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Helicenes are molecules of considerable interest in view of their aromaticity which persists despite a marked
departure from planarity and because of the extreme potency of some of their metabolites as tumor and
mutation promoters. In this study, the electron density of 4-methyl-[4]helicene (or 4-methylbenzo[c]-
phenanthrene) is studied topologically with an emphasis on the fjord region since this region is where metabolic
activation is initiated. The molecule consists of four fused aromatic rings that assume a twisted geometry.
This geometry brings two hydrogen atoms into close proximity in the fjord region of the molecule accompanied
by the appearance of an intramoleculari@’*+--*H—C bond path (an interaction termed hydrogéydrogen

or H— H bonding to distinguish it from dihydrogen bonding from which it is qualitatively distinct). In addition

to the intramolecular HH interaction, a number of intermolecular interactions are shown to be involved in
the packing of this molecule in the crystalline state. The effect of the nonplanarity of the molecule on the
local aromaticity of each ring is also discussed.

Introduction H10

Polycyclic aromatic hydrocarbons (PAHs) have received 0
considerable attention because of their rich chemistty, = T Hil
physical propertie$ technological and industrial applicatiohs, /
aromaticity’~16 and role as a major class of environmental
pollutants and carcinogeA$:1°

Helicenes constitute a subclass of PAHs that can possess a
full turn of the helix. In this case, the title compound possesses
an outline of a semicircle. Under these circumstances, there will
be a highly crowded region in the vicinity of the center of the He
semicircle known as the fjord region of the molecule. This will
cause the molecule to twist. These twisted helicenes are pre-
cursors of extremely potent mutageifi@? and tumorigeni€®—28
metabolites, but literature reporting their accurately determined
electron densities is scarce, possibly because they are generally
difficult to crystallize. We present here an accurate low-
temperature (113 K) experimental determination of the geometry
of a representative molecule of a twisted helicene, 4-methyl- 2
[4]helicene (Figure 1), followed by a determination of its %
experimental electron density and a comparison with theory. His O HI4

The crystalline state of the tittle compound will be shown to Figure 1. ORTEP diagram with labels for atoms of 4-methyl-[4]-
contain several weak inter- and intramolecular interactions. The helicene at 113 K with 50% probability ellipsoids for carbon atoms.
fiord region of the helicene molecule is a region key to the
metabolic activation of these compoufd$® and will be shown
to form a 7-membered ring due to a weak intramolecular
hydrogern-hydrogen (G-H®*-++-9+*H—C) bonding interaction, an
interaction which is distinct from dihydrogen bondiffg33
[Dihydrogen bonding is symbolized by-XH%*--«0~"H—E, where
the X—H group is a proton donor, such as-@® or N—H, and . ; S
the E group is typically a transition metdf:#Dihydrogen dihydrogen bqndlng .(or hydrogen bondmg n gene?(%l).
bonding is a subclass of hydrogen bonding where the proton. Overwhelming evidence of the existence of inter- and

- intramolecular H-H bonding interactions from experi-
acceptor happens to be another (but hydridic) hydrogen atom.]ment§0'32143y4557 theory31:3356-71 and chemical informatiééhas

Hydrogen-hydrogen (or H-H) bonding is a weak, stabilizing
interaction between two hydrogen atoms which carry similar
or identical partial charges by symme#y33 The charges on
the two interacting hydrogen atoms are often small but not
necessarily of the same sign. Consequently, théiHhteraction
is not dominated by electrostatic attraction as in the case of

* To whom correspondence should be addressed. D.W.: phoie, appeared in the literature. This extensive literature report on
gg&zz)fi?ﬁq' ;T%;;?“g!@gﬁ%gga"Ca- C.F.M.: phori(902)-457-  staple H-H bonding interactions in crystals and in the gas phase
* Dalhousie University. o but the d_istinction between +H bonding and “dihydrogen

*Mount Saint Vincent University. bonding” is often not recognized:33
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Before much of the literature on+H bonding appeared  TABLE 1: Experimental X-ray Data

Wolstenholme et al.

some authors referred to these interactions as nonbonding

repulsive interactiorf8 despite the fact that they exist in fully

o o . . . . compound formula GH14
optimized equilibrium geometries, i.e., stationary points on the cryst. size (mm) 0.1& 0.19x 0.27
potential-energy surfaces, where no net repulsive or attractive fw (g/mol) 242.32
forces exist between atoms or nuclei. Recently, this classical space group P2,/c (no. 14)
view was reiterated on the basis of an arbitrary partitioning of wavelength (A) 0.7107
interaction energy followed by several choices of physically a(A) 7.5875(5)

. . . . : b (A) 11.1085(5)
unrealizable intermediate staféS'he conclusions based on this c(A) 14.9042(9)
arbitrary partitioning of the total energy have been rebutted. 5 (deg) 92.772(3)

The present paper reports on several weak inter- and V (A3 1246.4(3)
intramolecular interactions on the basis of the topology and the z 4
topography of the electron density of 4-methyl-[4]helicene u(em™) 0.073

