O10C11, was carried out using DFT at
the B3LYP/6-31G* level for (R)-3. [Note that the
C9O10C11O12 moiety is cis; the trans conformation is
significantly higher in energy.16] The PES obtained is
shown in Figure 2, together with the corresponding
PES of the parent molecule, (R)-1.25

In the case of 1 there are eight stable conformations, a–
h, with energies <3 kcal/mol above the global minimum.
In the case of 3, the number of stable conformations
with energies <3 kcal/mol above the global minimum is
reduced to 3, a–c. Thus, as in the case of endo-borneol,19

conversion of 1 to its acetate derivative 3 is accompanied
by substantial rigidification. Optimisation of the geome-
tries of conformations 3a–c at the B3LYP/6-31G*,
B3LYP/TZ2P and B3PW91/TZ2P levels led to their
equilibrium geometries and energies. Their B3LYP/
TZ2P structures are illustrated in Figure 3. Key dihedral
angles for the B3LYP/TZ2P and B3PW91/TZ2P geo-
metries are given in Table 1. The B3LYP and B3PW91
functional gave very similar results: differences in corre-
sponding dihedral angles are <2�. The conformations
3a–c differ in the dihedral angle O1C2C9O10 and are
interconverted by �120� rotations about the C2C9
bond. The dihedral angle C2C9O10C11 is very similar
in the three conformations. The B3LYP/TZ2P and
B3PW91/TZ2P relative energies of conformations a–c
are given in Table 2. That the structures obtained for
a–c correspond to stable conformations was verified by
the calculation of their vibrational frequencies, which
simultaneously permits their free energies to be ob-
tained. The relative free energies are also given in Table
2. The B3LYP and B3PW91 functionals give very simi-
lar energies and free energies: the largest difference is
0.11 kcal/mol. Conformation a is the lowest in both en-
ergy and free energy. The relative energies and free ener-
gies are very similar for both conformations b and c.
Since all three conformations are within 1 kcal/mol in
energy and free energy, all are expected to be signifi-
cantly populated at room temperature. Equilibrium
populations at 293 K obtained from relative free ener-
gies are given in Table 2.

In the case of the 6-bromo derivative of 3,4, we have ob-
tained the B3LYP/TZ2P and B3PW91/TZ2P geometries
and energies of conformations a–c, starting from the
optimised geometries of (R)-3 and replacing the 6-H
by Br. Key dihedral angles of the resulting structures
of (R)-4 are given in Table 1. Relative energies, free
energies and equilibrium populations are given in Table
2. 6-Br substitution is a minor perturbation on the con-
formational geometries and energies. The largest change
in dihedral angle is 0.4�. The largest change in energy or
free energy is 0.2 kcal/mol.
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Figure 1. Experimental IR and VCD spectra of 3 and 4 in CCl4 solution in the C@O stretching region. (a) IR: (�)-3, (b) VCD: (+)-3, (c) IR: (�)-4,

(d) VCD: (+)-4.
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Harmonic vibrational dipole strengths, which determine
IR intensities, and rotational strengths, which determine
VCD intensities, were calculated simultaneously with
the harmonic vibrational frequencies for the conform-
ations a–c of (R)-3 and (R)-4 at the B3LYP/TZ2P and
B3PW91/TZ2P levels. For modes in the C@O stretching
region, the results are given in Table 3. IR and VCD
spectra were obtained thence, using the populations, giv-
en in Table 2, of the individual conformations obtained
from their calculated relative free energies. The con-
formationally averaged spectra are shown in Figures 4
and 5. For the B3LYP/TZ2P calculations, the individual
contributions of conformations a, b and c are also shown.

