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Abstract: An alternative skeletal rear-
rangement of the quadricyclane radical
cation (Q'*) explains the side products
formed in the one-electron oxidation
to norbornadiene. First, the bicy-
clo[2.2.1]hepta-2-ene-5-yl-7-ylium radi-
cal cation, with an activation energy of

clo[3.2.0]hepta-2,6-diene radical cation
is an intermediate. The multistep rear-
rangement has a rate-limiting step with
an estimated activation energy of
16.5 kcalmol™!, which is 2.8 kcalmol™
lower in energy than the stepwise
mechanism. However, the lowest acti-

vation energy is found for the Q"% cy-
cloreversion to norbornadiene that has
a transition structure, in close corre-
spondence with earlier studies, and an
activation energy of 10.1 kcalmol™,
which agrees well with the experimen-
tal estimate of 9.3 kcalmol'. The com-

14.9 kcalmol ™', is formed. Second, this
species can further rearrange to 1,3,5-
cycloheptatriene through two plausible
paths, that is, a multistep mechanism
with two shallow intermediates and a
stepwise path in which the bicy-

calculations -

rearrangement

Introduction

Hydrocarbon radical cations are becoming increasingly im-
portant as reactive intermediates in chemistry. This is re-
flected, for example, in the increased use of one-electron ox-
idations in organic chemistry and may lead to enormous
rate accelerations.!! Yet, the understanding of electronic
structure and stability is still rather limited for these reactive
species. The major reason for this is the fast rearrangement
or fragmentation that makes experimental measurements
difficult. An unexpected rearrangement can also lead to
novel structures, not present in the closed-shell equivalent,
that potentially can produce novel chemical transformations.

In the isomerization reactions of quadricyclanes, a facile
conversion from the quadricyclane radical cation (Q'*) to
the norbornadiene radical cation (N**) has become a proto-
type for one-electron oxidation reactions. Because of its ex-
tremely facile conversion the Q/N system has been suggest-
ed as a potential solar-energy storage system.””) Actually, it

[a] Dr. P-E. Larsson, Dr. N. Salhi-Benachenhou, Prof. S. Lunell
Department of Quantum Chemistry
Uppsala University, Box 518, 751 20 Uppsala (Sweden)
Fax: (+46)18-471-5830
E-mail: Nessima.Salhi@kvac.uu.se
Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.

Chem. Eur. J. 2004, 10, 681 -688 DOI: 10.1002/chem.200305067

Keywords: density
electronic structure -
EPR spectroscopy - radical ions -

putational estimates of activation ener-
gies were done using the CCSD(T)/6-
311+ G(d,p) method with geometries
optimized on the B3LYP/6-311+
G(d,p) level, combined with B3LYP/6—
311+ G(d,p) frequencies.

functional

was not until 1994 that a direct observation of Q'+ was re-
ported by using electron spin resonance (ESR) spectrosco-
py.”4 The signal disappears after ~1.5us at room tempera-
ture;! all prior experimental studies gave only indications
of its existencel or was characterized as N'*. The computa-
tional studies performed on this cycloreversion agree with
the experimental observations that Q'* is an unstable spe-
cies. Moreover, it is found that the cycloreversion takes
place through a concerted mechanism with a pseudo-Jahn-
Teller distorted transition structure and an estimated activa-
tion energy in the range 5-12 kcalmol .1

However, in several studies, additional radical cation spe-
cies have been observed when starting from Q*+.*™'% From
ESR studies in a CF;CCl; matrix it was concluded that these
additional species were the bicyclo[3.2.0]hepta-2,6-diene
(BHD'*) and the 1,3,5-cycloheptatriene (CHT*) radical
cations.”” The 'H hyperfine coupling constants (hfcc) were
later confirmed by ESR measurements in zeolites, and the
conversion was measured to always be less than 3% of con-
centration.® Interestingly, if Q is substituted with isopro-
pylidene the one-electron oxidation reaction gives only
BHD as product, in quantitative yield.!"") In a recent compu-
tational study, we investigated the mechanism for this alter-
native rearrangement and found that it follows a stepwise
rearrangement path with an intermediate—the bicy-
clo[2.2.1]hepta-2-ene-5-yl-7-ylium radical cation (BHE-")—
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that is ~2.5kcalmol' more stable than BHD'* for
CCSD(T)/6-311+G(d,p)//B3LYP/6-311+G(d,p)  calcula-
tions."? Moreover, we found that the hfcc previously as-
signed to BHD'" agree much better with BHE'*. Thus, we
concluded that the two rearrangements paths Q' can take
is to the major product N'* and to the alternative rearrange-
ment that produces BHE't (Scheme 1).

