L T

/

1\

=y

CrossMark
& click for updates

Arenium ions are not obligatory intermediates in
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Our computational and experimental investigation of the reaction
of anisole with Cl, in nonpolar CCl, solution challenges two funda-
mental tenets of the traditional SgAr (arenium ion) mechanism of
aromatic electrophilic substitution. Instead of this direct substitution
process, the alternative addition—elimination (AE) pathway is fa-
vored energetically. This AE mechanism rationalizes the preferred
ortho and para substitution orientation of anisole easily. Moreover,
neither the SgAr nor the AE mechanisms involve the formation of
a c-complex (Wheland-type) intermediate in the rate-controlling
stage. Contrary to the conventional interpretations, the substitution
(SgAr) mechanism proceeds concertedly via a single transition state.
Experimental NMR investigations of the anisole chlorination reac-
tion course at various temperatures reveal the formation of tetra-
chloro addition by-products and thus support the computed
addition—elimination mechanism of anisole chlorination in nonpolar
media. The important autocatalytic effect of the HCl reaction product
was confirmed by spectroscopic (UV-visible) investigations and by
HCl-augmented computational modeling.

organic chemistry | reaction mechanisms | alternative computed routes |
autocatalysis

Interest in the chemistry of electrophilic aromatic substitution
reactions continues because of their widespread application for
the production of a great variety of chemicals and materials (1
4). Electrophilic substitution, considered to be the most char-
acteristic reaction of aromatic systems, is typically described in
textbooks, monographs, and reviews by the two-stage SgAr
mechanism depicted in Fig. 1 (5-11). Arenium ion (c-complex)
intermediates are often ascribed to Wheland (9) inaccurately,
since Pfeiffer and Wizinger (10) laid out the principles of such
species for bromination in 1928. Following Brown and Pearsall
(11), they are widely believed to have o-complex structures.
Arenium ions (c-complexes) (9-11) are widely accepted to be
obligatory intermediates and are used to rationalize ortho/para
vs. meta position orientation preferences (6-11).

We now reinforce our challenges (12, 13) of this conventional
“reaction mechanism paradigm” (14) by a combined computa-
tional and experimental study of the facile chlorination of anisole
(methoxybenzene) with Cl, in CCly solution (15, 16). We find that
Fig. 1 is not the favored pathway. Instead, addition reactions of
Cl, to anisole have the lowest activation energies (Fig. 2). Ready
HCI elimination from the initially formed adducts leads to ortho-
and para-chloroanisole as the predominate products. This addi-
tion—elimination (AE) mechanism (the historical antecedent to
Fig. 1) (17-26) predicts the same positional orientation as the
usually assumed direct substitution (“SgAr”) alternative. Instead
of this classic SgAr mechanism (Fig. 1), we find that direct con-
certed substitution, not involving an arenium ion, c-complex
(“Wheland”) (9-11) intermediate, competes energetically with the
AE route. Like some earlier computational studies on aromatic
substitution (12, 13, 27, 28) (Rzepa H, www.ch.imperial.ac.uk/
rzepa/blog/?p=2423, accessed March 10, 2013), our study finds no
such intermediates in the direct substitution of anisole by Cl,. A
concerted mechanism without an arenium ion intermediate was

www.pnas.org/cgi/doi/10.1073/pnas.1405065111

computed at some levels for the related arene nitrosation, but
reaction medium and counter ion effects were not considered.
Gwaltney et al. (28) reported a single concerted transition state
after reoptimizing all saddle points at CCSD(T)/6-31G(d,p) and
modeling bulk solvation by the Onsager approximation, and
Rzepa (www.ch.imperial.ac.uk/rzepa/blog/?p=2423, accessed
March 10, 2013) also found a concerted transition state including
a trifluoroacetate counterion. Instead, one-step reactions via
single transition states take place (Fig. 2). Our experimental
investigations of the chlorination of anisole in CCl, solution
revealed tetrachloro by-products, which must have arisen by fur-
ther reaction of intermediate dichloro-adducts. Both our UV-vis-
ible (UV-VIS) spectroscopic investigation and our theoretical
modeling of this reaction clearly verified the autocatalytic effect of
the HCI by-product, in harmony with Andrews and Keefer’s (29,
30) early experimental kinetic studies of the chlorination of arenes,
which found that HCI reduces the activation barriers significantly.