The B3LYP/TZ2P frequencies of the C@O stretching
modes, 68 and 69, of 3 in conformations a–c are very
similar. The ranges are 2 and 6 cm�1 for modes 68
and 69, respectively. Thus, with the line-width used
(c = 4 cm�1), in the conformationally averaged
B3LYP/TZ2P IR spectrum (Fig. 4a) the modes of the
individual conformations are not resolved. This is also
the case for modes 65–67, which are predicted in the
range 1600–1700 cm�1. Comparison of the B3LYP/
TZ2P IR spectrum of 3 to the experimental IR spectrum
leads straightforwardly to the assignment of the latter,
as shown in Figure 4a. The agreement of the calculated
and experimental spectra is excellent. The assignment of
the C@O stretching modes is unambiguous.

The B3LYP/TZ2P rotational strengths of the C@O
stretching modes 69 of the three conformations a–c of
(R)-3 vary in sign: in 3a the sign is negative, in 3b and
3c the signs are positive. As a result of the differences
in frequency of mode 69 among conformations a–c, with
the line-width used (c = 4 cm�1), the conformationally
averaged B3LYP/TZ2P VCD spectrum of mode 69
exhibits a bisignate feature (Fig. 4b), the negative,
high-frequency component arising from conformation
a and the positive, low-frequency component arising
from conformations b and c. For C@O stretching modes
68, rotational strengths also vary in sign with conform-
ation: in 3a and 3b, the sign is positive, in 3c it is negative.
For these modes the variation in frequency is less than
for modes 69. As a result, with the line-width used, the
conformationally averaged VCD spectrum of mode 68
is monosignate: specifically, positive. Comparison of
the B3LYP/TZ2P VCD spectrum for modes 68 and 69
to the experimental VCD for (+)-3 of the bands assigned
to these two modes, shown in Figure 4b, exhibits perfect
qualitative agreement between theory and experiment. It
follows immediately and unambiguously that the abso-
lute configuration of 3 is (R)-(+).
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Figure 2. B3LYP/6-31G* potential energy surfaces of (R)-1 and (R)-3.

Contour spacing is 1 kcal/mol.
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The B3LYP/TZ2P frequencies of the C@O stretching
modes 69 and 70 of the three conformations of 4 are ex-
tremely close to the frequencies of modes 68 and 69 of 3.
The maximum difference is 3 cm�1. Dipole strengths for
3 and 4 are also very similar. As a result, the conform-
ationally averaged C@O stretching B3LYP/TZ2P IR
spectrum of 4 (Fig. 5a) is qualitatively identical and
quantitatively very similar to that of (R)-3. Comparison
to the experimental IR spectrum of 4 (Fig. 5a), which is
very similar to that of 3, leads to assignment of modes
69 and 70.

The B3LYP/TZ2P rotational strengths of modes 69 and
70 of the conformations a–c of (R)-4 are very similar to
those of modes 68 and 69 of (R)-3. As a result, the con-
formationally averaged C@O stretching VCD spectrum
of (R)-4 (Fig. 5b) is qualitatively identical and quantita-
tively very similar to that of (R)-3. Comparison of the
spectrum of (R)-4 for modes 69 and 70 to the experimen-
tal VCD for (+)-4 of the bands assigned to these two
modes, shown in Figure 5b, exhibits perfect qualitative
agreement between theory and experiment, leading to
the unambiguous conclusion that the absolute configu-
ration of 4 is (R)-(+).

Qualitatively, the B3PW91/TZ2P C@O stretching fre-
quencies, dipole strengths and rotational strengths of 3
and 4 are identical to the B3LYP/TZ2P parameters.
As a result, the B3PW91/TZ2P IR and VCD spectra
of 3 and 4 are qualitatively identical to the B3LYP/
TZ2P spectra and lead to identical analysis of the exper-
imental IR and VCD spectra of 3 and 4. In particular,
the absolute configurations of 3 and 4 deduced from
comparison of B3PW91/TZ2P and experimental VCD
spectra are the same. Quantitatively, B3PW91/TZ2P
frequencies are somewhat higher than B3LYP/TZ2P
frequencies and the deviation from experimental
frequencies is greater.
3. Discussion

Alcohols 1 and 2 are conformationally flexible. A PES
scan for 1 using DFT at the B3LYP/6-31G* level identi-
fies eight stable conformations. The experimental VCD
spectrum of 1 is thus the superposition of the individual
VCD spectra of the eight conformers, each weighted by
its equilibrium population. Despite the high accuracy
of DFT calculations of VCD spectra, analysis of a
VCD spectrum of such complexity is challenging. Conse-
quently, the determination of the absolute configuration
of 1 from its VCD spectrum is not straightforward.

