Transition-State Spectroscopy of
Cyclooctatetraene

Paul G. Wenthold, David A. Hrovat, Weston Thatcher Borden,*
W. Carl Lineberger*

The 351-nanometer photoelectron spectrum of the planar cyclooctatetraene radical
anion (COT ) shows transitions to two electronic states of cyclooctatetraene (COT).
These states correspond to the D,,, 'A, | state, which is the transition state for COT ring
inversion, and the Dy, °A,,,, state. The electron binding energy of the 'A,  transition state
is 1.099 + 0.010 electron volts, which is lower by 12.1 + 0.3 kilocalories per mole than
that of the ®A,, state. The photoelectron spectrum shows that the singlet lies well below
the tripletin D, COT and confirms ab initio predictions that the molecule violates Hund’s
rule. Vibrational structure is observed for both features and is readily assigned by use

of a simple potentia! energy surface.

We report a photodetachment study of the
planar  cyclooctatetraene  radical  anion
(COT ™) and the dircct observation of the
planar transition state for the ring inversion
of eyclooctatetracne  (COT).  Derailed
structural and enereetic information on the
planar transition state for the ring inversion
of COT was obrained. This is by far the
most complex system for which detailed
structural information on a transition state
has been experimentally accessible. Our re-
sults show that planar, octagonal (D)
COT has a singler ground state and thus
violares Hund’s rule.

Until recently, studies of transition states
for chemical reactions were carried out in-
directly, with the nature of the state inferred
from ohservation of reaction kinetics, iso-
tope and substituent cffecrs, and the stereo-
chemical outcome. Advances in laser tech-
nology and spectroscopic techniques have
made it possible in certain cases to observe
and study transition regions directly (7).
Basically, two rechniques have heen devel-
oped for the investigation of transition-state
properties. The first involves capturing a
himolecular scattering event in the brief
moment during which the reactants pass
through the transition region. The second
involves the use of cither a group of atoms or
an clectron to fix a complex at a geometry
that corresponds to a transition stare when
the stabilizing feature is removed.

The first examples of transition-stace
spectroscopy  involved the study of metal
halide exchange reactions in molecular
heam experiments (2). The signatures of
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transition states were minor in such experi-
ments, and, at present, most rransition-state
studies use a departing group or electron.
Zewail and co-workers have used photo-
chemical deiodination and decarbonylation
to investigare in real-time concertedness in
elimination rcactions (3) and the nature of
tri- and retramethylene diradicals (4), re-
spectively. The primary difficulty with such
measurements is that the departing group
may still be associated with the complex
during the reaction, which complicates the
interpretation of these experiments.

In contrast, when a transition state is
accessed by removal of an clectron, the
nuclel are essentially frozen during rhe rime
that the electron is in the neighborhood of
the complex. For example, photodetach-
ment of FH, ™ leads to formation of FI1, at
a geometry necar the transition state for the
reaction of F + H, (5). Using this tech-
nique, Neumark has carried out vibra-
tionally resolved transition-state spectros-
copy of small systems (6). Indeed, photode-
tachment provides a general means for ac-
cessing electronic states and regions of
potential energy surfaces that cannot be
readily studied by other spectroscopic tech-
niques (7). However, all of the previous
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Fig. 1 (left). Ring inversion and bond shift-
ing processes in COT. Fig. 2 (right).
Photoelectron spectrum of the cycloocta-
tetraene radical anion (COT" ) (351 nm).
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transition-state spectroscopy based on the
use of this technique and those described
above have been restricted o relatively
small, simple systems. We now show that it
is possible to extend the photodetachment
rechnique to the investigation of the transi-
tion state for ring inversion in COT, a large
molecule whose clectronic seructure ar pla-
nar geometries is of considerable interest.

Planar octagonal (D) COT has a de-
generate (e,,) pair of nonbonding molecu-
lar orbitals (NBMOs) that are occupied by
two electrons. Therefore, Hund’s rule (8)
predicts that COT should have a triplet
ground state (%AZH). However, the two e,
NBMOs of COT can be chosen so thart they
have no atoms in common, and qualitative
theory (9) predicts thar biradicals with dis-
joint. NBMOs will have singlet ground
states. Electronic structure calculations (10,
[1) provide computational support for the
qualitative prediction that Dy, COT will
have a singlet ground stare ('B,,) and there-
fore will violate Hund’s tule.

