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A combination of experimental data [using 18O labelling fragmentation data together with metastable
ion studies in a reverse sector mass spectrometer (from a previous study)] and ab initio reaction
coordinate studies at the CCSD(T)/6-31++G(d,p)//B3LYP/6-31++G(d,p) level of theory, have
provided the following data concerning the formation of PhO- in the gas-phase from energized systems
PhO(CH2)nO- (n = 2–4). All DG values were calculated at 298 K. (1) PhO(CH2)2O- effects an ipso
Smiles rearrangement (DGr = +35 kJ mol-1; barrier to transition state DG# = +40 kJ mol-1)
equilibrating the two oxygen atoms. The Smiles intermediate reverts to PhO(CH2)2O- which then
undergoes an SNi reaction to form PhO- and ethylene oxide (DGr = -24 kJ mol-1; DG# = +54 kJ mol-1).
(2) The formation of PhO- from energized PhO(CH2)3O- is more complex. Some 85% of the PhO-

formed originates via a Smiles intermediate (DGr = +52 kJ mol-1; DG# = +61 kJ mol-1). This species
reconverts to PhO(CH2)3O- which then fragments to PhO- by two competing processes, namely, (a) an
SNi process yielding PhO- and trimethylene oxide (DGr = -27 kJ mol-1; DG# = +69 kJ mol-1), and (b) a
dissociation process giving PhO-, ethylene and formaldehyde (DGr = -65 kJ mol-1; DG# =
+69 kJ mol-1). The other fifteen percent of PhO- is formed prior to formation of the Smiles
intermediate, occurring directly by the SNi and dissociation processes outlined above. The operation of
two fragmentation pathways is supported by the presence of a composite metastable ion peak. (3)
Energized PhO(CH2)4O- fragments exclusively by an SNi process to form PhO- and tetrahydrofuran
(DGr = -101 kJ mol-1; DG# = +53 kJ mol-1). The Smiles ipso cyclization (DGr = +64 kJ mol-1; DG# =
+74 kJ mol-1) is not detected in this system.

Introduction

A classical (condensed phase) Smiles rearrangement1,2 is shown in
eqn (1). In general, this nucleophilic ipso attack normally requires
an electron withdrawing group (e.g. nitro, sulfonyl or halogen)
either in the ortho or para position on the aromatic ring; generally
X is a good leaving group, Y is a strong nucleophile and Z is shown
as a para substituent in eqn 1. A specific example of the condensed
phase Smiles rearrangement has been reported for ArO(CH2)nO-

[n = 2–4; Ar = 2,4-dinitronaphthalene], where the extent of the
Smiles rearrangement decreases as n increases.2 The anionic Smiles
rearrangement has been used extensively synthetically (see e.g.3–9

for some recent examples), and radical Smiles rearrangements
have also been reported.10–14 The Truce-Smiles rearrangement
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(involving attack of a carbanion centre at an ipso electrophilic
centre) has also been used as a synthetic method.15,16

(1)

(2)

The gas phase Smiles rearrangement has not been studied as
comprehensively as that in the condensed phase. The gas-phase
Smiles rearrangement occurs without the necessity for activation
of the aromatic ring by electron-withdrawing groups. Heavy atom
(13C and 18O) labelling and metastable ion studies (i) show that
the product ion PhO- from PhO(CH2)2O- and products PhO-

and PhS- from PhS(CH2)2O- are formed exclusively via Smiles
intermediates A (X=Y=O or X=S, Y=O), (ii) suggest that the
formation of PhO- from PhO(CH2)3O- occurs via competitive
Smiles (85%) and SNi reactions (eqn (2), 15%), and (iii), indicate
that PhO- is formed from PhO(CH2)4O- solely by an SNi process.17

18O Labelling shows that when there is a substituent in the ortho
position, the gas phase Smiles rearrangement competes with an or-
tho cyclization process,18 perhaps as shown in eqn (3). The classical
[PhNO2]- to [PhONO]-. gas phase rearrangement is probably an
ipso process,19 and gas-phase Smiles processes have been proposed
for 2-hydroxybenzyl-N-pyrimidinylamine,20 phenoxy-N-phenyl
acetamide anions,21 deprotonated 2-(4,6-dimethoxypyrimidine-2-
ylsulfanyl)-N-phenylbenzamide22 and other systems.23–26
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(3)

When we first reported the gas phase Smiles rearrangement, as
in eqn (1), the conclusions of the experimental study were based
primarily on heavy atom labelling data. We did not then have access
to supercomputers capable of handling high-level calculations of
molecules containing phenyl rings. We now report the behaviour
of the energized anion systems PhO(CH2)nO- (n = 2,3 and 4) using
ab initio calculations at the CCSD(T)/6-31++G(d,p)//B3LYP/6-
31++G(d,p) level of theory. The results of these calculations are
used to complement the earlier experimental results in order to
explore the mechanisms for the formation of PhO- from these
three related systems.

