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Abstract Gas-phase reactions of ClO–/BrO– with RCl
(R = CH3, C2H5, and C3H7) have been investigated in
detail using the popular DFT functional BHandHLYP/
aug-cc-pVDZ level of theory. As a result, our findings
strongly suggest that the type of reaction is firstly
initiated by a typical SN2 fashion. Subsequently, two
competitive substitution steps, named as SN2-induced
substitution and SN2-induced elimination, respectively,
would proceed before the initial SN2 product ion-
dipole complex separates, in which the former exhibits
less reactivity than the latter. Those are consistent with
relevant experimental results. Moreover, we have also
explored reactivity difference for the title reactions in
term of some factors derived from methyl group, p-π
electronic conjugation, ionization energy (IE), as well as mo-
lecular orbital (MO) analysis.

Keywords Anion ClO–/BrO– . Density functional theory
(DFT) . Mechanism

Introduction

Nucleophile ClO-, a kind of familiar halogen-oxygen anion,
was formed by CCl4 and allowed to react with O originated
from electron impact on N2O [1]. Previously, a large amount
of studies have been devoted to provide a wealth of insight
concerning the anionic reactivity, [2–5] whether in the gas-
phase or in solution. Besides, the reaction mechanisms in-
duced by ClO- have also received considerable attention, such
as in the gas-phase reaction of ClO- with RCl (R = methyl,
ethyl, isopropyl and tert-butyl), the bimolecular nucleophilic
substitution (SN2) and base-induced bimolecular elimination
(E2) pathways have been studied extensively by both exper-
imentalists and theorists [6, 7]. Unfortunately, it is difficult to
characterize the competition between SN2 and E2 pathways
because they lead to the same ionic products, which cannot be
distinguished directly by experimental method [6, 8–19]. The
reason has prompted Villano et al. [1] to reinvestigate the
products derived from the reactions of ClO- with RCl, on the
basis of exploration of the analogous reactions, BrO- + RCl,
using the flowing afterglow-selected ion flow tube instrument
(FA-SIFT) [20]. As a result, the same mechanism was pro-
posed as the SN2 and E2 processes, and an additional pathway,
SN2-induced substitution, was found for the BrO- reactions.
The cases were also recovered by Wladkowski and Brauman,
[9] suggesting a secondary reaction occurs within the product
ion/molecule complex from the reaction of CN- with 2-
chloropropionitrile. With those backgrounds, it seems inter-
esting to undertake a detailed theoretical analysis to so esti-
mate and predict the characters of the type of reactions
initiated by SN2 reactions [16], especially by SN2 inducing
reactions. Unfortunately, to the best of our knowledge, but for
some MP2 level researches reported by Villano et al. [1] there
are currently no theoretical studies on the additional reaction
pathway that occurs after the SN2 product ion-dipole complex.
Thus, the principal thrust of the present work is to perform an
investigation in theory to explore the mechanisms of the type
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of anionic reactions; meanwhile, the results obtained can
allow us to predict the analogous reaction properties for some
known and/or as yet unknown systems.

It should be pointed out that comparative studies are very
useful in understanding similarities and differences in chem-
ical properties of molecules. In particular, trends in the
properties of interest can often be more important than
absolute values. In this paper, we aim at understanding
how the halogen-oxygen anions react with some alkyl chlo-
ride on the basis of the simulation by the excellent DFT-
BHandHLYP method. Accordingly, the reaction model of
ClO–/BrO– + RCl (R = CH3, C2H5, and C3H7) were chosen
for our studying system, in which nucleophile reagents
substituted by Cl/Br atoms possess similar properties, while
the substrates represent a trend that can be studies as a
function of the CH3 group. As a purpose, through this
theoretical work, we hope (i) to clarify the reaction mecha-
nisms and to determine the structures and energetics of the
intermediate complexes and transition states, as well as the
characters of the substrates RCl, (ii) to investigate the ther-
modynamics of reactions of ClO–/BrO– with RCl molecules,
(iii) to establish general trends and predictions for the reac-
tions of ClO–/BrO– + RCl, and (iv) to compare reactivity
between the ClO– reaction and the BrO– reaction.

