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Abstract

Substituted biphenyll (BMS-207940), a selective antagonist of the endothelin Ay)E€ceptor, has been proposed for the treatment of
congestive heart failure. The structurd @iossesses a stereogenic axis due to the hindered rotation about the biphenyl bond in the presence of
its largeortho-substituents. As a resultexhibits atropisomerism in which two nonplanar, axially enantiomers exist, which will be generically
referred to as isomers A and B. Within the pharmaceutical industry, both from a scientific and regulatory point of view, characterization of
enantiomeric drugs has become an important step in the development process. To investigate the configurational kiaibditysomers,
normal phase enantiomeric LC with tandem UV and laser polarimetric detection was used under pseudo-physiological conditions: first in a
simple aqgueous medium at 32, and then in human serum at 7. Kinetic studies indicated that the half-life b&énantiomerization in an
aqueous medium at 3€ was ca. 15 h. Enantiomerizationlaftropisomers was greatly accelerated in the presence of human serum and human
serum albumin, and the rate of enantiomerization depended on the concentratidimefsera-concentration-dependent enantiomerization
behavior ofl strongly suggests a restricted site-specific substratraction mechanism. It was therefore demonstrated that atropisomeric
interconversion studies for the compound studied required consideration of temperature, presence of plasma proteins, and drug concentratior
to account for the kinetic data.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tially attributed to a single enantiomer. While synthetic efforts
to produce pure enantiomeric forms might be challenging,
Conventional carbon-centered enantiomerization has be-the resulting molecules were usually very stable with respect
come of major importance in pharmaceutical drug develop- to inter-form conversion. A less obvious structure—activity
ment over the last twenty years. Although enantiomeric forms complication is presented ktropisomerismin which free
have been long known to exist structurally and their inter- rotation about a single bond can be sufficiently hindered to al-
conversion rates examined either theoretically or empirical low isolation of the stereoisomers. Atropisomerism can occur
more recentl\j1-10], attention to the relative bioactivity of  in a variety of systems—representatives would be aromatic
the enantiomers was often not addressed. More recently, drugamides, anilides, substituted styrenes, and the vancomycin
manufacturers have investigated the pharmacological profilesantibiotics. Substituted biaryl compounds are found exten-
of the individual isomers, and in some cases, found that the sively both in natural products and as subunits of drug enti-
bioactivity of the drug substance could be wholly or substan- ties[11]. An important subclass is tr@tho-tetrasubstituted
biphenyls, which possess an axis coinciding with the sin-
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impeded, and if the hindrance is severe, isolatable atropiso-2. Experimental
mers may result.