The strategy of �conformational rigidification via chem-
ical derivatisation�, which we have recently enunciated,19

is of major assistance in this situation. A PES scan of the
acetate derivative of 1,3, shows that the substitution of
the H atom of the OH group by the COCH3 group sub-
stantially reduces the conformational flexibility. The
number of stable conformations is reduced to three.
Analogous conformational rigidification was observed
in going from endo-borneol to its acetate derivative.19

The VCD spectrum of 3 is therefore the superposition
of the VCD spectra of only three conformations and,
consequently, much less complex than that of 1. The
determination of the absolute configuration of 1 is thus
greatly facilitated by the use of the acetate derivative, 3,
instead of the parent alcohol, 1.

Herein, we report the analysis of the VCD spectrum of 3
over a limited spectral range: specifically, the C@O
stretching region. In addition to the C@O stretch mode
of the chromen-4-one moiety, already present in 1, the
acetate group of 3 adds a second C@O stretch mode.
We have found that these two C@O stretch modes are
both well-resolved from the bulk of the mid-IR funda-
mentals of 3 and well resolved from each other, and that
they exhibit well-defined VCD. Their VCD therefore
permits the absolute configuration of 3 to be deduced.

The initial step in the analysis is the assignment of the
C@O stretch bands in the experimental IR spectrum.



Figure 3. B3LYP/TZ2P geometries for the R absolute configurations of conformations a, b and c of 3.

Table 2. TZ2P relative energies and free energies, and populations of

the conformations of 3 and 4

DEa DGa P (%)b

B3LYP B3PW91 B3LYP B3PW91 B3LYP B3PW91

3a 0.00 0.00 0.00 0.00 57.4 55.0

3b 0.27 0.34 0.49 0.48 24.6 24.1

3c 0.61 0.60 0.68 0.57 18.0 20.9

4a 0.00 0.00 0.00 0.00 52.9 50.1

4b 0.32 0.38 0.33 0.28 30.0 30.8

4c 0.60 0.59 0.66 0.56 17.0 19.1

a DE and DG are in kcal/mol.
b Populations are based on DG values; T = 293 K.

Table 1. TZ2P dihedral angles of the conformations of 3 and 4

O1C2C9O10a C2C9O10C11a

B3LYP B3PW91 B3LYP B3PW91

3a �172.2 �172.4 144.5 143.2

3b 65.2 64.6 146.0 145.2

3c �66.3 �65.1 139.0 137.9

4a �172.4 �172.5 144.1 142.8

4b 65.0 64.4 145.9 145.1

4c �66.4 �65.2 139.0 137.5

a Angles are in degrees. Absolute configuration is R.
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As is usual in our work,3–5,11–17 we predicted IR
and VCD spectra using DFT, the functionals B3LYP
and B3PW91, and the TZ2P basis set. The accu-
racy of calculations at this level are well docu-
mented.3–5,8,9,11–17,19,23,24,26–32 The B3LYP and
B3PW91 functionals gave very similar results for the
C@O stretching modes of 3, showing that there is minor
sensitivity to the choice of functional (within the cate-
gory of hybrid functionals). The three conformations
a–c exhibit very similar C@O stretching frequencies.
For the acetate C@O stretch (mode 69) the conform-
ational splitting is 6 cm�1 at both B3LYP and B3PW91
levels. For the chromen-4-one C@O stretch (mode 68)
the splittings are less: 2 and 3 cm�1. Given line-widths
commensurate with the experimental line-widths, con-
formational splittings are predicted to be unresolved.
The predicted spectra lead to unambiguous assignment
of the bands at 1755 and 1664 cm�1 in the experimental
IR spectrum to the acetate and chromen-4-one C@O
stretch modes, respectively. The frequency difference
between the predicted and experimental frequencies is
2–3%, with predicted frequencies being higher; this
difference is principally due to the absence of anharmo-
nicity in the DFT calculations.33

