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Abstract

Thermodynamic studies were performed on 12 paiis-tffluoroacetylO-alkyl nipecotic acid ester enantiomers on diluted permethylated
B-cyclodextrin stationary phase (CP Chirasil-Dex CB). The influence of ester alkyl group structure on interaction with permeghylated
cyclodextrin (Me-CD) and enantioselectivity was studied. The types of alkyl groups studied inohatiad (C;—Cs) and groups containing
branching at differing locations relative to the chiral center of the molecule. The results show that for a given molecular weigtkythsters
have stronger interactions with Me-CD than esters containing branched alkyl groups. However, although having weaker interactions with Me-
CD, esters containing-branched alkyl groups exhibit higher enantioselectivity than the correspondilky! or B-branched isobutyl esters.

From the retention data, thermodynamic parameters were estimated using the retention increment method and enthalpy—entropy compensatiol
plots (INR versusAH) were constructed. The results suggest that ester enantiomers with branching-aathen of the ester alkyl group

have additional and/or different types of enantioselective interactions with Me-CD thagfie i©alkyl esters oB-branched isobutyl ester.

In order to obtain a qualitative sense of the interaction with Me-CD, structures of the diastereomeric complexes formed between Me-CD and
some of the ester enantiomers were modeled using simulated annealing molecular dynamics.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction types of functional groups. This can be used along with other

factors such as the size of the cyclodextrin, the polarity of
Derivatized cyclodextrin phases are the most frequently the achiral solvent (i.e. the phase that the cyclodextrin is dis-

used chiral stationary phases (CSP) for the direct separatiorsolved in)[4] or the concentration of the cyclodextrin to max-

of volatile enantiomers by gas chromatography (GG2]. imize enantioselectivity. Since a large number of theoretical

They are prepared by substituting the hydroxyl groups at the plates are obtainable using capillary gas chromatography, it

2, 3, and 6 positions of each glucose unit contained in native is often possible to obtain adequate separation of enantiomers

a, B, or vy cyclodextrin with different group$3]. Through havinga values as low as 1.02.

the appropriate choice of groups or combinations of groups, Permethylated B-cyclodextrin  (heptakis(2,3,6-tMD-

it is possible to prepare stationary phases that provide chiralmethyl){3-cyclodextrin) (Me-CD), the chiral selector used

recognition for a wide range of analytes containing different in these studies, was first employed in capillary columns for
high resolution separations in the late 1986 Me-CD

* Corresponding author. Tel.: +1 732 5945345; fax: +1732 5943887. has a high melting point and, unlike several other types of
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a stationary phase in GC. The CSP is typically prepared These differences were attributed to steric effects present in
by dissolving the Me-CD in bonded polysiloxanes of the branched compounds that made inclusion into the Me-
moderate polarity (e.g. Rtx-17013] or, as first proposed  CD cavity less favorable. Studies done by Meierhenrich et
by Schurig and Nowotny6], by chemically attaching itto  al. [10] on the interaction of chiral aliphatic hydrocarbons
a bonded phase. CP Chirasil-Dex CB, the stationary phasewith polysiloxane-anchored Me-CD showed that, generally,
used in these studies, consists of 10% (w/w) permethylatedwithin a homologous series the resolution obtained decreased
B-cyclodextrin bonded to dimethylpolysiloxane through an as the chain length was increased. This decrease was at-
octamethylene spacer. tributed to larger amount of nonspecific interactions with the
To date, the mechanism of chiral recognition by deriva- exterior of the Me-CD as the chain length was increased.
tized cyclodextrins (CDs) is still not fully understood. When Spanik et al[9] performed temperature studies NATFA-
these phases were first explored for use in chiral GC sepa-O-n-alkyl esters of alanine on Chirasil-Dex CB in which the
rations[7], separation of enantiomers was thought mostly to chain length of ther-alkyl substitiuents was varied. As the
be the result of differing degrees of inclusion of the analyte chain length was increased, there was a decrease in selec-
or “guest” molecule into the cavity of the CD “host”. Saying tivity between the enantiomers. Studies done by Benicka
that the analyte is “included” does not necessarily mean thatet al. [11] on selectedN-TFA-O-alkyl amino acid esters
the entire molecule is located within the CD cavity. The ac- showed a nonuniform dependence of selectivity on chain
commodation of only part of the molecule into the CD cavity length that depended on the structure of the remainder of
can also be considered as inclus[8f However, since the  the molecule. For example, the methyl and ethyl esters of
introduction of these CSPs, it has become more apparent thaalanine and 2-aminobenzoic acid were better separated than
differing inclusion of enantiomers is not the only mechanism the 1-propyl, 1-butyl, or 1-pentyl esters while, in the case of
by which chiral recognition can take place. Interaction of the proline, alkyl chain length had little effect on enantioselec-
analyte with the outer sphere of the CD may, in some cases;tivity. They also studied the effect of introducing branched
also play an important rolg8]. Overall, analyte molecules  alkyl groups into the ester portion of the molecule. In this
do notinteract with the CD exclusively by one mechanism or case, the effect on enantioselectivity also depended on the
another but through a combination of inclusion, hydrogen- entire structure of the amino acid. For example, the isopropyl
bonding, nonpolar interactions, dipole—dipole interactions, and isopentyl esters of leucine displayed higher enantiose-
and/or electrostatic interactions. lectivity than the corresponding;ECs n-alkyl esters while
Chiral recognition of analytes is thought to occur mostly the isopropyl ester of proline displayed less enantioselectiv-
at the groups located at the 2 or 3 positions of the CD glu- ity.
cose units. Interaction with groups at the 6 position, at the  This paper presents the results of thermodynamic stud-
narrower end of the CD, is thought to be less important for ies performed on 12 pairs ™-TFA-O-alkyl nipecotic es-
chiral recognitior{9]. It is thought by some authof8] that, ter enantiomers on CP Chirasil-Dex CB. The structure of
if the analyte interacts at the surface of the CD, most of the nipecotic acid (3-piperidinecarboxylic acid), a cyclg:
interactions are with groups located at the 2-positions of the amino acid, is shown ifig. 1 Initially, a separation method
CD. These groups are located at the wider opening and arefor thet-butyl ester enantiomers was develop&J-ifipecotic
oriented away from the CD. When inclusion of the analyte acid t-butyl ester is an intermediate used in the synthesis
into the CD cavity is important for chiral recognition, groups of a drug candidate. CP Chirasil-Dex CB provided baseline
at the 3-positions, also located at the wider rim and oriented resolution and elution of the undesir8&nantiomer before
towards the inside of the CD are believed to play a larger role. the desired?-enantiomer. Previous temperature studies per-
Since its introduction as a CSP for gas chromatography, formed on theN-TFA-O-alkyl esters of chirak-amino acids
numerous studies have been done in order to understand then permethylate@-cyclodextrin have shown that the nature
mechanisms involved in the separation of enantiomers onof the ester alkyl group can have a significant influence on
Me-CD. Several of these studies involved study of the re- retention behaviof9,11]. Since nipecotic acid is a cyclic
tention behavior of homologous series of chiral compounds. B-amino acid, the influence of the ester alkyl group struc-
In this way, the effect of small variations in the structure of ture on the retention behavior of the enantiomers could differ
the alkyl substituents on enantioselectivity could be studied from that seen witlx-amino acids. In order to study the ef-
while keeping the structure of the remainder of the molecule fect of theO-alkyl group structure on retention behavior and
constant. Early studies done by Mraz et [&]} involving enantioselectivity, nipecotic acid esters having widely vary-
the interactions of various homologous series of alkanes,ing O-alkyl group structures were prepared. The structures
alcohols, and aromatic hydrocarbons with partially methy- of these esters are shownhig. 1 Structural variations in-
lated a-CD andB-CD coated on Chromosorb W showed cluded chain length, branching, location of branching rela-
that the size and shape of the molecule were very impor- tive to the chiral center, and the size and shape of the ester
tant in determining the amount of interaction with the cy- alkyl group. Temperature studies were performed and, be-
clodextrin. In many cases, when comparing compounds of cause Chirasil-Dex CB is a diluted phase, thermodynamic
the same molecular weight, compounds containing branch-parameters related to interactions with the Me-CD were es-
ing eluted earlier than the corresponding linear compound. timated using the retention increment methdd]. In order
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Fig. 1. Structures of nipecotic acid ahHTFA-O-alkyl ester derivatives used in temperature studies on Chirasil-Dex CB.

