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a b s t r a c t

Two bicalutamide analogs (N-[4-nitro-3-(trifluoromethyl)phenyl]-3-(4-fluorophenyl)sulfinyl-2-hydroxy-
2-methyl-propane-amide 2 and its 4-cyano derivative 3) with an R-configured asymmetric carbon atom
and a chiral sulfoxide group are described quantum chemically to determine their properties in depen-
dence of their conformation and their (R,S)-configuration at the sulfoxide S atom. Compounds 2 and 3
are known to be novel androgen receptor antagonists with biological activities that depend significantly
on the configuration of their stereogenic centers. For the purpose of a rapid differentiation between active
and less active diastereomers of 2 and 3, relative energies, conformational preferences in different media,
NMR chemical shift values, vibrational spectra, and vibrational circular dichroism (VCD) spectra are cal-
culated for up to 12 different conformers. It is demonstrated that both 2 and 3 prefer strongly different
conformations in dependence of the surrounding medium and as a consequence of the change from intra-
to intermolecular H-bonding. The different diastereomers can be easily distinguished by specific NMR
chemical shifts, infrared bands, or VCD rotational strengths.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Prostate cancer is the most common cancer for men in the USA. It
is also a major cause of male death in the world [1]. The growth of
prostate cancer strongly depends on androgens. Therefore, androgen
receptor antagonists are widely used as hormone therapy. Bicaluta-
mide (1, Fig. 1), N-[4-cyano-3-(trifluoromethyl)phenyl]-3-(4-fluoro-
phenyl)sulfonyl-2-hydroxy-2-methyl-propane-amide, C18H14F4N2O4S,
marketed as Casodex�, is an androgen receptor antagonist with good
efficacy against prostate cancer [2–4]. However, it also has consider-
able drawbacks in that prostate cancer recurs after a short period of
response [5,6]. Under in vitro conditions, bicalutamide has shown
partial agonistic activity for androgen receptors at high concentra-
tions. This partial agonistic activity may be one of the factors contrib-
uting to the recurrence [5,6]. Therefore, the search for bicalutamide
analogs that do not have agonistic activities has been actively pur-
sued and, consequently, many bicalutamide analogs have been re-
ported in the literature [7–11].

Bicalutamide has one chiral center (asymmetric C4 atom with
an R-configuration) as shown in Fig. 1. The absolute configuration
of this chiral center proves to be important because it influences
the biological activity of the molecule [7,12–14]. Recently, bicalu-
tamide analogs that contain a sulfoxide group (2 and 3, Fig. 1) have
been synthesizd [15]. The introduction of the sulfoxide group leads
to a second chiral center (starred atoms in Fig. 1) and the formation
ll rights reserved.
of two possible diastereomers with R- or S-configuration at atom
S2 abbreviated as C(R)S(R) (diastereomer a) and C(R)S(S) (diaste-
reomer b) in this work. A reliable determination of the absolute
configuration of the chiral S=O center is a prerequisite for correctly
analyzing the androgen receptor antagonistic activities of these
new bicalutamide analogs.

In this work, we investigate with the help of quantum chemical
methods how the different diastereomers of bicalutamide deriva-
tives such as 2 or 3 (Fig. 1) can be reliably and rapidly identified
with the help of spectroscopic means. This investigation is timely
in view of the recent synthesis of 2 and 3 and the need to clarify
what diastereomers have been synthesized [15].

In Section 2 we describe the quantum chemical methods we
have used for the characterization of the bicalutamide analogs.
In Section 3, the most stable conformations in the gas phase
and in a polar solvent are determined and their dependence on
the environment is discussed. Although we have used water as
a solvent in the second case, we note that 1 and its analogs
are practically insoluble in water [7–11,15]. Therefore the situa-
tion of a solvent with high dielectric constant is chosen in this
work only for the purpose of assessing the whole range of con-
formational changes in dependence of the medium. Focusing on
the most stable conformations in a medium with low dielectric
constant, NMR chemical shifts, vibrational spectra, and vibra-
tional circular dichroism (VCD) spectra are calculated and ana-
lyzed to determine if they provide tools for rapidly
distinguishing between the diastereomers of bicalutamide
analogs.