. e Dca|cd(g/crr?) 1.291
(Figure 1) within the framework of the quantum theory of atoms F(000) 510
in molecules (QTAIM):>"7 refins collected 20 4610(= 90°)

QTAIM extracts information on chemical bonding from the refins (multipole) 6861
topology of the electron density distribution. This is achieved max 2 (collection) 144.32
by locating the bond paths and bond critical points (BCP) for sin 0/4 (multipole) 1.00
the interactions of interest. The bond path is a line in space Efv'a):) 3'2202
linking the nuclei of two chemically bonded atoms where the GOF 2061
electron density is a maximum with respect to any neighboring no. of parameters 172
line and necessary for chemical bonding regardless of its nature collection range —-11<h=<19
(ionic, covalent, hydrogen, van der Waals, e#3: The BCP —\%f rf????

is a minimum in the electron density along the bond path but a
maximum in the two principal directions perpendicular to the
bond path.

The type of interactions occurring in a molecular crystal can
be characterized by the value of the electron density at the BCP
(ow), its Laplacian ¥2pp), and the interaction lengtirf).”>78:82
The density is locally concentrated when the valuevéfy, is
less than zero as in the case of shared interactions. When

Experimental Section

A colorless prismatic crystal of {gH14 of ca 0.18 x 0.19 x
0.27 mm was mounted on a glass fiber. All measurements were
made on a Rigaku RAPID area detector with graphite mono-

is greater than zero, the density is locally depleted as in closed-Chromated Mo K. radiation. The crystal data of the X-ray

shell interactions.

diffraction experiment can be found in Table 1. The data was

In closed-shell interactions (such as van der Waals, hydrogen,collected at a temperature of 1#30.5 K to a maximum &
or H—H bonding) the local excess in the kinetic energy is Vvalue of 144.32with a total of 54 oscillation images. However,

dominant, whereas in open-shell interactions (covalent/sharedthe title compound produced no measured reflections above

bonding) the lowering of the potential energy dominates.

120.0 and only 48 very weak reflections above 1058 sweep

Besides weak interactions, this work also examines the local of the data was done using scans from 200to 110.0 in

aromaticity of the four rings of the highly twisted polycyclic steps of 5.0 aty = 0.0° and® = 0.0°. A second sweep was

aromatic title compound. Itis generally observed that aromaticity then performed using scans from 20.0to 200.0 in steps of
is diminished in nonplanar molecules as compared with their g aty = 54.0 and @

coplanar analogues. The title compound is ideal for an examina-
tion of the effect of its departure from planarity on the local

= 180.C. The exposure rate in both
sweeps was 40.0 [min/5 The crystal-to-detector distance was

fixed at 127.4 mm. Data collection was processed with d*TREK
Measures of the aromaticity of a ring in a polycondensed as incorporated in the CrystalClear software pacKégenile

benzenoid have been defined using the cartmarbon delo- averaging and merging of the reflection intensities were
calization index® 0(A,B).898487 The delocalization index  Performed with Sortadf as included in the WinGX softwar.

provides a measure of the number of electrons delocalized or The structure was solved by direct methods and expanded using
shared between two atomic basins, A and B. For a closed-shellFourier techniques through the CrystalStructure softdxan-
molecule, the delocalization index between basins A and B is hydrogen atoms were refined anisotropically, and the hydrogen
given by atoms were refined isotropically. The final cycle of full-matrix
least squares was refined &nand based on 20 461 observed
reflections [ > 3.0Qs(1)] and 230 variable parameters. All
calculations were performed using the CrystalStructure crystal-
lographic package except for the refinements, which were
performed using a SHELXL interfad@.All of the molecular
thermal ellipsoid plots were generated using the ORTEP-3
program?3

aromaticity of each of its rings.

5(A,B) = 2|F*(A,B)| + 2|F*(A,B)| (1)

where the Fermi correlation is defined as

FAB) == Y [dr [ arddiC 80 )6/0I6 ()
! J

Multipole Refinement. For the experimental measurement
and analysis of the electron density of the 4-methyl-[4]helicene
crystal, the electron density was obtained through the Hansen
whereS;(Q) = Si(Q) is the overlap integral of two spin orbitals ~ Coppens multipole expansion motfelvhich can be expressed
over a region® ando represents spiro(or f3). by the following equation

=-3 3 S(SE) 2)
]
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p(r) = Popeordl) + Pukpyaencdi?) +

|max

[
ZKGRI(K'V) Z Pimdims(0.¢) (3)
= m=0

where pcore @nd pyatence@re spherically averaged Hartreleock
core and valence densitiedy,,. represents spherical harmonic
angular functionsR is the radial functionx and«' are the
expansior-contraction parameters, afj and Pm. represent
the population parameters.