to determine whether there are differences in the mechanismderstanding of the interaction of the ester enantiomers with
of interaction with the Me-CD among the esters studied, the Me-CD, some of the diastereomeric Me-CD—ester complex
theoretical concept of enthalpy—entropy compensation wasstructures were modeled using simulated annealing molecu-
employed. Additionally, in order to obtain a qualitative un- lar dynamics.
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2. Experimental ponents. Then-hexane was then separated and dried over
sodium sulfatg11,13] Aliquots of then-hexane solutions
were evaporated to dryness and reconstituted in acetonitrile
for temperature studies. The pugenantiomers were pre-

Studies were performed on an Agilent 6890 gas chro- pared along with racemic mixtures of all esters in order to
matograph with split injection and FID detection. Ultra high determine enantiomer elution orders. The molecular weights
purity helium was used as the carrier gas at linear veloc- of all prepared esters were confirmed by GC-MS.
ities of 25-65cm/s. Injections (dL) were done at split
ratios of 20:1-100:1. Data was collected and integrated 2.4. Temperature studies
using a PE Nelson Turbochrom system (Cupertino, CA).

The enantioselective column was a CP Chirasil-Dex CB, All temperature studies were performed isothermally be-
25mx 0.32 mm,ds =0.25um (Varian Inc., Palo Alto, CA). tween 90°'C and 140 C in steps of either 5C or 10°C. Solu-
The achiral reference column was a CP-Sil 5CB (100% tions of analytes were injected in duplicate or triplicate. The
dimethylpolysiloxane), 50 nx 0.32 mm,d; =0.25um (Var- column void time {p, min) was determined by making an
ian Inc.). Molecular weight confirmations were performed on injection of dichloromethane before each set of experiments.
a Finnigan/Thermoquest TRACE GC/MS system in positive The retention factok’ was calculated a&’ = (tr — to)/to,

ion Cl mode (San Jose, CA/Rodano, Italy). wheretg is the retention time (min) of the analyte. The sep-
aration factorg, was calculated as= k,/k; wherek; is the
retention factor of the first eluted enantiomer ards the
retention factor of the second eluted enantiomer.

