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a b s t r a c t

Pyrazinones bearing an N-1-alkyl chain with a chiral center have been reported as potent antagonists of
the corticotropin-releasing factor-1 receptor (CRF1R). Separation of individual enantiomers for preclin-
ical testing was an important aspect of lead optimization. To evaluate the applicability and efficiency of
supercritical fluid chromatography (SFC) for enantiomeric resolution of this class of compounds, enan-
tiomeric pairs of eight pyrazinones with different structural characteristics were tested under an array of
eywords:
nantiomeric separation
upercritical fluid chromatography
yrazinone
RF1 antagonist
rug discovery

SFC conditions. The results showed that pyrazinones with a 1-cyclopropyl-2-methoxyethyl substituent
were readily separated with a Chiralpak AD-H or Chiralcel OD-H column with ethanol as the modifier.
On the other hand, analogs with a less polar alkyl substituent were not amenable to the general method
and required further optimization of the chromatographic conditions. In addition, structural variations
on the pyrazinone core and aromatic moiety had an impact on the chiral resolution of this class of com-
pounds. This investigation led to the development of efficient chiral SFC methods for separating all eight
pyrazinone enantiomeric pairs encompassing an array of structural variations.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Corticotropin releasing factor (CRF), a 41 amino acid peptide
ormone, plays a major role in the regulation of the endocrine,
ehavioral and autonomic responses to stress, and is believed to
e involved in the etiology of anxiety and depression [1,2]. There
re two types of CRF receptors in mammals, CRF1R and CRF2R,
hich belong to the class B group of G-protein coupled recep-

ors. CRF1R-selective antagonists are of considerable interest for
se as a potential novel treatment of stress-related disorders such
s anxiety and depression [3,4]. In our search for such agents, a
lass of compounds containing the pyrazinone core was found to
ave potent antagonistic activity toward CRF1R [5]. As part of the
rocess to optimize the potency, pharmacokinetic and metabolic
roperties of this series of compounds, a significant number of

nalogs were synthesized for evaluation in bioassays [6–8]. Many
f these analogs contained a chiral center on the side chain at N-1,
s shown in Fig. 1. In the absence of an asymmetric synthesis, fast
nd efficient chiral separation methods for resolution of racemic

∗ Corresponding author. Tel.: +1 203 677 7828; fax: +1 203 677 7702.
E-mail addresses: jingfang.cutrone@bms.com, jfqiancutrone@yahoo.com

J. Qian-Cutrone).

731-7085/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2010.09.031
analogs were essential for providing optically pure materials for
bioassays and in vivo studies. A challenge facing separation scien-
tists in the drug discovery environment is to quickly find the most
efficient way to resolve a large number of structurally diverse com-
pounds. One way to tackle this challenge is to shorten the cycle time
for method development by implementing more efficient separa-
tion technologies such as supercritical fluid chromatography (SFC),
which has rapidly become a preferred technology for chiral sep-
aration in drug discovery and development [9–14]. Another way
to address the challenge is to establish a generic method for a
class of compounds by attempting to correlate structural features
with separation efficiency. To investigate the applicability of SFC
to separation of pyrazinone enantiomers, an SFC study on eight
enantiomeric pairs of pyrazinones with varying structural substitu-
tions was conducted using various chiral stationary phases (CSPs) in
combination with three alcoholic modifiers (methanol, ethanol and
2-propanol). Pyrazinones 1–8 (Fig. 1), which demonstrated potent
CRF1R antagonist activity in in-vitro biological assays [6–8], differ
structurally in the chiral alkyl substituent at N-1 as well as in the

5-substituent on the pyrazinone core and the aromatic amine at
the 3-position. In this article, we report the separation results of
this SFC study on these CRF1 receptor antagonists, and discuss the
effects of structural differences, solvents and columns on the chiral
resolution.

dx.doi.org/10.1016/j.jpba.2010.09.031
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:jingfang.cutrone@bms.com
mailto:jfqiancutrone@yahoo.com
dx.doi.org/10.1016/j.jpba.2010.09.031
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OD-H, OJ-H and AS-H, using 10% methanol, 10% ethanol and 10%
2-propanol as the modifiers. Compounds without baseline separa-
tion using the first set of conditions were further chromatographed
on IA, IB and IC, using the same three modifiers. To determine the

Table 1
Retention times of the S- and R-enantiomers (tR,S , tR,R), separation factor (˛) and
resolution (Rs) of 1–8 on Chiralpak AD-H and AS-H, Chiralcel OD-H and OJ-H, for 8
also on Chiralpak IA, IB and IC columns, using 10% methanol in carbon dioxide at
2 ml/min, 35 ◦C, 230 nm detection, 150 bar back pressure.

