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Abstract

The calculation of interaction energies between cellulose trisphenylcarbamate (CTPC) and enantiomers of
(*)-trans-stilbene oxide (1) and (*)-trans-1,2-diphenylcyclopropane (2) was performed using QUANTA/
CHARMm and MOLECULAR INTERACTION programs to gain an insight into the chiral recognition
mechanism of phenylcarbamate derivatives of cellulose. The structure of CTPC was optimized with the CHARMm
force field based on the proposed structure of CTPC by X-ray analysis. In chromatographic enantioseparation on
CTPC, 1 was completely resolved (« = 1.46) and the (R,R)-(+)-isomer eluted first followed by the (S,5)-(—)-
isomer, but 2 was not resolved (a = 1). The results of calculation of interaction energies between CTPC and the
enantiomers 1 suggested that the most important adsorbing site of CTPC for 1 may be the NH protons of the
carbamate moieties at the 3-position of glucose units, and the (S,5)-(—)-isomer of 1 may interact more closely than
the (R.R)-(+)-isomer with CTPC. In contrast, there was little difference in the minimum interaction energies
between the enantiomers 2. These calculations agreed with the observed results for the chromatographic resolution
on CTPC.

1. Introduction

Understanding chiral recognition at a molecu-
lar level is of great interest and importance in
many fields of chemistry and biology. Chiral
recognition plays an essential role in the field of
enantioseparation. Chromatographic cnantio-
separation has become the most practical way of
separating enantiomers. and many chiral station-
ary phases (CSPs) have been developed [1-4].
Recently, some approaches to the clarification of
the chiral recognition mechanism on CSPs for
gas and liquid chromatography have been
attempted by means of NMR [5-10] and compu-
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tational methods [8,11-17]. The CSPs that have
been most intensively studied in this respect
were cyclodextrin-based CSPs [8,9] and Pirkle’s
type CSPs [11-14]. Based on nuclear Overhauser
effect studies, rational models of interactions
between the CSPs and enantiomers have been
proposed [6,7,10]. The interaction energies be-
tween the CSPs and enantiomers were calculated
by quantum mechanical calculations [8,11—
15.17]. and chiral recognition mechanisms have
been proposed on the basis of the above calcula-
tions and molecular dynamics simulations.
Macromolecules such as proteins, polysaccharide
derivatives and synthetic chiral polymers have
also been used as polymeric CSPs to separate a
wide range of racemates and many polymeric
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CSPs are now commercially available [1-4].
However, the chiral recognition mechanism on
the polymeric CSPs is still obscure, probably
because the polymers usually have a number of
different types of chiral binding sites and the
determination of their exact structures may be
laborious.

Phenylcarbamate  derivatives of  polysac-
charides such as cellulose and amylose appear to
be among the most useful polymeric CSPs. They
can separate a broad range of enantiomers and
give practically useful HPLC columns when they
are coated on macroporous silica gel [3]. The
chiral recognition mechanism at a molecular
level on the polysaccharide-based CSPs is not
obvious, although the most important adsorbing
site for chiral recognition has been considered to
be carbamate residues on the basis of the results
of chromatographic enantioseparation. NMR
spectroscopy is a useful tool for revealing the
chiral recognition at a molecular level, as re-
ported for small-molecule CSPs [5-10], but most
of the phenylcarbamate derivatives of polysac-
charides with a high chiral resolving power as
CSPs are soluble only in polar solvents such as
tetrahydrofuran, acetone and pyridine. In such
polar solvents, the phenylcarbamate derivatives
cannot show high chiral recognition for enantio-
mers because the solvents must interact strongly
with the polar carbamate residues, which are the
most important binding site for chiral recognition
[18]. Recently, we found that cellulose tris(4-
trimethylsilylphenylcarbamate) (CTSP), having a
high chiral recognition ability as a CSP for
HPLC, is soluble in chloroform, which, for the
first time, allowed the chiral recognition mecha-
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nism of the phenylcarbamate derivatives to be
studied by NMR [19]. In the 'H NMR of (*)-
trans-stilbene oxide (1), methine protons of the
oxirane ring were enantiomerically discriminated
to show a set of two peaks in the presence of
CTSP in CDCl, [19]. The NMR study of compe-
tition experiments with acetone suggests that
trans-stilbene oxide may be adsorbed on the NH
proton of the carbamate residues of CTSP. These
NMR studies also indicate that the most im-
portant adsorbing sites for effective chiral sepa-
ration are the carbamate residues, which can
interact with enantiomers mainly through hydro-
gen bonding.