mailto:dcremer@pacfic.edu
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Fig. 1. Bicalutamide, 1, and its sulfoxide analogs 2 and 3. Numbering of atoms and dihedral angles used to describe the conformation of the link between the phenyl rings.
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2. Computational methods

Since compounds 2 and 3 possess a flexible link between the
p-fluoro-phenyl and the m-trifluoromethyl-phenyl group, it is dif-
ficult to predict the most stable conformations of the two diaste-
reomers without extensive scanning of their conformational
energy surface: For the purpose of facilitating this task semiempir-
ical calculations were combined with density functional theory
(DFT) calculations following a five-step procedure. (a) A conforma-
tional model was chosen for bicalutamide analogs 2 and 3, in
which both phenyl groups and the peptide unit were kept planar.
(b) The AM1 method [16] was used to scan the conformational en-
ergy surface in the directions of the dihedral angles driving rota-
tions at bond C1S2, S2C3, and C3C4 (see Fig. 1). (c) Two positions
of the 4-nitro- or cyano-substituted 3-(trifluoromethyl)phenyl ring
with the CF3 group being syn or anti to the C@O group (phenyl flip)
were investigated. (d) The rotor groups CH3, CF3, NO2, and OH were
adjusted for each conformation considered by appropriate AM1
geometry optimizations. The procedure (a–d) led to global and lo-
cal conformational minima of the diastereomers of 2 and 3 on a 10-
dimensional conformational energy surface at the AM1 level of
theory. (e) The most stable AM1 conformers of each diastereomer
were completely reoptimized using DFT with the B3LYP hybrid
functional [17–19] and Pople’s 6-31G(d,p) basis set (involving up
to 495 basis functions) [20]. In this way, for each diastereomer four
stable conformers were identified, of which those just differing by
a phenyl flip (the a0 or b0 conformers) were not further investigated
for compound 3 thus limiting the total number of investigated con-
formers to 12.

The conformers calculated in this way are characterized by four
dihedral angles: C1S2C3C4, O10C4C3S2, C4C3S2O8, and C3C4C5N6
(for numbering of atoms, see Fig. 1), which can be either syn-peripla-
nar (sp, dihedral angle values of 0 ± 30�), syn-clinal (sc, ±60 ± 30�),
anti-clinal (ac, ±120 ± 30�), or anti-periplanar (ap, 180 ± 30�). The an-
gle O10C4C3S2 was chosen rather than angle C5C4C3S2 (the latter is
related to the former) because the position of O10 (in connection
with that of O8 given by dihedral angle C4C3S2O8) determines the
possibility of O10H...O8S2 H-bonding. For rapid identification of
the different conformers, we will classify the calculated dihedral an-
gles by the stereochemical acronyms sc, sp, ac, and ap.

For the conformational forms investigated, harmonic vibra-
tional frequencies were calculated at B3LYP/6-31G(d,p) to verify
the nature of all stationary points and to determine vibrational
and temperature corrections for the energy differences. Vibrational
frequencies were scaled with the factor 0.96. In all cases, energy
differences DE at 0 K, enthalpy differences DH(298), entropies
S(298), and free energy differences DG(298) at 298 K were deter-
mined relative to the most stable conformer.
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The quantum chemical description of 2 and 3 obtained in this
way refers to the gas phase situation and identifies the electronic
effects determining their geometry and stability. Experiments for
bicalutamide and its analogs are carried out in various solvents
including pentane and CHCl3. In view of the low dielectric con-
stants of these solvents (e = 1.84; 4.81 [21]), the gas phase (e = 1)
results are also relevant for the experimental studies. However,
we wanted to determine the full range of conformational changes
possible by using solvents of high dielectric constants and there-
fore we have also considered the situation in aqueous solution
(water: e = 78.39 [21]) despite the fact that bicalutamide and its
analogs are hardly soluble in this solvent. We calculated solvation
free energies for the diastereomers of 2 and 3 employing the con-
ductor-like polarizable continuum model (CPCM) of Cossi and co-
workers [22]. In view of the limited role of water as a solvent for
2 and 3, no attempt was made to reoptimize the investigated forms
in this medium.

