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Electron paramagnetic resonance and electron-nuclear double resonance methods were used
to study the polycyclic aromatic radical cations produced in a Friedel-Crafts alkylating sys-
tem, with m-xylene, or p-xylene and alkyl chloride. The results indicate that the observed
electron paramagnetic resonance spectra are due to polycyclic aromatic radicals formed from
the parent hydrocarbons. It is suggested that benzyl halides produced in the Friedel-Crafts
alkylation reactions undergo Scholl self-condensation to give polycyclic aromatic hydrocar-
bons, which are converted into corresponding polycyclic aromatic radical cations in the
presence of AICl3. The identification of observed two radicals 2,6-dimethylanthracene and
1,4,5,8-tetramethylanthracene were supported by density functional theory calculations us-
ing the BSLYP/6-31G(d,p)//B3LYP/6-31G(d) approach. The theoretical coupling constants
support the experimental assignment of the observed radicals.
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I. INTRODUCTION

It is well known that the Freidel-Crafts alkylation is
a classic electrophilic aromatic substitution [1], and is
a method used in the preparation of alky-substituted
benzene. The catalyst usually used is aluminum chlo-
ride. Freidel-Crafts reactions, as we know them to-
day, have grown with the Grignard method to be per-
haps the most versatile and frequently used tools of or-
ganic chemistry, covering aromatic and aliphatic sys-
tems alike.

The aromatic radical cations, very important molecu-
lar species involved in many processes of physical, chem-
ical, and biological interest, can be studied with elec-
tron paramagnetic resonance (EPR) spectroscopy. As
already shown in previous studies [2], several novel poly-
cyclic aromatic radical cations which are difficult to be
prepared using other methods, have been observed from
a Freidel-Crafts alkylation reaction with benzene, or
substituted benzene, carried out in air-saturated sys-
tems without degassing the samples on a vacuum line.
HCI gas evolved during the Freidel-Crafts alkylation re-
action removes the dissolved oxygen in the solution, so
that high-resolution EPR spectra are obtained. The re-
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sults indicated that the benzyl halides produced in this
alkylation reaction underwent Scholl condensation [3]
to give polycyclic aromatic hydrocarbons, which were
converted into the corresponding polycyclic aromatic
radical cations in the presence of AlIClj.

However, on reaction with alky-substituted benzenes
the EPR pattern becomes extremely complex, and
it has been shown that the type of radicals iden-
tified by EPR method depend on structure of the
reactant. According to Ref.[4], the principal reac-
tions of pure alkybenzene with AICl3 can involve
dealkylation (dissociation) and alkylation, and either
inter- and intra-molecular rearrangement. Sang et
al. using EPR/ENDOR (electron nuclear double reso-
nance), have investigated the reaction between p-xylene
and Cl,CHCHj; in the presence of AlCls [5]. They
found that the radical cation examined was 2,6,9,10-
tetramethylanthracene. This indicated the two methyl
groups had broken away from the molecule in the pres-
ence of HCI during reaction.

EPR spectroscopy is the most important technique
for the study of paramagnetic species. EPR emerged as
the simplest and often most useful tool to detect, iden-
tify, and monitor the dynamic properties of free radi-
cals in different conditions and environments [6]. The
interaction between magnetic nuclei and unpaired elec-
trons is represented by the hyperfine tensor, which can
be factored into both an isotropic (Fermi) term and
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anisotropic (dipolar) term. The isotropic term, the so-
called hyperfine coupling constant (hfcc) is a function
of the Fermi contact interaction of the unpaired elec-
tron with a determined nucleus and strongly depends on
the spin density at the nucleus position. On the other
hand, the anisotropic term can be obtained from the
classical expression of two interacting magnetic dipoles,
and its value mainly depends on the overall spin distri-
bution. EPR measurements performed in dilute fluid
solutions under high-resolution conditions provide ex-
tremely precise isotropic hyperfine coupling constants
for nuclei with both large and vanishing spin densities,
unattainable with other techniques. Moreover, EPR
can help to characterize the structure of paramagnetic
species with unpaired electrons. Although EPR spec-
troscopy also provides rich information of the radical
properties, its application in chemistry and biology is
rather limited due to the difficulty of the interpretation
of the hfcc and g values.

