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The Thermodynamic Basis for Enantiodiscrimination: Gas-Phase Measurement of the
Enthalpy and Entropy of Chiral Amine Recognition by Dimethyldiketopyridino-18-crown-6*

Introduction

Many of the molecules that are the fundamental building
blocks of living things are chiral, and many biochemical
processes show preference for one enantiomer over the other,
This remarkable ability of nature to distinguish between
molecules that differ only in the arrangement of atoms around
stereocenters has many practical implications. For example, a
large fraction of current pharmaceuticals are chiral, and an
increasing number are being marketed as single enantidmers.
Understanding the fundamental chemistry behind enantiodis-
crimination is important. For instance, it is crucial for developing
new chiral drugs and for building and improving enantiomer-
specific analytical assays.

The study of enantioselectivity in the gas phase has recently
been reviewed Gas-phase studies of enantiodiscrimination have
direct bearing both on gaining fundamental understanding and
on developing analytical techniques that can distinguish between
enantiomers. In the absence of solvent, the intrinsic interactions
between a guest molecule and its receptor are laid bare, an
the interactions responsible for enantiodiscrimination can be
studied without the masking effects that often arise from

solvation.

Gas-phase studies of chiral systems generally take one of four
approaches. Some are based on differences in the observed peaé%1
heights of diastereomeric complexes, which are often isotopi-
cally labeled so that they can be distinguished in a mass
spectrometer. For example, the heights of mass spectrometric
peaks corresponding to chiral hestiral guest complexes
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Discrimination between the enantiomers of 1-phenylethylamine (PhEWéndaphthyl)ethylamine (NapEt)

by the chiral ligand protonated dimethyldiketopyridino-18-crown-6 was studied using Fourier transform ion
cyclotron resonance mass spectrometry to perform variable-temperature equilibrium (van't Hoff) experiments
in the gas phase. The heterochiral complexg8sJ{ligand with (R)-amine, for example] have more-favorable
enthalpy in both studied cases than the homochiral complexes; the difference6.zre 0.7 kJ mot™ for

the PhEt enantiomers anel0.0+ 1.2 kJ moi* for the NapEt enantiomers. Entropy disfavors the heterochiral
complexes by-14.8 + 2.2 J mot! K~ for PhEt and by—20.0 + 3.9 J mot! K~ for NapEt; entropy

enthalpy compensation is evident. These results suggest that enantiodiscrimination in these complexes is
enthalpic and that locking of methyl rotors in the thermodynamically disfavored complexes is probably not
important. Computational methods were also used to determine complex geometries at the-HEde3/&|

(diffuse functions on O and N atoms only), and energies at these geometries were determined using the same
basis set with MP2 and B3LYP methods. The computed geometries have shorter hydrogen-bonding distances
in the heterochiral complexes than those in the homochiral ones. The computational results also correctly
predict that the heterochiral complexes are energetically favored. The calculations at most levels fail to reproduce
the experimental finding that enantiodiscrimination of NapEt is greater than that of PhEt.

generated using fast atom bombardment or electrospray have
been compared to characterize enantiodiscrimingtfoimi-

larly, observation of “magic number” homochiral serine oc-
tamers from electrosprayed soluti®fishas led to possible
explanations for prebiotic homochirality.

Another approach examines differences in the dissociation
(usually collision-induced) of diastereomers. These are often
proton-bound or metal ion-boun&1° clusters of the chiral
analytes with chiral reference molecules. The success of these
sensitive analytical techniques depends on differences in the
extent of fragmentation observed for different analyte enantio-
mers in the diastereomeric clusters. Because many different
reference species can be used to provide recognition of a given
analyte, these methods appear to be quite general.

