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The rate of the uncatalyzed chlorination of toluene by molecular chlorine was studied without added solvent
and in acetic acid solution. During competitive reaction in acetic acid, the chlorinatiofHgfpgtoceeded at

a rate equal to that of Ds. The rate of reaction was estimated to be smaller by a factor of wBen no

solvent was added. Calculations using density functional theory suggest that the reaction is bimolecular and
does not involve an arenium cation as an intermediate when low-dielectric solvents are used. The carbon
hydrogen bond is broken late in the reaction process, consistent with the observed kinetic isotope effect. The
difference between the reaction rate without solvent and that in acetic acid can be attributed to the stabilization
of the activated complex in acetic acid solution. The computational results suggest that in other solvents,
with higher dielectric constants, the accepted reaction pathway involving an arenium cation is likely to
predominate.

Introduction SCHEME 1

Electrophilic substitution on aromatics in general, and the ®
chlorination of toluene in particular, is a well-studied process. + Cl, —— ¢
Nonetheless, there are aspects of toluene chlorination that are 2 + ce
not fully explained. These include the marked effect of solvent H
upon reaction rate as well as the mechanism of autocatalysisTagLE 1: Apparent Activation Energies for the

by the HCI product. The present experimental and computational Chlorination of Toluene in Various Solvents
investigation was undertaken in order to probe the role of the

. o .~ reference solvent € Ea (kJ mol?)
solvent during the uncatalyzed chlorination of toluene. Specif- ———
ically, the reaction kinetics have been studied experimentally tlhb;s work g‘ég’ig Z(éli 4 g'ig gg'g
both _in acetic acid solution and_ without solvent, and density 14 acetic anhydride 19'.44 38'_1
functional theory (DFT) calculations have been performed to 16 acetonitrile 375 33.1
probe the structure of important intermediates and the energetics 16 nitromethane 39.4 23.4
of possible reaction pathways. 28 acetic acidt- water+ HCI 36.8

The chlorination of toluene by electrophilic substitution in a Solvent dielectric constant.
acetic acid producesrtho-chlorotoluene (OCT) andgara
chlorotoluene (PCT) as the predominant prodticts. com- apparent second-order rate coefficient at@5The results from
mercial practice, the reaction is catalyzed by a homogeneousseveral studies are plotted as filled circles in Figure 1 as a
Lewis acid catalyst, typically iron chloride, perhaps with added function of the dielectric constant of the solvent employed. The
co-catalyst$:*3 It appears to be generally accepted that the rate- figure shows a variation in the rate coefficient of over 7 orders
|Imlt|ng step in the reaction is the formation of an arenium cation of magni[ude. While it has been noted that the rate of reaction
from the reactants, Scheme 1. For example, Méinsbtes that  is affected by the polarizing ability of the solvent, see for
‘the electrophile attacks in the first step giving rise to a examiple refs 15 and 16, the range of variation exhibited in
positively charged intermediate (the arenium ion), and the Figure 1 has not been explained, nor have the trends with
leaving group departs in the second step...[and] for reactions inincreasing dielectric (i.e., it is not a simple proportionality).
the absence of a catalyst, the attacking entity is simplydBr ~ Andrews and Keeféf also suggested a catalytic role for the
Clz that has been polarized by the ring.” Mattigoes on to  solvent. Relatively fewer studies have additionally measured
state that the primary evidence for the arenium cation mecha-the apparent activation energy for the reaction. Still, Table 1
nism lies in two observations. The first is the observation of a shows that the apparent activation energy also varies with
kinetic isotope effect of near unity when hydrogen is replaced gglvent dielectric constant.
by deuterium. The other is the isolation of arenium cations A few additional points are significant. First, in a typical data
during the reaction of larger, highly substituted aromatics. Of gnglysis the second order rate expression is substituted into a
course, the kinetics of the reaction are also consistent; the ngle palance for the reactor and the resulting equation is
reaction has been observed to be first order with respect to theintegrated. This yields an equation that can be rearranged in

aromatic and first order with respect to chlorine. the form of a straight line through the origin, with the slope
The kinetics have been measured in a number of solvents, getermining the value of the rate coefficient. Clearly, two

