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Abstract: Earlier NMR experiments (Canceill et. dl. Am. Chem. So&985 107, 6993) have shown that the inclusion
of bromochlorofluoromethane (CHFCIBA) within the cavity of ()-cryptophane-Q2 in chloroform solution is
enantioselective and that§-1 is more strongly bound thar-)-1 with a free energy differencAAG®)exp 0f 1.1 kJ

mol~1.

In order to gain information on the relative configuration of the diastereomeric complexes and hence on the

absolute configuration dof, we have tried to reproduce these experiments by computational methods, and we have
calculated the free energy difference for the bindingR)fgnd §)-1 to (—)-2. For this purpose, the OPLS parameters

for CHFCIBr were optimized by Monte Carlo (MC) simulations of the pure liquid. Then molecular dynamics (MD)
simulations were performed on the heguest system in a solvent box of chloroform using multiconfiguration
thermodynamic integration (MCTI) and free energy perturbation (FEP) methods to calculate the free energy difference
between the diastereomeric complexes. TR-l(@(—)-2] complex was thus calculated to be more stable than the
[(9-1@(—)-2] one by AAG®)cac 0—2.6 kJ moil, which is of the same order of magnitude as the experimental
result. Since the [{)-1@(—)-2] complex is more stable than theH)-1@(—)-2] one, and since the absolute

configuration of2 is known, it was concluded that the

absolute configuration of CHFCIBr musRpé—) (or

(9-(1)); this conclusion is in agreement with a recent independent assignment based on Raman Optical Activity

studies.

Introduction

Since the first synthesis of bromochlorofluoromethane (CHF-
CIBr) 1 by Swarts a century agoa number of attemptdave

configuration to {-)-1. This assignment implies that the above
mentioned decarboxylation of bromochlorofluoroacetic acid
takes place with retention of configuration, a result which seems

been made to separate its enantiomers and measure their opticdP P€ in line with recent observations on the decarboxylation

activity. This quest culminated in 1985 when theé NMR
analytical resolution of a weakly resolved sample obtained by
Wilen® enabled Canceill et dlto evaluate its maximum rotation
at [a]?% + 1.6 (neatp = 1.91 kg dnv3). A further step was
made in 1989 when Doyle and Vd&gleported that partially
resolved strychnine salts of bromochlorofluoroacetic acid de-
carboxylate on heating to givkewith an amazing conservation
of optical activity. Meanwhile, the absolute configuration of
CHFCIBr had been the object of speculatiérignd the recent
record of a good quality Raman Optical Activity (ROA)
spectrum of £)-CHFCIBr (obtainel using Doyle’s method)
together with relevant calculations which are considered to be
quite reliable allowed for the assignment of ti®0 absolute
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of othera-fluoro carboxylic acids?

When configurational assignments are discussed, it is always
preferable to rely on several arguments, and in order to
strengthen the above conclusion we desired to establish the
absolute configuration df by a method that would not involve
chiroptical properties. In this context, it became interesting to
look further into the mechanism of the above mentiofkd
NMR resolution of 1, which rests on the enantioselective
inclusion of the latter into the chiral cavity of-}-cryptophane-C
2, which here acts as a chiral host shift reagent (Figure 1). Apart
from certain cyclodextrin-based chiral stationary phases which
proved capable of resolvingj by gas chromatographyo(~
1.03-1.06)12 cryptophane-C is presently the only host known
to discriminate efficiently between the enantiomers of this
molecule. The relative free energy of binding of tHe{ and

(7) Applequist, JAcc. Chem. Redl977 10, 79-85. See also earlier
semiempirical calculations of the vibrational circular dichroism and Raman
optical activity spectra based on group or bond polarizabilities: Barron, L.
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configuration, although these models assume opposite polarizability orders
for H os F.

(11) Schurig, V.; Juza, M.; Green, B. S.; Horakh, J.; SimonAAgew.
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© 1997 American Chemical Society



Absolute Configuration of Bromochlorofluoromethane

H
e XY
Cl MeO o © OMeOMeO
(S)-1 ,) \\‘ ’/‘
H 0 ° S
e QG
Br
(R ()2

Figure 1. Structures of R)- and ©-CHFCIBr (1) and absolute
configuration of ()-cryptophane-C2).

