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The chirality transfer in liquid crystals induced by two helical perylenequinones (namely, the natural compounds cercosporin and

phleichrome) was investigated by integrating measurements of helical twisting power with a conformational analysis by DFT calcu-

lations and with the prediction of their twisting ability by the surface-chirality method. The two quasi-enantiomeric derivatives in-

duce oppositely handed cholesteric phases when introduced as dopants in nematic solvents. We evaluated the role of the different

conformations of the chiral hydroxyalkyl side chains in determining the helical twisting power: They were found to affect the

strength of the chirality transfer, although the handedness of the induced cholesteric phase is essentially determined by the axial

chirality (helicity) of the core of the perylenequinones.

Introduction

The phenomenon of chiral induction in nematic mesophases has
been known for a long time [1]. By addition of a chiral
nonracemic compound, a nematic liquid crystal is transformed
into a chiral nematic (or cholesteric) phase. Here the director,

i.e., the local alignment direction, rotates in space in helical

way, along a perpendicular axis [2,3]. The handedness of this
helix reflects the configuration of the dopant: Enantiomers in-
duce oppositely handed cholesterics. Only in the last few
decades has the generation of cholesteric liquid crystals and the

amplification of the molecular chirality observed upon doping
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nematic phases with chiral derivatives attracted great interest in
the field of material science [3,4]. In this context, one of the
major research lines focuses on the investigation of the chirality
transfer between “shape persistent” dopants and nematic
solvents [2,5-11]. Thus, the chirality amplification from the
molecular to mesophase level can be exploited for the determi-
nation of the absolute configuration [2,3,5,6,12-24]. In fact, this
technique has been fruitfully applied to different classes of
systems, possessing either stereogenic centers or axial chirality.

In this work, chirality induction in liquid crystals has been used
for a structural study of helical perylenequinones. This is an
important family of natural products, characterized by the pres-
ence of a helical chiral conjugated pentacyclic core [25]. These
systems have attracted considerable attention due to their photo-
sensitizing properties and their phytotoxic activity. Another
reason for the interest in perylenequinones is their peculiar
structural properties, which require special strategies for the
complete structural determination. In particular we have
focused on the two helical perylenequinones, cercosporin (1),
[26] and phleichrome (2) [27], shown in Figure 1. They have
the same stereochemical features: Two bulky methoxy groups
or a strained seven-membered ring in positions 6 and 7, two
side chains in positions 1 and 12 and a nonplanar helical shape.
The helicity generates axial chirality, which, when associated
with the presence of asymmetrically substituted carbon atoms in
the side chains, gives rise to diastereoisomerism. Cercosporin
and phleichrome are characterized by a special coupling
between conformation and configuration: The conformational
preferences of the side chains in the “1-12 bay region” are crit-
ical for the generation of the helical structure. X-ray crystallog-
raphy established the R,R configuration at C14 and C17 of
cercosporin (1) and the sign of the axial chirality as M [26,28].
Phleichrome (2) features opposite chirality, having P axial
chirality and S,S configuration at C14 and C17 [27].

1 (14RATR)

2 (14S,175)

Figure 1: Chemical structure of the helical perylenequinones under
investigation: Cercosporin (1) and phleichrome (2).

The ring substituents give 1 and 2 a limited, though non-negli-

gible conformational freedom. To understand the relation

Beilstein J. Org. Chem. 2012, 8, 155-163.

between molecular structure and chiral induction in liquid crys-
tals, we integrated measurements of helical twisting power
(HTP) with a conformational analysis, performed by density
functional theory (DFT) calculations, and with the prediction of
the twisting ability of conformers, by the surface chirality (SC)
method [29].

Results and Discussion

HTP measurement
The propensity of a dopant to induce a helical organization in
the liquid-crystalline matrix is measured by its helical twisting
power, which is defined as