and they have commonly been quantified in terms of the experiments conducted at the same temperature and in the same
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10" ‘ rate increases more rapidly than first order. Similarly, auto-
o catalysis has been reported for reaction in ethylene dichléfide.
100 - § 2 It appears that HCI exerts virtually no effect in chlorobenzene,
. g 3 a slight effect in acetic acid, acetonitrile, acetic anhydride and
a L g 3 "g’i nitromethane, and a strong effect in nitrobenzene and ethylene
10 £ 3 § 2 dichloridel6.1® Autocatalysis was not mentioned in a report
- 3 g Z’; : £ utilizir;g; propionic, formic, and trifluoroacetic acids as sol-
2 g 3 % o 7 vents?
% 10° - R § m E . % | . .
; ;t: ! e :t § Experimental Section
E ol 2 ‘ $= | A 100 mL, Pyrex, round-bottomed flask served as the reactor.
& 2 o 2 An electrically driven stirring rod with a paddle entered the flask
§ S % H through one port on the flask, and a cold-water condenser was
< 107 - H 3 ] fitted to a second port to reduce the loss of volatile components.
2 = Additional ports were available that could be used to insert a
10° - R H = . thermometer, a gas purge tube, or a sampling septum; unused
§ 8 ports were filled with plugs. Before each experimental run, the
107 -2 4 . reactor and its miscellaneous parts were washed and subse-
0 2 quently rinsed with distilled water. They were then dried at 393
° K for at least 12 h. Chlorine (ultrahigh purity, Matheson) was

10° : :
0 10 20 30 40 50 60 dissolved in acetic acid solution (trace metal grade, 99.5%,

Dielectric Constant Fisher Scientific) until the latter was saturated, at which point
Figure 1. Reported 298 K second-order rate coefficients (L Thol the container was se_aled. The reactor was.charged with 90 .mL
s™1) for toluene chlorination [refs 1, 16, 17, 19, 20, 27 and 28], filled of acetic acid thqt did not have any chlorine dissolved in it.
circles, as a function of the dielectric constant of the solvent employed; The reactor was immersed in an isothermal water bath at the
the value for toluene is from the present study and corresponds to adesired reaction temperature. An amount of toluene (anhydrous,
temperature of 323 K. 99.8%, Aldrich), 1 to 4 mL, and/or toluerd-(99 atom % D,
Aldrich) was added, and stirring was initiated. After the
SCHEME 2 temperature stabilized, the lights were extinguished and 10 mL
Cl, of the chlorine/acetic acid solution was transferred to the reaction
@ system, starting the reaction. At measured times, samples were
withdrawn from the reactor. A sampling consisted of two-{20
cly ® 100uL) samples (A) taken via a 1Q@L pipet to be titrated for
cl chlorine concentration, and one (20000xL) sample (B) taken
@ —_— —@< + Clo via a 100QuL pipet for GC analysis of the organic components.
H Total sampling time was generally less than 30 s; sampling
intervals were of the order of 20 min. A second, similar flask
in the same solvent and at the same temperature, differing onlywas also present in the constant temperature bath. This flask
in the initial concentrations of the reactants, the obtained rate was used to measure the rate of loss of chlorine due to its
coefficient depends on these initial concentrations, even thoughvolatility. It was charged and sampled in the same manner and
each of the experiments is reported to yield a straight line’plot. at the same times as the reaction vessel, with the exceptions
This is apparent in Figure 1 where there are several points that toluene was not added and therefore only the (A) samplings
plotted for some of the solvents. EI-Dusouqui et’abffered a were withdrawn during the course of the experiment.
quantitative explanation for this observation. They postulated Each of the A samples was mixed with 25 mL of 5% w/v
that the reactants produceracomplex in an equilibrated first ~ potassium iodide solution (Fisher Scientific) and titrated for
step that is followed by a rate-determining first-order reaction chlorine concentration using 0.001 N sodium thiosulfate (pre-
of that w-complex to yield an arenium cation, Scheme 2. By pared by dilution of 0.1 N volumetric standard solution
assuming that iodometric titration of chlorine detects the total (Aldrich)) in 5 mL microburets with starch solution (Fisher) as
chlorine (free plus complexed), they were able to extract the indicator. Sample B for GC analysis was injected immediately
equilibrium constant for complex formation and the rate into a quench solution vial and shaken vigorously. The quench
coefficient for its further reaction from the original apparent solution consisted of 2 mL hexane (anhydrous) and 2 mL of a
second-order rate coefficient. EI-Dusouqui et‘aleported that base solution made from 20 g NaOH (Fisher), 10 g3¥a@3
this analysis yielded a first-order rate constant (for the decom- (99%, Aldrich), and 100 mL of distilled water. Molecular
position of ther-complex yielding an arenium cation) that did chlorine and hydrogen chloride in the sample reacted with the
not depend on the initial concentrations of the reactants. NaS,03 and NaOH, and thereby were separated into the
The other significant point about the kinetics involves aqueous phase. The organic phase could then be analyzed via
autocatalysis. Smirnov et #.studied chlorination in neat  gas chromatography after the completion of the kinetic run. It
toluene but with added HCI. The range of concentrations of was determined in separate experiments that the quench solution
the latter extended to the liquid phase where it was effectively was effective by noting that the composition of the organic phase
the solvent for the reaction. It was shown that at lower remained unchanged up to 72 h after the quench.
concentrations the reaction rate is proportional to toluene, An SRI model 8610B gas chromatograph (GC) equipped with
chlorine, and HCI concentrations. HCI is apparently a very a flame ionization detector was used to analyze the organic
good catalyst; the kinetics were studied in the 170 to fraction of the quenched reactor samples. The GC was equipped
230 K temperature range. At higher concentrations of HCI, the with a 28 m Alltech Econo-Cap capillary column with a 0.53