(—)-enantiomers of. to (—)-2 was evaluated to beAAG®)exp
1.1 kJ mol? with a good accuracy45%) and almost no
variation with temperature in the range 21332 K, the
diastereomeric complex{()-1@(—)-2] being more stable than
the [(+)-1@(—)-2] one. Although the absolute configuration
of host2 is knowrf (see Figure 1), the relative configurations
of the host-guest pairs could not be derived from the NMR

J. Am. Chem. Soc., Vol. 119, No. 16,38

Table 1. OPLS Parameters for CHFCIBr

site charge o (A) € (kJ moly)
H 0.102 2.50 0.125
C 0.307 3.60 0.209
Cl —0.115 3.47 1.112
F —0.189 2.75 0.339
Br —0.105 3.65 1.647

and comparison of this result with the NMR experiments led
to the conclusion that the absolute configuration-ef-( must
be R), in agreement with the ROA experiments.

Computational Details

Given the small difference in the binding free energies of
the (+)- and ()-enantiomers ofl to host2 (1.1 kJ mot?),
great care was taken in the development of reliable potential
functions parameters for CHFCIBr using MC simulations of the
pure liquid?? Similar care was also taken in choosing the
computational conditions for free energy calculations in order
to reduce the statistical error associated with MD simulations.

OPLS? Parameters Development for CHFCIBr. The

data, and it was therefore not possible to establish the abso|uté'ntermolecular potential function of a dimer consists of Coulomb

configuration ofl from these experiments. The purpose of the

work reported here was to address this problem by means ofP On the two monomers (eq

molecular dynamics (MD) and Monte Carlo (MC) simulations
and free energy calculations of the interaction®f &nd §)-1
with (—)-2 in chloroform. In recent years computational
methods and particularly free energy calculatién'$ have been
increasingly used in supramolecular chemisti§as a tool for
analyzing molecular recognition processes in the light of
statistical thermodynamics. In this context, specific enantio-

and Lennard-Jones interactions between all pairs of aitexl

1). Standard combining rules are
employed such thad; = (AiA;j)Y? and Cj = (CiiCj)*2 where

Ai = 4¢i0® andC;; = 4e€;08 in terms of Lennard-Joness and

€’s.
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selective recognition problems have recently been addressed by

Still*920 (amino acids binding to podand ionophores) and
Lipkowitz2! (chiral analytes binding to chiral chromatographic

surfaces). In these systems however the main driving force for

binding is provided by relatively strong polar interactions

The optimized geometry and the energylofvere obtained
by Quantum Mechanics (QM) calculations at the Hartrieck
level using the GAUSSIAN 94 prograthand the 6-311G*
basis set (6-31tG* // 6-311+G*). Atomic centered charges
were obtained from an electrostatic potential fit to the wave

hyd -bondi hich dering to the-host
(hydrogen-bonding) which convey some ordering to the hos functions using the CHELPS method. These charges (see

guest assemblies, and these forces are not likely to be importan L ;
Table 1) were used throughout the remaining calculations. Then

in the case we consider here. The question was therefore to . - . . .
assess whether and how the present state-of-the-art simulatiorptandard Monte Carlo (MC) simulations (including Metropolis

techniques can model systems in which the dominant chiral S8MPling and the isothermal-isobaric NPT enseniblejere

discrimination effects originate from van der Waals forces
operating within hostguest complexes that are essentially
disordered.

performed on the pure liquid CHFCIBr using the BOSS v3.6
program?’ A box of 289 molecules of R)-CHFCIBr was
equilibrated for 3x 1P configurations, and the densigy =

The results presented below show that this goal can indeed289/NaV and heat of vaporizatiodH, = —E/289 + RT
be reached. Free energy calculations using multiconfigurational Were computed at 300 K from a statistical averaging over these

thermodynamic integration (MCTI) and free energy perturbation

(FEP) methods actually yielded the correct magnitude of the
free energy difference between the diastereomeric complexes
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(15) Beveridge, D. L.; DiCapua, F. MAnnu. Re. Biophys. Biophys.
Chem.1989 18, 431—492.
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2077.
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configurations. The optimized parameters assembled in Table
1 were then obtained by fitting the density and the enthalpy of
vaporization to the experimental values. The final computed
value of p was 1.90 g cm? (exp 1.91}# and that ofAH, was
26.2 kJ mof?, which is close to the value calculated from
Trouton’s rule (26.4 kJ mol).

