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Chiral discrimination is the ability to distinguish one enantiomeric form over another. The differential binding
interaction between two molecules with the same helicity and those with the opposite helicity was investigated
by using dispersion-corrected density functional theory. [5]helicene, tetrahydro[S]helicene and the polar D-rt-
A compounds, 3,12-dimethoxy-7,8-dicyano-[5]helicene and 3,12-dimethoxy-7,8-dicyano-tetrahydro[5Jhelicene
were the monomers considered in this study. In gas phase, the dimeric interaction from two helical molecules
with the opposite handedness is greater than from those with the same handedness. The stable configurations
of such dimers were identified. The most stable configuration tends to be the one with maximum contact

between monomers.

Key Words : Helicene, Dispersion-corrected density functional, Aggregate, Chiral discrimination

Introduction

Chirality is a very fundamental concept in molecular
science.'™ In chemistry, chirality usually arises from having
chiral center, leading to a three-dimensional structure with a
non-superimposible mirror image. The identification of the
chiral configuration is very important because compounds
with opposite chirality can have different biological activities.
The receptor site built from stereospecific molecular unit
binds with one chiral form of ligand rather than another due
to their complementarity.>> Such behavior is called chiral
discrimination.

Helical structures exhibit chirality although they do not
possess a chiral center. This is called helical chirality. Helical
structures with right-handed or left-handed helicity are
denoted P- and M-congurations, respectively.>® In this work,
we investigated the differential binding interactions between
gas-phase dimers formed from two monomers with the same
helicity and from those with the opposite helicity. We
selected [S]helicene and its derivatives as model compounds
for our study.

Helicene is a chiral ortho-annulated n-conjugated system.”
Due to its helical structure and its conjugated nature,
researchers are exploring its outstanding chirooptical pro-
perties for use as functional materials in many areas includ-
ing nonlinear optics and organic light-emitting diode appli-
cations.*!" The helicene framework can be modified by
incorporating other chemical elements or substituents.'*!®
Sahasithiwat ef al. modified the [S]helicene framework by
incorporating electron donor and acceptor groups.'® The
resulting D-n-A compound, 3,12-dimethoxy-7,8-dicyano-
[SThelicene, is used as an emissive material for organic light
emitting diodes. We include this compound in our study in

addition to [SThelicene (see Fig. 1(a)) due to its polar nature.
We also consider tetrahydro[5]helicene and 3,12-dimethoxy-
7,8-dicyano-tetrahydro[5Jhelicene which possess a carbon-
carbon single bond on the 2™ and 4 rings of [5]helicene in
this study (see Fig. 1(b)). These two compounds should have
a smaller m-7 interaction than the original helicene due to
partial hydrogenation of the helicene framework.

Studying weakly interacting systems by quantum mech-
anical models can be a challenging task. In the case of conv-
entional ab initio methods, at least the second-order Moller-
Plesset perturbation theory (MP2) method which include
electron correlation is required for a proper description of
such systems.'”!® This approach is too expensive to be
practical for large systems like [S]helicene dimers. An
alternative approach is to use the density functional theory
(DFT) which is nowadays the method of choice for theore-
tical investigation of chemical systems. However, even the
well-known B3LYP hybrid functional is not appropriate for
treating weak interactions because of its incorrect long-range
behavior in the exchange-correlation potential.'” Many novel
exchange-correlation functionals, such as the CAM-B3LYP%
and the Minnesota M06 and MOS8 functionals,'**'>* have
been proposed to overcome this problem. Alternatively, a
practical approach is to include an empirical dispersion-
corrected term as originally proposed by Ahlrichs®* and
developed further for DFT by Grimme.?>?® The dispersion-
corrected density functional theory (DFT-D) is a very
convenient approach. This method is well suited not only for
treating weak interaction but also for studying chemical
reactions such as isomerization reactions.?’