+ Clp, ——
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mm inner diameter and a Lian thick film of Alltech’s SE-54
stationary phase. Helium (Cryogenic, high purity grade) was
used as the carrier gas. A 2Q syringe was used to inject 0.5
uL of the organic phase. The injector temperature was®0

and the column temperature was programmed for the analysis
as follows: hold at 50C for 5 min (hexane and toluene are
eluted), ramp at 2C per min to 60°C (monochlorotoluenes
are eluted), ramp at a rate of 20 per min to 200C, and hold

8 min (benzyl chloride and dichlorotoluenes, if present, are
eluted). It should be noted that in most cases neither benzyl 2.6 ! ! ! !
chloride nor any dichlorotoluene was detected. The GC was 0 2000 4000 6000 8000 110*
calibrated immediately before or after each experiment by Time (s)

injecting different amounts of samples of three solutions with
known composition of toluengyara-chlorotoluene (99%, Al-
drich), ortho-chlorotoluene (98%, Aldrich), benzyl chloride, etc.

Data a}cquisition was performed using Peaksimple v1.23 with @ jyeasure the free chlorine or the total (free plus complexed)
sampling rate of 1 Hz. ) ) chlorine concentration, and similarly, whether they measure the

Kinetic experiments, as just described, were conducted atfree toluene or the total toluene concentration. Third, for some
temperatures of 303, 313 and 323 K. A run was also made usingsystems autocatalysis by HCI has been reported, and if this effect
no solvent at 323 K. Of course, it was not possible to perform s important, it must also be incorporated in the kinetic analysis.
a separate, parallel volatility loss experiment. The run was |t appears that most of the early studies took precautions to
allowed to proceed for 19 h, at which time the amount of minimize the loss of chlorine due to volatilization, and then
chlorinated product was approximately equal to the amount after jgnored the small residual loss during the kinetic analysis. It
1_ to 2 min in the presence of _acetic a(_:id. _To investigate the 5i5o appears that apart from El-Dusouqui etathe kinetic
kinetic isotope effect, competitive chlorination at 303 K was analysis used in most studies has not considered the possibility
used. Equal amounts of/8g and GDg were charged to the ot 7.complex formation, and consequently the measured
reactor at the start of a kinetic run. Chlorine concentration was -n|orine has been assumed to be free chlorine. Finally, prior
determined as previously described. In this case, the quenchedy,gies have typically ignored the autocatalytic effect of HCI
organic phase from the reactor sampling was analyzed by GC-pjess it imparted observable nonlinearity into the second-order
MS. ) kinetic analysis.
~ The structure and energetics of reactants, products, and |, the present investigation, only a few kinetic runs have been
intermediates were calculated using Jaguar, versioft £Xcept  made. To ensure as meaningful a comparison to prior work as
where noted otherwise, density functional theory (DFT) was pogsible, the kinetic analysis ignored any possible autocatalytic
employed using B3LYP hybrid exchange and correlation gffect of HCI, and it assumed thatcomplex concentrations
functionals and a cc-pvtz(-f) basis set. Fine DFT grids were ¢q|g e ignored. However, the experimental results showed
employed, and ultrafine geometry convergence was specified.inat chiorine loss due to volatilization was significant. To
The polarized continuum model for solvatféithat is included  4ccount for this phenomenon, the kinetic experiments in acetic
in the Jaguar program was used when optimizing structures 4¢ig solution were paralleled by identical experiments, except
and calculating energetics in solution. Partial atomic charges o the absence of toluene. The data from these parallel
were calculated by fitting the electrostatic potential to the atom experiments consisted of concentrations of dissolved chlorine
centers while constraining the total charge to equal that of the ygrsus time. These data were analyzed assuming chlorine
species. Neither frequencies nor zero-point energies were scaledyg|atilization to be represented by a first-order process. Typical
Molder?® was used for visualization of molecular orbitals. results, for the run at 303 K, are shown in Figure 2, where the

measured chlorine concentrations are plotted along with the

Results concentrations predicted by the first-order fit.