Compound Column tR,S (min) tR,R (min) ˛ Rs

1 AD-H 8.35 10.43 1.33 2.97
OD-H 7.48 7.87 1.07 0.98
OJ-H 6.31 6.55 1.06 0.60
AS-H 4.82 – 1.00 0.00

2 AD-H 7.39 9.59 1.41 4.40
OD-H 6.75 7.82 1.23 2.68
OJ-H 5.25 – 1.00 0.00
AS-H 4.52 – 1.00 0.00

3 AD-H 4.59 5.01 1.18 1.05
OD-H 5.52 6.73 1.36 3.46
OJ-H 4.47 4.61 1.06 0.35
AS-H 4.05 – 1.00 0.00

4 AD-H 5.36 5.66 1.09 0.67
OD-H 5.67 7.13 1.42 3.74
OJ-H 4.96 5.09 1.05 0.26
AS-H 4.16 – 1.00 0.00

5 AD-H 5.06 – 1.00 0.00
OD-H 6.07 7.43 1.35 3.02
OJ-H 5.15 – 1.00 0.00
AS-H 4.13 – 1.00 0.00

6 AD-H 6.98 6.65 1.07 0.33
OD-H 5.58 5.83 1.07 0.63
OJ-H 4.30 3.70 1.40 2.40
AS-H 2.91 – 1.00 0.00

7 AD-H 6.31 6.85 1.13 0.68
OD-H 4.95 – 1.00 0.00
OJ-H 3.25 – 1.00 0.00
AS-H 2.77 – 1.00 0.00

8 AD-H 3.90 – 1.00 0.00
OD-H 5.10 – 1.00 0.00
1 2 2; 
5:  R1 = CN; R2 = OCHF2; 

Fig. 1. Chemical stru

. Experimental

.1. Reagents and compounds

Methanol and 2-propanol were HPLC grade and purchased
rom J.T. Baker (Phillipsburg, NJ). Ethanol, 200 proof (99.98%), was
urchased from Pharmco-AAPER (Brookfield, CT). The compounds
Fig. 1) studied are listed as follows: 5-chloro-1-(1-cyclopropyl-2-

ethoxyethyl)-3-(4-methoxy-2,5-dimethylphenylamino)pyrazin-
(1H)-one (1), 5-chloro-1-(1-cyclopropyl-2-methoxyethyl)-3-(6-
ethoxy-2,5-dimethylpyridin-3-ylamino)pyrazin-2(1H)-one

2), 5-chloro-1-(1-cyclopropyl-2-methoxyethyl)-3-(6-(difluoro
ethoxy)-2,5-dimethylpyridin-3-ylamino)pyrazin-2(1H)-one

3), 5-chloro-1-(1-cyclopropyl-2-methoxyethyl)-3-(6-(difluoro
ethoxy)-2-methylpyridin-3-ylamino)pyrazin-2(1H)-one (4), 4-

1-cyclopropyl-2-methoxyethyl)-6-(6-(difluoromethoxy)-2,5-di-
ethylpyridin-3-ylamino)-5-oxo-4,5-dihydropyrazine-2-carbon-

trile (5), 4-(1-cyclopropylpropyl)-6-(6-methoxy-2,5-dimethyl-
yridin-3-ylamino)-5-oxo-4,5-dihydropyrazine-2-carbonitrile (6),
-chloro-1-(1-cyclopropylethyl)-3-(6-methoxy-2-methylpyri-
in-3-ylamino)pyrazin-2(1H)-one (7) and 4-(1-cyclopropylethyl)-
-(6-(difluoromethoxy)-2,5-dimethylpyridin-3-ylamino)-5-oxo-
,5-dihydropyrazine-2-carbonitrile (8). These substances were
ynthesized and purified as previously described [6–8]. All were
95% pure as determined by HPLC with UV detection.