Herein, in view of the previous experience that the ener-
gies and geometries computed with high-level ab initio
methods such as QCISD, CCSD(T), and G3MP2 were sim-
ilar to those obtained with the low-cost BHandHLYP meth-
od [21–23], we believe that the DFT-BHandHLYP
calculations will provide an adequate theoretical level to
this work, which is also fully confirmed by our calculations.
As can be seen from Table 1, our work correlated well with
the calculations performed by Villano et al. at a higher level
of theory (MP2/aug-cc-pVDZ) [1], showing little difference
between BHandHLYP and MP2 method, by 10 kJ mol–1. To
further assess the appropriateness of our means, reaction
enthalpies ΔrHm

θ at 298 K for the title reactions, ClO–/
BrO– + RCl, have been additionally carried out at the
DFT-BHandHLYP level using the large aug-cc-pVDZ basis.
The results also demonstrate highly reliable conclusions
comparing experimental evidences [24–26], with the largest
deviation within 8 kJ mol–1 as shown in Table 1. Thus, our
introduced approach should rationally adapt to this investi-
gative system.

Computational methods

Geometries of all model complexes in this paper have been
fully optimized at the BhandHLYP/aug-cc-pVDZ level
[27–30]. For each optimized stationary point, vibrational
frequency analysis based on the same level of theory was
carried out to determine its character as either minima (the

number of imaginary frequencies NIMAG = 0) or transition
state structures (NIMAG = 1) and to evaluate the zero-point
energy (ZPE) corrections, which are included in the relative
energies. Moreover, the pathways between the transition
structures and their corresponding minima have been char-
acterized by intrinsic reaction coordinate (IRC) analyses
[31]. The natural population analysis (NPA) has been made
with the natural bond orbital (NBO) method [32] to obtain
further insight into the bonding properties. All calculations
reported here were performed using the Gaussian 03 suite of
programs [33].

Results and discussion

Before the presentation of the calculated results for the
title reactions, it is perhaps very worthwhile to define
briefly the symbols for the anionic reactions. R-n, IM-
X-n, TS-X-n and P-X-n are used to denote the reactants,
intermediates, transition states and products, respective-
ly. Here, the X is Cl or Br, indicating reactant is ClO–

or BrO– anion, while n is the Arabic number, reflecting
the higher number corresponds to the heavier R, such as
number 3 represents the group C3H7 for R. With regard
to the equilibrium geometries, Figs. 1, 2 and 3 have
described clearly, with structural data given to some
primary atoms. Moreover, to simplify the comparisons
and to emphasize the trends, we have given the poten-
tial energy profiles that, starting reactants R that is set
at zero as a reference, are vividly depicted in Fig. 4,
which are taken from the BhandHLYP level as summa-
rized in Table 1. Figure 5 provides the energy profiles
of all paths that resulted from IRC calculations, in
which the minimum energy pathways connect the TSs
to loosely bound dipole-dipole complexes in both the
forward and backward directions.

Reaction pathway of ClO–/BrO–

As can be seen from Figs. 1, 2 and 3 together with Fig. 4, the
type of reactions is firstly initiated by a typical SN2 reaction
where the backside nucleophilic attack of anion at the carbon
atom (SN2(C)) with concerted expulsion of the leaving group
Cl-. Later, the two competitive substitutions would proceed
before the initial SN2 product ion-dipole complex separates,
which was traced to the fact that the thermodynamics of the
system make the lifetime of these complexes relatively long,
allowing for additional chemistry to occur [34]. To make our
discussion more convenient, one is named as SN2-induced
substitution according to the behavior of corresponding TS
that resembles traditional bimolecular nucleophilic substitu-
tion, while another is rationally expressed as SN2-induced
elimination on the basis of transition vector of its TS. Thus,
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the discussions of all transition states as well as the reactive
intermediates might be very interesting and quite important
for the title reactions.

As a comparison, we predicted the very similar
mechanism and trend for both the ClO– reactions and
the BrO– reactions, in which each step is very favor-
able thermodynamically, especially SN2-induced elimi-
nation as shown in Fig. 4. Also, for a given neutral
reagent, the reactions of ClO– are more efficient than
those of BrO–, which supports the fact that the BrO–

anion has weaker basicity than the ClO– anion [1].
More detailed information will be elucidated in the
following sections.

