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Chiral recognition in noncovalent bonding interactions between helicenes:
right-handed helix favors right-handed helix over left-handed helix
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Our studies of helicenes are summarized in regard to chiral recognition phenomenon in noncovalent
bonding interactions. The interactions between helical molecules show a tendency for pairs of the same
configuration of the helicenes to form more stable complexes than pairs of enantiomeric helicenes. The
observations are made in charge transfer complexation, crystallization, homocoupling reaction, layer

structure formation, self-aggregation, and double helix formation. The interactions between a helicene
and a right-handed helical polymer, double strand DNA, are also described.

Introduction

Chirality is an important concept in organic chemistry: Any
molecule that is not superimposable on its mirror image is
chiral, and possesses two stereoisomers, called enantiomers, with
very similar but different properties. Organic molecules having
carbon atoms with four nonidentical ligands (central chirality)
represent the largest class of chiral molecules. As exemplified by
substituted allenes and biaryls, molecules having axis chirality
are another important class. According to the Cahn-Ingold-
Prelog convention, R and S are assigned to each chiral center.
The stereochemical properties of organic molecules with central
chirality or axis chirality have extensively been studied.
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Molecules with helical structures are also chiral; in these
molecules the structure is based on the advance of a continuous
curve that winds round a central axis. Natural polymers such as
DNA, RNA, proteins, and sugars are known as well as certain
synthetic polymers.! Chiral structures with right-handed or left-
handed helicity are named the P and M-configuration, respec-
tively. In relation to the studies on such helical polymers, studies
on low molecular weight compounds with helical structures are
also interesting. We considered that organic molecules with P/ M
chirality could be as important as those with R/ .S chirality (central
or axis chirality), and started studies on P/M chiral molecular
systems of low molecular weight compounds.

Helicenes are a group of ortho-condensed polycyclic aromatic
compounds possessing a nonplanar helical m-electron system.
Because of the severe steric repulsions between their terminal
groups, the aromatic compounds form strained structures, and
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therefore possess chiral helical structures with either right-handed
or left-handed helicity. The chirality of helicene was discovered
by Newman et al. in the 1950s,** and a variety of derivatives
have been prepared.*® Their properties,” however, have not
been well investigated except for the work by Katz et al. on
metal complexation,® aggregation,” and asymmetric catalysis.!
In 1996, we started a project to explore the chemistry of a
helicene, 1,12-dimethylbenzo[c]phenanthrene,!* the chirality of
which was previously noted by Newman et a/. This is one of
the configurationally stable helicenes possessing the least number
of benzene rings, and does not racemize below 200 °C.* We
developed a method to prepare the optically pure dicarboxylic
acid 1 in multigram quantities (Scheme 1),''? synthesized various
derivatives containing the helicene, and examined their chemical
and physical properties.
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During our studies, the noncovalent bond interactions between
helicenes were found to play important roles in their properties.
Spectroscopic analyses, X-ray analyses, and calculations indicated
the face-to-face orientation of helicenes in such interactions, the
origin of which was ascribed to m—7m interactions. It appears
to us that nonplanar n—7 interactions of helicenes are stronger
than those of planar m-systems. Chiral recognition in interactions
between helicenes therefore has become a subject of interest
raising a question: which interactions are more favorable right-
handed/right-handed helix or right-handed/left-handed helix
(Scheme 2). It turned out that pairs of the same configuration of
helicenes form more stable complexes in the P/ M chiral molecular
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systems, a property not observed in the R/S chiral molecular
systems. Summarized in this review are the results of our studies
on this subject.

1. Charge transfer (CT) complexation

Charge transfer (CT) complexation is a noncovalent bond inter-
action observed between an electron-rich n-compound (donor)
and an electron-deficient n-compound (acceptor). When a chiral
donor and an acceptor are employed, a difference in affinity
in CT complexation appears between the stereoisomers. Chiral
recognition in the complexation of a helicene and compounds with
central chirality was examined in relation to the development of
chromatographic resolution of racemic compounds.*"* However,
the interactions between chiral helicenes were not reported.

