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Thermodynamic and NMR studies of
solvent effect on enantiomeric recognition
for chiral organic ammonium guests by
chiral diketopyridino-18-crown-6 type

ligands at 25.0°C

XIAN XIN ZHANG, REED M. IZATT*, CHENG Y. ZHU and JERALD S. BRADSHAW

Department of Chemistry, Brigham Young University, Provo, UT 84602, USA

(Received June 13, 1994)

Three chiral diketopyridino-18-crown-6 type macrocycles have
been shown to exhibit a high degree of enantiomeric recognition
toward a-(1-naphthyl)ethylammonium perchlorate (NapEt) in
various ratios of chloroform/methanol (CDCly/CD,0D) and 1,2-
dichloroethane/methanel (C,H,Cl,/CH,OH) solvent mixtures
(from 100% to 10% methanol component). In most cases, differ-
ences in log K values (Alog K) for (R)- and (S)-NapEt complexation
with the chiral macrocycles are larger than 0.5. The degree of the
enantiomeric recognition indicated by the Alog K value changes
noticeably with the binary solvent components, The recognition is
better in the solvents having a moderate methanol component than
in the binary solvents having either a high or a low methanol
component. The highest degree of recognition is observed in 6/4
(v/v) CDC1,/CD;0D and C,H,Cl,/CH,OH solvent mixtures and in
a 7/3 (viv) C,H,C),/CH,OH mixture for chiral (S,5)-1 macrocycle.
Thermodynamic parameters determined in solvent mixtures of
C,H,Cl,/CH,OH reveal that enthalpy changes always have a
favorable effect on enantiomeric recognition. The entropic behav-
jor and the binding constant changes in different ratios of
C,H,C1,/CH;0H and CDCL,/CD,0D binary solvents suggest that
one of the important roles of the solvent is to regulate the
conformation of host-guest complexes so that the chiral host
molecules can make full use of their chiral centers to achieve
optimum recognition toward the guest molecules. Both the polarity
of solvent mixtures and the different properties of solvent mol-
ecules have an effect on the modification of the complex conforma-
tion. The study shows the importance of the medium in molecular
recognition. An appropriate chiral host molecule which may dis-
play enantiomeric recognition toward some chiral guest molecules
can make full use of its recognition elements to exhibit a good
recognition only in a certain environment.

*To whom correspondence should be addressed.
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INTRODUCTION

Enantiomeric recognition, a special case of molecular
recognition, involve discrimination between enantiomers
of guest molecules by a chiral receptor. The successful
design, synthesis, and use of molecules capable of
enantiomeric recognition toward other species is of great
interest to workers in asymmetric synthesis, enantio-
meric separation, enzyme function, synthetic enzyme
models, and other areas involving chiral recognition. The
careful characterization of such synthetic systems could
lead to a much improved understanding of natural
systems. One area of recent interest is the enantiomeric
recognition of chiral organic guests by chiral macrocy-
clic ligands. Many chiral macrocycles have been synthe-
sized and their recognition properties toward organic
enantiomers have been evaluated.'”’® Qur interest in
enantiomeric recognition has focused on the interaction
of chiral macrocycles containing pyridine units with
chiral organic ammonium salts. Factors influencing the
extent of enantiomeric recognition have been summa-
rized."' They include rigidity of the macrocyclic frame,
the bulkiness of the substituents on the ligand’s chiral
centers, the type and arrangement of the donor atoms on
the ligands, the location of the chiral centers on the
ligands, and the nature of the solvent. Among these
factors, the structural effects have been studied much
more thoroughly than the solvent effects.