Gas-Phase Studiesln order to get further information about
Lennard-Jones parameters, the interactions between the hydro-
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Figure 2. Complexes whose intermolecular distances have been
optimized in the gas phase using quantum mechanics and OPLS force
field calculations.

Table 2. Optimized Intermolecular Distances and Interaction
EnergiesAE for Each Complex Studied in the Gas Phase Using
Either QM or OPLS Force Field Calculations

intermolecular AE
complex distance (A) (kJ mol?) method
H0-+-F 3.14 —5.98 QM
H20-+-F 2.94 —4.97 OPLS 3,4-dimethylanisole 3,4-dimethylveratrole
H,0---ClI 4.62 +0.04 QM ,
H,0-+Br 6.89 +0.64 oM U H 0457
dimer (H++F) 2.50 -3.93 QM bl
dimer (H--F) 2.48 ~5.10 OPLS | 1 00814
Benz--H 2.81 —9.24 QM ethyleneglycol ~ H4—C—i-C—H -0.041
Benz--H 2.56 —15.88 OPLS (IJ 0.437
[ H -0.041
H

Figure 3. Atom numbering used for cryptophane-C and atom-centered
charges obtained using the CHELPG method.

gen or one of the three halogens of CHFCIBr with different
molecules such asJ®, benzene, or another CHFCIBr (Figure
2) were studied in the gas phase. The distarmteraction
energy was optimized either by means of QM with the Table 3. Charges and Lennard-Jones Parameters Used for
6-311+G* basis set using the GAUSSIAN 94 program or by Cryptophane-C
molecular mechanics (MM) using the OPLS force field. OPLS

A Q o € atom no.
Because these methods are not equivalent (the present MM atom type (atomic charges) (A)  (kJmol?)  (Figure 3)
calculations do not allow bond length variations), in both cases = 531 0.168 242 0.125 1,4
the intramolecular geometries were held fixed in their OPLS  230cA —0.297 3.55 0.293 2
form (CHFCIBr-this work, HOH-TIP4E8 benzen&). The 230CA —0.205 3.55 0.293 3
results of these calculations are summarized in Table 2. 230CA 0.066 3.55 0.293 S
Molecular Dynamics. Molecular dynamics (MD) of the 291CT —0.410 3.50 0.276 6
. 295HC 0.145 2.50 0.125 7,8
empty (-)-cryptophane-C and of the host containing one  ,35ca 0.146 355 0.293 9
chloroform molecule were then performed in a chloroform  230caA —0.453 3.55 0.293 10
solvent box using ARGOS 64in the NPT ensemble. An all 231HC 0.222 2.42 0.125 11
atom representation was employed for this study. Internal 230CA 0.470 3.55 0.293 12
; ; 3020S —0.520 3.00 0.170 13
bonded and nonbonded parameters were obtained from previous
k by Kirchhoff et al. on a different cryptophane (after 291CT 0.360 3.50 0.276 14
work by ! - yptop 295HC -0.041 250 0125 15,16
applying appropriate scaling factof8). These parameters are 3020S —0.453 3.00 0.170 113
mainly the OPLS-AMBER ones and are summarized in Table 230CA 0.306 3.55 0.293 ‘A2
3 and in Kirchhoff's paper. The atomic centered charges were 230CA —0.464 3.55 0.293 3
obtained from an electrostatic potential fit to the wave functions ggégg 8-5?2 ?2)25 8%3 4
using the CHELP& method on three different monomers, 2910T ~0410 3.50 0.276 ,'gg
namely 3,4-dimethylanisole, 3,4-dimethylveratrole, and ethyl-  2951c 0.145 250 0.125 ]
eneglycol in their OPLS form, using the 6-311G* basis sets 230CA —0.487 3.55 0.293 10
(Figure 3). These atomic charges were subsequently rearranged 231HC 0.344 2.42 0.125 11
in order to obtain a neutral cryptophane-C (see Table 3). 291CT 0.437 3.50 0.276 14
295HC —0.041 2.50 0.125 1516
(28) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;  291CT 0.430 3.50 0.276 17
Klein, M. L. J. Chem. Phys1983 79, 926. 295HC —0.030 2.50 0.125 1819, 20