Electron-deficient 2,4,9,11-tetranitrohelicenes (P)-2 and (M)-
2 were synthesized by the tetranitration of the corresponding
helicene-5,8-dinitriles,’ which were obtained from (P)-1 and
(M)-1, respectively (Scheme 3)." The electron-rich (M)-5,8-
diaminohelicene (M)-3 was prepared from (M)-1 in two steps
including the Curtius rearrangement. The helicenes 2 and 3 form
a CT complex in THF, as indicated by the CT absorption band
at 500-800 nm."® The 'H-NMR (THF-d;, 24 °C) signals due
to the 6-H of (P)-2 and (M)-2 shifted to higher magnetic fields
upon the addition of (M)-3, and the curve fitting assuming 1 : 1
complexation provided the binding constants K; complex of (M)-
2 and (M)-3, 12.2 M™'; complex of (P)-2 and (M)-3, 10.2 M.
The results showed that the same configuration of the helicenes
formed the more stable CT complex than that of the enantiomeric
helicenes. An NOE was observed between the 3-H of (P)-2 and
the 3-H of (P)-3, which suggested a face-to-face structure with a
syn-conformation of the CT complex. The syn-configuration was
defined in this study as the face-to-face structure with the same
direction of the 1,12-dimethyl groups and the anti-configuration
with the opposite direction. Next our interest was directed to the
generality of the phenomenon that the same configuration of the
helicenes form a more stable complex.
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2. Crystallization

The crystallization of molecules from solution involves a molec-
ular recognition phenomenon. Molecules exit from solution to a
cleft on the bulk solid in such a way that the resulting crystals
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have dense packing. In the crystallization of racemic compounds,
enantiomeric compounds compete in crystallization, and chiral
recognition phenomenon is observed. If a helicene derivative
crystallizes in the face-to-face arrangement, a columnar structure
results possessing a layered structure with the combination of
either P/P helicene or P/M helicene. It may reasonably be
concluded that, in the former case, a helicene attaches to a helicene
of the same configuration and in the latter that of an antipode.

The helicenediamine dihydrochloride (+)-4 crystallized in a
columnar structure with a syn-configuration of the helicene, and
(M)-4 and (P)-4 formed separate columns with the B-rings stacked
on each other (Scheme 4).'* Tt should be the result of the
chiral recognition during crystallization that the helicene molecule
favored the helicenes of the same configuration. Other groups have
obtained analogous results in X-ray studies of racemic helicenes.'
Thus, the chiral recognition phenomenon noted above is a general
trend in crystallization.
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A related phenomenon was observed in CT crystals of the
racemic helicene 2 and pyrene.”®® The compound (P)-2 forms
a CT complex with pyrene in organic solvents, as indicated by
the CT band by UV-VIS at ca. 500 nm. The '"H-NMR (THF-dj,
24 °C) peaks of (P)-2 at methyl and aromatic protons shifted to
a higher field upon addition of pyrene. Complexation ina 1 : 1
ratio was confirmed by the Job plots, and a binding constant K =
2.0 M~ was obtained. The X-ray analysis of the CT complexes of
(£)-2 and pyrene indicated the formation of columnar structures
with alternating pyrene and 2: separate (P)-2-pyrene and (M)-
2.pyrene columns were formed (Scheme 5). One-pitch of the
column contained four molecules each of 2 and pyrene, and a
molecule of 2 was sandwiched between two pyrenes at the BC rings.
The formation of a column containing the same configuration of
2 should be the result of the chiral recognition between helicenes
during crystal formation: A molecule of (P)-2 in solution favored
interaction with a pyrene molecule upon (P)-2 rather than that
upon (M)-2. Related phenomena were observed for other CT
crystals."”

