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Abstract

Gas-liquid chromatography was applied in thermodynamic investigations of processes of complexation and enantiosepearation by
B-cyclodextrins of chiral monoterpenoids. The distribution constants, stability constants and thermodynamic parameters enthalpy, entrop
and free energy of the complexation processes were determined. It has been found that enantioseparation of monotermer3-by
cyclodextrins is the result of formation of 1:2 stoichiometric complexes. When 1:1 stoichiometric complexes are formed, enantioselectivity is
not observed. All investigated processes of complexation are enthalpy-driven regardless of the stoichiometry of the formed cemplexes.
—TASand—AG of complexation process have higher values for bicyclic than for monocyclic monoterpenoids as welt-&¥ahan for
B-CD. The first or second step of complexation may be responsible for enantioselectivity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of the physicochemical basis of complexation processes. Gas
chromatography modified with cyclodextrins is one of a vari-
Chiral gas chromatography today is dominated by ety of experimental methods employed in the determination
capillary columns with various derivatives of cyclodextrins of thermodynamic quantities for the formation of cyclodex-
as stationary phases. Enantioseparation is obtained mainlytrin inclusion complexe§l—4]. The system of classical gas
owing to the process of complexation of a chiral guest- chromatographic columns with a solution of native cyclodex-
molecule by enantiomerically pure host-cyclodextrin. Such trins as the chiral stationary phase, developed in our labora-
a system, characterized by great efficiency of the capillary tory in the early 1980s, lost its significance as an analytical
column, enables the separation of enantiomers even whertool mainly because of low efficieng$]. However, it can be
enantioselectivity of the system is low £ 1.02). a useful tool for investigation of mechanisms of chiral recog-
In spite of very diverse practical applications, the nition by cyclodextrins, as we have recently shdéj7].
mechanism of complexation and structural relations are still  The aim of the current work was to look inside the
unsolved or only partly solved problems and remain open mechanism of complexation and to establish some structural
for discussion. In this matter, thermodynamic studies could relations usinga- and B-CD complexes with terpenoids
supply some valuable information facilitating identification as the model compounds. The stoichiometry, stability
constants of thex- and B-CD complexes as well as the
* Corresponding author. Tel.: +48 226323221; fax: +48 39120238. thermodynamic function were determined using gas—liquid
E-mail addressmonika@ichf.edu.pl (M. Asztemborska). chromatography.
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Monoterpenoids were chosen because of the diversity of where AH and ASrepresent enthalpy and entropy changes
their composition and isomeric forms which makes them an of transfer of the solute G between the mobile and stationary
interesting object in the search for structural relations. phase and complexation of the solute by CD.

The stability of the CD complexes was determined using
the following simplified equatiof6]:
2. Theoretical considerations

N n
j— . n
Our experimental set-up consists of a GLC system with k=Ko (1 + Z H Ki[CD] ) ()
pure solvent without CDs (system [) and with CDs as a n=li=1
chiral agent (system II). whereKp andK are the distribution constants in system |

According to Eq.(1), the distribution constants were and Il,K; is the stability constant of complexes G[GD7 L:i
calculated from retention data and the measured density ofstoichiometry.

the stationary phase. For 1:1 stoichiometry, the van't Hoff expression is as fol-
) lowing:
K- JjtrFcps ) g
- AH—AHypl AS—AS
ws INnK;1 =— il 0

R T + R
whereFc is the volume flow-rate of gas phasg; adjusted
retention time;os, density of stationary phaseis, weight —In (i + [CD]) (6)
of stationary phasg; compressibility correction factge 1. K1
In sys_tem I, without a chiral agenF,_thg chromatographic while for 1:2 stoichiometry the equation is:
processis dependent only on the partitioning process between

the mobile and stationary phase: AH—AHpl AS—AS

INK1Ky = —
X Ntk R T R
G(g) = Gq) 1 cD
’ —In (K =+ [K—] + [CD]2> (7)
1K>2 2
_ [Gol : .
0= G 2 whereK; andK; are the stability constants of CD complexes

of 1:1 and 1:2 stoichiometry.