— oyt H oyt
N H
S
BHE* Q-+ N+

Scheme 1. Rearrangement channels from Q-*.

This other C;Hg'* rearrangement chemistry has attracted
less attention than the Q'*/N-* system, but it could give val-
uable information of the different side products that can be
expected upon substitution and environmental changes. For
instance, CHT"" is observed together with BHE'* and sever-
al deprotonated neutral radicals in ESR studies of Q'* and
Nt in different matrices. Moreover, ESR studies of BHD in
a CFCl; matrix give, after y-irradiation, the hfcc assigned to
BHE " together with a hfcc assigned to CHT*."*! This ob-
servation of CHT'* was ascribed to an electrocyclic ring-
opening reaction of BHD't, but in view of the reinterpreta-
tion of the BHD'" spectra just described, other rearrange-
ment channels that transform BHE-" directly into CHT-*
should be explored (Scheme 2).

H H
—-+ -+
H H
SaH
BHE* N+
[ H
HH —-+ HE -+
BHD* CHT+

Scheme 2. Rearrangement channels from BHE'*.

In this paper we report results from a quantum chemical
study, including estimations of activation energies, for alter-
native rearrangements of the C;Hg'" species Q**. In particu-
lar, we characterize two reaction paths for how BHE'" can
rearrange to CHT'", that is, a multistep rearrangement with
two shallow minima, on the one hand, and a stepwise rear-
rangement through BHD'* with the electrocyclic ring open-
ing, on the other. Furthermore, we also report results for
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the transformation of BHE'* to Nt (Scheme 2) and from
Q" to BHE'" and N'*, respectively (Scheme 1).

Results and Discussion

The optimized structures from B3LYP/6-311+ G(d,p) calcu-
lations of the local minima Q*, N**, BHE'", BHD'" and
CHT:* are displayed in Figure 1 with selected atomic distan-
ces. A comparison of the geometric parameters obtained
from the B3LYP calculations with the MP2/6-311+ G(d,p)
results shows that these are very similar in most cases. The
largest deviation is found for BHD'* (C4—C6 distance
0.096 A, C4-C5-C6 angle 5.46°, and C7-C1-C5-C6 dihedral
angle 5.09°), for which the MP2 optimization predicts a
more open structure than B3LYP; this may be due to the
spin contamination of the MP2 wave function. For N** (C2—
C6 distance 0.030 A and C6-C1-C2 angle 1.24°) B3LYP pre-
dicts a more open structure. All other differences are less
than 0.013 A for distances, 0.80° for angles and 0.76° for di-
hedral angles. That these structures are indeed accurately
computed can be confirmed by comparison of the B3LYP
hfcc with the experimental ones. Very good agreement is
found for the Q'*, N'*, BHE'", and CHT'" structures; see
Table 1 for the hfcc values of particular importance for this
work [B47.13.14]

Table 1. 'H hyperfine coupling constants in Gauss for BHE'*, BHD*,
and CHT'* computed with B3LYP/6-311+ G(d,p), and compared to ex-
perimental values observed in Freon matrices.

BHE"" BHD* Exptl® CHT'* Exptl*®!
41.0 (H6a) 25.6 (H2a) 415 51.2 (H7a) 51.5
30.7 (H6b) 17.6 (H1) 316 51.2 (H7b) 515

—22.7 (H5) 16.8 (H2b) 225 —6.9 (H1) 5.7

4.9 (H4) —3.7 (H3) 45 —6.9 (H6) 5.7
3.3 (H3) —3.0 (H4) 45 —4.7 (H3) 5.7
0.6 (H2) —3.0 (H5) - —4.7 (H4) 5.7
0.4 (H7) 1.1 (H7) - —0.7 (H2) -
—0.3 (H1) —0.1 (H6) - —0.7 (H5) -

[a] Reference [7]. [b] Reference [14a].