3. Homocoupling reaction

One of our approaches to study the helicene is to regard it
as a chiral equivalent of meta-phenylene or 2,7-naphthylene
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(Scheme 6). The substitution of the benzene or naphthalene moiety
with chiral helicene converts achiral aromatic compounds to chiral
compounds without markedly changing the structures of the
molecules. Since many functionally interesting compounds possess
such partial structures, we considered that manipulation would
provide novel chiral aromatic compounds with properties different
from those of the original achiral compounds.’® In addition, if the
original compound possesses more than one meta-phenylene moi-
ety, the manipulation provides a number of stereoisomers, which
can be used to fine-tune or improve the properties. Bihelicenols 6
are the compounds obtained by this manipulation of binaphthol 5,
which is widely used as a chiral ligand in asymmetric synthesis."
Thus it was considered interesting to compare stereoselectivity
between 6 with 5 in asymmetric synthesis. Six stereoisomers,
(P,P,R)-6, (P,P,S)-6, (P,M)-6, and antipodes, are available for
6, and the comparison of the stereoisomers is another subject of
interest.?
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The homocoupling reaction of racemic helicene derivatives
provides an opportunity to study chiral recognition phenomena.
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The reaction can provide racemic (P*,P*)-compounds and
(P*,M*)-compounds, and the former is formed by the coupling
between the same enantiomers and the latter the antipodes. The
ratio of (P*,P*)-compounds and (P*,M*)-compounds obtained
in the homocoupling reaction provides information on the chiral
recognition at the transition state.

Bihelicenols (P,M,R)-6 and (P,M,S)-6 were synthesized by the
coupling of helicenol (P)-7 and (M)-7 (Scheme 7). When racemic
helicenol (£)-7 was treated with oxygen in the presence of a copper
catalyst, racemic (P*,P*,7)-8 and (P*,M*,E)-8 were obtained in
60% and 30% yield, respectively. (P*,M*,E)-8 was then converted
to (P*,M*)-6, which was resolved by a diastereomer method giving
(P,M,R)-6 and (P,M,S)-6. The chiral recognition observed in
oxidative coupling is that (P)-7 favored (P)-7 as the coupling
counterpart rather than (M)-7. The results show that the same
configuration of the helicenes are favored in this homocoupling
reaction of a racemic helicene.
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Scheme 7

Bihelicenols (M,M,R)-6 and (M,M,S)-6 were prepared by the
oxidative coupling of the optically pure helicenol (M)-7. When
(M)-7 was treated with oxygen in the presence of a copper catalyst,
an olefin dimer (M,M,Z)-8 was obtained. The hydrogenation of
(M,M,Z)-8 led to the formation of (M,M,R)-6, and heating in
toluene caused epimerization to give a mixture with (M, M,S)-6,
which was separated by chromatography.

The asymmetric reactions using bihelicenol ligands were af-
fected by axis chirality as well as by helical chirality*® An
example is the hydrogenation reaction using bihelicenol /-menthyl
phosphite ligand (M, M,S,[)-9 (Scheme 8). In the presence of a
catalyst formed from [Rh(cod),]BF, (cod = 1,5-cyclooctadiene)
(1 mol%) and (M,M,S,])-9 (3 mol%), dimethyl itaconate was
treated with 90 atm hydrogen giving methyl succinate (5)-10 in
90% ee. Switching the ligand to (M,M,S,d)-9 gave (S)-10 in

Rh cat

.
Me0C COMe

(M,M,S,)-8 90%ee (S)-10
(MM, S,c)-8 85%ee (S)-10
(M.M,A,)-8 10%ee (F)-10

Scheme 8

85% ee indicating that (M, M,S)-bihelicenyl moiety is decisive for
stereoselectivity, and that the chirality of menthol is unimportant.
In contrast, (R)-10 was obtained in less than 10% ee, when
(M, M ,R,[)-9 was used. The combination of (M)-helicene and the
(S)-axis of 9 represents a matched pair for this reaction. Helicity
is important in the asymmetric induction, and the axis chirality is
not the only factor that controls the asymmetric induction of the
bihelicenol ligand.

4. Layer structure formation of helicenediamine
oligomers in water

In water, hydrophobic groups aggregate by expulsion of water
molecules from the hydration shell (hydrophobic interactions).
Since the polycyclic aromatic part of helicene is hydrophobic,
water-soluble helicenes possessing polar substituents form a folded
structure in water. It was considered interesting to study chiral
recognition in intramolecular folding by comparing the structures
of compounds possessing two helicene parts. The helicenediamine
dimer 11, containing two helicene moieties, was selected for this
purpose. The amine moieties are protonated in neutral water
providing polar and water soluble substances, and 11 is expected
to take a folded structure with a face-to-face orientation at the
helicene moiety (Scheme 9).