whereKg is the distribution constant of solute G betweenthe  Enthalpy changes of complex formationd*) in the sta-
gaseous (g) and liquid (I) phase. The van't Hoff expression tionary phase in system Il can now be defined by (BY.
for such a chromatographic system is:

AHpl ASp
In Ko = "R T + R ©) Differences in the change of Gibbs free energy of complex-
ation for each enantiomer at temperature 333 K were deter-
mined according to the equation:

AH* = AH — AHy (8)

whereKg is the distribution constant in systemAHg and
AS represent enthalpy and entropy changes of transfer of
the solute G between the mobile and stationary phase, AG* = —RT InK; 9)
the gas constant aridis the absolute temperature.

In system Il with CDs as a chiral agent, both processes of for enantiomers of 1:1 stoichiometry and:
transfer and complexation occur. The process of complexa-
tion of solute G wittn molecules depends on the stoichiome- AG" = —RTInK1K> (10)
try. In our system, both 1:1 and 1:2 complexes can be formed.

The equilibria are then as follows: for enantiomers of 1.2 stoichiometry.

The entropy changes of complexation were determined

K, K, from the relation:
G, *CD=—= G—CD +CD=—=G—CD,
K u AG* = AH* — TAS* (11)
Gy The enthalpy of complex formation was calculated from
g
Eq. (8).
whereK is the distribution constant in system K3 andK The enantioseparation facteiis given by the equation:
are the stability constants of complexes of 1:1 and 1:2 stoi-
; . , : K
chiometry, respectively. The van't Hoff expression for system o= (12)
Ilis: K!
_ AH1 AS whereK' andK'"" are distribution constants of enantiomers
nNK=—-———+— (4) X
R T R eluted as a first and second ones.
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For 1:2 stoichiometric complexes, we can write: tion time at compensation temperatuyse The similarity
' T ) of the compensation temperature values for the group of
_ 1+ K;[CD] + K; K5 [CD] (13) compounds indicate similarity of the mechanism of their
1+ Ki[CD] + K| K5[CD]? separation.

Enantioselectivity factorr changes asymptotically with
CD concentration from 1.0 for [CD]=0 to the constant
valuek K3 /K K}, giving absolute enantioselectivithat
should be independent from the CD concentraf&jn

3. Experimental

3.1. Chemicals
KK}
E=—r (14) a- and B-Cyclodextrin were supplied by Cyclolab
172 (Budapest, Hungary). The Chromosorb W NAW (60-100
where | and Il refer to enantiomers eluted from the column mesh) for GC was a product of Johns-Manville (Litho,
as the first and the second onks,andK; are the stability =~ USA). The model compounds (+)- ané-)-B-pinene, (+)
constantsE should be constant and independent of the CD and ()-fenchone, (+)-menthone, (+)- and-)-pulegone,
concentration. A comparison of the absolute enantioselectiv-were supplied by Fluka (Buchs, Switzerland). (+)- ard-(
ity separately for the first and second step of complexation a-Pinene and-)-menthone were from Aldrich (Milwuakee,
(k! /K! andKk! /KL) provides information about which step  USA). (+)- and (-)-Limonene were from Merck-Schuchardt
of complexation is responsible for enantioseparation. (Hohenbrunn, Germany). (+)- and-J-lsomenthone were
The enthalpy—entropy compensation study was used bycomponents of €)- and (+)-menthone, respectively. The
many authorf2,9-11]to investigate the retention mechanism structures of the model compounds are presentddlite 1
of separated enantiomers. It can be expressed by the followingAll other substances were of analytical reagent grade and

equation: were used without further purification.