.2. Instrumentation and method for chiral SFC screening

All analytical SFC experiments were performed on a Berger ana-
ytical SFC system (Mettler-Toledo Autochem, Newark, DE, USA)
quipped with a FCM1200 dual pump fluid control module with
6-position modifier switching valve, a thermal column module

CM-2000 loop, as well as an Agilent diode-array detector G1315A
ith a high-pressure flow cell (Agilent Technologies, Palo Alto, CA,
SA.). Chromatographic data were acquired and processed with
erger SFC ProNTo software (Version 92.1). Liquid CO2 was directly
elivered from a dip-tube cylinder (SFC-grade CO2, Airgas, CT, USA).
ll analyses were operated under isocratic conditions at a backpres-
ure of 150 bar, a temperature of 35 ◦C, a flow rate of 2 ml/min, and
V detection at 230 and 350 nm. Four coated polysaccharide-based

hiral SFC columns (Chiralpak AD-H and AS-H, Chiralcel OD-H and
J-H, 4.6 mm × 250 mm, 5 �) and three immobilized polysaccha-

ide SFC columns (Chiralpak IA, IB and IC 4.6 mm × 250 mm, 5 �)
rom Chiral Technologies (West Chester, PA, USA) were tested.
hree organic modifiers (10% methanol, 10% ethanol and 10% 2-
CH3

of compounds 1–8.

propanol) were employed in our SFC study. The equilibration time
for each chromatographic condition was 10 min. The compounds
were dissolved in ethanol at 1 mg/ml, and sample injection vol-
ume was 5 �l. All racemic samples were initially tested on AD-H,
OJ-H 3.67 – 1.00 0.00
AS-H 2.55 2.63 1.23 0.26
IA 9.73 – 1.00 0.00
IB 4.20 – 1.00 0.00
IC 5.03 5.27 1.08 0.80
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ig. 2. Chromatograms of 1 and 2 on Chiralcel OD-H column, and 3–5 on AD-H co
50 nm detection, 150 bar back pressure.

lution order, individual single enantiomers were also analyzed
nder the same conditions. The retention times of the S- and R-
nantiomers were represented as tR,S and tR,R. The chromatographic
esults including retention times (tR,S and tR,R), separation factor (˛)
nd resolution (Rs) for all compounds were recorded in Tables 1–3,
hile the most efficient chiral separations for 1–8 were shown in

igs. 2 and 3.

. Results and discussion

.1. SFC separation of pyrazinones with
-cyclopropyl-2-methoxyethyl group at N-1
Separation of pyrazinones 1–5, with an identical 1-cyclopropyl-
-methoxyethyl substituent at the N-1 position, but with varying
ubstituents on the pyrazinone core and the aromatic amine moi-
ty, were well-resolved under multiple SFC conditions. The polar
(4.6 mm × 250 mm, 5 �m), with 10% ethanol in carbon dioxide at 2 ml/min, 35 ◦C,

nature of the chiral side chain proved to be an important factor in
the facile separation of these compounds. Among the four coated
column, OD-H column was found to be the choice of the column,
since base-line separations were observed for all five enantiomeric
pairs, regardless of which modifier was used. On the AD-H column,
when ethanol was used as the modifier, all five pyrazinones were
also well resolved. When the modifier was switched to methanol
or 2-propanol, base-line separations were not achieved for 4 and
5. Furthermore, the structural difference of the analytes showed
an effect on the chiral resolution on the AD-H column, since the
decreasing Rs values from 1 to 5 were observed using all three
modifiers. Replacement of the phenylamino with a pyridylamino

group at C-3, the chloro group with a cyano group at C-5, as well
as a methoxy group with a difluoromethoxy group at C-6′, led to
a decrease of the chiral resolution of the corresponding analogs.
On the OJ-H column, baseline separation was obtained only for
the phenylaminopyrazinone (1), while there was no chiral reso-
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Fig. 3. Chromatograms of 6 (Chiracel OJ-H with 10% methanol), 7 (Chiralpak AD-H with 10% 2-propanol) and 8 (Chiralpak IC with 10% 2-propanol), 2 ml/min, 35 ◦C, 350 nm
detection, 150 bar back pressure.

