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In the pharmaceutical industry, the analysis of atropisomers is of considerable interest from both scientiﬁc and
regulatory perspectives. The compound of interest contains two stereogenic axes due to the hindered rotation
around the single bonds connecting the aryl groups, which results in four potential conﬁgurational isomers
(atropisomers). The separation of the four atropisomers was achieved on a derivatized β-cyclodextrin bonded
stationary phase. Further investigation showed that low temperature conditions, including sample preparation
(−70 °C), sample storage (−70 °C), and chromatographic separation (6 °C), were critical to preventing
interconversion. LC-UV-laser polarimetric analysis identiﬁed peaks 1 and 2 as a pair of enantiomers and peaks
3 and 4 as another. Thermodynamic analysis of the retention data indicated that the separation of the pairs of
enantiomers is primarily enthalpy controlled as indicated by the positive slope of the van’t Huﬀ plot. The
diﬀerence in absolute Δ (Δ H), ranged from 2.20 kJ/mol to 2.42 kJ/mol.

1. Introduction
The identiﬁcation of enantiomer of interest has attracted attention
of the pharmaceutical community due to the fact that one isomer may
have beneﬁcial health properties and the unwanted isomer may have
little pharmacological eﬀect, or even show toxicity [1]. Among all the
separation techniques used for chiral separation, such as supercritical
ﬂuid chromatography (SFC) [2,3], high performance liquid chromatography (HPLC) [4], gas chromatography (GC) [5], and capillary
electrophoresis (CE) [6]. HPLC is the most commonly used technique
due to its maturity and wide applications [7]. In-depth reviews of the
analytical methods and pharmacology of drug stereochemistry [8],
chiral separation techniques with an emphasis on practical approaches,
and pharmaceutical applications have been published [9,10]. The chiral
recognition mechanism for diﬀerent stationary phases such as macrocyclic antibiotics [11], polysaccharides [12,13] and cyclodextrins [14]
using HPLC has been investigated. Additionally, several literature
references have discussed the thermodynamic aspects of chiral compound retention mechanism [15–18].
Atropisomerism is a unique type of isomerism due to axial chirality,
in which a single bond rotation is highly restricted unlike a carbon
centered chiral compound [19]. The separation and identiﬁcation of
atropisomers is challenging due to the dynamic nature of the molecular

rotation around the hindered axial bond [20]. This dynamic molecular
rotation results in a low energy barrier between atropisomers such that
on-column interconversion can occur at normal chromatographic
operating conditions. However, the analysis of atropisomers is important from both scientiﬁc and regulatory perspectives, as the
bioavailability and physicochemical properties of atropisomers can be
substantially diﬀerent from those of the target drug [21]. Therefore, a
reliable method for analysis is critical to ensuring patient safety. Two
recent studies of atropisomers highlight the limited knowledge on the
separation mechanism and the interconversion process of these
isomers. The separation of two atropisomers of a substituted biphenyl
compound was achieved on chiralcel OD-H column, and the interconversion rates between the two atropisomers were studied [22].
Chromatographic separation of two triphenyl atropisomers with very
low energy barrier was accomplished using Obelisc R column. The
retention mechanism and interconversion process were studied using
molecular modeling and dynamic nuclear magnetic resonance (NMR).
The chromatographic kinetic data were complemented with those
obtained from NMR studies [23].
In this study, Compound I (Fig. 1), containing three consecutive
aryl groups with six diﬀering substitution groups (R1-R6), was
investigated. Due to the hindered rotation around the single bonds
connecting the aryl groups, there are four potential atropisomers for
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Clara, CA, USA), equipped with a quaternary pump, autosampler,
column thermostat and variable wavelength detector set to a wavelength of 278 nm. Astec CYCLOBOND I 2000 HP-RSP
(250 mm×4.6 mm, 5 µm), purchased from Sigma-Aldrich (St. Louis,
MO, USA), was employed for analytical separation. In addition, the
following columns were evaluated: Phenomenex Lux Cellulose-1
(150 mm×4.6 mm, 5 µm), Astec CHIROBIOTIC V (250 mm×4.6 mm,
5 µm), Astec CYCLOBOND I 2000 (250 mm×4.6 mm, 5 µm) and Astec
CYCLOBOND I 2000 RSP (250 mm×4.6 mm, 5 µm). Initial column
screening work was performed using the following conditions: mobile
phase was methanol: water (50:50, v/v) with a column temperature of
6 °C, and ﬂow rate was 1 mL/min. The column temperature for all
studies was controlled to ± 1 °C. The sample was dissolved in methanol
at a concentration of 0.5 mg/mL and the injection volume was 2 µL.
Temperature and solution stability investigation were performed using
a mobile phase of methanol: water (60:40) (v/v) and the ﬂow rate was
0.7 mL/min. Two injections were made at each testing condition to
ensure reproducibility.
LC-UV-laser polarimetric analysis was performed using a Waters
Alliance 2690 system (Millford, MA, USA), equipped with a model 996
photodiode array detector and a model ALP-2000 Advanced Laser
Polarimeter (PDR, Lake Park, FL, USA). A more concentrated sample
(2 mg/mL in methanol) was injected (10 µL injection volume) to
improve the sensitivity for polarimeter detection. The ﬂow rate was
increased to 0.9 mL/min to minimize band broadening, which would
also increase sensitivity. A column temperature of 20 °C was used as
that was the lowest control limit for the instrument used. The LC-UVlaser polarimetric analysis was used for peak identiﬁcation/correlation
only, and the diﬀerence in chromatographic condition between this and
the sample analysis has no eﬀect on the conclusions made.
All the chromatographic data were collected with Empower software (Waters, Milford, MA, USA).
3. Results and discussion
As discussed earlier, Compound I may have four potential atropisomers. During development, chromatographic separation and quantitation of the four atropisomers was needed to control the atropisomer
ratios in the active pharmaceutical ingredient. In order to ensure a
robust analytical method, it is important to understand the dynamic
nature of atropisomerism and carefully consider the sample preparation procedure, sample solution stability and separation conditions.