We also applied reliable theoretical methods to model a typical
experimental example of the highly investigated SgAr electro-
philic aromatic halogenations, the electrophilic chlorination of
anisole by molecular chlorine in simulated CCl, solution (15, 16).
Although the elucidation of the classic SgAr mechanism [Fig. 1,
involving the initial formation of a m-complex, followed by a
transition state leading to a o-complex (arenium) intermediate in
the rate-controlling stage, and, finally, proton loss from the ipso-
position leading to the reaction product] is considered to be
a triumph of physical organic chemistry (1, 31-37), an alternative
addition—elimination pathway leading to substitution products has
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been discussed since the 19th century (19-26, 38, 39). Neverthe-
less, it is commonly believed that the classic multistep SgAr
mechanism involving the formation of a 6-complex intermediate
in the rate-controlling stage is the only mechanistic route to ar-
omatic substitution products. Our present and previous (12, 13)
results challenge the generality of such traditional interpretations.
Although the initial stages of the alternative AE route seem un-
attractive because aromaticity is lost, many arenes are known
experimentally to give addition products in considerable amounts
(19-26, 38, 39). Thus, de la Mare (21, 25, 38, 39) demonstrated
the formation of halogen adduct intermediates. Polybenzenoid
hydrocarbons (PBHs) react with halogens to give isolable addition
products, which then give substitution products easily by hydro-
gen halide elimination (23). Our computational investigations of
arene bromination with molecular bromine (12) and sulfonation
with SO; (13) provided clear evidence that the mechanisms of the
inherent substitution reactions (i.e., uncatalyzed, gas phase, or
weakly solvated) are concerted and do not involve the conven-
tional o-complex (or any other) intermediates. Moreover, the
energetics of the bromination processes document the significance
of competition between AE and direct substitution mechanisms
leading to the same substitution products. Thus, the computed
barrier in a simulated nonpolar (CCl,) medium is 4 kcal/mol lower
for Br, addition to benzene (followed by HBr elimination) than
that for the direct substitution pathway to bromobenzene (12).
Previous theoretical studies of electrophilic aromatic haloge-
nation processes have been based on the classic SgEAr mecha-
nism, involving arenium ion intermediates (Fig. 1). Osamura et al.’s
(40) Hartree-Fock computations of the AlCl;-catalyzed electro-
philic aromatic chlorination mechanism found an initial 7-com-
plex, a transition state preceding the intermediate c-complex,
and a second transition state leading to final products. Alumi-
num chloride was important as a Lewis acid catalyst throughout
the process. AlCl; coordination polarizes Cl, and thereby assists
its reaction with the arene. Rasokha and Kochi (41) considered
the interaction of Br, with benzene and toluene in detail in their
survey of theoretical and experimental data on the prereactive
charge-transfer complexes in electrophilic aromatic substitu-
tions. They argued that the structures and properties of the
prereactive complexes provide important mechanistic insights for
the SgAr reactions. Wei et al’s (42) theoretical study of the
iodination of anisole by iodine monochloride at the B3LYP/6-
311G* and MP2//B3LYP/6-311G* levels (B3LYP, Becke’s three
parameter hybrid functional, using the Lee-Yang-Parr correla-
tion functional; MP2, second order Mgller-Plesset perturbation
theory computations) found that the highest energy transition state
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Typical depiction of the arenium ion mechanism for SgAr reactions.