For each of the C@O stretching modes, the three con-
formations of 3 exhibit rotational strengths varying
in both sign and magnitude. The sensitivity of VCD
spectra to conformational structure in conformationally
flexible molecules is well precedented and unsurpris-
ing.3–5,11–17,19,26–32 The VCD of each of the two C@O
stretching modes is then a superposition of three contri-
butions, differing in frequency and in sign. In the case of
the acetate C@O stretch modes, because of the larger
conformational frequency splitting the net VCD pre-
dicted is bisignate. In the case of the chromen-4-one
C@O stretch modes, the frequency splitting is smaller
and the predicted net VCD is monosignate. The pre-
dicted C@O stretching VCD is qualitatively identical
and quantitatively very similar for the B3LYP and
B3PW91 spectra, showing that the predicted spectra



Table 3. Harmonic frequencies, dipole strengths and rotational

strengths for the C@O stretching modes of 3 and 4a

Mode B3LYP/TZ2P B3PW91/TZ2P

m D R m D R

69 1795 506.6 �51.3 1815 504.5 �50.2

68 1708 1030.4 34.4 1728 1024.0 33.8

3a 67 1670 153.8 16.6 1683 168.7 17.8

66 1648 147.2 �3.8 1661 144.5 �3.0

65 1611 21.0 1.6 1625 22.7 1.7

69 1789 626.7 33.0 1809 620.5 35.7

68 1710 993.6 12.2 1731 989.3 13.6

3b 67 1671 88.5 �5.4 1683 104.0 �7.7

66 1648 142.3 4.2 1662 139.7 3.3

65 1611 9.2 1.8 1624 10.0 1.9

69 1791 585.1 69.5 1811 578.6 69.6

68 1709 1045.5 �11.1 1729 1040.6 �9.2

3c 67 1671 99.7 �8.9 1684 118.7 �7.9

66 1648 150.6 9.0 1661 147.0 7.5

65 1611 9.9 �1.6 1624 11.0 �1.6

70 1797 513.7 �40.0 1816 510.8 �38.9

69 1711 927.0 27.9 1731 922.7 27.8

4a 68 1668 162.3 16.5 1681 173.0 17.3

67 1636 68.3 �2.8 1650 64.3 �2.4

66 1602 45.1 1.3 1616 43.9 1.4

70 1791 640.2 38.3 1811 633.9 41.4

69 1713 904.4 13.1 1733 899.8 14.3

4b 68 1669 87.8 �3.9 1682 101.5 �5.9

67 1635 68.2 2.7 1650 63.6 2.3

66 1601 24.8 0.8 1615 23.2 0.8

70 1792 591.6 79.5 1812 584.3 81.0

69 1711 951 �12.2 1731 946.0 �9.6

4c 68 1670 106.4 �6.5 1682 122.6 �6.1

67 1635 70.2 3.8 1650 65.6 3.1

66 1602 28.6 0.0 1616 27.4 0.0

a m in cm�1, D in 10�40 esu2 cm2, R in 10�44 esu2 cm2. Absolute con-

figuration is R.
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are insensitive to the choice of functional. The
experimental VCD of the C@O stretching modes of
(+)-3 is bisignate for the acetate C@O stretch at
1755 cm�1 and monosignate for the chromen-4-one
C@O stretch at 1664 cm�1. With respect to sign, the
experimental VCD of both C@O stretch modes for
(+)-3 is perfectly reproduced by the calculated VCD
spectra of R-3. It follows immediately that the absolute
configuration of 3 is (R)-(+)/(S)-(�).