Grimme et al. provide a clear perspective on the appli-
cations of dispersion-corrected density functional theory for
supramolecular structures, aggregates and complexes of
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Figure 1. The molecular structure of [S]helicene and tetrahydro
[5Thelicene monomers and their polar 3,12-dimethoxy-7,8-dicyano
derivatives. (a) [S]helicene, X, Y=H; 3,12-dimethoxy-7,8-dicyano-

[SThelicene, X=OMe, Y=CN. (b) Tetrahydro-[5]helicene, X, Y=H,
3,12-dimethoxy-7,8-dicyano-tetrahydro-[ 5 ]helicene, X=OMe, Y=CN.

organic molecules.”” Mackie and DiLabio applied the DFT-
D method to study interactions of several large polyaromatic
hydrocarbon dimers. In their implementation, the authors
optimized the carbon atom-centered effective core-type
potential to correct the long-range behavior of the exchange-
correlation potential. Good agreement in the structure and
binding energy with high-level benchmark data was observed.”®
Moellmann and Grimme investigated the dispersion effect
for predicting the molecular crystal packing of a bis-thio-
phene derivative.” The dispersion-corrected DFT model
predicts the crystal packing effect, the gas-phase structure,
and the lattice energy of RESVAN, a bis-thiophene derivative,
in good agreement with high-quality quantum chemical
methods. However, they observed a near cancellation of
intramolecular and intermolecular dispersion effects in the
solid state structure. This results in the dispersion-uncorrect-
ed DFT model yielding a more reasonable solid state
structure than the dispersion-corrected DFT model.

We selected the DFT-D model for calculating the differ-
ential binding interaction between M-M and P-M dimers
constructed from [S]helicene and its derivatives (see Fig. 1).
Our objectives are two-fold. First, several possible binding
configurations of gas-phase dimers are identified. Second,
the effect of structural modifications on the binding mode of
these compounds is investigated. By comparing the most
energetically stable form of the M-M and P-M dimers, some
information on chiral discrimination of such compounds in
gas-phase could be deduced.

There have been several reports on the chiral discrimina-
tion of helical structures including a recent review by
Amemiya and Yamaguchi.®***' Yamaguchi et al. studied the
chemistry of 1,12-dimethylbenzo[c]phenanthrene as a chiral
building block.*> They concluded from several studies that
one helix prefers another helix with the same helicity.
Conclusions on chiral discrimination are usually drawn from
solid state crystal structure,*® from folding of helical oligo-
mers or from complex formation with different molecules.*'*
Honzawa et al. studied the binding of 1,12-dimethylbenzo
[c]phenanthrene, a basic [4]-helicene derivative, to right-
handed calf thymus DNA by various spectroscopic and
calorimetric techniques.*® By estimating the complex formation
constant and the binding formation free energy, they observed
a higher affinity between calf-thymus DNA with the right-
handed (P)-helicene than with the left-handed (M)-helicene.
Interestingly, the enthalpic contribution favors the (M)-
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helicene more than the (P)-helicene by 2.1 kcal/mol. It
appears that the entropic contribution results in the P form
being more favorable in binding with calf thymus DNA than
the M form. When accounting for chiral discrimination from
crystal structure, there are some other factors such as
cooperative hydrogen bonding®® that play an important role
in determining the crystal packing. Murguly er al. also
observed different self-assembly behaviors in the crystal and
in solution phases.>” To avoid many-body effects, therefore,
only the gas-phase aggregates were considered in our study.
We consider the differential interaction energy between M-
M and P-M gas-phase dimers as an indicator of chiral
discrimination.

Methods

All calculations were performed using the ORCA pro-
gram.>* We consider the gas-phase helical dimers constructed
from left-handed (M)-left-handed (M) and right-handed (P)-
left-handed (M) pairs of monomers. The monomers are
[SThelicene, tetrahydro[S]helicene, 3,12-dimethoxy-7,8-di-
cyano-[Slhelicene and 3,12-dimethoxy-7,8-dicyano-tetra-
hydro-[5]helicene. Several initial configurations of M-M
and P-M dimers were generated. These include, for example,
head-head, head-tail, stack, antistack, slip and perpendicular
configurations.

The geometries of dimer configurations were optimized
by using the RI-BLYP-D/def2-SV(P) and RI-BP86-D/def2-
SV(P) levels of calculation. Due to the large system size, the
resolution of identity (RI) approximation was used to speed
up the computation. We chose Grimme’s implementation of
DFT-D which includes an empirical 1/R® term to capture the
correct van der Waals dispersion interaction between mono-
mers.>>2® After the optimized configurations were identified,
single-point energy calculations were performed using the
same functional but with a much larger def2-TZVPP basis
set’>3¢ and with the double-hybrid B2PLYP-D/TZVP method.*’
The double-hybrid functional combines the conventional
MP2 correction term with a hybrid functional. The Boys and
Bernardi counterpoise correction scheme was used to remove
the basis set superposition error (BSSE) in the interaction
energy.*® The optimized dimeric configurations were identi-
fied and grouped together in terms of similar converged
structures and interaction energies. The results are shown in
Tables 1-4. Only the most favorable configurations for each
dimer are shown in Figures 2(a)-(d) while all configurations
are reported in the Supplementary Information.