HTP = lim (p ¢ r)_1

c—0

where p is the helical pitch (in um) of the cholesteric phase, and
¢ and r are the concentration (molar fraction) and the enan-
tiomeric excess of the dopant, respectively. The sign of HTP is
taken as positive or negative if the induced cholesteric is right-
or left-handed, respectively. The HTP of 1 and 2 was measured
in the liquid-crystal mixture E7 [30] at a temperature of 298 K.
The values —12 pm™! and +54 um™! were obtained for 1 and 2,
respectively. The opposite sign observed for the two com-
pounds clearly reflects their opposite configuration. The hand-
edness of the induced cholesterics is that which is expected for
helicoidal disc-like dopants, as binaphthyl derivatives [20] and
helicene-like molecules [22,24], i.e., left-handed for the M and
right-handed for the P molecular helicity. In view of the similar
molecular shape of 1 and 2, the difference between the absolute
values of their HTP is somewhat surprising. As a possible ex-
planation for this difference we can devise a different con-
formation of the aromatic core in the two compounds or a
different arrangement of the substituents, in particular of the
chiral hydroxyalkyl side chains (henceforth “the side chains”).
To explore this issue we performed a computational study at
different levels: Single-molecule DFT calculations were carried
out to evaluate energy and geometry of all the conformers of 1
and 2, and the SC method was used to estimate their twisting
ability.

Conformational analysis by DFT

For each of the side chains in position 1 and 12 of cercosporin
and phleichrome, three conformational states are possible,
which are shown in Figure 2, where the same notation as in [31]
is used. This makes a total of six conformers for each molecule,
which are labeled according to the state of each side chain; thus,
for instance, g* ¢ is a conformer with one chain in the gauche®
and the other in the #rans state. The conformers with side chains
in different states are two-fold degenerate: g* t (= tg*), g" g~

(=g ghandg 1(=1g").
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Me Me Me
H'3 pro R H"®proS H”’prosjggic1 C1:$£H13 proR
OH:$:H14 OH™TH™  OH™STHM
c! H® pro R H' pros
trans (t) gauche* (g*) gauche™(g~)

Me Me Me
H‘3pro/§’:$:H13 proS H“‘pros:$:c1 C1Q;ZH13 proR
H14 OH H14 OH H14 OH

c! H®%pro R H® pros
trans (t) gauche* (g*) gauche™(g~)

Figure 2: Newman projections of the conformational states of the side
chain linked at C1 of cercosporin (1), with 14R configuration (top), and
of phleichrome (2), with 14S configuration (bottom). Analogous states
exist for the other chain, linked at C12.

For the conformational study, we used DFT calculations in
vacuum as implemented in the Gaussian suite of programs
[32,33]. We selected the hybrid functional B3LYP [34] with the
6-31g(d,p) basis set, which is a standard choice and is rela-
tively inexpensive from the computational point of view. Then,
considering that dispersive interactions between the side chains
and the aromatic ring could be crucial for the systems under
investigation, further calculations were carried out with the
functional M06-2X [35], which was developed recently to
provide a better description of nonlocal electronic correlation
with respect to standard functionals. In this case the more
demanding 6-31g+(d,p) basis set was used. Geometry optimiza-
tion of all the conformers of 1 and 2 was carried out. In the
starting configurations, the methoxy substituents were taken
always in the same orientation, which was found to be only
slightly modified in the optimized geometry. The C—O—C bonds
of the methoxy groups in the “6,7-bay region” of 2 lie in the
plane of the adjacent aromatic ring, in agreement with the
torsional potential of anisole [36]. For steric reasons, a planar
arrangement is not possible for the methoxy substituents at the 2
and 11 positions. In general, two orientations are allowed for
each methoxy group, with torsional angles in the ranges
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+(110°-145°) (p states) and —(110°-145°) (m states). Thus, we
can distinguish four different states of the methoxy groups,
labelled as (m,m), (m,p), (p,m) and (p,p). To limit the computa-
tional cost, we only considered the (p,p) states. This is the state
found in one of the available X-ray structures of cercosporin
[26], whereas the other structure has the methoxy groups in the
(m,p) state [28].

Our calculations confirm that the “propeller” form, found in
X-ray structures of 1 [26,28], is significantly more stable than
the other, called “double butterfly” by Falk and co-workers
[37]. The two geometries, as obtained for the g* g* conformer
of 1, are shown in Figure 3. Table 1 reports the twist angles y;
[C(1)-C(12b)-C(12a)-C(12)] and yx, [C(6)—-C(6a)-C(6b)-C(7)],
which characterize the helical shape of the core of 1 and 2. Not
surprisingly, in view of the opposite configuration, the twist
angles of the propeller form of 1 and 2 have opposite signs. We
have found that x; and y, have a weak dependence on the side
chain conformation. Our results are in good agreement with
X-ray data for cercosporin [26,28], whereas for phleichrome no
structural data are available. However, the prediction that y; ~
%2 ~ 30° appears reasonable for 2, considering that the narrower

Figure 3: “Propeller” (left) and “double butterfly” geometry (right) of the
g+ g" conformer of 1, as obtained by geometry optimization by DFT at
the M06-2X/6-31+g(d,p) level [33].