Differences in the reactivities of enantiomers have also been
observed through measurements of reaction rates. For example,
the reaction rates of protonateécbutyl acetate enantiomers
toward chiral trisecbutyl borates diffet! Similarly, the rates

f chiral amine enantiomer displacement from protonated
permethylatedj-cyclodextrin by propylamine show strong
enantiomeric dependence in many cafesnd this has been
exploited to develop analytical methods that determine enan-
tiomeric exces$3
Our group has focused on either H8gir guest® exchange
uilibrium measurements as probes of enantiodiscrimination.
Our emphasis has been on understanding the fundamental
interactions responsible for chiral recognition rather than on the
development of analytical techniques, although we have also
shown that equilibrium methods can be adapted for analysis of

T Part of the special issue “Jack Beauchamp Festschrift”.

enantiomeric exces$.This prior work showed much weaker
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dimethyldiketopyridino-18-crown-6 (1) The test reactions, involving proton-transfer equilibria be-
= tween amines, were studied using chemical ionization in the

o N | 0 trapping cell of the FTICR instrument, followed by SWIFT
N isolation of the reactant of interest. The isolated protonated

HsCs,» O 0 »CHs amine was allowed to react with the mixture of two neutral
[ j’ amines in the trapping cell until proton-transfer equilibrium was

NH, 0 0 NH, attained. The procedure was .ther? repeated by isolating the other
* K/O\) * protonated amine and allowing it to react with both neutrals
until equilibrium was attained. The criteria used to establish
OO the achievement of equilibrium have been discusédThe

1-phen(y|/=|?1tirzuslamine a(1-naphthyl)ethylamine amines used were triethylamine (reagent grade, Fisher), tri-
t

(NapEt) methylamine (anhydrous, Eastman), 1,4-diaminobutane (99%,
Figure 1. Structures of chiral hodt (dimethyldiketopyridino-18-crown-  Aldrich), and diethylamine (99%, Spectrum). All compounds
6) and chiral guests 1-phenylethylamine (PhEt) ar{d-naphthyl)- were used as supplied without further purification, with the
ethylamine (NapEt). Stereocenters are marked with asterisks. exception that the amines were degassed through three or more

freeze-pump-thaw cycles before being introduced into the
vacuum chamber.

The experimental techniques used to measure equilibrium
constants in the chiral systems have been desctiéth brief,
one enantiomer of the host molecule was electrosprayed (0.1
mg/mL in 80:18:2 methanol/water/acetic acid), generating
protonated host ions. Pure enantiomers of Hasere prepared
using published procedurésln some experiments, the achiral
host 18-crown-6 (18C6, Sigma) was used instead. The neutral,
chiral amine of interest §)-1-phenylethylamineX 98%, Fluka)
or (9-a(1-naphthyl)ethylaminex99%, Fluka)] was introduced
into the ion trapping cell region via a controlled variable leak
valve to a stable pressure. An achiral amine, which serves as a
reference, was also leaked into the instrument through a second
controlled variable leak valve. The reference amine was
cyclohexylamine (97.9%, Fisher) in all cases. The pressures of
the two amines were maintained at a constant value throughout
the experiment. Typically, the total pressure was 10~7 mbar,
measured using an uncorrected cold cathode gauge (Balzers).

The reactions involved in studying the chiral systems are
listed below. In practice, the entire experiment was carried out
by first electrospraying one of the host enantiomeRSRJ-1 or
(S§9)-1] with a constant pressure of the chiral amine of interest
[(R)-amine or §-amine; R)-amine in the reactions below] and
of the reference amine (Ref) present in the trapping region of
the instrument. Equilibrium populations of the ionic reactant
and product of reaction 1la were measured as reflected in their

cyclohexylethylamine enantiomers than for the enantiomers of
1-phenylethylamine (PhEt, Figure 1). These two guests differ
in that the latter is dehydrogenated and thus possesses a
system. Further, even greater enantiodiscrimination is observed
for a(1-naphthyl)ethylamine (NapEt, Figure 1), a guest with a
more extensiver system. From this evidence, we inferred that
face-to-face stacking between thesystem of the guest and
the pyridino-carbonylzr system of hostl is important in
enantiodiscrimination. Examination of molecular models sug-
gested close methyl rotor contacts in the thermodynamically
less-favorable homochiral hesguest complexes, which are not
present in the more-favorable heterochiral complexes. We
therefore suggested that methyl rotor locking might be respon-
sible for chiral recognition in these systems.

In this paper, we test the methyl rotor locking hypothesis by
using variable-temperature equilibrium (van't Hoff) techniques
to measure the enthalpic and entropic differences between
diastereomeric complexes & §)-1 and R R)-1 with (R)-PhEt
and ©)-NapEt. If methyl rotor locking causes enantiodiscrimi-
nation, this should be apparent in more-favorable entropy for
the thermodynamically favored complex. We will show that
rotor locking is in fact not responsible for chiral recognition by
this system; rather, enthalpy plays a key role. We will also
present results from computational studies of these same
complexes.

