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Cyclic and acyclic halonium ions represent a class of
organic onium compounds with a considerable chemical
interest and utility as reagents in organic synthesis.1 A
broad number of them can be isolated as stable salts or
prepared in situ for further reactions, and they have been
postulated as reaction intermediates in electrophilic
halogenations.1 Special attention has been paid to cyclic
ions, and, in particular, the theoretical interest in three-
membered-ring cyclic halonium ions shows a substantial
increase in recent years.2-4 In regard to five-membered-
ring cyclic halonium ions (Chart 1), iodoniacyclopentane,
1, and 5-iodoniacyclopenta-1,3-diene, 2, have been ob-
served,1 but this has not been possible for 4-iodoniacy-
clopentene, 3, which could participate in electrophilic
additions of positive iodine to conjugated dienes. In fact,
we have observed that bis(pyridine)iodonium(I) tetrafluo-
roborate allows the regioselective functionalization of
conjugated dienes to give both 1,2- or 1,4-addition
products depending on the reaction conditions,5 which
suggests an equilibriun between intermediates species
like 3-5 (Chart 1). We have recently described the ab
initio calculations on the potential energy hypersurfaces
for C2H2I+ isomers.4 The agreement between our experi-
mental results for the iodofunctionalization of alkynes6
and ab initio calculations prompted us to study the
existence of 4-iodoniacyclopentene (3). As far as we
know, no theoretical study has been carried out on this
ion. We report here the ab initio study of the C4H6I+

species.
All calculations were carried out with the Gaussian94

program package.7 The molecular geometries were first
optimized without any molecular symmetry constraints
at the Hartree-Fock self-consistent field (HF) level of
theory and reoptimized by the Møller-Plesset perturba-
tion theory8 with second-order corrections (MP2), using

Schlegel’s analytical gradient procedure.9 Regarding the
atomic basis set, the standard split-valence 6-31G(d,p)
basis,10,11 with six d-functions for C and three p-functions
for H, and the split-valence M4(d) basis,12 with one set
of six d-functions (úd ) 0.266) for I (4,3,3,3,21/4,3,3,21/
4,3,1), appeared to be a good choice because of the nice
agreement between ab initio calculations and experimen-
tal results.4,11,13 This basis set will be hereafter referred
to as DZV(d,p). The optimized structures were charac-
terized as minima or saddle points by analytic frequency
calculations which also yielded zero-point vibrational
energy and thermochemical analysis.
In order to assess the importance of higher level

correlated methods, additional single-point calculations
on the MP2/DZV(d,p) geometries were performed with
incorporation of correlation energy using Møller-Plesset
perturbation theory with fourth-order corrections
(MP4SDTQ),14 configuration interaction including all
single and double excitations,15 corrected with quadruple
excitation, by using Davidson’s formula (CISD+Q),16 and
coupled cluster theory with single and double substitu-
tions (CCSD)17 with the DZV(d,p) basis set.
Furthermore, the existence of ionic species may re-

quire functions of higher angular momentum. Thus,
we have carried out single-point calculations at the
MP2 level using the uncontracted pseudorelativistic
effective core potential (ECP) of Hay and Wadt,18 aug-
mented by two sets of d functions (úd ) 0.105 and 0.334)12
and one set of f functions (úf ) 0.433)13a for I (111/111/
11/1) in conjunction with a 6-311G(2df)19 basis set for C
and H. This basis set will be hereafter referred to as
TZV(2df).
The relevant geometrical parameters of the optimized