The multipole refinement was carried out with the module
XDLSM incorporated in the software package XDThe
residual bonding density not modeled in the conventional
spherical refinement was taken into account in the multipole
refinement. The scattering factors used in the multipole refine-
ment were those derived by Su and Coppens wave functions
for all atoms% The least-squares refinement involved minimiza-
tion of the Xw(|Fo| — K]|F¢|)? function for all reflections with
I > 3o(l). The multipole refinement was carried out with a
sin 6/4 limit of 1.0 since the reflections greater than this cutoff
were very weak and fell into the realm of the background. The
multipole expansion was applied up to the octapole lelgk(
= 3) for all carbon atoms and up to the dipole levgk{ = 1)
for all hydrogen atoms. Theandx' parameters were employed
for four subsets of carbons until a reasonable model was
achieved. The expansion/contraction parameters of the hydrogerSchleyer’'s nucleus independent chemical shifts (NS08
atoms were left fixed at the default XDLSM value of 1.2. In  were obtained by calculating the magnetic shielding (in ppm)
order to determine accurate positional and thermal parametersat the centroid of each of the four aromatic rings.

Figure 2. Packing diagram of 4-methyl-[4]helicene showing all the
symmetry-related molecules in the unit cell.

for the carbon atoms, a high-order (¢iff. = 0.6) refinement
was performed. A low-order (sifi/A < 0.6) refinement was

Tight convergence thresholds were imposed on the geometry
optimization. The final maximum force and root-mean-square

then performed in order to obtain accurate positional and thermal (rms) of the forces were as small as 0.000021 and 0.000004

parameters for hydrogen atoms. The carbbydrogen bond

hartrees/bohr, respectively. Atomic integrations were performed

lengths were then set to the reported neutron diffraction distancewith a high numerical precision as revealed by the followihg:

for the rest of the multipole refinement {EH = 1.083)%7.:98

(1) the sum of the integrated atomic populatiow(&2) differ

The charge neutrality constraint was applied throughout the from the molecular value of 128 e by 0.0033 e; (2) the sum of
multipole refinement in order to achieve an overall neutral the atomic energies differs from the molecular value of
molecule. The multipole refinement strategy used was as —732.532472 au by 0.15 kcal/mol; (3) the average integrated
follows: (a) scale factor, (bPim for all atoms, (c) and«’ for magnitude of the atomic LaplaciatL(Q)| was 0.00015-

all carbon atoms, (dp, for all atoms, (e) positional and thermal ~ (+0.00019) au with a maximum of 0.00082 au.
parameters for all carbon atoms. This procedure was cycled

through u_ntil convergence was achieved. The difference mean-resyits and Discussion

square displacement amplitudes (DMSDA) for all bonds were

within the Hirshfeld limits?® Evidence for the good quality of Crystal Packing. 4-Methyl-[4]helicene crystallizes with four
the final model is presented in residual maps in select planesmolecules in the unit cell (Figure 2), which allows for several
of 4-methyl-[4]helicene (Supporting Information). The XDPROP weak inter- and intramolecular interactions to be formed. The
program incorporated into the XD pack&gwas then used to ~ weak intermolecular interactions between neighboring sym-
determine the total electron densif(r), the Laplacian, and  metry-related molecules appears to play an important role in
the ellipticity for all C—H°*---9*H—C interactions along with  formation of the crystal. A total of 13 inter- and 1 intramolecular
the other interactions. All static, residual, dynamic, and defor- closed-shell interaction bond paths were found in this crystal
mation maps were produced using the XDGRAPH option in and are characterized on the basis of the bond critical point
the XD package. All experimental atomic basin parameters were properties. The €H---C (Figure 3a) and €H--*H—-C (Figure
determined using the TOPXD program incorporated in the XD 3b) weak intermolecular interactions are all accompanied by
packagé® The final atomic coordinates, thermal parameters, bond paths with bond lengths ranging from 2.167 to 2.992 A,
bond lengths, and angles for the 4-methyl-[4]helicene molecule consistent with weak van der Waals interactions ofHH

are provided as Supporting Information.

Computational Method. An unconstrained geometry opti-
mization of a 4-methyl-[4]helicene molecule was performed at
the B3LYP/6-3%+G(d,p) level of theory starting from the

bonding.

Intramolecular H —H Bond Path in the Fjord Region. A
close H--H contact between H(1) and H(12) occurs in the
crowded fjord region of the molecule where the nuclei of these

experimental geometry, and a “wave function” was obtained at two hydrogen atoms are separated by 1.938 A in the experi-
the same level of theory. The electron density was integrated mental geometry and by 1.985 A in the optimized geometry,
over atomic basins according to the quantum theory of atoms values that are significantly shorter than twice the van der Waals

in molecule$®7° using PROAIM00-102and the BCP data and
the molecular graph were obtained using AIM 206904
AIMDELOC%was used to calculate the delocalization indiges
0(A,B) between the atoms from the atomic overlap matrices.

radius of the hydrogen atom (2.4 A). The experimentally and
theoretically determined intramolecular bond paths are shown
in Figures 3c and 4, respectively. In both figures an intramo-
lecular bond path links H(1) to H(12) in the fjord region of the
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Figure 3. Bond paths in 4-methyl-[4]helicene with the positions of
the bond critical point locations indicated along the-Ig---C,
C—H?*+-«0*H—C, C-C, and C-H bond paths: (a) intermolecular
C—H---C interactions are traced with dashed lines, (b) intermolecular
C—H:---H—C interaction is traced with a dashed line, and (c) all the
intramolecular €-C, C—H, and H-H bond paths are traced with dashed
lines.

helicene. Since this closed-shell bond path exists in an equi-

Wolstenholme et al.