For NMR chemical shift calculations the DFT-IGLO method of
Cremer and Olsson [23] was used that employs orbital corrections
similar but not identical to those suggested by Malkin and
co-workers [24]. For the purpose of calculating 1H and 13C NMR
chemical shifts, the magnetic shielding values of TMS were used
as reference. For the hetero nuclei 15N, 17O, 19F, and 33S, calculated
magnetic shielding of NH3, H2O, HF, and CS2 were determined and
the following equations were applied

dð17OÞ ¼ rðH2OÞ � r� 36:1 ð1Þ

dð19FÞ ¼ rðHFÞ � r� 221:4 ð2Þ

dð33SÞ ¼ rðCS2Þ � r� 334:2 ð3Þ

to comply with experimental standards [25–27]. In addition to the
NMR chemical shifts, infrared and VCD spectra [28,29] were calcu-
lated for all diastereomers investigated using the B3LYP/6-31G(d,p)
methodology. For the identification of a given diastereomer, the
infrared and VCD spectra of the most stable conformers were com-
bined using weight factors derived from their free energy differ-
ences at 298 K. All calculations were carried out with the program
packages COLOGNE08 [30] and Gaussian 03 [31].
3. Results and discussion

The low energy conformers obtained for the diastereomers of 2
and 3 are shown in Figs. 2 and 3. Relative energies (enthalpies, free
energies) in the gas phase and in aqueous solution and dipole mo-
ments are listed in Table 1. The most stable conformer for diaste-
reomer 2b is 2b-1’ that has almost the same energy as 2b-1, the
form with the 180-rotated 4-nitro-3-(trifluoromethyl)phenyl
group at the peptide unit (DE = 0.2 kcal/mol, DH = DG = 0 kcal/
mol, Table 1). The stability of the C(R)S(S) configuration is a result
of a relatively strong OH...OS H-bond (H,O distance: 1.790 Å; Fig. 2)
supported by attractive NH..O and CH...O@C interactions as shown
in Fig. 2. The C1S2C3C4 dihedral angle is close to 180� (ap-confor-
mation), which leads to a stretched overall-shape of the molecule.
The calculated dipole moments for 2b-1 and 2b-10 are relatively
large (8.7 and 9.1 D, Table 1) which indicates that solvation of
these diastereomers with a polar solvent such as water leads to
some extra stability. This is confirmed by the fact that 2b-1 and
2b-10 represent also the most stable conformers in aqueous solu-
tions (Table 1).

As soon as the dihedral angle C1S2C3C4 is reduced, the SO
group is rotated away from the hydroxyl group and the OH...OS
H-bond is broken thus leading to the conformer 2b-2 with dihedral
angle C1S2C3C4 close to 54� and a U-shaped form, which has a sig-
nificantly higher energy (DG(298) = 10.4 and DG(water) = 6.7 kcal/
mol) in the gas phase and aqueous solution.
For the C(R)S(R) configuration 2a, OH...OS H-bonding is not pos-
sible in any of the stretched forms that occupy local minima on
the conformational energy surface of the molecule (2a-1, 2a-2,
Fig. 2). The molecule has to rotate from the ap-C1S2C3C4 to the
sc-C1S2C3C4 conformation with a dihedral angle close to 70� to
reestablish OH...OS H-bonding (2a-3 and 2a-30, H,O distance:
1.725 Å, Fig. 1). This leads to two U-shaped forms and a decrease
in energy from 6.7 to 1.9 and 5.6 to 2.2 kcal/mol relative to the
free energy of 2b-1 (2b-10, Table 1) as calculated for the gas phase.
The dipole moments decrease in this way from 11 to 11.8 D to 6.9
to 7.6 D indicating that solvation in a polar solvent may change
relative stabilities. Indeed, the curled U-forms 2a-3 and 2a-30 turn
out to be less stable in aqueous solution (4.1 and 4.9 kcal/mol)
than the stretched forms 2a-1 and 2a-2 (1.3 and 2.1 kcal/mol,
Table 1). This is reasonable because intramolecular H-bonding
can be replaced in water by intermolecular H-bonding and the
molecular form with the larger dipole moments will benefit more
strongly from solvent stabilization as verified in this work by
CPCM calculations.