Table 2
Retention times of the S- and R-enantiomers (tR,S , tR,R), separation factor (˛) and
resolution (Rs) of 1–8 on Chiralpak AD-H and AS-H, Chiralcel OD-H and OJ-H, for
8 also on Chiralpak IA, IB and IC columns, using 10% ethanol in carbon dioxide at
2 ml/min, 35 ◦C, 230 nm detection, 150 bar back pressure.

Compound Column tR,S (min) tR,R (min) ˛ Rs

1 AD-H 7.99 12.35 1.75 5.95
OD-H 6.80 7.48 1.58 2.27
OJ-H 5.71 6.22 1.15 1.28
AS-H 4.25 – 1.00 0.00

2 AD-H 6.88 10.65 1.81 5.38
OD-H 6.04 7.61 1.41 3.93
OJ-H 4.49 4.62 1.03 0.33
AS-H 3.93 – 1.00 0.00

3 AD-H 4.35 5.65 1.60 3.33
OD-H 4.90 6.61 1.63 5.70
OJ-H 4.29 4.43 1.07 0.35
AS-H 3.43 – 1.00 0.00

4 AD-H 4.55 5.25 1.30 1.84
OD-H 5.03 7.21 1.77 5.45
OJ-H 4.59 – 1.00 0.00
AS-H 3.57 – 1.00 0.00

5 AD-H 4.33 5.05 1.34 1.84
OD-H 5.53 7.51 1.59 5.21
OJ-H 5.75 – 1.00 0.00
AS-H 3.68 – 1.00 0.00

6 AD-H 5.76 6.56 1.22 1.33
OD-H 5.61 5.93 1.09 0.80
OJ-H 4.27 3.86 1.25 1.64
AS-H 3.05 – 1.00 0.00

7 AD-H 6.57 7.22 1.15 2.03
OD-H 4.84 – 1.00 0.00
OJ-H 3.27 – 1.00 0.00
AS-H 2.77 – 1.00 0.00

8 AD-H 3.41 3.53 1.10 0.34
OD-H 5.03 5.21 1.06 0.47
OJ-H 3.80 – 1.00 0.00
AS-H 3.62 – 1.00 0.00
IA 5.21 – 1.00 0.00
IB 4.67 – 1.00 0.00
IC 4.43 4.64 1.09 0.70

Table 3
Retention times of the S- and R-enantiomers (tR,S , tR,R), separation factor (˛) and
resolution (Rs) of 1–8 on Chiralpak AD-H and AS-H, Chiralcel OD-H and OJ-H, for 8
also on Chiralpak IA, IB and IC columns, using 10% 2-propanol in carbon dioxide at
2 ml/min, 35 ◦C, 230 nm detection, 150 bar back pressure.

Compound Column tR,S (min) tR,R (min) ˛ Rs

1 AD-H 9.12 10.42 1.30 2.17
OD-H 7.63 9.27 1.30 4.10
OJ-H 4.48 5.23 1.33 2.50
AS-H 3.52 – 1.00 0.00

2 AD-H 7.88 9.10 1.21 2.03
OD-H 6.87 9.73 1.61 5.20
OJ-H 3.21 3.39 1.18 0.60
AS-H 3.08 – 1.00 0.00

3 AD-H 5.16 5.60 1.15 0.88
OD-H 4.85 8.68 2.45 8.51
OJ-H 2.61 – 1.00 0.00
AS-H 2.42 – 1.00 0.00

4 AD-H 5.56 – 1.00 0.00
OD-H 5.09 10.28 2.80 8.95
OJ-H 2.95 3.07 1.16 0.34
AS-H 2.57 – 1.00 0.00

5 AD-H 4.44 4.57 1.06 0.29
OD-H 6.32 11.16 2.17 6.91
OJ-H 3.51 3.68 1.13 0.57
AS-H 2.93 – 1.00 0.00

6 AD-H 5.51 5.87 1.11 0.72
OD-H 6.66 7.03 1.08 0.80
OJ-H 4.49 4.13 1.17 1.28
AS-H 3.47 – 1.00 0.00

7 AD-H 7.28 8.93 1.32 5.50
OD-H 5.54 – 1.00 0.00
OJ-H 3.40 – 1.00 0.00
AS-H 3.06 – 1.00 0.00

8 AD-H 3.72 4.01 1.19 0.76
OD-H 6.17 – 1.00 0.00
OJ-H 4.18 – 1.00 0.00
AS-H 2.94 3.09 1.20 0.50
IA 4.72 – 1.00 0.00
IB 5.13 – 1.00 0.00
IC 6.33 5.79 1.15 1.93
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ution on the AS-H column for all tested pyrazinones. Among all
onditions, the most efficient chiral resolution for this subgroup of
yrazinones was found on the either OD-H column or AD-H column
ith ethanol as the modifier.