Since molecular recognition normally occurs in sol-
vent systems, solvent is an important factor which must
be taken into consideration in understanding chiral inter-
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actions. In the study of enzyme models, for example, an
enzyme exhibiting recognition toward a certain substrate
is biologically active only in a solvent whose properties
are very close to or the same as those of the biological
medium.'>'® On the other hand, a promising enzyme
may never recognize any substrate if the solvent used is
significantly different from that of the biological me-
dium.'* Because the process of molecular recognition
involves steric contacts, the host-guest complex must
have a proper conformation in order to maximize the
recognition of the substrate by the host molecule. There-
fore, the extent of molecular recognition is highly sen-
sitive to the medium since the solvent molecules can
influence not only the stability of the host-guest com-
plexes but also the conformation of the complexes. It has
been shown that the extent of enantiomeric recognition
for organic ammonium cations by pyridino-18-crown-6
type ligands is significantly affected by properties of the
solvents in which the chiral interactions take place.>'!"
In chloroform/methanol (CDCL/CD;OD) and 1,2-
dichloroethane/methanol (C,H,Cl,/CH,OH) solvent
mixtures, an improved degree of recognition usually can
be observed compared with that in absolute metha-
nol.'"’® The ratio of CDCI, to CD;OD also has an effect
on recognition. For interactions between (R,R)-
dimethyldiketopyridino-18-crown-6 (2, see Figure 1) and
enantiomers of a-(1-naphthyl)ethylammonium perchlor-
ate (NapEt, see Figure 1) in 100% CD;0D, 5/5 and 9/1
CDCl1,/CD;0D mixtures, the highest degree of recogni-
tion was found in the 5/5 CDCI1,/CD,0D solvent mix-
ture."!

In this paper, a systematic study of the solvent effect as
demonstrated by different ratios of CDCl,/CD;0D and
C,H,C],/CH,0H solvent mixtures (from 100% to 10%
methanol component) on enantiomeric recognition is
presented. The study shows that the solvent component
has a significant effect on the degree of recognition.
Dependence of enantiomeric recognition on the binary
solvent systems whose properties change in a systematic
way by successive change of the methanol component
should be instructive not only in the study of enantio-
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Figure 1 Structures of macrocyclic ligands and a-(1-naphthyl)
ethylammonium perchlorate (NapEt).

meric recognition but also in other areas of molecular
recognition.

EXPERIMENTAL

Materials

The diketopyridino-18-crown-6 type compounds (1, 2, 3,
and K,P18C6, Figure 1) and (R) and (S) enantiomers of
NapEt were prepared as reported.'”"'® The purities of the
chemicals used were checked by elemental analyses, 'H
NMR, and IR spectroscopy. The purities were also
determined quantitatively by a thermometric titration
technique.'® By titrating enantiomers of NapEt with
18-crown-6 (SIGMA Chemical Company, its purity was
99.5% as determined by thermometric titration against a
standard NaBr methanol solution.), the purities of the
NapEt enantiomers were found to be (99.5 = 0.3)%. The
purities of 1, 2, 3, and K,P18C6 were determined to be
(99.0 = 0.8)% with the same method. Methanol (Fisher,
HPLC grade), 1,2-dichloroethane (EM Science, Spectro-
grade), and deuterated methanol and chloroform were
used as purchased without further purification.

Determination of Thermodynamic Quantities

Log K, AH, and AS values were determined as described
earlier®™® by isoperibol titration calorimetry at 25.0 *+
0.1°C in C,H,Cl,/CH;0H solvent mixtures. The initial
solution volume in the dewar was 20 mL. The calorim-
eter (Tronac Model 450) was calibrated according to the
procedures described in the literature.?’ In order to avoid
large heat losses caused by evaporation of C,H,Cl,, the
reaction vessel of the calorimeter was modified so that an
immersible magnetic stirrer, instead of a glass stirrer
normally inserted into the reaction vessel from above,
was used to stir the solution from underneath. The
reliability of the equipment was tested by determining
the thermodynamic quantities for several standard sys-
tems at 25°C, such as 18C6-Na* (log K = 4.36, AH =
-8.32 keal/mol) and 18C6-a-phenylethylammonium per-
chlorate (log K = 3.81, AH = -43.5 kJ/mol) complex-
ation in methanol (the literature values: log K = 4.36,
AH = -8.36 kcal/mol,?? and log K = 3.82, AH = -43.7
kJ/mol,'® respectively). The method of calculating log K
and AH values from the calorimetric data has been
described.”'