Intermediate IM-X-n

The first intermediates (IM1-X-n) are a type of weakly
bonded complexes due to the electrostatic effect of the
XO– close up to the RCl, in excellent agreement with the
nature of anion reactions [35–39]. When compared with the

Table 1 Energies of the various geometries for the reaction pathways (total energy ET (electronic + zero point energy), relative energy ER (in
normal font), and reaction enthalpies ΔrHm

θ at 298 K (in italic font))

ClO- reactions

Species CH3Cl C2H5Cl C3H7Cl

ET(a.u.) ER(kJ mol–1) ET(a.u.) ER(kJ mol–1) ET(a.u.) ER(kJ mol–1)

R −1035.517745 0.00 −1074.810506 0.00 −1114.103664 0.00

IM1 −1035.536330 −48.80 (−50.21) a −1074.830249 −51.84 −1114.125723 −57.92

IM2 −1035.574167 −148.14 (−158.99) a −1074.869758 −155.57 −1114.164825 −160.58

IM2' −1035.664751 −385.97 (−397.48) a −1074.959035 −389.96 −1114.257994 −405.19

IM2'' −1035.573876 −137.37 (−150.62) a −1074.868627 −142.60 −1114.156376 −148.40

TS1 −1035.533294 −40.82 (−37.66) a −1074.822982 −32.76 −1114.113929 −26.95

TS1' −1035.573876 −147.37 (−133.89) a −1074.868630 −152.61 −1114.163371 −156.76

TS1'' −1035.556336 −101.32 (−92.05) a −1074.850654 −105.41 −1114.140001 −95.40

P1 −1035.555940 −100.28 (−108.78) a −1074.849996 −103.68 −1114.144714 −107.78

−86.86 (−83.68) d −93.88 (−92.05) d −97.52 (−92.05) d

P2 −1035.613365 −251.05 (−263.59) a −1074.917488 −280.88 −1114.217996 −300.18

−237.65 (−234.30) d −280.47 (−276.15) d −294.20 (−288.70) d

P3 −1035.555940 −100.28 (−108.78) a −1074.849996 −103.68 −1114.144714 −107.78

−86.86 (−83.68) d −93.88 (−92.05) d −97.52 (−92.05) d

BrO−reactions

R −3149.470065 0.00 −3188.762826 0.00 −3228.055984 0.00

IM1 −3149.487717 −46.35 −3188.781506 −49.04 −3228.077733 −57.10

IM2 −3149.525063 −144.40 −3188.821024 −152.80 −3228.116274 −158.29

IM2' −3149.595116 −328.32 −3188.900462 −361.36 −3228.204010 −388.64

IM2'' −3149.508842 −101.81 −3188.815857 −139.23 −3228.110688 −143.63

TS1 −3149.483675 −35.73 −3188.774252 −30.00 −3228.063970 −20.97

TS1' −3149.524547 −143.04 −3188.819404 −148.55 −3228.114615 −153.94

TS1'' b b −3188.800499 −98.91 −3228.089510 −88.02

P1 −3149.506498 −95.66 −3188.800531 −99.00 −3228.093969 −99.73

−91.05 (−87.86) c −98.93 (−96.23) c −99.39 (−96.23) c

P2 −3149.563258 −244.68 −3188.867381 −274.51 −3228.167889 −293.81

−239.36 (−246.86) d −281.18 (−288.70) d −281.91 (−276.15) d

P3 −3149.505833 −93.91 −3188.799889 −97.31 −3228.094607 −101.41

−94.58 (−96.23) d −99.56 (−104.70) d −101.23 (−104.70) d

a Relative energies calculated at the MP2/aug-cc-pVDZ level of theory are from ref 1
b Nonexistent due to uncertain TS
c Ref 24
d Ref 25
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isolated reactants, as shown in Figs. 1, 2 and 3, the “precur-
sor” complexes are almost unperturbed in geometries and
so take on more reactant–like characters. Also, it is noted
that the bound C-Cl distances in RCl moiety is already
activated, reflecting slight stretch with respect to reactant

