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ABSTRACT: We recently reported the discovery of preclinical CCR5 inhibitor GSK214096, 1 (J. Med. Chem. 2011, 54, 756).
Detailed characterization of 1 revealed that it exists as a mixture of four separable atropisomers A−D. The two slow-
interconverting pairs of rotamers A + B and C + D were separated and further characterized. HIV and CCR5-mediated
chemotaxis data strongly suggest that the antiviral potency of 1 is due to rotamers A + B and not C + D. Furthermore, integrated
UV, vibrational circular dichroism VCD and computational approach allowed to determine the M chirality in C + D (and P
chirality in A + B). These findings imply additional avenues to be pursued toward new CCR5 antagonists.
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A recent UNAIDS estimate puts the number of AIDS-related
deaths at about 34 million worldwide since first cases were

reported in 1981. Introduction of the Highly Active Anti-
retroviral Therapy (HAART) about two decades ago contributed
to a dramatic decline in AIDS-related deaths in the developed
world; nonetheless, there is a continued need for new approaches
to the disease treatment and prevention. We recently reported
the discovery of HIV-1 entry inhibitors GSK214096, 1, and its
clinical analogue GSK163929, 2 (Figure 1).1,2 In the initial HIV-

1 cell-entry step, the R5 HIV-1 glycoprotein 120 (gp120) binds
to the CD4+ T-cell receptor. The resulting conformational
change in gp120 facilitates its binding to the cellular coreceptor
CCR5 (C−C chemokine receptor type 5). Compounds 1 and 2
bind CCR5 and thus inhibit CCR5-gp120 interaction, blocking
subsequent HIV-1 entry steps and preventing the virus from
infecting the immune cells.3 CCR5 is one of 19 chemokine
receptors, which are known to be involved in regulating the
immune response, sepsis, chronic obstructive pulmonary disease,
asthma, inflammatory bowel disease, and cancer.4−6 A 32-base
pair deletion mutation in the CCR5 gene has been associated
with increased resistance to HIV-1 infection and with a slower

disease progression, providing strong rationale for targeting
CCR5 for HIV therapy. Maraviroc is the only FDA-approved
CCR5 antagonist, indicated for treatment of HIV infections.7

The CCR5 delta32 genotype has also been shown to be involved
in the rheumatoid arthritis, allograft rejection, and liver
protection against toxic injury, suggesting additional uses of
CCR5 antagonists.8−13 CCR5 expression on the cell surface is
regulated by its endogeneous ligands; CCL3 (MIP-1α, Macro-
phage Inflammatory Protein type 1α), CCL4 (MIP-1β), and
CCL5 (RANTES, Regulated on Activation, Normal T Expressed
and Secreted).14,15

During the preclinical investigations it was found that the
CCR5 antagonist 1 separates into two peaks on the achiral C18
reverse phase column and into four peaks A−D on the Chiralpak
AS-H column using SFC. Under these conditions compound 2
elutes as a single peak. Identical isotopic masses of A−D
suggested that these compounds were atropisomers.
Drug development strategy for atropisomers and their

classification into classes 1, 2, and 3 depend on their conversion
kinetics.16,17 A mixture of rapidly converting atropisomers (class
1) of endothelin receptor antagonist BMS-207940 has been
progressed to the clinic.18 A kilogram scale crystallization of key
rotamer 4 out of the mixture of four stable atropisomers (class 3)
of neurokinin antagonist ZM374979 has been reported.19 To
further assess the suitability of 1 or A−D for development, we
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Figure 1. CCR5 antagonists 1 and 2.
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preparatively isolated all four rotamers A−D as well as pairs A +
B and C + D (Figure 2). Rotamers A and D, as well as B and C,

are enantiomeric pairs. Rotamers A andC, as well as B andD, are
diastereomeric pairs. The atropisomer interconversion half-lives
were determined by quantitating peaks corresponding to A−D
and arising from either A or A + B (Table 1).20 The A↔ B (and

by symmetry C↔ D) conversion was found to be relatively fast
(t1/2 = 0.6 h, 0.025 day), while theA +B↔C +D conversion was
much slower (t1/2≈ 888 h, 37 days) in solution at 37.8 °C (Table
1).20 Both A + B and C + D were stable as solids over several
months at room temperature (data not shown).
We characterized A + B and C + D by the IR and vibrational

circular dichroism (VCD).21−23 As anticipated for enantiomers,
the VCD and IR spectra for C + D were, respectively, a mirror
image and identical compared to the spectra of A + B (not
shown) (Figure 3). We then utilized the VCD to determine the

absolute configuration of A + B and C + D. In order to calculate
the VCD spectra for the appropriate model structure, we first had
to identify the two highest rotational barriers giving rise to four
atropisomers. As torsions 1 and 2 as well as 3 and 4 are coupled
(Figure 2), a full torsional profile was determined around these
bonds using ab initio calculations at the RHF/6-31G** level.24