TABLE 2: Key Proper and Improper Dihedral Angles
Specifying the Overall Molecular Geometry of [4]Helicenes

1,12-

fluorinated

derivative
dihedral angle experimental theoretical (theor.}
C1-C15-C19-C12 —28.6 —31.8 —41.4
C2-C14-C18-C11 —23.7 —28.2 —35.6
C3-C4-C9-C10 —21.0 —26.4 —33.4
average —24.4 —28.8 —36.8
C1-C15-C17-C19 () —15.7 —19.2 —25.2
C12-C19-C17-C15 ') —18.7 —18.9 —24.9
C2-C6-C7-C11 —16.2 -21.3 —26.7

a 4-Methyl-1,12-difluoro[4]helicene, the difluorinated derivative of
the title compound [unpublished data from a geometry optimization at
the B3LYP/6-31G(d) level of theory and discussed in refs 109 and
110].  The average of the three angles above it (this average specifies
the approximate mean angle between rings | dand |

planarity of the carbon skeleton is so severe (Table 2) that the
ring surface splits into two ring surfaces, resulting in the
appearance of two (rather than one) ring critical points in the
7-MR 199 As required by the PoincareHopf relationship’? this
extra ring critical point in fluorinated helicenes is accompanied
by the appearance of a cage critical point in a single ¥#fg.
The 1,12-unsubstituted helicene considered in the present study
is insufficiently twisted to give rise to the unusual topology
exhibited by the fluorinated derivatives [the dihedral angle
between rings | and lis —24° and —29° in the experimental
and theoretical structures, respectively, while in the fluorinated
derivative the theoretical value is37° (Table 2)].

Properties of the Electron Density at the BCP for the
Weak Closed-Shell Interactions.The values of the electron
density at the BCPpy, for all closed-shell inter- and intramo-
lecular interactions in the crystal of 4-methyl-[4]helicene are
relatively small (Table 3). The largesi, for these weak
interactions belongs to the intramolecularH bonding closing
the 7-MR in the fjord region of the molecule. Thgvalues for
the C-C bonds in the aromatic ring system are naturally much
larger and range from 1.863 to 2.277 e3XTable 4), whilep,
for the C—Cye bond is somewhat smaller, 1.713 e3AIn all
of the weak inter- and intramolecular interactions, th&y
values are small and positive, as expected for closed-shell
interactions. The Laplacian maps for each of these interactions
show a region of charge depletion accompanied by aX3B,
critical point, which is characteristic of these weak closed-shell
interactions (Figure 5a,b). In contrast, all the C bonds possess
large negativev?p, values and clearly exhibit bonding charge
concentration in the Laplacian contour map (Figure 5c).

The mutual penetration of the donor and acceptor atoms for
each weak inter- and intramolecular interaction shows that the
van der Waals spheres of these atoms are overlapping signifi-
cantly for five interactions (two €Ho*:--0*H—C and three
C—H---C), resulting in a positivé\ra + Arg value. TheArx
terms simply represent the nonbonding radius of the acceptor/

librium geometry and is shared between two similar atoms, this donor atom minus its bonding radius (the nonbonding radius

interaction can be classified as a hydrogégdrogen bonding.
The bond path lengths of this intramolecular-H bonding are
2.107 (exp) and 2.176 A (theory). The experimental and

of the carbon atoms is taken as 1.85 A and that of the hydrogen
atoms as 1.2 A5 values that represent the gas-phase van der
Waals radius for each atorf)t The bonding radius is taken as

calculated bond paths are considerably curved since they arethe distance from the nucleus to the BCP. Not surprisingly, the
0.169 and 0.191 A longer than the internuclear distances, alargest mutual penetration occurs for the intramoleculatH

curvature often exhibited by weak closed-shell bonding.

In a series of closely related 1,12-difluoro[4]helicenes, a bond

path links the two proximal fluorine atoms also closing a
7-membered ring in the fjord region of the molectig!1%In

bond in the fjord region of the molecule (0.293 A).

Properties of the Electron Density at the BCP for the
Carbon—Carbon Bonds. The range of bond properties in the
carbon ring system is typical of aromatic compounds as can be

the case of the fluorine substituents, however, the departure ofgleaned from Table 4 by comparison with the corresponding
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interaction ob(€A3) V20, (€ A5) Ri (A) Arp+ Arg(A) Ara— Arg(A)
intramolecular (G-H++-H—C)
H(1)—H(12p 0.149 1572 1.976 0.425 0.022
0.105 1.626 1.985 0.224 0.003
intermolecular (G-H-+-H—C)

H(1)—H(5) 1> Hy.+2 0.026 0.420 2.474 —0.074 0.055
H(2)—H(13) 1.+ 0.015 0.337 2,512 —0.112 0.177
H(8)—H(12)F1-x1/2ty.1.5-2) 0.024 0.421 2.583 —0.183 0.267

