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*Center for Computational Quantum Chemistry, University of Georgia, Athens, GA 30602
E-mail: dvalentinova@chem.uni-sofia.bg, galabov@chem.uni-sofia.bg , ccq@uga.edu

Abstract

Density functional theory is employed in understanding the reactivity in the TiCl,
catalyzed Friedel-Crafts benzylation of benzene with substituted benzyl chlorides in
nitromethane solvent. A series of ten substituted (in the aromatic ring) benzyl chlorides are
characterized by theoretical reactivity indices. The theoretical parameters are juxtaposed to
experimental relative rates of benzylation (Ref. 7). It is established that the carbon-chlorine
ionic bond dissociation energy and the Hirshfeld charge at the chlorine atom for the benzyl
chlorides reactants — describe quite satisfactorily the reactivity trends. These results provide
further insights into the factors governing reactivity in EAS reactions, which so far have been
mostly focused on rate variations induced by changes in the structure of the aromatic
substrate. The EAS benzylation investigated is quite unusual since, in contrast to most EAS
reactions, the latest experimental kinetic results suggest that the aromatic substrate does not
participate in the kinetic equation of the process. To shed more light on this unexpected result,
we also conducted a theoretical study on the mechanistic pathway by applying M06-2X
density functional computations combined with several basis sets: 6-311+G(d,p), 6-
311+G(2df,2p), and def2-TZVPP. Because of the well-known difficulties in evaluating realistic
free energy barriers for organic reactions, we tested two solvent models in determining the
barrier for the TiCl,-catalyzed Friedel-Crafts benzylation of benzene by benzyl chloride. Since
all methods employed did not provide satisfactory results for the free energy barriers, we used
a combination of theoretically estimated enthalpy barriers and the available (from kinetic
experiments) entropy contribution. This approach enabled us to verify that indeed the rate of
this EAS reaction does not depend on the nature of the aromatic substrate. The computations
revealed the structure and relative energies of the critical structures along the mechanistic

pathway. Four intermediates were established along the reaction route.
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Introduction

The Friedel-Crafts electrophilic substitution of aromatic compounds provides effective
routes for the synthesis of various alkylated or acylated systems, intermediates for further
transformations, as well as numerous industrial products.® The kinetic and mechanistic
studies of the Friedel-Crafts alkylation reactions have a long history.>'2 In the present research
we characterize the reactivity associated with a particular reaction from this class electrophilic
aromatic substitution (EAS) reactions: the TiCls-catalyzed benzylation of benzene by benzyl
chlorides in nitromethane solvent (Eqn. 1). The kinetic results of Olah et al.” provide a rare
opportunity to investigate the role of the changing structure of the electrophilic reactant on

the rate of an electrophilic aromatic substitution (EAS) reaction.

_2TCh,  RCgH4CH,CqHs + HCI (1)

CgHg + RCgH,4CH,CI
So far, most studies on reactivity trends in EAS reactions have been centered on characterizing
the rate variations induced by changes in the nucleophilic arene structures.>®13-22 Extensive
kinetic studies”'12 on the reaction investigated form an excellent basis for consistent
interpretation of the reactivity trends found. We apply density functional theory (DFT), aiming
at quantifying the effects of structural variations in the electrophilic benzyl chloride reactants
on the rates of the benzylation reaction. In addition, in the present research we report results
from the computational modeling of the mechanistic pathway for the basic molecule from the
benzyl chlorides series with the aim at providing deeper insights into the chemistry of this
reaction. DeHaan at al.!!? reported an unusual result for an EAS reaction regarding the
kinetics of the TiCl,;-catalyzed benzylation of benzene, toluene, and anisole by benzyl chloride

in nitromethane solvent. The experiments of these authors suggested that the rate of these

reactions does not depend on the arene substrate.