(29) Jorgensen, W. L.; Laird, E. R.; Nguyen, T. B.; Tirado-Rives]. J.
Comput. Chem1993 14, 206-215. Jorgensen, W. L.; Nguyen, T. B.
Comput. Chem1993 14, 195-205. Because no chloroform solvent box was available in the ARGOS

94§3(3551traatsma' T. P.; McCammon, J. A.Comput. Cheml99Q 11, 6.1 package, the box was created using MC simulations by

(31) Kirchhoff, P. D.; Bass, M. B.: Hanks B. A.: Briggs, J. M.: Collet, performing 10 x 10° configurations of equilibration on the
A.; McCammon, J. AJ. Am. Chem. S0d.996 118 3237-3246. empty host in chloroform. The resulting cubic box consisted
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31 1 4
(8)-1 + (-)-2 P [(S-1@(-)-2]

(AAG)caic = AGy— AG; = AG, — AG,
Figure 4. Thermodynamic cycle used for free energy calculations.

of 435 chloroform molecules with dimensions of 39*39*38, A
The starting coordinates used for)¢cryptophane-C were those
of the crystal structure of the [GB1,@ &)-2] complex32 Then
typical equilibration steps in the MD simulations were performed

using periodic boundary conditions. First, the solvent energy

J. Am. Chem. Soc., Vol. 119, No. 16,3807

whereH is the Hamiltonian, which depends @nandi counts
over the number of different values of AJ; is the difference
between successive values &f An ensemble average is
generated for each value bbby MD. In the FEP methodhG

= >AG; is evaluated by means of eq (3),

AG, —len@ p{ = 1’2 ‘}B—
kTInQ p{ M - }B (3)

wherek is the Boltzmann’s constaril,the absolute temperature
Hi = H(4i), Hi-2 = HAi — (V2K 4 — Ai-1}), andH(iv12 =
H(Ai + (1/2{ 4 — Ai-1}). The ensemble average is generated

was relaxed using steepest descent minimization while the soluteo" €ach value ofl; by MD.

was held fixed. Second, MD was conducted on the solvent at

300 K for 20 ps with velocity reassignment every 0.2 ps, while
the solute was held fixed. Third, energy minimization using

Results and Discussion

Our major concern in this study was the accuracy of the

steepest descent steps and then MD was conducted on the solutgotential energy function used to describe the binding process
for 5 ps intervals at temperatures 100, 200, and 300 K with in order to account for such a small free energy difference as
velocity reassignment every 0.2 ps, while the solvent was held 1.1 kJ.mot®. As was said above the OPLS parameter develop-

fixed. Finally, MD was conducted on the entire system at 300
K for 10 ps with velocity reassignment every 0.5 ps followed
by 20 ps simulation with no velocity reassignment. During the

ment for pure liquid CHFCIBr allowed us to reproduce the
experimental density and heat of vaporizatiodH, of this
haloform very well. In the gas-phase study, the high-level QM

simulation, the short range cutoff was 9 A, and the long range calculations and the OPLS force field calculations were in

cutoff was 14 A for solventsolvent, solventsolute, and
solute-solute interactions. SHAKE was used to fix all bond
lengths to their equilibrium values.

Free Energy Calculations. The major theoretical tool for
MD and MC3 studies of hostguest complexes is the thermo-
dynamic cycle-perturbation meth®&d®(Figure 4). In this cycle
the experimentally measured parameteA G°)ex, corresponds
to (AG, — AGy), which is also equal taXG4 — AGg). Instead
of calculating separately the free energy of binding related to
processes 1AG;) and 2 AGy) which would eventually give
(AAG®)cacas a small difference of two large numbers, it is much
more accurate to study the mutation 8{CHFCIBr into (§-
CHFCIBr (stepwise conversion of Br into Cl and vice-versa)

agreement not only for the intermolecular distances but also
for the interaction energieAE (Table 2). These calculations
revealed a weak attractive interactiara(—5 kJ mol?! at 2.5

