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@ ABSTRACT: The pathway of the iodination of methoxybenzene by electrophilic iodine monochloride (ICl) was

studied by using density functional theory (DFT) calculations at the B3LYP/6-311G* and MP2/6-311G*//B3LYP/6—
311G* levels. The iodination occurs in the position para to the methoxy group, and proceeds in two steps. Initially, a
m-complex forms between ICI and aromatic ring of methoxybenzene. With a barrier of 60.81 kcalmol ™
(1kcal =4.184kJ), the m-complex can be activated to an intermediate o-complex with energy 42.02 kcal mol ™'
higher than that of the m-complex. The o-complex then transforms easily (barrier 3.56 kcal mol™') into the final
products, 1-iodo-4-methoxybenzene and HCI. The total iodination is slightly exothermic. Accompanying to the I—Cl
bond breaking and C—I bond formation, a hydrogen atom migrates first to iodine and then to chlorine. According to
NBO charge, Wiberg bond index and molecular orbital analysis, both charge separation and charge transfer occur
during the iodination. Solvent effects were examined with the IEFPCM method and the B3LYP/6-311G* level. The
results imply that polar solvents should play a key role in lowering the energy barrier, and favor the ion-pair route of
the iodination reaction. Copyright © 2005 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/jpages/0894-3230/suppmat/
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INTRODUCTION

Electrophilic aromatic substitutions are generally pro-
posed as proceeding via a - and a subsequent o-complex
(or Wheland intermediate) [Eqn (1)].1_3 This proposal
has been strongly evidenced by the experimental results
that the m-complex and corresponding o-complex were
first formed along the reaction pathway.*> However, the
detailed mechanism, especially the transformation from
- to o-complex, is still unclear. The understanding of the
mechanism, desired for practical and theoretical purpo-
sees, has been the focus of recent investigations.®

©+E+_@»E+:@<EH_.©E (1)

Iodine monochloride (ICI1, CAS No. 7790-99-0) has
been used as a neutral electrophile in aromatic substitu-
tions and the mechanism has been also investigated
experimentally.”'® Tt was reported that aromatic halo-
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genation with ICl may proceed via a reactive triad. The
triad may experience a radical-pair collapse to form
iodination product [Eqn (2)], or an ion-pair collapse to
form chlorination product [Eqn (3)].15 In some cases, this
mechanism agrees with the fact that the chlorination
product and diiodine are usually produced as byproduct
in the reactions using ICl as an attacking electrophile.
However, this is not always so. For example, iodination of
methoxybenzene with IC]1 was observed to undergo ex-
clusive iodination without producing diiodine in dichlor-
omethane," which is difficult to explain by the triad
intermediate mechanism. Zhong et al. carried out an
in-depth study of on the bimolecular reaction of benzene
and ICl with femtosecond time resolution.'® They ad-
dressed another viewpoint that the iodination may occur
via a covalent channel in which a covalent bond is formed
between aromatic carbon and iodine in the transition-
state region by reverse electron transfer (RET) from
halogen back to the benzene donor [Eqn (4)].

+ _H
. -
ArH*" 4+ I*(l) — Ar - , etc. )
ArH+1Cl === [ArH, ICI] — [ ArH**, I, CI']
. _H
ArH** + CI' — Ar iCI , etc. (3)

m-complex triad

ArH «ICl —— ArH%l .CI " —— ArH~|—.C| — Ar-l + HCI (4)
TS(~ ionic)

T-complex TS(covalent) Products
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So far, complete mapping of the whole course of
electrophilic aromatic substitutions is still limited by the
available techniques.” Therefore, theoretical calculations
may play a key role in elucidating the mechanism. In fact,
the structure and electronic nature of benzene-based - and
o-complexes with various positive or neutral electrophiles
have been studied theoretically in recent years.”*® For the
benzene—ICl system, various conformations of the initial 7-
complex have also been calculated and compared.** How-
ever, there have still been no studies on the potential energy
surface including both 7- and o-complexes, their transfor-
mation barrier and subsequent products.

Electrophilic aromatic iodination of methoxybenzene
(CAS No. 100-66-3) with ICI has been reported to
undergo exclusive iodination with high regioselectivity
of para substitution in dichloromethane.'” In the present
work, we selected this reaction as a model to study the
mechanism of electrophilic aromatic substitution with
ICl by theoretical calculation. The main aim of our work
was to search for the possible mechanism for the reaction
of methoxybenzene and ICl. Furthermore, based on the
selected mode, we also tried to illuminate the unclear
nature (such as the charge and bond character) in the
transformation from m-complex to o-complex.