Fig. 1. Structure of Compound I (A) and its four conﬁgurational isomers (B).

this compound. Presently, there is no literature discussing the separation of a compound with four atropisomers.
Commercially available software packages, such as DryLab®, can be
used for optimizing the chromatographic conditions during the HPLC
method development [24,25]. Although computer-aided tools have
been used to optimize chiral separations [26], to the best of our
knowledge, there is no literature reporting the use of computer aided
tools in the separation of atropisomers. In this paper, DryLab® software
was used to optimize the mobile phase composition for the atropisomer
separation. In addition, the current study detailed the chromatographic
separation of the four atropisomers and investigated the thermodynamic properties of the separation process.

3.1. Column selection
Initial chiral HPLC method development focused on identifying a
suitable column that could provide the necessary chiral recognition to
separate the four isomers. At the early stages of development, while the
dynamic nature of Compound I was anticipated based on the existing
literature of atropisomers [27,28], the exact thermodynamics of
atropisomer interconversion and its impact on the atropisomer ratios
were not fully understood. Therefore, column screening was initiated
with a racemic sample of Compound I and the sample preparation
consisted of dissolving Compound I in methanol at a concentration of
0.5 mg/mL at room temperature. The initial screening consisted of ﬁve
diﬀerent chiral columns evaluation using the conditions described
earlier: Phenomenex Lux Cellulose-1, Astec CHIROBIOTIC V, Astec
CYCLOBOND I 2000, Astec CYCLOBOND I 2000 RSP and Astec
CYCLOBOND I 2000 HP-RSP. These columns are based on cellulose,
macrocyclic glycopeptides and β-cyclodextrin (β-CD) chiral stationary
phases (CSPs), respectively. The Phenomenex Lux Cellulose-1 and the
Astec CHIROBIOTIC V columns did not aﬀord any signiﬁcant separation of the four atropisomers. As a result, there was no further
development using these two columns.
A promising separation was achieved using the β-CD stationary
phase from Supelco. The column screening results from the Astec