Atropisomeric interconversion may be observed in situ 2.1. Reagents and material
by NMR. Examples of this include trartho-methyl groups
adjacent to the sulfonate groups in a porphyrin s€iie$ HPLC-graden-hexane, 2-propanol, trifluoroacetic acid
and the interflavanoid linkages in tannids]. LC, GC, and (TFA), triethylamine (TEA), sodium chloride, hydrochlo-
CE analyses of atropisomers require the non-trivial sepa-ric acid, and acetic acid were obtained from EM Science
ration of the enantiomers as a first step. Polychlorinated (Gibbstown, NJ, USA). Human serum, human serum albumin
biphenyls (PCBs) present an impressive separation chal-(HSA)and Tris buffer (pH 7.4) were obtained from Sigma (St.
lenge for both LC[14] (19 components) and enantiomeric Louis, MO, USA). Ammonium acetate was purchased from
GC [15] (41 components). Separations of rotamers by LC Aldrich (Milwaukee, WI, USA), and sodium citrate buffer
of compounds of pharmaceutical interest include the anti- (pH 2.5) was obtained from Fluka (Buchs, Switzerland).
cancer drug aplidingl6] and the antihypertensives lisino- Compoundl (BMS-207940[26] was provided by Bristol-
pril and enalapri[17], the contrast agent lotetrfil 8], and Myers Squibb (Princeton, NJ, USAFig. 1).
digoxin [19]. The widespread use of Chiralpak AD and OD
columns in the normal-phase mode prompted an analyte-o 5 HpLC instrumentation and method
stationary phase interaction study usiNeprylthiazolin-2-
(thia)-one as the probe moleci9]. CE hasbeenusedasan  The LC system used in this investigation consisted of an
enaqtiomeric separatory _technique for stu<_jying the h.inderedA"iance 2690 system (Waters, Milford, MA, USA), a Model
rotation around the proline amide bond in enalafi], 996 photodiode array detector (Waters, Milford, MA, USA),
and in the hypnotic and anticonvulsant methaqugla). A and a Model ALP-2000 Advanced Laser Polarimeter (PDR,
representative of the aforementionedho-tetrasubstituted | gke Park, FL, USA). Data was collected with Millennium
biphenyl class, namely, atropisomeric ‘thinaphthyl-2,2 software (Waters, Milford, MA, USA). Normal-phase enan-
diyl hydrogenphosphate has been used as a model compounflomeric separations were carried out on a Chiralcel OD-H
to investigate the enantiomeric selector properties of non- cojymn (250 mmx 4.6 mm 1.D., 5um particle size; Chiral
cyclic malto-and cello-oligosaccharides and disaccharidestechnologies, Exton, PA, USA). The mobile phase consisted
[23]. Less employed techniques include determination of ro- 4t ggos n-hexane and 20% 2-propanol with 0.1% TFA and
tamers of the fluorescein derivatives of hydrocortisone and g 104 TEA at a flow rate of 1.0 mL/min. The column tem-
oestriol by fluorescent polar immunoasgay]. Since itis  perature was maintained at 46 to minimize on-column in-
always desirable to expose patients only with active drug terconversion. Polarimetric detection carried out on the PDR
substance in the lowest amount possible to avoid potential pqvanced Laser Polarimeter was at a wavelength of 670 nm.
toxicities, understanding the sterogenicity issues of any po- the Uv detection wavelength was 280 nm. For the inter-
tential drug is crucial. Thus, for drug substances that exhibit qnversion kinetic studies, enantiomers resolved by normal-
atropisomerism, a determination of the stability of the enan- phase LC were collected and dried under vacuum. The in-
tiomeric forms is required to ascertain whether development gjyigual enantiomers were reconstituted in 80% water/20%
of a single enantiomer is feasible. 2-propanol for the studies in aqueous solution and analyzed

While interconversion rates of atropisomers are important by normal-phase enantiomeric LC at37 at fixed intervals
in any matrix, the ideal medium of choice for pharmacolog- oy yp to 10 h after dissolution. Simulated gastric fluid with-
ical studies would be blood serum or plasma and the tem- ot pepsin was prepared according to USP 24. Buffers at
perature would be 37C. Both the atropisomeric separation 6.5 pH 5.1 and 4.8 were made by adjusting the pH of a
and the kinetics of interconversion are known to be temper- 25 mm ammonium acetate solution with acetic acid. For the

ature depender{tl7,25,26] A further complication for in - ihterconversion study in human serum and HSA, the enan-
vitro studies is the potential interaction between blood pro-

tein molecules, such as albumin, and the atropisomeric forms,

potentially changing the kinetics of interconversf@ii—31} /4\0

However, it has been often assumed, despite these complex- NS

ities, that meaningful interconversion data may be deduced

by extrapolation of rate values determined in essential pure o}

solutions. The purpose of this papenistto add to the fun- o )I\/C(CHs)a
damental knowledge of atropisomer chemistry, but rather HeC N o gH

to demonstrate that conventional calculational assumptions ? ‘g/lk /sz :
(extrapolation of interconversion data from room tempera- ﬂ O

ture, organic phase, relatively high concentration solutions), HC

when applied to the atropisomeric interconversion of the
biphenyl BMS-20794(33], would have yielded unreliable
data. Fig. 1. Structure of.