H(9)—H(11)~*2ry.1.52 0.017 0.226 2.904 —0.504 -0.117
H(10)—H(12)*1/2ty.1.5-2) 0.017 0.313 2.601 -0.201 -0.222

H(11)-H(15) ™ 11.5y1/2+) 0.040 0.816 2.143 0.257 0.199
intermolecular (&-H—C)
C(2)—H(7)Fixtiy.+1-9 0.025 0.303 3.106 —0.056 —0.073

C(5)—H(9)F1x1/2ty.1.52) 0.047 0.607 2.757 0.293 —0.099
C(8)—H(14)>**+1tv=2 0.018 0.263 3.209 —0.159 0.045
C(10)y—H(7)1xty+2) 0.030 0.358 3.143 —0.093 —0.176

C(11)-H(3)t15y122 0.038 0.500 2.969 0.081 —0.014
C(11)-H(B)-1xty+2 0.016 0.253 3.150 —0.100 0.077
C(15)—H(8)(ttx12ty.1.5-2) 0.029 0.449 2.979 0.071 0.077

aFirst and second lines list experimental and theoretical values, respectively.

values of the bond properties calculated for benzene at the samatom [CEPo) and HES;,)] Ere(R) in kcal/mol, and the atomic
level of theory. Furthermore, there are more significant fluctua- volumes in au integrated up to the outer 0.001 au isosurface.
tions in the bond properties of the substituted ring (ring I) when [Trends in atomic energies calculated using Kel$tham “wave
compared with its unsubstituted counterpart (rindgdee Figure functions” have been previously found to parallel HartrBeck

1). We can expect, therefore, a reduction in the aromaticity of and MP2 levels of theory even when self-consistent virial scaling
ring | when compared with las will be seen in a later section. (SCVS) is included in these latter calculatiofs.]

The effect of the substitution is diluted when rings Il and Il The theoretical results listed in Table 5 show that the two
are compared, which exhibit more similarities when the hydrogen atoms involved in the intramolecular-H bonding
equivalent bonds are compared (Table 4). are the most stable hydrogen atoms in the isolated molecule,
Molecular Electrostatic Potential. The electrostatic potential ~ each being (on average) more stable than the remaining 12
(ESP), V(r), can be calculated from the electron density hydrogen atoms by c¢&.7 kcal/mol. If we exclude the three
according to the equation methyl hydrogen atoms from the averaging and call the
hydrogen atoms of the ring system “normal hydrogen atoms”
(hydrogen atoms numbered from 2 to 11), H(1) and H(12) are
found to be 4.2 and 3.6 kcal/mol more stable than the normal
hydrogen atoms, respectively. Since the major part of the
stabilization of the hydrogen atoms involved in the intramo-
whereZ, is the charge of nucleus A having a position vector lecular H-H bond arises from formation of the +H inter-
Ra and p(r') is the electron density. The partitioning of the atomic zero-flux surfacé!33 the local stabilization energy of
electron density as a multipole expansion allows the direct spacethis H—H bonding interaction is estimated to.C&—8 kcal/
calculation of the ESP distributioi? mol.

The molecular electrostatic potential maps carry a wealth of From Table 5, the theoretical volumes of the two hydrogen
guantitative and qualitative information about the molecule atoms involved in the intramolecular+H bond are consistent
(Figure 6). These figures clearly show a nucleophilic region with previous finding$'3 They have significantly smaller
sandwiching ther-system, leaving a more electrophilic region volumes than either the methyl or the ‘normal’ hydrogen atoms
in the plane of the hydrogen atoms. The molecule packs in the of the aromatic system. The calculated volumes of the two
crystal so that the aromatic plane of a molecule is approximately hydrogens H(1) and H(12) are .c6.0 au smaller than the
perpendicular to the aromatic planes of two of its neighbors average of the rest of the hydrogen atoms in this molecule (49.8
and displaced sidewise with respect to two other neighbors, = 0.9 au). Most of the experimental volumes associated with
bringing the positive regions of the hydrogen atoms (the the hydrogen atoms are in good agreement with those of the
aromatic and the methyl hydrogen atoms) in contact with the theoretical calculations. The small (but more significant) devia-
electron-rich aromatic system (see Figure 2). It is also interestingtions of some experimental atomic volumes from the corre-
to note that both experimental (Supporting Information) and sponding theoretical values are the result of intermolecular weak
theoretical maps show a region of positive electrostatic potential hydrogen bonds or HH bonds, interactions that only exist in
in the fjord region of the molecule, which includes the a crystal and are absent in the gas-phase calculations.
intramolecular H-H bond path. Finally, both the theoretical and experimental results listed

Atomic Properties of the Hydrogen Atoms.Table 5 lists a in Table 5 show that the hydrogen atoms in this compound all
set of properties for the atoms in 4-methyl-[4]helicene obtained carry small atomic charges as expected in a hydrocarbon. The
from experiment and the corresponding values calculated at thedifferences in the signs associated with some of the hydrogen
B3LYP/6-31++G(d,p)//B3LYP/6-3%+G(d,p) level of theory. atom charges is commonly observed between the atomic charges
The listed atomic properties are the chargéQ) in au, the obtained from the experimental multipole refinement and those
total atomic energieg(Q2) in au, the atomic energies relative obtained from theoretical calculation of the isolated mol-
to the energies of the corresponding free isolated ground stateecule!13.114