2. Materials and methods
2.1. Reagents and materials
HPLC grade acetonitrile and methanol were purchased from EMD
Science (Gibbstown, NJ, USA). Ammonium acetate was purchased
from Sigma-Aldrich (St. Louis, MO, USA). Ultra-pure water from a
Millipore Milli-Q system (Milford, MA, USA) was used for the
preparation of the mobile phase. Compound I was provided by
Bristol-Myers Squibb (New Brunswick, NJ, USA) and exists in three
physical forms: Form A, Form B, and racemic mixture.
2.2. HPLC instrumentation and conditions
HPLC measurements utilized an Agilent 1100 HPLC system (Santa
157
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appears to be the primary driving force for the separation of the four
atropisomers. According to current vendor information and literature
[30], compared with CYCLOBOND I 2000 RSP, a diﬀerent linkage is
used in the bonding chemistry for CYCLOBOND I 2000 HP-RSP and
the substitution level on the β-CD secondary hydroxyl groups is also
diﬀerent; therefore, CYCLOBOND I 2000 HP-RSP provides extra
hydrogen bonding capability. This would further enhance the resolution of the four atropisomers. Based on these results, the CYCLOBOND
I 2000 HP-RSP column was selected for further studies and no
additional eﬀorts were devoted to enhancing the separation on the
other CYCLOBOND columns.
3.2. Mobile phase optimization using DryLab®
Fig. 2. Overlay chromatograms of Compound I using three CYCLOBOND columns: (a)
CYCLOBOND I 2000 column, (b) CYCLOBOND I 2000 RSP column, (c) CYCLOBOND I
2000 HP-RSP column. Screening condition: mobile phase: MeOH: water (50:50, v/v);
column temperature: 6 °C; ﬂow rate: 1 mL/min; detection wavelength: 278 nm.

Acetonitrile as an organic modiﬁer was originally evaluated on
CYCLOBOND I 2000 HP-RSP column, and no acceptable separation
was achieved. It was found that the addition of methanol to acetonitrile: water mobile phase signiﬁcantly improved the separation. When
ethanol was added as a secondary organic modiﬁer in the acetonitrile:
water mixture, only three peaks were observed at a column temperature of 6 °C. Although the separation improved as the column
temperature increased, it was still not as good as methanol as an
organic modiﬁer. With longer run time and higher column temperature, the potential on-column interconversion between the atropisomers was a signiﬁcant concern in this case. Therefore, methanol
was selected as the organic modiﬁer for further evaluation.
In order to further develop the separation conditions, DryLab® was
used to optimize the mobile phase composition. DryLab® can be
employed to model either one or two variables. In this study, the LCIsocratic B% mode was selected to predict the optimized mobile phase
composition of methanol. Experimental chromatographic separations
were performed using the following two mobile phase compositions:
methanol: water (55:45, v/v) and methanol: water (70:30, v/v). The
two runs were selected based on the following considerations: ① keep
the run time within 30 min; ② maintain a low separation temperature
to avoid on-column interconversion; and ③ take DryLab® recommended 15% diﬀerence in organic modiﬁer concentration between
the two runs for optimization. This analysis predicted an optimum
separation using 60% methanol in the mobile phase. The Drylab®
prediction and the actual chromatogram achieved using the predicted
optimum conditions are shown in Fig. 3. The resolution between the
critical pair (peaks 1 and 2) obtained from the experiment (1.89)
matched that predicted by DryLab® (2.14). Clearly, the experimental
chromatogram was consistent with the predicted chromatogram. The
utilization of DryLab® in this step was not only beneﬁcial in achieving a
robust method, but also reduced the time spent on method development.

Fig. 3. Comparison of (A) predicted and (B) experimental chromatogram. Mobile phase:
MeOH: water (60:40, v/v); column temperature: 6 °C; ﬂow rate: 0.7 mL/min; detection
wavelength: 278 nm.

CYCLOBOND I 2000 series are shown in Fig. 2. The unmodiﬁed β-CD
column, CYCLOBOND I 2000, separated the racemic Compound I into
2 peaks, with each peak presumably containing a pair of isomers.
However, the 2, 3-position hydroxypropyl ether derivatized β-CD
columns, CYCLOBOND I 2000 RSP and CYCLOBOND I 2000 HPRSP, achieved separation of all four atropisomers.
The three CYCLOBOND CSPs used in this study have a similar basis
for chiral separations, especially in the reversed-phase mode, which is
an inclusion complexing interaction [29]. β-CD based CSPs consists of
seven glucose units with each glucose unit bonding to another through
an α-(1, 4) glycosidic linkage. This forms the toroid “bucket”, narrower
at one end than the other, in which the chiral separation can occur on
the inside cavity surface or on the outside surface. By derivatizing the 2,
3- position of β-CD a potentially new interaction was available to
Compound I as the inward cavity facing 2, 3-position hydroxyls could
create steric interactions, which further enhances the inclusion capability and provides an additional ﬂexible hydrogen bonding group
with the substituted hydroxypropyl ether, extending the interactive
potential for the sterically hindered center of Compound I. This