Determination of Log K Values by A Direct 'H
NMR Method

In CDCl,/CD,OD solvent mixtures, log K values for
(S5.5)-2 and (S,9)-3 interactions with NapEt enantiomers
were determined by a 'H NMR titration procedure using
a Varian Gemini 200 (200 MHz) NMR spectrometer at
25.0 = 0.1°C. The experimental technique has been
described”* and consistency of log K values deter-
mined by the 'H NMR and calorimetric titration tech-
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niques has been verified.”> The present study also shows
excellent agreement between log K values for (S,5)-2
interactions with (R)- and (S)-NapEt (2.47 and 2.06 from
calorimetric method and 246 and 2.06 from NMR
experiments in absolute methanol, see Tables 1 and 2).

RESULTS AND DISCUSSION

In every case, (R)-NapEt forms thermodynamically more
stable complexes with (S§,S) macrocyclic ligands than
(S)-NapEt. Thermodynamic quantities in Table 1 show
that formation of the complexes is enthalpy driven. The
entropy change is unfavorable in each case. The AH
value is more negative for each (R)-NapEt complexation
than that for (S)-NapEt complexation, indicating that the
enthalpy changes always contribute to enantiomeric
recognition in the systems studied. The recognition of
NapEt enantiomers by the three chiral macrocyclic hosts
is excellent in solvent mixtures of CDCl,/CD;0D and
C,H,Cl,/CH,0H. In most cases, differences in log K
values (Alog K) for (R)- and (S)-NapEt complexation
with the chiral macrocycles are larger than 0.5. The
largest Alog K value observed is 0.72 (NapEt-(S,5)-1

interactions in 7/3 C,H,CL/CH,OH), corresponding to a
5.3-fold difference in binding-constant values.

Dependence of log K and Alog K values with the
solvent components is plotted in Figures 2 and 3. In the
figures, ¢, and ¢ are volume fractions of C,H,Cl, and
CDCl; in the binary C,H,Cl,/CH;OH and
CDCl,/CD;0D solvents, respectively. The stability of
both (R)- and (S)-NapEt complexes increases with de-
creasing methanol component of the solvent mixtures
(increasing ¢, and ¢(). This is expected since the low
polarity of the solvent mixtures caused by decreasing
methanol component should result in weaker solvent-
solute interactions and the host-guest interactions should
increase in magnitude as the polarity of the solvents
decreases. It is worthy of note that the increasing rates of
log K values with increasing ¢ and ¢, are different for
the (R)- and (S)-NapEt interactions. This effect is signifi-
cant in determining the degree of enantiomeric recogni-
tion, which will be discussed below.

Solvent Dependence of Enantiomeric Recognition

Log K values in Tables 1 and 2 show an appreciable
solvent dependence of enantiomeric recognition. The
degree of the recognition in the solvent mixtures having

Table 1 Log K, AH (k)/mol), TAS (kJ/mol), and ALog K values® determined by calorimetric titration for interactions of macrocyclic ligands with
enantiomers of NapEt® in different ratios (v/v) of 1,2-dichloroethane/methanol (C,H,Cl,/CH;OH) mixtures at 25.0°C

C,H,CL,/CH,0H 0/10° n 5/5¢ 6/4 773 82 9/1
&l 32.7 26.0 21.5 19.3 17.1 14.8 12.6
(5.9-1 (RyNapEt  logKk 172012 228008 269 =001 287 *x005 308005 334*004 386003
AH -137+16 -160*09 -1795+008 -205*08 -224+05 -253+03 -287=*02
TAS 3.8 3.0 -2.57 4.1 4.8 -6.2 6.7
(5)-NapEt  log K  1.60 = 0.05° £ 210 012 225006 236*005 274 *004 336001
AH -124*x 18 -184%07 211 *09 -219*08 -235%02
TAS -0.4 5.5 7.6 6.3 4.3
Alog Kt 0.12 0.59 0.62 0.72 0.60 0.50

(5.5)-2 (R)-NapEt log K 247 £ 001 276 £ 0.01
AH 276 03  -29.0£03
TAS -13.5 -13.3

(S)-NapEt  log K 206 =001 226 = 0.05
AH 264 04 269 =038

TAS -14.7 -14.0

Alog Kf 0.41 0.50

K,P18C6 (R)-NapEt log K 305 £004 3.19 +0.04
AH 308 £0.5 256 £03
TAS -13.4 -7.4

(S)-NapEt log K 3.04 =001 3.20 = 0.02
AH -306 £ 05 255 0.2
TAS -13.2 <12

314 £ 002 335*002 362*002 388002 447004
-30.7 £ 0.2 -285+03 -280=x02 -293*x03 -31.8*x04
-12.8 9.1 -13 -12 -6.3