A number of precautions must be taken in the analysis of Letting C_ denote the total moles of chlorine lost via
the experimental kinetic data. First, chlorine can be lost from volatilization divided by the total fluid volumeC denote the
the reactor due to its volatility. Thus, the decrease in the chlorine dissolved chlorine concentratioﬁg and C° denote the initial
concentration during an experiment is due only in part to its toluene concentration and chlorine concentrati&gnote the
consumption by the reaction. Second, it has been proposed thasecond-order rate coefficient for the chlorination reaction, and
m-complexes form between toluene and chlorine. This might k, denote the apparent first-order rate coefficient for the
occur as a first step in the reaction mechanism, Scheme 2, orvolatilization process, the mole balance equations for chlorine
as a parallel process, Scheme 3. In either casegitamplex are given by egs 1 and 2. In deriving these equations it has
does form, before relating the measured concentrations to thebeen assumed that the production of benzyl chloride and
kinetics, one must determine whether the analytical procedurespolychlorinated toluenes is negligible (consistent with experi-

-2.5

-2.55

Figure 2. Typical fit (line) of first-order kinetics to the measured
chlorine concentration data (circles) from the chlorine loss experiments.
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Figure 3. Comparison of the chlorine concentration versus time Figure 4. Arrhenius plot of the second-order rate coefficients for
predicted by the second-order kinetic fit (line) to the experimental data toluene chlorination in acetic acid.
(circles) for the experiment at 303 K.

0.01 T T T T
mental observation). Initially, a = 0, no chlorine has been L °
lost, soC_. = 0, andC = C° These equations were fit to the () 8
experimental data for each temperature using the Athena Visual ¢ g0a |- g |
Workbench prograr Figure 3 presents a typical result for the
data at 303 K, comparing the measured chlorine concentration
versus time to that predicted using the fitted equations. © Toluene, Run #1
0.006 - O D-Toluene, Run #1 B
dc 0 o g o OCT + PCT, Run #1
—=-kC—k —-C'+C-C 1 2 O D-OCT +D-PCT, Run #1
dt v G v (1) 2 o Toluene, Run #2
0.004 |- < D-Toluene, Run #2 4
dC_ & OCT+PCT, Run #2
i k,C ) A D-OCT + D-PCT, Run #2
The same kinetic analysis was applied using the data for 0.002 |
experiments at temperatures of 313 and 323 K. An Arrhenius @
plot of the resulting rate coefficients is shown in Figure 4. The 2
corresponding expression for the rate coefficient is given in eq ol A : : ’
3. As a check on the experimental procedure and results, eq 3 0 20 40 60 80 100
was used to calculate the expected value of the rate coefficient Time (min)
at 298 K. The resulting value, 5.67 1078 L mol™* s7%, is in Figure 5. Variation in concentrations of labeled and unlabeled toluene

excellent agreement with the values reported in the literature. and total chlorotoluenes during the competitive chlorination ¢fi{C
(Reference to Figure 1 shows that this value is within the range and GDsg at 303 K.
of values reported previously by other investigators.) An Eyring

plot of the data (not shown) gave a value of 50.8 kJ Thébr comparison as an unfilled circle in the plot of Figure 1; of
the enthalpy of activation. course, the value at 298 K would be expected to be smaller.