From the local minima on the C;Hg* potential-energy
surface we located plausible reaction paths corresponding to
Schemes 1 and 2, using the B3LYP/6-31G(d) method. The
refined structures for the saddle points and local minima
calculated with B3LYP/6-311+G(d,p) are shown in Fig-
ures 2 and 3. They show in general larger structural devia-
tions between B3LYP and MP2 than the stationary points in
Figure 1; for the TS4 structure we were not able to locate a
MP2 transition structure, probably because of the severe
spin contamination in the UMP2 wave function. The largest
deviations are for TS1, TS3, TS5 and TS6, that is, for TS1
(C3—-C5=0.042 A and C3-C5-C6=14.86°) the MP2 saddle
point on the cycloreversion path are more pseudo-Jahn—
Teller distorted away from the C,, conical intersection;® for
TS3 (C4-C5=0.220 A, C4-C7-C5=11.82° and C6-C1-C7-
C4=6.85°) the MP2 result indicates a later transition state
on the isomerization from BHE'* to BHD'*; for TS5 (C3—
C6=0.294 A, and C4-C5-C6=8.06°) B3LYP predicts a later
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Figure 1. B3LYP/6-311+ G(d,p) optimized stable structures of C;Hg'*.

transition state, more ring opened; and for TS6 (C2—C7=
0.163 A, C2-C1-C7=9.69°, and C2-C1-C6-C5=9.19°) MP2
again gives a more open structure. Since these parameters
are involved in the reaction path they will affect our later
analysis and calculation of activation barriers. For the con-
tinuing analysis we will mainly use the B3LYP optimized
stationary points and their frequencies, since many of the
MP?2 results are too spin contaminated to be regarded as re-
liable. The other stationary points in Figures 2 and 3 have
differences that are less than 0.068 A for distances, 5.63° for
angles, and 4.92° for dihedral angles.

Quadricyclane rearrangements: An energy profile for the
activation energies at 100 K for the cycloreversion (Q'7,
TS1, N't) and the skeletal rearrangement (Q'*, TS2, BHE "
) is shown in Figure 4. This relative energy profile contains
the zero-point energy correction and the free-energy ther-
mal correction calculated from the B3LYP/6-311+ G(d,p)
frequencies, and the electronic energy taken from
CCSD(T)/6-3114+G(d,p)//B3LYP/6-311+G(d,p)  calcula-
tions.

Calculations for the cycloreversion reaction path have
been reported previously at several theoretical levels, in-
cluding B3LYP with both the 6-31G* and 6-311+G(d,p)
basis sets.[%!?l As we have reported earlier, the geometries of
TS1 agree well between these different theoretical levels,
and show a pseudo-Jahn-Teller distorted transition structure
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with elongated C2—C6 and C3—CS5 bonds in the four-mem-
bered ring,['”! but the relative electronic energies have larger
variations (see Table 2 for some examples). Our best esti-
mate for the activation free energy for the cycloreversion

Table 2. Relative electronic energies in kcalmol™ for all located station-
ary points on the reaction paths investigated: first, the electrocyclic iso-
merization of QF to N'*; and second, the rearrangements from Q% to
CHT*.

B3LYP! CCSD(T)//B3LYP! ump2l PMP2L
Q+ 0.00 0.00 0.00 0.00
N+ -10.73 -825 -6.15 —5.64
BHE+ 4.16 3.67 5.58 5.55
BHD+ —-1.84 6.18 14.65 11.33
CHT-* -39.62 —22.49 —6.86 -13.76
TS1 12.08 11.63 15.48 13.73
TS2 13.41 16.49 21.70 20.24
TS3 9.51 11.72 17.74 14.49
TS4 18.49 21.96 33.390! 29.48!°
TS5 12.19 21.96 27.94 26.72
TS6 9.80 12.49 17.63 14.75
n 421 11.30 15.98 13.81
TS7 8.58 18.53 27.93 23.66
TS$ 22.10 28.58 36.25 35.19
2 3.79 13.15 20.08 19.09
TS9 7.58 17.82 23.17 22.85

[a] The energies are computed with B3LYP/6-311+ G(d,p), CCSD(T)/6—
311+ G(d,p)//B3LYP/6-311+G(d,p), UMP2/6-311+ G(d,p), and project-
ed MP2 (PMP2/6-311+G(d,p)). [b] Energies taken from an U(P)MP2/6-
311+ G(d,p)//B3LYP/6-311+ G(d,p) calculation.
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#(4,3,67)=118.1