The determination of the absolute configuration of the
acetate derivative, 4, of the 6-Br derivative of 1,2, was
carried out in parallel, using the same methodology. In
all respects, the 6-Br substitution of 3 is a minor pertur-
bation. Both experimentally and theoretically the IR and
VCD spectra of the C@O stretch modes of 3 and 4 are
nearly superposable. Again, identity with respect to sign
of the C@O stretching VCD is found when the predicted
spectrum for (R)-4 is compared to the experimental
spectrum for (+)-4, leading unambiguously to the abso-
lute configuration for 4 of (R)-(+)/(S)-(�).

The parent alcohols (+)-1 and (+)-2 led to acetate deriv-
atives (+)-3 and (+)-4; that is, the derivatisation does not
change the sign of [a]D. Likewise, (R)-1 and (R)-2 give
(R)-3 and (R)-4. It therefore follows that the absolute
configurations of 1 and 2 are identical to those of 3
and 4: (R)-(+)/(S)-(�). Our conclusions are consistent
with the prior assignment of the absolute configuration
of 2 as (R)-(+)/(S)-(�) using X-ray crystallography,18

but inconsistent with the assignment of the absolute
configuration of 1 as (R)-(�)/(S)-(+).18 We conclude
that in the case of the molecule 2, containing a heavy
atom (Br), X-ray crystallography successfully assigned
the absolute configuration, while in the case of molecule
1, with no heavy atom, X-ray crystallography yielded an
incorrect absolute configuration.

It should be noted that, irrespective of the DFT/GIAO
analysis of the VCD spectra of 3 and 4, the near-super-
posability of the experimental VCD of the C@O stretch-
ing modes of (+)-3 and (+)-4 renders the possibility that
their absolute configurations are opposite exceedingly
remote.

In addition, as will be reported elsewhere,34 the analysis
of the VCD spectra of 3 and 4 in the mid-IR spectral
range below the C@O stretching frequencies confirms
the absolute configurations arrived at here, as does anal-
ysis of the VCD spectra of the tert-butyl derivatives of 1
and 2, which are even more conformationally rigid than
3 and 4.

At the present time, we have no detailed explanation for
the erroneous outcome of the X-ray crystallographic
study of the absolute configuration of 1. (Note that val-
ues of the Flack parameter35,36 were not reported in Ref.
18.) Our results do suggest that the absolute configur-
ations of molecules lacking heavy atoms should be
confirmed by other methods before being accepted as
definitive.
4. Conclusion

Our study of the absolute configurations of 3 and 4
further illustrates the utility of VCD spectroscopy in
determining the absolute configurations of organic
molecules3–5,11–17and provides the first example of the
application of the CRCD methodology in conjunction
with VCD. We anticipate that CRCD will greatly facil-
itate the determination of the absolute configurations of
chiral molecules containing conformationally flexible
functional groups in future applications of VCD
spectroscopy.

Alcohols typically aggregate at the concentrations used
in VCD measurements via inter-molecular hydrogen
bonding of their OH groups. VCD spectra can be sensi-
tive to aggregation.37,38 Derivatisation of alcohols has
the added benefit that such aggregation is eliminated.
VCD calculations for isolated molecules can be mean-
ingfully compared to experimental VCD data. Herein,
we have confirmed the expectation that aggregation of
3 and 4 does not occur in CCl4 solutions by measuring
their IR spectra over the concentration range 0.001–
0.1 M. The spectra accurately obeyed Beer�s Law over
this range.
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5. Experimental

5.1. Analytical methods

For 1H (400.13 MHz) and 13C (100.61 MHz) NMR
spectra, the chemical shifts were relative to chloroform.
Optical rotations were determined on a JASCO polari-
meter. Microanalyses were performed by the Service
Central d�Analyses du CNRS, Vernaison, France.
Enantiomeric excesses of 1 and 2 were determined via
HPLC using a Chiralcel OB column at room temper-
ature, k = 254 nm, cyclohexane/isopropanol 95/5, 0.1
mL/min for 1; cyclohexane/isopropanol 99/1 0.45 mL/
min for 2.