> anti

Scheme 9

The dimers (M,M)-11 and (P,M)-11 were synthesized by
the reductive amination of the corresponding N-monoprotected
helicenediamine 12 and N-protected aminohelicenaldehyde 13.'*
Both (M,M)-11 and (P,M)-11 formed folded structures in water,
while they possessed a random-coil structure in organic solvents.
The aromatic 'H-NMR protons of (M,M)-11 in CD;O0D appeared
at > 0 7.4, and all shifted to a high field in D,O. In particular,
two singlet protons of (M,M)-11 at 6-H and 7-H shifted by
more than 1 ppm. The "H-NMR (D,0O) spectra are concentration
independent between 0.1 mM and 5 mM indicating the intramolec-
ular nature of the phenomenon. The hypochromism exhibited in
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UV, CD, and fluorescence spectra of 11 when the solvent was
changed from methanol to water, suggested the formation of a
layered structure in water. Solvophobic and n—n interactions are
considered to play important roles in this folding.

When the UV absorption coefficients ¢ at 290 nm of the
isomeric (M,M)-11 and (P,M)-11 were plotted against the solvent
composition of water and methanol at 25 °C, sigmoidal curves
were obtained. The free energy difference AG in water between the
folded structure and the unfolded structure was calculated: AG =
—1.7 keal mol™" for (M,M)-11; AG = —1.4 kcal mol™' for (P,M)-
11. The results indicated that 11 with the same configuration of
helicenes formed a more stable folded structure than that with the
enantiomeric helicenes.

The structures of (M,M)-11 and (P,M)-11 in water were
obtained by Amber calculations. Both isomers stack at the B
ring of the helicene moiety, and the structures are consistent
with the high field shifts of 11 at 6-H and 7-H on folding.
The syn-conformation was obtained for (M,M)-11 and the anti-
configuration for (P,M)-11. The calculations also indicate the
higher stability of the folded structure of (M, M)-11 over (P,M)-11
by 1.7 kcal mol~', which is in fair agreement with 0.3 kcal mol™!
obtained by the experiments.

Higher oligoamines up to hexamer (P,P,P)-14, (P,P,P,P)-15
(P,P,P,P,P)-16, and (P,P,P,P,P,P)-17 were synthesized by a two-
directional method,"¥ which involved the reductive amination
of a diamine 18 with 2 equivalents of (P)-13. The oligomers
formed multilayer structures in water-methanol, and random coil
structures in methanol (Scheme 10). The UV, CD, and fluorescence
spectroscopies in water—-methanol suggested the formation of a 1t-
stacked structure of the aromatic moieties. The aromatic'H NMR
protons of (P,P,P)-14, particularly the three singlet signals 6-H',
7-H' and 6-H", shifted upfield in D,O-CD;0D (4 : 1) compared

(P,PP)-14 (n = 1)
(P.P.P,P)-15 (n = 2)
(P,P,P,P,P)-18 (n = 3)
(P,P,P,P,P,P}-17 (n = 4)

(P.P,P,P)-16

(P.,P,P,P,P)17

Scheme 10

with those in CD;OD. H' and H" indicate the protons of the
terminal (first) helicene I and the internal (second) helicene II
of (P,P,P)-14. The ROESY examinations revealed that (P,P,P)-
14 had a triple-layer structure stacked at the BC ring of the
helicene moiety with a syn-conformation. The tetramer (P, P,P,P)-
15, pentamer (P,P,P,P,P)-16, and hexamer (P,P,P,P,P,P)-17 also
possess analogous multilayer structures.

In order to know the effect of helicene stereochemistry on folded
structure, a diastereomer (P, M, P)-14 was compared with (P, P,P)-
14. In contrast to the dimer 11, appreciable difference was not
observed in thermodynamic stability between the diastereomers.
However, the folded structures differed as indicated by NMR:
a ROESY correlation was observed between 6-H'/7-H' and 1-
CH,"/12-CH;"™ in (P,M,P)-14. The observations were reasonably
explained to be related to the anti-conformation of the helicene I
and helicene II of (P,M,P)-14. The chirality at the helicene moiety
considerably affects multilayer structures.