.2. SFC separation of pyrazinones with a methyl/ethyl group next
o the cyclopropyl group at the chiral center of the N-1 substituent

Pyrazinones 6, 7 and 8 are structurally similar to 1–5 on the
yrazinone core and aromatic moiety; however, replacement of
he methoxymethyl group with a less polar alkyl group at the chiral
enter in these pyrazinones significantly affected their chiral reso-
ution. Removal of the ether-containing side chain and replacement

ith an alkyl group resulted in the loss of potential hydrogen-
onding interactions between the N-1 side chain and the CSPs,
nd consequently decreased their chiral resolution on these CSPs.
yrazinone 6, with an ethyl group at the chiral center on the N-1
ide-chain, was resolved by four SFC methods. The OJ-H column
ppeared to be the column of the choice, yielding good separation
ith all three modifiers. In addition, baseline resolution of the enan-

iomers of 6 was also achieved on the AD-H column when ethanol
as used as the modifier. Pyrazinone 7, with a methyl group next

o the cyclopropyl group at the chiral side-chain, was well resolved
nly on the AD-H column using either ethanol or 2-propanol as
he modifier. For pyrazinone 8, all 12 SFC conditions used during
ur primary evaluation failed to achieve satisfactory separation,
robably because of the combined effects of a less polar N-1 side-
hain, a smaller alkyl group (methyl) at the chiral center, a C-5
yano group on the pyrazinone core, and a C-6′ difluoromethoxy
roup. Consequently, 8 was further tested on the three immobi-
ized CSPs (IA, IB and IC) using the three alcoholic modifiers. While
he CSPs IA and IB did not afford any separation with all three

odifiers, the IC column, a unique chiral selector based on the
,5-dichlorophenylcarbamate of cellulose, provided baseline sepa-
ation of 8 when 2-propanol was used as the modifier.

. Conclusion

Our study showed that the enantiomers of eight pyrazi-
ones (1–8), which belong to a promising class of potent CRFR1
ntagonists, can be efficiently resolved using supercritical fluid
hromatography. Within this class of compounds, the polarity of
he substituents at the chiral center of the N-1 side-chain appeared
o have the most significant effect on the chiral separation. Pyrazi-
ones 1–5, with a methoxyethyl group at the chiral center, were
eadily separated by SFC. In addition, the vast difference in chiral
esolution efficiency among four coated CSPs suggested that the
eta-substitution of methyl groups on the phenyl rings of the CSPs

s in OD-H and AD-H was vital for the interaction with the indi-
idual enantiomers of this sub-group of pyrazinones. On the other
and, compounds with less polar alkyl substituents at the chiral

enter as in 6–8 were generally more challenging to separate and
equired individual method development. Furthermore, structural
ariations on the pyrazinone core and aromatic moiety also showed
n effect on the chiral resolution of this class of compounds. Since
eplacement of the phenylamino with a pyridylamino group at C-3,

[

nd Biomedical Analysis 54 (2011) 602–606

the chloro group with a cyano group at C-5, as well as a methoxy
group with a difluoromethoxy group at C-6′, had a detrimental
impact on chiral resolution, the enantiomers of pyrazinone 8 were
the most challenging to resolve among all the pyrazinones tested
in this study. The IC column, with its unique ability to form addi-
tional dipole interactions with the individual enantiomers due to its
dichlorophenylcarbamate moiety, was the only CSP that achieved
a baseline separation of 8. Nevertheless, our study demonstrated
that SFC can serve as a powerful and efficient separation tool for
this important class of CRFR1 antagonists, and it can potentially be
used to resolve increasingly more challenging compounds thanks
to the availability of diverse SFC stationary phases.
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