254 002 270002 301001 338x001 401 =003
275203 276 204 -271 02 -265*0.1 -286=x05
-13.0 -12.2 99 -12 -5.7

0.60 0.65 0.61 0.50 0.46

338 003 356 =003 3772002 410002 456=*0.04
-24.0 £ 0.3 -225 %02 -235*+01 -235x03 -262*03

-4.7 -2.2 -2.0 -0.1 -0.2

338 004 357 *002 376001 408 *0.02 457 *002
242 =04 -226 02 -234*01 23602 -263*02

-4.9 -22 -1.9 -0.3 -0.2

2Values are the averages taken from three determinations. Uncertainties are given as standard deviations.
bSee Figure ] for ligand and NapEt (a-(1-naphthyl)ethylammonium perchlorate) structures.

“Ref. 16.

¢ is dielectric constant. The values of the solvent mixtures were calculated according to the Onsager method (ref. 28). )

“The log K value was determined by a direct '"H NMR method in CD;0D. Attempt to determine the log K and AH values by calorimetric titration
failed due to small heat of reaction. The log K value for (R)-NapEt interaction with (S,5)-1 in 100% CD,0D was also determined by the 'H NMR
method. The value of 1.69 * 0.05 is in good agreement with the value 1.72 £ 0.12 determined by the calorimetric method.

*The Alog K value is the difference between log K values for (R)- and (S)-NapEt interactions with a given chiral macrocyclic ligand.

EThe heat of reaction is too small to evaluate the log X value.
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Table 2 Log K and Alog K values® determined by 'H NMR method for (S,5)-2 and (5.5)-3 interactions with enantiomers of NapEt® in different ratios

(v/v) of chloroform/methanol (CDCL,/CD,0D) mixtures at 25.0°C

CDCl/CD;0D 0/10 37 5/5 6/4 73 9/1

£ 327 243 18.8 16.0 13.2 7.65
(5.5)-2 (R)-NapEt log K 246 = 0.03 275 £ 0.02 296 = 0.02 3.09 = 0.03 318 £0.03 341 = 0.04
(S)-NapEt log X 2.06 = 0.04 229 = 0.04 243 = 0.04 251 £ 0.04 270 = 0.03 298 = 0.02

Alog K° 0.40 0.46 0.53 0.58 0.48 0.43
(5.5-3 (R)-NapEt log K 2.94 = 0.03° 3.19 = 0.05 3.35 £ 0.02 3.52 = 0.04 3.62 = 0.03 3.82 £ 0.02

(S)-NapEt log K
Alog K* 0.41 0.46

2.53 = 0.04° 273 = 0.05

2.85 = 0.03 295 = 0.04 311 = 0.04 372 £ 0.03
0.50 0.57 0.51 0.10

*Values are the averages taken from two to three determinations. Uncertainties are given as standard deviations.

"NapEt = a-(1-naphthyl)ethylammonium perchlorate.

‘g is dielectric constant. The values of the solvent mixtures were calculated according to the Onsager method (ref. 28).
9The Alog K value is the difference between log K values for (R)- and (S)-NapEt interactions with a given chiral ligand.

‘Ref. 16.