Figure 2. B3LYP/6-311+ G(d,p) optimized transition structures for the cycloreversion (TS1), skeletal (TS2), stepwise (TS3 and TSS5), and concerted
(TS4) rearrangements.
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d(6.7)=1.41
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Figure 3. B3LYP/6-311+ G(d,p) optimized stationary points for the multistep rearrangement.
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Figure 4. Free-energy profiles for the two Q'* isomerizations, a cyclore-
version (TS1) to N'* and a skeletal rearrangement (TS2) to BHE'* in
kcalmol ™.

becomes 10.1 kcalmol ™' (cf. Table 3), agreeing well with the
earlier estimations of theoretical activation energies in the
range 5-12 kcalmol™'”® and the experimental estimation of
9.3 kcalmol "

The skeletal rearrangement to BHE'" has a transition
state (TS2) in which one of the four lateral bonds (C1-C6,
C1-C7, C3-C4, C3—C5) in the cyclopropane units in Q'*
has opened. Breaking this bond costs more energy than for
the pericyclic cycloreversion, since the estimated free energy
of activation is 14.9 kcalmol™, see Table 3 and Figure 4.
Hence, the skeletal rearrangement has 4.8 kcalmol ™! higher
activation energy than the cycloreversion.

Table 3. Zero-point vibrational energies and free energies in kcalmol ™
for the stationary points on the investigated reaction paths.

ZPVE E G, M
Qt 79.63 0.00 0.00
N+ 80.11 —7.78 -7.79
BHE+ 78.94 2.98 2.95
BHD+ 78.44 4.99 4.93
CHT-* 79.83 —22.29 —22.47
TS1 78.16 10.15 10.13
TS2 78.10 14.95 14.94
TS3 78.12 10.21 10.18
TS4 77.67 20.00 19.96
TS5 77.09 19.41 19.32
TS6 77.69 11.53 11.50
n 78.59 10.26 10.21
TS7 77.69 16.58 16.52
TS8 77.00 25.95 25.88
12 78.09 11.60 11.52
TS9 76.81 15.00 14.89

[a] The E, values include unscaled zero-point vibrational energy correc-
tions taken from a B3LYP/6-311+G(d,p) calculation, and electronic
energy from a CCSD(T)/6-311+ G(d,p)//B3LYP/6-311+G(d,p) calcula-
tion. [b] The G, values include the free-energy thermal correction calcu-
lated at 100 K from unscaled B3LYP/6-311+ G(d,p) vibrational frequen-
cies.

Multistep rearrangement: The multistep rearrangement
transforms BHE'* into CHT'* through two routes: BHE*
—TS6—11-TS7T—-12—TS9—-CHT'* and BHE'"—-TS6—

Chem. Eur. J. 2004, 10, 681 —688 www.chemeurj.org

I1-TS8 —CHT"", for which the B3LYP/6-311+G(d,p) sta-
tionary points are shown in Figure 3. In addition, Figure 5
displays the free-energy profile at 100 K for this multistep
rearrangement together with the two other possible isomeri-
zation reaction paths that BHE'* can take (see later). It

-20

a0 =

Figure 5. Comparison of the multistep, stepwise and concerted rearrange-
ment free-energy profiles in kcalmol™'.

should be noted that the most favorable energy profile is for
the multistep rearrangement path passing through the rate-
limiting step TS7, with an activation barrier of 16.5 kcal-
mol~! above Q'*.

The first step in this rearrangement is an almost complete
bond breakage of the C4—C7 bond from 1.54 A in BHE'* to
1.93 A for the C2—C7 distance in TS6. At the same time, the
three-center two-electron bond lengths (C2—C7=1.74 A,
C3-C7=1.73 A) transform into distances in TS6 that reflect
more ordinary C—C single bonds (C1-C7=1.58 A, C6-C7=
1.52 A). In the first intermediate, I1, this process has contin-
ued, and this distance (C2—C7 for I1) is 2.44 A, but the Cl1—
C7 bond also becomes elongated to 1.63 A. This intermedi-
ate forms a very shallow minimum, with TS6 being structur-
ally similar to I1; there is only a 1.3 kcalmol ™' free energy
barrier for the reversion to BHE'*. The small imaginary fre-
quency of —391.2 cm™" for TS6 and the lowest frequency for
I1 of 217.4 cm ™' both reflect the shallow well on the reaction
path, since these normal modes closely mimic the reaction
path.