RCl. As has been well established by NBO charges
analysis as indicated in Table 2, the quantum charges
transfer in the complexes, [XO-⋅⋅⋅RCl], already exist,
which help the reactions to proceed subsequently.
BHandHLYP complexation energies ΔEcomp obtained

P2-Br-1

P1-Br-1

P3-Br-1

BrO

R-1
ClO

P3-Cl-1

P1-Cl-1

P2-Cl-1

IM2-Br-1''

IM2-Cl-1''

TS1-Cl-1''

R-1

P1-Br-1

P2-Br-1

P3-Br-1

P1-Cl-1

P2-Cl-1

P3-Cl-1

+

+ +

+

+

+ +

+

IM1-Br-1

0.18810.2665

0.
18

48

0.2146 0.2157

IM2-Br-1

0.
19

40

0.1123 0.2275

TS1-Br-1'

0.2226

0.1249

0.1772

IM2-Br-1'

0.1387

IM1-Cl-1

0.2646 0.1888

0.
17

33

0.2168 0.2140

IM2-Cl-1

0.2317
0.11180.1794

TS1-Cl-1'

0.2093
0.1238

0.1796

IM2-Cl-1'

0.1385

TS1-Cl-1

0.1809

0.1674

0.2169 0.2247

0.1794

TS1-Br-1

TS1-Br-1''

Fig. 1 Optimized geometries of the reactions of CH3Cl with ClO
–/BrO– at the BHandLYP/aug-cc-pVDZ level of theory (the symbol “—” denotes the

uncertain TS on PES), with bond distances in nm
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for the IM1s, as shown in Table 1, are identically neg-
ative and corresponding strength is predicted to be in the
order (kJ mol–1) IM1-Cl-3 (−57.92) > IM1-Cl-2 (−51.84) >
IM1-Cl-1 (−48.80) and IM1-Br-3 (−57.10) > IM1-Br-2

(−49.04) > IM1-Br-1 (−46.35). Those strongly suggest that
the formation of all complexes is without barriers and
corresponding stabilization difference is associated with the
size of both reactants.
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Fig. 2 Optimized geometries of the reactions of C2H5Cl with ClO
–/BrO– at the BHandLYP/aug-cc-pVDZ level of theory, with bond distances in nm
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However, we unexpectedly reveal that the trend in dipole
moment (D) also mirrors the trend in ΔEcomp: IM1-Cl-3
(6.3482) > IM1-Cl-2 (5.7900) > IM1-Cl-1 (4.4712) and
IM1-Br-3 (3.1636) > IM1-Br-2 (2.8182) > IM1-Br-1

(2.1587) as presented in Table 2. This result seems to
disagree with Wiberg et al.’s investigation [40] in which
the conformation with the smaller dipole moment may in-
crease its relative stability. Presumably this is because of the
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Fig. 3 Optimized geometries of the reactions of C3H7Cl with ClO–/BrO– at the BHandLYP/aug-cc-pVDZ level of theory, with bond distances in nm
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fact that the complexes molecules, IM1-X-n, are all weakly
bonded species. To understand the trend of dipole moment
for IM1-X-n, it is fairly reasonable if we consider the de-
crease in electronegativity from Cl to Br atoms. The IM1-
Cl-1 molecule is expected to have the largest charge sepa-
ration. However, the dipole moment also depends on the
bond distance, and in this case, the IM1-Cl-3 molecule
possesses longer bonds than the IM1-Cl-1 and IM1-Cl-2
molecules.

The second intermediates (IM2-X-n), a type of ion-dipole
complexes, are formed easily via a SN2 step from the ener-
getic viewpoint. The complexes consist of two moieties
XOR + Cl–, where the displaced Cl– anion is positioned
behind the XOR group, facilitating either abstraction of
hydrogen atom or attack on oxygen atom. Thus, the inter-
mediates are not only the products ion-dipole of initial SN2
well, but also the reactant complexes for succeeding reac-
tions. As mentioned in the preceding section “Reaction
pathway of ClO–/BrO–”, since lifetimes of the complexes
are relatively long [34], the IM2-X-n should possess stron-
ger stabilization, which is borne out by our BHandHLY
calculations. As shown in Table 1, complexes IM2s lie not
less than 144.40 kJ mol–1 below the energy of the separate
reactants, whether the ClO– reactions or the BrO– reactions,
with a value which is around 100 kJ mol–1 smaller in energy
than the corresponding IM1s. The other striking feature is
the dipole moment, indicating the IM2s are bigger than
IM1s as shown in Table 2, so proposing more dipole for
IM2s in structure. Those determine the possibility of the
IM2s to process succeeding reactions. Namely, our theoret-
ical findings suggest that the Cl- products of reactions of
ClO– were produced not only from the SN2 reactions, but
also from other reaction paths, such as SN2-induced substi-
tution and SN2-induced elimination reported by Villano and
co-workers [1].