All alcohols for preparation of esters, racemic
nipecotic acid, thionyl chloride,n-octane, n-nonane,
and dichloromethane were purchased from Aldrich Chemi-
cal (Milwaukee, WI, USA). §-nipecotic acid hydrochloride
was obtained from Yamakawa Chemical Industry Co., Ltd.
(Tokyo, Japan). Trifluoroacetic anhydride (TFAA) was
obtained from Halocarbon Products Corp. (River Edge, NJ,

2.1. Equipment

2.2. Reagents

2.5. Molecular modeling

The program CERIUS2 was used for all molecular mod-
eling studies. The structure of permethylated cyclodextrin
was optimized by MOPAC at the AM1 level. Charges were
computed by the charge equilibration method. Similar opti-

USA). mizations and charge computations were carried out for the
analytes. The optimized structures for the complexes were
2.3. Analytes then determined using Simulated Annealing Molecular Dy-

namics. The initial temperature was 300 K. The maximum
Primary and secondary nipecotic acid esters were preparedemperature was set at 2000 K to ensure sufficient sampling of

by dissolving approximately 50 mg of nipecotic acid in 1 mL conformation space. The cyclodextrin was held rigid during
of the respective alcohol in a vial, adding 20D of sulfu- the simulation. The analytes were docked inside the cavity
ric acid, capping and then heating for 2-3 h at 100120 and 100 cycles of simulated annealing were implemented.
The mixture was then cooled on ice, neutralized with am- A preliminary study with 500 cycles produced the same
monium hydroxide, and then extracted with two 1 mL por- global minimum structure; hence the abbreviated protocol
tions of toluene. The toluene extracts were then dried over was adopted without any compromise. Dynamics was carried

sodium sulfatg13]. Trifluoroacetyl (TFA) derivatives were
prepared by pipetting 2Q0L of the toluene extract into a
vial, evaporating to dryness with nitrogen, redissolving in
1 mL anhydrous dichloromethane, and then addingH006f

out for 5000 steps with a time step of 1fs. The model was
minimized after each annealing cycle. Data were collected
every 10 steps. The energy of the structure corresponding to
the global minimum was used. The binding energies were

trifluoroacetic anhydride. The solution was allowed to stand calculated as follows:
at room temperature for 30 min, evaporated to dryness with
nitrogen, and then reconstituted in acetonitrile for GC tem-
perature studigld 4]. PureR andS tbutyl ester was obtained
from the Process Research Dept., Merck Research Labs. Th&.6. Theoretical

remaining tertiary esters were prepared by first dissolving

50 mg of nipecotic acid in 1 mL of dichloromethane in a vial, In chiral gas chromatography, separation of enantiomers
adding 500 uL of trifluoroacetic anhydride, allowing to stand is based on the formation of transient diastereomeric com-
at room temperature for 30 min and then evaporating to dry- plexes with a chiral selector. For the pair of enantiomBrs,
ness with nitrogefiL4]. The ester was then formed by heating andS, separation results from a difference in the Gibbs free
with thionyl chloride, evaporating the excess reagent under energy,—Ar d AG), between the diastereomeric complexes
nitrogen, and then reacting with the respective tertiary alco- that are formed upon interaction with the chiral selector. The
hol. The mixture was then dissolvedrrhexane, water was  chemical association equilibria are described by the thermo-
added, and the mixture was shaken to remove acidic com-dynamic association constaitg andKs. The separation can

Ebinding = Ecomplex— Eme-cD — Eanalyte
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be described by the Gibbs—Helmholtz Ed):
@)
@)

where theR, Ssubscript arbitrarily refers to the second and
first eluted enantiomers, respectively. Two different meth-

K
—Ars(AG) = RTIn=X
Ks

AR s(AH) + TAg s(AS)

197

At temperatures beloWiso, the separation is governed by
Ar.qAH), the difference in enthalpy and at temperatures
aboveTiso, peak inversion occurs and the separation is gov-
erned byAr dAS) the difference in entropjd].

3. Results and discussion

ods can be used to calculate the thermodynamic parameters 1. variation of ester alkyl group structure

Ar dAH) andARr dAS).
Method I: For undiluted phases,r {AG) can be calcu-
lated directly from the separation facter,

—AR’S(AG) = RT Ina (3)

wherea = Kr/Ks=kj/ks. Egs.(1-3) can be combined and
rearranged to give the following:

—A AH A AS
Ino — rR.S(AH) n r.S(AS) @)
RT R

From a plot of Inx versus 1T, Agr {AH) andAr AS) can
be determined from the slope and intercept, respectively.
Method II: For diluted phasegyr { AG) is dependent on
the concentration of chiral selectidr2]:
Ry

Ry

Kgr
—Ars(AG) = RTIn=2 = RT'In
Ksg

(®)

with:

/

tR_
0

I'r

/0
tR_

R = = Km

(6)

Wheret’g:adjusted retention time of the individual enan-
tiomer measured with a reference column containing only
solventS and g = adjusted retention time of the individual
enantiomer measured with a column containing a chiral se-
lector that is either dissolved in or chemically bonded to sol-
ventS(reactor column)X is the association constant between
the enantiomer and the chiral selector and m is the molality
(mol/kg) of the chiral selector in the solvent.

The adjusted retention times are obtained by measuring
the retention time of the enantiomer relative to a reference
standard on both the reference and reactor columns. The re
erence standard should interact only with the solvent and
not the chiral selector. This method is widely referred to as
the retention increment method and should allow the mea-
surement of thermodynamic quantities related to interactions
with the chiral selector only. By plotting IR/ R versus 1T,

Ar qAH) and Ar AS) can be determined from the slope
and intercept, respectively, analogous to Methd@]15,16]

For a 1:1 complex between the enantiomer and the chi-
ral selectorAr {AH) and Ar {AS) have opposite effects
on AR dAG). Tiso, the temperature at which the enthalpy

and entropy effects compensate and the pair of enantiomers

coelute, is described by:

_ Agrs(AH)

o= 3 ™

The structure of the ester alkyl group can be represented
by the following:

H
(0]
* R1
—C—R
JJ“J (@] C o 5
Rs3

whereR;, Ry, andRs may represent either hydrogen atoms
or different alkyl substituents bonded to thecarbon. Since
the structure of the remainder of the molecule is the same
for all of the esters studied, it is possible to independently
study the effect of varying the alkyl substituents on retention
behavior and enantioselectivity. Based on the number of alkyl
groups bonded to the-carbon, the esters were placed into
two groups. Group | includes the methyl ester along with
esters that have only one alkyl substituent bonded taxthe
carbon. The isobutyl ester, which has branching one carbon
away from thex-carbon (i.eR; andR; =H, Rz =isopropyl)

is also included in Group I. Group Il includes esters that have
at least two alkyl substituents bonded to thearbon with
resultant branching that is in closer proximity to the chiral
center of the molecule than that in the isobutyl ester.