3.3. Eﬀect of column temperature on atropisomer ratio
determination
Due to the low energy of activation among the atropisomers, oncolumn interconversion during sample analysis presents a challenge for
reliable quantitation. Therefore, a temperature study was designed to
understand the impact of the separation temperature on the atropisomer ratios. Fig. 4 shows the chromatographic separation of
Compound I at column temperatures of 6 °C, 20 °C, and 30 °C. At
6 °C, all four atropisomers can be separated. As the column temperature was increased, the retention times of all four atropisomers
decreased and the rising baseline between peaks was indicative of
faster atropisomer interconversion. This peak-plateau-peak phenomenon is the result of simultaneous interconversion and separation on
the column and is consistent with the results described in literature
[23]. Therefore, a column temperature to 6 °C was chosen to
prevent on-column atropisomer interconversion and maintain adequate resolution.
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observed in Form A; peak 3 and peak 4 are the RR/SS enantiomers as
they are the predominate peaks observed in Form B chromatogram.
Furthermore, it is noted that Form B contains small amounts of Form
A, indicated by the presence of peaks 1 and 2 in the chromatogram.
This suggests that interconversion might occur during the sample
preparation procedure. Finally, absolute peak assignment of each
atropisomer is not currently feasible due to the lack of authentic
material of each individual isomer, as they have proven diﬃcult to
isolate.
3.5. Sample preparation and solution stability
Since the energy barrier between the atropisomers is low and the
interconversion of atropisomers could occur during sample preparation, the sample preparation procedure was studied to understand the
impact of the sample preparation temperature on atropisomer
amounts. Diﬀerent sample preparations were conducted using Form
A (RS/SR) material and methanol as the diluent. Methanol was allowed
to equilibrate at three diﬀerent temperatures: room temperature (20 ±
2 °C), 0 °C, and cooled with dry ice (−70 ± 3 °C) prior to starting
sample preparations. For each sample preparation, the time spent on
preparation and handling was kept to a minimum and the sample
solution was injected immediately after preparation. As shown in
Fig. 7, the atropisomer ratio was signiﬁcantly aﬀected by increased
solvent temperature: the peak areas of peak 3 and peak 4 increased
while those of peak 1 and peak 2 decreased. This suggests that as more
energy is applied to the system, atropisomer interconversion is
enhanced; in this case, RS/SR converts to SS/RR. These results
demonstrate that it is critical to use low temperature solvents during
the sample preparation procedure. Therefore, dry ice cooled methanol
(−70 °C) was selected in order to prevent interconversion of the
atropisomers.
Further experiments were conducted to evaluate the stability of the
prepared sample solutions over time at three diﬀerent sample solution
storage temperatures: room temperature (20 °C), 0 °C, and −70 °C. As
shown in Fig. 8, signiﬁcant interconversion was observed when the
solution was kept at room temperature for only 30 min. The peak areas
of peaks 1 and 2 decreased approximately by 31% while the areas of
peaks 3 and 4 increased by the same amount. When the solution was
kept at 0 °C, the interconversion rate was much lower. After 1 h, the
peak areas of peaks 1 and 2 decreased approximately 7.5%, while the
peak areas of peaks 3 and 4 increased proportionately. The interconversion between the atropisomers could be controlled for up to 4 h
by reducing the storage temperature to −70 °C. Therefore, once
prepared, all sample solutions were stored at −70 °C to enable accurate
determination of the true atropisomer composition of a sample.

Fig. 4. Column temperature eﬀect on the separation of atropisomers. (A) 6 °C, (B) 20 °C,
and (C) 30 °C. Mobile phase: MeOH: water (60:40, v/v); ﬂow rate: 0.7 mL/min;
detection wavelength: 278 nm.