The ENDOR [6] technique has proven to be partic-
ularly useful for radicals [5] of polycyclic aromatic hy-
drocarbons having many overlapping lines and/or in-
completely resolved EPR lines and for radicals in solid
media in which these lines are broadened by hyperfine
anisotropy. The ENDOR method overcomes the lim-
ited resolution of EPR spectroscopy by introducing ad-
ditional selection rules. Furthermore, by detecting the
nuclear magnetic resonance (NMR) transitions in the
microwave range, the sensitivity is enhanced by orders
of magnitude relative to pure NMR spectroscopy of rad-
icals. The increase in resolution by ENDOR relative to
EPR spectroscopy is due to a drastic decrease in the
number of lines. It can readily be verified that any mag-
netic nucleus X or any set of n equivalent nuclei with a
coupling constant ax gives rise to a single pair of EN-
DOR signals, irrespective of the spin quantum number
I and the g, factor. The pair generally appears in a sep-
arate NMR frequency range characteristic of X. With
each further set, the number of lines grows additively,
not multiplicatively as in EPR. Independent of n and I,
the total number of ENDOR lines for k sets is thus 2k
and not (2ni1I+1), (2nal+1)- - -(2niI+1). Therefore,
this technique is particularly suited for an assignment
of a complex hyperfine pattern, and the drastically im-
proved resolving power compared to EPR spectroscopy
makes ENDOR, spectroscopy highly attractive for or-
ganic chemists and biochemists.

The assignment of the isotropic hfces to different
magnetic nuclei in each paramagnetic species is an im-
portant task for EPR spectroscopy. Theoretical pre-
dictions of radical hyperfine structures are serving an
important role in the understanding of the properties
of radicals and their reactions. Theoretical calculations
are to provide valuable support for experimental results,
and provide very important sources of information al-
lowing us to obtain both the molecular geometry and
the hfcc values. Many efforts have been devoted to the
calculation of hyperfine coupling in order to carry out
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a correct assignment of the experimental data [7]. For
this reason it has received a great deal of attention from
theoretical chemists and EPR spectroscopists for many
years [8-10]. Recently, density function theory (DFT)
formalism can be used very efficiently to predict the hfcc
at a reduced computational cost compared to the cal-
culation of this property [11-13]. DFT procedure with
a BLYP or B3LYP [14,15] functional is to be preferred
when calculating hfcc of organic radicals [16-18].

The theoretical prediction of coupling constants of
radicals produced in Friedel-Crafts alkylation is impor-
tant, since the experimental spectra are often composed
of many overlapping spectra. In addition to an unequiv-
ocal assignment of the absolute values |axy]|, full infor-
mation on the structure of a radical requires knowledge
of the signs of its coupling constants, which is not di-
rectly available from an EPR spectrum. Experimental,
theoretical, or combinations of both, make it possible
to assign the hfcc and to determine their sign.

In this work, we report that comparison of experi-
mental (EPR and ENDOR) and calculated hfcc pro-
vides important information for identifying the radicals
formed, when alkyl aromatic (m-xylene, p-xylene) re-
acts with alkyl chloride as the solvent in the presence
of excess aluminum chloride. This combination of ex-
perimental and computational techniques has enabled
us to study the properties of radical cations and to as-
sign the EPR spectra of radical cations produced from
the Freidel-Crafts alkylation reaction. Studies of pos-
sible radical products in different reactants provide a
better understanding of how the reactant affects which
radicals are formed, and proposes a possible mechanism
for radical formation.