5. Self-aggregation of [3 + 3]cycloalkynes

Cyclic aromatic compounds such as porphyrin,®* phthalocy-
anine,**! and oligoacetylenes®* are known to form face-to-face
aggregates in solution and in the solid state, which are explained
by n—r interactions, the interactions between 7 electron systems.
Helicenes turned out to be a notable group exhibiting such
intermolecular forces, and we propose that nonplanar n-systems
of helicenes can exert stronger m—7 interactions compared with
planar m-systems. Although its mechanism is not still clear, this
phenomenon provides another opportunity to examine the chiral
recognition of helicenes.

The achiral cyclic hexamer 19,2 which was known to form ag-
gregates in solution, was converted to chiral [3 + 3]cycloalkynes 20
by substituting three of the m-phenylene moieties with a helicene
(Scheme 11)."® The aggregate formation of 19 in solution was
compared with that of four stereoisomers (P,P,P)-20, (M, M ,M)-
20, (P,M,P)-20, and (M ,P,M)-20, which was considerably affected
by the stereochemistry of the helicene moiety.

OTf

Scheme 11

Compound (M,M,M)-20 was synthesized by the Sonogashira
coupling of dialkyne (M)-21 and a building block (A)-22 followed
by the cyclization with m-diiodobenzene."”®™ The CD spectra of
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(M ,M,M)-20 in chloroform showed changes at 1 x 1073 M,
when the concentration was increased. Vapor pressure osmometry
(VPO) revealed dimer formation at a concentration higher than
2 x 107> M, while monomeric formation occurred below this
concentration. Higher aggregation was not observed at the
higher concentrations. The aggregate formation of (M,M,M)-20
appears to be stronger than for 19, since 19 aggregated only at
higher concentrations.”® The 'H-NMR (CDCl;) chemical shifts of
(M, M ,M)-20 change at concentrations between 1 x 107 to 1 x
102 M, being consistent with the above observations. Larger shifts
were observed at the 3-H, 4-H, and 6-H of the helicene moiety as
well as at aromatic protons of the spacer moiety, which suggested a
face-to-face orientation. Another interesting feature of (M,M,M)-
20 is dimer formation without forming higher aggregates, which
is contrasted to 19 which forms higher aggregates with increasing
concentration.”® The helicene moiety of (M,M,M)-20 plays an
important role in the selective dimerization: calculation indicated
the fitting of m-phenylene to the grove of the helicene (Scheme 12).

(MMM-20/(P,P,P)-20

(M,P,M-20/(P,M.P)-20

Scheme 12

Three other sterecoisomers (P,P,P)-20, (P,M,P)-20, and
(M,P,M)-20 were also synthesized by the same method, and
racemic (M* M* M*)-20 and (M*,P* M*)-20 were prepared by
mixing equal amounts of the enantiomers. The VPO studies
indicated that the dimerization of the diastereomeric 20 occurred
at above a certain concentration in chloroform without forming
higher aggregates. The compound (M, P,M)-20 aggregates at 1.5 x
10=2 M, which was the concentrations higher than (M,M,M)-20.
Racemic (M*,M* ,M*)-20 formed dimer above 2.0 x 107> M and
racemic (M*,P*,M*)-20 above 3.0 x 10~ M, which were higher
than (M,M,M)-20 and (M,P,M)-20, respectively. The results
reflected the stronger homoaggregation than the heteroaggrega-
tion: (M, M ,M)-20—(M ,M ,M)-20 complexation is stronger than
(M,M,M)-20—~(P,P,P)-20; (M,P,M)-20—(M,P,M)-20 complexa-

tion is stronger than (M,P,M)-20—(P,M,P)-20. The magnitude
of the complex formation between isomeric 20 therefore is
summarized as follows: (M, M ,M)-20—(M ,M ,M)-20 > (M ,P,M)-
20-(M,P,M)-20 > (M,M,M)-20—(P,P,P)-20 > (M,P,M)-20—
(P,M ,P)-20. Chiral recognition by helicene occurred in the self-
aggregation of 20 in organic solvents, and a pair of the same
configuration of the helicene formed more stable complexes.

