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ABSTRACT  We report on the synthesis and investigation of two diastereomers (5a
and 5b) of a new bicalutamide analog with an asymmetric carbon atom and a chiral sulf-
oxide group. These bicalutamide analogs are novel androgen receptor antagonists with
biological activities that depend significantly on the configuration of their stereogenic
centers. We determined the absolute configuration at the SO center by combining X-ray
and NMR measurements with quantum chemical calculations. Since 5a and 5b failed to
yield satisfactory crystals for X-ray crystal structure determination, analogs 6a and 6b
differing in only one remote functional group relative to the chiral sulfoxide were syn-
thesized, which yielded satisfactory crystals. X-ray structure determination of 6a and
6b provided the absolute configuration at the chiral sulfoxide. Since the structural dif-
ference between 5 and 6 is remote from the chiral sulfoxide, the structural assignment
was extended from the diastereomers of 6 to those of 5 provisionally. These assign-
ments were verified with the help of measured and DFT-calculated proton and carbon
NMR chemical shifts. Chirality 00:000-000, 2008.  © 2008 Wiley-Liss, Inc.
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androgen receptor antagonists

INTRODUCTION

Chiral sulfoxide is an important group in many bioactive
molecules, and its absolute configuration often has sub-
stantial effects on its biological activity.!™ Although many
methods have been reported in the literature to determine
absolute configuration,®? it is still far from routine to
reliably predict the absolute configuration of chiral
sulfoxides.'®

During the synthesis of novel androgen receptors, we
obtained two diastereomers of bicalutamide analogs,
which showed very different activities. Androgens are of
crucial importance in sexual development and function in

the most extensively studied.?* Bicalutamide and bicaluta-
mide analogs (see Fig. 1) usually have a single chiral cen- 1
ter corresponding to an asymmetric carbon atom (S-con-
figuration when X = O, NH, and R-configuration when X
=S, SO,). It has been demonstrated that the chirality at
this center is important for their biological activity against
AR.>?" When X is —SO-, another chiral center at the sul-
fur position is introduced, resulting in two diastereomers
(for an R configuration at the asymmetric carbon: R, R or
R, S). Starting from amides 1 (Fig. 1), we synthesized

males and secondary male characteristics such as muscle
mass, bone mass, strength, fat distribution, and spermato-
genesis.*1® The androgen receptor (AR) is an important
member of the nuclear superfamily of ligand-activated
transcriptional regulators and is responsible for mediating
the physiological actions of the androgens testosterone
and 5a-dihydrotestosterone.!”® Since the discovery of the
natural (or endogenous) steroidal androgen testosterone
(TES) in the 1930s, a variety of steroidal and nonsteroidal
AR ligands have been synthesized and tested. Nonsteroi-
dal AR antagonists such as flutamide,'® nilutamide,*?!
and bicalutamide?*?® are clinically useful prostatic cancer
drugs. Of these, the structure of bicalutamide has been
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Fig. 1. Structure of bicalutamide, its derivatives, and their synthesis. Reagents and conditions: (a) NaH, THF, 0°C to room temperature, overnight;

(b) NalO4, MeOH, H,0, room temperature.

bicalutamide analogs 3. Oxidation of 3 leads to sulfoxides
5. Interestingly, the diastereomers 5a and 5b have very
different activity towards AR binding. For the purpose of
understanding the biological significance of the absolute
configuration of chiral sulfoxide in 5a and 5b, we report
the structural determination of these two diastereomers
by combining X-ray crystal structure studies with NMR
measurements and quantum mechanical calculations.

MATERIALS AND METHODS
Synthesis of Sulfoxide-Linked Bicalutamide Derivatives

The synthetic route for compounds (5 and 6) is out-
lined in Figure 1. Briefly, compound 5 and 6 were pre-
pared starting from hydroxybromides 1 and 2, respec-
tively. For compound 5, hydroxybromide 1 was synthe-
sized starting from p-proline as a chiral auxiliary.?” In our
coupling reaction, the hydroxybromide was generated to
optimized yield (92%) from R-3-bromo-2-hydroxy-2-methyl
propionic acid® with commercially available 4-nitro-3-tri-
fluoromethylaniline by using triethylamine (Et;N) as a
base and THF solvent (Fig. 1). Oxidation of sulfide 3 with
sodium periodate produced two diastereomeric sulfoxides
in 75% overall yield (27% for 5a, minor product; 48% for
5b, major product). Compounds 6a and 6b were synthe-
sized with similar yields.