Results and Discussion

Table 1 reports the M-M and P-M BSSE-corrected
interaction energies of the non-polar [S]helicene dimers.
Although several configurations were initially generated, the
optimized structures fall into some dominant configurations.
The M-M [S]helicene dimers fall into stack, antistack and
slip configurations. We employed these terms to describe the
relative configuration between the two monomers in a loose
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M-M:stack P-M:twist stack M-M:stack P-M:antistack

(a) [S]helicene dimer (b) tetrahydro[S]helicene dimer

M-M:twist antistack P-M:twist stack M-M: twist antistack P-M:twist stack

(c) 3,12-dimethoxy-7,8-dicyano-[5helicene dimer (d) 3,12-dimethoxy-7,8-dicyano-tetrahydro[5]helicene dimer

Figure 2. The most stable M-M and P-M gas phase configuration of (a) [S]helicene (b) tetrahydro[5]helicene (c) 3,12-dimethoxy-7,8-
dicyano-[5]helicene (d) 3,12-dimethoxy-7,8-dicyano-tetrahydro[5helicene dimers.

sense. The relative stabilities of the dimeric configurations does not affect our conclusion because the most stable
from all calculation methods considered agree well with one configuration is the stack configuration, i.e., one monomer
another. The BLYP-D method cannot locate the less impor- above another with the end benzene rings pointing in almost
tant slip configuration while the BP86-D can. However, this the same direction (see Fig. 2(a)). It is also the configuration

Table 1. The M-M and P-M BSSE-corrected interaction energy (in kcal/mol) of [S]helicene dimers. See Figure 2a for graphical representation

BP86-D/ BP86-D/TZVPP// BLYP-D/ BLYP-D/TZVPP// B2PLYP-D/TZVP//
def2-SV(P) BP86-D/def2-SV(P) def2-SV(P) BLYP-D/def2-SV(P) BLYP-D/def2-SV(P)
M-M
stack -15.3 -16.7 -13.3 -14.8 -13.8
antistack -14.0 -15.1 -12.9 -13.7 -12.6
slip -10.4 —-11.6 n.a. n.a. n.a.
P-M
twist stack -15.7 -16.9 -14.1 -15.1 -14.2
antistack -14.4 -153 -12.8 -13.6 -13.2
stack -13.8 -14.8 -12.2 -13.1 -12.6
slip antistack -11.6 -12.6 -8.8 -9.7 -8.7

head-head -114 -12.6 =7.7 -7.9 =71
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found in the crystal packing.® The antistack configuration
which has the end benzene rings pointing in the opposite
direction is the next most stable form. Although the energy
difference between these two configurations is small, all
methods including the definitive B2PLYP-D calculation
confirm this trend. Due to the nature of the weak interaction,
the interconversion between stack and antistack configu-
rations should be possible. The configuration with one
monomer on top of another has an increased contact area
between the two monomers and hence there is a greater
molecular interaction. To increase the molecular interaction
further, the monomer slips slightly relative to the other in
both stack and antistack configurations as a result of its
nonplanar structure.

The most stable configuration of the P-M [5]helicene
dimer is the twist stack configuration. A large degree of
relative twist between the two monomers is observed in this
configuration (see Fig. 2(a)). The monomer adopts this
arrangement to increase the contact area and reduce the
intermolecular distance. It turns out that the energetic inter-
action of the P-M [S]helicene dimer is slightly greater than
that of the M-M dimer. The B2PLYP-D model predicts a
differential binding energy of 0.4 kcal/mol This is in line
with the observation made by Honzawa et al** In their
complex formation study between a helicene derivative and
calf thymus DNA, the enthalpic contribution to the binding
constant was shown to favor opposite helicity while includ-
ing the entropic contribution reversed the conclusion. Other
identified stable configurations include antistack, stack, slip
antistack and head-head configurations (see Supplementary
Information). Considering the stack configuration which is
found in crystal packing, the P-M dimer is less favorable
than the M-M dimer by about 1.1-1.9 kcal/mol. Our result
partly explains why helical compounds crystallize only in
the enantiomeric pure form.*’

Tetrahydro[S]helicene is a molecule with partial hydro-
genation. This should reduce the m-m interaction found in
[SThelicene and trigger hydrogen-hydrogen repulsion from
saturated carbon atoms in the structure. In the case of the
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tetrahydro[5]helicene dimer, the M-M dimer prefers the
stack configuration while the P-M dimer prefers the anti-
stack configuration (see Table 2 and Fig. 2(b)). Only a
marginal difference in interaction energy between M-M and
P-M forms is observed in such compounds. The BLYP-D
method slightly favors the P-M form over the M-M form
while with the BP86-D method this difference is more
pronounced.