Experimental Section

All experiments were carried out in a Fourier transform ion (R)-amine(RR)-1H" + Ref=
cyclotron resonance (FTICR) mass spectrometer (model APEX + .
4¥e; Bruker Daltonic(s, Billezica, MAg), equipped \(Nith an ion Ref(RR)-1H" + (R)-amine (1a)
source external to a 4.7 T superconducting magnet. The FTICR
trapping cell was that supplied with the instrument, a cylindrical
cross section “infinity” desigA® A commercial electrospray
ionization source with a hexapole ion guide (model 10413
Analytica, Branford, MA) was adapted for microspray by
replacing the 34-gauge stainless steel spray capillary with a 50
m i.d. fused silica capillary having a tapered tip (made by + PR
grinding with diamond grit) and exchanging the manufacturer’s Re#(S3-1H" + (R-amine=
glass capillary vacuum interface with a heated type 316 stainless Ref+ (R)-amine(SS)-1H" (1b)
steel desolvating tube (0.0625 in. 0.d.0.020 in. i.d.). The ) ) ) )
spray capillary was coupled with a stainless steel zero dead@nd 1b yields reaction 1. Reaction 1 has the important advantage
volume union (Valco, Houston, TX) to Teflon tubing, which ] N N
makes a friction fit to a glass syringe. Typically, about 1.2 kv (R)-amine(RR)-1H" + Ref(SS-1H" =
was applied through the zero dead volume union to the spray Ref.(R’R)_lH"' + (R)-amine(SS)-1H+ 1)
capillary, and flow rates of 1L h~! were used. A zoom
microscope (about 100 magnifying power) was set up near thethat its equilibrium constant depends only on the intensities of
spray capillary to monitor spray conditions. A home-built the measured ion signals and not on partial pressures of the
implementation of stored wave-form inverse Fourier transform neutralst® which are difficult to accurately measure, particularly
(SWIFT)®-2was used to isolate selected ions. in variable-temperature experiments in which outgassing rates

peak heights. The host molecule was then flushed from the
electrospray source, and the other enantiomer was electro-
_ sprayed. The rest of the experiment is carried out in exactly the
' same way as for the original enantiomer, resulting in an
equilibrium constant for reaction 1b. Addition of reactions la
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may vary. Because the complexes f@fR)-1H" and Ref(SS)- 10 —
1H* are enantiomers, they are thermochemically identical, so
the thermochemistry of reaction 1 measures the difference
between the diastereomem){amine(R,R)-1H" and R)-amine 5 —
(§9-1H™, or the analogousj-amine complexes.

The equilibrium constants for reactions la and 1b were
determined from the ratio of the peak intensities of reactant and
product ions and the measured partial pressures of the two
neutral reactants, as has been discu$3&dAs noted above,
the pressure ratios cancel for reaction 1. We use absolute signal
intensities as a measure of ion populations in the trapping cell;
this approach has been shown to be a reasonablé*drtee
masses of the diastereomers are identical and withim/@@f -10
those of the refgrence comp!exe_s,.so no corrections have been 28 29 30 31 32 33 34 35
made for possible mass discrimination. The attainment of 1000/T, K"
equilibrium was verified for all reactions both by monitoring . .

Figure 2. Van't Hoff plots for test reactions. Error bars in tlye

them until the reactant/product ratio became constant and bydirection represent one standard deviation from three or more replicate

approaching this point from both the *forward” and “reverse” oasurements; error bars in theirection indicate measured temper-
directions, ensuring that the same results are obtained regardlesgtyre differences between the thermocouples mounted on the two

of the direction of approach. trapping plates. The lines are linear least-squares fits to the data. Circles

Variable temperature experiments required a slight modifica- represent (CEsNH™ + (CoHs)o:NH = (CHg)sN + (CoHs)oNH:*.
tion of the vacuum bake out electronics of the instrument. A iqugreHS)r"a\lp'_"ﬁseBt_ £N(C'32)4NH2]H+ t‘%%%ﬂ :I "A?N(CI:HZ).“N"J'FZ