Biological Assay

The AR binding affinity of these compounds was deter-
mined using an in vitro competitive radioligand-binding
Chirality DOI 10.1002/chir

assay with °H-mibolerone (MIB) as described previ-
ously.?® Briefly, increasing concentrations (102 nM to
5000 nM) of each ligand were incubated with rat cytosol,
*H-MIB (1 nM), and triamcinolone acetonide (1000 nM) at
4°C for 18 h. At the end of incubation, free and bound *H-
MIB were separated using the hydroxyapatite method.
ICs values were determined by computerfitting the data
for each ligand by nonlinear regression analysis. Binding
affinities of the ligands were then compared using the cal-
culated K; values.

NMR Studies

All NMR experiments were performed on a Varian Unity
Inova-500 MHz spectrometer equipped with a 5-mm HCN
probe (Varian NMR, Palo Alto, CA). The chemical shifts
are reported in ppm downfield relative to tetramethylsilane
in CDCl3. Temperature was controlled with a general
accuracy of =0.1°C. All NMR data were processed with
standard Varian software.

Quantum Chemical Calculations

The diastereomers of 5 and 6 were investigated employ-
ing the semiempirical AM1 method® for exploratory cal-
culations and density functional theory (DFT) for the
actual calculations using in the latter case the B3LYP
hybrid functional®®®! together with Pople’s 6-31G(d,p) ba-
sis®>% for final calculations (509 and 494 basis functions).

For the conformational minima found in this way, har-
monic vibrational frequencies were calculated to verify the
nature of the stationary points and to determine, besides
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STRUCTURE DETERMINATION OF CHIRAL SULFOXIDE 3 AQl
energy differences at 0 K, also enthalpy and free energy protons is 13.2 Hz, and the difference in their chemical
differences at 298 K. The quantum chemical descriptions shifts is 0.5 ppm. The carbon chemical shift for C7 is 65.3
of 5 and 6 obtained in this way refer to the gas phase and ppm (Fig. 2A). The same methylene group in 5a, on the
identify the electronic effects determining their geometry other hand, has a proton coupling constant of 13.8 Hz, a
and stability. Since NMR experiments were carried out in  carbon chemical shift of 59.2 ppm, and the difference in
CDCI; solution, we also calculated solvation free energies chemical shifts for the protons at C7 is 0.2 ppm (Fig. 2B).
of the diastereomers of 5 and 6 by employing the conduc- There are also differences in the chemical shifts of other
tor-like polarizable continuum model of Barone and groups, by which 5a and 5b can be distinguished. How-
coworkers® in connection with the dielectric constant of ever, we decided to focus our analysis on the C7 methyl-
chloroform (¢ = 4.81). ene group for the following reasons. First, chemical shifts
For the NMR chemical shift calculations, the DFT-IGLO  for the protons of the amide and hydroxyl group may have
method of Cremer and Olsson®® was used that is based larger variations and uncertainty due to their exchange-
on a orbital correction factor similar to the one Malkin able nature. These protons and the protons of the C9
et al. employed.>” All calculations were carried out with methyl group are also far away from the sulfoxide chiral
the program packages COLOGNEO07*® and Gaussian03 center. Second, the behaviors of chemical shifts for pro-
(Gaussian, Wallingford, CT, 2004). tons in the aromatic rings are more complicated than that
] of the methylene protons at C7. The analysis of the chemi-
X-Ray Ciystal Structure Analysis cal shifts of the C7-methylene group offers the simplest
Despite repeated trials, we were not able to obtain satis- and potentially the most reliable method for determining
factory single crystals of 5a and 5b suitable for X-ray the absolute configuration of the chiral sulfoxide group in
structural analysis. In contrast, satisfactory single crystals 5a and 5b.
from compound 6a and 6b were easily generated. Although there are some detectable differences in their
Selected crystals were analyzed using X-ray crystallogra- NOESY spectra, attempts to use NOE-derived distance
phy. Data were collected at 100 K using a Bruker-AXS constraints and molecular dynamics calculations failed to
Proteum CCD area detector and three-circle goniometer. unambiguously determine the structure of 5a and 5b.
X-rays were supplied by a Nonius FR591 rotating-anode This was mainly due to the large uncertainty of the NOE-
generator using a copper target (A = 1.54178 A) mono- derived distance constraints for these relatively flexible
chromated with Osmic mirrors. Highly redundant data molecules and the fact that there are no protons directly at
were collected and reduced using SAINT (Bruker AXS, the chiral center.
Madison, WI, 1998) and an absorption correction i i
(including a spherical component) applied using SADABS ~ X-Ray Structural Analysis of Diastereomers 6a and 6b
(Bruker AXS, Madison, WI, 2000). Diastereomer 6a (6b) shares similar properties (rela-
Directmethod structure solution® revealed the posi- tive yield from synthesis, polarity as indicated by TLC, and
tions of all nonhydrogen atoms. Structure refinement’® chemical shifts of proton NMR) with that of 5a (5b). Since
proceeded smoothly through the application of anisotropic the difference between 5 and 6 is very remote from the
displacement parameters and addition of hydrogen atoms chiral sulfoxide center and the corresponding isomers
using a riding model. The final structures have been de- share similar properties, the absolute configuration at the
posited with the Cambridge Crystallographic Data Center chiral sulfoxide position are expected be the same. Struc-
(allocated deposition numbers are CCDC 651542 and tural determination of 6 is likely to provide information
651543). for 5.
Results from the X-ray analysis of 6a and 6b are shown
in Figure 3. The structure of 6a was determined to be g3