Insufficient data were collected during the competitive
L —53.6 kJ morl? chlorination of GHg and GDg to permit a rigorous kinetic
k= (1-32 x 10° mol s) exr( RT ) ®3) analysis. Instead, Figure 5 shows how the labeled and unlabeled
toluene and total chlorotoluenes varied during the two runs. It
The rate of reaction in neat toluene was very much slower is clear from the data that the rates are identical to within the
than the rate in acetic acid. In fact, the decrease in chlorine limits of experimental error. A measurable kinetic isotope effect
concentration with time was approximately equal to that due to would have manifested itself in unlabeled product concentrations
volatilization from acetic acid. Because it was not possible to that increased faster than the labeled product concentrations,
separately measure the volatilization from toluene, the rate wasand unlabeled toluene concentrations that decreased faster than
instead estimated from the concentration of chlorinated productsthe labeled toluene concentrations.
at the end of the experiment. Using the initial chlorine and  The computational analysis began with consideration of the
toluene concentrations, it was estimated that the rate of reactionstable reactants and products of the chlorination reactiop: Cl
in neat toluene was approximately ¥Gimes the rate in acetic =~ C;Hg, 0-C;H-Cl, m-C;H-Cl, p-C;H-Cl, and HCI. For each of
acid solution and that the rate coefficient was equal t06.3  these species the structures were optimized and the resulting
108 L mol™! s at 323 K. This value is included for energies were determined. Following this, a vibrational analysis
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TABLE 2: Calculated Energies of Relevant Species in Different Solvents

gas phase toluene acetic acid nitromethane
reagents energy PP energy ZPP energy ZPE> energy ZPE®
Cl, —920.42993 3.473 —920.429929 3.163 —920.429929 3.163 —920.429929 3.163
C:Hs —271.65459 335.2 —271.656774 334.2 —271.658362 335.0 —271.659446 335.0
0-C;H/Cl —731.28484 311.1 —731.287008 310.1 —731.288541 309.6
m-C;H/Cl —731.28488 310.2 —731.287222 309.2 —731.288833 308.9
p-C;H-Cl —731.2846 310.1 —731.286992 309.1 —731.288576 309.4 —731.286961 309.0
HCI —460.84152 17.53 —460.843483 17.41 —460.845017 17.29 —460.845389 17.26
Intermediates
p-C7HsCI* —731.57904 338.0 —731.630309 338.5 —731.654238 338.6 —731.667357 337.9
Cl- —460.29752 0.0 —460.372596 0 —460.405895 0 —460.423776 0
Activated Complex

p-C:HsCl; —1192.0168 340.7 —1192.039190 339.4 —1192.064401 339.0

nitrobenzene acetonitrile acetic anhydride chlorobenzene

reagents energy ZPP energy ZPP energy ZPP energy ZPP
Cl, —920.429929 3.163 —920.429929 3.163  —920.429929 3.163 —920.429929 3.163
C/Hs —271.659389 334.8 —271.659416 334.9 —271.659217 334.8 —271.658240 334.9
Intermediates

p-C7HsCI* —731.666834 336.5 —731.667248 337.6 —731.664719 336.4 —731.652865 3375
Cl- —460.423433 0 —460.423607 0 —460.420537 0 —460.404265 0

Activated Complex
p-C7H3C|2

2 Electronic energy plus nuclear repulsion, Hartréddnscaled zero-point energy, kJ mal

was performed on the minimum-energy structure. The frequen- plateau regime above ca. 40. The focus of the present work is
cies were checked to make sure that all were real, and the zeroin the low and intermediate dielectric regimes, and in particular,
point energy was determined. Neither the vibrational frequencies on the transition between these two regimes. It can be seen that
nor the zero point energies were scaled. This set of calculationsof the experimentally studied systems, chlorination in toluene
was performed for the species in the gas phase, in toluenefalls in the low dielectric regime while that in acetic acid falls
solution and in acetic acid solution. In addition, the calculations in the region of transition between the two regimes. The systems
were also performed for the reactants @nd GHsg) in that have been investigated computationally span the range from
nitromethane, nitrobenzene, acetonitrile, acetic anhydride, andthe low dielectric regime through the transition and into the
chlorobenzene. The energy results from all these calculationsintermediate dielectric regime.