structures with the MP2/DZV(d,p) wave function are
given in Figure 1. The 3, 4, and 5 structures were
characterized as minima on the potential energy hyper-
surface, and they are intermediates resulting from attack
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tene 3 shows a C2v type symmetry (although no geometry
constraints were imposed) with shorter C-I distances
(2.187 and 2.188 Å), two C-C single bonds (1.498 Å), one
C-C double bond (1.338 Å), bond angles of 85.6° (C-I-
C), 104.1° (I-C-C), and 123.1° (C-C-C), and plane-
plane angles of 0.0° [both (C1-C2-C3)(C2-C3-I4) and
(C1-C2-C3)(C2-C3-C4)]. The equilibrium geometries of
the s-trans- and s-cis-2-vinyliodoniacyclopropane 4 and
5 show a highly nonsymmetric iodonium bridge with C-I
distances of 2.220 and 2.492 Å in the former and 2.223
and 2.426 Å in the latter. The observed asymmetry can
be explained if one considers the π conjugation with the
vinyl group. This effect places the C-C bond between
the three-membered-ring and the vinyl group as 1.429
Å for 4 and 1.444 Å for 5, which are noticeably shorter
than those observed (1.463 Å) or calculated (1.465 Å,
CASSCF/6-31G*)20 for s-trans-butadiene.
Searches for the transition states connecting 3-5 were

carried out by linear synchronous transit (LST) calcula-
tions21 at the MP2/DZV(d,p) level. The LST procedure
locates a maximum along a path connecting two struc-
tures but not a proper transition state and, thus, subse-
quent geometry optimizations were carried out at the
same level. These optimizations led to two stationary
points, TS1 and TS2, characterized as true transition
structures (only one imaginary frequency). By the in-
trinsic reaction coordinate (IRC) reaction path,22 it was

confirmed that TS1 and TS2 are the transition states
for the interconversion between 4 and 5 and between 5
and 3, respectively. An extensive search to find the
saddle points connecting 3 and 4 at the MP2/DZV(d,p)
level was unsuccessful. All attempts to minimize the
corresponding open structures led to 4 or 5. In the
transition structure TS1, the absence of the above
referred π conjugation causes the internal C-C bond to
lengthen (1.490 Å), the vinyl C-C bond to shorten
slightly (1.342 Å), and the C-I bonds to equalize (2.239
and 2.280 Å). The transition state for the interconversion
between 5 and 3 (TS2) can be considered as an open
structure (C-I distances 2.191 and 2.989 Å) with the
positive charge delocalized along an allylic structure
(Mulliken population analysis gave a charge of +0.154
on I, +0.017 on CR, and +0.354, +0.048, and +0.427 on
allylic carbons, with the hydrogen atomic charges summed
into heavy atoms).
The total energies, along with the zero-point vibra-

tional energies, of 3-5, TS1, and TS2, calculated by
using the MP2/DZV(d,p) wave function, are given in
Table 1. Due to the different nature of the cyclic
structures, the entropy contributions might be crucial
and, therefore, the free energies derived from the ther-
mochemical analysis for T ) 298 K are also included in
Table 1. Figure 2 shows the relative energies, including
the free energies and the ZPE corrections. We have
found that, at the MP2/DZV(d,p) level of theory, the five-
membered-ring cyclic ion 3 is the global minimum while
the structures 4 and 5 should be 3.5 and 6.8 kcal/mol
less stable than 3, respectively; TS1 and TS2 lie 13.0
and 22.8 kcal/mol above 3, respectively.
Table 1 and Figure 2 also give the additional single-

point calculations on the MP2/DZV(d,p) geometries at the
MP4SDTQ/DZV(d,p), CISD+Q/DZV(d,p) and CCSD/DZV-
(d,p) levels of theory. These higher correlated level
methods also predict that 4-iodoniacyclopentene (3)
should be the global minimum on the C4H6I+ potential
energy surface. On the other hand, to assess the impor-
tance of basis set quality, calculations with the improved
basis set TZV(2df) at the MP2 level (Table 1 and Figure
2) were performed. From the MP2/TZV(2df) level, we
derive the same conclusions, which reveals that the
obtained results do not depend appreciably on the basis
set. Thus, our calculations predict a feasible intercon-
version from 4 (obtained from the addition of electrophilic
iodine to the most stable s-trans-butadiene) to the s-cis
cyclic cation 5 through a first transition structure TS1
{activation energy from 9.1 [CCSD/DZV(d,p)] to 9.5 kcal/
mol [MP2/DZV(d,p)]}; 5 could be transformed into 3
through a second transition structure TS2 {activation
energy from 14.5 [CCSD/DZV(d,p)] to 18.8 kcal/mol [MP2/
TZV(2df)]}.
The used level of theory is comparable with previous

