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Abstract

Quantitative evaluation of geometrical chirality through the use of the Continuous Chirality Measure is
employed to unveil correlations between chirality and several properties of helicenes. These include the
efficiency of their chiral-chromatographic racemate separation, their optical rotation, their racemization
energy and the melting points of the enantiomer-crystals. The non-monotonic behavior of the chirality of
helicenes is shown to reflect the behavior of a theoretical helix. © 2000 Published by Elsevier Science Ltd.

1. Background

We continue to explore the consequences of treating chirality as a structural property to which
a scale and degree can be attached,'? concentrating on the series of helicenes. Several quantitative
correlations between chirality and chemical, biochemical and physical parameters have already
been identified, and these could have been, in fact, revealed only through the treatment of
chirality as a quantitative structural property. Two recent examples are the correlations between
the degree of chirality of fullerenes and the energetics of their enantiomerization;** and the
correlation between the degree of chirality of enzyme-inhibitors and their inhibition efficiency.3®
The methodology we have been using, the Continuous Chirality Measure (CCM),!-? is an integral
part of a more general approach of treating symmetry (any point group) as a continuous
structural property.* The rationale, the approach, the practical solutions and the applications of
chirality measurement with the Continuous Chirality Measure (CCM) methodology were
described repeatedly in many of our previous papers.'™ Reviews,’ other uses of the CCM
approach and its modifications,® including an investigation of helicenes,®® and other methods to
evaluate chirality’ have been published. Here we recall briefly that the measure, S(G), evaluates
the minimal distance that the vertices of a size-normalized structure have to be translated in order
to acquire achirality, where G is the nearest achiral symmetry point group. In many cases, and for
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all of the helicenes described below, the nearest achiral shape is of the point-group symmetry of
{E,c}, i.e. achirality due to a reflection plane, and so the chirality measure (strictly, in fact, the
achirality measure) is S(c). We also recall here that S(c)=0 means that the shape is achiral, and
that as the structure becomes more chiral, S(c) increases (up to a maximum of 100, obtained for
some cases of the more general Continuous Symmetry Measure methodology).® The chirality
measure is a global shape parameter, and is therefore distinctly different from the characteriza-
tion of helical structures through specific geometric features, such as has been the practice in the
study of polypeptides.’

Here we correlate the quantitative chirality of helicenes with several of their properties. Thus,
we re-analyse the results of the pioneering studies of Gil-Av!'® who resolved helicene (Fig. 1a)
racemates using high-performance liquid chromatography. (R)-(-)- and (S)-(+)-2-(2.,4,5,7-tetra-
nitro-9-fluorenylideneaminoxy)propanoic acid (TAPA) were used as chiral charge-transfer complex-
formation stationery phases by coating silica microparticles, and with it, the series of [6]-helicene
to [14]-helicene racemates were completely resolved.!! The enantioselectivity of this column—in
terms of the resolution factors, —towards the various helicenes, is shown in Fig. 2 and it reveals
a rather complex trend: for the lower helicenes, r increases with size, then it passes through a
maximum in [9]-helicene and increases again for the higher helicenes. (Since r values are the ratios
between the capacity factors of the two enantiomers,!? a similar trend (not shown here) is obtained
by plotting the capacity factors of each enantiomer series as a function of size.) Interestingly, the
optical rotations'? of the helicenes follow a similar trend (Fig. 3) to the one observed for
enantioselectivity: an increase in rotation up to a maximum, again at [9]-helicene, a decrease, and
then a second increase up to [14]-helicene, with [11]-helicene deviating between the two figures.
Can quantitative chirality relate to this behavior and reproduce it? A positive answer is presented
below, along with other correlations found between the chirality of the helicenes and their race-
mization energy and between the chirality and melting points.