a moderate methanol component is higher than that in the
solvent mixtures having either a high or a low methanol
component. When the volume fraction of C,H,Cl, or
CDCL; (bp or &) increases from O to 0.9 (methanol
component of the solvent mixtures decreases from 100%
to 10%), the degree of enantiomeric recognition in terms
of Alog K values first increases to a peak value, then
decreases. The highest degree of recognition for ¢S,5)-2
interactions with (R)- and (S)-NapEt is observed in both
6/4 CDC1,/CD;0D and 6/4 C,H,Cl,/CH,OH solvents.
In the case of (S,5)-3, the peak recognition is also found
in the 6/4 CDC1,/CD;OD mixture. However, the best
recognition of enantiomers of NapEt by (S,5)-1 occurs in
a 7/3 C,H,Cl,/CH;0H solvent mixture. These facts are
shown in Figures 2 and 3. The different recognition
behavior of 1 from that of 2 and 3 can be attributed to the

up

log K

log X
B

[} 03 0s 06 07 o8 Qs

Figure 2 Plots of log K and Alog K values for interactions of (§.5)-1
and ($,5)-2 with (R)- and (S5)-NapEt vs. the volume fraction of
1,2-dichloroethane {(¢p) in binary solvent mixtures of 1,2-
dichloroethane/methanol (C,H,Cl,/CH,0OH).

larger diameter of the sulfur atoms of 1 compared to that
of the carbonyl oxygens of 2 and 3. The bulky sulfur
atoms present stronger steric repulsion between the host
and guest molecules, resulting in the best recognition
occurring in the less polar 7/3 C,H,Cl1,/CH;OH solvent.

The peak recognitions are a result of different rates of
increase in binding constants between (R)- and (S)-
NapEt complexation with the macrocycles. Before the
peak recognition (¢ < 0.6, by, < 0.6 for 2, and ¢, < 0.7
for 1), the increasing rates of log K with decreasing
methanol component of the solvent mixtures are greater
for (R)-NapEt than those for (5)-NapEt (see Figures 2
and 3). The slopes of the plots of log K vs. solvent
composition for (R)-NapEt are larger than those for
(5)-NapEt. This observation indicates that (R)-NapEt
interaction with chiral macrocycles experiences less

.0
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~
3 ..,to a)'., ® (5)-NapEs s\.p-"u
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a8y 100 9
« S ‘\9
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Figure 3 Plots of log K and Alog K values for interactions of (5,5)-2
and (S.5)-3 with (R)- and (S)-NapEt vs. the volume fraction of
chloroform (¢} in binary solvent mixtures of chloroform/methanol
(CDCL,/CD,0D).
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steric hindrance than the (S)-NapEt interaction when the
host-guest interactions become stronger with decreasing
polarity of the solvents. After the peak recognition (¢ >
0.6, ¢ > 0.6 for 2, and ¢y, > 0.7 for 1), the opposite
situation happens. The slopes in Figures 2 and 3 for
(R)-NapEt are smaller than those for (S)-NapEt, indicat-
ing that in low polar solvents the log K values for
(S)-NapEt complexation increase more quickly than
those for (R)-NapEt complexation when the methanol
component decreases.

In general, two kinds of interactions with opposite
effects on the complex formation exist in chiral
macrocycle-NapEt systems. A stable complex results
from tripod hydrogen bonding and m-m overlap.'®*>2¢
The tripod hydrogen bonding forms between three hy-
drogen atoms of the ammonium ion and a pyridine
nitrogen and two alternate oxygen atoms of the macro-
cycle and w-1 overlap happens between the pyridine ring
of the macrocycle and naphthyl group of the NapEt
molecule. The second kind of interaction is the steric
repulsion between the groups at the chiral centers of the
organic ammonium ion and macrocyclic ligand, which
results in a decrease in the complex stability. This
repulsion is expected to be larger for (S)-NapEt interac-
tion with the macrocycles than for (R)-NapEt interaction,
so that the macrocyclic ligands display enantiomeric
recognition toward the chiral organic ammonium guests.
However, when the methanol component is decreased to
a certain extent in the solvent mixtures, the interaction
between NapEt and the macrocycle becomes so strong
that the steric contact between host and guest species
becomes unimportant as compared with the binding
interactions. Thus, in low polar C,H,Cl,/CH;0H and
CDC1,/CD;0D solvents (ratios of C,H,Cl,/CH;OH and
CDCl,/CD,OD larger than 6/4) a faster increase in
binding constants for (S)-NapEt than for (R)-NapEt
interactions is observed when polarity of the solvents is
decreased (see Figures 1 and 2, the slopes for (S)-NapEt
are larger than for (R)-NapEt in high ¢, and ¢ regions).
As a result, the degree of the recognition decreases.
Therefore, one role of the solvent is to keep a moderate
interaction strength between host and guest species so
that the chiral groups can perform their part well in
enantiomeric recognition.