Biphenyl | (BMS-207940)
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tiomers were reconstituted in human serum and HSA at thefrom the formulaty/> = —In 2/k, wherek, the pseudo-first or-
desired concentrations. The enantiomer-serum mixture wasder rate constant, is equal to the slope. The interconversion
maintained at 37C and sampled at defined time points. Af- half-life of | (A and B) in the aqueous medium at3Z was
ter removal of serum proteins by 2-propanol precipitation, ca. 15.2 h with a standard deviation of 0.8 h (both forward
the supernatant was analyzed by normal-phase enantiomeri@nd backward approaches to equilibrium, four independent
LC. kinetic determinations). We next studied the effect of low
pH on the atropisomeric interconversion half-life, since one
could be concerned with accelerated interconversion in the
3. Results and discussion low pH environment of the stomach. To study this, a kinetic
determination was carried out in simulated gastric fluid. The
As was previously noted, a number of techniques have interconversion half-life ofin simulated gastric fluid was de-
been used to separate, and to a lesser degree, to determine thermined to be 15.8 h, which was experimentally equivalent
interconversion rates of physiologically-important atropiso- to the results obtained in the pH neutral solution.
mers. Any such in vitro drug kinetic study is ultimately di- To study the effect of both physiological temperature
rected towards predicting in vivo interconversion rates, which and the presence of protein, enantiomerization @ftropi-
may be difficult or impossible to reliably and directly obtain. somers was studied usiig(/A or B) at a concentration of
Although the in vivo matrix (e.g., human sera) often presents 400p.g/mL in human serum at 3. A representative kinetic
conditions that are distinct from the in vitro conditions, it plot is shown inFig. 5 The interconversion rate was signif-
has often assumed that the differences (e.g., temperatureicantly faster in a human serum matrix when compared to
presence of protein and their concentration) can reliably be the “pseudo-physiological” non-protein-containing medium
accounted for by calculation and/or assumption. Hence, anpreviously discussed, with a half-life of 2.5h. The facilita-
atropisomeric interconversion rate determined in an organic tion/inhibition of atropisomeric interconversion in the pres-
solvent at room temperature might be assumed to predict theence of serum proteins has been previously repg2@e24]
in vivo interconversion rate, independent of the potential ef- The proteinas-acid glycoprotein (AGP; orosomucoid) and
fects of protein and drug concentration. An important conclu- HSA have been postulated or inferred to affect isomer in-
sion of this paper demonstrates that this line of assumptionsterconversion, whereas lipoprotein and globulin fractions
can yield unacceptable and inaccurate results. seem to exhibit little or no effect. These effects are appar-
| atropisomers were separated by normal phase enan<ently seen in atropisomeric interconversiocis;-trans con-
tiomeric LC with tandem ultraviolet and laser polarimetric versions, and inversion of configuration, but the general trend
detection. The chromatograms, as showikig. 2, demon- is not straightforward.
strated the separation of the two enantiomeric forms asdidthe  In order to further study the atropisomeric interconversion
opposite rotation of the plane-polarized light by each atrop- rate enhancement in the presence of serum, additional stud-
isomer: negative peak deflection (levorotatory) for the enan- ies were performed. In the first study, HSA was substituted
tiomer designated A and positive peak deflection (dextroro- for serum to determine if the apparent matrix-atropisomeric
tatory) for enantiomer B. Tandem detection allows not only interaction was due to the albumin fraction or to a differ-
for identification of polarization at 670 nm, but also offers ent protein subset. Whereas the interconversion half-life was
assurances that the peaks separated are atropisomers of eadh.2 h (average of four independent determinations, inter-
other and not a single isomer and an unrelated species. and intra-day, SD = 0.8 h) in the absence of HSA, the half-life
Pure isomer A and B were collected on a semi-preparative was 1.2 h in the presence of HSA, in good agreement with the
scale using conditions scaled up in the classical manner fromvalue obtained in intact serum. This result strongly suggested
the atropisomeric determination. Approximately 50 mg of that HSA played a major role in the rate enhancement of the
>99% pure isomer A was collected prior to interconversion enantiomerization of the atropisomerslaf serum.
studies. The atropisomeric interconversionl aflas moni- Since most often drugs are effective at relatively low con-
tored over time by normal phase enantiomeric LC. The for- centrations compared to the amount of serum proteins present
mation of a racemate from pure enantiomer B or A in aqueous in the physiological matrix, we next examined the effect of
solution was studied at 3T to mimic physiological temper-  varied concentrations df atropisomers in a set serum ma-
ature Fig. 3illustrates the interconversion beEnantiomer A trix concentration. These studies were performed using 250,
into a racemic mixture of isomer B and A. The enantiomeric 130, 80, and 2Q.g/mL (approximately 4@M) of | at 37°C
excess (ee) was calculated by the standard definition: in the presence of human serum. The interconversion half-
major enantiomer- minor enantiomer Iive; and rate cgnstantk)(are summarized iﬁ'at_)le 1If _
= - - , , x 100% the interconversion rate law was truly pseudo-first order, it
major enantiomes- minor enantiomer would be expected that the half-life would be independent of
A kinetic plot of | atropisomeric interconversion in an aque- concentration. As the data indicates, the half-life decreases
ous solution at 37C is shown inFig. 4. Since the intercon- by a factor of at least 20-fold over a concentration range of
version ofl atropisomers appeared to follow first-order reac- 400-20ug/mL ofI. This data appears to be consistent with a
tion kinetics, the interconversion half-life of was calculated restricted site drug/serum-binding model. In the case where
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Fig. 2. Chromatographic separation of the atropisomeric fornidgfnormal-phase LC with tandem UV/laser polarimetric detection.