AH"=BAS"+ AG g (15) 3.2. Columns

where AG°g is Gibbs free energy of physicochemical in- _ _ _

teraction at a compensation temperatdreA H° and A S° Glass columns with dimensions 2x¥mm 1.D. were
are the corresponding free enthalpy and entropy, respec-Packedwith Chromosorb W NAW (60-100 mesh), whichwas
tively. It is expressed as a linear relationship betwagh coated withx-CD or3-CD dissolved in glycerol or with pure
andAS The slope of this relation is called the compensation glycerol as matrix column. To improve solubility efCD,
temperatures. lithium nitrate (0.005 mol cm?3) was added to the solution.

When the enthalpy—entropy compensation is observed The same amount of LiN$was added to the solution @f
in GC or HPLC for a group of compounds, all of them CD and pure glycerol (matrix column). Detailed information
have the same free energy Changgoﬁ and net reten- on Cyclodextrin concentrations is shownTable 2

Table 1
The names and structural formulae of investigated compounds

Monocyclic Bicyclic

(+)-Limonene

(+)-o-Pinene (+)-B-Pinene
Hydrocarbons
/_\

(+)-Menthone (+)-Isomenthone

] (+)-Fenchone
o (6]
Ketones o

(+)-Pulegone

ol




M. Sidrka et al. / J. Chromatogr. A 1078 (2005) 136-143 139

Table 2 the distribution constants of monoterpenoids at temperature

Column characteristics 333K on the matrixe- andB-CD columns.

Column code  Cyclodextrin ~ Concentration of CD inStationary It can be seen that for all compounds the distribution con-

stationary phase (fi)  phase stants are higher on the- and 8-CD column than on the

Matrix - 0.000 Glycerol matrix column. This suggests that for those compounds in-

Al a-CD 0.054 Glycerol clusion complexes are formed with andB-CDs.

A2 a-CD 0.081 Glycerol

A3 a-CD 0.108 Glycerol

A4 a-CD 0.136 Glycerol 4.2. Determination of stability constants of inclusion

A5 a-CD 0.162 Glycerol complexes

B1 B-CD 0.054 Glycerol

E; E_gg 8:122 2:522{3: The relation (linear or parabolic) of the distribution con-

B4 B-CD 0.162 Glycerol stant from CD concentration provides information about the
a"m, molality. stoichiometry (1:1 or 1:2) of the formed complexes. ker

CD, thisrelationis parabolic for most of the investigated com-
pounds exceptf)-pulegone, while foB-CD, it is linear ex-
3.3. Apparatus and procedure ceptfor (+)- and{)-fenchone and (+)- ane)-isomenthone.
Moreover, in all cases where a parabolic relation is obtained,
Chromatographic studies were performed using a enantioseparation is observed. For the linear relation, enan-
Hewlett-Packard (Waldbronn, Germany) Model 5890 series tiorecognition is not observable.
Il gas chromatograph equipped with dual flame ionisationde-  sample plots of relation of the distribution constants
tectors. The peak areas and retention time were measured byersus cyclodextrin concentrations are presentefign 1
means of an HP 3396 series Il integrator. Chromatographic The values of stability constants calculated from Eqg.

measurements were performed atfive temperatures: 333, 338(5) are listed inTable 4 The example of separation of
343, 348 and 353 K. Each measurement was carried out tWOa-pinene enantiomers on-CD column is presented in

or three times. Methane was co-injected as a marker to deterig, 2
mine the hold-up timet). The flow-rate (4G 0.50 ml/min) For all bicyclic compounds, stability constants of the first
was carefully maintained. . step of complexation witk-CD are much higher than those
Density r_neasurements were performed using an Anton of the second step of complexation. For monocyclic com-
Paar (Austria) densitometer. Measurements were performedyoundsK: is higher tharky or has a comparable value, for
at the same temperatures as in the chromatographic studiesinstance for limonene.
An interesting observation was made for enantiomers of
fenchone. Foa-CD, K1 is higher for the (+)-enantiomer and