Thermodynamic Elucidation of Improved
Recognition

Enantiomeric recognition involves the steric contacts
between host and guest molecules. Different types of
stereochemical interactions should result in different
values of the thermodynamic functions. Therefore, en-
thalpy and entropy changes can provide useful informa-
tion on the chiral macrocycle interactions with chiral
organic ammonium ions. Thermodynamic quantities in
Table 1 show that the enthalpy changes for (R)-NapEt
interactions with (S,5)-1 and (S,5)-2 are all more nega-

tive than those for (S)-NapEt interactions, indicating that
the steric hindrance is smaller for (S,S) ligand interaction
with (R)-NapEt than with (S)-NapEt.

Chiral 2 displays lower binding constants and more
negative entropy changes as compared with its achiral
analogue K,P18C6. The lower log K values are expected
since chiral 2 should experience larger steric repulsion in
interacting with the organic ammonium molecules than
the achiral K,P18C6. The more negative TAS values
support this idea. The large conformational change
caused by strong steric repulsion results in large entropy
loss. Another contribution to the entropy change is
desolvation during complex formation. Much less nega-
tive TAS values for K,P18C6 complexation than for 2
interaction in the solvent mixtures indicate that the
K,P18C6 experiences a more extensive desolvation pro-
cess than 2. The less negative AH values for K,P18C6
interaction provide evidence for this since an endother-
mic process of desolvation consumes more heat. There-
fore, the thermodynamic parameters are consistent with
the structural features of the host-guest complexes.

The contributions to the entropic term of macrocycle-
cation interactions have been discussed in detail.”’ The
entropies of complexation of chiral organic ammonium
guests with macrocycles mainly result from (1) a trans-
lational entropy loss on formation of a single macrocycle
complex from two species, (2) an entropy increase
caused by desolvation of host and guest molecules, and
(3) an entropy loss caused by conformational changes of
host and guest molecules during complex formation.
This last effect should be larger for organic ammonium
guest-macrocycle interactions than for metal ion-
macrocycle ones since the organic ammonium com-
plexes are more flexible than the latter ones. Also, a
sterically less hindered interaction between an organic
ammonium guest and a macrocyclic host should result in
a small confotmational entropy loss and a large entropy
gain from extensive desolvation, resulting in a favorable
or less negative AS value.

Several conclusions can be drawn from measured TAS
values for (R)- and (S)-NapEt complexation with the
macrocyclic ligands. First, entropy changes for both (R)-
and (S)-NapEt interactions with (S5,5)-2 become less
negative with decreasing solvent polarity (Table 1 and
Figure 4), indicating a more extensive desolvation
caused by enhancement of host-guest interaction in
solvents of low polarity. Second, TAS values for (R)-
NapEt interactions are less negative than those for
(S)-NapEt interactions in most cases. This observation
shows that the (R)-NapEt interaction with chiral macro-
cycles is sterically less hindered than the (S)-NapEt
interaction. Third, entropy changes with decreasing sol-
vent polarity are consistent with the changes of log K
values. In the case of (S,5)-2, the increase in the TAS
value for (R)-NapEt interaction from 100% methanol to
6/4 C,H,Cl,/CH,OH is 4.4 kJ/mol which is larger than
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that for (S)-NapEt interaction (2.5 kJ/mol), indicating
that the (R)-NapEt complexation undergoes less steric
hindrance than the (S)-NapEt complexation. Similar
entropic behavior can be observed for (S,5)-1 interaction
with enantiomers of NapEt in 5/5-7/3 C,H,Cl,/CH;OH
solvent mixtures. However, the increased value of TAS
from 6/4 to 9/1 C,H,Cl,/CH;0H for (R)-NapEt interac-
tion with (S,5)-2 (2.8 kJ/mol) is smaller than that for
(S)-NapEt complexation (6.5 kJ/mol). This fact indicates
that more extensive desolvation occurs in the (§)-NapEt
complexation in the low polar solvents than in the
solvents having a high methanol component. The in-
creased desolvation is consistent with the increased
interaction of (S)-NapEt with the ligands.