Calculations of relative barriers to rotation revealed that torsion 3
(24.4 kcal/mol) and torsion 4 (18.4 kcal/mol) had the highest
rotational barriers. In contrast, torsion 1 (10.5 kcal/mol) and
torsion 2 (5.7 kcal/mol) had much lower rotational barriers.
Thus, atropisomers A−D formed by a relatively slow rotation
around torsion 3 and a fast rotation around torsion 4. For both
torsions 3 and 4, rotational barriers and half-lives at 37.8 °C
indicated class 2 atropisomers.16,17 Next, theoretical VCD
spectra were calculated for one of the configurational possibilities
around the prominent torsion 3. Since flexibility of the N(R,R′)
moiety in 1 would require computations of a large number of
conformational models (overall contribution of which would be
minor due to conformational averaging), further computations
were performed on the reduced structure atropisomer (M)-3
(Figure 4). Comparison of the VCD and IR spectra calculated for

(M)-3 were found to be in excellent agreement with the
experimental VCD and IR spectra forC +D and indicated theM
axial chirality at >99% confidence level (Figure 4).
Stability of A + B andC +D as solids and long interconversion

half-live t1/2 = 37 days in solution at 37 °C allowed determination
of their inhibitory potencies in the HIV-1 as well as ligand-
stimulated chemotaxis inhibition assays (Table 2).

Figure 2. Atropisomers of 1, A−D (assignments arbitrary). Assignment
of torsions (tor) 3 and 4 is discussed in the text.

Table 1. Rotamer Interconversion Kinetics

temp (°C) t1/2 (days)

A ↔ B (C ↔ D)a

5.4 2.083
26.8 0.113
37.8 0.025

A + B ↔ C + Db

25 161c

37 37c

43 22
60 1.8
73 1

aAchiral Bonus-RP HPLC column; sample concentration 0.75 mg/mL
in 60:40 water/acetonitrile. bChiralpak AS-H chiral SFC column;
sample concentration 2 mg/mL in ethanol. cCalculated according to
ref 20.

Figure 3.Observed IR and VCD spectra ofC +D and calculated spectra
for reduced structure model (M)-3 (Figure 4).

Figure 4. (a) Reduced structure model amide atropisomer (M)-3 used
for theoretical VCD calculations. (b) Axial chirality assignments for A +
B and C + D. N(R,R′) as in Figure 1
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As expected, the control CXCR4 antagonist AMD3100 was
inactive in both the CCR5-mediated HIV and CCR5-chemotaxis
assays. Aplaviroc, vicriviroc, 1, 2, andA +Bwere very potent in all
assays. RotamersC +D exhibited some (1/10−1/30th of A + B)
inhibitory potency in cellular HOS and PBL antiviral assays. This
is likely due to small amounts of A + B formed in situ fromC +D
during the course of these assays.25 However, in the much faster
chemotaxis assay, C + D was found to be completely inactive.
These results indicate that A + B (but not C + D) interact with
CCR5. The HIV and chemotaxis inhibitory potency of 1 is thus
due to A + B, whileC +D does not interact with CCR5 and does
not contribute to activity. In yet another manifestation of the
distinctly different properties of pairs A + B and C +D, the latter
was found to have substantially lower in vivo clearance and
greater systemic exposure from oral dosing relative to the former
in both rat and dog PK (Table 3).
In summary, we determined that 1 is a mixture of four

separable atropisomers A−D. Because of restricted rotation
around torsion 3, pairsA +B andC +Dwere sufficiently stable to
allow further characterization and were demonstrated to have
distinct properties. The combined potency and structural data
suggest that P(A + B) atropisomer, and notM(C + D), interacts
with CCR5 and inhibits HIV and chemotaxis. This level of
structural detail is unprecedented for CCR5 inhibitors and allows
to further refine the CCR5 pharmacophore models.1 Inves-
tigations of other advanced CCR5 antagonists26−28 suggested
very fast atropisomer conversion rates for SCH35112527 around
both torsion 3 (max. t1/2 = 30 h) and torsion 4 (max. t1/2 = 5.6 h).
Thus, the 2,6-dichloro motif in benzamide 1 increased the
rotation half-life around torsion 3 more than 30-fold vs the 2,6-
dimethyl benzamide motif in SCH351125. This also suggests
that further structural modifications in either the 2,6-
disubstituted aryl or alternatively in the adjacent-piperidine

ring may lead to conformationally stable (class 3) tertiary amide
-based CCR5 antagonists.
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