5.2. Synthesis of substrates

The syntheses of the substrates for microbiological
reduction, 2-acetyl-chromen-4-one and 2-acetyl-6-bro-
mo-chromen-4-one, has been already described in the
literature.18,20
5.3. Microbiological reduction

Freeze-dried Baker�s yeast is a commercial product
(Vahine, Monteux, France). Freeze-dried Baker�s yeast
(1 g) was placed in a 500 mL conical flask with 50 mL
of distilled water and 50 mg of substrate. Bioconversions
with Yamadazyma farinosa IFO 10896 were performed
with resting cells previously grown at 27 �C in the fol-
lowing medium: glucose 50 g; tryptone (Difco) 7 g; yeast
extract 5 g; K2HPO4 2 g; KH2PO4 3 g and H2O 1 L;
preculture and culture: 48 h. After culture, the micro-
organism was centrifuged, and then washed twice with
phosphate buffer (Na2HPO4Æ12H2O 10.75 g; NaH2-
PO4Æ2H2O 10.95 g and H2O 1 L). Mycelium (10 g) was
added in a 100 mL bottle containing 3 g glucose,
200 mg of substrate and 60 mL phosphate buffer closed
with a septum. The bioconversion reaction was carried
out under anaerobic conditions (N2 atmosphere)
according to Ohta and co-workers.21,22 After 24 or
48 h of incubation at 27 �C on a rotating table set at
200 rpm, the mixture was centrifuged for 10 min at
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8000 rpm. The liquor was then continuously extracted
with ethyl acetate for 24 h and the mycelium stirred
vigorously with MeOH. The organic phases were dried
over MgSO4 and the solvent evaporated under vacuum.

5.4. Microbial reductions of 2-acetyl-chromen-4-one

The products from the residue were separated on a silica
gel column (cyclohexane/ethyl acetate 35/65).

Baker�s yeast: Yield of (�)-2-(1-hydroxyethyl)-chromen-
4-one, (�)-1: 87%. Rf = 0.71. Mp = 107.7 �C (DSC). 1H
NMR (400.13 MHz) d: 1.59 (d, 3H, CH3, J = 6.7 Hz);
3.66 (br s, 1H, exchangeable with D2O); 4.74 (q, 1H,
CHOH, J = 6.6 Hz); 6.52 (s, 1H, H3); 7.30–7.41 (m,
2H, H5 and H6); 7.56–7.65 (m, 1H, H7); 8.10 (dd, 1H,
H8, J = 1.6 Hz, J = 7.9 Hz). 13C NMR (100.61 MHz)
d: 21.4 (CH3); 67.1 (CHOH); 107.2 (C-3); 118.0 (C-8);
123.6 (Cq-b); 125.2 (C-6); 125.6 (C-5); 133.8 (C-7);
156.2 (Cq-a); 172.2 (C-2); 179.2 (C-4). MS (EI) m/z:
190 (M+�); 175 (M�CH3)

+�; 145 (M�CHOH–CH3)
+�.
½a�25

D ¼ �60 (c 2.85, CHCl3); ee > 98%. Anal. Calcd for
C11H10O3: C, 69.46; H, 5.30; O, 25.24. Found: C,
69.37; H, 5.38.

Yamadazyma farinosa: Yield of (+)-2-(1-hydroxyethyl)-
chromen-4-one, (+)-1: 60%. Same physical constants
and NMR spectra as those for (�)-1. ½a�25

D ¼ þ53 (c
3.1, CHCl3); ee = 89%.

5.5. Microbial reductions of 2-acetyl-6-bromo-chromen-
4-one

The products from the residue were separated on a silica
gel column (cyclohexane/ethyl acetate 50/50).