Early kinetic results’1? on the Friedel-Crafts alkylation revealed that depending on the
type of reactants, catalyst, and solvent, alternative mechanistic pathways may be followed.
The benzylation of arenes with substituted benzyl chlorides catalyzed by AICl; in nitrobenzene
suggested a displacement mechanism involving nucleophilic attack of the arene on the benzyl
chloride-AlCl; initially formed complex.? A third order kinetic equation was suggested:

Rate = k;[RCI][AICI5][Arene] (2)
For the gallium bromide-catalyzed alkylation of arenes, however, the kinetic results of Choi

and Brown'® were more consistent with a rate-controlling step involving the formation of a
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sigma complex (arenium ion) intermediate. First-order kinetics with respect to arene, alkyl
bromide, and GaBr; was found:

Rate = k3[RBr][GaBrs][Arene] (3)
The detailed investigation of Olah et al.” on the electrophilic aromatic alkylation underlined
the presence of different mechanistic routes for the reaction depending on the type of
reactants, catalyst and the medium. The electrophilic alkylation of aromatics is usually
described as passing via the classic SeAr mechanism involving the formation of an arenium ion
intermediate.®

The rate equation for the TiCl,-catalyzed benzylation of benzene with benzyl chloride

in nitromethane, reported by DeHaan et al.,'12 has the form:

Rate = k3[PhCH,CI][TiCl,]? (4)
For the benzylation with the weaker electrophile p-nitrobenzyl chloride, a fourth-order rate
equation is found 11,12

Rate = kys[ArCH,CI][TiCl,]?[Arene] (5)

Theoretical modeling of the mechanisms of EAS acylation and alkylation reactions have
been also conducted.?*?” Kim et al.?? investigated the role of the Lewis acid interaction with
the aromatic ring in the Friedel-Crafts reactions using the MP2/6-311++G(d,p) method.
Yamabe et al.?> applied B3LYP/6-31+(d,p) density functional theory computations in modeling
the benzene acylation with acetyl chloride and the alkylation with 2-chloropropane. Catalysis
by the Al,Clg dimer in simulated dichloromethane solvent was considered. For both reactions
the formation of an arenium ion intermediate was shown to be an essential step. Gandon et
al.?® conducted MO06-2X/6-311+G(2d,2p) computations in studying the GaCls-catalyzed
methylation of benzene. These authors showed that a Ga,Clg adduct is a more active catalyst
compared to the monomeric GaCls. Three alternative possible mechanistic pathways were
considered. The results indicated that the reaction follows a concerted mechanism, which
does not involve the formation of an arenium ion intermediate. Nogeira and Pliego %’
investigated the AlCls;-catalyzed alkylation of benzene by isopropyl chloride in simulated
benzene solution. The reaction pathways considering both AICl; and Al,Clg catalysts were
theoretically modeled using X3LYP/def2-SVP (ma-def2-SVP) computations. These authors
showed that the energetically favored route involves catalysis by the Al,Clg adduct. The

reaction pathway includes the formation of a CH;CHCH5;*...Al,Cl;~ ion pair, which then reacts
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with benzene to form a Wheland (arenium ion) intermediate in the rate-controlling step of
the process.

The chemical reactivity associated with electrophilic aromatic substitution (EAS)
processes has been of prime interest over the long history of application of these reactions.
1421 The progress on the topic has been presented in recent studies and reviews,17-21,28-34
Notably, theoretical parameters describing aromatic reactivity are frequently verified by
comparisons with Hammett type substituent constants.!317-18212829 Machine learning
methods employing theoretically evaluated proton affinities that aimed at providing the
experimental chemists with effective tools for the prediction of both relative reactivity and
positional selectivity were also proposed.32-34

As mentioned, we apply in the present research theoretically derived quantities
characterizing the role of the electrophilic reactant on the rates of benzylation of benzene
with substituted in the ring benzyl chlorides. The detailed experimental study of Olah et al.”
on the rates of the Lewis acid catalyzed benzylation of benzene and toluene with substituted
benzyl chlorides provides an excellent platform to test the performance of theoretically
derived quantities in describing reactivity. In Table 16 of Ref. 7 these authors present results
on the relative rates for the competitive benzylation of benzene by benzyl chloride and
substituted in the aromatic ring derivatives under catalysis of TiCl, in nitromethane solvent.
These kinetic results are employed in the present study as a basis for assessment of the
applicability of theoretically derived parameters in describing the reactivity trends for these
reactions. The interpretation of reactivity patterns is strongly associated with the mechanism
of the reaction of Friedel-Crafts benzylation considered. We, therefore, report first the