Violations of Hund's rule have been pre-
dicted (12) and found (13) in tetramethyl-
enebenzene and in other molecules (14)
that may be considered to be derivatives of
disjoint, non-Kekulé, hydrocarbon diradi-
cals. However, the NBMOs in these non-
Kekulé diradicals do not have exactly the
same cnergy, and this nondegeneracy con-
tributes to making the singlet the ground
state (14). Consequently, it can be argued
that the singlet ground states found for these
disjoint diradicals do not constitute viola-
tions of the strictest form of Hund's rule.

In contrast to the NBMOs in the non-
Kekulé diradicals, the ¢,, NBMOs of Dy,
COT arc degencrate by symmetry. The
greater electron correlation in the
glet—a consequence of the nonuniform dis-
tribution of electron spins that results from
the presence of an alpha spin electron in
one disjointed NBMO and a beta spin elec-
tron in the other (9)—is wholly responsible
for the predicted singlet ground state of D,
COT. Confirmation that Dy, COT does, in

fact, have a singlet ground state is of con-
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siderable importance because it would pro-
vide experimental evidence that violations
of Hund's rule actually do occur in disjoint
diradicals, even when the NBMOs arc
strictly degencrate.

Experimental verilication that Dy, COT
has a singlet ground state is challenging.
Triplet COT s predicted to have a Dy,
cquilibrium geometry (10, 17), but earlier
artempts to use clectron paramagnetic res-
onance (EPR) to observe this state during
triplet-sensitized photolysis of COT (14) or
by photodetachment of an clectron from
COT  (15) have failed. The main chal-
lenge in showing experimentally that sin-

glet COT is lower in energy than the triplet
ar planar octagonal (Dy,) geometries lies in
the fact that the equlllhrlum geometry of
the lowest energy singlet state is nonplanar
with alternating single and double carbon-
to-carbon bonds (16). Elegant dynamic nu-
clear magnetic resonance (NMR) experi-
ments, albeit on derivatives of COT, indi-
cate that ring inversion of the D, equilib-
rium geometry of COT has an activation
energy of 10 to 11 keal mol ™" and that bond
shifting in COT requires an additional 3 to
4 keal mol ' (Fig. 1) (17-19).

The proposal of Anet et al. (18) that the
transition state for ring inversion is planar
with alrernating single and double carbon-
to-carbon bonds (D, symmetry) seems to
have been generally ALccptLd (16, 19) and is
supported by the remlls of ab initio calcula-
tions (10). The Dy, structure results (rom
second-order  Jahn-Teller  distortion  in
COT, which splits the ¢,, orbitals into non-
degenerate b, and b, orbitals. Although
nonplanar transition-state geometries have
been proposed for bond shifting in singlet
COT (20), multiconfiguration sell-consis-
tent field (MCSCF) calculations (10} sup-
port Anet’s carlier supposition (17, 18) that
the transition state for bond shifting in un-
substituted COT is planar with Dy, symme-
try. A bond-shifting transition state of lower
symmelry cannot he rigorously excluded, but
a careful scarch at the MCSCE(8,8)/6-31G*
level of theory (10) for such a transition
state failed to find one, and the calculated
barriers to both hond shifting and ring in-
version are in excellent agreement with the
values from the NMR experiments (17-19).

Photodetachment spectroscopy of COT™
provides a promising means both for observ-
ing the 1D, and Dy, transition states for sin-
glet COT and the lowest Dy, wriplet state and
for measuring their relative encrgies. Previous
EPR (21}, NMR (22), and ultraviolet-visible
spectroscopy (15, 23) studies all indicate that
COT ™ has a planar geometry in solution, and
ab initio calculations indicate a bond-alter-
nated, D, geometry in the gas phase as well
(24). The tremendous structural difference
between the planar D, equilibrium geometry

of COT™ and the nonplanar I, | geometry of
ground-state COT should render transitions
from the former to the latter too weak to he
ohserved at energics near the electron affinity
(EA), but transitions to planar geometries of
the singlet and triplet states of COT are ex-
pcx:led to he strong.

In 1979, Brauman and co-workers (25)
reported the photodetachment spectrum of
COT ™. The cross section for photodetach-
ment increased slowly above the energy al
which photodetachment was first detected
(0.8 = 0.1 ¢V), but they did not detect
features attributable cither to excited vibra-
tional states or to the onset of a sccond
electronic state. The apparent photode-
tachment threshold energy was well above
the adiabatic EA of COT (~0.6 ¢V), which
was previously estimated from thermal elec-
tron capture kinctics (26).
molecules such as COT where there is a
large geometry change between the anion
and neutral, accurate determination of the
adiabatic EA is difficult for both spectro-
scopic and kinetic methods (27).