Results and Discussion

The results of the CCSD(T)/6-31++G(d,p)//B3LYP/6-
31++G(d,p) calculations for the formation of PhO- from
PhO(CH2)nO- (n = 2 and 4) systems are in accord with the
experimental results reported earlier for these two systems. All
DG values recorded in the text and Figs were calculated at 298 K.

The theoretical results for those processes of PhOCH2CH2O-

which result in the formation of the phenoxide anion (PhO-) are
summarised in Fig. 1, with full details of geometries and energies
of minima and transition states for the species (shown in Fig. 1)
recorded in Table S1.† Kinetically favoured process A involves the
formation of Smiles intermediate 2 (DGr = +35 kJ mol-1) from
PhOCH2CH2O- (1). The reaction proceeds via stable conformer

Fig. 1 Smiles and SNi reactions of PhO(CH2)2O-. CCSD(T)/
6-31++G(d,p)//B3LYP/6-31++G(d,p) level of theory. Relative energies
(DG at 298 K). Further details of energies and geometries are contained in
Table S1.†

2 over Smiles transition state 2/3 (+ 40 kJ mol-1). SNi Process B
occurs from 1 over a transition state 1,4 (barrier 54 kJ mol-1) to
form ion-neutral complex 4 (-29 kJ mol-1) which dissociates to
PhO- and ethylene oxide in a reaction favourable by -24 kJ mol-1.
There is no low-energy process by which Smiles intermediate
3 synchronously forms PhO- and ethylene oxide. Thus Smiles
intermediate 3 is formed first by route A, followed by ring opening
of 3 to give PhOCH2CH2O- (in which the two oxygens are now
“equilibrated”) which then may fragment (by route B) to yield
PhO- and ethylene oxide.

The situation concerning the formation of PhO- from
PhO(CH2)4O- is summarized in Fig. 2 with energies and geome-
tries of all species (shown in Fig. 2) listed in Table S2.† In this
system, SNi process D is both kinetically and thermodynamically
favoured. Smiles process C proceeds through intermediate 6
(+14 kJ mol-1) over transition state 6/7 (+74 kJ mol-1) to Smiles
intermediate 7 in a reaction unfavourable by +64 kJ mol-1.
Favoured SNi process D occurs from PhO(CH2)4O- (5) over
transition state 5/8 (+53 kJ mol-1), to ion-neutral complex 8
(-113 kJ mol-1) which dissociates to PhO- and tetrahydrofuran.
The overall process is favourable by 101 kJ mol-1. These data
are in accord with previous experimental data which indicate that
energized Ph16O(CH2)4

18O- fragments to yield only Ph16O-.17 Thus
theory and experiment confirm that the Smiles rearrangement is
not involved in this system.

Fig. 2 Smiles and SNi reactions of PhO(CH2)4O-. CCSD(T)/
6-31++G(d,p)//B3LYP/6-31++G(d,p) level of theory. Relative energies
(DG at 298 K). Further details of energies and geometries are contained in
Table S2.†

This journal is © The Royal Society of Chemistry 2010 Org. Biomol. Chem., 2010, 8, 4080–4084 | 4081
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The Smiles and SNi processes of PhO(CH2)3O- are shown in
Fig. 3 with full energy and geometry data for all species (shown in
Fig. 3) listed in Table S3.† From experimental results reported
previously, it has been proposed that Ph16OCH2CH2CH2

18O-

fragments by two processes.17 The first, the major process, (85%),
equilibrates the two oxygens yielding Ph16O- and Ph18O- in equal
abundance. The minor process, (15%), yields only Ph16O-, which
does not involve equilibration of the two oxygens. In principle,
the data shown in Fig. 3 fit this scenario. Process E, the Smiles
process, (9 → 10 → 11 → 12 → PhO-) is kinetically favoured with
the barrier to transition state 10/11 of +61 kJ mol-1. This suggests
the Smiles cyclization is the major process which equilibrates the
oxygens. The SNi process F (9 → 12 → PhO-) has a barrier to
transition state 9/12 of 69 kJ mol-1, a value close enough to the
barrier of process E (+61 kJ mol-1) to accommodate the possibility
of minor formation of PhO- by process F.