: - ; . Diamonds represen clohexylamine

single 220 V, 100 W heater ba_nd (supplied with the APEX 47€) 1-p$1e2nysléthylamine:’ 18C6I—|”-?1-phenylethylar¥ine}l— c{/clohexyl-
was placed around the outside of the vacuum chamber sur-; oo
rounding the ion trapping cell. Coppeconstantan thermo-
couples were mounted on ceramics immediately in contact with TABLE 1. Thermochemical Data from van’t Hoff
the trapping plates of the instrument both on the side facing Experiments®
the preamplifier and on the opposite side, facing the ion source. AH®°, kJ molt AS, I moFt K1
An OMEGA model CN 9000A temperature controller (OMEGA;
Stamford, CT) was connected to the thermocouple on one
trapping plate, while a Watlow model CL-505A temperature ;‘é%i g'g _29576 _gégét S'g _6%%1 50
controller was used as a readout for the thermocouple on they 002+004 d -414+01 d
other trapping plate. The OMEGA controller was used to switch 1, amine= (R)-PhEt —6.74 0.7 d —-148+22 d
the heating circuit on and off. Each readout, precise to the 1, amine= (R)-NapEt—10.0+ 1.2 d —200+39 d
nearest 0.1 K, was mon'tor_Gd throughout eaCh_ eXpe”ment_ to aReported error limits are standard errors from linear least-squares
ensure the temperature gradient across the trapping cell remainegliting of experimental data and averaging of multiple runSee text.
less tha 2 K through the duration of the experiment. Ap- cReference 30; errors as reported ther&iNot available.
proximatey 2 h was required to achieve small temperature
gradients after changing the temperature setting. Stable tem-AH® — TAS” andAG® = —RTIn K, whereR is the ideal gas
peratures up to 373 K were achieved with this configuration. constant and is the equilibrium constant. It follows that a

Conformational searches were done using MacroModel, plot of AG®°/T vs 17T (a van't Hoff plot) should yield a straight
version 6.5 (Schinger, Inc., Portland, OR). For each diaste- line with slopeAH® and intercept-AS’.
reomer, Monte Carlo searches were conducted with 30 000 Reactions 24 were studied to test our experimental setup
starting structures with both the AMBER* and MMFF94s force
fields supplied in MacroModel. The minimum energy conform- (CHz)sNH™ + (C;Hg),NH == (CHy);N + (C,Hg) ,NH,"  (2)
ers from the MMFF94s conformational searches (which were
esszntially identical to the minirtr:a found vxllithIAMBER*) weri [|-|ZN(CH2)4N|-|2]|-|+ + (C,Hg) ;N =
used as starting points for ab initio calculations using the "
Gaussian 98 suite of programs (Gaussian, Inc.; Pittsburgh, PA). HN(CHR)NH; + (CHg)sNH™ (3)
Full geometry optimizations were carried out at the Hartree
Fock level with 6-31G* basis sets on all atoms except O and 18C6H'-cyclohexylaminet- 1-phenylethylamine=
N, which were augmented with diffuse functions (6+33*). 1806|—F-(1-phenylethylamine)i— cyclohexylamine (4)
A similar approach has been taken in extensive calculations on
crown etheralkali metal cation systen?§:28 The optimized for variable-temperature equilibrium measurements. Figure 2
structures were subsequently used for single-point MP2 andis a van't Hoff plot obtained under low pressure FTICR/MS
B3LYP energy calculations also with Gaussian 98. Because theconditions for reactions 24. The plots are linear over the
calculations compared energies of diastereomers, we assume@ccessible temperature range for all three reactions, the most
that errors arising from zero-point corrections and basis set likely sources of error being temperature gradients across the
superposition would be negligible, and no corrections were trapping cell during the experiments and uncertainty in measure-
made. Generally, these assumptions are good ones wheriments of the pressure ratios for the neutral species. Thermo-

AGYT, J mol! K

-5 —

reactiol this work lite this work lite

calculating enantiodiscriminatiof. chemical information extracted from the figure is compiled in
Table 1. Reaction 2 is found to be slightly exothermic with a

Results small negative entropy change, whereas reaction 3 is entropically
Equilibrium Experiments. For a particular temperatufg driven: endothermic, with a large positive entropy change.