Il. EXPERIMENTS
A. Sample preparation

The sample tubes used in this work were Pyrex tubes
with 4 mm in diameter. The samples were prepared di-
rectly in EPR tubes. As the mixture was heated gently,
gases were released. The samples were not degassed on
a vacuum line. During the Friedel-Crafts reaction the
evolution of gases removes the dissolved oxygen in the
solution. The sample was placed in the resonance cav-
ity and its spectrum was recorded. The volume ratio of
alkybenzene to alkyl chloride was 1:1.

B. EPR measurements

EPR spectra were obtained on a Varian E-115 spec-
trometer at the Lanzhou Institute of Chemical Physics
operating at a microwave frequency of 9.5 GHz. The
fields were calibrated with a Varian E-500 NMR gauss-
meter, and the microwave frequency was measured with
a frequency counter Model H/P 5342A. EPR spectra
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were recorded at room temperature. Computer simu-
lations of isotropic spectrum were carried out with the
EPR SimFonia program (Bruker).

C. ENDOR Spectrum

Under the control of Aspect Program, the ENDOR
spectrum was recorded on a Bruker ER-2000 EPR
spectrometer equipped with an EN810 ENDOR, acces-
sory. The parameters for ENDOR experiments are
ES=5 MHz, ET=60 s, MD=40 kHz, RF=100-200 W
(on 15 MHz). The ENDOR spectrum was obtained at
240-250 K.

D. Computational method

All calculations in this work were performed on iso-
lated molecules using the Gaussian 03 package [19].
Starting geometries were optimized initially using the
molecular mechanics method before using the UB3LYP
functional in conjunction with the 6-31G(d) basis set,
and these optimized structures were used for further
calculations. The use of this relatively small basis set is
justified by the number of geometry optimizations and
by the fact that DFT methods are known to be weakly
dependent on basis sets [20]. The hyperfine coupling
constants were calculated using the unrestricted BSLYP
hybrid density functional method and either 6-31G(d,p)
or 6-31+G(d,p) basis set. Isotropic hyperfine coupling
constants a(i) are related to the spin densities at the
corresponding nuclei by [21]

8
Aiso = 0-2802537hgeﬁegNﬁNp(ri) (1)

TABLE I Experimental coupling constants of EPR of
2,6-dimethylanthracene and 1,4,5,8-tetramethylanthrancene
cations and UB3LYP calculations.

Position a/G UB3LYP/  UB3LYP/
6-31G(d,p) 6-31+G(d,p)

Compound

R1? shown in Fig.1 H-1 3.28 —-3.52 —3.36
2-CHs 2.76 2.71 2.72

H-3 050 —0.45 —0.52

H-4 3.16 —3.32 —-3.13

H-9 633 —6.37 —6.00

R2®* shown in Fig.1 1-CHs 3.60 3.76 3.79
H-2 1.55 —1.49 —1.50

H-9 540 —5.55 —5.18

*R1 and R2 were optimized by the unrestricted
B3LYP/6-31G(d) with the C2 symmetry imposed. Because
of the symmetry, the same value of the hfcc appears twice.
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here, p(r;) is the spin density on the nucleus ¢, which
is just p(r;)=|¥(r)|?, where ¥(r) is the molecular or-
bital containing the unpaired electron. g, and gn
are the electron and nuclear g-factors, B, and [y are
the Bohr and nuclear magnetons. The Gaussian 03
package reveals Mulliken atomic spin populations of a
radical in Bohr magneton units (ug) (1 wup for dou-
blet ground state, 2 pg for triplet ground state, etc.)
and Fermi contact analysis representing the computed
hfce’s results in units of mT. We converted the mT
units into Gauss units to enable the comparison with
experimental hfcc’s data that usually given in Gauss
(1 G=0.1 mT=2.8025 MHz).