COMPUTATIONAL METHODS

It is well known that DFT methods such as B3LYP*” %
have been successfully used in the prediction of large
conjugated molecules. Recently, this method was re-
ported to yield excellent results for some more compli-
cated species, e.g. partially bonded systems,’® certain
radical ions®' and even some biradical structures that
normally require a multireference treatment.>*® There-
fore, in this study we chose the B3LYP method for
geometry optimizations and frequency calculations and
the MP2 method for single-point energy calculations.

The geometry was optimized at the B3LYP/6-311G*
level.?” Transition states were located using the synchro-
nous transit-guided quasi-Newton (STQN) method.*®
Frequency calculations were performed following each
optimization to obtain the zero point energy (ZPE) and to
characterize all the stationary points located on the poten-
tial energy surface. Intrinsic reaction coordinate (IRC)
calculations were performed to confirm the relationship
of each transition state with its reactant and product.
Furthermore, the energies were refined by single-point
calculation at the MP2/6-311G*//B3LYP/6-311G* level.
Charge distributions and Wiberg bond indices®® were
determined via natural bond orbital (NBO) analyses at
the B3LYP/6-311G* level. Solvent effects were modeled
using the integral equation formalism polarized conti-
nuum model*® (IEFPCM), by means of geometry opti-
mization and frequency calculation at the B3LYP/6—
311G* level.

The Gaussian 98 program package was employed
for these calculations. All computations were carried out

41,42
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on PCs (CPU, 3000 MHz; memory, 1024 MB; operating
system, Microsoft Windows XP) or a workstation
(16 CPUs, 1024 MB memory, Linux system).

RESULTS AND DISCUSSION
Structure and energy

The calculated geometries of all stationary points along
the reaction coordinate are shown in Fig. 1. Selected
structural parameters are listed in Table 1. Total electro-
nic energies are listed in Table 2. The potential energy
surfaces given by DFT and MP2 calculations are practi-
cally identical, and the former has energy barriers even
lower than those of the latter. Hence all the discussion
below is based on results calculated at the B3LYP/6—
311G* level.

The ICl-benzene m-complex has been reported to have
an oblique structure with the iodine atom directed
towards one of the six C—C bonds in terms of theore-
tical calculation.?® Similarly, the present structure of the
m-complex (m-R) between ICl and methoxybenzene is
also oblique from the ring plane, but has the iodine
atom facing the carbon atom para to the methoxy group
(i.e. C-2) owing to the substitution effect. The carbon
and oxygen atoms of the methoxy group in the stable
structure are coplanar with the ring plane, indicating
that the oxygen atom adopts an s.p2 hybridization, leav-
ing a p-orbital and a pair of electrons to conjugate with
the 7-system of benzene ring. Furthermore, the angle 6 in
m-R is near 90° (79.6°), and R (2442 A) is
slightly longer than that of the isolated ICl molecule
(2.389 A), indicating a weak 7 interaction between ICI
and methoxybenzene.

As the system is activated to transition state TSI,
considerable structural change occurs. First, the [—CI
moiety migrates towards the ring plane with the iodine
atom heading towards C-2 and 6 changed from 79.6° to
6.3°, indicating that the interaction essentially transforms
from - to o-character. Second, Rc.»__p is shortened from
3.060 to 2.390 A, whereas Ry ¢ is lengthened from
2.442 to0 2.677 A, indicating that the partial C-2—I bond
formation and I—Cl bond breaking happen in a concerted
way. Third, Rc,__y.1 is lengthened from 1.084 to 1.848
A, whereas Rj__jy.; is shortened significantly from 3.140
to 1.701 A, indicating the formation of a C---H---I
hydrogen bond.

To activate 7R to TS1, 60.81 kcal mol ' are required.
Over this barrier, the system goes to the o-intermediate
(0-INT). The energy of o-INT is 42.02kcal mol ' rela-
tive to m-R. The structure of ¢-INT is similar to that of
TS1, with Rc,_; further shortened and R;_; further
lengthened slightly. The most remarkable change from
TS1 to o-INT is that the bridging H-1 has completely
migrated to I, with Ri_g_; (1.645 A) close to the experi-
mental H—I bond length (1.609 A).*3
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Figure 1. Energy diagram of methoxybenzene iodination with ICI along the reaction coordinate. The energies (kcalmol™")

have been corrected for ZPE

Table 1. Selected structural parameters of the methoxy-
benzene-ICl stationary points®

Geometry m-R TS 1 o-INT TS2  Product
C-2—H-1 1.084 1.848 2.713 3.049  3.693
C-2—I 3.062 2.390 2.197 2.169  2.133
I—Cl 2.442 2.677 2.708 2904 4.115
I—H-1 3.140 1.701 1.645 1.676  2.812
Cl—H-1 5.472 3.970 2.873 2247 1302
0 79.6 6.3 2.0 0.3 0.1

“Bond lengths are in Aand angles are in degrees. The numbers of the C and
H atoms are shown in Fig. 1.