6. Double helix formation of oligo(ethynyl-helicene)s

A double helix is an interesting molecular structure comprising
two linear molecules, and possesses three-dimensional structural
variations in terms of diameter, length, pitch, and chirality, in
addition to the one-dimensional arrangement of atoms.*** The
structure is formed by several noncovalent bond interactions such
as hydrogen bonding, electrostatic interactions, van der Waals
interactions, charge transfer interactions, m—m interactions, and
CH-r interactions, both in the intramolecular and intermolecular
modes. Another notable feature is its potential to reversibly change
the structure in response to changes in the environment, and the
diversity of the structural features of a double helix makes its
structural change extremely interesting. DNA offers an excellent
example of a structural change between a double helix and a
random coil. However, little was known about the structural
change of a synthetic double helix until recently.” It was found
in our study that acyclic ethynylhelicene oligomers form a double
helix and a random-coil in solution.'®

A series of acyclic ethynylhelicene oligomers from dimer (P,P)-
23 to nonamer (P,P,P,P,P,P,P,P,P)-30 possessing two to nine
helicenes were synthesized by a two-directional method from
(P)-22 (Scheme 13). The CD (CHCL;, 25 °C, 5 x 10 M)

Me,Si”

COzn-C1oHz1

3000
pAYZ30=0) !
P.P.P)y24(n=1) 2000 -
(P.P.P.P}25 (n=2) i
zF‘,P,P,P,F’}ZB (n=3) R0
P.P.P.P.P.P)-27 (n=4) v ol
(P.PP.P.P.P.P)}28 (n=5) A
(PPP.PPPPPI29(N=6) 100 |
PPPPPPPPP0(n=7) ° W‘—
-2000 1 1 n 1

300 350 400 450
‘Wavelength (nm)
Fig. 1 CD spectra (CHCl3, 25 °C, 1x10°®
10 3x10°° M) of (P.P)-23 to
(P.P.P.P.P.PPPP)-30.

2 (P,P,P,P,PP,P)-28

Scheme 13
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spectra of (P,P)-23 to (P,P,P,P,P,P)-27 possessing less than
seven helicenes showed a monotonic increase in A¢ in accordance
with the number of helicenes. In contrast, the CD spectra
of higher homologs (P,P,P,P,P,P,P)-28, (P,P,P,P,P,P,P,P)-29,
and (P,P,P,P,P,P,P,P,P)-30 possessing more than six helicenes
markedly changed: An extremely large A¢ with an inverted sign of
the Cotton effect was observed between 300 and 400 nm. This was
ascribed to the formation of highly ordered structures of higher
oligomers, most probably helical structures. The vapor pressure os-
mometry (VPO) analysis indicated the heptamer (P,P,P,P,P,P,P)-
28 to possess a dimeric structure or a double helix. The nonplanar
n-7 interactions between helicenes are considered important for
ordered structure formation.

In chloroform (5 x 107 M), the Cotton effect of
(P,P,P,P,P,P,P)-28 gradually decreased at 25 °C, and a steady
state was reached after 24 h. The resulting CD spectrum was
similar to those of (P,P)-23 to (P,P,P,P,P,P)-27 except in terms of
intensity. These observations were explained by the slow transition
of the double helix of (P,P,P,P,P,P,P)-28 to a random coil. The
helix—coil transition examined in several substituted benzenes
revealed a large solvent dependence.’® When (P,P,P,P,P,P,P)-28
was dissolved in iodobenzene at 25 °C (5 x 10~ M), the unfolding
was completed within 1 min, and low temperature experiments
and the Arrhenius plots provided a rate constant at 25 °C, k =
28 min~!. The unfolding in trifluoromethylbenzene was extremely
slow, and provided a rate constant at 25 °C, k < 10~ min~'. The
type of benzene substituent changed the rate constants k by 7
orders of magnitude (Table 1). Such a large aromatic solvent effect
in the chemical reaction was not known before.