From I1 this isomerization path splits into two routes with
transition states TS7 and TS8; these routes both have a simi-
lar mechanism, but break bonds on opposite sides. In TS7,
the C1—C7 bond of I1 is opened to 2.11 A, and in TS8 the
C5-C7 bond of I is opened to 2.17 A. Although the major
coordinates involved in the respective mechanisms show
strong similarities, the difference in reaction barrier of
9.36 kcalmol™! (see Figure 5 and Table 3) implies that the
differences in mechanism give rise to a large energy differ-
ence. For instance, the C1—-C7 bond in I1 is elongated rela-
tive to the normal C—C single bond length in the C5—-C7
bond, and between I1 and TS8 the six-membered ring has to
invert; this is reflected in ¢(4,5,1,2)=-16.0° for I1 and
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$(4,5,1,2)=16.9° for TS8. Both TS7 and TS8 have small
imaginary frequencies, —309.9 cm™ and —259.5cm™!, with
normal modes that closely follow the reaction coordinates.

The TS8 route leads directly to CHT'*, while the TS7
route isomerizes to another shallow intermediate, 12. The
distance for the bond broken from I1 to TS7 becomes even
longer, 2.49 A; this is due to the rearrangement of the
carbon skeleton and a partly broken C1-C6 bond. Thus, in
I2 the six-membered ring is slightly folded, ¢(1,2,5,4)=
157.4°, and the C1—C6 bond is opened to 1.74 A. Moreover,
I2 has several very low vibrational frequencies (180.8, 223.8,
319.9, and 3782cm™') and their corresponding normal
modes indicate that the floppy directions include both
carbon skeletal motions and H7 motions.

The last step in this rearrangement is the complete open-
ing of the C1—-C6 bond and flattening of the carbon frame-
work into the CHT'" C,, geometry. In this mechanistic step
TS9 is a very early transition state. The dominating change
on the reaction path up to TS9 is a hybridization change of
C7 from being pyramidalized in 12 to sp® in TS9. This is, fur-
thermore, reflected in the normal mode with imaginary fre-
quency (—607.7 cm ™), which has a dominating contribution
for this pyramidalization movement and a very minor com-
ponent of opening and flattening of the carbon skeleton.

Stepwise rearrangement through BHD'® to CHT'*: The
other conversion to CHT'* follows a stepwise rearrange-
ment path that goes through BHD'*: BHE'* —TS3—
BHD't —TS5—CHT"". The rate-limiting step in this isom-
erization is the electrocyclic ring opening of BHD** that has
a free-energy barrier of 19.3 kcalmol ' above Q'*; this is
2.8 kcalmol ™' higher than the multistep path (see Figure 5).
In the first step, the reaction path changes its character
around TS3. Before the transition state, the main reaction
coordinate is the formation of a cyclopropane unit of the
atoms C3, C4, and C7 in BHE'*; after TS3 the major reac-
tion coordinate is the breaking of the C4—C5 bond (1.69 A)
in TS3, which increases to 2.28 A in BHD"*. This implies an
early transition structure in which most of the C4—C5 bond
breaking takes place after TS3. For the MP2 optimized path
a much later transition structure is found, suggesting that
most of the bond breaking is complete. The imaginary fre-
quency for TS3 of —405.2 cm™ corresponds to a normal
mode that closely mimics the C4—C5 bond breaking process.
Because of this variation in transition structure along a reac-
tion path that is similar for both B3LYP and MP2, the acti-
vation energy estimate is probably too low. Yet, our predic-
tion, based on the B3LYP geometries, gives a barrier that is
10.2 kcalmol™" above Q"7

The transition state for the electrocyclic ring-opening step
(TSS5) again indicates a change in major reaction coordinate
along the reaction path. On this reaction path it is first a
breakage of the bridge bond, that is, the C1—-C5 bond in
BHD'* is 1.58 A and gets elongated to 2.05 A in TSS5; there-
after the strain release flattens the structure into CHT'*.
The normal mode of the imaginary frequency (—332.3 cm™)
shows a continued opening of the C3—C6 distance. Also for
this step there is a substantial difference between B3LYP
and MP2 in the localization of the transition structure along
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the reaction path, but here MP2 predicts a less complete
ring opening (1.75 A); therefore, this again should result in
an underestimated barrier height.