precedes the formation of an intermediate, which they interpreted
to be a o-complex. Instead, the structure of this complex represents
a protonated iodobenzene. Volkov et al.’s MP2/LANL2DZ(d)+
study (43) of the chlorination of benzene established that dimers of
group 13 metal halides catalyzed the processes more effectively.
Optimized geometries of n- and c-complexes as well as transition
structures were reported. Theoretical investigations by Ben-Daniel
et al. (44) and by Filimonov et al. (45) of the chlorination of benzene
with Cl, (and other related processes) reported structural details of
transition states purported to lead to the chlorobenzene product.
Our reinvestigations revealed errors in major suppositions of
both these studies. Our IRC computations show clearly that the
transition states in question lead to 1,2 Cl,-benzene addition
products (rather than to chlorobenzene). Zhang and Lund (46)
investigated the neat chlorination of toluene by Cl, experi-
mentally and theoretically at B3LYP/cc-pVTZ(-f) [cc-pVTZ
(-f), correlation consistent polarized triple-zeta without f-func-
tions basis set]. Although we verified their reported geometry of
the concerted transition state (figure 6 in ref. 46), our stability
check revealed that its wavefunction is unstable. This casts doubt
on their conclusions because of the homolysis vs. heterolysis
issues. In contrast, all wavefunctions in our paper were checked
and all are stable. Most prior theoretical studies of SgAr halo-
genations did not consider the connections between transition
states, intermediates, and products explicitly, as we have done.
Experimental findings not always have been in accord with the
prevailing mechanistic assumption for aromatic halogenation: that
arenium ion formation is the rate-limiting step. Thus, Olah et al.
(47), Kochi and coworkers (48), and Fukuzumi and Kochi (49) have
emphasized that substrate and positional selectivity are inconsistent
(e.g., low toluene/benzene reactivity ratios but high toluene ortho—
para vs. meta regiospecificity) for some electrophiles under certain
conditions. This disparity indicates the existence of at least one
other mechanistic pathway. It has been suggested that n-complexes
may control product formation. Olah et al.’s (47) kinetics of the
ferric chloride-catalyzed bromination of benzene and alkyl ben-
zenes provided strong evidence for low substrate selectivity in the
rate-determining step, which precedes the formation of a c-com-
plex intermediate (Fig. 1). High positional selectivity is governed by
the transition state associated with the second step of the reaction.
However, our earlier study (50) examined the possible partici-
pation of n-complexes in the key mechanistic steps of SgAr bro-
mination reactions in detail but found no link between the energy of
formation of these complexes and the overall reactivity. Although
there is no doubt that m-complexes form easily (via essentially
barrierless processes) in most SgAr reactions after mixing the
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Fig. 2. The HCl-catalyzed concerted and addition—elimination pathways of para-chlorination of anisole in nonpolar media.
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electrophile and the aromatic substrate, it is unlikely that these
low-energy “bystander” structures influence rates of SgAr reac-
tions significantly. Thus, the lack of accord between substrate and
positional selectivity, established by Olah et al. (47), Kochi and
coworkers (48), and Fukuzumi and Kochi (49) may be due to
other mechanistic differences. De la Mare and Bolton (21) and de
la Mare (51) have stressed the plurality of aromatic substitution
mechanisms, depending on the substrate and the conditions.

Reactive substrates are known to undergo uncatalyzed aromatic
substitution in nonpolar solvents at room temperature. Thus, our
computational investigations modeled Watson’s careful experiments
on the chlorination of anisole in CCly at 25 °C (15, 16). His low con-
version (25%) conditions for chlorophenol permitted more accurate
determination of the initial product ratios (and avoided further Cl,
additions to 4-chloroanisole, which ultimately gave 1,3,4,5,6-penta-
chloro-4-methoxycyclohexene). After introduction of gaseous Cl, into
a CCly solution of anisole for 1 h, the products were 4-chloroanisole
(76%), 2-chloroanisole (13.6%), 2,6-dichloro anisole (2.1%), 2,4-
dichloroanisole (3.0%), and 2,4,6-trichloroanisole (0.4%).

Analogous chlorinations of phenol, 2-methylphenol, and 2-
chlorophenol in CCl, also have been carried out with high con-
version rates at the reflux temperature (79 °C) (16). Chlorination
of phenol with Cl, in CCly has been reported by other groups
(52, 53).

Table 1.

