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We have recomputed the activation barriers for the different modes of ring opening of the cyclobutene radical

cation (see: Sastry, G. N.; Bally, T.; Hrouda, V.; CarskyJPAm. Chem. S0d.998 120, 9323) in CHC},

a typical solvent for studies of radical cation reactions, by a polarizable continuum model. Thereby, we found

a clear preference for the reaction leading directlyréms-butadiene radical cation via a cyclopropenyl
carbinyl type radical cation, in contrast to expectations of a normal “electrocyclic” pathway leadiigg to

butadiene radical cation.

Introduction

Recently, the radical cation analogue of the most fundamental

electrocyclic ring-opening reaction, i.e., that of the cyclobutene
radical cation CB*), has been submitted to new theoretical
scrutiny by two group$2 Thereby, it was found that the reaction
leading to the butadiene radical catid®D(") occurs via two
competitive pathways whose activation enthalpies diffexlly
kcal/mol at the highest level of theory employed in the latter

study? The first of these pathways leads, via a transition state

TS1, to cis-BD*, following a conrotatory pathway that bears
some resemblance to that of the neut@B — cisBD

rearrangement but is highly nonsynchronous. The other pathway

involves a rotation around the ionized double bondCd**
and leads directly ttrans-BD** via a transition statel S2, that
shows the characteristics of a cyclopropenylcarbinyl radical

cation of the type that had originally been proposed as an

intermediate in theCB*" ring opening by Bauld et &l.

doubt that they interconvert readily. Other transition states for
interconverting the four e isomers were found to lie either
well below (e.g., that for theis- to trans-BD** rotation) or
well above TS1-TS3 (e.g., that for theBCB** — CB**
rearrangement).

Several experimental studies have been aimed at elucidating
the mode and/or the stereochemistry of @&+ ring-opening
reaction>~’ All of these involved experiments in the condensed
phase, and it is very likely that future studies on this question
will also be carried out in liquid or frozen solvents. We therefore
decided to use some new tools that have recently become
available to investigate the effect that a typical solvent might
have on the thermochemistry and the kinetic activation param-
eters of the different @Hs"* interconversions described above,
in particular the two competing modes 6B ring opening.

Computational Method

Interestingly, the conrotatory stereochemistry of the process is  'he variation of the free energy when going from vacuum

also preserved along this pathway.
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In the search for the transition state for this latter reaction,
another stationary point showing a very similar molecular and
electronic structure was found at slightly higher energy. This
turned out to be the transition stal&3 for the concerted ring
opening of the radical cation of bicyclobutardB**) to cis-
BD-*. No well-defined pathway linkingS2 andTS3 could be

to solution is composed of the work required to build a cavity
in the solvent (cavitation energyGea,) together with the
electrostatic Ge) and nonelectrostatic workGgisp + Grep),
connected with charging the solvent and switching on selute
solvent interaction8.To these terms (whose sum is referred to
asWso) we must add the contributions due to the variation of
the solute’s partition function when going from vacuum to
solution. We have assumed that translational and rotational
terms remain unmodified (i.e., that the solute has a very large
volume available in solvent and that it can freely rotate), whereas
we have explicitly computed the variation of harmonic fre-
quencies. Furthermoré)s, can be computed either at the
geometry optimized in vacuo (referred to A&.(0)) or after
reoptimizing the geometry in solutioMg(s)). Entropies are
then computed as derivatives of free energies with regard to
temperature at constant pressure. The result for the term in-
volving the partition functions is well-known, whereas the

located, mainly because both transition states are located on alerivative ofWsg is given by

very flat region of the potential-energy surface, but there is no
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€ andV being the dielectric constant and the volume, respec-
tively.
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TABLE 1: Thermodynamic and Kinetic Parameters (at 298 K and 1 atm) Computed at the CCSD(T)/cc-pVTZ//B3LYP/PCM

Level in Vacuum and in CHCI32

AHvacb AS/acb AGvacb Wsol(o)c Wsol(s)d AHsole AS50If AGSolg AGvac + Wsol(o)c wi(VaCP wi(S()l)h
cB* 0.0 0.0 0.0 —44.3 —44.4 0.0 0.0 0.0 0.0
TS1 17.4 +0.7 17.2 —40.0 —40.6 201 37 21.2 21.2 499 504
cisBD** —-17.5 +2.3 —18.2 —36.4 —36.5 —-9.6 +1.3 —-10.0 —-9.6
TS2 18.2 +4.0 17.0 —42.2 —42.4 186 —5.0 20.1 20.3 333 269
transBD** —-21.0 +1.7 —-21.5 —36.0 —36.0 —-13.5 —-1.7 —-13.0 —-12.7
TS3 19.1 +0.3 19.0 —41.4 —41.4 216 —-0.3 21.7 22.0 135 168
BCB** —-0.4 —-2.3 0.3 —37.8 —-37.9 53 —6.0 7.1 6.9