Since BHE'* is 2.0 kcalmol™' more stable than BHD"*,
and the computed barrier for isomerization of BHD'* to
BHE'* is 53kcalmol™!, which should be compared
to the electrocyclic ring opening that has a barrier of
14.4 kcalmol ', it is plausible that BHE'* is found in experi-
ments starting from BHD*.8l The fact that the calculated
BHE:* hfcc values agree well with those from ESR mea-
surements on irradiated BHD is, therefore, entirely consis-
tent with the expectations from our calculations. Yet, if our
predictions are correct, the stability of BHD"* indicates that
it may be possible to experimentally characterize this radical
cation intermediate.

Concerted rearrangement to N'*: The third reaction path
from BHE'" is a concerted path to N'*. This reaction path
(BHE'* —TS4—N*) has an activation energy of 20.0 kcal -
mol™! above Q'*, which is 3.4 kcalmol™ higher than the
multistep rearrangement and 0.6 kcalmol ™' higher than the
stepwise rearrangement (see Figure 5). The geometric con-
version that this reaction path follows is complex. Before
the transition state (TS4) the three-center two-electron
bond is broken, that is, the C2—C7 distance in BHE'" elon-
gates from 1.73 A to 2.21 in TS4. After TS4, a C2—C6 bond
begins to form and, somewhat delayed, the C1-C2 bond
breaks until eventually N'* is formed. In the imaginary fre-
quency of TS4 (—312.2 cm™) the major part of the normal
mode reflects the closing of the C2—C6 bond and a minor
part the closing of the three-center bond.

Comparison of rearrangements: The activation energies for
all studied rearrangements are presented in Figures 4 and 5,
and in Table 3. The calculated reaction paths and activation
energies are compatible with the experimental findings that
CHT'* can be found in studies of Q'* and N**.*7 Since
the estimated barrier difference is 4.8 kcalmol ', it is likely
that the matrix used in the experiment stabilizes the skeletal
rearrangement path to BHE'" over that of the cyclorever-
sion.*” Moreover, the continued rearrangement should pre-
dominately proceed through the multistep mechanism,
which has an activation energy 2.8 kcalmol ' lower than the
stepwise mechanism. Yet, the reversion to Q' is 1.6 kcal
mol ™! lower than this multistep mechanism; this indicates
that most BHE " formed should react to Q" if not matrix
or solution effects, or substituent changes affect the activa-
tion energies in a judicious direction for BHE"*.

Rearrangement energies: The activation energies presented
in the discussion of rearrangement mechanisms represent
the best available estimate, that is, zero-point energy correc-
tion and the free-energy thermal correction calculated from
B3LYP/6-311+4+G(d,p) frequencies, and the electronic
energy taken from CCSD(T)/6-311+ G(d,p)//B3LYP/6—
311+ G(d,p) calculations. In Table 2, relative electronic en-
ergies are reported for the B3LYP/6-311+G(d,p),
CCSD(T)/6-311+G(d,p)//B3LYP/6-311+ G(d,p), UMP2/6—
3114+ G(d,p) and PMP2/6-311+ G(d,p) methods. From this
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table it can be noted that the relative energies show large
discrepancies depending on the quantum chemical method
used. In general, reaction barriers are bracketed by B3LYP,
which has the lowest, and UMP2, with the highest calculated
barriers; the smallest difference of ~3 kcalmol™ found for
TS1 and the largest one of ~19kcalmol™' for TS7.
CCSD(T) and PMP2 are in between with the CCSD(T) bar-
rier being lower than PMP2. The large difference for TS7 is
probably due to a severely spin contaminated UMP2
wave function, since the PMP2 relative energy is
~4 kcalmol™! lower than the UMP2. The CCSD(T) energy
is ~10 kcalmol™" higher than the B3LYP result, which indi-
cates that the B3LYP barrier probably is underestimated.
This may be the reason for the change in rate-limiting step
for the multistep rearrangement, because B3LYP predicts
TS6 to be rate-limiting while CCSD(T), UMP2 and PMP2
predict TS7.

The local minima have the same type of bracketing, but
with two exceptions. First, Nt is predicted to be less stable
with PMP2 than with UMP2, which is due to a more spin
contaminated Q'*, that is, by projection the PMP2 energy is
lowered more in Q" than in N't. Second, for BHE'*
CCSD(T) gives the lowest relative energy, but it is only ~
0.5 kcalmol™ and ~2kcalmol™ lower than B3LYP and
UMP2, respectively. In general, B3LYP seems to overesti-
mate the stability of the local minima, with the important
exception of BHE'*, for which all methods give similar en-
ergies. Moreover, the largest discrepancy is found in CHT"*,
for which the relative energy differs by ~33 kcalmol ™. This
discrepancy is probably due to a combination of spin con-
tamination and an overestimated stability in the B3LYP cal-
culation.