By replacing the NO2 group by a CN group thus leading to dia-
stereomers 3a and 3b (Fig. 1), similar geometries and relative ener-
gies are obtained (Table 1, Fig. 3). The investigation of 3 was
desirable in view of the fact that bicalutamide carries a cyano
rather than a nitro group in position 4 of the 3-(trifluoro-
methyl)phenyl ring. Hence, molecule 3 is the actual link to bicalu-
tamide and helps to compare biological activity in dependence of
an exchange of SO2 against SO (Fig. 1).

We conclude that for the C(R)S(R) diastereomer 2a (3a) different
conformations dominate in different media. In the gas phase as
well as nonpolar solvents with low dielectric constant, the U-forms
2a-3 and 2a-30 will be in a conformational equilibrium with other
low energy forms (2a-1, 2a-2; calculated barriers are below 3 kcal/
mol), however the former conformations will be preferentially
populated according to the calculated DG(298) values (Table 1).
In polar solvents such as water, this role is taken over by the
stretched forms 2a-1 and 2a-2 in a distribution 80:20. Independent
of the medium, for the C(R)S(S) configuration, there will be always
a dominance of the stretched forms 2b-1 and 2b-10. This has to be
considered when searching for suitable properties by which diaste-
reomers of 2 (or 3) can be distinguished.

4. NMR spectroscopy: chemical shifts

The NMR chemical shifts of all conformers were calculated in
this work (see Supporting Information). However, we will discuss
only the chemical shifts of the most stable conformers in the gas
phase. This has to do with the fact that the target compounds 2
and 3 possess little solubility in water and therefore have to be
investigated in nonpolar solvents such as pentane or chloroform.
Because of the low dielectric constants of these solvents, chemical
shifts measured in chloroform or pentane do not differ significantly
from gas phase values.

In Table 2, those chemical shifts, that make it possible to iden-
tify individual diastereomers of 2 (or 3) in a mixture of reaction
products, are listed. All calculated NMR chemical shifts including
those of the heteroatoms are given in Figures A1 to A4 of the Sup-
porting Information. There are just small chemical shift differences
between those conformers that are related by a phenyl flip (180�
rotation of the 4-nitro-3-(trifluoromethyl)phenyl group) so that a
distinction of conformers 2b-1 and 2b-10 or 2a-3 and 2a-30 in a
mixture is difficult. However apart from the phenyl flip, the most
stable forms of the diastereomers of 2 and 3 can clearly be distin-
guished with the help of their NMR chemical shifts.

In the 13C NMR spectra, the chemical shift of C3, the atom be-
tween the two chiral centers, is at 47 ppm for 2a-3, however at
56 ppm for 2b-1. The attached H atoms at C3 possess NMR chem-
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Fig. 2. B3LYP/6-31G(d,p) geometries of conformers 2a-1, 2a-2, 2a-3, 2a-30 , 2b-1, 2b-10 , and 2b-2. Bond lengths in Å, bond angles in deg. C and H atoms are given as white
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referred to the web version of this paper.)
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ical shifts of 3.1 and 3.1 ppm in the first case and 2.1 and 3.2 ppm
in the second case, i.e., that the shift difference increases to 1 ppm
when the molecule adopts a stretched conformation (compare also
the corresponding shift values for 3a-3 and 3b-2, Table 2).
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Table 1
Zero point energies (ZPE), entropies S, dipole moments l, relative energies DE, relative enthalpies DH(298), relative free energies DG(298), and relative free energies in aqueous
solution DG(sol) for the most stable conformations of diastereomers 2a, 2b, and 3a, 3ba

X Molecule Configuration Overall-shape Conformation ZPE S l DE DH(298) DG(298) DG(sol)