calculations reported for bridged cation species.23 Since
theoretically predicted geometries and relative energies
are in good agreement with experimental ones,23 we can
assume that our calculations are accurate enough to
obtain valid conclusions.
Finally, because of dealing with ionic species, solvent

might also considerably affect the relative energies of
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Figure 1. Computer plot of the MP2/DZV(d,p) optimized
structures (lengths in Å, angles in deg) for the s-trans (4) and
s-cis (5) 2-vinyliodoniacyclopropane, the 4-iodoniacyclopentene
(3), and the transition structures for the interconversion
between 4 and 5 (TS1) and between 5 and 3 (TS2).
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C4H6I+ isomers. We have carried out an exploratory
study with a continuum solvation model,24 as imple-
mented in Gaussian94,7 but, unfortunately, we obtained
inconsistent results. However, taking into account the
calculated dipole moments (2.3, 6.1, 5.3, 3.9, and 7.1
debyes for 3, 4, 5, TS1, and TS2, respectively), it can be
deduced that an increase in solvent polarity should
stabilize 4 more than 3 while in a nonpolar solvent 3
should remain as the global minimum.
In summary, the addition of electrophilic iodine to the

most stable s-trans-butadiene may occur with the initial
formation of 4. Direct nucleophilic attack on 4would give

the 1,2-product, while the 1,4-product with trans config-
uration could be formed by attack at the 4 position (SN2′-
type mechanism), favored by π conjugation from the vinyl
group. The barriers for the interconversion between 4
and 3 (through 5) are high and, thus, equilibration to
the more stable 4-iodoniacyclopentene (3) is prevented
and the 1,4-products with cis configuration have not been
observed experimentally.5 However, because 3 is the
global minimum, the existence of 4-iodoniacyclopentene
still remains open. These results should encourage ex-
perimentalists to search for this species by an alternative
method. In this sense, Table 2 shows the calculated vi-
brational frequencies (scaled by 0.94)23a and IR intensities
for 3.
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Table 1. Calculated Total Energies (Hartrees), Zero-Point Vibrational Energies (kcal/mol), and Free Energies (kcal/mol)
for 4-Iodoniacyclopentene (3), s-trans-2-Vinyliodoniacyclopropane (4), s-cis-2-Vinyliodoniacyclopropane (5), and the

Transition States for the Interconversion between 4 and 5 (TS1) and between 5 and 3 (TS2)a

species MP2/DZV(d,p) MP4SDTQ/DZV(d,p) CISD+Q/DZV(d,p) CCSD/DZV(d,p) MP2/TZV(2df) ZPE ∆Gb

3 -7068.331442 -7068.403726 -7068.382296 -7068.376852 -166.623770 56.3 37.1
4 -7068.322488 -7068.395609 -7068.372772 -7068.367814 -166.614967 55.8 35.5
5 -7068.317318 -7068.390643 -7068.367624 -7068.362572 -166.610303 55.8 35.5
TS1 -7068.306642 -7068.380081 -7068.357486 -7068.352431 -166.599676 55.2 35.6
TS2 -7068.290476 -7068.365176 -7068.342486 -7068.338143 -166.579005 55.2 35.3
a All calculations at the MP2/DZV(d,p)-optimized geometries. b Thermochemical analysis for T ) 298 K.

Figure 2. Relative energies (kcal mol-1) of C4H6I+ isomers
(see Figure 1), including free energies and ZPE correc-
tions. All calculations at the MP2/DZV(d,p)-optimized geom-
etries.

Table 2. Calculated [MP2/DZV(d,p)] Vibrational
Frequencies (cm-1, scaled by 0.94) and IR Intensities (km

mol-1) for 4-Iodoniacyclopentene (3)

ν inten ν inten ν inten

3044 21.9 1291 17.6 862 0.0
3035 13.7 1220 13.2 830 4.5
3034 0.0 1184 13.1 746 9.9
3029 8.6 1110 0.9 643 55.3
2963 0.1 1082 8.0 567 20.0
2962 3.2 1069 0.0 439 9.7
1616 10.2 946 5.3 319 0.0
1413 9.6 889 1.9 305 3.1
1410 5.5 876 0.0 112 3.5
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