Methods

Our Gaussian 09 (54) computations used the 6-311+G(2d,2p) basis set (55, 56)
with the B3LYP hybrid functional (57-59) and the Perdew-Burke—Ernzerhof
(PBE) functional (60, 61) augmented with Grimme et al.’s (62) density functional
theory with added Grimme's D3 dispersion corrections (DFT-D3). Single-point
energies of all optimized structures were obtained with the B2-PLYP [double-
hybrid density functional of Grimme (63)] and applying the D3 dispersion cor-
rections. Intrinsic reaction coordinate (IRC) (64) computations connected the
critical structures along the reaction path: reactants, transition states, inter-
mediates, and products. The integral equation formalism of the polarizable
continuum model (IEF-PCM) method (65) modeled solvent effects. Unrestricted
broken symmetry (UBS B3LYP) computations on saddle-point structures along
the potential energy surfaces gave the same energies as those from the re-
stricted B3LYP method. Therefore, no diradical structures were involved along
the reaction pathways investigated. All saddle-point wavefunctions were stable.

Extensive further testing assessed the methodological integrity of the B3LYP
computations. We used the PBE method, which includes no contribution from
exact exchange and thus is very different from B3LYP. All transition states were
reoptimized with PBE and all intrinsic reaction coordinates were recomputed. As
discussed below, the PBE results are qualitatively similar to those at B3LYP,
strengthening the reliability of both methods for the present studies.

Our theoretical findings were supported by the results of parallel ex-
perimental investigations of chlorination reactions by NMR monitoring: 'H
(600.13 MHz) and "3C (150.92 MHz) spectra were acquired during the course
of the reactions. Unambiguous assignments of the signals were based on 1D

Relative Gibbs free energies (Gibbs+Eg;sp) of species involved in the autocatalyzed by HCl anisole-Cl, reaction at B3LYP/6-

311+G(2d,2p), PBE/6-311+G(2d,2p), and RB2PLYP/6-311+G(2d,2p)//RB3LYP/6-311+G(2d,2p) and for the uncatalyzed reaction at

RB2PLYP/6-311+G(2d,2p)

B3LYP*, kcal/mol, B3LYP*, kcal/mol,

PBEPBE*, kcal/mol, B2PLYP//B3LYP*, kcal/mol, B2PLYP", kcal/mol,

Species Description catalyzed, gas phase catalyzed, CCl, catalyzed, CCl, catalyzed, CCl, uncatalyzed, CCly
n-ortho 2.63 2.81 1.20 2.98 2.99
n-para 2.76 2.86 1.53 3.26 3.23
TS1 o substitution 32.19 22.24 15.97 23.71 —
TS2 m substitution 39.65 32.14 25.09 34.58 —
TS3 p substitution 30.84 20.99* 14.96 22.56° —
TS4 2,3 addition 32.97 cis add. 21.00 trans add. 17.72 cis add. 22.08 trans add. 34.75 cis add.
TS4pmeta’ 2,3 addition 39.19 cis add. 30.51 trans add. 24.58 trans add. 32.31 trans add. —
TS5 3,4-cis addition 30.07 17.78 13.15 18.93 30.65
TSS5meta’  3.4-cis addition 40.61 31.73 25.26 33.85 —
TS6 2,3-cis-trans 29.24 — 14.66 — —
157 3,4-cis-trans 25.48 14.49% 11.73% 14.80° 21.21
TS7 meta’ 3,4-cis-trans 35.11 26.96 22.78 28.15 —
TS8 2,3-cis HCl eli. 17.15 10.44 6.35 11.51 16.85
TS8meta’ 2,3 HCl eli. 35.56 trans eli. 20.13 cis eli. 14.05 cis eli. 21.55 cis eli. 25.86 cis eli.
TS9 3,4-cis HCl eli. 13.27 6.60 3.36 7.43 12.73
TS9meta’  3.4-cis HCl eli. 23.31 19.83 13.41 21.49 24.73
TS10 cis—cis rot. — 10.61 8.20 7.73 5.21
TS11 trans—trans rot. 7.48 8.08 5.36 5.65 2.20
P1 o product —-21.45 -21.52 —22.75 —-24.16 -27.47
P2 m product -23.35 —-22.80 —23.46 -25.26 —-28.37
P3 p product -23.47 -23.63 -23.21 -26.08 -28.28
P4 2,3-cis adduct 7.60 — 3.15 — —
P5’ 3,4-cis adduct — 5.50 1.01 2.50 -0.42
P5” 3,4-cis adduct 8.47 8.26 4.47 5.57 3.01
PSmetal 3,4-cis adduct 6.05 7.08 3.52 3.81 —
P6 2,3-trans adduct 2.10 2.42 -1.02 -0.33 -3.36
P6metal  2,3-trans adduct — 6.12 2.56 3.69 —
P7’ 3,4-trans adduct 1.15 1.53 -0.32 -0.89 0.09
P7"” 3,4-trans adduct 5.11 5.18 2.06 3.09 -3.54
P7metal  3,4-trans adduct 2.00 2.31 -0.69 -0.28 —