RESULTS AND DISCUSSIONS
Different AR Activities of the Two Diastereomers

Although the 5a is the minor diastereomer, it is about
threefold more potent than 5b against androgen receptors
(5a, 71 = 10 nM; 5b, 185 * 95 nM). The chiral center at
the carbon atom possesses an R-configuration for both epi-
mers; the only difference is the chirality at the sulfoxide
group. Clearly the chirality of sulfoxide plays an important
role in the binding affinity to androgen receptors. The
binding affinity to AR for 6a and 6b were lower than that
of diastereomers of compound 5 (larger than 770 nM, the
upper limit for compounds to be considered inactive).

NMR Analysis

The most significant difference of one dimension 'H
and *C NMR of 5a and 5b is the chemical shift separa-
tion of the two protons at C7 next to the chiral sulfoxide
(Fig. 2). For 5b, the coupling constant between the two

CR)S(R), meaning R-configuration at the carbon and R-
configuration at the sulfur. Correspondingly, the structure
of 6b was found to be C(R)S(S), indicating S-configuration
at the sulfur position.

Crystals of compound 6a have P2; symmetry with two
independent molecules in the asymmetric unit. Each of
these molecules adopts an L-shaped conformation with the
hinge at C8. Both molecules have the leg terminating in
the single fluorine pointing along the b-axis. However,
they differ in the orientation of the leg terminating in
CN—one molecule has this leg pointing along the g-axis,
and the other has this leg pointing along the c-axis. The b-
pointing legs of one molecule type intercalate between
pairs of ¢- (or a-) pointing legs of molecules of the other
type, offering opportunities for edge-center interactions
between aromatic rings. There are a number of opportuni-
ties for hydrogen-bonding interactions, including intramo-
lecular bonds N1—H:--O2 (strengths of 0.08 and 0.11 va-

Chirality DOI 10.1002/chir
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Fig. 2. 'H-'3C HSQC spectra for 5a (B) and 5b (A). The corresponding one-dimensional "H NMR spectra are displayed in the horizontal projection.
Group numbering is given in Figure 3. Notice the difference in separation of the chemical shifts in these two diastereomers. [Color figure can be viewed

in the online issue, which is available at www.interscience.wiley.com.]

lence units, v.u.), and intermolecular bonds N1—H---O1’
(strengths of 0.06 and 0.10 v.u) and O2—H.--03
(strengths of 0.08 and 0.12 v.u.). The hydrogen atom on
N1 participates in a bifurcated bonding pattern with O2
and O1'.

Crystals of compound 6b have P2;2,2; symmetry with
one molecule in the asymmetric unit. This molecule is
strongly folded with the hinge at C7—the arms of the mol-
ecule point roughly along the c-axis. A strong intermolecu-

lar hydrogen bond O2—H---O1’ (0.16 v.u.) is indicated,
and a much weaker (0.04 v.u.) intermolecular hydrogen
bond N1—H1---O3/, but no other intermolecular or intra-
molecular interactions are obvious. The repeated hydro-
gen-bonding pattern 02 —H'--01—-S1—C7—C8—

01—02—H:--01"” forms an infinite spiral linkage with its
axis parallel to the a crystallographic axis. Successive mol-
ecules in this linkage are related by a 2;(x) symmetry
operation.

A
Nib
Csh C4b T
08‘%‘ s C10b
“ow o ~ om
Fib
C4S1C7C8 = 176.7 ap
02C8C7S1 = 36.6 sc C4S1C7C8 = 173.1  ap
C8C7S101 = 659 sc 02C8C7S1 = 465 sc
C8C7S101 = 63.7 sc

C7C8C10N1=140.9 ac

C7C8C10N1=1112.2 ac

C4S1C7C8 = 86.1 sc
02C8C7S1 = 33,5 sc
C8C7S8101 =166.1 ap

C7C8C10N1=137.3 ac

AQ3

Fig. 3. Xray structures of 6a (A isomer, C(R)S(R), top) and 6b (B isomer, C(R)S(S), bottom). Conformations are described by measured dihedral
angles 1 and the short hand notation syn-periplanar (sp: 0 < © <=+ 30°), syn-clinal (sc: = 30 < t < = 90°), anti-clinal (ac: + 90 < © < + 120°), or anti-
periplanar (ap: + 120 < t < = 180°). All angles in degrees. ADPs shown at 50% probability. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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The packing of molecule 6b in its crystal structure is
modestly (5%) more efficient than that of molecule 6a.