The third intermediates are all ion-dipole complexes but
have two kinds of different structure. As shown in Figs. 1, 2
and 3, one expressed by the symbol IM2-X-n’ consists of
three monomers which are gained by SN2-induced elimina-
tion, while the other (via SN2-induced substitution) by IM2-
X-n” involves two moieties. As a comparison, relative en-
ergies of the former are much smaller than those of the latter,

especially the former, IM2-X-n’, that has the lowest on PES
among all stationary points presented here, as can be seen
from Fig. 4. Moreover, whether the former or the latter, the
stability is significantly influenced not only by the bulk of
the substrates, but also by the substitutes of the anions.
Taking the former as an illustrative example, as shown in
Table 1, IM2’-Cl-3 (−388.64) > IM2’-Cl-2 (−361.36) >
IM2’-Cl-1 (−328.32) and IM2’-Br-3 (−405.19) > IM2’-Br-
2 (−389.96) > IM2’-Br-1 (−385.97).

Transition state TS-X-n

Now, we turn our attention to the corresponding transition
states TSs. For TS1-X-n described as the typical SN2 fash-
ion, the examination of the single imaginary frequency for
each TS provides excellent confirmation of the concept of
the SN2 process. In Fig. 5, we give the potential energy
profiles for corresponding TSs along the reaction coordi-
nates. Note that all transition states were relatively “early”
TSs for corresponding reactions, in which the degree is
progressively weak as n varies from 1 to 3, suggesting that
the SN2 takes place earlier for the lighter substrate ana-
logues. In other words, TS1-X-1 is more reactant-like and
TS1-X-3 is more product-like. This prediction was fully
estimated by the structural trend. As can be seen from
Figs. 1, 2 and 3, for TS1-Cl-n an increasingly stretched
carbon–leaving bond (C-Cl; nm) changes from 0.2140 to
0.2239 to 0.2337 while from 0.2157 to 0.2252 to 0.2354 for
TS1-Br-n, as n varies from 1 to 3. At the same point, the
formation bonds (O-C; %) were shortened about 18 (TS1-
Cl-1), 28 (TS1-Cl-2), 34 (TS1-Cl-3) and 19 (TS1-Br-1), 30
(TS1-Br-2), 37 (TS1-Br-3), from corresponding starting
complexes IM1-X-n. Consequently, a smaller barrier should
be the reaction with TS1-X-1 [41], in which the ClO- reac-
tions are more reactive than the BrO- reactions. Taking TS1-
Cl-n as an illustrative example, TS1-Br-n is analogous. As
shown in Table 1, the energy barrier for ClO– + CH3Cl
reaction is only 7.98 kJ mol–1, with 19.08 kJ mol–1 for
ClO– + C2H5Cl reaction and 30.97 kJ mol–1 for ClO– +
C3H7Cl reaction. Thus, our calculation compares well with
the previous conclusions that nucleophiles limited to SN2
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processes may give the rate decrease with more highly
substituted alkyl halides [12, 13].