Figure 4 shows the relationship between the TAS
values and solvent components for interaction of (S,5)-2
with enantiomers of NapEt. It is interesting to note that
the entropy changes for (R)-NapEt interaction with
(S,5)-2 are less negative than those for (S)-NapEt inter-
action in the binary C,H,Cl,/CH,OH solvents having a
C,H,Cl, component smaller than 7/3 and in 8/2
C,H,C1,/CH;0H they are the same but in 9/1
C,H,C1,/CH;0H the TAS value for (R)-NapEt interac-
tion becomes more negative than that for (S)-NapEt
interaction. The same entropic effect can be observed for
(S.5)-1 interaction with (R)- and (S)-NapEt (Table 1).
These findings indicate that the steric hindrance for
NapEt interactions in low polar solvents becomes unim-
portant compared with hydrogen bonding and -7 inter-
action. The strong hydrogen bonding and w-7r interac-
tions in low polar solvents result in an extensive
desolvation for (S)-NapEt complexation and the less
unfavorable TAS values are therefore observed.

To sum up, the best enantiomeric recognition can be
obtained in the binary solvents having a moderate
methanol component. In a solvent mixture having a high
methanol component, the strong interaction of the
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Figure 4 Plots of -TAS values for interactions of (5.5)-2 with (R)-
and (S)-NapEt vs. the different volume ratios of 1,2-dichloroethane/
methanol (C,H,C1,/CH;0OH) mixtures.

solvent molecules with both host and guest molecules
results in a “loose” complex. The distance between
NapEt enantiomers and the macrocycles may be too large
to allow the macrocycles to make full use of their steric
hindrance. In low polar solvents (such as 8/2 and 9/1
C,H,CL,/CH,0H) the enhanced strength of hydrogen
bonding and -1 interaction overpowers the steric hin-
drance, resulting in a large increase in the binding
constants for (S)-NapEt complexation and a decreased
degree of recognition. There must be a best distance
where the chiral groups of a (§,5) macrocyclic ligand can
exhibit the largest steric hindrance to the (S)-NapEt
molecule, so that the best recognition can be obtained.
Therefore, one of the important roles of the solvent is to
regulate the conformation of host-guest complexes so
that the chiral host molecules can make full use of their
chiral centers to achieve optimum recognition toward the
guest molecules. Changing the polarity of the solvent is
one method to regulate the host-guest complex confor-
mation. From Tables 1 and 2 it can be seen that the chiral
macrocycles exhibit the best recognition toward the
enantiomers of NapEt in the CDCl;/CD;0OD and
C,H,Cl,/CH;OH solvent mixtures having dielectric con-
stants between 16 and 19. The different solvent mol-
ecules should have also an effect in regulating the degree
of enantiomeric recognition, as will be discussed below.

Effect of Solvent Molecules

There are several different effects of chloroform and
1,2-dichloroethane molecules on enantiomeric recogni-
tion for NapEt. First, recognition of NapEt enantiomers
in C,H,Cl,/CH,OH 1is higher than that in
CDCL/CD,0D. Second, the increase in log K values
with decreasing solvent polarity is larger for
C,H,Cl,/CH;0H than for CDCl;/CD;OD mixtures
(compare Figure 2 with Figure 3). Third, plots of log X
vs. the volume fraction of CDCI, for (R)-NapEt interac-
tion with 2 and 3 are essentially linear (Figure 3), but the
plots of log K vs. the volume fraction of C,H,Cl, for
(R)-NapEt interaction with 1 and 2 show inflection points
at ¢p = 0.7 for 1 and ¢p = 0.6 for 2 (Figure 2).