mechanistic features of this reaction.
Computational Methods

The computational results discussed in most detail in the present research were
conducted using the M06-2X density functional 3’ combined with the 6-311+G(d,p) basis
set.3839 This level of theory has been shown to provide reliable information on the energetics
and mechanistic features of organic reactions.*%** To assess the influence of size and type of
the basis set, we applied also the 6-311+G(2df,2p)3%3% and def2-TZPVPP#> basis sets with the
MO06-2X functional in evaluating the critical structures along the reaction paths. To assess the

potential additional influences of dispersion effects on the computed reaction barriers we also
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performed M06-2X(D3)/6-311+G(d,p) computations using the zero-damping D3 correction.*®
Harmonic vibrational frequencies were calculated to verify that the optimized structures are
true minima or saddle points on the potential energy surfaces. The effects of the nitromethane
solvent were modeled using the CPCM method.*’ In view of the difficulties in evaluating
reliable estimates of the entropy contributions to free energies,*® we also tested the SMD
solvent model of Marenich, Cramer, and Truhlar.*® The computations employed ultrafine
(99,590) integration grids and tight SCF convergence. The intrinsic reaction coordinate (IRC)
method 0 was applied in connecting the critical structures along the reaction path for the TiCl,
catalyzed Friedel-Crafts benzylation of benzene in nitromethane. The IRC computations
employed the M06-2X/6-311+G(d,p) theoretical method. All computations were conducted

with the Gaussian16 suite of programs.>!
Results and Discussion
Mechanism of benzylation

As discussed above, the kinetic equations for the TiCl, catalyzed benzylation of arenes
in nitromethane derived by DeHaan et al.1112 differ substantially from earlier kinetic results
referring to Friedel-Crafts benzylation employing other Lewis acids, such as AlCl;, GaCls, and
FeCl;.27-10 We conducted transition state theory computations on the potential energy
landscapes of two possible reaction paths: (a) catalysis by two TiCl, molecules; (b) catalysis by
a single TiCl; molecule. As mentioned, the basic approach in modeling the potential energy
surfaces employed M06-2X/6-311+G(d,p) computations. To obtain more accurate energetics
we also conducted M06-2X/6-311+G(2df,2p) and M06-2X/def2-TZVPP computations on the
potential energy surface. Considering the paramount difficulties in the theoretical evaluation
of the entropy contributions to free energies,*®>%°3 we present in Table 1 and Table 2 the
obtained theoretical estimates of the enthalpy shifts along the potential energy surfaces. The
theoretical predictions of the free energy changes along the reaction pathway for all methods
employed turned out highly overestimated (see Table S1 in the Supporting Information)
compared to the experimental value reported by DeHaan et al.!2 To avoid uncertainties
associated with the theoretical evaluation of the entropy contribution to free energy
barriers,*® we adopted a somewhat unusual approach. We discuss in the text the variations of
the calculated AH* values accompanied by discussion of the potential contributions to the free

energies of the experimentally determined entropy shift AS* for the reaction considered, AS*
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=78 J/(deg mol), as reported by DeHaan et al.12 The contribution from the TAS* term to the
free energies for standard conditions is then -5.6 kcal molL. This approach allows us to obtain
more realistic comparisons of the barriers associated with the two alternative reaction paths
(involving one or two TiCl, catalyst) considered. Similarly, the discussion of the relative heights
of the sequential transition states along the same reaction route is based also on more solid
grounds.

DeHaan et al.}? discussed two distinct steps of the TiCls;-catalyzed benzylation of
benzene with benzyl chloride in nitromethane. Dissociation of the benzyl chloride and
formation of a carbenium ion take place at the first step. These authors consider that this is
the rate-controlling step of the reaction. It involves the electrophile and two molecules of the
catalyst. At the second step, the formed ion interacts with the benzene substrate. DeHaan et
al. assumed that this step results in the formation of a o-complex intermediate. Removal of a
proton leads to the final products. Still, there are several questions regarding the mechanism
of the reaction: (a) How is the process initiated?; (b) Does the rate-controlling step involves
one or two TiCl, molecules?; (c) What is the structure of potential intermediates?; (d) Does

the reaction route involves a sigma complex intermediate?