2 Energies are in kcal mot, entropies in cal K! mol~%, and frequencies in cm. ® RCCSD(T)/cc-pVTZ//B3LYP/6-31G* from ref Z Wk,(0)
= Gcal0) + Guisg(0) + Gre0) + Gei(0), where (0) indicates the use of geometries optimized in vacliM(s) = GeadS) + Gaisf(S) + GregS) +
Gel(s) — (Evad0) — EvadS)), Where (s) indicates the use of geometries optimized in in solftibHso = AGsol + TASso. F ASsol = (3(AWso)/T)p,
calculated under the assumption that only the dielectric constant and the volume change with the tempA@iyre. AGyad0) + GeadS) +
Guis(S) T Grep(S) + Gel(S) — (Evad0) — Evads)) + RTIN(Qso/Quag), WhereQuac andQsq are the partition functions in vacuo and in solution computed
in the rigid rotor/harmonic oscillator approximatiohFrequency of imaginary normal mode of transition states.
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Figure 1. Geometries of the stationary points obtained in CHGI

proper use of molecular symmet¥/In particular, geometry
optimizations and evaluations of Hessians were performed with
the CPCM model® whereas final energies were computed with
the DPCM model and a very refined compensation of polariza-
tion charges!16 The calculations were carried out in CHCI
and HO (only the former results are reported here). The cavities
were generated by the UAHF moédebut with the following
modifications:

(a) The scale facton) for the electrostatic cavity in CHgI
was set to 1.4 instead of 1.2 as i1 This was done to account
for the larger size of CHGY and lack of size reduction due to
H bonding!81°

(b) The charge contraction of the radius of Cétoups has
been evaluated as discussed previotisliging an equal charge
of 0.25 on each group.

The above-described kind of calculation has been shown to
also work very well for radical3®2! AWs,(0) was evaluated at
the B3LYP/6-31G* geometries of isolates- andtransBD*™,
CB**, BCB*", as well asTS1-TS3 obtained previously.The
same geometries were also employed as starting points for the
reoptimizations by the B3LYP/6-31G* method in CHCI
Single-point RCCSD(T) calculatiofavere carried out at these
geometries with Dunning’s polarized tripe(cc-pVTZ) basis
set3 using the Molpro prograr#t

Results and Discussion

Table 1 summarizes the results obtained by the procedures
described above. The first three columns of data show the
thermodynamic parameters in a vacuum (from the data in ref
2). As expected for charged species, the solvation energies
Wso((0) of radical cations (listed in the forth column) are
considerable, and they vary in fact quite substantially, even
between different gHg"" isomers, being the highest f@B+
where the charge is strongly localized in the double bond.
Reoptimizing the different species in the solvent cavity leads
to the valuedNy(s) listed in the adjacent column.

parentheses are the changes relative to the geometries of the isolated As reported in Figure 1, this reoptimization leads only to

molecules.

The derivative ofe with regard toT and the solvent
compressibility are taken from tihemical Physics Handbogk
whereas the derivatives W, can be computed either numeri-
cally or analytically. Finally, enthalpies are obtained fr&xd

= AG + TAS

All computations were performed at the B3LYP/6-31G* level
using a modified version of the Gaussian98 packdge,

minor changes in the geometries, except perhapsTfat,
which also shows the largest difference betw&dp(s) and
Ws0(0). Recalculating the thermodynamic parameters at these
new geometries leads to the entri&Xso (X = H, S or G) in
columns 6-8 of Table 1. In column 9 we juxtapostGsg

to AG obtained by addingVs0(0) to AGyae The latter values
are uniformly a bit higher but never by more than 0.4 kcal/
mol. Thus, the much simpler calculation W, (0) seems to

which includes analytical first and second derivatives of the provide a very reasonable approximation to the full results in
energy with regard to geometrical parameters of solvated this case. Nevertheless, we will refer to the thermodynamic
molecule!12and analytical first derivatives of the energy with parameters obtained after reoptimization in CH@i the

regard to the dielectric constant and the volufhgether with

following discussion.
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Due to the stronger solvation @B**, all three transition
states are destabilized by-3 kcal/mol in AG relative to
CB*" in CHCl;, i.e., the rates of the two rearrangements
leading toBD*" are generally expected to be a bit lower in
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preference for the reaction leading directlyttansBD**, in
contrast with expectations for an “electrocyclic” ring opening.
Of course, these calculations do not take into account counterion
effects, which might be important in experiments where the

solution than in the gas phase. However, the effect is more radical cations are generated by photoinduced electron transfer

pronounced fofTS1 than for TS2. Therefore, in CHG) the
pathway leading directly tomans-BD*" is favored by by 1 kcal/
mol over the “electrocyclic” one leading ws-BD**, whereas
the two AG* were almost the same in vacuum. Therefore, it is
to be expected that in solution experiments the majorig@Bft
would cross over directly transBD*". However, we wish to
recall that the conrotatory stereochemistry of the ring opening

is also preserved along this completely nonsynchronous path-

way.
It is also interesting to note the changeA on going from
vacuum to CHG. CB** has the most negatiwdg of all the

species considered in this study. Although counterexamples are

known, theAHso and AS;q terms usually show similar trends
because a stronger solutsolvent interaction (enthalpic term)
generally reduces the mobility of solvent molecules (entropic
term). This explains why the slightly positivAS,,c nearly

all become negative in solution. The effect is most pronounced

for TS2 (ASqe — ASjac = —9 cal K1 mol™); the strong
enthalpic preference for this transition state oV&d in solu-

tion is slightly attenuated by entropy. Conversely, the change

in AS between vacuum and CHCis the smallest foiTS3;

it lies now only 0.5 kcal/mol abovaS1 on a free-energy
scale. However, the rearrangement B&B*" will not be
competitive with ring opening in solution because, in contrast
to the situation in a vacuum, it is now quite strongly endothermic
(and endergonic).

The imaginary frequencies at the transition states (last two

columns of Table 1) give some indication of the “rigidity” of

where the mechanism of the reaction may be indeed be affected
by a proximate anion.
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