the free energy change for a reaction is given A§° = Reaction 4 involves the displacement of cyclohexylamine from
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TABLE 2: Comparison of Computational and Experimental Energy Result$

guest amine in level of theory

(§9)-1 complex AMBER* MMFF94¢ HF Mp2 B3LYP¢ expp
(R)-PhEt —83.67 512.57 —1599.9063 —1604.7116 —1609.6594
(9-PhEt —80.80 522.18 —1599.9038 —1604.7068 —1609.6554
A[(S9-1(R—(S9-1+(9)] —2.9 -9.6 -7.9 —11.1 —10.5 —6.7+0.7
(R)-NapEt —63.80 567.46 —1752.5534 —1757.8686 —1763.2955
(9-NapEt —61.61 578.01 —1752.550% —1757.8649 —1763.2918
A[(S9-1:(R—(59-1:(9)] —2.2 —10.6 -8.7 —-8.0 -9.8 —10.0+£1.2

a All units are kJ mot?, except as noted.MeasuredAH® for reaction 1.° Strain energies for the complexésTotal ab initio energy obtained
using 6-31G* basis set on all atoms except N and O, which were augmented with diffuse functiorsE6+&isis set on these atom8Hartrees.
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Figure 3. Van't Hoff plots for chiral recognition reactionsRf-amine
(RR)-1H' + Ref(S9-1H" = Ref(RR)-1H* + (R)-amine(S9-1H". ) ) ' )
Error bars in the direction represent one standard deviation from three Figure 4. Superimposed structures (from HF/643&* calculations)

or more replicate measurements; error bars inxtd@ection indicate of (R)-1-phenylethylamingR R)-1H" (wire frame) and §-1-phenyl-
measured temperature differences between the two trapping plates. Thethylamine(RR)-1H* (tubes). Grey= carbon, red= oxygen, blue=
lines are linear least-squares fits to the data. Refyclohexylamine. nitrogen, and greesr hydrogen. The guest sits deeper in the host cavity

Circles represent amine (R)-1-phenylethylamine. Squares represent for the heterochiral complex.
amine= (R)-o(1-naphthyl)ethylamine.

) . the stabilities of the complexes. The two molecular mechanics
protonated 18C6 by 1-phenylethylamine, one of the chiral t4cq fields and all levels of ab initio theory find the heterochiral
amines that we wish to characterize. Analysis of the van't Hoff (SS)R complexes to be more stable than the corresponding
plot indicates negligible enthalpy change for this reaction (Table ;1 chiral 65-Scomplexes, in agreement with the van't Hoff

1) and a small negative entropy change. experiments. Somewhat surprisingly (and perhaps fortuitously),

Figure 3 presents variable-temperature equilibrium results for the magnitudes of the energy differences between the two
exchanges of chiral and achiral guests between the enantlomer:&)mplexes are also in good agreement with experiment, even

i Y+ .
of the protonated_chlral hostH™, for both _chlral guests, PhEt . for the molecular mechanics calculations. All levels of ab initio
and NapEt (reaction 1). The data at ambient temperature are 'ntheory give results within 2 kJ mo} of experiment for the

excellent agreement with earlier amine-exchahged ligand- .. NapEt complexes. Agreement between theory and experiment
exchang® equilibrium measurements. For each guest, the van't .

L ; is worse for the PhEt complexes but is still reasonable (3.4 kJ
Hoff plot is linear over the temperature range examined. The mol-1 in the worst ab initio case): surprisingly, the largest
enthalpy and entropy changes extracted from the data are giVendifferences are for the theoretical rﬁethoF()JIs thgtyi,nclude e?‘fects
in Table 1. Neutral pressures do not play a role in reaction 1 as