3.2. Temperature studies and estimation of
thermodynamic quantities

Plots of In (/k%;) versus 1T for all of the esters are given
in Fig. 2 «-Values obtained for each pair of enantiomers over

f_the studied temperature range are listedrable 1 From

0.03 Methyl
Isobuty!
.—_’r":l_,”l—’—’_’;/; 1-Butyl
|
I-Penty]

—_

Isopentyl

-0.03

In (K's/k'r

. Isopropyl
FHenEIPe 2-Methyl-2-Pentyl

0.06
1-Butyl

=Amyl

-0.09
0.00245 0.0025 0.00255 0.0026

0.00265 0.0027 0.00275 0.0028

UT, K'

Fig. 2. Plots of Ink/k,) vs. 1IT for enantiomers of nipecotic achd-TFA-
O-alkyl ester derivatives on Chirasil-Dex CB.
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Table 1 5.5¢
a-Values for enantiomers of nipecotic atidTFA-O-alkyl ester derivatives
on Chirasil-Dex CB 5t e
Alkyl group 90°C  100°C  110°C  120°C  130°C 45 o =
Group | (elution ordeR, S) % 4T 77 v
Methyl 1030 1026 1022 1019 1014 =l g
Ethyl 10 10 10 10 1.0 : ity -Propy
1-Propyl 101 >108  >102 1.0 10 3 _»
1-Butyl 1020 1018 1016 1014 1013 r
1-Pentyl 1015 1017 1016 1014  — Z3p~
Isobutyl 1025 1023 1019 1017 1014 2 ; . " :
0 1 2 3 4
Group Il (elution ordefS, R)
Isopropyl 1045 1037 1030 1023 1017 @) Do. Methylenes
t-Butyl 1.068 1057 1046 1037 1029
t-Amyl 1.086 1067 1052 1040 1030 0.74
3-Methyl-3-pentyl 1072 1055 1041 1030 1021 065y oot
Isopentyl 1071 1054 1040 1028 1018 06l
2-Methyl-2-pentyl 1053 1039 1027 1019 - 5
a Enantiomers beginning to separate. Separation not adequate enough for & g 5| .
accurate determination &f values for individual enantiomers. = 0.45 1 1-Butyl
. 0.4
Group |, the methyl, 1-butyl, 1-pentyl, and isobutyl esters 0,354 L. -
are shown and all have an elution ordeiR)&. Plots for the 03 . ‘ . ‘
ethyl and 1-propyl esters are not shown. Over the temperature 0 1 2 3 4

range studied, separation of the ethyl ester enantiomers was (b)
not observed while the 1-propyl ester began to show mea-
surable separation at a column temperature 6f®@Where

« was calculated to be 1.01. Spiking studies using the pure
S-enantiomer confirmed that the elution order RaSat this
temperaturelable 1shows that the-values forthe methyl,1-  and increase faster with a decrease in column temperature
butyl, and isobutyl esters increase slightly upon lowering the than the corresponding Group | esters. The plots for some
column temperature while the 1-pentyl ester displays a more of the esters show curvature. This is due to the mixed re-
random temperature dependence. &halues observed for  tention mechanisms that take place with a two component
the methyl ester enantiomers tend to be slightly higher than stationary phase (Me-CD diluted in dimethylpolysiloxane).
those for the othen-alkyl esters. Upon going from methyl Thermodynamic parameters calculated from these plots can
to ethyl, where the chain length is increased by one methy- be inaccurate due to this nonlinearity and would also be a
lene unit, there is an initial loss in enantioselectivity. As the measure of the total interaction of the ester enantiomers with
chain length is further increased, a small amount of enan- the stationary phase (i.e. the combined interaction with the
tioselectivity is once again obtained and initially increases Me-CD and dimethylpolysiloxane solventhr AH) and

upon further increases in chain length. However, increasing Ar {AS) values calculated from this data (Method 1) are,
the chain length beyond 1-butyl does not provide a further however, presented ifable 3for comparison, but will not be
increase in enantioselectivity. discussed in depth.

A plot of In k' versus methylene number for the later eluted In order to gain a better understanding of the interac-
enantiomers of the-alkyl esters at 110C is given inFig. 3a. tions of the ester enantiomers with the Me-CD, thermody-
The G to G5 esters show a linear homologous series type namic parameters were estimated using the retention incre-
increase in retentiorRE =0.999) as consecutive methylene ment method (Method I1). By using this method, it was pos-
groups are added. However, based on the intercept calculategible to separate out the achiral or “physical’contribution of
from linear regression analysis, the methyl ester (number of the dimethylpolysiloxane solvent from the chiral or “chem-
methylene groups =0) would be predicted to have lower re- ical” contribution of the Me-CD to retention. The retention
tention than that observed experimentally. The reason for thisincrement method assumes that there are no interactions be-
behavior becomes more apparent later when the retention intween the reference standard and the CD. There is, however,
crement method is applied to the data. a small amount of interaction which may cause a system-