Comparing the [Slhelicene and tetrahydro[5]helicene
dimers, both M-M forms favor the stack configuration in
which a helical monomer twists in the same direction as
the other monomer thus forming another helical twist. On
the other hand, the P-M dimer achieves maximum interaction
by twisting around its intermolecular axis. For the tetra-
hydro[S]helicene dimer, the twist leads to the antistack
configuration.

For 3,12-dimethoxy-7,8-dicyano-[S]helicene dimer, the
M-M form prefers the antistack configuration with a further
twist (‘twist antistack’, see Fig. 2(c)). The BSSE-corrected
B2PLYP-D interaction energy is about —20.4 kcal/mol which
is much greater than that of [SThelicene dimer (—13.8 kcal/
mol) (see Table 3). The methoxy and cyano substituents
enhance the electrostatic interaction of the dimer. A simple
electrostatic consideration also explains why the monomer
twists itself further in such a dimer. This reduces the electro-
static repulsion from substituents of the same type and
increases the attraction from substituents of the opposite
type. The less stable configurations include stack, twist stack,
slip antistack, perpendicular and slip configurations (see
Supplementary Information). Table 3 also reports the BSSE-
corrected interaction energies for each P-M dimeric configu-
ration. The P-M dimer prefers the twist stack configuration
(see Fig. 2(c)) and has an interaction energy of about -24
kcal/mol. In terms of differential interaction energy, the P-M
gas-phase dimer is more stable than the M-M gas phase
dimer.

A similar trend is also observed in 3,12-dimethoxy-7,8-
dicyano-tetrahydro[5]helicene dimer (see Table 4, and Fig.
2(d)). For the B2PLYP-D method, the binding energy of P-

Table 2. The M-M and P-M BSSE-corrected interaction energy (in kcal/mol) of tetrahydro[5]helicene dimers. See Figure 2b for graphical

representation
BP86-D/ BP86-D/TZVPP// BLYP-D/ BLYP-D/TZVPP// B2PLYP-D/TZVP//
def2-SV(P) BP86-D/def2-SV(P) def2-SV(P) BLYP-D/def2-SV(P) BLYP-D/def2-SV(P)
M-M
stack -12.2 -13.9 -14.3 -15.7 -134
antistack -12.3 -13.7 -12.2 -13.2 -11.8
slip -9.3 -104 -7.2 -7.6 -6.8
head-head -8.4 -94 -8.7 -9.2 -8.4
P-M
antistack -15.0 -16.7 -14.4 -15.2 -13.4
stack -14.3 -16.1 -13.9 -14.9 -12.6
twist stack -12.3 -13.5 -12.3 -12.9 -10.8
slip stack -89 -10.1 -104 -10.9 -9.2
head-head -12.2 -13.3 -11.7 -12.0 -10.2
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Table 3. The M-M and P-M BSSE-corrected interaction energy (in kcal/mol) of 3,12-dimethoxy-7,8-dicyano-[5]helicene dimers. See Figure

2c¢ for graphical representation

BP86-D/ BP86-D/TZVPP// BLYP-D/ BLYP-D/TZVPP// B2PLYP-D/TZVP//
def2-SV(P) BP86-D/def2-SV(P) def2-SV(P) BLYP-D/def2-SV(P) BLYP-D/def2-SV(P)
M-M
twist antistack -223 -23.8 -20.5 -21.8 -20.4
stack -18.8 -19.8 -17.1 -18.0 -17.5
twist stack —-18.5 -19.7 -17.3 -18.0 -17.0
slip antistack -21.1 -22.2 -15.9 -17.0 —-15.5
perpendicular -9.0 -10.0 -10.8 -11.4 -10.6
slip -11.2 -12.2 -10.6 -11.0 -10.6
P-M
twist stack —26.6 —28 —24.4 -25.8 -24.9
slip antistack -20.7 -22.1 -19.1 -20.2 -19.6
slip stack -15.1 -16.2 -14.1 -15 -15.2
stack —-13.5 -14.3 -14 -14.7 -14.2
perpendicular -13.1 -14.7 -13.7 -14.6 -12.8
head-head -12.3 -12.8 -12.0 -12.2 -11.2
slip -9.8 -10.8 -10.1 -10.7 -9.8

Table 4. The M-M and P-M BSSE-corrected interaction energy (in kcal/mol) of 3,12-dimethoxy-7,8-dicyano-tetrahydro[SThelicene dimers.