long as the pressure is constant for the duration of the of electron correlation, MP2 and B3LYP. _
experiment, which is likely true because the equilibrium The structures of the two PhEt complex diastereomers are
constants did not drift with time. Mass discrimination and Shown superimposed in Figure 4, and a few geometric param-
inaccuracies in measuring the reactant and product peak height§ters from the computed PhEt and NapEt complex structures
are a possible source of error, but these errors are not likely toare listed in Table 3. The host crown ether adopts almost the
be large for closely spaced masses such as were involved hereSame conformation in all of the complexes. However, the
Reaction 1, which is written in the direction of formation of ~placement of the ammonium guest varies significantly in the
the more-stable heterochiral complex, is enthalpically favorable complexes, as can be seen from the results in Table 3. The
and entropically unfavorable, more so for the guest with the energetically favored heterochiral complexes exhibit larger
largers system. angles between the planes defined by the aromatic rings of the
Computational Results. The energies of the complexes, as guest and host and larger distances between the geometric
well as the differences in energies of the diastereomeric pairs,centroids defined by the atoms of the guest and host aromatic
computed at various levels of theory, are summarized in Table rings than their homochiral counterparts. The distance from the
2. Whereas the absolute energies for the molecular mechanicguest ammonium nitrogen to the mean plane of the host donor
calculations have little physical meaning, thiferencedetween atoms is shorter for the heterochiral complexes by about 0.02
the energies of the diastereomers should reflect differences inA.
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TABLE 3: HF/6-31+G* Geometric Parameters for HF/ show less discrimination between the PhEt enantiomers than
6-31+G* Structures® between those of NapEt. Of the computational methods, only
guest amine in a7 z-centroid  N—donor atom molecular mechanics with the MMFF94s force field and ab initio
(S9)-1 complex angle distance plane distance Hartree-Fock calculations agree with this order. Interestingly,
(R)-PhEt 27.05 4.7863 1.276 when the effects of electron correlation are included in the

(9-PhEt 22.06 4.3428 1.294 calculation (using either MP2 perturbation theory or B3LYP
(R)-NapEt 25.43 4.3504 1.294 density functional methods), discrimination is predicted to be
(S-NapEt 20.02 4.1004 1.316 greater for the PhEt enantiomers than for the NapEt enantiomers.

26-31+G* basis set on all atoms except C, which was described ~ Why do the experimental and computational results disagree
with the 6-31G* basis sebAngle between mean plane of guest aphout which amine exhibits greater enantiodiscrimination? It is
aromatic ring and host pyridino ring, degDistance between centroids 4t |ikely that the experimental results are in error; they are
of guest aromatic ring and host pyridino ring, #Distance between consistent for multible runs done on different davs under
N atom of guest and mean plane of host donor atoms, A. ) pie . . y .

different pressure conditions. Shortcomings in the calculations
Discussion are more likely; the experimental difference is only about 3 kJ
o ) . mol~1, and even very good computational methods often

Validation of Variable-Temperature Equilibrium Meth- struggle to achieve this level of accuracy. Zero-point corrections
ods.We tested our variable-temperature equilibrium experiment 4 the calculations cannot account for the differences because
against the results of two previously studied systems, as well e giastereomers should have essentially the same zero-point

as for a hostguest system similar to that involving the chiral  gnergies. Basis set superposition error should also be similar
hosts and guests of interest. Bowers eflagxamined the for the diastereomers.

low-pressure conditions using j0n cyclotron resonance tech. . T @pproach that we took was to compare only the lowest
niques. Reaction 2 involves a simple exothermic proton transfer energy conformers, but because these are floppy complexes, it
whereiﬁ the expected entropy change is just that arising from s likely that a num_be_r of conformers are thermally popul_at(_ed
the change in symmetry, whereas reaction 3 involves a and accurate glescrlpt_lon of the system_would require stgnstlcal
significant positive entrop),/ change because protonated 1 4_averqg|ng€9 Itis also likely that the basis set employed is not
diaminobutane is cyclic and decyclizes upon loss of the proto’n sufficient t(.) compute energies accurately enough to measure
Reaction 4 involves a guest exchange on protonated 18Cé t_he sma_lll dlfferences_observed_ betvv_een t_hese systems. Calcula-
similar to those we use to study the chiral systems of interest.,t'c.)ns with Iarger basis sets might yield light on this issue but
Both theAH® and AS’ values (Table 1) for reactions 2 and will be challengmg for §ystems as ,large a}s Fhesg compllexes.
Thermodynamic Basis for Enantiodiscrimination by Di-