It is of considerable interest to compare how the different levels of theory employed
perform in predicting the barrier heights of the reaction investigated. Table 1 presents the
enthalpy shifts associated with the two found transition states, theoretically estimated from
the different methods applied. According to DeHaan et al.12 the enthalpy shift associated with
the dissociation of the C-Cl bond is 12.7 kcal mol1.12 Table 1 shows that all three methods
employing the CPCM simulation of the nitromethane solvent produce results for the highest
energy transition state that are in reasonable agreement with the experimental enthalpy
barrier. The M06-2X employing the largest basis set (def2-TZVPP) produces an enthalpy barrier
(9.9 kcal mol?) that is in close correlation with the experimental AH* value. In contrast, the
application of the SMD solvation model #’ resulted in an enthalpy shift in poorer agreement
with the experiment (Table 1). The application of the Grimme?® zero-damping D3 dispersion

correction reduces the TS1 enthalpy barrier by 1 kcal mol?! (Table 1). For the TS2 transition
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Table 1. Changes in enthalpies (in kcal mol!) associated with transition states and products
for the TiCl,-catalyzed benzylation of benzene in nitromethane along the route involving two

catalyst molecules.

Theoretical approach AH

TS1 TS2 P
CPCM MO06-2X/6-311+G(d,p) 7.5 -0.8 -7.9
CPCM M06-2X(D3)/6-311+G(d,p)? 6.5 -2.7 -8.2
SMD M06-2X/6-311+G(d,p) 21 -11.7 7.7
CPCM MO06-2X/6-311+G(2df,2p) 7.9 0.5 -7.5
CPCM MO06-2X/def2-TZVPP 9.9 3.8 -7.8
Exp. value® 12.7 - -

aUsing zero-damping D3 dispersion correction (Ref.-46);® From Ref. 12.

state, the dispersion corrections lead to a AH* value, which is nearly 2 kcal mol! lower. The
enthalpy shifts associated with TS2 do not compare well with the experimental value. In brief,
the theoretical computations conducted support the conclusions of DeHaan et al.1? regarding
the rate-controlling step of the reaction. Since all IRC computations were performed using the
MO06-2X/6-311+G(d,p) computations, in the subsequent section we discuss the found critical

structures — intermediates and transition states — as obtained at this level of theory.
(1) Benzylation of benzene catalyzed by two molecules TiCl,.

It is important to consider how the reaction begins. Ritter >* showed that dimers of neutral
TiCl, do not exist at ambient temperature. This author found by IR spectroscopy neutral
dimers only at cryogenic temperatures. It is, therefore, expected that the initial interaction
would be between the electrophilic reactant (benzyl chloride) and a single molecule of the
catalyst to form a pre-reaction complex. This complex is then able to interact with a second
catalyst molecule, thus starting the process leading to the first transition state (TS1). The
optimized structures of the pre-reaction complex and TS1 are illustrated in Figure 1. Forward
IRC computations from TS1 reveal the formation of an intermediate (1) containing an ion pair
of a carbenium ion and a Ti,Clg~ anion. (Figure 1, Table 2). The process then continues with
the interaction of the |1 complex with the aromatic substrate (benzene). At the initial stage of
this interaction, a second intermediate (12) is formed. Backward IRC computations from the
second transition state reveal the structure of 12. The reduced energy of 12 reflects the initial

interaction of the |1 intermediate with the benzene molecule (Figure 1). The reaction then