See Figure 2d for graphical representation

BP86-D/ BP86-D/TZVPP// BLYP-D/ BLYP-D/TZVPP// B2PLYP-D/TZVP//
def2-SV(P) BP86-D/def2-SV(P) def2-SV(P) BLYP-D/def2-SV(P) ~ BLYP-D/def2-SV(P)
M-M

twist antistack -21.4 -22.8 -19.8 -21.1 -17.7

twist stack -15.6 -17.1 -15.5 -16.5 -14.1
perpendicular n.a. n.a. -153 -16.5 -14.4

stack -15.6 -17.4 -14.6 -15.7 -13.1

slip antistack n.a. n.a. -13.1 -13.5 -10.5

slip -13.1 -14.7 -13.3 -14.0 -11.4
head-head -9.7 -12.2 -11.0 -12.3 -8.1

P-M

twist stack -19.3 -21.0 -20.7 222 -18.8

slip antistack -18.9 -20.8 -19.0 -20.1 -17.0

stack -14.9 -16.6 -14.7 -15.8 -13.4
head-head -15.9 -17.5 -13.6 -14.5 -12.6

slip stack -12.3 -13.7 -12.2 -12.5 -10.0

side twist -11.2 -12.7 -11.3 -12.0 -9.7

slip n.a. n.a. -11.3 -12.1 -10.3
perpendicular n.a. na. -7.9 -8.6 —-6.7

M dimer is greater than that of the M-M dimer by —1.1 kcal/ zation.

mol. The most stable configuration of M-M dimer is the
twist stack while the P-M dimer prefers the twist antistack
configuration. We observe a lower differential binding inter-
action between M-M and M-P forms of tetrahydro[5]heli-
cene derivatives than in the case of the helicene derivatives.
The enhancement of the interaction energy due to the donor
and acceptor substituents is much less pronounced in this
tetrahydro[5]helicene derivative than in the [S]helicene
derivative. This might be due to the partial hydrogenation in
the helicene framework that reduces the n electron delocali-

Some less stable configurations observed in this study,
such as the head-head configuration, have also been observed
experimentally. Murguly ef al. synthesized and crystallized
the hydrogen-bonded [7]helicene. As a result of the strong
hydrogen bonding of the functional groups on the end
benzene rings, the head-head dimer is formed as an entity in
crystal packing.*

The observation that, by considering the differential inter-
action energy between M-M and P-M forms, a helical mole-
cule prefers to bind with another molecule of opposite
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handedness during gas-phase dimer formation might sound
surprising at first. However, as mentioned earlier, several
factors, such as the effects of crystal packing, substituents or
entropic contributions, might play a role in favoring the
binding of helical molecules with the same handedness. Our
gas-phase calculation avoids any such influences and should
give definitive energetic information on this type of dimer
formation.

Finally, after the completion of this work, it came to our
attention that favorable binding between two helical mole-
cules with opposite handedness has been reported elsewhere.*
Xu et al. conducted dialysis experiments to obtain the
binding formation between thiahetero[7]helicene and left-
handed Z-DNA. The Z-DNA prefers binding with (P)-
helicene over (M)-helicene. Moreover, right-handed B-DNA
converts into left-handed Z-DNA upon binding with (P)-
helicene. Further investigations on the helicene-DNA systems
of Honzawa et al. and Xu et al. are being carried out in our
laboratory.

Conclusions

The gas-phase dimeric configuration of helicene derivatives
were investigated by the DFT-D method to provide
information on the differential binding interaction between
helical molecules. In the absence of many-body effects,
[SThelicene prefers P-M over M-M binding. The P-M dimer
adopts the twist stack configuration while M-M favors the
stack configuration. On modifying the helicene framework
by partial hydrogenation, less differential binding is observed
in the tetrahydro[5]helicene dimer. Adding electron withdraw-
ing and donating groups into the helical structure increases
the dimeric interaction. In such systems, there is a large twist
between monomers. This is to lower electrostatic repulsion
and increase electrostatic attraction. Our findings provide
energetic information on the chiral discrimination process.
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