Baker�s yeast: Yield (�)-6-bromo-2-(1-hydroxyethyl)-
chromen-4-one, (�)-2: 67%. Rf = 0.43. Mp = 130.2 �C
(DSC). 1H NMR (400.13 MHz) d: 1.60 (d, 3H, CH3,
J = 7.5 Hz); 3.90 (s, 1H, exchangeable with D2O);
4.67–4.80 (m, 1H, CHOH); 6.51 (s, 1H, H3); 7.34 (d,
1H, H8, J = 9.0 Hz); 7.73 (dd, 1H, H7, J = 2.5 Hz,
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J = 9.0 Hz); 8.28 (d, 1H, H5, J = 2.5 Hz). 13C NMR
(100.61 MHz) d: 21.4 (CH3); 67.0 (CHOH); 107.1
(C-3); 118.6 (C-6); 120.0 (C-8); 124.9 (Cq-b); 128.2 (C-
5); 136.8 (C-7); 154.9 (Cq-a); 172.6 (C-2); 177.7 (C-4).
MS (EI) m/z: 268, 270 (M+�); 225, 227 (M�CHOH–
CH3)

+�; 146 (M�C2H5O–Br)+; 118; 77. ½a�25

D ¼ �54 (c
2.45, CHCl3); ee >98%. Anal. Calcd for C11H9BrO3:
C, 49.10; H, 3.37; O, 17.84. Found: C, 50.09; H, 3.37.

Yamadazyma farinosa: Yield of (+)-6-bromo-2-(1-
hydroxyethyl)-chromen-4-one, (+)-2: 70%. Same physi-
cal constants and NMR spectra as those for (�)-2.
½a�25

D ¼ þ54 (c 1.6, CHCl3); ee >98%.

5.6. Chemical reduction

(±)-1 and (±)-2 were prepared by classical chemical
reduction of the corresponding substrate by NaBH4.

20

5.7. Acetylation of 1 and 2

To a freshly distilled pyridine solution (5 mL) of chro-
men-4-one (1.5 mmol), acetic anhydride (4.5 mmol,
750 lL) was added dropwise and the mixture stirred
overnight at room temperature. To this solution was
then added 20 mL of water and vigorous stirring main-
tained for 1 h. The aqueous phase was extracted twice
with diethyl ether. The organic phase was dried over
MgSO4 and the solvent evaporated under vacuum.
The crude product was purified on a silica gel column.

(i) (±)-2-(1-Hydroxyacetyl-ethyl)-chromen-4-one, (±)-3:
(±)-3 was obtained from (±)-1. Eluent: cyclohex-
ane/ethyl acetate 7/3. Yield: 88%. Rf = 0.56. 1H
NMR (400.13 MHz) d: 1.55 (d, 3H, J = 6.8 Hz);
2.09 (s, 3H); 5.65 (q, 1H, CHO, J = 6.8 Hz); 6.29
(s, 1H, H3); 7.33 (td, 1H, J = 1.1 Hz, J = 7.0 Hz);
7.39 (d, 1H, J = 8.4 Hz); 7.61 (td, 1H, J = 1.7 Hz,
J = 7.0 Hz); 8.11 (dd, 1H, J = 1.2 Hz, J = 8.2 Hz).
13C NMR (100.61 MHz) d: 18.6 (CH3); 20.9
(CH3); 68.2 (C-9); 108.1 (C-3); 118.0 (C-8); 123.9
(Cq-b); 125.3 (C-6); 125.8 (C-5); 133.8 (C-7);
156.2 (Cq-a); 166.6 (C-11); 169.6 (C-2); 178.1
(C-4).

(ii) (+)-2-(1-Hydroxyacetyl-ethyl)-chromen-4-one, (+)-3:
(+)-3 was obtained from (+)-1. Yield: 90 %. Same
physical constants and NMR spectra as in
(i). ½a�25

D ¼ þ100:8 (c 1.0, CHCl3). Anal. Calcd for
C13H12O4: C, 67.23; H, 5.21; O, 27.56. Found: C,
67.15; H, 5.24; O, 27.61.

(iii) (�)-2-(1-Hydroxyacetyl-ethyl)-chromen-4-one, (�)-
3: (�)-3 was obtained from (�)-1. Yield: 85%.
Same physical constants and NMR spectra as those
in (i). ½a�25

D ¼ �104:0 (c 1.2, CHCl3). Anal. Calcd
for C13H12O4: C, 67.23; H, 5.21; O, 27.56. Found:
C, 67.37; H, 5.15; O, 27.48.