7



Physical Chemistry Chemical Physics

proceeds toward the second transition state (TS2). TS2 reflects the formation of a carbon-
carbon bond between the carbenium ion and the benzene substrate under catalysis by the
dimeric Ti,Clg~ ion. The normal coordinate corresponding to TS2 reveals (a) shortening of the
distance between the positively charged CH, group and the benzene substrate and (b) the
formation of the C—C bond between the two principal reactants. Importantly, forward IRC
computations from TS2 reveal the formation of a sigma complex intermediate (I3) (Figure 1).
The enthalpy shifts accompanying the different steps of the reaction are provided in Table 2
and illustrated in Figure 1. The transition state for the last step of the reaction — the removal
of a proton — could not be located. Similar problems have been encountered in attempts to
locate analogous transition states for other EAS reactions.?° Liljenberg et al.2® emphasized that
the proton transfer is usually a low energy step. The results obtained in the present research
clearly show that the rate-controlling step of the reaction is the dissociation of the carbon-
chlorine bond in the benzyl chloride and formation of a carbenium ion. The interpretation
considering the estimated free energy barrier (AGes*) confirms this finding. The theoretical
enthalpy changes combined with the experimental TAS contribution results in a AG* barrier
value of 13.1 kcal mol! (Table 2). A more accurate value for this barrier comes from the M06-
2X/def2-TZVPP computations (Table 1). The AG* value for the reaction becomes 15.6 kcal mol-
1, in good accord with the experimentally determined barrier of 18.3 kcal mol2.12 The fully
theoretical computed AG* value for TS1 from M06-2X/6-311+G(d,p) computations is 29.7 kcal

mol? (see Table S1 in Sl). The contribution from the TAS* term is
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Figure 1. Critical structures and enthalpy variations (in kcal/mol) along the reaction pathway for benzylation catalyzed by two TiCl, molecules in simulated
nitromethane solvent. All from M06 2X/6-311+G(d,p) computations. Energies are relative to reactants (benzene and benzyl chloride) and two TiCl, molecules.
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Table 2. Reactants enthalpy and free energy shifts along the reaction pathway for the Friedel-
Crafts benzylation of benzene with benzyl chloride. The results reflect catalysis by two

molecules TiCl,. The theoretical values are from M06-2X/6-311+G(d,p) computations.

Structure AH  AGY'  AGH,?
R 0.0 0.0
Pre-reaction complex -4.1 -

TS1 7.5 13.1 18.3
12 -1.6 -

TS2 -0.8 (4.8)

I3 o-complex -3.8 -

P -7.9 -

Ln this research, AG(est.) for TS1 and TS2 are obtained by summing the theoretical enthalpy
shifts and the experimental TAS contribution to the free energy shifts. The experimental value

for AS of 78 J/(deg mol) determined by DeHaan et al. (ref. 12) is employed; 2 From Ref. 12.

significantly overestimated when compared to the experimentally determined value. Overall,
the results obtained clearly indicate that the TS1 barrier, associated with the dissociation of
the C-Cl bond in the electrophilic reactant, governs the rate of the reaction. The reaction
pathway includes four intermediates. In contrast to previous considerations, the initial attack

does not involve a TiCl, dimer but a single catalyst TiCl, molecule.
(2) Benzylation of benzene catalyzed by a single molecule of TiCl,.

Although less likely, we tested also the possibility of a mechanistic pathway for benzylation
involving a single catalyst molecule. A third order kinetics of the type presented in Eqn. 2 has
been discussed for alkylation reactions using more active catalysts.”1° For the benzylation
catalyzed by TiCl, in nitromethane medium, however, the theoretical modeling disproved the
possibility for a third order kinetics corresponding to Eqg. 2. Instead, the theory predicts a
second order kinetics involving the benzyl chloride and the TiCl, molecule. Two distinct
transition states on the potential energy surface, TS1 and TS2, are found. The first step
involves interaction of the electrophile (benzyl chloride) with the catalyst resulting in the
formation of a carbenium ion. The distinctly lower energy TS2 transition state corresponds to
the formation of a C—C bond between the carbenium ion and the benzene molecule. The

energies associated with this mechanistic route are given in Table S2 of the Supporting