4. Results and discussion K2 has equal value for both enantiomers while €D,
K1 is higher for the (+)-enantiomer bt is higher for the
4.1. Determination of distribution constants (—)-enantiomer (the second step of complexation has the

opposite direction from the first one). As a result, the final
The distribution constants were calculated on the basis enantioseparation is higher on theCD than on the3-CD
of Eqg. (1) and measured densities of stationary phases andcolumn. Examples of chromatograms are presentedirs.
retention times of investigated compoundiable 3presents It can be seen that while the separation of enantiomers is well

Table 3

Distribution constants of monoterpenoids in temperature 333 K on matrandp-CD columns

Compound M Al B1 A3 B2 A5 B4
(+)-Menthone 560 750 760 1090 1000 1470 1280
(—)-Menthone 560 750 760 1020 1000 1370 1280
(+)-Isomenthone 820 1270 1430 2070 2150 3030 3857
(—)-Isomenthone 820 1350 1430 2430 2070 3660 3658
(+)-Fenchone 310 1100 1090 3010 2070 5000 4849
(—)-Fenchone 310 630 1090 1370 2190 2180 5128
(£)-Pulegone 1600 1880 2260 2230 3150 2770 3841
(+)-a-Pinene 10 100 30 352 60 660 130
(—)-a-Pinene 10 220 30 794 60 1400 130
(+)-B-Pinene 15 130 60 400 120 670 280
(—)-B-Pinene 15 220 60 780 120 1320 280
(+)-Limonene 25 70 30 190 50 310 60
(—=)-Limonene 25 60 30 170 50 270 60

Relative errors less than 10%.
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-
= (+)-isomenthone [-CD]
: (-)-ffencl:]one [“'(éDD] A (-)-isomenthone [u-CD]
(+}-fenchone [5-CD] 37501 © (+)-isomenthone [B-CD] ‘A
50004 2 (-)-fenchone [3-CD] & (9-isomenthone [3-CD] o g
4000
K 3000 4
2000
1000 +
O T T T T T T T T
0,00 0,05 0,10 0,15 0,00 0,05 0,10 0,15
(a) CD [m] (b) CD [m]
1500 7
] " (+)e-pinene [«-CD] ®  (+/-)-Pulegone [«-CD]
A (-}u-pinene [«-CD] 4550 o (+/)-Pulegone [j-CD]
12509 o (+/-)}-u-pinene [p-CD]

3250 o

K
2600 +

1950

1300

T T 650 T T T T
0,00 0,05 0,10 0,15 0,00 0,05 0,10 0,15
(©) CD [m] (d) CD [m]

Fig. 1. Relation between adjusted partition coefficient K vs. CD concentration for enantiomers of fenchone (a), isomenthgriegi@, (c) and pulegone

(d).

visible ona-CD; onp-CD, only awidening of a single peak is
observed.

The enthalpy of partition was determined from the slope
of linear variation IrK versus 1T. Examples of the obtained
plots are presented iRig. 4 A very good linear variation
of InK versus 1T allowed AH to be calculated with good
precision.

The enthalpy of complexation was calculated from Eqg.

The calculated distribution constants were used to deter-(8).
mine AH of partition and complexation of monoterpenoids ~ Onthe basis of Eq$9)—(11) calculated stability constants

4.3. Determination of thermodynamic parameters of
complexation

by a- andB-CD. andAH" of complexation, it was possible to determin&”
Table 4
Stability constant of- andB-cyclodextrin complexes with selected investigated monoterpenoids determined in glyceroCat 60