NO2 2a-1 C(R)S(R) stretched ap-sc-sc-ac 189.0 187.0 11.79 7.8 7.5 6.7 1.3
2a-2 stretched ap-sp-sc-sc 189.2 184.7 10.97 6.0 5.7 5.6 2.1
2a-3 U-form sc-sc-sc-ac 189.8 181.8 7.61 1.2 1.2 1.9 4.1
2a-30 U-form sc-sc-sc-ac 189.8 181.4 6.94 1.5 1.4 2.2 4.9
2b-1 C(R)S(S) stretched ap-sc-sc-ac 189.7 184.8 8.67 0.2 0.2 0.0 0.0
2b-10 stretched ap-sc-sc-ac 189.8 184.3 9.15 0.0 0.0 0.0 0.0
2b-2 U-form sc-sc-ap-sc 189.2 184.8 8.22 10.9 10.6 10.4 6.7

CN 3a-1 C(R)S(R) stretched ap-sc-sc-ac 186.5 183.8 11.88 7.7 7.4 6.9 1.5
3a-2 stretched ap-sp-sc-sc 186.7 182.0 11.05 5.9 5.6 5.7 2.3
3a-3 U-form sc-sc-sc-ac 187.3 177.8 6.97 1.3 1.3 2.6 5.2
3b-1 C(R)S(S) stretched ap-sc-sc-ac 187.1 182.1 8.78 0.0 0.0 0.0 0.0
3b-2 U-form sc-sp-ap-ac 186.6 182.9 8.32 10.6 10.4 10.2 6.4

a Relative energies (enthalpies, free energies) and zero-point energy (ZPE) values in kcal/mol, entropy S in entropy units, dipole moments l in Debye. DE, DH(298),
DG(298), and DG(sol) give the energy difference at 0 K without ZPE correction, the enthalpy difference at 298 K, the free energy difference at 298, and the difference in the
solvation free energies with regard to the most stable form, 2b-10. For the overall-shape, see text. Conformations are given in terms of dihedral angle (see Fig. 1) using
standard conformational abbreviations: syn-periplanar (sp, 0 ± 30�), syn-clinal (sc, ±60 ± 30�), anti-clinal (ac, ±120 ± 30�), or anti-periplanar (ap, 180 ± 30�).
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The comparison of calculated to measured proton shifts is diffi-
cult because the influence of solvent effects changes the proton
spectrum considerably. However in a nonpolar solvent with low
dielectric constant, the trends calculated in this work should be
also observed experimentally. Furthermore, it should be possible
to identify the U-form of 2a-3 via the chemical shifts of its aro-
matic protons. In the stretched conformation (2a-1, 2a-2, 2b-1),
the signals of these protons appear between 7.3 and 9.4 ppm. How-
ever, in the U-forms (2a-3, 2b-2), there is some stacking between
the phenyl rings so that some of the aromatic protons are posi-
tioned exactly above the second phenyl ring in the molecule. These
protons are shielded and resonate at lower d values. In total the
aromatic protons are upfield shifted to 6.6–8.6 ppm, which should
be clearly seen in the proton NMR.

If one includes also 17O and 33S NMR chemical shifts (Table 2),
all conformations become distinguishable. There are shift differ-
ences of 20, 10, and 30 ppm with regard to the d values of O8 when
comparing 2a-3 with (2a-2, 2a-1), 2b-1 and 2b-2. This does not
make it possible to distinguish between 2a-1 and 2a-2, however
inclusion of the NMR chemical shifts of O10 and S2 (17O values:
2.4 and �14.1 ppm; 33S: �181.4 and �190.4 ppm, Table 2) solves
the problem.