Fig. 3 Smiles and SNi reactions of PhO(CH2)3O-. CCSD(T)/
6-31++G(d,p)//B3LYP/6-31++G(d,p) level of theory. Relative energies
(DG at 298 K). Further details of energies and geometries are contained in
Table S3.†

But there may be a potential problem. We reported previously
that when PhO- is formed by a single process, that process is
characterized by a broad Gaussian shaped metastable ion peak.17

This is the case for both the Smiles/SNi sequence of PhO(CH2)2O-

(cf. Fig. 1) and the SNi process of PhO(CH2)4O- (cf. Fig. 2). In
contrast, the formation of PhO- from energized PhO(CH2)3O-

shows a composite metastable ion; a major Gaussian peak
superimposed on a broader peak. Comparison of the metastable

ion profiles for PhO- formed from PhO(CH2)nO- (n = 2 and 3) are
shown in Fig. 4. A similar broad and composite metastable peak
is also observed for the formation of PhS- from PhS(CH2)3O-,
whereas single (and broad) Gaussian peaks are observed for the
formation of PhS- from the cognate species PhS(CH2)nO- (n = 2
and 4) (data not provided here, but see17). A composite metastable
ion indicates the operation of several different routes to PhO-

from PhO(CH2)3O-. Is this merely a consequence of the direct and
indirect formation of PhO- by the SNi process as shown in Fig. 4,
with accompanying different values of kinetic energy release?
Alternatively, is there something unique about the PhO(CH2)3O-

system which suggests a pathway to PhO- different from the Smiles
and/or SNi processes shown in Fig. 3?

Fig. 4 Metastable anion profiles for the formation of PhO- from (a)
PhO(CH2)2O- (width of peak at half height = 40.5 ± 0.5V) and (b)
PhO(CH2)3O- (major component half width, ca. 35V), from ref. 17 VG
ZAB 2HF mass spectrometer. For full experimental details see Ref. 17

In agreement with the situation outlined above for
PhO(CH2)2O-, there is no low-energy and synchronous formation
of PhO- from Smiles intermediate 11 (Fig. 3), so formation of
PhO- directly from 11 is not a possible option. However, a feature
of this system not available for those shown in Fig. 1 and 2
is that PhO(CH2)3O- can, in principle, form a hydride complex
[(PhOCH2CH2CHO) H-], in which the hydride ion can initiate
an elimination reaction to produce PhO-, CH2=CHCHO and H2,
and/or an SN2 process within the anion complex to form PhO-

and CH3CH2CHO. The latter process can, in principle, also occur
for PhO(CH2)nO- (n = 2 and 4). A final process for consideration
is the possible decomposition of PhO(CH2)3O- to yield PhO-,
CH2=CH2 and CH2O. The reaction coordinate profiles of these
three reactions have been investigated and are summarized in Fig. 5
and 6, with details of energies and geometries of all species shown
in Fig. 5 and 6 recorded in Tables S4 and S5.†

The SN2 H- and elimination mechanisms are depicted as
processes G and H in Fig. 5. Both processes are favourable with
DGr being negative. However, both are kinetically unfavourable
(with respect to the two processes shown in Fig. 4) with barriers
to transition states 9/13 and 9/14 of +151 and +139 kJ mol-1,
respectively. There is no hydride ion-neutral complex present on
either reaction coordinate. The SN2 reaction is synchronous to
anion-neutral complex 13, which dissociates to yield PhO- and
CH3CH2CHO in a reaction sequence favourable by 140 kJ mol-1.
The elimination reaction is synchronous to anion-neutral complex
14, which decomposes to produce PhO- together with acetalde-
hyde and dihydrogen in a reaction favourable by 56 kJ mol-1.

The final process for consideration is depicted as route I in
Fig. 6. This process is also favourable (DGr = -65 kJ mol-1),
but in this case the barrier to transition state 9/15 is only

4082 | Org. Biomol. Chem., 2010, 8, 4080–4084 This journal is © The Royal Society of Chemistry 2010
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Fig. 5 SN2 and elimination potential profiles for the formation of PhO-

from PhO(CH2)3O-. CCSD(T)/6-31++G(d,p)//B3LYP/6-31++G(d,p)
level of theory. Relative energies (DG at 298 K). Further details of energies
and geometries are contained in Table S4.†