The value of log k exhibited a good correlation with the absolute
hardness 7,2 which was obtained by Pearson employing ionization
potential and electron affinity. The rate constant k decreased with
an increase in the # of the solvents, which suggested the soft
nature of nonplanar m-n interactions of helicenes (Scheme 14).
The HSAB principle was found to be related to n—m interactions.'®

Folding of (P,P,P,P,P,P,P)-28 from a random coil to a double
helix, however, was not observed in chloroform at 5 x 107 M,
and the helix dimer was regenerated only when the solution was
concentrated to a small volume.”® The folding, a bimolecular
reaction, should be accelerated at higher concentrations without

Table 1 Rate constant k for unfolding of double helix (P,P,P,P,P,P,P)-
28 (25°C, 5 x 107* M) obtained by CD

Solvent k/min™!
Todobenzene 28

Styrene 9.3
Thioanisole 4.6
Bromobenzene 2.9
Benzonitrile 1.3
Anisole 9.0 x 107!
Chlorobenzene 5.1 x 107!
Phenylacetylene 9.3 x 1072
Ethylbenzene 9.2 x 1072
Ethyl benzoate 7.1 x 1072
Toluene 1.9 x 1072
Chloroform 5.7 x 1073
Pyridine 4.1 x 1073
Benzene 3.6 x 10
Fluorobenzene 5.6 x 107°
m-Difluorobenzene 5.8 x 10~°
Trifluoromethylbenzene <10~

soft arenes
X =1, CH=CHj,, SCHy

helix formation by nonplanar z—x interactions

Scheme 14

considerably affecting the unfolding process, a monomolecular
reaction. Accordingly, the thermal switching of (P,P,P,P,P,P,P)-
28 between a double helix and random coil monomers proceeded
at a higher concentration 1 x 10~ M. The process being highly
reproducible exhibited an extremely large change in the intensity
of the Cotton effect (Fig. 2). Moreover, various patterns of Ae—
time profiles were obtained as output against thermal input using
(P,P,P,P,P,P,P)-28 depending on changes in concentration, tem-
perature, and solvent type. The diversity reflects the difference of
thermodynamic stability and kinetic of the folding and unfolding
processes.'®

2500

F ——55°C
2000 b ——10°C
1500

Ag 1000 |
500 [

o

-500

Time (h)

Fig. 1 Ac¢-time profiles of (P,P,P,P,P,P,P)-28 in toluene at 1 mM,
0.5 mM, 0.25 mM for repeating cycles of heating at 55 °C and cooling
10 °C every 30 min.

The effect of the stereochemistry at the helicene moiety
was examined by comparing the double helix formation of
(P,P,P,P,P,P,P)-28 with diastereomers (M,P,P,P,P,P,M)-28 and
(P,M,P,P,P,M,P)-282 When (P,M,P,P,P,M,P)-28 was dis-
solved in chloroform (25 °C, 5 x 10=* M), CD exhibited the
formation of random-coil structure with no symptoms of helix
formation. The dissolution of (M,P,P,P,P,P,M)-28 in chloroform
showed a rapid decrease in A¢ at nm, and unfolding was completed
within 30 min. The rates were much faster than (P,P,P,P,P,P,P)-
28, unfolding of which required about 24 h under the same
conditions. Thus, the double helix stability of the stereoisomers
is as follows: (P,P,P,P,P,P,P)-28 > (M,P,P,P,P,P,M)-28 >
(P,M,P,P,P,M,P)-28 (Scheme 15). The results indicate that the
same configuration of helicenes form more stable complexes in
the double helix formation.
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Scheme 15 Stability of double helix.

7. Binding of helicene and double strand DNA

As noted in the previous section, a double helix structure is
constructed by a number of intermolecular and intramolecular
interactions, and possesses a diversity of three-dimensional struc-
tural variations. That the double helical oligomers or polymers are
able to form right-handed and left-handed helices led us to study
their interactions with low molecular weight helical compounds,
helicenes. Double strand DNA is one of the most well known
double helical molecules, and the binding of helicene was not
studied before.® An interesting subject is which enantiomer of
the helicene can preferentially bind to this natural double helical
polymer with right handed helicity."*