Table 1: Twist angles for 1 and 2, as obtained by DFT geometry optimization and by crystallography. The “propeller” form is considered, unless other-

wise specified (the symbol db denotes the “double butterfly” geometry).

compound method
1a DFT-B3LYP/6-31g(d,p)
DFT/M06-2X/6-31+g(d,p)
1 (db)P DFT/M06-2X/6-31+g(d,p)
12 X-ray [28]
X-ray [26]
2b DFT-B3LYP/6-31g(d,p)

DFT/M06-2X/6-31+g(d,p)

arange of angles for six side-chain conformers; Pg*g* conformer.

x1 (%) X2 (°)
-30.0 to -30.9 -11.8to -12.6
-29.0 to -29.7 -13.1t0 -12.0
-26.4 18.1
-29.8 -9.2
-27.4 -9.9
32.41034.0 30.8t0 31.6
32.0 to 33.1 29.6t0 30.3
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y1 angle in cercosporin is a consequence of the constraints
imposed by the bridge in the “6,7-bay region”.

In view of their higher stability, only conformers in the
propeller form were considered in our systematic analysis of the
effects of side-chain conformations. Very similar structures
were obtained by geometry optimization at the B3LYP/6-
31g(d,p) and at the M06-2X/6-31+g(d,p) level; the latter are
shown in Figure 4. On the contrary, the conformer energies
were found to depend strongly on the level of calculation, as
shown in Table 2. Significant differences between conformers
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were predicted at the B3LYP/6-31g(d,p) level: The ¢ ¢ was
strongly preferred and either g~ or g* states were found to have
a highly destabilizing effect for 1 and 2, respectively. Much
smaller differences in conformer stability were obtained at the
MO06-2X level. To check whether the discrepancies between the
two kinds of calculations were mainly due to the functional or
due to the basis set, we also performed a few calculations for 2
at the B3LYP/6-31+g(d,p) level. With the new basis we found a
significant decrease of the energy differences between
conformers, which points to an important role of diffuse

functions.

Figure 4: Optimized geometry of all conformers of 1 (upper half) and 2 (lower half), obtained at the DFT/M06-2X/6-31+g(d,p) level [33]. Superim-
posed on each structure, the principal axes (x,y,z) of the Saupe matrix calculated by the SC method [29] are shown. The reference frame is defined in
such a way that the z and y axes have the highest tendency to lie parallel and perpendicular to the director, respectively.
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Table 2: Energy of the conformers of 1 and 2, obtained by geometry
optimization by DFT at the (a) B3LYP/6-31g(d,p) and (b) M06-2X/6-
31+g(d,p) level of the theory. Within each set, the most stable
conformer is taken as the reference (E = 0).

conformer E1(a) E1(b) conformer E2(a) E2(b)
[kd/mol] [kJ/mol] [kd/mol] [kJ/mol]
g'gt 7.7 0.3 g9 9.8 0
ght 4.7 0.8 gt 5.3 1.4
tt 0 0 tt 0 0.1
gtg 13.3 3.2 g g 16.4 3.6
gt 9.6 25 gt 10.8 1.8
g9 18.2 34 gtg* 22.5 6.8

Although the conformer population is not directly accessible,
we can try to analyze our results in the light of experimental
data. Of the two X-ray structures of cercosporin reported in the
literature, one has the side chains in the g* g* [28] and the other
in the g~ g conformation [26]. These do not appear to be
compatible with the strong preference for the trans state
predicted by B3LYP calculations, but the conformational pref-
erences in crystals might be biased by the environment. More
suitable information on the molecular conformation in solution
can be obtained from NMR-NOE experiments [31]; however,
these do not provide the population of each single conformer
but only the overall probability of ¢, g" and g~ states around
bonds C(13)-C(14) and C(16)-C(17). For ease of comparison,
we have collected these probabilities for compounds 1 and 2 in
Table 3, together with estimates based on our DFT calculations.
Experimentally, a preference for gauche™ (for 1) and gauche™
(for 2) was inferred. This is in strong contrast with our B3LYP
predictions. The M06-2X results are closer to the experimental
data, although non-negligible differences appear: For 1 the
contribution of gauche” states is underestimated, mainly at the
expense of the gauche™ states, and the discrepancies are even
larger for 2, which is predicted to have a prevalence of trans
states, whereas experimentally a net prevalence of gauche™
states was found. A possible reason for the lack of agreement
between theory and experiment is the fact that calculations were
performed in vacuum, whereas experiments were carried out in
acetone. According to our calculations, the conformers of
phleichrome (2) would have higher dipole moment than those
of cercosporin (1), therefore 2 should be more sensitive to
solvent polarity (acetone has a dielectric constant of about 20 at