The greater increase in log K values in
C,H,CL,/CH,0H than in CDCL,/CD,0OD is unexpected.
For the same ratios of CDCl;/CD,OD and
C,H,Cl,/CH,OH, each CDCl,/CD,OD mixture has a
lower dielectric constant value than the C,H,Cl,/CH;OH
(see Tables 1 and 2). The log K values in CDCl,/CD;0D
were expected to be larger than in the same ratio of
C,H,Cl,/CH;0H. However, the opposite is true from the
experimental results for (S,5)-2 interaction (except for
the 3/7 ratios). Therefore, the greatly increased log K
values in solvent mixtures C,H,Cl,/CH;OH is not
caused by the factor of dielectric constant. The C,H,Cl,
solvent molecules must play a key role. It has been
pointed out that the polarity indices of pure solvents are
good measures of their ability to solvate ions by direct
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interaction but those of mixed solvents may not be true
indicators of the ability of the solvent mixtures to solvate
ions,?® since the possibility of selective solvation is
present for solvent mixtures. Although the polarity index
of C,H,CL/CH,OH is higher than that of
CDCL/CD;0D, the host-guest interaction in the
C,H,Cl,/CH,0H systems is not weaker than in the
CDCLy/CD,0D solvents. The stronger host-guest inter-
actions in C,H,Cl,/CH,OH must be caused by modify-
ing the complex conformation through the solvent mol-
ecules. Modification of conformation of macrocyclic
ligands by solvent molecules has been observed”®=® and
such modification has been found to have an important
effect on the formation of macrocycle complexes and on
the thermodynamic parameters.>!>?> Therefore, the
C,H,Cl, molecules should have a more favorable effect
in regulating the conformation of the host-guest com-
plexes than the CDCl; molecules, resulting in a better
recognition and larger log K values.

Comparison between 1 and 2

Ligand 1 is more sensitive to the change of the solvent
components than 2 and 3 in the degree of recognition of
(R)- and (S)-NapEt. In methanol, 1 displays a very small
degree of recognition toward the NapEt enantiomers. But
in 7/3 C,H,Cl,/CH,OH the degree of recognition is very
high (0.72 in A log K value).

The unique enantiomeric recognition behavior of 1
must relate to its bulky sulfur atoms. In 100% methanol
solution the host and guest species should be far away
from each other due to the large sulfur atoms and the low
stability of the complexes. This results in 1 being unable
to fully express its chiral recognition ability. With de-
creasing polarity of the solvents, the distance between 1
and enantiomers of NapEt becomes shorter. Ligand 1 can
then make full use of its chiral centers to perform
enantiomeric recognition well.

The greater degree of recognition demonstrated by 1 as
compared with 2 in low polar solvents is probably related
to its bulky sulfur atoms again. When the naphthyl group
of NapEt overlaps with the pyridine ring of the macro-
cycle through w-w interaction, the two bulky sulfur
atoms act like two high energy barriers which further
restrict movement of the naphthyl group of NapEt. This
effect is expected to increase the extent of recognition
since the conformation of the host-guest complexes is
more rigid.

CONCLUSIONS

The chiral macrocycles exhibit the best recognition
toward the enantiomers of NapEt in the CDCl,/CD50D
and C,H,CL,/CH,0H solvent mixtures having a moder-
ate methano! component. The degree of the recognition
decreases in absolute methanol and in the binary solvents

having a high or a low methanol component. The best
recognition is achieved by regulating the conformation
of the host-guest complexes in different binary solvent
mixtures. There should be a most favorite conformation
in which the chiral macrocyclic host can make full use of
its chiral centers to perform optimum recognition toward
the guest molecules. Both polarity of solvents and
properties of solvent molecules have significant effects
on modification of the complex conformation.

The medium is important in molecular recognition. An
appropriate host molecule which has chiral center(s) and
may display enantiomeric recognition toward chiral
guest molecules can make full use of its recognition
elements only in a certain medium. Therefore, a careful
choice of the solvent system usually plays a key role in
obtaining a maximum degree of molecular recognition.
Two factors, the structure of the host and guest molecules
and the medium, have different effects on molecular
recognition. The structure factor refers to whether or not
a guest molecule exhibits recognition toward hosts. For
example, the achiral K,P18C6 can not display enantio-
meric recognition in the C,H,Cl,/CH;0H solvent sys-
tems of this study since it has no chiral center. The
medium factor refers to the ability of the solvent to alter
the degree of recognition. A good receptor is an essential
prerequisite for molecular recognition, but maximum
recognition can be obtained only by providing a proper
medium.
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