Zp p(r')
V(r)—Z|RA_r|—f|r,_r|dr (4)
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TABLE 4: Properties of the Bond Critical Points for All the Carbon —Carbon Bonds

bond' O(AB)" po (e A7) V2pp(e A79) € Ri (A)
(CChenzene (heod) 1.389 2.100 —20.432 0.202 1.398
C(1)-C(2) 1.480 2.223 —20.805 0.230 1.379

1.463 2.166 —21.511 0.235 1.380
C(1)-C(15) 1.238 1.982 ~16.286 0.230 1.422
1.268 2.010 ~18.779 0.168 1.422
C(2)-C(3) 1.336 2.085 —18.305 0.170 1.408
1.309 2.065 —19.988 0.174 1.408
C(3)-C(4) 1.414 2.161 —19.068 0.240 1.383
1.437 2.157 —21.191 0.241 1.385
C(4)-C(13) 1.013 1.713 ~12.520 0.080 1.504
1.011 1.703 —14.304 0.030 1.512
C(4)-C(14) 1.263 2.009 —17.047 0.210 1.428
1.239 1.983 —18.246 0.166 1.431
C(5)-C(6) 1.541 2.277 —21.253 0.250 1.365
1.537 2.231 —22.686 0.263 1.365
C(5)-C(14) 1.179 1.917 ~14.792 0.210 1.431
1.208 1.984 ~18.525 0.140 1.431
C(6)-C(16) 1.247 1.992 ~17.176 0.180 1.429
1.208 1.996 -18.813 0.140 1.428
C(7)-C(8) 1.480 2.223 ~19.962 0.300 1.362
1.547 2.238 ~22.796 0.269 1.363
C(7)-C(16) 1.269 2.016 —16.859 0.190 1.429
1.201 1.983 ~18.577 0.137 1.431
C(8)-C(18) 1.309 2.057 ~17.701 0.050 1.435
1.202 1.991 ~18.737 0.136 1.430
C(9)-C(10) 1.331 2.080 ~16.831 0.210 1.376
1.464 2.169 —21.588 0.234 1.380
C(9)-C(18) 1.215 1.957 ~14.775 0.190 1.418
1.271 2.006 —18.698 0.169 1.418
C(10)-C(11) 1.348 2.097 -18.317 0.160 1.410
1.310 2.059 ~19.845 0.173 1.409
C(11)-C(12) 1.401 2.149 —19.501 0.200 1.384
1.458 2.153 —21.253 0.232 1.384
C(12)-C(19) 1.284 2.031 —18.195 0.220 1.423
1.273 2.006 —18.698 0.169 1.422
C(14)-C(15) 1.310 2.058 ~17.642 0.140 1.432
1.237 1.965 —17.854 0.163 1.437
C(15)-C(17) 1.186 1.925 —14.643 0.270 1.454
1.172 1.885 ~16.676 0.136 1.457
C(16)-C(17) 1.253 1.999 -16.828 0.210 1.415
1.296 2.231 —22.686 0.263 1.418
C(17)-C(19) 1.133 1.863 —14.533 0.250 1.458
1.168 1.881 ~16.626 0.135 1.458
C(18)-C(19) 1.226 1.969 ~16.078 0.370 1.424
1.234 1.975 —18.091 0.158 1.435

aThe first and second lines for each row list the experimental and theoretical values, respetiihelyexperimental” delocalization indices
were calculated using the experimermglalues and the exponential regression equation obtained using the thegigtiiales.c Bond properties
for a gas-phase benzene molecule calculated at the same level of theory for comparison.

“ .\ ¢ ! P :
) .O . ,°-..( \
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Figure 4. Molecular graph of 4-methyl-[4]helicene calculated at the
B3LYP/6-31++G(d,p)//B3LYP/6-33-+G(d,p) level. The bond critical
point and associated bond path of the-H bonding interaction are

indicated by the arrow.

Atomic Properties of the Carbon Atoms.The experimental
and theoretical results listed in Table 5 show that all carbon
atoms bear small charges. As is the case for the hydrogen atoms,
a generally good agreement is found between the experimental
and theoretical values. The methyl carbon possesses the largest
positive charge in both the experimentg[@(13)] = 0.1415
au) and theoreticalg{C(13)] = 0.071 au) densities. The
electronic charge gained by the methyl hydrogen atoms in the
molecule comes in part from the methyl carbon atom C(13),
where the methyl group as a whole carries a net charge of
+0.0410 (theory) and-0.0517 au (experiment). This implies
that the aromatic system in the isolated molecule gains electronic
charge from the methyl group. In the isolated molecule, the sum
of all the charges for all atoms in rings | and Il, excluding the
methyl substituent, results in a charge-69.0414 au, a value
almost exactly equal to the electronic charge lost by the methyl
substituent. Addition of the net charges of rings | and Il to that
of the methyl group results in a near cancellation with a total
charge 0f—0.0006 au. In the crystal, the sum of the charges is
—0.0057 au, significantly less than that of the methyl substituent.
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Figure 6. Molecular electrostatic potential mapped on gg = 0.001
au= 0.00675 e A3 isodensity surface in the range fron0.101 (red)