10
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Information. Notably, the barrier associated with the formation of a carbenium ion along this
pathway is 4.8 kcal mol! higher compared to the mechanism involving catalysis by two TiCl,
molecules (Table 2). Thus, the possibilities for a second order kinetics for the TiCl, catalyzed
benzylation in nitromethane are rejected. As in the case of catalysis by two TiCl, molecules,
participation of the aromatic substrate in the rate-controlling step of the reaction is not

confirmed.
Reactivity trends
Theoretical reactivity indexes

(1) C-Cl dissociation energy (Egiss). The kinetic data of DeHaan et al.1%12 for the TiCl, catalyzed
benzylation of benzene in nitromethane show that the rate-controlling step of the reactions
involves dissociation of the C—Cl bond in the electrophilic reactant. Our theoretical modeling
confirmed this result. It appears, therefore, that the ionic C-Cl bond dissociation energy (Egiss)
in the series of benzyl chlorides may well describe the experimentally determined kinetic
trends. We estimated theoretically the dissociation energies for the series of the ten
substituted in the aromatic ring benzyl chlorides considered (Table 1). These quantities were

then juxtaposed to the experimental relative rates.

(2) Hirshfeld charges. Hirshfeld charges >° at the reactive carbon centers in aromatic substrates
were shown to correspond very well to theoretically estimated reaction barriers for the BF;
catalyzed electrophilic chlorination of an extended series of substituted benzenes.>® It was
also demonstrated that Hirshfeld charges at the carbon atoms correlate strongly with the
Hammett constants for substituted benzenes.>’ This type of population analysis has been
successfully applied in rationalizing properties of various molecular systems (see, e. g. refs.
58,59). In the present research, the aromatic substrate is just the benzene molecule.
Nonetheless, it was of interest to test whether this type of atomic charges would provide
insights into the reactivity trends for systems, where the changes of structures are in the

electrophile.

Table 3 presents the experimental relative rates for the benzylation of benzene with
benzyl chloride and nine ring substituted derivatives as determined by Olah et al.” The
reactivity indexes are evaluated using DFT computations at the M06-2X/6-311+G(2df,2p)

level, including CPCM modeling of the nitromethane solvent. As may be expected, in

11



Physical Chemistry Chemical Physics

accordance with the rate equation (Eqn. 3), the changes in the structure of the electrophile
will lead to substantial differences in the relative rates of benzylation compared to the rate
for the parent electrophile (benzyl chloride). The theoretically evaluated three types of
reactivity parameters are shown in Table 3. In most cases, the electron withdrawing chlorine
and fluorine aromatic substituents cause strengthening of the C-Cl bond in the CH,Cl moiety.
The stronger C-Cl bonds in these compounds lead to higher bond dissociation energies (Eg;ss),
resulting in slower reaction rates. Somewhat surprizingly, the p-F substituent increases the
reactivity (Table 3). This influence is well reflected in the computed C—Cl dissociation energy
(Egiss = 41.3 kcal molt), which is lower than in the unsubstituted benzyl chloride (Egiss = 42.9
kcal mol?). The strong hyperconjugation effect of p-F group evidently overwhelms the reverse
inductive (and through-space) influences of the same substituent. As expected, the
hyperconjugation effects of the methyl group in the methyl substituted derivatives, in
particular the para-methylbenzyl chloride, cause lowering of the C-Cl bond dissociation
energies and, respectively, higher reaction rates. Altogether, the shifts in dissociation energies
are in quite good accord with the experimental trends of relative rates (Table 1).” The

dependence between log kg/ky and Eg; is illustrated in Figure 2.

Table 3. Experimental relative rates? and theoretical reactivity parameters® for the TiCl,

catalyzed benzylation of benzene by substituted benzyl chlorides in nitromethane.

c d
RCH,CHCl  ke/k®  log ke/ky (Ek‘j:i;sl o g()cn
o-F 0.15 -0.8239 44.83 -0.1338
m-F 0.08 -1.0969 47.38 -0.1330
p-F 1.29 0.1106 41.28 -0.1407
o-Cl 0.07 -1.1549 46.49 -0.1343
m-Cl 0.06 -1.2219 47.56 -0.1321
p-Cl 0.22 -0.6576 43.14 -0.1360
H 1 0 42.94 -0.1412
0-CH; 3.23 0.5092 40.80 -0.1319
m-CH3 1.29 0.1106 42.10 -0.1435
p-CH; 12.4 1.09342 38.12 -0.1463
Correlation
coef.c with 0.968 0.971
log kr/ku

2 From Ref. 7; P Theoretical parameters from M06-2X/6-311+G(2df,2p) computations; € lonic
dissociation energies for substituted benzyl chlorides; 9 Hirshfeld charge at the chlorine atom
in ArCH,Cl; © Absolute values of correlation coefficients.