room temperature).

HTP predictions by the SC method

Within the SC approach, the HTP of a chiral dopant in a
nematic solvent is proportional to the so-called chirality para-
meter O, which is defined in terms of the helicity of the molec-

ular surface and the orientational order of the dopant [29]. The
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Table 3: Probability of the three conformational states around bonds
C(13)-C(14) and C(16)—C(17) for compounds 1 and 2, as obtained by
our DFT calculations and by NOE experiments [31].

compound method probability
trans gauche* gauche™
1 B3LYP/6-31g(d,p) 0.84 0.14 0.02
1 MO06-2X/6-31+g(d,p) 0.37 0.40 0.23
1 NOE [19] 0.35 0.53 0.15
2 B3LYP/6-31g(d,p) 0.87 0.01 0.12
2 MO06-2X/6-31+g(d,p) 0.42 0.23 0.35
2 NOE [31] 0.34 0.13 0.58

proportionality factor between HTP and O depends on the
macroscopic properties of the host. Therefore, it is the same for
different dopants in the same host; typical values of this factor
are about 2-3 [2].

We calculated the chirality parameter Q of the conformers of 1
and 2, using the molecular geometries obtained by DFT, with
either the B3LYP or the M06-2X functional. The results are
shown in Figure 5, together with the probability distribution of
conformers. We can see in the figure that the side-chain con-
formation can significantly affect the chirality parameter. For
the sake of comparison, we calculated also the chirality para-
meter of the bare cores, obtaining Q = —7-1073 nm? for 1 and
Q0 =+9:1073 nm? for 2. These opposite values are in line with
the fact that the two cores are almost the mirror image of each
other. In fact, we can see in Figure 5 that the same relation
remains for the whole molecules: The Q value predicted for a
given conformer of 1 is close in magnitude to the Q value for
the conformer of 2 that is nearly its mirror image, but opposite
in sign. The magnitude of Q for the cores lies within the values
obtained for the various conformers of the whole molecule:
Depending on their orientation, side chains were found to either
enhance or weaken the twisting ability of the core. The sign of
the chirality parameter Q can be easily explained on the basis of
the chirality and the orientational behavior of the two
perylenequinones. All conformers are predicted to preferen-
tially orient with the normal to the aromatic rings lying perpen-
dicular to the nematic director, and with some preference for
aligning to the director their z axis, whose direction in the mole-
cule slightly depends on the chain conformation (Figure 4).
Thus they convey to the phase the molecular helicity along the
molecular y axis (perpendicular to the aromatic rings), which
is left-handed for cercosporin (1) and right-handed for
phleichrome (2).

It is worth remarking that the results shown in Figure 5 were

obtained for the six structures, differing in the conformation of
the side chains at positions 1 and 12, and all having the
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Figure 5: Chirality parameter Q (diamonds) and probability distribution (bars), calculated for all conformers of 1, on the left, and 2, on the right.
Conformer geometry and energy were obtained by DFT calculations at the B3LYP/6-31g(d,p) (top) and the M06-2X/6-31+g(d,p) level (middle). The
plots on the bottom report the Q values obtained with the geometry calculated at the M06-2X/6-31+g(d,p) level, along with conformer probability distri-
butions inferred from NOE measurements [31]. Stars represent the Q values calculated for the X-ray structures of 1 [26,28]. For ease of comparison,

the values are reported as the negative of Q for 1.

methoxy substituents in the (p,p) state. Explorative calculations,
at the M06-2X/6-31+g(d,p) level, were performed for selected
conformers of 2, with the methoxy substituents in (m,m), (m,p)
and (p,m) states. It was found that the state of the methoxy
groups can affect the relative energy (up to a couple of kJ/mol)
and, to a lesser extent, the Q parameter differences between
conformers; however, it does not dramatically modify the trend
reported in Figure 5 (middle).