to +0.101 e A (blue) in the three different orientations shown on the
left calculated at the B3LYP/6-31+G(d,p) level of theory.
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Figure 5. Experimental Laplacian maps for 4-methyl-[4]helicene
showing the (3;-1) critical point in the Laplacian field. (a) Laplacian
map of the intramolecular HH interaction in the fjord region of the
molecule showing the (3;1) critical point. (b) Laplacian map of one
of the intermolecular €H-+-C interactions in 4-methyl-[4]helicene Figure 7. Diagram showing the theoretical delocalization indices values
showing the (3;1) critical point. (c) Laplacian map of a section of  for every carborrcarbon and the hydrogethydrogen bond in 4-meth-
the 4-methyl-[4]helicene ring system. All solid lines represent positive Yl-[4]helicene. The arrow represents the direction of the polarization
charge accumulation, and all dashed lines represent charge depletionof the molecule.

The sum of the atomic charges for all the atoms in ririgstl positions with respect to the methyl. For example, to three
II" is —0.0065 au for the isolated molecule, an order of decimal placesq[Cpa{1)] = —0.010 au (theory)*0.035 au
magnitude less negative than the corresponding moiety consist{&xperimentaly q[Corind(3)] = —0.009 au (theory)#0.030 au
ing of rings | and Il (without the methyl). [Note that atoms (experimental}> g[Cmei{2)] = —0.006 au (theory}#0.015 au
C(16) and C(17) are included in both counts since they are parts(éxperimental), consistent with a simple hyperconjugation
of the two ring systems]. In the experimental calculations, the resonance mechanidta involving the methyl hydrogen
total charge of rings’land II' is —0.0631 au, a value almost atoms.
exactly equal to the electronic charge lost by the methyl Local Aromaticity. Sola et al® found that despite the
substituent. Thus, the charge donated by the methyl is mainly significant departure from planarity in helicene rings they tend
localized in the two rings | and Il with almost no charge leaking to lose very little aromaticity when compared with their planar
to the other half of the molecule in the gas-phase state. While acenes or phenacenes counterparts. These authors also remark
in the crystal, the charge donated by the methyl group is mainly that there is an alternation in aromaticity from one ring to the
localized in the unsubstituted rings of a symmetry related next, the peripheral rings displaying maximal aromaticity as
molecule as a result of intermolecular charge transfer. This is measured by three indices: HOMAS7 NICS 1067108 gand
illustrated in the packing of the molecules (Figure 2), which FLU.8586
shows the methyl groups of one molecule pointing directly  We calculated three aromaticity indices, HOMA, NICS, and
toward ring | of another molecule. 0,87 for the title compound (Table 6). The values listed in Table
The magnitude of the atomic charges in rings | and Il exhibit 6 are consistent with the values listed for HOMA and NICS in
an alternation with larger magnitudes at the ortho and para the related symmetric compound [4]helicene (and calculated at
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TABLE 5: Atomic Properties: Charges q(R2), EnergiesE(Q2), Relative Atomic EnergiesEge(R2), and Volumes Vol.Q)2

q(Q) Vol.(Q)
theor. exptl. E(Q) Ere(2)° theor. exptl.
fiord region H-H-bonded hydrogen atoms
H 1 0.0115 0.0100 —0.63456 —83.39 43.80 38.00
H 12 0.0139 0.0243 —0.63353 —82.74 43.78 38.20
normal hydrogen atoms
H 2 0.0023 0.0104 —0.62727 —78.82 50.33 42.78
H 3 —0.0041 0.0219 —0.63019 —80.65 50.01 40.97
H 5 0.0035 —0.0108 —0.63194 —81.75 46.80 40.84
H 6 0.0010 0.0163 —0.62779 —79.14 50.04 41.05
H 7 0.0024 —0.0029 —0.62702 —78.66 49.97 44.00
H 8 0.0034 —0.0017 —0.62628 —78.20 50.13 40.97
H 9 0.0009 0.0023 —0.62748 —78.95 50.06 43.34
H 10 0.0052 —0.0119 —0.62574 —77.86 50.15 43.27
H 11 0.0035 0.0206 —0.62686 —78.56 50.16 44.26
methyl hydrogen atoms
H 13 —0.0085 —0.0436 —0.62767 —79.07 50.07 43.61
H 14 —0.0122 —0.0099 —0.63102 -81.17 49.80 43.82
H 15 —0.0092 —0.0363 —0.62832 —79.47 50.10 44.49
carbon atoms