Starting from o-INT, the system can be easily activated
to the second transition state (TS2), which leads to the
final product. The energy barrier of the second step is

only 3.56 kcalmol . It is obvious that from 7-R across
TS1 to o-INT, the first step along the reaction path, is rate
limiting.

The migration of H-1 from I to CI is the dominant
structural change in the second step, from o-INT to TS2.
Ri_y.; is lengthened only slightly from 1.645 to 1.676 A,
whereas Rcy__y.; is shortened from 2.873 to 2.247 A. The
leaving CI atom in TS2 is actually hydrogen bonded by
H-1, because the I—CI bond (2.904 A) is rema{kably
weakened. As H-1 migrates to Cl (R, 1.302 A), the
iodination completes and the iodinated product, 1-iodo-4-
methoxy-benzene (CAS No. 696-62-8), is loosely asso-
ciated with HCI as the final product. Because the energy
of the product is —3.87 kcal mol ! relative to the initial
m-R, the iodination is thermodynamically favored.

Table 2. Calculated electronic energies of the methoxybenzene-ICl system

B3LYP/6-311G*

MP2/6-311G*//B3LYP/6-311G*

Species E2 (a.u.) ZPE® (a.u.) E* (kcal mol ") E2 (a.u.) E2  (kcalmol )
m-R —7648.277423 0.134438 0 —7644.024358 0

TS 1 —7648.173951 0.127870 60.81 —7643.915214 68.49
o-INT —7648.206473 0.130452 42.02 —7643.946856 48.63

TS 2 —7648.198709 0.128354 45.57 —7643.936220 55.31
Product —7648.279375 0.130231 —3.87 —7644.035629 —-7.07

#Calculated electronic energies.

® Zero-point energy.

¢ Relative energies with ZPE corrections.
Relative energies without ZPE corrections.

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 2. The compact energy profile of electrophilic aro-
matic substitutions

Apparently, the picture described above is different
from the aforementioned radical-pair collapse mechan-
ism [Eqn (2)]. A remarkable structure change during this
process is the transfer of H-1 from C-2 first to iodine, and
finally to chlorine, accompanying the formation of the
C-2—1I bond and the breaking of the I—CI bond. By this
route the reaction of ICl and methoxybenzene should
produce only the product of 1-iodo-4-methoxybenzene
and HCI, without the byproduct chlorinated methoxyben-
zene and diiodine. This deduction is in agreement with
the experimental results.”> In addition, the potential
energy surface following the pathway is also identical
with the compact energy profile of aromatic electrophilic
substitutions deduced from the kinetic examinations
(Fig. 2).> However, the high energy barrier of the rate-
limiting step, which means a poor reactivity of this
system, is inconsistent with the observation that the
reaction of ICl and methoxybenzene occurs easily in
dichloromethane.'> In our opinion, solvent effects may
play a key role on decreasing the energy barrier of iodi-
nation reaction (see the section Solvent effects, below).

Wiberg bond index

Chemical bond disruption and formation can be quanti-
fied by the Wiberg bond index, which reflects the super-
position of electron density between two interacting
atoms.”® A large Wiberg bond index indicates a strong
covalent bonding interaction between the two relevant
atoms. Figure 3 shows the Wiberg bond indices of several
bonds along the IRC.

From 7-R to ¢-INT, two bonds (C-2—I and I—H-1)
are formed and two bonds (I—CI and C-2—H-1) are
broken. The most significant variations of the bond index
happen on the path from 7-R to TSI, rather than from
TS1 to o-INT. It may be inferred that bond disruption and
formation are substantially involved in the activation of
7-R to TS1 but not in the decay of TS1 to o-INT. As far as
the C-2—I bond is concerned, a remarkably covalent

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 3. Selected Wiberg bond indices along the IRC

bonding character can be observed between the C-2 and
iodine atom in both TS1 and o-INT, which is in agree-
ment with the covalent channel proposal of Zhong
et al. [Eqn (4)]."® Compared with C-2—I and I—Cl
bonds, the C-2—H-1 and I-—H-1 bonds change more
significantly in bond index, which not only indicates the
dominant effect of H-1 migration in the transformation,
but also reflects more covalent bonding character of the
two bonds involving the migrating hydrogen atom.
Notably, the C-2—H-1 bond is already broken and the
I—H-1 bond is almost completely formed in the transi-
tion state (TS1). This is different from the common
notion of electrophilic aromatic substitution. For exam-
ple, in the iodination of moderately activated substrates,
the kinetic isotope effect (KIE) is determined to be close
to unity, implying that the bond between the aromatic
carbon and the hydrogen atom is not yet broken in the
rate-limiting step.** There is still no information on KIE
measurements on the iodination of methoxybenzene. In
terms of the bond analysis above, it is predicted that the
reaction of ICl and methoxybenzene may have a KIE
different from unity.