We have also shown in Figure 5 (left) the O values calculated
for the available X-ray structures of cercosporin [26,28]. The

differences from the results reported for structures obtained by
DFT, with the same conformation of the side chains, derive
from relatively small changes in the molecular geometry.

Table 4 reports the HTP values measured for 1 and 2, along
with the Q values, calculated for the two compounds by aver-
aging over all conformers (see Experimental). Negative and
positive helical twisting power are predicted for 1 and for 2, res-
pectively, in agreement with experiments. However, the O pa-
rameters do not scale with the measured HTPs: Whereas the
absolute value of the HTP of phleichrome is about four times as
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big as that of cercosporin, the Q value calculated for 2 is
smaller than that of 1. We supposed that the main reason for
these differences could be the unsatisfactory conformer distrib-
utions, which were used to calculate the average chirality pa-
rameters. Thus, on moving from the distributions derived from
B3LYP to those from M06-2X calculations, the ratio between
the absolute values of Q for 1 and 2 decreases, and a further
decrease can be seen when the NOE probabilities are used.
However, this ratio remains far from the experimental value,
due to an overestimate of the magnitude of the chirality para-
meter Q for cercosporin (1).

Table 4: Chirality parameter Q, calculated for compounds 1 and 2 by
averaging over conformers. Conformer geometry and probabilities
obtained by DFT calculations were used, unless otherwise specified. In
the last column the HTPs measured in the nematic phase E7 are
reported.

compound method Q1073 nm?®  HTP/um™’
1 B3LYP/6-31g(d,p) -7
1 MO06-2X/6-31+g(d,p) -15 -12
1 NOE? [31] -19
2 B3LYP/6-31g(d,p) 2
2 MO06-2X/6-31+g(d,p) 11 +54
2 NOE2 [19] 17

aConformer geometries obtained by DFT/M06-2X/6-31+g(d,p) calcula-
tions and distribution derived from NOE experiments.

A possible origin of the lower twisting ability of 1 in compari-
son to 2, found in experiments, could be atropisomerization. As
a consequence of this process, the sample would contain both
cercosporin and its atropisomer. Whereas the former induces a
left-handed twist of the nematic director, the latter, having P
axial chirality, is expected to induce a twist in the opposite
sense, with the net effect of lowering the HTP of this dopant.
Although atropisomerization is known as a very slow process,
our hypothesis is supported by the finding that its rate is signifi-

cantly higher for cercosporin than for phleichrome [31].

Conclusion

We have performed HTP measurements, showing that the
natural products cercosporin (1) and phleichrome (2) induce a
left-handed and right-handed twist of the nematic director, res-
pectively. This is exactly what is expected for molecules with
fused aromatic rings arranged in a helical fashion, having M and
P helicity, respectively. Thus chirality induction in liquid crys-
tals appears to be a suitable technique to determine the axial
configuration of perylenequinones.

The integration of experiments with the results of calculations

at different levels has allowed us to gain an insight into the con-
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formational preferences of the systems under investigation and
into the role of configuration and conformation in determining
their twisting ability. We have evaluated the contribution of
molecular structures, differing in the conformation of the chiral
hydroxyalkyl chains, to the twisting ability of compounds 1 and
2. Comparing the behavior of these molecules to that of their
bare aromatic cores, we have shown that the substituents,
although they do not change the sign of the HTP, affect its

magnitude.

Our study has evidenced the difficulty of obtaining reliable esti-
mates of the conformational distribution of the perilenequinones
by DFT calculations in vacuum and the extreme sensitivity of
the results to the choice of the functional and the basis set. In
particular, the B3LYP/6-31g(d,p) level was found to be fully
inadequate to account for the relative stability of the
conformers. Better results were obtained by using M06-2X, a
recently developed functional that is more suitable for the treat-
ment of dispersion interactions, and by augmenting the basis set
with diffuse functions.

Experimental

Helical twisting power measurement

Cholesteric pitch and handedness were obtained at 7= 298 K
by using the lens version of the Grandjean—Cano method
[38,39]. The commercially available (Merck) nematic solvent
E7 (nematic—isotropic transition temperature 7y ~ 330 K) is
composed of a eutectic mixture of cyanobiphenyl and terphenyl
compounds [30].