Table 1
Interconversion half-life vs. the concentrationl afh human serum at 37TC

Concentration¢g/mL) t12 (h) Substraté/ratio k (min~1)

20 <01 3000 >0058
80 04 750 0014
130 10 462 00058
250 21 240 00028
400 25 150 00023

the number of available protein sites in the albumin fraction
of the serum that facilitate interconversion is less than the to-
tal number of drug molecules, tig, of interconversion will
become drug concentration dependent until, in the limiting
case of very high drug concentrations, the rate of interconver-
sion becomes concentration independent. The concentration
dependence is not due to incorrectly choosing a pseudo-first
order mechanism, but rather it reflects the limiting of the in-
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Fig. 3. Atropisomeric interconversion of enantiomer Al af aqueous solution at 3T.

terconversion rate by the drug to protein active site ratio. The  Although the existence of atropisomers has been known
assumption of pseudo-first order kinetics is valid only when for some time, it appears that fundamental protein-isomer
the interconversion is not limited by the number of protein mechanistic studies have not been extensive. In order to at-
sites on the albumin that facilitates a change in enantiomer-tempt to evaluate the restricted-site model hypothesis pro-

ization. posed here, our data froifable 1was plotted inFig. 6 as
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Fig. 4. Kinetic determination of atropisomeric interconversioh iofaque- Fig. 5. Kinetic determination of atropisomeric interconversionl dtca.

ous solution at 37C. 400pg/mL) in human serum at 3.
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0.016 consistent with the current model. It is to be noted that the
_ oot4 s pH dependence of the interconversion reaction in serum al-
T bumin in no waysrovesanything about the mechanism; it
Eoom2 is simply consistent. Other pH effects, such as protein con-
£ 0010 formational changes, could be involved. However, it is to be
E ' noted that kinetic studies in trebsence of albumigielded
2 0.008 equivalent half-life independent of the pH of the aqueous
© reaction medium.
8 0.006
e
& 0.004
= 4. Conclusions

0.002

0.000 ‘ : : : : A substituted biphenyl possessing antagonist activity to-

0 100 200 300 400 800 600 700 800 wards the endothelin A receptor (BMS-207940was stud-

Substrate/Drug Ratio ) : L . 7
ied to determine the kinetics and physiological relevance of

Fig. 6. Atropisomeric interconversion rate dependence of substrate atropisomeric interconversion. It was demonstrated that the
(serum)f ratio. half-life of interconversion was affected dramatically by the
presence of human serum proteins and data was presented
the interconversion rate versus the substrate/drug ratio. Ki-that supported the hypothesis that the proteins responsible
netically, this is a representation of a restricted-site interac- for enhanced interconversion were contained in the albumin
tion model[32]. As the protein substrate/drug ratio increases, fraction. It was further shown that the half-life was not in-
the ratio of protein facilitation sites to total drug present in- dependent of drug concentration, as might be expected, but
creases. To a first approximation, at the point when the num-rather the half-life decreased significantly as the drug con-
ber of restricted sites matches the drug concentration, thecentration decreased. This result suggested, in conjunction
reaction rate becomes drug concentration independent, awvith other studies, that the albumin protein—drug interaction
mentioned previously. Therefore, this representation predictssites were not sufficiently plentiful (i.e., restricted) to sup-
aleveling of the interconversion rate versus substrate/drug ra-port pseudo-first order kinetics of interconversion, even at
tio curve (at low abscissa values) as seehiq 6. However, relatively low drug concentrations. This set of studies sug-
in in vivo systems, in which the protein substrate/drug ratio gests that atropisomeric interconversion studies need to be
is at least two orders of magnitude greater than previously performed in the presence of human serum. Furthermore,
discussed, the model predicts an interconversion half-life nothese studies need to utilize physiologically-meaningful
greater than the half-life determined empirically ap2fimL drug concentrations before interpolating the data to in vivo
(<5min). Since the effective human doses/serum concentra-systems.
tions of the drug are likely to be below 2@/mL, one could
possibly expect an even substantially shorter interconversion
time in humans. References
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