From o-INT to the product, the dramatic decrease in
the bond index of I—H-1 and increase in that of CI—H-1
happen concertedly during the conversion from TS2 to
the product, indicating that H-1 migration from I to Cl is
involved in this process. No other bond disruption or
formation is involved during the activation of o-INT to
TS2. Furthermore, the bond indices of C-2—I and I—Cl
are varied only slightly, indicating that the C-2—I for-
mation and I—CI disruption are essentially completed at
the rate-limiting step. This may account for the large
energy difference between TS1 and TS2.

Charge transfer and molecular orbital

The electric charges on some selected atoms obtained by
natural population analysis (NPA) for all stationary points
are summarized in Table 3. The net charge of the ICI unit
is negative in 7-R (—0.103 ). This has been attributed to
the electron donation from occupied m-orbitals of the

J. Phys. Org. Chem. 2005; 18: 625-631
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Table 3. NPA charges on some selected atoms for the
anisole-ICl system on the iodination pathway

Atom/unit 7R TS1 o INT TS2 Product
1 0.183 0.573  0.777 0.696  0.148
Cl —0.286 —0.583 —0.645 —0.699 —0.282
1C1 —0.103 —-0.010 0.131 —0.002 —

CH;OC¢H,—I* — 0.402 0.559 0544  0.032

#The moiety includes iodine and methoxybenzene, but excludes H-1.

aromatic ring to an unoccupied o*-orbital of IC1.>° As the
system overcomes the first energy barrier and transforms
into o-INT, the negative charge flows in the opposite
direction. i.e. from ICI to methoxybenzene. As a result,
the net charge of the ICI unit approaches neutral
(—0.010e) in TS1 and becomes positive (0.131e) in o-
INT. Simultaneously, the positive charge on the iodine
atom in ICl unit increases gradually from 0.183 e (7-R) to
0.573e (TS1) to 0.777e (0-INT), whereas the chlorine
atom becomes more negative along the same path. The
charge separation effect of ICl occurring in the rate-
limiting step makes both TS1 and o-INT possess some
character similar to the iodinated arenium cation. The
positive charge of the methoxybenzene—iodine [with H-1
excepted] moiety is mainly localized on the iodine atom
rather than on the aromatic ring (see Table 3), probably
owing to the charge separation of the [—Cl bond and the
charge transfer from iodine to H-1 (as discussed below).
The positive charge of ICl in o-INT becomes near neutral
as the system is activated to TS2 (—0.002 e), partly owing
to the negative charge flow from methoxybenzene to ICI.
Simultaneously, the charge separation in the ICl unit
remains large (0.696 e for I and —0.699 e for Cl).
Charge transfer along the reaction coordinate can
also be elucidated through molecular orbital interactions
(Fig. 4). As m-R converts into o-INT, negative charge
flows from the wc.,_ .3 orbital (localized) of methox-
ybenzene to the o*-orbital of ICl [Fig. 4(a) and (b)],
strengthening the m-1 bond but weakening the I—Cl
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Figure 4. Selected orbital interaction on the isocontour of
the natural localized molecular orbital (NLMO). (a) =-R:
Tco—c-3; 0% _ci. (b) A point on the IRC pathway from 7-R
to TS1: mco—c3; 0% —c). (©) The same structure as (b):
O'*C_ziH_ﬂ LP| (d) TS2: O'*|iH_1,' LPQ (LP: lone pair)

Copyright © 2005 John Wiley & Sons, Ltd.

bond. As the reaction proceeds forwards, a non-bonding
orbital of the iodine atom with a lone electron pair (LP)
overlaps with the o*-orbital of C-2—H-1 [Fig. 4(c)],
resulting in charge transfer from iodine to H-1 and the
migration of hydrogen in this step. From TS2 to the
product, a lone pair, residing in a non-bonding orbital of
the chlorine atom, overlaps with the o*-orbital of [—H-1
[Fig. 4(d)], resulting in negative charge flow from CI to
I—H-1, migration of H-1 from iodine to chlorine and a
decrease in positive charge in the methoxybenzene—
iodine moiety (H-1 excepted, see Table 3).