A separation) between H and F in the CHFCIBr dimer, a result
which is not particularly surprising in view of the electronega-
tivity of F. The interaction between CHFCIBr and benzene was
also quantified because cryptophane-C has six aromatic rings.
We actually found a moderately attractive interactier®(2 to
—15.9 kJ mof?) between the haloform €H and a benzene
ring held perpendicular to this bond at a-Hbenzene distance

of ca. 2.7 A. These figures are in line with recent MC
simulations by Jorgensen et %l.of the CkCH—benzene
interaction (with a 4-site model used for chloroform) and which

inside of the cryptophane cavity (process 4) and alone (processsuggested an interaction energy-616.3 kJ mof* at a G-

3), in chloroform. This process which gives accessNAG®)carc

as the differencA G, — AGs has the advantage thAG3, which

is normally equal to zero, provides a good test of the reliability
of the calculation, and\G;, is thus almost exactly the desired
(AAG®)cae These relative free energy differences were evalu-
ated using MD and the MCTI and FEP methods with a control
variable A describing the mutation. First the system was

benzene separation of 3.4 A. In view of these results, the OPLS
parameters we obtained for CHFCIBr were consistent enough
to be used for the potential functions to describe systems
consisting of one molecule df inside the cryptophang in
chloroform as the solvent.

We now turn to the simulations performed oft){cryp-
tophane-C itself and on its complexes. The structure of this

equilibrated by doing all the molecular dynamics steps described cryptophane consists of two [1.1.1]orthocyclophane caps linked
above, and then MCTI and FEP were performed at 300 K using to one another by three OGEH,O spacer bridges. The upper

21 A steps, 3000 configurations for equilibration, and 5000
configurations for sampling eachstep. In the MCTI method

the free energy difference between initial and final states is thenthe lower cap.

given by eq (2)

&)

o=y

(32) Canceill, J.; Cesario, M.; Collet, A.; Guilhem, J.; Pascard,).C.
Chem. So¢ Chem. Commurl985 361—363.

(33) Ryckaert, J. -P., Ciccotti, G. and Berendsen, H. J. Comp. Phys.
1977, 23, 327.

(34) See ref 26 and McCammon, J. A.; Harvey, S.O§namics of
Proteins and Nucleic Acid€ambridge University Press: New York, 1987.

(35) Straatsma, T. P.; McCammon, J.Annu. Re. Phys. Chem1992
43, 407—435.

(36) Cannon, W. R; Briggs, J. M.; Shen, J.; McCammon, J. A.; Quiocho,
F. A. Protein Sciencd 995 4, 387—393.

cap in Figure 1 bears three OMe groups at its periphery, ortho
to the spacer bridges. These OMe groups are not present on
In an idealized geometry this cryptophane
displays a NortkSouth 3-fold axis and belongs to the C3 point
group. The North and South regions are mostly aromatic in
nature, the upper and lower tropical belts contain six and three
oxygen atoms, respectively, and the equatorial region contains
the three CHCH, fragments. The three pores giving access to
the cavity are located in this region, and the three OMe groups
do not seem to obstruct these pores very efficiently. In fact
host 2 complexes guests of the size dfor of chloroform
reversibly, with a barrier to entrance and departure in the range
of 50—60 kJ mot1.38 Molecular dynamics provided interesting

(37) Jorgensen, W. L.; Severance, D.JLAm. Chem. S0d.99Q 112
4768-4774.

(38) Collet, A.Cryptophanesin Comprehensie Supramolecular Chem-
istry; Vogtle, F., Ed.; Pergamon: 1996; Vol. 2, Chapter 11, pp-3285.
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Figure 5. Plot of the potential energy of the empty cryptophane-C
during the last two steps of the MD equilibration: (a) entire system at
300 K for 10 ps with velocity reassignment and (b) no velocity
reassignment.

insight into the degree of conformational flexibility of cryp-
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Figure 6. Plot of the potential energy of cryptophane-C occupied with
one chloroform molecule during the last two steps of the MD
equilibration: (a) entire system at 300 K for 10 ps with velocity
reassignment and (b) no velocity reassignment.