DFT calculations

Atomic coordinates and energy of the conformers of 1 and 2
were obtained by geometry optimization in vacuum, by using
DEFT at the B3LYP/6-31g(d,p) [32] and M06-2X/6-31+g(d,p)
levels [33]. In each case, the starting geometry was defined by
suitably adjusting the conformation of the methoxy groups and
of the hydroxyalkyl side chains.

SC calculations
The chirality parameter Q of a given conformer is defined as

0=-+2/3(04Syx +0,,8,, +0..5..)

where §;; is the ith cartesian component of the Saupe ordering
matrix, which specifies the degree of alignment of the ith
molecular axis to the local director, and Q;; quantifies the
helicity of the molecular surface, as viewed along the same axis.
The Saupe matrix § and the surface chirality tensor Q of single
conformers were calculated as explained in [40], giving the
parameter &, which quantifies the orienting strength of the

medium, the value 2.5 nm 2.

161



The molecular surface, needed to calculate the § and Q tensors,
was generated on the basis of atomic coordinates by using the
program MSMS [41]. We assumed the following set of van der
Waals radii: 7= 0.1 nm, rp=0.15 nm and ¢ = 0.185 nm [42],
along with a rolling sphere radius equal to 0.3 nm [40] and a

density of vertices equal to 500 nm™2.

The chirality parameter of a given compound Q, was calculated

as
0= ZngjQ(j)
J

where the sum is over all the conformers and g;, w; are the
degeneracy and the probability of each of them, respectively.
The probability is defined as

—E; /kgT
e i/*s Z;
w. =

J -E, kT
nge m/ B Zm
m

where kp is the Boltzmann constant, T is the temperature, E; is
the potential energy of the jth conformer, obtained by DFT
calculations in vacuum, and Z; is its orientational partition func-
tion. This accounts for the stabilization of the conformer in the
nematic environment and is defined as

-U:(Q)/kgT
Z‘:J'e /(@) dQ
J

where U;(Q) is the orientational potential experienced by a
dopant, in the orientation defined by the Euler angles Q, inside
the liquid-crystal phase [29,40].

Acknowledgements

The authors are grateful to Professor G. Nasini (A. Quilico
CNR Center, Politecnico di Milano) for providing samples of 1
and 2. AF and EF acknowledge financial support from the
University of Padova (ex 60% grants). GPS and SP acknowl-
edge financial support from MIUR through the National Interest
Research Programme (PRIN 2009, grant 2009N5JH4F_002
“Stimuli responsive liquid crystalline phases and supra-
molecular systems”). Computational resources and assistance
were provided by the “Laboratorio Interdipartimentale di
Chimica Computazionale” (LICC) at the Dipartimento di

Scienze Chimiche of the University of Padova.

References

1. Friedel, M. G. Ann. Phys. 1922, 18, 273-474.

2. Pieraccini, S.; Ferrarini, A.; Spada, G. P. Chirality 2008, 20, 749-759.
doi:10.1002/chir.20482

3. Pieraccini, S.; Masiero, S.; Ferrarini, A.; Spada, G. P. Chem. Soc. Rev.
2011, 40, 258-271. doi:10.1039/b924962c

Beilstein J. Org. Chem. 2012, 8, 155-163.

4. Eelkema, R.; Feringa, B. L. Org. Biomol. Chem. 2006, 4, 3729-3745.
doi:10.1039/b608749¢c

5. Spada, G. P.; Proni, G. Enantiomer 1998, 3, 301-314.

6. Gottarelli, G.; Spada, G. P. Top. Stereochem. 2003, 24, 425-455.
doi:10.1002/0471471895.ch7

7. Furuno, Y.; Sato, H.; Yoshida, J.; Hoshino, N.; Fukuda, Y.;
Yamagishi, A. J. Phys. Chem. B 2007, 111, 521-526.
doi:10.1021/jp065586b

8. Yoshizawa, A.; Kobayashi, K.; Sato, M. Chem. Commun. 2007,
257-259. doi:10.1039/b611538a

9. Thompson, M. P.; Lemieux, R. P. J. Mater. Chem. 2007, 17,
5068-5076. doi:10.1039/b712253e

10.Goh, M.; Akagi, K. Liq. Cryst. 2008, 35, 953—-965.
doi:10.1080/02678290802305098