In this paper, we report computational studies
on the chiral discrimination mechanism of cellul-
ose trisphenylcarbamate (CTPC). CTPC is the
most  suitable phenylcarbamate derivatives
because its structure has been determined on the
basis of X-ray analysis. CTPC shows a high
chiral resolving ability as a CSP for HPLC [18].
As a racemate, trans-stilbene oxide (1) and
trans-1,2-diphenylcyclopropane (2) were selected
because 1 has an ether oxygen capable of hydro-
gen bonding and can be sufficiently separated by
HPLC on CTPC, but 2 cannot be resolved on
the same column (Fig. 1).

2. Experimental
2.1. Computational methods
Molecular modelling, molecular mechanics

(MM) calculations and molecular dynamics
(MD) simulations were performed with the
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Fig. 1. Structures of CTPC. 1 and 2.
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CHARMmMm forcefield [20-22] (version 3.2) as
implemented in a Polygen's QUANTA/
CHARMmMm program [8,23-28] (Polygen, Wal-
tham, MA, USA) running on a Stellar and a
Personal Iris computer (Silicon Graphics). Bond
lengths, bond angles, force constants and force
field parameters employed in the present calcula-
tions were supplied by Polygen. The calculated
total energy (E) is expressed in the form

E = Ehund length + E + E

+ E + Eclcclru.\laur + E\"an der Waals

improper torsion

bond angle dihedral angle

The polymer models and the enantiomers 1
and 2 were created by ChemNote in QUANTA.
Energy minimizations were performed by steep-
est descents, followed by conjugate gradient and
adopted-basis Newton Raphson minimization.
Each step was continued until the value of the
“energy value tolerance’ became less than 0.001
kcal/mol and all minimizations were carried out
using a non-bonded cut-off of 12.0 A, with a
switching window of 7.5-11.5 A. All energies
were given as a root mean square (rms) for a
dielectric constant of 1.5. The MD simulation
was implemented using Polygen’s protocol; heat-
ing for 10 ps at 1000 K followed by equilibration
for 10 ps with a step size of 0.001 ps.

2.2. Calculation of interaction energy between
CTPC and enantiomers

The interaction cnergics (£') derived from
Van der Waals force and electrostatics force
between an atom / and an atom j can be
calculated with the following equation:

[
E - E + E\"an der Waals

electrostatic

where

Eelcclmstatic = 2 (qiq!)/’(él’ﬁ{-‘“r”)

ij>t

— f.o 12 F
EVan der Waals — 2 (Ai/"/ ru Bl/ ! r!] )
=
q; and g, represent electric charge of atoms 7 and
J, respectively, g, is the effective dielectric con-
stant and r;; is the interatomic distance computed
from the Cartesian coordinates. The two non-

bonded parameters A, and B;; are derived from
the atom polarizabilities and the effective num-
ber of outer shell electrons. This calculation is
performed for all combinations between the
atoms of CTPC and enantiomers.

This energy was obtained by the MOLECU-
LAR INTERACTION program supplied by
Polygen. The calculation method using this pro-
gram is described below. First, a centre of a
cubic sampling box is placed on an atom i of
CTPC. Here, the size of the cubic sampling box
is specified as r. Then, the mesh size is specified
as r', and an enantiomer is placed at the grid
points and allowed to rotate from 0° to 360°
along the x, y and z axes individually at angle
(w,, w,, w.) intervals. The interaction energies
are calculated for a given set of grid points and
(0, ,, w.).