tophane-C and its behavior in the absence and in the presence

of a guest molecule. When MD was performed on an empty
cryptophane in chloroform, the molecule became strongly
distorted from its ideal 3-fold symmetry and the total potential

energy, instead of being constant, proved to increase with time

(Figure 5). The dynamic fluctuations were observed using
QUANTA® and revealed that the OMe groups were trying to
penetrate into the empty host cavity. When MD was performed
on a cryptophane containing one chloroform molecule inside,
in chloroform, the new system proved to be much more stable,
the total potential energy remained constant during the MD
simulation (Figure 6). For the duration of the simulation, the
C—H bonds of CHG remained oriented roughly parallel to
the North—South axis of the host. When MD was performed
with one of the C-halogen bond of the guest directed along
the North—-South axis at the beginning of the simulation, the
guest rapidly reoriented itself in order to have its-i& bond
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Figure 7. Orientations of the guest-€H bond used for the free energy
calculations.

along the 3-fold axis of the host being much higher in energy
than those where the-€H bond is oriented in this way are

eventually aligned with the host axis and the three halogens in eliminated during the equilibration. Accordingly there remain

the equatorial region. The same behavior was found with

only two different situations to consider, differing by the

CHFCIBr as the guest, and this feature was taken into accountorientation of the guest-€H bond which can be either turned

in the free energy calculations discussed below.
We next performed the mutation oR) to (S)-CHFCIBr in
chloroform in order to compute the free energy chan@ of

toward the lower cap (A) or towards the upper cap (B) of the
host (see Figure 7). These two cases which are very close in
energy were used in the MD study, and no transition between

process 3 (Figure 4) which, as said above, should be equal tothem or to a different state were observed during the 5000 steps

zero. In this wayAGz was calculated to be0.14+ 1.12 kJ
mol~! by MCTI and —0.14 + 0.66 kJ moi! by FEP. These

of each equilibration. This is in line with the observations that
in the two crystal structures of cryptophane-Ckl€bmplexes

figures are quite consistent and reasonably close to zero, withthat have been solved the-El bond is aligned with the 3-fold

the statistical error being, however, of the same order of
magnitude asAAG®)exp
In order to perform the mutation oR} to (S)-CHFCIBr within

axis of the host and the three halogens reside in the equatorial
plane?® Despite the fact that the statistical error was again of
the same order of magnitude as the considered free energy

the complex (process 4), it is necessary to define the orientationchange, the MCTI and FEP calculations provided consistent

of the guest with respect to the NortSouth 3-fold axis of the
host at the onset of the MD simulation. As said above, the
conformations where one of the-@alogen bond is directed

(39) Biosym Technologies/Molecular Simulations Inc. 1994, 9685 Scran-
ton Road, San Diego, CA 92121-4778.

values forAG,4, namely 1.40t 1.19 kJ mot! (MCTI) and 1.37
+ 0.65 kJ mot? (FEP).

(40) Canceill, J.; Cesario, M.; Collet, A.; Guilhem, J.; Lacombe, L.;
Lozach, B.; Pascard, GAngew. Chem., Int. Ed. Engl989 28, 1246~
1248. Garcia, C.; Antoine, C.; Perrin, M.; Collet, A. To be published.
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The complex [(R)1@(—)-2] is thus calculated by this method complexes, they do not furnish information about the structural
to be more stable than its diastereomer [{8{—)-2] by origin of this difference, and they also suggest that this question
(AAG®)cac0—2.6 kJ mott if the statistical error is considered.  has little relevance in such disordered systems where a great

This result is incredibly close to theA(\G®)exp and, as such,  number of states of comparable energy contribute to the
leaves little doubt as to the relative stereochemistry of the two generation of a weak discrimination.

complexes. Since the NMR experiments indicate that the
complex [()-1@(—)-2] is the most stable, the present calcula-
tions in turn lead to assignment of tHg) configuration to {)-
CHFCIBr, which is consistent with the above mentioned ROA
determination of the absolute configuration of this haloform. It
is worth noting that even though these simulations apparently
yield the correct answerboth qualitatively and quantitativetyin
terms of free energy difference between a pair of diastereomericJA9701164
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