a-CD B-CD

K1 Kz K1Ks2 R2 K1 Kz K1K>2 R2
(+)-Menthone 3B 89 34 Q999 86 - - Q998
(—)-Menthone M“ 6.1 27 Q999 86 - - Q998
(+)-Isomenthone 8 9.0 58 Q999 69 15 104 0994
(—)-Isomenthone A 11 81 0999 74 13 96 0995
(+)-Fenchone 34 10 340 .96 12 44 528 ®86
(—)-Fenchone 13 11 143 .999 Q9 57 564 0988
(£)-Pulegone 3t - - Q943 Q0 - - Q999
(+)-a-Pinene 84 21 1764 .998 65 - - 61
(—)-a-Pinene 163 26 4238 .999 65 - - 61
(+)-B-Pinene 110 9 990 .097 101 - - ™63
(=)-B-Pinene 210 10 2100 .998 101 - - 63
(+)-Limonene 20 16 320 .093 88 - - Q992
(—)-Limonene 18 15 270 097 88 - - Q992
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100,07 50,0 5
[mV] " [mV] 0
80,0 40,04 Al
3 (+/-)
60,0—5 ) 30,0 .
P
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Fig. 2. Chromatogram off)-a-pinene obtained on column A5. Tempera-  Fig. 3. Chromatograms ofH)-fenchone obtained on columns A5 (a) and
ture, 80°C. B4 (b). Temperature, 65C.

and AS' of complexation. The determined thermodynamic can be explained by deeper penetration and better fitting of
parameters of complexation of monoterpenoidsabyand ~ the guest compound into the CD cavity. Comparing the ther-
B-CD are reported ifable 5 It is clear that complexation =~ modynamic parameters of monoterpenoid complexation by

processes are enthalpy-driven. In all caggd; is more neg- ~ a- and B-cyclodextrins, it can be observed that in general
ative thanTAS. they have higher values fe-CD complexes. This can sig-
The higher values of AH", —TAS and—AG" for bi- nify thata-CD is a better host molecule for monoterpenoids
cyclic than for monocyclic monoterpenoids ferandB-CD guests.
® (+)-o- Pinene [ a-CD]
A () -o- Pinene [ a-CD] 8.4- M (+/-)-Pulegone [ o-CD]
1 X (+/-)-o- Pinene [ p-CD] 1 X (+/-)- Pulegone [ p-CD]
7:21 +  (+/-) -a- Pinene [ Matrix] 8.14 4+ (+/-)-Pulegone [ Matrix]

6.3

5.4
4.5
£ ] :
3.64
2.74
1.8 /M//%/
2.‘84 2‘|88 2,I92 2.§6 3.60 2.I84 2.|88 2.|92 2.§G 3.';)0
10%T (K] 10%T [K]
@® (+)-Fenchone [ a-CD]
8.5 @ (+)-lsomenthone [ o-CD] | A (-)-Fenchone [ o-CD]
1 A (-)-lsomenthone [ cv.-CD] ol @) (+)-Fenchone [ B-CD]
O (+)-Isomenthone [ B-CD] e | A (-)-Fenchone [ p-CD]
| & (-)-lsomenthone [ B-CD] 1 4+ (+/-)-Fenchone [ Matrix
+  (+/-)-lsomenthone [Mal 77 e
7.04
£ £ e
5.64
4.9 ;
T T T T T T T T T 1 4.2 T T T T T T T T T T
2.84 2.88 2.92 2.96 3.00 2.84 2.88 2.92 2.96 3.00
103T [KT] 103/T [K]

Fig. 4. van't Hoff plots of InK) vs. 1IT for enantiomers of fenchone (a), isomenthone ¢bpinene (c) and pulegone (d) obtained on columns M, A5 and B4.
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Table 5

Thermodynamic parameters of complexation of monoterpenoids bndp-CD
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—AHp (kJ/mol)  «-CD

p-CD

—AH" (kJ/mol)

—TAS (kJ/mol) —AG" (kdJ/molf

—AH" (kJ/mol)