Hence, B3LYP/6-311+ (d,p), relative to CCSD(T), shows
an imbalanced description of relative energies that gives the
wrong ordering of stability for BHD'* and BHE'*, predicts
CHT'* to be ~17 kcalmol™ more stable, and gives an acti-
vation energy that is ~10kcalmol™' lower than the
CCSD(T) result for the multistep mechanism. With such
large discrepancies in relative energies it may be necessary
to explore if other functionals could give better agreement
with high-level ab initio energetics and achieve the same ac-
curacy of hfcc in radical cation studies.

Conclusion

In conclusion, we have located two plausible reaction paths
that show how CHT'' can be formed from Q'*, see Fig-
ures 4 and 5. The most advantageous is the multistep rear-
rangement that has a rate-limiting step with an estimated ac-
tivation energy of 16.5 kcalmol™', which is 2.8 kcalmol™
lower than for the stepwise mechanism. Yet, the lowest acti-
vation energy is found for the reverse skeletal rearrange-
ment to form Q'*, which is 1.6 kcalmol™' lower than the
multistep mechanism. For the two Q'* rearrangements, the
cycloreversion path has a transition structure that is in close
correspondence with earlier studies and an estimated activa-
tion energy of 10.1 kcalmol !, which agrees well with the ex-
perimental estimate of 9.3 kcalmol™.P! The activation
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energy of 14.9 kcalmol™' for the skeletal rearrangement is
plausible, recalling that at no time in the zeolite study the
conversion rate is higher than 3 %.“

Computational Methods

All calculations were performed with Gaussian 98, and the abbrevia-
tions used throughout this paper are taken from this program package.
First a preliminary investigation of the C;Hg't potential-energy surface
was carried out with the B3LYP functional' with the 6-31G(d) basis
set. In this first step we located and optimized all minima and transition
states. This was done with the standard algorithm in Gaussian for optimi-
zation, and with the synchronous transit-guided quasi-Newton method,!"”
which we used to force a mapping of more directions on the potential-
energy surface than those directly obvious from the optimized minima.
All stationary points were characterized to have the correct type of vibra-
tional eigenvalues, and saddle points were verified to connect to the cor-
rect minima by means of a combination of the internal reaction coordi-
nate (IRC) method," around the transition state region, and then a
steepest descent optimization for continuing the reaction path to the min-
imum. In a second step, the stationary points located with B3LYP/
6-31G(d) were reoptimized with both B3LYP/6-311+G(d,p) and MP2/
6-3114G(d,p), and characterized as minima or transition structures. This
extra confirmation of the optimized structures was carried out because
we noticed that B3LYP3-21G gives spurious structures and energetics for
the BHE'* and BHD'* minima, which are artifacts of this small basis set.
In hydrocarbon ring-systems it is necessary to use basis sets that include
polarization functions to get a reliable description.'” Finally, the B3LYP/
6-311+G(d,p) geometries were used in coupled cluster single-point cal-
culations of the energy including singles, doubles, and perturbative triples
(CCSD(T)/6-3114+G(d,p)); the zero-point vibrational energy and the
free-energy correction at 100 K were taken from unscaled B3LYP/
6-311+G(d,p) frequencies. All molecular pictures, and visualization of
vibrational modes, were constructed with Molekel.*"!

The stationary point wavefunctions were checked for spin contamination
by evaluation of the spin operator expectation value, (S?). A pure dou-
blet has (S?)=0.75. Before spin projection all B3LYP results had (S?)
ranging between 0.75 and 0.77. The UHF reference wave functions used
for the MP2 stationary points were in general found to be more spin con-
taminated, ($?)=0.76-1.02. Moreover, the MP2 computed transition
structures were more contaminated ((5? =0.77-0.91) than N'*, Q"* and
BHE* (0.76, 0.77, 0.77); while BHD*", CHT"*, I1 and 12 were as conta-
minated or more (with ($?) =0.88, 1.02, 0.83 and 0.81). By spin projection
the MP2 wave functions were improved, (S?)=0.75-0.79, for all station-
ary points. In the CCSD(T)/6-311 + G(d,p) calculations the spin contami-
nation was a less severe problem, since the principal spin contaminant is
annihilated from the CCSD wavefunction.”!
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