11.Raynes, P.; Cowling, S. J.; Goodby, J. W. Anal. Methods 2009, 1,
88-92. doi:10.1039/b9ay00126¢

12. Gottarelli, G.; Samori, B.; Marzocchi, S.; Stremmenos, C.
Tetrahedron Lett. 1975, 16, 1981-1984.
doi:10.1016/S0040-4039(00)72340-9

13.Eelkema, R.; Feringa, B. L. Org. Lett. 2006, 8, 1331-1334.
doi:10.1021/0l060076I

14.Eelkema, R.; Feringa, B. L. J. Am. Chem. Soc. 2005, 127,
13480-13481. doi:10.1021/ja054352n

15.Rinaldi, P. L.; Wilk, M. J. Org. Chem. 1983, 48, 2141-2146.
doi:10.1021/j0o00161a005

16.van Delden, R. A.; Feringa, B. L. Chem. Commun. 2002, 174-175.
doi:10.1039/b110721f

17.van Delden, R. A.; Feringa, B. L. Angew. Chem., Int. Ed. 2001, 40,
3198-3200.
doi:10.1002/1521-3773(20010903)40:17<3198::AID-ANIE3198>3.0.CO
:2-

18.Rosini, C.; Spada, G. P.; Proni, G.; Masiero, S.; Scamuzzi, S.
J. Am. Chem. Soc. 1997, 119, 506-512. doi:10.1021/ja962445m

19. Superchi, S.; Donnoli, M. I.; Proni, G.; Spada, G. P.; Rosini, C.
J. Org. Chem. 1999, 64, 4762—-4767. doi:10.1021/jo990038y

20. Gottarelli, G.; Hibert, M.; Samori, B.; Solladié, G.; Spada, G. P.;

Zimmermann, R. J. Am. Chem. Soc. 1983, 105, 7318-7321.

doi:10.1021/ja00363a019

. Gottarelli, G.; Proni, G.; Spada, G. P.; Fabbri, D.; Gladiali, S.; Rosini, C.

J. Org. Chem. 1996, 61, 2013-2019. doi:10.1021/jo951823n

22.Ferrarini, A.; Gottarelli, G.; Nordio, P. L.; Spada, G. P.
J. Chem. Soc., Perkin Trans. 2 1999, 411-418. doi:10.1039/a809593k

23. Pieraccini, S.; Donnoli, M. |.; Ferrarini, A.; Gottarelli, G.; Licini, G.;
Rosini, C.; Superchi, S.; Spada, G. P. J. Org. Chem. 2003, 68,
519-526. doi:10.1021/j0020427]

24.Ferrarini, A.; Pieraccini, S.; Masiero, S.; Spada, G. P.
Beilstein J. Org. Chem. 2009, 5, No. 50. doi:10.3762/bjoc.5.50

25. Weiss, U.; Merlini, L.; Nasini, G. Prog. Chem. Org. Nat. Prod. 1987, 52,
1-71.

26. Nasini, G.; Merlini, L.; Andreetti, G. D.; Bocelli, G.; Sgarabotto, P.
Tetrahedron 1982, 38, 2787-2796. doi:10.1016/0040-4020(82)85005-9

27.Arnone, A.; Camarda, L.; Nasini, G.; Merlini, L.
J. Chem. Soc., Perkin Trans. 1 1985, 1387—1392.
doi:10.1039/P19850001387

28.Mentzafos, D.; Terzis, A.; Philippakis, S. E. Cryst. Struct. Commun.
1982, 11, 71-74.

29. Ferrarini, A.; Moro, G. J.; Nordio, P. L. Phys. Rev. E 1996, 53,
681-688. doi:10.1103/PhysRevE.53.681

30.Raynes, E. P.; Tough, R. J. A,; Davies, K. A. Mol. Cryst. Liq. Cryst.
1979, 56, 63—68. doi:10.1080/01406567908071968