b

Figure 1. (a) (M)-[7]-Helicene, one of the carbohelicenes analysed in this study. We used the M—P handedness
conversion, referring to left-right pelices,u respectively; (b) various radii used in this study, shown for [5]-helicene: inner
(smallest), middle and outer (1.5 A, 2.9 A and 3.75 A, respectively)
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Figure 2. The enantioselectivity (resolution r-factor) of a chiral TAPA column towards helicenes as a function of their
number of rings (after Gil-Av et al.)!®
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Figure 3. Optical rotation of helicenes as a function of the number of rings. (<) M, (+) P
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2. Computational details

X-Ray crystallographic data is available for [3]-{7]-, [10]- and [11]-helicenes.!® In order to
obtain the structures of the full series of [3]-[19]-helicenes, the most stable structures were
calculated using the Austin Method One (AM1) with Spartan.'* The agreement between the
experimental data and the calculated structures is good: only small rms deviations were found:
0.05 A and 0.18 A for [5]-helicene and [7]-helicene, respectively. The point-group symmetry of the

helicenes was found to be C», as expected. Theoretical helices were constructed from a dense lace
of points, as described in Section 3. Chirality values were calculated' from:

100 .
S¢ =172 Zi:l (i — pi) (1)

where n is the number of points which construct the helix, p,, is their location, p; is the
corresponding point in the nearest, searched achiral configuration'® and D is a size normalization
factor (the distance from the center of mass of the helix to the farthest vertex).

3. Results and analyses
3.1. The geometrical chirality content of helicenes and helixes

Plotting the geometrical chirality content of the helicenes versus their size (Fig. 4) reveals a
remarkable resemblance to Figs. 2 and 3: chirality increases, passes through a first maximum at
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Figure 4. Chirality of helicenes as a function of the number of rings. (O) AM1 structures; (X) X-ray structures
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[8]-helicene, and then through a higher one at [14]-helicene. The maximum at [8] is slightly shifted
between the plots ([8] versus [9], respectively) and we relate to it below. We also show below that
the maximum for [14]-helicene is global: [14]-helicene is the most chiral helicene.

In order to understand the behavior of Fig. 4, we now analyze the chirality of a general helix.
Helix vertices are represented by the following four parameters: the radius (r), the number of
turns (n), the pitch (p) and the density of points (d, i.e. the number of points along one turn):

X, = r x cos(n x d)
Vp =7 X sin(n x d) 2)

Zy,=nXp

Fig. 5a shows the chirality map of a helix (see figure caption for the specific parameters), how
chirality changes as a function of the number of turns and the pitch. As clearly seen the ridge
along the highest chirality value oscillates, and a cross-section at a typical helicene pitch shows it
as well (Fig. 5b). The general feature seen in this figure is of a chirality function that passes
through global chirality maximum value, and on this trend, are superimposed several maxima.
Furthermore, for r=2.9, maxima at the equivalent helix lengths of the [8]-, [9]- and [14]-helicene
rings are retrieved. Let us first explain why the chirality value must pass through a maximum: for
a very small number of points the helix has the shape of a small arch, barely expressing the heli-
city, and the chirality is consequently small. In fact, for the first three points in our helix pre-
sentation, this value is zero (and likewise it is zero for [2]-helicene (naphthalene) and
practically zero for [3]-helicene (phenanthrene)). For a very large number of points, i.e. for an
infinitely large number of turns all squeezed into the normalized unit length, the helix has the
shape of a rod for which the turns are stacked nearly parallel: the helix at this extreme end is
achiral again, i.e. has a chirality value of zero. Thus, the function which begins and ends at a zero
value, must pass through some (maximal) non-zero value; as seen, this value is reached quite fast,
i.e. after just 14/6 turns. The oscillatory character of the helix chirality values is due to the
superposition of the oscillatory character of the helix, with the first peak after 8/6-9/6 rounds.