are shown in Table 2. As noted in the Introduction, uncatalyzed chlorination has
It appears to be generally acceptet*®that the rate-limiting ~ peen studied in a number of solvents. The rate coefficient for
step in the chlorination of aromatics involves the formation of reaction in acetic acid derived in the present investigation is in
an arenium cation as a reaction intermediate. Hence similar excellent agreement with the previous Work, as is the measured
calculations were performed gnC/HgCI™ and CI" inthe gas  activation energy (see Table 1). The rate coefficient for the
phase and in all of the same solvents. The energy results arqncatalyzed reaction without solvent (at 323 K) was also
included in Table 2. Finally, an attempt was made to locate eyperimentally estimated and is plotted in Figure 1; the authors
transition states that connected the reactants either to the areniunre not aware of any other reported values that can be used for
cation/chloride anion intermediates or directly to fhehloro- comparison. It was also noted in the Introduction that the
toluene/HCI products. In most instances, these attempts fa”ed,primary evidence for the arenium ion mechanism in general
and transition states were not located. However, for the gaspyolves the kinetic isotope effect and the isolation of arenium
phase and in solutions of toluene and acetic acid, transition statesations. The present authors are not aware of measurements of
connecting the reactants and the products (i.e., without an e kinetic isotope effect for toluene chlorination in the low
arenium cation intermediate) were identified. The resulting a4 intermediate dielectric regime. In trifluoroacetic acid (high
structure of the activated complex corresponding to the gas phasgjig|ectric regime) a primary kinetic isotope effect was not
transition state for direct reaction of the reactants to the products ypserved by Himoe and Stoék.The kinetic isotope effect
is shown in Figure 6a, and the energies are again included ineasyred during competitive chlorination of toluene in this study
Table 2. is essentially unity, consistent with this result.

The computational results from Table 2 were used to calculate
AEy, the change in energy (including zero point energies), for
Figure 1 shows that the rate of toluene chlorination initially the formation of apara-chlorotoluene arenium cation and a
increases sharply with the dielectric constant of the solvent. chloride anion from toluene and chlorine. The results are shown
Henceforth this will be referred to as the low dielectric regime. in Table 3. The wide and systematic variation in the energetics,
Then, in the vicinity of a dielectric constant of 10, the trend as discussed presently, suggest that the simple polarized

changes, and the rate of reaction becomes much less sensitiveontinuum model for solvation is sufficient to capture many of

to the dielectric constant of the solvent. This will be referred to the important features of these reaction systems. In the
as the intermediate dielectric regime. At a dielectric constant intermediate dielectric regime, the calculations predict that the
around 40 there is a second regime where the rate increasesrenium cation and chloride anion are more stable than the
sharply with the dielectric, and this is followed by a second reactants in nitrobenzene, nitromethane and acetonitrile. In acetic

Discussion



Chlorination of Toluene J. Phys. Chem. A, Vol. 106, No. 43, 20020299

TABLE 3: Calculated Energetics of the Formation of an
Arenium Cation and of an Activated Complex for a Direct
Reaction Pathway in Various Solvents Compared to the
Experimentally Measured Activation Energies from Table 1

AEg =
(kJ mol?) (kJ mol )
dielectric C/Hg+ Cl,— C;Hg+ Cl,—  Ea expt.

(a) solvent € pCHCI* +ClI-  p-CHCl, (kJmold
gas phase 545.97 177.80
toluene 2.379 220.01 124.74
chlorobenzene 5.708 81.49
acetic acid 6.15 73.93 62.72 53:64.4
acetic anhydride 20 10.21 38.07
nitrobenzene 34.82 —2.49
acetonitrile 37.5 —3.96 33.05
nitromethane 39.4 —4.62 23.43

TABLE 4: Comparison of Selected Bond Lengths, Bond
Angles, and Charges of the Activated Complex and the
para-Chlorotoluene Arenium Cation in Low Dielectric

Solvents
gas acetic
(b) phase toluene acid
arenium cation HC—Cl angle 104.6 1045 104.6
activated complex HC—Cl angle 99.5 1025 104
arenium cation €Cldistance 1.82 1.821 1.825
activated complex €Cl distance 1.882 1862 1.84
activated complex €CI—Cl angle 98.8 104.2 109.3
activated complex CtCl distance 2931 3.114 3473

activated complex HCI (terminal) distance 3.112 3.583 3.983
activated complex charge onterminal CI —0.48 —-0.71 —-0.94

SCHEME 4

@ + Clp —— —Qm + HCI
(©)

attributed to structural differences among the solvent molecules
(aromatics vs organic acids), catalytic activity of the solvents,
etc.
Table 3 shows different behavior in the low dielectric regime.
In that regime, the energy required to form the arenium cation
and chloride anion increases markedly as the dielectric constant
decreases. Unfortunately, for the most part, experimental
activation energies are not available for reaction in this regime.
Acetic acid is in the vicinity of the transition between the two
regimes. For reaction in acetic acid, the calculated energy needed
(d) to form the arenium cation and chloride anion is slightly greater
than the reported activation energy for the overall reaction, but
Figure 6. Geometry of the gas phase activated complex (a) and one the amount is probably within the uncertainty of the calculated
of its molecular orbitals (b) suggesting a chlorirghlorine bond that _energies (ca. 10 kJ md).
grgdually disappears as the solvent changes to toluene (c) and acetic The highly endothermic nature of arenium cation formation
acid (d). . : - . . .
in the low dielectric regime found in the calculations suggests
that there could be a different reaction pathway that does not
involve an arenium cation. This prompted a search for a direct
reaction pathway that does not involve forming an arenium
: . . cation, Scheme 4. The activated complex shown in Figure 6a
results are consistent with the accepted mechanism for theyaq igentified as corresponding to a gas phase transition state