3.4. Peak correlation of the atropisomers
Tandem laser polarimetric analysis was utilized to correlate the
individual atropisomer peaks observed in the separation with the
proposed Compound I atropisomer structures. The results of this
analysis in Fig. 5 show that peak 1 and peak 2 have the same peak
area in the UV chromatogram but opposite rotation of the planepolarized light (negative peak reﬂection for peak 1 and positive peak
deﬂection for peak 2). This indicates that peak 1 and peak 2 are a pair
of enantiomers. Peak 3 and peak 4 have the same peak area in the UV
chromatogram but opposite rotation of the plane-polarized light
(positive peak reﬂection for peak 3 and negative peak deﬂection for
peak 4) which indicates that peak 3 and peak 4 are another pair of
enantiomers. This provides evidence that the peaks are atropisomers
and not irrelevant species or impurities.
Further identiﬁcation studies were conducted using two forms
(Form A and B) that were isolated and analyzed by single crystal Xray diﬀraction (XRD). XRD conﬁrmed that Form A was a racemic
mixture of RS/SR conﬁgurations, and Form B was a racemic mixture of
RR/SS conﬁgurations. The UV chromatograms of the two forms are
shown in Fig. 6. From the chromatograms, it can be concluded that
peak 1 and peak 2 are the RS/SR isomers as they are the only two peaks

3.6. Thermodynamic analysis
Solute retention is usually expressed in terms of the retention
factor, k′, by the van’t Hoﬀ equation (Eq. (1)).

ln k′ = −ΔH / RT + ΔS / R + ln φ

(1)

where ΔH and ΔS are the enthalpy change and entropy change,
respectively, when the analyte transfers from the mobile phase to the
stationary phase. T is the temperature, in absolute value, R is the
universal gas constant and φ is the phase ratio of the column. If the
enthalpy and entropy changes are constant with temperature change, a
linear van’t Hoﬀ plot (ln k′ vs. 1/T) can be obtained. The slope and
intercept are −ΔH/R and ΔS/R+lnφ, respectively.
For chiral separations, where enantioselectivity, α is expressed as
k2/k1, where subscripts 2 and 1 represent the more and less retained
enantiomers, the van’t Hoﬀ relation can be also described as Eq. (2):

ln α = − Δ (ΔH)/RT + Δ (ΔS )/R

(2)

where Δ (ΔH) is the diﬀference in enthalpy changes between the two
159
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Fig. 7. Chromatograms of sample solution prepared using MeOH at (a) −70 °C, (b) 0 °C,
and (c) 20 °C. Mobile phase: MeOH: water (60:40, v/v); column temperature: 6 °C; ﬂow
rate: 0.7 mL/min; detection wavelength: 278 nm.

Fig. 5. Chromatogram of the atropisomers of Compound I (racemic mixture) by LC-UVlaser polarimetric detection: (A) UV and (B) polarimetric detector. Mobile phase: MeOH:
water (60:40, v/v); sample concentration: 2 mg/mL of Compound I in methanol; ﬂow
rate: 0.9 mL/min; column temperature: 20 °C.

Fig. 6. Chromatograms of Compound I in (A) Form A and (B) Form B. Mobile phase:
MeOH: water (60:40, v/v); column temperature: 6 °C; ﬂow rate: 0.7 mL/min; detection
wavelength: 278 nm.

enantiomers (ΔH2−ΔH1), Δ (ΔS) is the diﬀference in entropy changes
between the two enatiomers (ΔS2−ΔS1). For a linear plot of lnα versus
1/T, the slope and intercept are Δ (ΔH)/R and Δ (ΔS)/R, respectively.
The retention behavior of Compound I was determined over the
temperature range 6–30 °C at approximately 5 °C intervals. The
retention time of each atropisomer was obtained in duplicate. Plots
of ln k′ versus 1/T were obtained for all the four atropisomers with
linear correlation coeﬃcients (R2) of 0.9989 and above as shown in
Fig. 9. As noted previously, the retention times decreased with
increased column temperature. The ΔH value for each atropisomer
obtained from the slope of van’t Hoﬀ plot is listed in Table 1. The
absolute ΔH values were in the range of 13.7–17.4 kJ/mol and the