rot., rotation; eli., elimination; add., addition.

*Energies are relative to anisole, Cl,, and HCl, except for the n-complexes, where the energies are relative to anisole and Cl,.
TOnly data for stable wave functions obtained for the uncatalyzed chlorination are shown in this column (see text for additional explanations). Energies are

relative to anisole and Cl,.
*From B3LYP/6-311+G(2d,2p)//B3LYP/6-31+G(d,p) computations.

SA(G+Egisp) was determined from IEF-PCM (integral equation formalism of the polarizable continuum model) single-point computations at the gas-phase

optimized structure.

YHigh-energy transition states, leading to formation of adducts, in which the orientation of the HCl leads to formation of m-substituted product;

IHigh-energy adducts, leading to m-substituted product formation.
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TS4 22.08 —TS32256

TS5 18.93
TS7 14.80
\ TS8 11.51
\T8107.73 / \
\ P5" 5.57
P5 2.50

reactants

TS11 5.65

P7" 3.09
P6 -0.33 P7'-0.89
TS9: 3,4-cis HCI elimination
TS10: cis-cis rotation
TS11: trans-trans rotation
P1: o-substituted product
P3: p-substituted product \

P6: 2,3-trans adduct
P5" and P5": 3,4-cis adducts with different

orientation of the OCHj3 group \P1-24.16

P7" and P7": 3,4-trans adducts with different orientation of the OCH3 group

AG + Egisp [kcal/mol] TS2 34.58 reactants: anisole, Clz, HCI
TS1: o-substitution
TS123.71 TS2: m-substitution

TS3: p-substitution

TS4: 2,3-trans addition

TS5: 3,4-cis addition

TS7: 3,4-cis-trans isomerization
TS8: 2,3-cis HCI elimination

TS97.43

Fig. 3. Computed PES for anisole-Cl, reactions,
catalyzed by HCI, in simulated CCl, solution at
B2-PLYP+D3/6-311+G(2d,2p)//B3LYP/6-311+G(2d,2p).
Cis—trans isomerization and elimination transition
states, leading to formation of m-substituted prod-

P3 -26.
26.08 uct, are not included.

and 2D gradient-enhanced versions of correlation spectroscopy (COSY), total
correlation spectroscopy (TOCSY), nuclear Overhauser and exchange spec-
troscopy (NOESY), heteronuclear single quantum coherence (HSQC) and
heteronuclear multiple bond correlation (HMBC) experiments. Full details of the
NMR experiments are provided in S/ Appendix. The catalytic effect of HCl was
confirmed experimentally by monitoring the reaction of anisole with Cl, in
CCly, using UV-VIS spectroscopy.