(iv) (±)-6-Bromo-2-(1-hydroxyacetyl-ethyl)-chromen-4-
one, (±)-4: (±)-4 was obtained from (±)-2. Eluent:
cyclohexane/ethyl acetate 6/4. Yield: 88%. Rf =
0.62. Mp = 75–76 �C. 1H NMR (400.13 MHz) d:
1.54 (d, 3H, J = 6.8 Hz); 2.09 (s, 3H); 5.63 (q, 1H,
CHO, J = 6.6 Hz); 6.30 (s, 1H); 7.24 (d, 1H,
J = 9.0 Hz); 7.68 (dd, 1H, J = 2.4 Hz, J = 8.8 Hz);
8.24 (d, 1H, J = 2.4 Hz). 13C NMR (100.61 MHz)
d: 18.6 (CH3); 20.9 (CH3); 68.1 (C-9); 108.2 (C-3);
118.8 (C-6); 120.0 (C-8); 125.2 (Cq-b); 128.4 (C-5);
136.8 (C-7); 154.9 (Cq-a); 167.0 (C-11); 171.9 (C-
2); 177.9 (C-4).

(v) (+)-6-Bromo-2-(1-hydroxyacetyl-ethyl)-chromen-4-
one, (+)-4: (+)-4 was obtained from (+)-2. Yield:
94%. Same physical constants and NMR spectra
as those in (iv). ½a�25

D ¼ þ85:6 (c 1.5, CHCl3). Anal.
Calcd for C13H11BrO4: C, 50.19; H, 3.56; O, 20.57.
Found: C, 50.12; H, 3.50; O, 20.58.

(vi) (�)-6-Bromo-2-(1-hydroxyacetyl-ethyl)-chromen-4-
one, (�)-4: (�)-4 was obtained from (�)-2.
Yield: 88%. Same physical constants and NMR
spectra as in (iv). ½a�25

D ¼ �85:6 (c 0.9, CHCl3).
Anal. Calcd for C13H11BrO4: C, 50.19; H, 3.56;
O, 20.57. Found: C, 50.31; H, 3.48; O, 20.46.

5.8. IR and VCD spectra

IR and VCD spectra of CCl4 solutions of (±)-, (+)- and
(�)-3 and (±)-, (+)- and (�)-4 were measured using
Nicolet MX-1 and Bomem/BioTools ChiralIR spectro-
meters, respectively. Concentrations were �0.064 M
for all solutions of 3 and �0.074 M for all solutions of
4. Resolutions were 1 cm�1 (IR) and 4 cm�1 (VCD).
The cell pathlength was 109 l. VCD acquisition times
were 1 h. Baselines for the VCD spectra of the (+)-
and (�)-isomers of 3 and 4 were the VCD spectra of
the corresponding (±) samples. After conversion to
VCD spectra in D� units, VCD spectra of (+)-3 and
(+)-4 were normalised to the ee�s of the (�)-3 and (�)-
4 samples by multiplication by [a]D(�)/[a]D(+) for 3
and 4. [a]D values were: (+)-3, 90.7; (�)-3, �100.5; (+)-
4, 84.8; (�)-4, �95.5. Finally, �half-difference� VCD
spectra 1

2
½DeðþÞ � Deð�Þ�, were calculated for 3 and 4;

these spectra are those presented in Figure 1.

5.9. DFT calculations

All DFT calculations were carried out using GAUSSIANGAUSSIAN

9898 or GAUSSIAN 03GAUSSIAN 03.10 As in prior work,11–17 the function-
als B3LYP and B3PW91 and the basis sets 6-31G* and
TZ2P were used. Calculations of vibrational frequen-
cies, dipole strengths and rotational strengths are carried
out within the harmonic approximation. Atomic axial
tensors (AATs) are calculated using gauge-invariant
atomic orbitals (GIAOs),8,9 ensuring origin-indepen-
dence of the rotational strengths obtained thence. IR
and VCD spectra are obtained from frequencies, dipole
strengths and rotational strengths using Lorentzian
band shapes.23,24
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