C 1 —0.0103 —0.0345 —38.10274 —157.76 80.10 81.86
C 2 —0.0059 —0.0151 —38.08509 —146.68 83.85 84.14
C 3 —0.0094 —0.0299 —38.09474 —152.74 82.73 83.20
C 4 —0.0011 0.0780 —38.09187 —150.94 70.44 68.56
C 5 —0.0108 0.0032 —38.10335 —158.14 82.18 82.94
C 6 —0.0066 —0.0393 —38.10070 —156.48 82.37 86.68
C 7 —0.0065 0.0033 —38.09824 —154.94 82.40 82.53
C 8 —0.0050 —0.0258 —38.09959 —155.79 82.56 80.90
C 9 —0.0070 —0.0655 —38.09089 —150.33 82.63 84.27
C 10 —0.0021 0.0089 —38.07940 —143.11 83.75 83.31
C 11 —0.0041 0.0242 —38.07880 —142.74 83.94 84.17
C 12 —0.0080 —0.0383 —38.09795 —154.76 79.74 81.63
C(Me) 13 0.0707 0.1415 —38.00639 —97.30 67.19 70.47
C 14 —0.0032 —0.0145 —38.10624 —159.95 70.23 70.82
C 15 —0.0043 0.0466 —38.08726 —148.05 70.32 70.23
C 16 0.0048 —0.0115 —38.11986 —168.50 69.50 69.83
C 17 —0.0086 —0.0365 —38.08178 —144.60 71.02 71.89
Cc 18 0.0055 0.0495 —38.11445 —165.11 69.75 70.09
C 19 —0.0047 —0.0021 —38.08724 —148.03 70.41 69.76

sum —0.0033 0.0308 —732.5322 2150.31 2066.88

SCF —0.0000 —732.5325

diff. 0.0026 0.14724 kcal/mol

a All entries are in atomic units except the relative atomic energies which are listed in kcdl/Redhtive energies in kcal/mol with respect to
the energies of the free isolated ground state atoms which at the B3LYR/&@(d,p) level of theory are E[C(°Po)] = —37.851335 au, and
E[H(?S1z)] = —0.501666 au.

TABLE 6: Aromaticity Indices Calculated for the Four

Rings of 4-Methyl-[4]helicene

NICS
ring HOMA GIAO IGAIM CSGT 0
I 0.814 —8.110 —10.589 —10.593 0.785
I 0.578 —6.722 —8.821 —8.825 0.661
I 0.569 —6.543 —8.721 —8.725 0.654
I’ 0.853 —8.418 —11.064 —11.068 0.804

a lower level of theory, B3LYP/6-31G(d§},where the periph-
eral rings have a HOMA index of 0.806 and a NICS-€8.99

Figure 7 shows the)(C,C) for all the C-C bonds and
0(H1,H12) for the intramolecular HH bond. Thed(C,C) for
the phenyl C-C bonds range from 1.1682 to 1.5468. The
0(C,C) associated with the ggenyr—Cmetny boNnd is 1.0109, which
is to be expected for a single-& bond. The H-H bond has
ao(H1,H12) value of 0.0224, which is much smaller than those
of the CG-C bonds but still represents an appreciable amount
of electron pair sharing for such a weak interaction. The arrow
in Figure 7 represents the molecular dipole moment vector which
points its positive side in the direction of the methyl substituent.

ppm while the inner ones have a HOMA of 0.503 and a NICS It has recently been shown that the experimental electron
of —7.62 ppm. Table 6 shows all measures of aromaticity yield density at the BCPp) can be correlated to the calculated
a consistent picture with the local aromaticity orderihg-11

> >

delocalization indices(C,C)).5” This signifies a correlation
between experimental one-electron density (diagonal elements)

The substituted peripheral ring (I) is less aromatic than the and a quantity based on the full density matrix. This allows for
unsubstituted one 'jl as anticipated based on the higher a direct comparison of the-&C bond order to the experimental
fluctuation of bond properties around the ring. This reduction and theoretical electron densities at the BCPs. Figure 8
of aromaticity is, possibly, a reflection of the uneven redistribu- represents an exponentid(C,C) = exp[A(p, — B)]) relation-
tion of charge (charge alternation) and the alternation in electronship between the experimental and theoretiga(both repre-
delocalization indices between bonded atoms forming ring | sented in eA3) against the)(C,C). The experimental fitting
(when compared with the unsubstituted ring |

parametersA and B have values of 0.7572 and 1.6990,
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Figure 8. Exponential dependences a(eA~3) on the theoretical delocalization indices, The R? value for the experimental fit (solid line) is
84.3%, and the theoretical (dashed lif@)value is 85.1%.

respectively. The theoretical fitting parametéysand B have Note Added in Proof. The meaning of QTAIM atomic
values of 0.7434 and 1.6952, respectively. This essentially showsenergies calculated using KohSham orbitals within the
that the bond order increases exponentially as the experimentaframework of density functional theory has been recently
and theoretical electron densities at the BCP increase, asinvestigated in a paper to appear soon in this journal (Matta, C.
expected since the greater the bond order the more electrond=.; Arabi, A. A.; Keith, T. A.J. Phys. Chem. 2007, 111, in

are associated with the bond. press).
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