3 are in excellent agreement with the measurements of Bowers ) - .
et al® Similarly, the value ofAS® measured for reaction 2 is methyldiketopyridino-18-crown-6. The results for reaction 1,

in close agreement with the value expected on the basis of9/Ven in Table 1, shed light on the thermodynamic basis for
symmetry change in the reaction, 6.0 J midk L3 @scnmmqnon betyvegn chiral amines by ligahdAs we noted
Although to our knowledge reaction 4 has not been character- N @n earlier publicatioA® c_Iose contact occurs between host_
ized previously, the results are consistent with what might be 21d guest methyl groups in the homochiral complexes but is
expected for such a system. Similar binding enthalpies to the absent in the heterochiral complexes. .If methyl rotor I(_)ckllng.
crown should be observed for both cyclohexylamine and dug to the close contact were responsible fpr enant|od|scr|m|-
1-phenylethylamine (to a first approximation) because by nation, we would expect to se,e entropy favoring the heterochiral
analogy with complexes of simpler ammonium ions with COMPlex. However, the van't Hoff results clearly show that
18C61-34 hoth are expected to form three hydrogen bonds in €Ntropy works against binding in the favored heterochiral
tripodal fashion. The entropy change for the reaction can also complex_es._lnstead, (_enant|od|_scr|m|nat|on in the systems that
be simply estimated. There is no symmetry change, but the W& Studied is enthalpically derived.
available phase space for the two complexes is likely different: S0 why is the enthalpy more favorable for the heterochiral
because 1-phenylethylamine is somewhat more sterically crowdedcomplexes? Three types of interaction are possible between the
around the amine group, we expect less flexibility in the host and guest: hydrogen bonding involving the guest am-
complex of this amine than in that of cyclohexylamine. Hence, monium group and host heteroatoms;x stacking interactions
formation of the 1-phenylethylamine complex should be slightly between the aromatie system of the guest and the pyridino-
unfavorable entropically. The experimental results in Table 1 carbonylz system of the host, and van der Waals contacts
are consistent with these predictions. Reaction 4 proceeds withbetween guest and host. Any of these interactions can be either
no enthalpy change and a small, unfavorable entropy changeattractive or repulsive, and of course, the interactions are not
as expected. In summary, our experimental setup producedindependent; the complexes adopt conformations that maximize
results in excellent agreement with previous work, both for a the attractive interactions while minimizing repulsions.
reaction in which the entropy change is very small and for  One possibility is thatrz—s stacking is more attractive in
another in which the entropy change is large. In addition, it the heterochiral complexes than in the homochiral ones. The
gave results consistent with reasonable expectations for guesexperimental results suggest this might be the case; the enthalpic
exchange on unsubstituted 18C6. In combination with the resultsrecognition of the heterochiral guest increases as the extent of
for the model proton-transfer systems, we believe this provides the & system increases in going from PhEt to NapEt. The
strong validation for our method. computational structures, however, cast doubt on this explana-
Comparison of Experimental and Computational Results. tion. If differences in face-to-face stacking interactions were
All of the computational methods agree with experiment in responsible for the differences in enthalpies of binding the amine
predicting the heterochiral complexes to be lower in energy than enantiomers, we would expect the guest and hosgstems to
the homochiral complexes. However, the agreement is not asbe more parallel and to lie closer together for the favored
good when the results for PhEt and NapEt are compared with enantiomer. The results of Table 3 show the opposite to be the
each other. The experimental values &dd° (Table 2) clearly case: the angles between the guest and/negstems are about
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TABLE 4. HF/6-31+G* Computed Hydrogen Bond solvent such as methanol, their direct interaction with each other
Distance$ is weakened and the degree of enantiodiscrimination decreases.
guest amine in H—heteroatom distance, A This effect is quite large for methanol solvation of the NafEt-

(S9)-1 complex 1 2 3 mean guest-host system.
(R)-PhEt 2058 2020 1.951 2010 The trends in entropy are more difficult to understand than
(9-PhEt 2.085 2.209 2.041 2.112 those in enthalpy, but again the competition between solvation
(R)-NapEt 2.046 1.970 2.028 2.015 and direct hostguest interaction comes into play. For reaction
(S-NapEt 2.090 2.042 2.210 2114 1 with NapEt guests in the gas phages® is —20.04+ 3.9 J
26-31+G* basis set on all atoms except C, which was described Mol~* K™%, reflecting entropy-enthalpy compensation as noted
with the 6-31G* basis set. above. In methanol solution, on the other hand, the same