3. Results and discussion
3.1. Coordinates of racemates and CTPC

The energy minimizations were carried out
using the CHARMm force field developed by
Brooks et al. [20], which has been widely utilized
to construct molecular models of not only bio-
polymers such as nucleic acids [23,24], poly-
peptides [25] and synthetic polymers [26], but
also small molecules such as cyclodextrin [8] and
porphyrin derivatives [28]. The optimized struc-
ture of ($,5)-(—)-trans-stilbene oxide [(S,5)-(—)-
1] obtained by the MM calculations is shown in
Fig. 2. The final energies of both the enantio-
mers of 1 were 27.54 kcal/mol.

The optimization of CTPC was performed as
follows. First, a full energy minimization of one
unit of CTPC, containing CH;O groups at the 1-
and 4-positions of a glucose unit, was accom-
plished in the same way as that for ($,5)-(—)-1.
Next. the optimized units were allowed to con-
struct an octamer (8-mer) with a left-handed
threefold (3/2) helix according to the structure
of CTPC reported by Vogt and Zugenmaier [29]
on the basis of X-ray analysis of a CTPC fibre.
The dihedral angles defined by H1-C1-O-C4’
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Fig. 2. Optimized structure of (5,5)-(—)-1.

(¢) and H4'-C4'-0-C1 (¢) were fixed to be 60°
and 0°, respectively, as shown in Fig. 3.

Then, the eight units of CTPC as a starting
structure was optimized by the steepest descents
method. In the end of the minimization a meta-
stable structure was obtained. The 8-mer has
hydrogen bonds between the NH protons of the
carbamate moieties at the 6-positions and the
carbonyl oxygens at the 2-positions. The distance
between the NH proton of the 6-position and the
carbonyl oxygen at the 2-position is 2.634 A.
Then the minimization was further performed by
using the conjugate gradient followed by the
adopted-basis Newton Raphson methods.

The MD simulation was applied to the opti-
mized 8-mer of CTPC. The structures with lower
energies were extracted from the trajectory files
obtained from the MD simulation and the MM
calculations as described above were performed

¢: H1-C1-0-C4' =60 °
¢: H4'-C4-0-C1=0"°
Fig. 3. The linkage of eight units of CTPC.

for these extracted structures again. However,
significant changes were not observed before and
after MD simulation. The resultant final, most
stable, structure is shown in Fig. 4a and b
together with the structure of CTPC reported by
Vogt and Zugenmaier [29] on the basis of X-ray
analysis (Fig. 4c). This structure is more stable
than the metastable structure by 1.24 kcal/mol,
and the distance between the NH proton and the
carbonyl oxygen is 2.724 A, which is longer than
that of the metastable CTPC.

The structure of CTPC in Fig. 4b thus ob-
tained in this study is similar to the structure in
Fig. 4c; for example, the side-groups at the 2-
and 3-positions and that at the 6-position of the
neighbouring glucose unit are close to each
other. However, some differences were observed
between the calculated and the reported struc-
tures. The former is not exactly a 3/2 helix; the
rotation angles around at each C1-C4 axis is in
the range 110-113° depending on the number of
the glucose unit (Table 1), and the conformation
between the carbonyl carbon and the ether
oxygen of the side-chain at the 2-position is s-cis.
Further, those at the 3- and 6-positions are s-
trans, whereas all the conformations of the
reported ones are s-trans. The conformation of
the starting 8-mer before minimization was s-
trans. Therefore, the conformation at the 2-posi-
tion was changed to s-cis from s-trans in the
course of the minimization.

3.2. Calculation of interaction energy between
CTPC and enantiomers

As mentioned earlier, the most important
adsorbing site of CTPC for trans-stilbene oxide
(1) may be the NH protons of the carbamate
moicties (Fig. 5).