Similar trends in the calculated NMR chemical shift values are
observed for molecule 3. Hence it is possible to distinguish



Table 2
Calculated NMR chemical shifts of selected nuclei of 2 and 3a

a All NMR chemical shifts in ppm. Values in red belong to the conformers most stable in the gas phase and in non-polar solvents. References are TMS for 13C and 1H, H2O for
17O, and CS2 for 33S chemical shifts. See Eqs. (1) and (3). B3LYP/6-31G(d,p) calculations. Values of the most stable conformers in red. (For interpretation of the references to
color in this table, the reader is referred to the web version of this paper.)
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between the diastereomers of 2 (3) in their most stable conforma-
tions utilizing NMR spectroscopy. With the help of the NMR chem-
ical shift values determined in this work, it should be possible to
determine which of the diastereomers possess a C(R)S(R) (the
a-forms) and which a C(R)S(S) configuration (the b-forms). Because
the exchange of the nitro against a cyano group does not lead to
any major charges in the properties of the bicalutamide analog,
we will discuss in the following only the results obtained for 2.

5. Vibrational spectroscopy: infrared and VCD spectra

The calculated infrared spectra reveal some significant differ-
ences between the diastereomers 2a and 2b. The O-H stretching
frequencies for 2a-3 and 2a-3’ are calculated to be 3238 and
3241 cm�1 (scaled values), respectively, whereas 2b-1 and 2b-10

are characterized by values of 3309 and 3306 cm�1. This significant
red shift in the O-H stretching frequency of the C(R)S(R) configura-
tion 2a is due to the stronger hydrogen bonding between OH and
O@S group.
Fig. 4. Superimposed infrared spectra of diastereomers 2a (blue) and 2b (red). For 2a, an
of the two conformers, whereas for 2b a 50:50 equilibrium between 2b-1 and 2b-10 was
and 1800 cm�1 is given. The insert gives the range of the NH and OH stretching frequ
Supporting information. Stars indicate frequency ranges that differ for the two diaster
strongest intensity and used as a reference for all other spectra. (For interpretation of the
this paper.)
Fig. 4 gives a superposition of the infrared spectra of the most
stable conformers of 2a (i.e. adding the two spectra with 60% of
the infrared intensity of 2a-3 and 40% of that of 2a-30) and 2b
(50% of the infrared intensity of 2b-1 and 50% of that of 2b-10) in
the range from 800 to 1800 cm�1. There are three areas where
the two spectra differ in a distinctive way (Fig. 4): (a) 1120 to
1130 cm�1 (2a-3 + 2a-3: 1 small band with shoulder; 2b-1 + 2b-
10: 1 somewhat more intense band); (b) 1200 to 1240 cm�1 (2a-
3 + 2a-3’: 2 small bands; 2b-1 + 2b-1’: 1 somewhat more intense
band); (c) 1380 to 1480 cm�1 (2a-3 + 2a-30: 5 small bands; 2b-
1 + 2b-10: 3 somewhat more intense bands). These differences
should be sufficient to distinguish between diastereomers 2a and
2b in nonpolar solvents with low dielectric constant.

The VCD spectra of diastereomers 2a and 2b depend on their
conformation and on the absolute configuration at the two chiral
centers. Therefore, knowledge of the VCD spectra guarantees an
identification of the diastereomers. As in the case of the vibrational
spectra, first the VCD spectrum of each stable conformer was calcu-
lated (see Supporting Information) and then the spectra of the two
equilibrium of conformers 2a-3 and 2a-3’ is calculated with a 40% to 60% population
used according to the calculated DG(298) values of Table 1. The range between 800
encies. For the individual infrared spectra of 2a-3, 2a-30 , 2b-1, and 2b-10 , see the
eomers. The relative intensity of 1.0 was determined for the conformer with the
references to color in this figure legend, the reader is referred to the web version of
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Table 3
Important harmonic vibrational frequencies (scaled by 0.96, cm�1), infrared inten-
sities (in parentheses, km/mol), and optical rotational strengths (italic values,
�10�44 esu2 cm2) for the most stable conformers of diastereomers 2a and 2b

Vibrational Stretching mode 2a-3
C(R)S(R)

2a-3’
C(R)S(R)

2b-1
C(R)S(S)

2b-1’
C(R)S(S)