) ) entropic difference is only/s as large and in the opposite

5° greater for the heterochiral complexes, and the centroids of yirection ¢-4.1 J mot! K-1). In the gas phase, the more-
the two 7z systems are farther apart than for the homochiral ayoraple diastereomer is more-tightly bound and therefore
complexes. Thus, according to theory, differences stacking more-ordered than the less-favorable one, as indicated by the
interactions in the systems that we studied do not appear topegative entropy difference. In solution, the system is more
account for the observed differences in binding enantiomers. complicated because it includes solvent molecules in addition
~ The computational results do allow the possibility that the {5 the host-guest complex. The enthalpically favored complex
importance ofr—z stacking in complexes of hodtincreases s also entropically favored in solution, implying greater disorder
as ther systems become more extensive. Table 3 indicates thatfor the heterochiral system. If the heterochiral host and guest
the 7— angles are less in the NapEt complexes than in the gre more-tightly associated as indicated by the gas-phase results,
PhEt complexes and that thesystems are also closer together they |ikely interact less well with the solvent than do the
in the NapEt qomplexes. An_other way to test the importarjce of components of the homochiral complex, and the resulting
m—a stacking is to use substituents to vary thelectron density  gecrease in solvent ordering more than makes up for the tighter
in the guest aromatic ring, and equilibrium experiments based complexation. The net change due to loss of order in the solvent

on these ideas are currently underway. would account for the entropic favorability of the heterochiral
If 7 stacking does not account for enantiodiscrimination by gystem in methanol.

host1, then perhaps differences in the abilities of the two guest
enantiomers to form hydrogen bonds with the host, mediated
by differences in van der Waals contacts, are responsible.
Superior hydrogen bonding should be evident in shorter bond  Qur original hypothesis, that enantiodiscrimination in these
lengths and more linear doneH—acceptor angles. According  systems is entropic, is incorrect. Rather, chiral recognition of
to the computed structures, hydrogen bonding is clearly more phEt and NapEt enantiomers by chiral crown ether hostcurs
favorable for the enthalpically favored, heterochiral complexes. pecause the enthalpy of binding is more favorable for the favored
The distances between the guest hydrogens and the hosknantiomers, probably because of decreased steric repulsions
heteroatoms (Table 4) average about 0.1 A shorter for the allowing better hydrogen bonding between the guest and the
heterochiral complexes. Similarly, the computed hydrogen bond host. The intrinsic entropy of the recognition reaction actually
angles (not shown) are more linear for the heterochiral works against the favored enantiomers, as expected based on
complexes. entropy-enthalpy compensation. Computational modeling of
Entropy —Enthalpy Compensation. Comparison of the  accurate energies for these relatively large hgstest com-
results for the PhEt and NapEt complexes shows enthalpy plexes remains challenging; it is still possible to achieve greater
entropy compensatidh 8 as is commonly seen in hesguest accuracy with experiments than with easily accessible calcula-
systems: more-favorable enthalpy leads to tighter-hgsest tions.
binding, leading to a reduction in the flexibility of the resulting The role ofr stacking in enantiodiscrimination Hyremains
complex and therefore to less-favorable entropy of complex- ampiguous. Trends of increasing discrimination with increasing
ation. Thus, recognition ofR)-NapEt by §,S)1is about 3kJ  ; gystem extent suggest stacking is important, but two similar
mol~* morefavorable enthalpically than recognition &¥){PhEt guests studied with the same host hardly constitute an extensive
but abot 5 J mol* K™* lessfavorable entropically. Similar  reng: studies with additional guests are needed. Computed
effects have been observed in other hagiest systems  gyyctures show the guest and hassystems are not parallel.

involving w—s stacking interactions in the binding of arene  additional experimental work designed to address this issue is
guests by cyclophan&sand in cyclodextrin complexes with 5\ underway.

carboxylate guest$ but all prior studies were carried out in

condensed media and solvation effects were dominant. To our

knowledge this is the first case in which enthaktntropy

compensation has been characterized for a-tgisést system

in the gas phase, with bulk solvent interactions playing no role.
Effect of Solvation on Enantiodiscrimination. The ther-

mochemistry of recognition of the NapEt enantiomerslthas

been studied in methanol solutiéhacilitating comparison with

the gas-phase results. The comparison reveals the influence o

solvation on enantiodiscrimination. The enthalpic difference

between the diastereomers-40 + 1.2 kJ mof? in the gas References and Notes
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