Therefore, the sampling boxes (r =6, 5, 4 and
3 A) were placed as centred by the NH proton,
then the mesh size (r') was specified as 1 A, and
at each grid point (R,R)-(+)-1 or (5,5)-(—)-1
was rotated at 60° intervals for the x, y and z
axes, individually. This means that 5° X6 (=
27 000) times calculations are implemented if
r=4 A. First, the calculations were carried out
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a

Fig. 4. (a and b) Optimized and (¢) reported structures of CTPC. (a) Perpendicular to the chain axis; (b) and (c) along to the

chain axis.

at r=3-6 A and r' =1 A, and it became clear
that when r was 3 A. the lowest interaction
energy was over 100 kcal/mol. When r was 5 or 6
A, the sampling boxes seemed large enough, and
r=4 A was found to be suitable for the calcula-

Table 1
Dihedral angles of O-CI-CI'-O

Glucose No. Dihedral angle (%)
1-2 112
2-3 110
3-4 112
4-5 11
5-6 111
6-7 113
7-8 111

tion of the interaction energies between CTPC
and (*)-1. Such a box (r =4 A) centred by the
NH proton covers the area as shown in Fig. 5.

The calculation was carried out at each NH
proton at the 2-, 3- and 6-positions of glucose
units 3, 4. 5 and 6 (Fig. 6) in order to avoid the
influence of the end-groups, since CTPC is a
polymer (degree of polymerization = 100).

The results of the calculations are shown in
Table 2. The minimum interaction energies were
very different depending on the number of the
glucose unit and the position of the NH. The
interaction energies between CTPC and (S,$)-
(—)-1 were lower than those between CTPC and
(R.R)-(+)-1 except on 6-2 (2-position at glucose
unit No. 6). This suggests that (5,5)-(—)-1 may
be more tightly adsorbed than (R,R)-(+)-1 on
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Fig. 5. Method of calculation of interaction energy between CTPC and an enantiomer of 1.

the CTPC, and that 1 may preferentially interact
with the NH protons at the 3-positions of the
CTPC because most of interaction energies at
the 3-positions were lower than those at the 2-
and 6-positions except for glucose unit No. 6. In
the chromatographic resolution of (*)-1 using
CTPC as chiral stationary phase, the (R,R)-iso-
mer elutes first, followed by the (S,$)-isomer,
and the separation factor (a) has been deter-
mined to be 1.46 [18]. Therefore, the results
obtained by the above calculations are consistent
with the results of the chromatographic enantio-
separation on CTPC.

Next, a finer sampling box (r=4 A, r'=0.5

A) was placed at the NH-proton [4-3 (3-position
at glucose unit No. 4)] where the lowest inter-
action energies appeared for both enantiomers.
The results of the distribution of interaction
energies are shown in Table 3. The total number
of interaction energies under 0 kcal/mol was
seven for (R,R)-(+)-1 and ten for (5,5)-(—)-1.
The lowest interaction energies for (5,5)-(—)-1
and (R,R)-(+)-1 were —21.42 and —19.10 kcal/
mol, respectively. This also indicates that (S,S)-
(—)-1 may interact more tightly with the CTPC
than (R,R)-(+)-1. The calculation described
above may still be rough, so to obtain more
precise interaction energies at the position 4-3,

%6

1

7
CHSOI% 6‘"0%0%“0%0%‘" o;ﬁ%o\oé’g\oom
TERS

555653

Fig. 6. Octamer of CTPC.
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Table 2
Minimum interaction energy between CTPC and 1

Glucose No. and position (R.R)-(+)-1 (8.8)-(—)-1
{kcal/mol) (kcal/mol)
3-2 7410
3-3 5.62 5.13
3-6 -
4-2 32.24 15.53
4-3 17.62 -19.87
4-6 - -
5-2 23.01 18.14
5-3 -5.87 —7.45
5-6 -
6-2 42.72 56.02
6~-3 87.42 44.71
6~-6 - 46.87

r=4 A.r =1 A.60°: total numbers. 27 000.
" Dashes indicate over 100 keal/mol (1 cal = 4,184 1),

each enantiomer was rotated manually at that
point along the x. y and z axes to find the
orientations of 1 with lower interaction energies.