reaction wherein the rate-limiting step is the formation of an connecting the reactants directly to the products (i.e., without
arenium cation from the reactants. Many attempts were madegp grenjum cation intermediate). Following the reaction coor-

to identify transition states for the formation of the arenium gjinate from this transition state in one direction led to toluene
cation in the solvents of the intermediate dielectric regime, but and molecular chlorine, and following it in the other direction

without success. Therefore, it was not possible to compare |ed top-chlorotoluene and HCI. Similar transition state structures
calculated barriers to the experimental data. In short then, thewere found in toluene and in acetic acid solution, when the

computational results indicate that when the dielectric constantspolvent was modeled as a polarized continuum. Table 4
is greater than ca. 10, the accepted arenium cation pathway iscompares selected bond lengths and angles of these activated
energetically favorable. Within this regime there are still complexes and of @-chlorotoluene arenium cation in a few
variations among the solvents, and these differences may besolvents.

anhydride, the calculated energy for formation of these ions is
lower than the experimentally determined activation energy.
That s, in the intermediate dielectric regime, the computational
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The facts that the activated complexes were identified in a each of these solvents, even when the structure of the activated
transition state search, that they possess a single imaginarycomplex from the first group was used as an initial guess. This
vibrational frequency, and that following the reaction coordinate group is further distinguished from the first group in that the
leads to either the products or the reactants suggest ratheformation of an arenium cation and chloride anion is calculated
convincingly that the species shown in Figure 6a is indeed an to be exothermic or (for acetic anhydride) slightly endothermic,
activated complex connecting the reactants directly to the and in all cases much less than the apparent activation energy
products. However, a visual inspection shows that the distanceof the chlorination reaction. That is, for this group the DFT
between the two chlorine atoms is quite large (2.93 to 3.47 A; results predict facile formation of the arenium cation. This
see Table 4) compared to the normal bond length in molecular group of solvents falls in the intermediate dielectric regime of
chlorine, 2.04 A. Indeed, one might argue that the structure Figure 1.
shown in Figure 6a is actually a tightly coupled ion pair, and  The clear differentiation of the computational results into two
therefore that the arenium cation is in fact an intermediate. (It groups that correspond directly to two different regimes of
must be remembered, however, that this structure is not aFigure 1 suggests an explanation for the gross features of that
minimum energy structure.) To further probe this issue, the figure. The regime of low dielectric may represent a regime
various molecular orbitals of the activated complex were wherein it is very difficult to form an arenium cation, and
visualized. Figure 6b shows one particularly relevant orbital of consequently the predominant reaction pathway is a direct
the gas phase activated complex that clearly indicates bondingconversion of the reactants to the products through an activated
between the two chlorine atoms. In particular, one can see complex similar to that shown in Figure 6. In the vicinity of
significant electron density between the two chlorine atoms in the transition (dielectrie=10), the energetics of arenium cation
what appears to be a sigma bond formed from the p orbitals of formation become favorable. Thus the transition in Figure 1 at
the chlorine atoms. As reported in Table 4, the charge on the a dielectric constant of ca. 10 may correspond to a change in
terminal chlorine atom is considerably smaller than one, as well. the predominant reaction pathway from a direct one to one
In short, the species shown in Figure 6a appears to be a truewhere an intermediate arenium cation is formed. Other results
activated complex for a gas phase reaction pathway that leadssupport this postulate as well. The molecular orbitals shown in
directly from the reactants to the products without the formation Figure 6 show that as one moves from the gas phase to toluene
of an arenium cation as an intermediate. to acetic acid (i.e., from the low dielectric regime toward the