When calf thymus DNA was added to a buffered solution
(pH 7) of helicenediamine (P)-18 or (M)-18, The UV, fluorescence,
and CD spectra changed indicating complex formation. The
fluorescence spectra (1.0 x 107> M, 25 °C) were used to obtain
the binding constant K employing the McGhee—Hippel method:
K=14x10"*M" for (P)-18; K = 1.2 x 10* M for (M)-18.
The isothermal titration calorimetry provided the thermochemical
information on the binding of 18 to DNA (pH 7.6, 5 x 10~* M,
25 °C). In regard to the chiral recognition, the results of the
fluorescence titration experiments were confirmed; the binding
constant K = 5.7 x 10° M~! of (P)-18 to DNA was larger than
K = 3.6 x 10° M~ of (M)-18 (Table 2). The binding of 18 is
enthalpy driven, and chiral recognition was largely affected by
the entropy: the entropy for (P)-18 binding was positive and
that for (M)-18 negative. The chiral recognition thus driven by
the entropy difference suggested considerably different binding
structures between the enantiomeric 18. It is shown that the helical
polymer with the right-handed helicity binds to a helicene with a
right-handed helical structure (Scheme 16).

Chiral recognition in the complexation of double strand DNA
and 18 was compared with that of nucleosides. This experi-
ment was conducted to deduce the relationship between chiral
recognition in the complexation of a monomeric unit and the

Table 2 Binding of 18 to calf thymus DNA (0.5 x 10 M)in2.0 x 10~° M
Tris-HCI buffer (pH 7.6, 25 °C) containing 2.0 x 10~> M NaCl

(P)-18 (M)-18
K/x10° M™! 5.7 3.6
AG/kcal mol™! -7.9 -7.6
AH /kcal mol™! —6.0 —8.1
AS/cal mol~! K 6.3 -1.9

SOONE L
CHzNH2 (ight-handed helix
(P18 (M-18 He

right-handed helix

H2NCH;

HO Base left-handed helix
<o 3
\— HO X W/
X=H, OH
Scheme 16

Table 3 Binding of deoxyribonucleosides or ribonucleosides with he-
licenediamine 18 (1.0 x 10~* M) in D,O (pD 5.7, 23 °C, 0.1 M phosphate
buffer) examined by '"H-NMR titration experiment

K/M™!
Nucleoside (P)-18 (M)-18
dA 48 45
dT 1.7 1.6
dG 44 43
dc 6.8
A 36 32
U 5.2 4.5
G 37
C 7.6 7.4

corresponding polymer. The '"H-NMR (D,O, pD 5.7, 23 °C)
titration experiments of racemic (4)-18 with deoxyribonucleosides
(dA, dT, dG, and dC) or ribonucelosides (A, U, G, C) were used
to obtain the binding constants K assuming 1 : 1 complexation
(Table 3). In cases other than dC and G, the aromatic peaks of (+)-
18 separated indicating chiral recognition in the complexation. The
complexation experiments of dA, A, and U showed appreciable
differences in K, and the binding of (P)-18 was stronger than
that of (M)-18. The differences in binding constants K for dT,
dG, and C were marginal with slight preferences for (P)-18. As
was the double strand DNA, nucleosides also showed higher
affinity to right-handed helical (P)-18 (Scheme 16). This is an
interesting chiral recognition phenomenon, in which the behaviors
of monomeric and polymeric compounds are related.

Chiral recognition phenomenon in the complexation of a double
strand DNA and the helical low molecular weight compound
18 was examined: The same configuration of the compounds
showed higher affinity than a combination of antipodes. Notably,
Sugiyama et al. obtained a contradictory results in the binding of
a thiahelicene with Z-DNA possessing the left-handed helicity:*
The right-handed helicene formed a more stable complex with a
left-handed helical polymer. The generality of this observation is
a subject that needs to be clarified.

Conclusions

Noncovalent bonding interactions with face-to-face orientations
play important roles in the chemistry of helicenes, and chiral
recognition in preference of the same configuration of helicene

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 26-35 | 33



appears to be the general trend. To study further examples to
confirm the generality and to find exceptions to this rule may be
a subject in the future. A comparison of the chemistry of helical
chirality, a P/ M molecular system, with the chemistry of central
chirality, a R/S molecular system, will be another interesting
subject.
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