The lowest interaction energies between
CTPC and (S.S)-(—)-1 is -22.16 kcal/mol,
whereas that of (R.R)-(+)-1is —19.73 kcal/mol.
The decrease in the interaction energies in this
operation for (S.5)-(—)-1 is 0.74 kcal/mol and
that for (R.R)-(+)-11s 0.63 kcal/mol. The differ-
ence in the interaction encrgy between the two
enantiomers was 2.4 kcal/mol. This value seems
to be large compared with that estimated by the
chromatographic separation of (=)-1 on CTPC.
The energy difference (AAG) of the interaction
between a CSP and a pair of enantiomers is
correlated with the « value bv AAG = —=RT In a.

Table 3
Distribution of interaction energy between CTPC and (R.R)-
and (§5.9)-1

Energy (keal/mol) Numbers

(R.R)-(+)-1 ($.5)-(-)-1

<-=20
—-20to —10
—10to0

to =
PO

A
2

r=34A.r=05A, 60%; total numbers, 157 464,

Therefore. AAG for a = 1.46 is estimated to be
0.23 kcal/mol. The a value must reflect the sum
of the differences in interaction energies between
CTPC and a pair of enantiomers. The computer
graphics of the interaction between CTPC and
(5.5)-(—)-1 with the lowest energy is shown in
Fig. 7. (5.5)-(—)-1 is bound in a chiral groove
existing along the main chain of CTPC, and each
phenyl group of (S,5)-(—)-1 may interact with
the phenyl groups of CTPC via w-1r interactions
and the ether oxygen of the (5,5)-isomer seems
to interact with the NH proton of CTPC via
hydrogen bonding. The distance between the
ether oxygen of (5,5)-(—)-1 and the NH proton
of CTPC is 2.502 A. which is short enough to
form hydrogen bonding, while the distance for
(R.R)-(+)-1is 3.187 A. This suggests that (S,5)-
(—)-1 may interact with the NH proton through
the hydrogen bonding, but (R,R)-(+)-1 may not
interact effectively in such a way.

The same calculation was performed for 1,2-
diphenylcyclopropane (2). The results of the
calculation using the sampling box (r=4 A, r' =
1 A) at glucose units Nos. 4 and 5 suggest that
there was little difference in the minimum inter-
action energies between the enantiomers. The
lowest interaction energies for (S,5)-(—)-2 and
(R.R)-(+)-2 were —12.68 and —12.22 kcal/mol,
respectively, which appeared at the 3-position of
glucose unit No. 4. Moreover, the number of the

Fig. 7. Computational graphics of the interaction between
CTPC and (5.5)-(—)-1 (arrowed) exhibiting the lowest

energy.
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interaction energies under 0 kcal/mol was two
for both enantiomers. It is considered that 2
cannot interact with CTPC through hydrogen
bonding because of the absence of an ether
oxygen as in 1. The chromatographic resolution
of (x)-2 on CTPC as chiral stationary phase was
unsuccessful. This agreed with the results of the
chromatographic enantioseparation on CTPC.

4. Conclusions

The interaction energies between CTPC and
(R,R)- and (S,5)-trans-stilbene oxide and be-
tween CTPC and (R,R)- and (S.9)-1.2-
diphenylcyclopropane were calculated by using
QUANTA/CHARMM. The results indicate that
the most important adsorbing site of CTPC for
trans-stilbene oxide may be the NH proton at the
3-position and the ($,5)-isomer may interact
more closely with CTPC than the (R,R)-isomer.
The interaction energies between the CTPC and
enantiomers of 1,2-diphenylcyclopropane, which
has a similar structure to trans-stilbene oxide but
with no ether oxygen, showed almost no differ-
ence.

These calculations agreed with the observed
results for the chromatographic resolution on
CTPC, although the difference in the calculated
interaction energy between the two enantiomers
of trans-stilbene oxide is large compared with
that estimated by the chromatographic enantio-
separation. This may be due to the uncertainty in
the calculated interaction energy values, which
may be dependent on the structure of CTPC.
However, we believe that the method reported
here may be useful for a qualitative understand-
ing of the chiral recognition mechanism of
CTPC. The adaptability of this method to vari-
ous kinds of enantiomers must be investigated.
This approach is not restricted to the study of
chiral recognition and should be applicable to a
variety of polymer—analyte interactions.
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