The second TS gives some insight into two different tran-
sition state fashions, TS1-X-n’ and TS1-X-n”. As is displayed
in Figs. 1, 2 and 3, the former by SN2-induced elimination is
that Cl abstracts an H atom from the alkyl of ROX, displacing

X and forming a C_O double bond, which is similar to a
previous report for alkyl nitrites reactions [18].While the latter
by SN2-induced substitution is that Cl attacks the oxygen atom
of ROX (X = Cl and Br) displacing X. In general, localized
bases favored elimination and delocalized nucleophiles fa-
vored substitution [16]. As a result, X– goes mainly along
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Fig. 5 Potential energy profiles for the associated pathways along the coordinates
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the elimination reactions, which is fully confirmed by our
BhandHLYP calculation. As shown in Table 1, the relative
energies indicated that TS1-X-n’ are significantly smaller than
TS1-X-n”, and slightly larger in comparison with IM2-X-n.
Those support well Villano et al.’s investigative results [1],
proposing the occurrence of SN2-induced elimination is fa-
vored dynamically.

In this paper, we give the potential energy profiles for
corresponding TSs along the reaction coordinates. As can be
seen from Fig. 5, the energy profiles for the TS1-X-n’
system coincide with each other, reflecting the relatively
“early” TSs. In contrast, the relatively “late” features are
demonstrated in the TS1-X-n” system, in which the reac-
tions reach the TS gradually late in the sequence n = 1, 2, 3,
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Fig. 5 (continued)

Table 2 The charges and dipole assigned to complexes IM-X

XO- C3H7Cl XO- C2H5Cl XO- CH3Cl

NBO charges (a.u.) IM1-Cl -0.952 -0.048 -0.944 -0.056 -0.928 -0.072

IM1-Br -0.956 -0.044 -0.962 -0.048 -0.938 -0.062

Dipole (D) IM1 ClO- 6.3482 5.7900 4.4712

BrO- 3.1636 2.8182 2.1587

IM2 ClO- 9.8508 10.1565 10.2140

BrO- 11.5763 12.6528 13.1339

Fragment orbital overlap (kJ mol–1)

HOMO LUMOj ih ClO- 47.26 36.76 34.13

BrO- 65.64 55.14 52.51
a Ionization energy (IE) ClO- 225.98 b NBO charges populations Cl 0.370 -0.094

O -0.370 -0.906

BrO- 233.13 Br 0.451 -0.043

O -0.451 -0.957

a Values are reported in kJ mol–1 at the BHandHLYP level
b Computed NBO charges (a.u.) populations on each atom of OX molecules on their radical anionic (in italic font) and neutral states (in normal
font) at the BHandHLYP/aug-cc-pVDZ level
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with the increasing endothermicity in terms of Hammond
postulate [41]. Thus, if the reaction exceeds a certain exother-
micity or endothermicity, the TS merges with the Rea or Pro,
respectively [42]. As expected, a single-well PES on the
reaction profile was revealed for TS1-Br-1” system in which
repeated attempts to find TS using the DFT methodology
failed. Our theoretical investigations therefore suggest that
no TS exist on the BhandHLYP/aug-cc-pVDZ surface for
the SN2-induced substitution reaction of BrO- with CH3Cl,
which agrees well with the investigative results by Villano [1],
proposing the occurrence of the SN2-induced elimination
mechanism rather than the double substitution mechanism.

Reactivity analysis

Our aim is to understand why, for a given substrate, each
stationary point involving ClO- relative to BrO- is low on
PES and why, for a given anion reagent, energy barrier
increases as the substrate is varied from CH3Cl to C3H7Cl.

The effect analysis from substrate

Methyl group effect, exhibiting the electron-donation ability, is
very remarkable for the geometry difference. For instance, as
shown in Figs. 1, 2 and 3, the bound C-Cl distance in the
substrates ranges from 0.1809 nm (CH3Cl) to 0.1852 nm
(C2H5Cl), stretching about 2 %. This is mainly because of the
existence of methyl group that contributes to the C-Cl bond of
C2H5Cl longer derived from electrons flowing into C-Cl σ*