2

=

162


http://dx.doi.org/10.1002%2Fchir.20482
http://dx.doi.org/10.1039%2Fb924962c
http://dx.doi.org/10.1039%2Fb608749c
http://dx.doi.org/10.1002%2F0471471895.ch7
http://dx.doi.org/10.1021%2Fjp065586b
http://dx.doi.org/10.1039%2Fb611538a
http://dx.doi.org/10.1039%2Fb712253e
http://dx.doi.org/10.1080%2F02678290802305098
http://dx.doi.org/10.1039%2Fb9ay00126c
http://dx.doi.org/10.1016%2FS0040-4039%2800%2972340-9
http://dx.doi.org/10.1021%2Fol060076l
http://dx.doi.org/10.1021%2Fja054352n
http://dx.doi.org/10.1021%2Fjo00161a005
http://dx.doi.org/10.1039%2Fb110721f
http://dx.doi.org/10.1002%2F1521-3773%2820010903%2940%3A17%3C3198%3A%3AAID-ANIE3198%3E3.0.CO%3B2-I
http://dx.doi.org/10.1002%2F1521-3773%2820010903%2940%3A17%3C3198%3A%3AAID-ANIE3198%3E3.0.CO%3B2-I
http://dx.doi.org/10.1021%2Fja962445m
http://dx.doi.org/10.1021%2Fjo990038y
http://dx.doi.org/10.1021%2Fja00363a019
http://dx.doi.org/10.1021%2Fjo951823n
http://dx.doi.org/10.1039%2Fa809593k
http://dx.doi.org/10.1021%2Fjo020427j
http://dx.doi.org/10.3762%2Fbjoc.5.50
http://dx.doi.org/10.1016%2F0040-4020%2882%2985005-9
http://dx.doi.org/10.1039%2FP19850001387
http://dx.doi.org/10.1103%2FPhysRevE.53.681
http://dx.doi.org/10.1080%2F01406567908071968

3

32.

33.

34.

35.

36.

37.

38.
39.

40.

4

=

RN

.Scaglioni, L.; Mazzini, S.; Mondelli, R.; Merlini, L.; Ragg, E.; Nasini, G.
J. Chem. Soc., Perkin Trans. 2 2001, 2276-2286.
doi:10.1039/b107071¢c

Gaussian 03, Revision C.02; Gaussian, Inc.: Wallingford CT, 2004.
Gaussian 09, Revision A.1; Gaussian Inc.: Wallingford CT, 2009.
Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652.
doi:10.1063/1.464913

Zhao, Y.; Truhlar, D. G. Theor. Chem. Acc. 2008, 120, 215-241.
doi:10.1007/s00214-007-0310-x

Bossa, M.; Morpurgo, S.; Stranges, S. J. Mol. Struct. Theochem. 2002,
618, 155—-164. doi:10.1016/S0166-1280(02)00469-4

EtzIstorfer, C.; Falk, H.; Mdller, N. Monatsh. Chem. 1993, 124,
431-439. doi:10.1007/BF00814139

Heppke, G.; Oestreicher, F. Z. Naturforsch., A 1977, 32, 899-901.
Gottarelli, G.; Samori, B.; Stremmenos, C.; Torre, G. Tetrahedron
1981, 37, 395-399. doi:10.1016/S0040-4020(01)92027-7

Ferrarini, A. Liq. Cryst. 1999, 26, 201-210.
doi:10.1080/026782999205335

.Sanner, M. F.; Olson, A. J.; Spehner, J. C. Biopolymers 1996, 38,
305-320.
doi:10.1002/(SICI)1097-0282(199603)38:3<305::AID-BIP4>3.0.CO;2-Y

42.Bondi, A. J. Phys. Chem. 1964, 68, 441-451. doi:10.1021/j100785a001

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
d0i:10.3762/bjoc.8.16

Beilstein J. Org. Chem. 2012, 8, 155-163.

163


http://dx.doi.org/10.1039%2Fb107071c
http://dx.doi.org/10.1063%2F1.464913
http://dx.doi.org/10.1007%2Fs00214-007-0310-x
http://dx.doi.org/10.1016%2FS0166-1280%2802%2900469-4
http://dx.doi.org/10.1007%2FBF00814139
http://dx.doi.org/10.1016%2FS0040-4020%2801%2992027-7
http://dx.doi.org/10.1080%2F026782999205335
http://dx.doi.org/10.1002%2F%28SICI%291097-0282%28199603%2938%3A3%3C305%3A%3AAID-BIP4%3E3.0.CO%3B2-Y
http://dx.doi.org/10.1021%2Fj100785a001
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.8.16

	Abstract
	Introduction
	Results and Discussion
	HTP measurement
	Conformational analysis by DFT
	HTP predictions by the SC method

	Conclusion
	Experimental
	Helical twisting power measurement
	DFT calculations
	SC calculations


	Acknowledgements
	References