The ester enantiomers in Group Il, which includes the atic error in the calculated thermodynamic parameters. Also,
isopropyl,t-butyl, t-amyl, 2-methyl-2-pentyl, isopentyl, and  this method is usually applied to chiral stationary phases in
3-methyl-3-pentyl esters, all have an elution order opposite which the CD is physically dissolved in an achiral solvent. CP
to that of the Group | esters (i.§, R). Table 1shows that Chirasil-Dex CB, the stationary phase used in these studies,
for esters of any given molecular weight, isealues of the differs from this in that the CD is chemically bonded to the
Group Il esters are higher at all of the studied temperaturesdimethylpolysiloxane. The quantities calculated using this

No. Methylenes

Fig. 3. Plots of (a) Ik’ versus methylene number and (bRrvs. methylene
number for methyl and £to Cs n-alkyl nipecotic acidN-TFA-O-alkyl ester
derivative second eluted enantiomers at 100
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0.97 . Table 2
%\'L‘[ii}’ni Enthalpy valuesAH) and regression parameters for second eluted nipecotic
0.71 1-Butyl acid N-TFA-O-alkyl ester derivative enantiomers on Chirasil-Dex CB esti-
o mated using Method I
0.5 lilhyll ¥
o Alkyl group —AH(cal mol-1)2 R2
& 03
= Group |
0.1 (9-methyl
c-8 4598 0999
0.1 c-9 4711 0999
-0.3 r . ; (R+9)-ethyl
0.00246  0.00251 0.00256 0.00261 0.00266 0.00271 c-8 4059 0999
(a) ]."T, K" C-9 4189 0999
(R+9)-1-propyl
0.0 c-8 4186 0999
c-9 4317 0999
i | (9-1-butyl
<05 Bum c-8 4403 1000
Ez_ 3-Methy-3-Penty | Cc-9 4527 1000
= 03 Isoprapyl
—_ ;—:‘E:ﬂ:?g\l—}l‘wuyl (S-l-pentyl
il c-8 4912 1000
c-9 5032 1000
01 (9-isobutyl
i c-8 4488 1000
0.00246  0.00251  0.00256 0.00261 0.00266 0.00271 C-9 4622 1000
(b) 1T, K™ Group Il
(R)-isopropyl
Fig. 4. Plots of I'R vs. 11T for second eluted enantiomers of nipecotic acid - 4075 0999
N-TFA-O-alkyl ester derivatives. (a) Groupstenantiomers and (b) Group c-9 4230 0099
Il R-enantiomers. (R-t-butyl
c-8 5171 1000
o . c-9 5346 1000
method can however be used for qualitative comparisons of
the analytesn-Octane (@) andn-nonane (@) hydrocarbon (R)c't'é"‘my' 667 o000
standards were used in these studies. o9 5857 0999
Fig. 4a and b show van't Hoff plots obtained using thg C
data (similar plots were obtained for the Gata) for all of (R)C'Sémemy"}pe”ty' 530 093
the secpnd eluteq enantiomers in Gro_ups I ar_1d IR Ivgr- C-9 5503 0998
sus 1T is plotted in order to compare interactions with the Qi "
Me-CD only. A plot of Ink versus IT would be a measure ¢ )(;'_ssopen y 2169 099
of the_total ir_1teraction _(i.e. the sum of achiral and _chiral |n c-9 4344 0999
teractions with the stationary phase). From these figures it is
. . .. . (R)-2-methyl-2-pentyl
seen that a linear relationship is obtained for all of the esters '~ 5 4900 0997
studied R2 > 0.997). This allowed for the calculation aH, c-9 5109 0997

the enthalpy of interaction with the Me-CD. TheH values 8 AH values estimated from retention data obtained betweeAQ@hd
calculated using eitherg®br Cg data are in good agreement  130°C at 10°C intervals.
and are listed ifTable 2 Comparison of the plots iRig. 4a
and b for esters of equal molecular weight consistently showsinteraction with the Me-CD and dimethylpolysiloxane sol-
that the Group | ester has stronger interactions with the Me- vent), it has stronger interactions with the Me-CD than the
CD. Of all the esters studied, the methyl and 1-pentyl esters, ethyl, 1-propyl, or 1-butyl esters. Upon going from methyl
both from Group I, have the strongest interactions with the to ethyl, there is an initial decrease in interaction, but as suc-
Me-CD. cesive methylene units are added, the interaction begins to
As discussed previously iRig. 3a, the G to Cs n-alkyl increase until, upon reaching the 1-pentyl ester, the interac-
esters display a homologous series type dependence whetion with the Me-CD is comparable to that of the methyl
InK is plotted versus the number of methylene groups while ester.
the methyl ester deviates from this relationship. WheR'In The methyl ester is the smallest molecule of all the com-
is plotted instead of IR, a much different relationshipis ob-  pounds studied so the increased interaction of this molecule
served. The plot given ifrig. 3b shows that, although the might be attributed to a higher amount of inclusion into the
methyl ester has the lowest overall retention (i.e. combined Me-CD cavity. This is supported by the high&H value cal-
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culated for the methyl ester compared to the ethyl, 1-propyl, served for the isopropyl! (two methyl groups bonded to the
or 1-butyl esters which all have additional methylene groups «-carbon) and-butyl (three methyl groups bonded to the
(Table 2. If all of these esters were included to the same ex- a-carbon) esters. In this casAH increases from 4075 to
tent in the Me-CD cavity, the methyl ester would be expected 5171 cal mot? upon addition of a methyl group. In both
to have a lower enthalpic component. The highét value cases, addition of a methyl group not only increasésbut
suggests that the methyl ester gains additional interactionsalso the amount of interaction with the Me-CD (i.e. there is
from other parts of the molecule due to greater inclusion.  an increase iR).