11l. RESULTS AND DISCUSSION
A. lIdentification of structure by EPR spectrum
1. m-xylene and 1,1,2,2-tetrachloroethane system

The reaction of 1,1,2,2-tetrachloroethane and m-
xylene in the presence of excess AlCl3 was carried out.
The reaction took place rapidly when the mixture was
gently heated and a well-resolved hyperfine coupling
structure was observed. The EPR hyperfine coupling
constants in gauss obtained from the analysis of spec-
trum are given in Table 1.

This EPR spectrum is very similar to that observed
for 2,6-dimethylanthracene in concentrated HsSOy,
shown in Fig.2(a) [22]. Therefore, we could consider the
radical cation as 2,6-dimethylanthracene radical cation.
Its simulated spectrum (Fig.2(b)) using the coupling
constants shown in Table I is in good agreement with
the experimental spectrum. The formation process

9 1 9 1
2 2
3
4
R1
R2

FIG. 1 The structure of 2,6-dimethylanthracene radi-
cal cation (R1) and 1,4,5,8-tetramethylanthracene radical
cation (R2).

(®)

FIG. 2 (a) EPR spectrum of 2,6-dimethylanthracene radical
cation. (b) Simulated spectrum.
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FIG. 3 The possible mechanism for the formation of the 2,6-dimethyltrancene radical cation.

of substituted anthracene radical cations is shown in
Fig.3. 2,6-dimethylanthracene was formed through an
intermolecular Scholl condensation reaction with ben-
zyl chloride. 2,6-dimethylanthracene is converted into
the corresponding radical cation (R1, the structure is
shown in Fig.1), in the presence of AlCls. This indi-
cated that two methyl groups had broken away from
the compound 1 in the presence of HCI during the re-
action. Based on these observations, the formation of
the 2,6-dimethylanthracene radical cation can be inter-
preted by Fig.3. Another investigation supported this
result, and the same radical cation was seen in the re-
action of toluene and CH3Cl; in the presence of AlCl3

[5].

2. p-xylene and CHCl3 (or CH2Cl3) system

The same EPR spectrum (Fig.4(a)) was observed for
the system of p-xylene and excess AlCl3 either in CHCl;
or in CHyCl;. The ENDOR spectrum of the reac-
tion of p-xylene and excess AlCl3 in CHCl3 is shown
in Fig.5. There are three ENDOR lines above the free
proton frequency of 14.52 MHz: 16743.164, 19614.258,
22143.555 kHz, indicating three possible nonequivalent
coupling constants. This radical may be assigned
to 1,4,5,8-tetramethylanthracene radical cation (R2).
Then a reasonable chemical assignment of coupling con-
stant to particular protons could be made (see Table I).
Based on these coupling constants of each set of equiv-
alent protons, the simulated spectrum (Fig.4(b)) was
obtained, which is identical with its experimental one.
Its formation may be explained by Fig.6.

Comparing the reaction of benzene and CHClz with
the reaction of toluene and CHCl3, in both cases
9,10-substituted anthracene radical cations are ob-
tained. In the reaction of benzene and excess AlCl;3
in CHCI3, the detected radical cation is 2,6-dimethyl-
9,10 di(p-methylbenzyl) anthracene. However, no 9,10-
substituted anthracene radical cation has been observed
in the reaction of p-xylene and excess AlCl3 in CHClg
or CHoCl,. This is probably because of the steric hin-
drance resulting from four methyl-groups located at
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FIG. 4 (a) EPR spectrum of 1,4,5,8-tetramethylanthracene
radical cation. (b) simulated spectrum.

gl

Free proton frequency

FIG. 5 ENDOR spectrum of 1,4,5,8-tetramethylanthracene
radical cation.

C1, C4, C5, and C8 positions. Therefore, only 1,4,5,8-
tetramethyl anthracene radical cation was observed.