C=O 1706 1708 1704 1706
(129.4) (124.2) (154.1) (146.6)
�75.5 �66.9 �64.6 �59.7

NO2 1341 1340 1341 1339
(441.4) (530.5) (465.4) (573.6)
�10.6 �1.3 �26.5 48.1

S=O 961 959 962 962
(74.3) (86.7) (81.3) (89.4)
�76.0 �87.5 126.3 104.6

O�H 3241 3238 3309 3306
(522.0) (510.0) (538.7) (551.0)
45.9 7.9 835.5 807.2

N�H 3388 3390 3396 3396
(128.3) (135.3) (126.4) (132.0)
�25.0 �25.9 �10.1 �6.1
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most stable conformers combined using weight factors that are di-
rectly calculated from the free energy difference of the conformers
in question. The spectra thus obtained are shown in Fig. 5.

There are characteristic differences between diastereomers 2a
and 2b with regard to the optical rotational strength of the S@O
and OAH stretching modes (Table 3). For 2a-3 and 2a-30 with their
C(R)S(R) configuration, the S@O stretching mode possesses optical
rotational strengths of�76.0 and�87.5 � 10�44 esu2 cm2, however
the C(R)S(S) forms 2b-1 and 2b-10 have rotational strengths of
126.3 and 104.6 � 10�44 esu2 cm2. The change in sign is caused
by the absolute configuration at sulfur. Also, the OAH stretching
mode reveals a dramatic difference in the rotational strength (from
8 to 46, 807, and 835 � 10�44 esu2 cm2 in the sequence 2a-30, 2a-3,
2b-10, 2b-1, Table 3 and Fig. 5), which provides a simple indicator
for the absolute configuration at chiral center S2. The rotational
strength associated with the C@O stretching motion, however,
does differ less on the absolute configuration and conformation
of 2 and therefore is not a suitable indicator (Fig. 5 and Table 3).
The differences in the rotational strengths of the NO stretching
mode (Table 3) are larger where it helps again that 2b-10 has a po-
sitive value of 48 � 10�44 esu2 cm2 so that this conformation can
be easily distinguished from the three others (see also Fig. 5).

Strong differences between the diastereomers 2a and the 2b are
found in the ranges 1120–1170 cm�1, 1380–1480 cm�1, and 1560–
1600 cm�1, which are associated with CH2 bending, phenyl ring
stretching, CH3 wagging, and other framework motions. Based on
the VCD spectra (see Fig. 5) diastereomers 2a and 2b should be eas-
ily identified.

6. Conclusions

We have shown that the diastereomers 2a and 2b prefer differ-
ent conformations in the gas phase (corresponding to the situation
in nonpolar solvents with low dielectric constant) and in strongly
polar solvents. Intramolecular H-bonding between the OH and SO
groups leads in the case of 2a to a U-form (2a-3 and 2a-30), which
in a polar medium stretches out replacing intramolecular by inter-
molecular H-bonding (2a-1 and 2a-2). The S-configuration at the
chiral S(@O) center makes OH...SO H-bonding possible in the
stretched (2b-1 and 2b-10) rather than the U-form 2b-2 possible,
which explains the change in the conformational behavior in the
case of diastereomer 2b. This holds for both gas phase, nonpolar
and polar solvents. Similar trends are observed for bicalutamide
3. Rapid identification of the different diastereomers of 2 or 3
can be best accomplished with the help of VCD rotational
strengths, infrared spectra or NMR chemical shifts, which reflect
the fact that U- and stretched forms possess different spectroscopic
properties.
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We note that the formation of H-bonding determines the rela-
tive stabilities of the C(R)S(R) and C(R)S(S) diastereomers and will
also play a role as for the relative stabilities of the transition states
leading to the formation of 2a and 2b (3a and 3b). Hence, the
experimentally observed preference of the formation of the
C(R)S(S) diastereomer b [15] and its larger stability can be con-
nected to the impact of strong OH...SO interactions. The larger bio-
logical activity of 2a (3a) [15] as compared to 2b (3b) can be
connected to its more spherical shape. These results are relevant
for the synthesis, identification, and application of bicalutamide
analogs 2 and 3.
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