The van’t Hoff plot inFig. 4a shows that over the studied FromtheR values calculated for each pair of enantiomers,
temperature range the isobutyl ester has weaker interactionglots of InR%/R (whereR and S refer to the second and
withthe Me-CD than the 1-butyl ester despite having the samefirst eluted enantiomers, respectively) versubdére con-
molecular weight. The\H values calculated for the isobutyl  structed. All of the plots (gand G data) were linear with
and 1-butyl esters are similar-8488 and—4403 cal mot?, R? values ranging from 0.978 to 0.999. Estimated values of
respectivelyTable 9 so the weaker interaction observed for Agr {AH)andAgr AS), are giveninTable 3 Agr {AG) val-
the isobutyl ester is be due to a less favorable entropy of inter-ues at 110C are also listed in order to compare the enantios-
action. This might be explained by the presence of branch- electivities obtained for the two groups of ester enantiomers.
ing in the isobutyl ester alkyl group. Rekharsky et[al7] The thermodynamic parameters estimated using thand
have found that the stability of cyclodextrin complexes can Cg data were in very good agreement. The quantities calcu-
be greatly influenced by the conformational degrees of free- lated using Method II, however, were significantly higher
dom of the guest molecule. Guest molecules with more de- than those calculated using Method I. Similar differences
grees of freedom have a more favorable complexation en-between the two methods have been seen by other authors
tropy since there are more possible conformations of the [15,19]
molecule that can interact with the cyclodextrin. For exam-  Schurig and co-workerfl6,20,21]have noted that the
ple, they found that the equilibrium constants for complexa- interpretation of thermodynamic data obtained from enan-
tion of trans-3-hexenoate and 6-heptenoate were almost haltiomers having separation factors of less than 1.1 should
of those for hexanoate and heptandad#]. Comparison of be treated with caution. With separation factors this low,
AH and ASfor the complexes showed the differences to be the precision of the thermodynamic parameters calculated
entropic in origin. The complexation entropy of the unsat- from plots of InR%/R’; versus 1T is not adequate for a rig-
urated compounds is less favorable due to the presence obrous mechanistic discussion of the enantioselectivity ob-
a double bond which reduces the conformational degrees oftained. In the present study, the standard deviations obtained
freedom of these molecules. In the present study, branchingfrom the linear regression analyses are given along with the
in the isobutyl group may introduce steric hindrance thatlim- Ar {AH) andAr dAS) values listed irifable 3in order to
its the conformational degrees of freedom of this molecule show that there are significant differences between Groups
thus making the entropy of interaction with the Me-CD less | and Il. Also, the standard deviations of the: JAG) val-
favorable. ues obtained for all enantiomer pairs at all studied tempera-

For a given molecular weight, the Group Il esters have tures were calculated using the C-8 and C-9 retention data.
weaker interactions with the Me-CD than the Group | es- The largest standard deviation was 2.3 calmoUsing this
ters. FromTable 2it can be seen that, in some cases, this is worst case precision as the precision for all of the measure-
despite having a higher enthalpy of interaction with the Me- ments, theAr {AG) values measured in these studies can
CD. As with the isobutyl ester, the presence of sterically hin- be used to provide some general discussion of the differ-
dered branched alkyl groups may lower the conformational ences in enantioselectivity seen for the two groups of es-
degrees of freedom of these molecules thus resulting in aters.
less favorable entropy of interaction with the Me-CD. Upon The data listed iTable 3shows that the enantioselective
comparing esters of equal molecular weight within Group Il thermodynamic parameters calculated for Groups | and Il dif-
only, further differences in interaction with Me-CD are ob- fer significantly.Table 1shows that the separation factors for
served. Comparison of theamyl and isopentyl esters shows all of the ester enantiomers decrease with an increase in tem-
that the isopentyl ester has weaker interactions with the Me- perature. This implies that the temperature ranges studied are
CD. The same sort of comparison can be made between thebelowTiso and hence the separations are enthalpy-controlled.
2-methyl-2-pentyl and 3-methyl-3-pentyl esters, the former The Group Il ester enantiomers have enthalpic differences,
having weaker interaction in this case. The major difference Ar AH), that are, in some cases, almost threefold higher
between these esters is in the overall shape of the ester alkythan the estersin Group I. These higher { AH) values sug-
group. gest that the Group Il ester enantiomers undergo increased

The isopentyl (two ethyl groups bonded to thearbon) chiral discrimination due to additional and/or different types
and 3-methyl-3-pentyl (two ethyl groups and one methyl of interactions with the Me-CD than those in Group |.
group bonded to the-carbon) have significantly different. Errors in the determination ohr AH) and Agr {AS)

AH values. Introduction of a single methyl group increases can translate into very large errors in calculalgg values.
AH from 4169 to 5393 cal mott. Similar behavior is ob- Therefore, theoreticdliso values were not calculated for the
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Table 3
Estimated thermodynamic quantities and linear regression parameters for separation of enantiomers of nipebbliEAc€ddalkyl ester derivatives on
Chirasil-Dex CB