3.2. Property—chirality correlations

It is now clear that the physical and chirality behavior of the helicenes, as seen in Figs. 24,
reflects directly, as should have been the case, the behavior of a simple helix. Slight shifts in the
position of the first local maximum depend on which of the representative radii of the helicene
(Fig. 1b) is taken. Thus enantioselectivity, which is determined mainly by the outer regions of the
molecular shape, indeed showed (Fig. 2) a maximum at the [9]-helicene, reflecting the chirality of
the outer rim. Optical rotation, due to the whole of the molecule, is best presented by the middle
radius chirality, leading again to a maximum in [9]-helicene (Fig. 3). Geometrical chirality as a
function of the number of rings (Fig. 4) seems to be dominated by the helicity of the inner radius,
with a maximum at 8.

The fact that similar trends characterize geometrical chirality, enantioselectivity and optical
rotation as functions of the number of rings, points to a possibility of correlating chromato-
graphic column enantioselectivity towards the helicenes and optical rotation with quantitative
chirality. The results are shown in Figs. 6 and 7. Note that this type of correlation distils the
chirality factor and removes the size factor. Indeed, Fig. 6 does not follow the size strictly, but an
order of points which, from left to right, is [6]-, [7]-, [10]-, [11]-, [9]-, [8]-, [13]-, and [14]-helicene
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Figure 5. (a) The map of chirality of a helix (r=2.9 A, d= 30) as a function of the number of turns and of the pitch; (b)
the chira}ity of helicoes (having helicene-like parameters (p = 3.64 A (an average helicene value), d=30 and (see Fig. 1b)
r=3.75 A (A), 2.9 A (@)—see also cross-section in (a)—and 1.5 A (+))) as a function of the number of turns

and Fig. 7 shows a similar trend. (Interestingly, diphenanthro[4,3-a;3'4"-o]picene,!® which does
not belong to the homologous series but has the shape of a double helicene, fits the general
enantioselectivity trend of the regular helicenes (Fig. 6), indicating the importance of chirality as such.)
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Figure 6. Chromatographic enantioselectivity as a function of the degree of chirality of the helicenes. Also shown (x) is
a double helicene, diphenanthro[4,3-a;3',4’-o]picene
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Figure 7. Optical rotation versus chirality. (-) M, (+) P
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Two additional interesting correlations have been revealed as well. The first is with racemization
energy. The analysis of correlations between the degree of chirality and the energetic barrier for
enantiomerization was already the topic of a detailed study of chiral fullerenes.?* It was found
there that the Stone—Wales enantiomerization is characterized by an approximately linear correlation
between m-energy and the chirality content of the molecule; and that sensitivity to chirality
changes, increases with size. Interestingly, this behavior is also observed for the different family of
molecules analyzed here, the helicenes. Fig. 8 shows the measured!® racemization activation
energies versus chirality for the [5]-[9]-helicene series. An increase with chirality is observed, and
again, with a hint for passing through a maximum (at [8]-helicene; enthalpies of racemizations'®
show the same trend).
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Figure 8. The activation energy of racemization as a function chirality for the [S]-{9]-helicenes (from left to right)

Our final parameter follows the pioneering investigations of Kitaigorodskii'” on the relationship
between shape and packing in the crystal, for which melting points are an indirect parameter,
especially for homologous series. We found a good correlation between the melting points'® and
the chirality for a homochiral group of helicenes (Fig. 9). Significant in this correlation is the fact
that extrapolation to S(c)=0, phenanthrene, gives a melting point of 118°C, not very far from
the experimental 101°C.

In conclusion, quantitative chirality provides a new angle of analysis of its effects. Since the
chirality measure is a global shape parameter, one should search for quantitative chirality/property
correlations mainly within homologous series for which the chemical properties are similar.
Indeed, this approach proved useful for the family of the helicenes analysed here, in unveiling its
quantitative geometric and functional chirality behavior and in explaining the trends found in
Gil-Av’s pioneering observations.!'%!2
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Figure 9. Melting points of single enantiomer helicene crystals as a function of chirality
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