74 kJ mol-1: a value of the same order as those shown in
Fig. 3 for the Smiles process (+61 kJ mol-1) and the SNi process
+69 kJ mol-1). The proposed pathways for the formation of
PhO- from PhO(CH2)3O- are summarised in Scheme 1. Eighty
five percent of the product PhO- is formed following oxygen
equilibration through the Smiles intermediate. Reversal of the
Smiles reaction reforms PhO(CH2)3O- which can then fragment
to give PhO- by the SNi and dissociation processes. Fifteen percent
of PhO- formation proceeds without equilibration of the oxygens
and may occur directly from PhO(CH2)3O- by a combination of
the SNi and dissociation processes. The operation of the SNi and
dissociation processes shown in Scheme 1 are consistent with the
composite metastable ion shown in Fig. 4. It is not known which
of these two processes produces the narrower component of the
composite metastable ion peak.‡

‡ Predicting the relative kinetic energy releases which accompany par-
ticular negative ion decompositions in the gas phase (from the relative
peak widths of their metastable ions at half height) is sometimes not
straightforward. Skeletal rearrangements, retro cleavages, loss of an olefin
with H transfer, and internal cyclization reactions of negative ions can give
either broad or dish-shaped metastable peaks with half heights ranging
anywhere from 70–170 V.27–30 Similar processes from different anions can
give quite different metastable peak profiles: for example, the losses of
water from the (M-H)- ions of 1-hydroxycyclohex-2-ene31 and 2-(oxiran-2-
yl)ethan-1-ol32 show a narrow Gaussian peak (half height = 29V) and
a dish-shaped peak (half height = 72V) respectively. Simple cleavage
processes normally exhibit narrow metastable peaks (< 35V),27–32 but there
are exceptions with broad Gaussian metastable peaks sometimes being
encountered for simple cleavages.33

Fig. 6 Dissociation potential profile for the formation of PhO-,
CH2CH2 and CH2O from PhO(CH2)3O-. CCSD(T)/6-31++G(d,p)//
B3LYP/6-31++G(d,p) level of theory. Relative energies (DG at 298 K).
Further details of energies and geometries are contained in Table S5.†

Scheme 1

Conclusions

A combination of (previous) experimental evidence and (current)
theoretical data provide the following information:-

(1) Energized PhO(CH2)2O- undergoes ipso rearrangement in
the gas phase to form a Smiles intermediate which reconverts to
PhO(CH2)2O- which then effects an SNi cyclization to yield PhO-

and ethylene oxide.
(2) Energized PhO(CH2)3O- undergoes a number of competitive

reactions. The major process (85%) involves a Smiles rearrange-
ment. The Smiles intermediate may revert to Ph(CH2)3O- which
can then fragment to yield the anion PhO- by two competitive
processes; namely (i) an SNi process to form PhO- and trimethylene
oxide, and (ii) a dissociation process to give PhO-, ethylene and
formaldehyde. Fifteen percent of the anions PhO- are formed by
direct decomposition of Ph(CH2)3O- (without intervention of a
Smiles intermediate) by a combination of the SNi and dissociation
routes outlined above.

This journal is © The Royal Society of Chemistry 2010 Org. Biomol. Chem., 2010, 8, 4080–4084 | 4083

D
ow

nl
oa

de
d 

by
 I

ns
tit

ut
e 

of
 O

rg
an

ic
 C

he
m

is
tr

y 
of

 th
e 

SB
 R

A
S 

on
 2

6 
A

ug
us

t 2
01

0
Pu

bl
is

he
d 

on
 2

0 
Ju

ly
 2

01
0 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
0O

B
00

06
4G

View Online

http://dx.doi.org/10.1039/C0OB00064G


(3) Energized PhO(CH2)4O- does not undergo Smiles rearrange-
ment. Instead, it fragments following exclusive SNi cyclization to
yield PhO- and tetrahydrofuran.

Theoretical methods

Geometry optimizations were carried out by using the B3LYP34,35

functional with the 6-31++G(d,p) basis set. Stationary points
were characterized as either minima (no imaginary frequencies) or
transition states (one imaginary frequency) by calculation of the
frequencies using analytical gradient procedures. The minima con-
nected by a given transition structure were confirmed by intrinsic
reaction coordinate (IRC) calculations.36 The nature of the station-
ary points and the zero point energy corrections were examined by
calculating the Hessian matrix at the B3LYP/6-31++G(d,p) level.
Single-point energies for the B3LYP/6-31++G(d,p) geometries
were determined using a coupled-cluster single, double, and
(perturbative) triple excitation frozen-core method, CCSD(T),37 in
conjunction with a 6-31++G(d,p) basis set, including zero-point
energy correction (unscaled). These calculations were performed
using the GAUSSIAN suite of programs.38 DG values recorded in
the text and Figs were calculated at 298 K.
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