The charge separation effect of the ICI unit in TS1, o-
INT and TS2 implies that the iodination may proceed via an
ion-pair route [Eqn (5)]. On the other hand, the charge
transfer during iodination suggests the involvement of
covalent bonds in the whole transformation, namely a
covalent route [Eqn (6)], which requires sufficient overlap
between the electron-donating orbital and electron-accept-
ing orbital. Therefore, both mechanisms may coexist and
the real pathway of iodination may depend on the nature of
the substrate and the polarity of the solvent.

H

AtH—ICI AF—3CPP - —— [ArI-H]" + CF

Ar-1 + HCI ( 5)
T-complex TS ion pair Products
H H H,
ArH—ICl ——> AT_[3_CPP — Ar2t_ClF ——> Ar_B 5 ——= Ari + HOI ( )

m-complex TS1 o-INT T S2 Products

Solvent effects

Solvent effects on stationary points were determined by
the IEFPCM method with CCl, (non-polar), CH,Cl,
(poorly polar), CH;COCH;3; and CH3CN (polar) as sol-
vents. The relative energies for all stationary points
calculated in the gas phase and in the presence of the
solvent reaction field are compared pictorially in Fig. 5,
and the selected structure parameters of TS1, o-INT and
TS2 are given in Table 4.
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Figure 5. Relative energies (no ZPE correction) for the
iodination reaction of methoxybenzene with ICl in gas and
different media
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Table 4. Selected structure parameters of the methoxybenzene-ICl stationary points in different solvents®

Y. WEI ET AL.

Geometry Gas CCly CH,(Cl, CH;COCH; CH;CN

TS1 C-2—1 2.390 2.355 2.314 2.304 2.300
I—Cl1 2.677 2.776 2.943 3.002 3.027

o-INT C-2—1 2.197 2.175 2.152 2.147 2.146
I—Cl 2.708 2.822 3.027 3.066 3.092

TS2 C-2—1 2.169 2.149 2.135 2.133 2.132
I—Cl1 2.904 3.059 3.297 3.367 3.396

“Bond lengths are in A. The serial numbers of C and H atoms are shown in Fig. 1.

Since TSI, o-INT and TS2 possess large dipole mo-
ments (u=10.14, 9.89 and 11.72, respectively) and
strong charge separation effects (Table 3), they are
strongly influenced by the polar solvent. Remarkably,
TS2 gains much more stabilization energy than TS1 and
o-INT by increasing the solvent polarity. Finally, the
potential energy is almost leveled in the case of o-INTs
in CH3COCH;3; and CH5CN. On the other hand, in these
three structures R, g is slightly shortened, whereas
Ri_ is considerably lengthened when the solvent po-
larity is gradually increased. This indicates that the
iodination reaction may proceed mainly via the ion-pair
route [Eqn (5)] with only a single transition state (e.g.
TS1) in the highly polar medium, whereas it would
proceed via the covalent route in the gas phase or the
poorly polar medium.

Unlike the transition states and intermediate, m-R and
product exhibit small dipole moments (p = 5.27 and 4.25,
respectively) and weak charge-transfer effects, hence
they are slightly influenced by the solvent. As a result,
the activation energy of the rate-limiting step (from 7-R
to 0-INT) is reduced by increasing the dielectric constant.
This means that solvents, especially polar solvents,
should play a key role in lowering the energy barrier
for the iodination of methoxybenzene with ICI.

CONCLUSION

The iodination of methoxybenzene by ICI is a typical
electrophilic aromatic substitution. The present reaction
pathway can be divided into two steps. First, the pre-
reactive m-complex is activated to an intermediate
o-complex 42.02 kcal mol ' higher in energy, the barrier
of the rate-limiting step being 60.81kcal mol '. Second,
the o-complex transforms into the final product 1-iodo-4-
methoxybenzene and HCI with a barrier of
3.87 kcal mol ~'. Accompanying the C-2—I bond forma-
tion and I—Cl bond disruption, a hydrogen atom mi-
grates from carbon to iodine in the first step and from
iodine to chlorine in the second step. During the iodina-
tion, both charge transfer between the reactants and
charge separation within the ICI unit are significant,
indicating the complicated nature of the bonding, which
suggests that the reaction may undergo an ion-pair route
or a covalent route depending on the nature of the

Copyright © 2005 John Wiley & Sons, Ltd.

substrate and the experimental conditions. Furthermore,
solvent effects indicate that solvents, especially polar
solvents, may effectively lower the reaction energy bar-
rier and favor the ion-pair route. Similar mechanisms
may be expected for aromatic substitutions with other
halogen species.
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