B. DFT calculations: spin distribution and hyperfine
coupling constants

The radical model was selected, starting from the as-
sumption that benzyl halides produced in the Friedel-
Crafts alkylation reaction undergo Scholl condensation
to give polycyclic aromatic hydrocarbon, which is con-
verted into the corresponding aromatic radical cations
R1 and R2 in the presence of AlCl; (see Fig.2 and
Fig.6). Because these two radicals were potentially con-
sistent with the experimental results of EPR obtained
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FIG. 6 The possible mechanism for the formation of the 1,4,5,8-tetramethylanthracene radical cation.

in the present work, it was retained as a possible can-
didate for the experimentally observed radical.

The geometrical optimization was carried out by us-
ing the B3LYP/6-31G(d). Several studies [18] have al-
ready indicated that this functional gives a reliable de-
scription of the geometry of a radical. From the DFT
calculation, it is evident that 2,6-dimethylanthracene
(R1) and 1,4,5,8-tetramethylanthracene radical cations
(R2) geometry retain a planar conformation upon op-
timization, with a dihedral angle of 180.0° about two
adjacent aromatic rings in anthracene rings.

DFT has been proven to be an accurate predictive
tool, not only for the calculation of the molecular ge-
ometries, but also for the computation hyperfine cou-
pling of organic radicals. In the both optimized aro-
matic radical cations, the spin density is completely
delocalized. The spin density distribution in the rad-
ical R1 is very similar to that of R2. It is well-known
that hfcc can be decomposed into two contributions: a
delocalization term, which is always positive (or null),
and a spin polarization, or indirect contribution, which
is positive at the radical center and generally nega-
tive for hydrogen atoms. The standard computational
approach in the work was to optimize the geometries
using the B3LYP functional and the 6-31G(d) basis
set. The hfcc values were calculated subsequently us-
ing the 6-31G(d,p) and 6-314+G(d,p) basis sets. The
corresponding hfccs values evaluated at the B3LYP/6-
31G(d,p) and the B3LYP/6-31+G(d,p) level are shown
in Table I for comparison. Because these two radicals
are present in solution and the experiments are per-
formed at room temperature, the experimental equiv-
alence of methyl protons implies their rapid rotation.
The averages of the calculated methyl proton hyper-
fine coupling of each methyl group match the experi-
mental coupling perfectly. From Table I, we can see
that the calculated hfcc at the B3LYP level with 6-
31G(d,p) basis set are in good agreement with exper-
imental values. The results are quite similar to those
obtained with B3LYP/6-314+G(d,p). Both radicals are
conjugated radical cations that show a very great delo-
calization of the unpaired electron, and thus, the hfcc
values are logically very small. All calculated values,
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presented in Table I, differ less than 5% from the exper-
imental couplings. Hence, the experimental assignment
is supported by the calculations. As is well known, the
sign of a;s, is not determined when an experimental
EPR spectrum is analyzed. The corresponding sign is
assigned on the basis of the theoretical results. Thus,
the absolute values for the experimental data are given.

IV. CONCLUSION

In the Friedel-Crafts alkylation system, polycyclic
aromatic radical cations formed their parent hydrocar-
bons. The alky aromatics produced in Friedel-Crafts
reactions undergo intermolecular Scholl condensation to
give polycyclic aromatic hydrocarbons, which are con-
verted into the corresponding polycyclic aromatic radi-
cal cations in the presence of AlCl3.

DFT calculations of isotropic hyperfine coupling con-
stants of anthracene-derived radicals, produced from
Friedel-Crafts alkylation reactions, show that the the-
oretical coupling constants support the experimental
assignment of the observed radicals. Combination of
the B3LYP functional with Pople-6-31G(d,p) and 6-
31+G(d,p) basis sets results in proton hfcc with a max-
imal deviation of about 5% from the experimental val-
ues.

The presented results explain the nature and struc-
ture of radical species in Friedel-Crafts alkylation sys-
tems. They form another example of the feasibility of
DFT calculations of EPR spectroscopic properties of
molecular species which are of real interest to experi-
mental scientists.
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