12
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e p-CH,
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E 4iss (kcal/mol)

Figure 2. Plot of the dependence between C-Cl ionic bond dissociation energies in substituted
benzyl chlorides and relative rates (Ref. 7) of the TiCl,-catalyzed Friedel-Crafts benzylation of

benzene in nitromethane solvent.

The partial charge at the chlorine in the ArCH,Cl molecules is expected to influence the
interaction between the TiCl, catalyst and the electrophilic reactants. A good correlation
between relative rates and Hirshfeld charges at the chlorine atom of the CH,Cl group was
found (r = 0.971). The relationship established shows again that Hirshfeld charges provide a
useful theoretical approach in rationalizing molecular properties (see, e. g. refs. 56-59). Figure
3 shows the plot between charges at the chlorine center and the rates of benzylation. An
outlier for this correlation is the charge at the chlorine atom in the o-CHs derivative. A possible
hydrogen bonding interaction between the chlorine and a methyl C-H bond may explain the

deviation.
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Figure 3. Plot of the dependence between Hirshfeld charges at the chlorine of the CH,Cl group
in substituted benzyl chlorides and relative rates (Ref. 7) of the TiCl,-catalyzed Friedel-Crafts

benzylation of benzene in nitromethane solvent.

An interesting case for this type of Friedel-Crafts benzylation is the reaction involving
p-nitrobenzyl chloride. The computed (at the same level of theory) C-Cl ionic dissociation
energy for this derivative is 54.6 kcal mol, higher than all values shown in Table 3. The strong
electron-withdrawing effects of the nitro group invokes strengthening of the C-Cl bond. Based
on this result, one might expect that the rate of the p-nitrobenzylation may also be
determined by the C-Cl dissociation energy. However, the form of the kinetic equation (Egn.
5) suggests a very different mechanistic pathway for this reaction, with participation of the
arene in the rate-controlling step. The Hirshfeld charge on the CH,Cl chlorine in the p-
nitrobenzyl chloride is -0.12 e. This value for the partial charge is less favorable for the initial

interaction between the p-nitrobenzyl chloride and the catalyst.

The application of bond dissociation energy as a reactivity index for the Friedel-Crafts
benzylation reactions investigated proved quite appropriate considering the mechanistic

features of the reaction. The good correlations between relative rates and the theoretical

14
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reactivity parameters indicate that the ten TiCl;-catalyzed benzylation reactions considered

follow the same mechanistic route.

Conclusions

The experimental relative rates” of the TiCl,-catalyzed Friedel-Crafts
benzylation of benzene by benzyl chloride and a series of ring substituted derivatives are
investigated based on results from theoretical modeling of the mechanism of the reaction.
Density functional theory computations employing the M06-2X functional combined with
several types of basis sets and two alternative solvent models reveal the potential energy
landscape for the basic reaction from the series. The usual difficulties in evaluation free energy
barriers in solution are avoided by applying theoretically evaluated enthalpy shifts combined
with experimental'? entropy contributions to arrive at physically plausible potential energy
surface. Our comprehensive mechanistic DFT computations reveal full details of the reaction
pathway, including the structures of transition states as well as of four intermediates. Contrary
to previous assumptions, the present results show that while the rate-controlling transition
state involves two catalyst molecules, the initial interaction is between the electrophile and a

single TiCl, molecule.

On the basis of the revealed mechanistic features, the reactivity trends for the series
of reactions investigated are rationalized with the aid of reactivity descriptors. Most
significantly, the computed C—Cl ionic dissociation energies for the benzyl chlorides correlate
strongly with the relative rates of benzylation, thus confirming that the kinetics is governed
by this process. Quite satisfactory correlations also exist between the experimental relative
rates of benzylation’ and theoretically evaluated Hirshfeld charges at the reacting chlorine

atom.
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