Results and Discussion

Our computations of the potential energy surfaces (PES) of HCI-
catalyzed anisole-Cl, reactions in simulated CCl, solution at
B2-PLYP-D3/6-311+G(2d,2p)//B3LYP/6-311+G(2d,2p) model the
experimental conditions closely (15, 16). Four competing processes
were examined: direct substitutions at ortho [transition state (TS1)]
and para (TS3) positions, as well as 2,3- and 3,4-cis additions of Cl,.
The vicinal 2,3- and 3,4-dichloro adducts undergo cis—trans isom-
erization followed by HCI elimination to give ortho- and para-sub-
stitution products. The potential energy surfaces obtained after full
optimization of all structures and comprehensive IRC computa-
tions at the B3LYP/6-3114+G(2d,2p) DFT level are presented in S/
Appendix, Figs. S1 and S2. Comparisons of the energies of critical
structures along the reaction paths in isolation (gas phase) and in
simulated CCl, solvent (Table 1) show that the bulk solvent effect
(despite low polarity of CCly) is quite significant for some reaction
stages. The catalytic effect of HCl is illustrated by the theoretically
evaluated transitions state energies for uncatalyzed and catalyzed
processes (Table 1). The comparison was possible only for the AE
routes because no stable wave functions for several TS energies (see
Table 1) of the uncatalyzed direct substitution processes could be

Table 2. Ratios (in percent, relative to unreacted anisole) of
reaction products from the chlorination of anisole in CCl, as
determined by NMR

1 2 3 4 5
Mixture 1* 100 12 1.0 0.8 0.6
Mixture 2* 100 74 3.7 2.4 3.0
Mixture 3* 100 115 15.5 5.8 7.4
Mixture 45 100 114 14.0 5.2 7.2

1, anisole; 2, p-chloroanisole; 3, o-chloroanisole; 4 and 5, by-products
formed during the chlorination of anisole in CCl, (details in S/ Appendix).
*0.01 mol/L anisole + Cl, (25 °C).

70.05 mol/L anisole + Cl, (25 °C).
*0.1 mol/L anisole + Cl, (25 °C).
50.1 mol/L anisole + Cl; (5 °C).

10070 | www.pnas.org/cgi/doi/10.1073/pnas.1405065111

obtained. Note that the barriers for the rate-controlling stages of
the catalyzed AE pathways are more than 10 kcal/mol lower than
the barriers of the respective uncatalyzed processes.

Fig. 3 shows the evaluated potential energy surfaces and S/
Appendix, Fig. S3 illustrates key PES saddle-point structures in
simulated CCly media. Fig. 3 reveals two extraordinary features. In
contrast to traditional interpretations, the direct substitution
pathways (both at the ortho- and at the para-positions) proceed
through single concerted transition states (TS1 and TS3) leading
directly to products. No c-complex arenium ion intermediates are
involved in the reaction path, even as ion pairs. Low-energy
n-complexes are formed at the initial step. The IRC computations
backward from the first transition states end at three-component
n-complexes (with free energies of formation about 7 kcal/mol
higher than the initial reactants). These three-component n-com-
plexes decompose easily into the usual two-component Cl,—anisole
complexes that have about 4 kcal/mol lower energy (Table 1). The
forward IRC computations from the concerted transition states
(TS1 and TS3) lead to product complexes, which then transform
into ortho- and para-substitution products. The results show that
para-position attack is favored energetically (TS3 energy, 22.56
kcal/mol) over that of the ortho position (TS1 energy, 23.7
kcal/mol). As expected, the meta-substitution barrier (TS2, 34.6
kcal/mol) is distinctly higher than that of ortho and para. The
structures of these direct substitution transition states (SI Ap-
pendix, Fig. S3) show no significant bond length changes in the
aromatic ring. The CC bond lengths neighboring the position of
attack are elongated only slightly, and the ring preserves its aro-
matic character. Thus, these transition states do not have are-
nium-type cyclohexadienyl geometries.

The results reveal that AE routes are favored over direct
substitution. The most pronounced difference (3.6 kcal/mol
lower barrier) is for the processes leading to p-chloroanisole, the
principal reaction product (Fig. 3). The AE route also is favored,
although to a lesser extent (1.6 kcal/mol), for ortho substitution.
Overall, the data obtained suggest that AE pathways dominate
over concerted substitution in anisole chlorination.