Alkyl group Temperature rangéQ)? —AAH (calmot?t) —AAS(calmortK-1) —AAG @ 110°C (calmol?t) R?
Group |
Methyl
C-8 115-135 13#%5 0.28+0.01 29.0£0.2 0988
C-9 134+5 0.27£0.01 29.9+0.2 0988
Method 1 110 0.24 14 .097
1-Butyl
C-8 120-140 1265 0.24+0.01 23+ 1.8 Q978
C-9 121+5 0.25+0.02 24.3+1.8 Q982
Method 1 90 0.19 13 093
1-Penty?
c-8 - - - 23.8:1.7 -
c-9 24.3+1.7 -
Method 1 - - 16 -
Isobutyl
C-8 100-130 1365 0.27£0.01 30.8:0.2 Q990
C-9 135+ 5 0.274+0.02 31.9£0.2 0989
Method 1 120 0.26 16 .098
Group Il
Isopropyl
C-8 100-130 2345 0.51+0.01 37.8:0.1 0997
C-9 236+5 0.51+0.01 39.5:0.1 Q997
Method 1 170 0.38 16 .098
t-Butyl
C-8 100-140 364 0.79+0.01 65.8: 0.4 0999
C-9 369+5 0.79+0.01 68.5£ 0.4 0999
Method 1 280 0.64 30 .096
t-Amyl
C-8 100-140 44% 8 0.99+0.02 69.4+0.1 Q997
C-9 448+ 8 0.98+0.02 72.3t0.1 0997
Method 1 340 0.79 34 .093
3-Methyl-3-pentyl
C-8 100-140 4456 1.01+0.02 57.2+0.6 Q998
C-9 451+ 6 1.02+0.02 59.8: 0.7 0998
Method 1 310 0.72 30 .090
Isopentyl
C-8 110-140 45711 1.05+0.03 53.5£1.8 0.996
C-9 472+ 11 1.09+0.03 56.3+1.9 0.996
Method 1 260 0.60 24 0.993
2-Methyl-2-pentyl
C-8 100-130 43%12 1.03£0.03 41.6+2.1 0995
C-9 446+ 13 1.05+0.03 43.6£2.2 Q995
Method 1 280 0.66 19 094

@ Retention data measured at“IDintervals with the exception of the methyl and 1-butyl esters which were measure@ attgrvals.
b AAH andA ASnot calculated due to immeasurable change-iralues over studied temperature range.

ester enantiomer pairs. However, peak coalescence was ob- Branching at thex-carbon in the Group Il esters has a
served experimentally for the 2-methyl-2-pentyl ester enan- significant influence om\r AG). Table 3shows that for
tiomers at 140C. At this temperature there was still measur- any given molecular weight, the Group Il ester enantiomers
able separation of all other ester enantiomers from Groupshave higheiAr  AG) values than those in Group I. In some

I and II. A reversal in enantiomer elution order was not ob- cases, for example thebutyl versus the 1-butyl ester or the
served for this ester upon further increasing the temperature t-amyl versus the 1-pentyl ester, there is almost a threefold
This is usually the case at high temperatures since separatiorincrease inAr  AG) for the Group Il ester. This is despite
of enantiomers is only possible if the enantioselectivity is the fact that the Group Il ester enantiomers have less inter-
high enough to compensate for decreasing retention factorsaction with the Me-CD than the corresponding Group | ester
[20]. enantiomers.
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Fig. 5. Dependence of AAG on number of carbon atoms in third alkyl
substituent forx-dimethyl nipecotic acidN-TFA-O-alkyl ester derivatives.
—AAG values calculated from C-8 retention data.

The isopropylt-butyl, t- amyl, and 2-methyl-2-pentyl es-
ters all have two methyl groupB{ andR, = methyl) bonded
to thea-carbonFig. 5shows a ploir  AG) versus the num-
ber of carbonsin the third alkyl substituéttat 110°C. Upon
going from the isopropyl esteRg = H) to thet-butyl andt-
amyl estersRs = methyl and ethyl, respectivelyAr dAG)
increases significantly. Upon going to the 2-methyl-2-pentyl
ester, where the length B§ is further increased to a 1-propyl
group, there is a subsequent decreastpry AG).
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by the following equation:

AH = BAS + AGy ®)

whereAH andASare the standard enthalpy and entropy. The
following equation which describes the relationship between
Ink’ andAH can be derive@3]:

- _z 28

e () (-2) 5

Rp
A linear plot of Ink’ versusAH for a group of compounds
would indicate that there is compensation. Fronthe slope
of the regression line, it is possible to calculate the com-
pensation temperatug If a group of analytes have similar
B-values it could provide evidence that they are retained by
a similar mechanism.

When studies are done on enantioselective retention mech-
anisms using this method, thekhand AH values for the
second eluted enantiomers are typically uf2@25]. The
approach used in the present study, however, differs slightly
from that described above. Ri is plotted instead of IR in
order to determine differences in interaction with the Me-CD
alone. AH values for all of the second eluted enantiomers
were determined from plots of R versus 1T (Fig. 4) and

AH 1 1

constant
R +

©)

As discussed earlier, the isopropyl and isopentyl estersare listed ifTable 2 A plot of InR versusAH at 110°C for alll

both gain increased interaction with the Me-CD upon addi-
tion of a methyl group. However, as shown by the AG)
values for the isopentyl and 3-methyl-3-pentyl ester enan-
tiomers listed inTable 3 addition of a methyl group does

not produce a very significant change in the enantioselec-

tivity. Comparison of theAr { AG) values obtained for the
isopropyl and-butyl ester enantiomers, however, shows that

of the esters is given iRig. 6. Similar plots were obtained at
the other temperatures studied. Plots of the first eluted enan-
tiomers were also done and did not differ significantly from
those of the second eluted enantiomers.

From the plot inFig. 6 it can be seen that the ethyl, 1-
propyl, 1-butyl, and 1-pentyl esters, all from Group I, show
a linear relationship between® and AH (R%=0.989) and

the addition of a methyl group produces a significant increase hence should have a similar compensation temperagiires

in the enantioselectivity obtained.