antibonding orbital. Note that C3H7Cl (0.1847) has a shorter C-
Cl bond distance than C2H5Cl (0.1852), implying that the
ability of the p-π electronic conjugation effect appearing in
C3H7 group is greatly dominant. Thus, we have inferred that
molecular reactivity is ruled by the dual effect, both electron-
donation and p-π electronic conjugation. Nevertheless, these
results do not essentially influence our calculated results, pro-
posing the barriers are increasing as the substrate from CH3Cl
to C3H7Cl, as shown in Fig. 4. According to NBO analysis that,
taking the TS1-Cl-n as an example as listed in Table 3, the
largest stabilization energies (the sum of 76.36 kJ mol–1) indi-
cate that the dominant hyperconjugative interaction exists in
TS1-Cl-3 system, which tends to hinder the elimination of the
Cl atom. Likewise, one can see that methyl group effect is
responsible for the stabilization of the TS1-X-n system, reflect-
ing the molecule with more CH3 group has the more steady
structure. Moreover, it is also noted that all the SN2-induced
elimination reactions present a lower barrier than the SN2-
induced substitution reactions and the reactivity is decreased
with the substrate from CH3Cl to C3H7Cl, which has been
successfully borne by the NBO analysis. As shown in Table 3,
in TS1-X-n’ the donation of LP (Cl**) into the antibonding
orbital of C-H (LP (Cl**)→σ*(C-H)) seems to give the stronger
stabilization, compared with in TS1-X-n” (LP (X*)→σ*(O-
Cl)). Here, Cl** denotes the chlorine that abstraction forward
H atom, X* denotes the leaving atom X. More important, in
TS1-X-n’ the interaction for LP (Cl**)→σ*(C-H), playing a
critical role in process of H-atom shift, becomes distinctly weak
in the sequence RCl = CH3Cl, C3H7Cl, C3H7Cl.

Table 3 NBO analysis for all TSs obtained at the BHandHLYP/aug-cc-pVDZ level

σdonor σ*acceptor
a E(2) (kJ mol–1)

SN2 reaction TS1-Cl-1 TS1-Br-1 TS1-Cl-2 TS1-Br-2 TS1-Cl-3 TS1-Br-3

LP (O) σ*(C-Cl) 28.53 24.98 5.19 6.82 0.33 0.29
1σ(C-H) σ*(C-Cl) 5.90 5.86 33.43 32.89 35.03 34.06
2σ(C-H) σ*(C-Cl) 5.69 5.65 5.77 5.77 34.98 33.01
3σ(C-H) σ*(C-Cl) 5.69 5.65 5.61 5.73 6.02 5.94

SN2-induced elimination TS1-Cl-1’ TS1-Br-1’ TS1-Cl-2’ TS1-Br-2’ TS1-Cl-3’ TS1-Br-3’

LP (Cl**) σ*(C-H) 45.94 50.17 36.57 41.09 30.79 34.39

σ(C2-H) σ*(C-H) — — 9.87 9.96 21.25 21.17

σ(C1-C2) σ*(C-H) — — 3.56 3.39 9.37 9.12

σ(X-O) σ*(C-H) 17.70 19.58 14.90 16.90 13.93 15.77

SN2-induced substitution TS1-Cl-1” TS1-Br-1” TS1-Cl-2” TS1-Br-2” TS1-Cl-3” TS1-Br-3”

LP (X*) σ*(O-Cl) 5.10 — 7.32 5.31 1.63 0.92

σ(C1-H) σ*(O-Cl) 25.77 — 29.83 29.08 12.38 10.21

σ(C1-C2) σ*(O-Cl) — — — — 11.46 12.13

σ(C1-O) σ*(O-Cl) 9.41 — 11.76 6.82 6.65 3.72

a E(2) is the perurbative analysis hyperconjuagtive energy, 1 σ(C-H), 2 σ(C-H) and 3 σ(C-H) possess the same C atom for TS1-Cl-1; 2 σ(C-H) and
3 σ(C-H) but 1 σ(C-H) possess the same C atom for TS1-Cl-2; 1 σ(C-H), 2 σ(C-H) and 3 σ(C-H) possess a different C atom for TS1-Cl-3 . The
symbol C1 denotes the carbon that bonded to O atom; C2 denotes the carbon that bonded to C1 ; Cl** denotes the chlorine that abstraction forward
H atom; X* denotes the leaving atom X. The symbol “—” denotes the nonexistent values
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IE analysis from anion