—TAS (kd/mol) —AG" (kd/molf

(+)-Menthone 51. A4 0.3 22.0+ 4.0 12 10 9.8 0.5 4 6
(—)-Menthone 51.74 0.3 19.6+ 3.0 11 9 9.8+ 0.5 4 6
(+)-Isomenthone  52.% 0.3 18.8+ 2.9 8 11 18.0£ 1.0 51 129
(—)-Isomenthone  52.% 0.3 249+ 3.2 13 12 15.5+ 2.0 29 126
(+)-Fenchone 451 0.6 42.2+ 0.3 26 16 324+ 1.4 151 173
(—)-Fenchone 45.% 0.6 30.3+ 34 16 14 33.2: 1.0 157 175
(+)-Pulegone 53.6t 0.7 12.0+ 2.0 8 4 12.6+ 5.0 7 6
(+)-a-Pinene 37.8: 2.4 474+ 7.4 26 21 37.6£ 5.0 25 12
(—)-a-Pinene 37.8:24 52.0+ 7.0 29 23 37.0£ 5.0 25 12
(+)-B-Pinene 38.4: 2.7 46.3+ 5.7 27 19 37.6£ 5.0 24 13
(—)-B-Pinene 38.4 2.7 50.5+ 5.4 30 21 37.0£ 5.0 24 13
(+)-Limonene 42.3+ 1.7 39.7+ 4.1 24 16 9.0+ 2.0 3 6
(—)-Limonene 42.3+ 1.7 38.6+ 5.8 24 15 9.0+ 2.0 3 6

¢ £2.0.

4.4, Absolute enantioselectivity

The absolute enantioselectiviBcalculated from Eq.14)
for separated enantiomers is presentethinle 6 The datain

Table 6indicate that on the-CD column, the second step of
complexation is enantioselective for the monocyclic ketones:

104  AH'=051A5*-458 @
R°= 0.9834 o
L ]
204 o]
[ ]
yay
AH* 304 A
[kJ mol™] v
-40 4 v
<
L
-50 *
*
*
'60 T T T T T ] T
-105 -90 -75 -60 -45 -30 -15
(a) AS*[Jmol 'K
-8
» 15 AH*=0.43A8" - 4.71 -
A ” R®= 0.9964 A
[kJ mol ] "
24
Q
*
v
-32 4 Lo
AH*=0.46AS*-11.16 *
R®= 0.9992
-40 2 T T T T & T 1
75 -60 -45 -30 15 0

AS* [Jmol K™

menthone and isomenthone, while for bicyclic fenchane,
pinene and3-pinene the observed enantioselectivity is the

(+)-Menthone
(-)-Menthone
(+)-Isomenthone
(-)-Isomenthone
(+)-Fenchone
(-)-Fenchone
(+)-0-Pinene
(-)-o-Pinene
(+)-p-Pinene
(-)-p-Pinene
(+)-Limonene
(-)-Limonene
(+/-)- Pulegone

(+)-Isomenthone
(-)-Isomenthone
(+)-Fenchone
(-)-Fenchone
(+/-)-Menthone
(+/-)-Pulegone
(+/-)-0-Pinene
(+/-)-p-Pinene
(+/-)-Limonene

Fig. 5. Plots of enthalpy—entropy compensation for the investigated compounds on columns A5 (a) and-B4Rblegone is excluded from the regression

line on plot (a).
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Table 6

The absolute enantioselectivity and the ratio of stability constants of the first and second step of complexation

Cyclodextrin Compound First eluted E KY/K} Ky /K

o-CD (+/-)-Menthone €)-Menthone 126 086 146

«-CD (+/—)-Isomenthone (+)-Isomenthone 48 116 123

o-CD (+/-)-Fenchone +£)-Fenchone 26 272 090

a-CD (+/-)-a-Pinene (+)ee-Pinene 24 193 121

o-CD (+/-)-B-Pinene (+)B-Pinene 206 192 107

B-CD (+/-)-Isomenthone +)-Isomenthone 14 093 122

B-CD (+/-)-Fenchone (+)-Fenchone .0 085 129

result of the first step of complexation. On D column, Acknowledgments

the second step of complexation is enantioselective for both .
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