The structures of the rate-determining addition transition states
(TS4, TS5) are highly unsymmetrical with one C-Cl bond almost
formed, whereas the other chlorine atom is still quite far from its
eventual bonding site (SI Appendix, Fig. S3). The HCI catalyst
facilitates the addition of the second chlorine atom to the ring
(TS5; Fig. 2 and SI Appendix, Fig. S3; see Table 1), by lowering the
transition state electronic energy considerably, compared to the
uncatalyzed process. The subsequent barriers (TS7-TS9) along
the AE routes shown in Fig. 3 have lower energies. The cis—trans
isomerization process (TS7) is preceded and followed by the facile

Galabov et al.
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rotation of the methoxy groups (TS10 and TS11; S Appendix, Fig.
S3). The 3,4-addition—elimination pathway yielding para-chlor-
oanisole (P3 via TS7, P7, and TS9) is preferred over the ortho-
chloroanisole (P1) AE sequence (via P6 and TS8). The result is in
qualitative harmony with the experimentally observed greater
para- than ortho-chloroanisole product yields (Table 2).

The AE mechanism explains the ortho and para orientation effect
of the electron-donating methoxy group simply by the expected
preferential stabilization of the transition states for HCI elimination,
as illustrated in Fig. 4. Thus, the partial positive charges arising
during HCI elimination (TS8 and TS9; SI Appendix, Fig. S3) are
stabilized by resonance conjugation with the methoxy group only in
one of the two alternative TSs. In Fig. 4, the favored processes in-
volve initial loss of the chlorides labeled CI. Thus, HCI elimination
from the 2,3-frans dichoro anisole adduct (P6) gives ortho- rather
than meta-chloroanisole (Fig. 44). Preferential HCl elimination
from the 3,4-frans dichoro anisole adduct (P7) gives para- rather
than meta-chloroanisole (Fig. 4B). Indeed, only traces of meta-
substitution product were found in the Watson experiments (15, 16).

These qualitative interpretations are clearly supported by the
computed energies of the HCI elimination processes (Table 1).
The low-lying relative energy of TS9 for 3,4 elimination is just
7.43 kcal/mol (B2PLYP//B3LYP; Fig. 3), whereas the energies of
the two transition states leading to meta-substituted products are
21.55 kcal/mol (TS8,peta) and 21.49 (TS9yeta)- As shown in Fig. 3,
the energy of TS8 is 11.51 kcal/mol for 2,3 elimination leading
to the ortho-substitution product.

The results of the alternative PBE functional computations
(Table 1) correspond well with the B2PLYP//B3LYP/6-311+
G(2d,2p) data. Whereas the PBE/6-311+G(2d,2p) transition
state energy estimates are typically lower than those at B2PLYP+
D//B3LYP/6-311+G(2d,2p), the two sets of TS energies corre-
late well (coefficient r = 0.973) and support the mechanistic
conclusions reached for anisole chlorination. Notably, these
two quite different types of DFT functionals yield quite similar
overall potential energy surface features.

The theoretical results were verified by a series of NMR
studies of the reaction of anisole and Cl, in CCl, solution, using
Watson’s conditions (15, 16). Moreover, because the reaction at
25 °C was quite fast, we carried out in situ experlments at 5 °C
and at —10 °C directly in the NMR tubes by making 'H NMR
measurements at intervals over extended periods of time. Full
details of the experiments are pr0V1ded in SI Appendix. As stated
above, various 1D and 2D NMR (*H and "*C) techniques were
used to analyze the mixture of reaction products. The reaction
with Cl, at 25 °C (mixtures 3 and 4, Table 2) is complete in less
than 5 min. Further product composition does not change with
time, followed up to 1 wk. In SI Appendix, Figs. S6-S15 display
representative NMR spectra of the product mixtures.

More than 25 products from the partial reaction of anisole (1)
with C12 were detected in the mixtures by means of the CH;0-
group "H and °C peaks present in the HSQC spectra in the 3.4-4.0
ppm proton and 50-60 ppm carbon chemical shift ranges. The
following compounds were identified: substitution products para-
chloroanisole (2) and ortho-chloroanisole (3) and the double Cl,
addition products, 4 and 5 (both of which have four chlorines). The
relative ratios of the reaction products were determined (within
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Fig. 4. Orienting methoxy group-carbocation
conjugation effects explaining the HCl elimination
preferences leading to (A) ortho and (B) para (rather
than to meta) substitution products of anisole.