Therefore, chiral sulfoxide in 5a should be R-configura-
tion and in 5b should be S-configuration. These results
are consistent with what we obtained from NMR analysis
combined with quantum mechanical calculations (see
below).

Quantum Chemical Calculations on 5 and 6

The relative stabilities and the preferred conformation
of diastereomers 5a and 5b were investigated in CDCl3 (e
= 4.81) which is the solvent of the NMR measurements,
According to B3LYP/6-31G(d,p) calculations, the relative
free energy of the U-form of 5a shown in Figure 4 is just
1.9 kcal/mol higher than that of the stretched form of 5b,
whereas the stretched form of 5a (not shown in Fig. 4) is
6.7 kcal/mol higher in energy. We note in this connection
that 5b (6b), contrary to 5a (6a) is characterized by a
SO---H—O0 bond of 1.791 A (Fig. 4) that adds to the stabili-
zation of the diastereomer. This H-bond can also facilitate
the oxidation step of 3 (4) by periodate.

The calculated 'H and 3C NMR chemical shifts for 5a
and 5b in their most stable conformations are summarized
in Figure 4. On first sight, *C and 'H NMR chemical
shifts of 5a and 5b do not differ much from each other
(see Fig. 4). Only the C7-methylene group between the
chiral centers possesses chemical shifts significantly dif-
ferent in the two diastereomers. For 5a and 5b, *C chem-
ical shifts of & = 47.1 and 55.7 ppm are calculated (a differ-
ence of 8.6 ppm). Experimentally, the chemical shift for
this carbon in 5a (59.2 ppm) is 6.1 ppm downfield relative
to that of 5b (65.3 ppm). The quantum chemical result is
consistent with the experimental measurements. There
are other, but smaller, differences (e.g., 3 ppm with regard
to the chemical shift of the chiral C atom, see Fig. 4),
which are probably more difficult to detect. On the basis
of these carbon chemical shift differences, 5a is found to
be C(R)S(R) and 5b to be C(R)S(S) configuration.

The comparison of calculated to measured proton shifts
is always difficult because the influence of environmental
effects, especially solvent effects, changes the proton spec-
trum considerably. In addition, exchange of acidic protons
in aqueous solution can make the determination of proton
shifts experimentally problematic. Nevertheless, one can
distinguish certain trends in the proton shifts, which make
it possible to identify a given compound with the help of
the proton NMR spectrum. Bearing this in mind, we can
make the following observations.

In the calculated 'H NMR spectrum, the C7-methylene
protons appear both at 3.1 ppm for 5a, whereas there is a
1-ppm difference between them (3.2 and 2.2 ppm) in the
case of 5b (Fig. 4), which is similar to the shift differences
of 0.2 and 0.5 ppm found experimentally. Noteworthy is
also that the aromatic protons are somewhat more
shielded in the case of 5a (calculated 'H chemical shifts:
7.2-8.0 ppm, Fig. 4), whereas they are somewhat more
deshielded in the case of 5b (7.4-9.4 ppm). This is also
observed experimentally (5a: 7.2-8.1 ppm; 5b: 7.3-8.3
ppm) and can be related to the different conformations of
the two diastereomers. The U-conformation of 5a brings

A) B¢

S5a
C(R)S(R)

Fig. 4. Most stable conformation of diastereomers 5a and 5b accord-
ing to B3LYP/6-31G(d,p) calculations. (A) Carbon and (B) proton chemi-
cal shifts (in ppm relative to TMS) calculated for a chloroform solution.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

the two phenyl rings in a quasi-stacked position (Fig. 4),
which leads to shielding of the ring protons in dependence
on their position with regard to the other phenyl ring. This
effect is missing in the stretch conformation of 5b. Taking
all information from the proton NMR spectra together we
suggest that 5b corresponds to the C(R)S(S) and 5a to
the C(R)S(R) diastereomer. This is consistent with results
from the *C chemical shift analysis and is further sup-
ported by subsequent X-ray crystallographic analysis of
6a and 6b.
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In summary, we have determined the structures of two
chiral sulfoxide containing bicalutamide analogs by NMR
and quantum chemical calculations. This assignment was
subsequently confirmed by X-ray crystallography analysis
on closely related structures.
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