Fig. 8. Chromatograms of sample solutions prepared in cooled MeOH (−70 °C), stored
at diﬀerent temperatures: (A) 20 °C, (B) 0 °C, and (C) −70 °C. Mobile phase: MeOH:
water (60:40, v/v); column temperature: 6 °C; ﬂow rate: 0.7 mL/min; detection
wavelength: 278 nm.

absolute Δ (ΔH) ranged from 2.20 kJ/mol to 2.42 kJ/mol. These values
are consistent with the values reported by Woods et. al. [15] who
describes the enantiomeric separation of a variety of biaryl atropisomers. The analyte/CSP interactions are common for all four atropisomers, while the diﬀerence in the interaction reﬂected by Δ (ΔH) is
160
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suﬃcient to provide reasonable separation of the atropisomers.
As stated above, Form A consists of atropisomers 1 and 2 as a pair
of enantiomers (RS/SR) and Form B consists of atropisomers 3 and 4
as a pair of enantiomers (SS/RR). Using the retention factors data, the
apparent enantioselectivity (α) was determined for the two pair of
enantiomers (Table 2), respectively. The ln α versus 1/T plots were
obtained for the two pairs of enantiomers as shown in Fig. 10. Both
pairs of enatiomers show a linear relationship with a correlation
coeﬃcient (R2) higher than 0.999. This indicates that the separation
mechanism remains unchanged for the four atropisomers during the
temperature range studied. The negative enthalpic terms obtained for
all four atropisomers indicate that the association process between
each atropisomer and the stationary phase is an enthalpically favored
process. Additionally, the changes in enthalpies provide excellent
selectivity of the enantiomer separation throughout the temperature
range studied as noted by the resolution, with Rs ranging from 1.43 to
2.60. In addition, as illustrated in Table 2, the resolutions and
enantioselectivities between each pair of enantiomers increases with
decreased temperature which is typical for an enthalpy driven separation. This indicates that the more retained enantiomer experiences a
stronger enantioselective interaction with the CSP. He et al. [31]
reported similar improvement of chiral separations by decreasing the
column temperature for enantiomers, oxzepam and lorazepam on
Astec Cyclobond I 2000 RSP column.

Fig. 9. Van’t Hoﬀ plot for the four atropisomers of Compound I.

Table 1
Thermodynamic parameters for atropisomers.
Atropisomer

ΔH (kJ/
mol)a

ΔS(ΔS/R+lnφ)a

Δ (ΔH) (kJ/
mol)b

Δ (ΔS) (J/
mol *K)b

1
2
3
4

−13.7
−16.1
−15.2
−17.4

−5.75
−6.51
−5.88
−6.44

−2.42

−6.32

−2.20

−4.65

a
b

4. Conclusion
Determined by Eq. (1) and Fig. 9.
Determined by Eq. (2) and Fig. 10.

The analysis of atropisomers is of considerable interest from both
scientiﬁc and regulatory perspectives. However, achieving reliable
quantiﬁcation of atropisomers using HPLC can be very challenging
due to the interconversion of the isomers during the analysis process.
Four atropisomers of Compound I were successfully separated using
HPLC by employing a secondary hydroxyl derivatized β-CD bonded
stationary phase. All aspects of the analysis must be controlled to
ensure conﬁdence in the quantitation of the atropisomer ratios
due to rapid interconversion between the four atropisomers.
Chromatographic peak coalescence or peak-plateau-peak phenomenon
has been observed when atropisomer interconversion occurs under
non-optimal analysis conditions. Low temperature conditions were
used for sample preparation, sample storage, and chromatographic
separation to successfully control the interconversion and enable
accurate determination of the atropisomer ratios for Compound I.
The thermodynamic analysis of the retention data shows that the
enantioseparation of the two pairs of enantiomers is primarily enthalpy
controlled. The diﬀerences in enthalpies provide excellent selectivity of
the enantiomer separation within the temperature range studied.

Table 2
Column temperature effect on selectivity (α) and resolution (Rs) of the two pairs of
enantiomers of Compound I.
Temperature (ºC)

6
10
15
20
25
30

Atropisomers 1 and 2

Atropisomers 3 and 4

α

Rs

α

Rs

1.33
1.31
1.29
1.26
1.24
1.22

1.89
1.87
1.80
1.70
1.60
1.43

1.48
1.46
1.43
1.41
1.39
1.37

2.60
2.60
2.59
2.57
2.49
2.36
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