3.3. Enthalpy—entropy compensation

From the slopen, 8 was calculated to be 24C. This was

not confirmed experimentally since it is beyond the upper
temperature limit of the stationary phase. Similar values of
B suggests that these esters interact with the Me-CD by sim-

Testing for the existence of enthalpy—entropy compensa-ilar mechanisms. The methyl and isobutyl esters, also from
tion behavior in chromatographic systems is very often done Group |, lie slightly above and below the regression line,

by plotting AH versusAS. Linearity of the plot is usually
taken as being indicative of a compensation effect. Krug et
al. [22] have shown that compensation may often arise from
statistical effects due to errors involved in determinixl.

The same group demonstrated a procedure for testing for

enthalpy—entropy compensation that minimizes statistical ef-

fects and is more of a measure of actual physico—chemicalso'5

compensatiof23]. This method, first used by Horvath in the
study of separation mechanisms in reversed phase H®]C

and later used by Berthod et al. to study differences in enan-

tioselective retention mechanisms on modified cyclodextrin
stationary phasd20,25], is based on the free energy of parti-

tion, AG, of an analyte between two phases i.e. the stationary

1
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phase and the gaseous mobile phase. If a group of analytes

have similar interactions with the stationary phase, they will
have the same free energy chargeg and hence retention at
compensation temperatuge This relationship is described

Fig. 6. Enthalpy—entropy compensation plot obtained for second eluted
enantiomers of nipecotic achdTFA-O-alkyl ester derivatives on Chirasil-
Dex CB at 110C. Group | esters are represented by)(@nd Group Il by

(®@). AH and InR values were determined from C-8 retention data.
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respectively. Possible explanations for these differences in(Group I) and the isopropyl artebutyl esters (Group Il) was
interaction with the Me-CD were given earlier in terms of done. Modeling was done assuming simple 1:1 complexes
the smaller size of the methyl ester and the steric hindrancebetween the Me-CD and the ester enantiomers. Ideally, this
present in the isobutyl ester. However, since there may bemodel would also include the dimethylpolysiloxane solvent
cumulative errors involved in determinirgH, it is not clear and additional Me-CD molecules in order to more accurately
whether these deviations are due to actual differences in in-simulate the random interactions that the analyte molecules
teraction with the Me-CD. would have with the CSI26]. However, this type of simu-

The Group Il esters show a much more random relation- lation was not possible using available computer hardware.
ship between IR andAH and lie well below the regression  Simulations of the diastereomeric complex structures were
line. These esters have a loweRffor a givenAH value than done based only on electronic interactions between the an-
those in Group I. This is indicative that the Group Il esters alytes and the Me-CD (i.e. electrostatic and van der Waals
have a less favorable entropy of interaction with the Me- interactions).
CD. A possible reason for this involving steric hindrance and  Annealing studies performed with only the TFA group of
lowered conformational degrees of freedom was discussedthe ester molecule docked inside the Me-CD cavity at the
earlier. Due to the randomness of the relationship obtainedwider rim gave the strongest binding energies for all of the
between IR and AH, it is not possible to discern whether complexes. Simulated structures of the diastereomeric com-
all of the Group Il esters interact with the Me-CD by similar plexes formed between Me-CD and the second elud (
mechanisms. The enthalpy—entropy plots do suggest, how-methyl and R)-t-butyl ester enantiomers are giverFiy. 7a
ever, that the esters in Group Il interact with the Me-CD by and b, respectively. Similar structures were obtained for the
different mechanisms than those in Group |. other complexes studied. These structures suggest that there

may be only partial inclusion of the analyte molecules in
3.4. Modeling of diastereomeric Me-CD-ester complex the cavity along with interaction of the ester alkyl groups at
structures using simulated annealing molecular the wider rim of the Me-CD. However, further spectroscopic
dynamics studies (e.g. static NMR measurements) would be needed to
provide more evidence for this.

In order to obtain a qualitative sense of the interaction with
Me-CD, modeling of the diastereomeric complexes formed
between Me-CD and the;6Cs n-alkyl and isobutyl esters 4. Conclusions

Thermodynamic studies were performed on twelve pairs
of N-TFA-O-alkyl nipecotic acid ester enantiomers on CP
Chirasil-Dex CB. Of all the esters studied, the methyl and
pentyl esters have the strongest interaction with the Me-CD.
The stronger interaction of the methyl ester is attributed to
increased inclusion due to the smaller size of this molecule. It
also displays slightly higher enantioselectivity than the other
n-alkyl esters. For the £to Cs n-alkyl esters, increasing
the chain length increases interaction with the Me-CD, but
results in only a small increase in enantioselectivity that lev-
els off as the chain length is increased beyonchdmutyl
group.

For a given molecular weight, esters containing branching
in the O-alkyl group have weaker interactions with Me-CD
than theim-alkyl analogs. This might be explained by a less
favorable entropy of interaction due to steric hindrance and
decreased conformational degrees of freedom in the branched
ester alkyl groups. However, ester enantiomers that have
branching at thex-carbon, although having weaker inter-
actions with Me-CD, display higher enantioselectivity. The
amount of interaction and the enantioselectivity obtained is
influenced by the size and shape oftlibranched ester alkyl
groups. Higher enantioselective thermodynamic parameters
determined for the-branched ester enantiomers, along with

Fig. 7. Simulated structures of diastereomeric complexes formed betweendlfferlng enthalpy—entropy compensation behavior compared

permethylate@-cyclodextrin and second elute§){methyl and R)-t-butyl to then-alkyl or B-branched isobutyl esters, suggests that the
esters. (a)$-methyl ester, (b)R)-t-butyl ester. a-branched esters undergo increased chiral discrimination
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