As mentioned above, our DFT calculations predict that the
reactions of BrO- are less efficient than those of ClO-. This is
due to the weaker basicity of the BrO- anion (1479.05 kJ mol–1)
relative to the ClO- anion (1487.83 kJ mol–1) [43], which is
further confirmed by our IE-calculation. As listed in Table 2,
BrO- compared with ClO- has a slightly high value in IE,
233.13 kJ mol–1 vs. 225.98 kJ mol–1, implying a stronger
reactivity for ClO- when the substrate is fixed. Moreover, for
the two anions the halogens would interact with the oxygen
atom through the oppositely operating electronic effects, meso-
meric (+M)-π donor and inductive (-I)-σ acceptor. In terms of
Pauling electronegativities [44], the Br (2.96) becomes less
electronegative than the Cl (3.16), and thus has less capability
to withdraw charge from the central oxygen atom. As a result,
for ClO-, the (-I)-σ acceptor is preferred over (+M)-π donor,
while the reverse is true for BrO-. However, with respect to Br
atom, since Cl atom possesses smaller size, the electrons prefer
flowing to the oxygen p-orbital, increasing the nucleophilicity
of the anion. This case can be well rationalized by our NBO
analysis that indicates, as listed in Table 2, there is 0.030 a.u.
more electronic distribution on oxygen atom of ClO- than on
that of BrO- in the process of XO- forming derived from neutral
counterparts. Those show a fairly close correspondence in our
prediction, proposing that the ClO- reactions are highly reac-
tive, in comparison with the BrO- reactions.

Molecular orbital (MO) analysis of the BrO-/ClO- + RCl
(X = CH3, C2H5 and C3H7) model system

Our discussion will focus on the relevant molecular orbitals
for the BrO-/ClO--induced reactions, which are determined
by the donor–acceptor orbital interactions between occupied
O (BrO-/ClO-) 2pz AOs and the empty σ* C–Cl acceptor
orbital in the substrates RCl (R = CH3, C2H5 and C3H7).
Fragment orbital overlap Anion Substratejh i analysis has been
successful in understanding this kind of reaction. As shown in
Table 2, the differential orbital energies, HOMO LUMOjh i ,
between the reagent BrO-/ClO- HOMO orbital and the substrate
RCl (R = CH3, C2H5 and C3H7) LUMO orbital fall in the order
ClO� j C3H7Clh i> ClO� j C2H5Clh i> ClO� j CH3Clh i for
the ClO– system and BrO� j C3H7Clh i > BrO� j C2H5Clh i >
BrO� j CH3Clh i for the BrO– system, and the values of
ClO� j RClh i are usually smaller than those of the
corresponding BrO� j RClh i . According to the accepted
theory [45–48], a small differential orbital energy can lead to
an easier reaction due to the lower TS interaction ΔE ≠

int. A
better HOMO LUMOj ih interaction for BrO-/ClO- + RCl is
associated with the size of the substituent R in the substrate,
that is, the reactivity for both BrO- + RCl and ClO- + RCl is
increasingly strengthened as R is changed from C3H7 to

CH3, and the reactions of ClO
- are usually preferred over the

reactions of BrO-.

Conclusions

In summary, the reaction mechanisms of ClO–/BrO– with
RCl (R = CH3, C2H5, and C3H7) have been analyzed in
detail and the influence of the substitution on the intermedi-
ates, transition states, energetics, geometrical parameters,
etc., have been comparatively investigated at the DFT-
BHandHLYP level of theory using aug-cc-pVDZ basis set.
The following conclusions have been drawn: (1) The reac-
tion is firstly initiated by a typical SN2 fashion. Later, the
two competitive substitutions, named as SN2-induced sub-
stitution and SN2-induced elimination, would proceed be-
fore the initial SN2 product ion-dipole complex separates,
where the former exhibit less reactivity than the latter. (2) A
single-well PES only appears for the SN2-induced substitu-
tion of reaction of BrO- + CH3Cl, in comparison with the
analogous reactions presented here. (3) Reactivity of the
substrate molecules is ruled by the dual effect from both
methyl group effect and p-π electronic conjugation appear-
ing in C3H7 group. (4) According to MO analysis, whether
the BrO- reactions or the ClO- reactions, the reactivity
progressively increases as the R-substitution of substrates
RCl is changed from C3H7 to CH3, with the reactions of
ClO- usually preferred over the reactions of BrO-, which is
also rationally confirmed from IE analysis.
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