As mentioned in the Introduction, El-Dusouqui etahoticed transition), the bonding orbital joining the two chlorine atoms
that the apparent second order rate coefficients for toluene“necks down.” Extrapolation suggests that if the dielectric
chlorination in acetic acid were dependent upon the initial constant continued to increase, the bond would disappear. That
concentrations of the reactants. They were able to rationalizeis, an arenium cation would result. Similarly, the data in Table
this observation in terms of Scheme 2, which is not consistent 4 show that again as one moves from low dielectric toward the
with the computational results of the present study. The activatedtransition, the geometric parameters of the activated complex
complex just discussed lies along a reaction pathway that directlyapproach those of the arenium cation. Additionally, as one
connects the reactants to the products; it does not connect anoves from low to higher dielectric, the charge on the terminal
m-complex to the products. However, the key point in the chlorine of the activated complex approaches the value bf
analysis of El-Dusouqui et &l.is that the formation of the  that would be expected for the arenium cation mechanism.
complex reduces the concentration of free chlorine. It can be  The kinetics of the reaction would be second order for each
shown using the same assumptions as El-Dusouqui ¥t al. of the two pathways, Scheme 1 and Scheme 4. This is consistent
that Scheme 3 is equally capable of describing the kinetic with experimental observation in that the reaction order does
results, and at the same time, it is consistent with the reaction not change between the two regimes. The absence of an apparent
pathway proposed in the present work. It was also mentioned kinetic isotope effect is also consistent with the direct pathway,
in the Introduction that the reaction is autocatalytic. The Scheme 4, when the transition state shown in Figure 6 is
transition state described above then must correspond to theconsidered. In that figure, the carbon-to-hydrogen bond is still
situation where the concentration of HCI is very low, such as intact. A kinetic isotope effect different from unity would be
at the start of an experimental run. No attempt was made in the expected only if the hydrogen/deuterium was involved in a bond
present study to identify the transition state for the HCI-catalyzed that was breaking or forming in the transition state. The figure
chlorination. and the tracing of the reaction coordinate in this case indicate

The computational results for different solvents can be clearly that the carbon-to-hydrogen bond breaks very late in the process,
differentiated into two groups. The first group includes the gas well past the transition state and consistent with the observed
phase, toluene solution, and acetic acid solution. In each of thekinetic isotope effect.
systems in this group an activated complex for the direct reaction  The polarized continuum model of solvation was sufficient
pathway was identified computationally, and for each system to uncover the gross differences in reaction pathway between
the associated activation energy for formation of this activated the low and intermediate dielectric regimes. The reason for this
complex is less than the energy of formation of an arenium is that the stability of the arenium cation is the primary
cation. Also, in the one situation where an experimental difference between the two regimes. It is expected that, to
activation energy is available, acetic acid solution, the compu- explain the smaller differences within the intermediate dielectric
tationally predicted activation energy, 62.7 kJ mplagrees regime, it will be necessary to consider specific solvent
reasonably well with the experimentally measured values;53.6 interactions. It seems reasonable to speculate that the second
54.4 kJ mot! shown in Table 1. Finally, all the systems that regime of increasing activity seen in Figure 1 at dielectric
fall into this group also appear in the low dielectric regime of constants greater than ca. 40 is not a solvent effect, but a
Figure 1. catalytic effect. That is, it is possible that the solvents begin to

The second group of solvents includes acetic anhydride, act as catalysts for the reaction.
acetonitrile, nitrobenzene, and nitromethane. Attempts to identify ~ Finally, before concluding, it should be noted that a series
an activated complex for the direct reaction pathway failed for of calculations were performed using different basis sets and



Chlorination of Toluene

TABLE 5: Calculated Energetics (kJ mol~1) of Formation of
the Arenium Cation and of the Activated Complex Using
Different Basis Sets and Levels of Theory

cc-pvtz(-f) 6-31G** cc-pvtz(-f)

b3lyp b3lyp mp2
C/Hg+ Cl,— acetic acid 73.93 59.04 91.96
p-C;HgCIT + CI=  toluene 220.01 206.15 233.14
C/Hg + Cl,— acetic acid 62.72 50.93 81.03
p-C7HsCl, toluene 124.74 104.66 162.59

different levels of theory. These calculations were performed
only for the systems in the low dielectric regime; they are

summarized in Table 5. The table shows that in all cases the
predicted energy for forming the activated complex is ca. 10
kJ mol? less than that for forming an arenium cation in acetic

acid, and ca. 70 to 100 kJ nidlless in toluene. The predicted

activation energies for reaction in acetic acid all agree reasonably

with the experimental value, as well.

Conclusions

The rate of the chlorination of toluene shows a very strong
dependence upon the dielectric constant of the reaction medium
For reaction in solvents of low dielectric constant, less than ca.
10, a direct pathway from reactants to products is energetically
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