1%, relative to the remaining unreacted anisole, Table 2). Three
diastereomers are possible for the addition product 4 that could
not be distinguished on the basis of the experunental NMR data
(details in SI Appendix). The structure shown in SI Appendix, Fig.
S4 has the lowest energy among the three possible diastereomers
according to B2PLYP+D3/6-311+G(2d,2p) computations (SI Ap-
pendix, Table S3). The initial concentration of anisole as well as the
mixing procedure of the components in CCly seems to influence
the product ratios, but 2 always predominated. Although there
were a number of unidentified products in smaller amounts, the
NMR data do not reveal with certainty the presence of a detectable
amount of any dichloro product formed by addition of only one
molecule of chlorine to anisole.

However, our NMR results provide compelling evidence that
addition reactions do take place during the interaction of anisole
with molecular chlorine in CCl; solution. The tetrachlorinated
products (4 and 5, SI Appendix, Fig. S4) we identified can be ob-
tained only following initial additions of a single Cl, to anisole.
The very low barriers for the elimination processes [7.43 kcal/mol
for the 3,4-cis HCI elimination (TS9) and 11.51 kcal/mol for the 2,3-
cis HCI elimination (TS8); Fig. 3], however, favor the pathways to
substitution products, thus obviating the chance to detect the in-
termediate Cl, monoaddition products. In contrast, the tetrachloro
addition products we obtained are quite stable and do not change
during the course of the reaction. The NMR findings provide clear
experimental confirmation that Cl, addition processes do take
place during anisole chlorination, in remarkable agreement with
the reported theoretical results on the reaction mechanism.

The catalytic effect of the HCI reaction product also was con-
firmed experimentally. We followed the reaction using UV-VIS
spectroscopy at 25 °C in CCly solution containing a large excess of
anisole with respect to the chlorinating agent (at least 6:1 molar
ratio). The consumption of the Cl, reactant was monitored by
means of its absorption band at 330 nm. The course of the re-
action in the absence of excess HCl is illustrated in SI Appendix,
Fig. S5A4. SI Appendix, Fig. S5B shows the pronounced catalytic
effect when extra HCI was added to the CCl, solvent before in-
troducing the Cl, reactant: The consumption of Cl, in the pres-
ence of extra catalyst is at least five times faster. As discussed
already, these results are in harmony with the early kinetic findings
of Andrews and Keefer for the chlorination of aromatic hydro-
carbons in different solvents (29, 30). These authors established
that the chlorination of pentamethylbenzene in CCly is first order
in hydrocarbon and chlorine and mixed first and second order with
respect to HCI (30). The chlorination of toluene with molecular
chlorine in ethylene dichloride was found to be first order
with respect to hydrocarbon, chlorine, and HCI (29). In our
experiments the rate enhancement observed in case B was due
simply to the availability of more catalyst. The energetics of the
reaction, however, are identical for both cases A and B and
reflect a catalyzed process, pure autocatalysis in case A and
combined autocatalytic and added catalyst effects in case B.

Our new theoretical and experimental investigations of the
pathways and energies of anisole—Cl, reactions provide dramatic
insights into electrophilic aromatic substitution mechanisms. The
computational results reveal the involvement of two alternative
reaction pathways, an addition—elimination sequence and a direct
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concerted mechanism. The addition—elimination pathways are
more favorable (the barriers are lower by 1.6-3.6 kcal/mol) and
also result in the well-known orientational preference for or-
tho- and para-substituted anisole derivatives. The ortho/para
orientation effect of the methoxy substituent is the natural
consequence of the preferential stabilizing influence of the
OCHj; group. Moreover, no arenium c-complex (or any other
similar intermediate) is found along the reaction path for direct
substitution. Experimentally, NMR elucidation of the anisole
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chlorination products provides clear evidence for the formation
of addition products during the process, in harmony with the
theoretical predictions. Autocatalysis by the HCI reaction
product leads to significant lowering of reaction barriers.
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