Electron capture by COT in a flowing
afterglow ion source cooled with liquid ni-
rrogen formed the COT ions. The 351-
nm photoelectron spectrum of COT™, ob-
tained with the negative-ion photoelectron
spectrometer and experimental protocol de-
scribed in (7), is shown in Fig. 2. No pho-
roclectrons were observed at electron bind-
ing cnergies near 0.6 eV, the expected EA
of COT. Howcever, photodetachment to
two distinet electronic states of COT was
obscerved in the spectrum. The lower bind-
ing cnergy feature corresponds to - transi-
tions to one clectronic state, the intense,
asymmetric peak being the origin (1.099 =+
0.010 ¢V binding energy) and the three
weaker peaks (740 = 60, 1315 *+ 40, and
1670 + 40 cm™!) corresponding to excited
vibrational levels. This feature corresponds
to formation of the 'A, state of D, COT.

The feature at higher binding cnu«*\/ is
composed ol a vibrational progression with
an origin at 1.624 = 0.006 eV. The vibra-
rions are 4t 1635 = 20 cm ! (strong) and at
735 = 20cm ! (weaker). The intensities of
the peaks that correspond to the higher
frequency vibration indicate a large geom-
ctry change along the coordinate for this
vibrational mode on going from the equi-
librium geometry of COT™ to thar of this
upper energy state. We assign this state as
‘A, of Dy, COT. This method of generat-
ing triplet COT from COT * in the gas
phase is analogous ro rthat of Dvorak and
Michl (15), who attempted to observe the
*A,, state upon photodetachment of ma-
trix-isolated COT~

The photoelectron spectrum of COT
can he understood in terms of the schematic
diagrams shown in Figs. 3 and 4. The po-

However, in
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tential encrey surfaces for planar COT are
shown in Fig. 3. The x axis for the potential
cnergy surfaces in Fig. 3 is the bond-alter-
l]ﬂti()ll (1()()r(]if1(it(‘, \/Vhi(‘,h connects [ht‘ Two
different D,;, geometries through a Dy, ge-
ometry, where all the C-C bond lengths are
equal. The dotted curve, shown for ‘A,
corresponds to the potential energy along
the coordinate for ring inversion, orthogo-
nal to the coordinate for bond alternation.
The n]()]ﬁ‘,(‘.l]]k]r ()l'l)it‘d]s (()r [ht‘ p]l]nllr states
of COT and their orbital occupancies are
shown in Fig. 4. Both the lowest energy

m

Fig. 3. Schematic potential encrgy surfaces for
COT  and for singlet and triplet COT. The x axis is
the “bond-alternation” coordinate for the planar
molecule. The 7 axis is the oul-of-plane bending
coordinate, and the potential energy curves tor
this coordinate are shown with dotted lines.
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Fig. 4. 1op view of the pair of MOs that are occu-
pied in COT~ and planar COT. The greater occu-
pancy of the b, MOINCOT  andinthc 'Ay,, state
of COT causes these two states to “prefer” bond-
alternated, D, geometries, whereas the triplet
slale "prefers” a geometry where the C-C bond
lengths are equal and the b, and b,,, orbitals are
degenerate.
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singlet and triplet surfaces can be accessed
upon photodetachment of the D, *B,, fon.

It is easiest to analyze the spectrum in Fig.
2 by first considering the higher energy fea-
which we
triplec COT. The stronger vibrational pro-
gression ohserved for this state corresponds

ture,

to the bond alternation vibrational mode of

the *A,  state of Dy, COT. This mode is
activated upon detachment of D, COT he-
cause the equilibrium geometries of COT”
and rriplet COT differ along this coordinate
(TFig. 3
these species allow the wave function for the
lowest vibrational state of COT™ to have
significant Franck-Condon overlap with the
wave functions for four of the vibrational
levels of the *A,, state of COT

The observed 1635-cm™! vibrational
frequency agrees well with the value of

1615 ¢m™" that was calculated for this
maode by the scaling of the MCSCF(8,8)/6-
31G* harmonic frequency by 0.91 to ac-
count for anharmonicity and dynamic cor-
relation effects (28). The weaker 735 ¢m ™!
progression is assigned to the symmetric
ring-breathing mode, which is calculated vo
be 713 ¢m™". Not only the positions but
also the intensities of the vibrational peaks
of the higher energy feature in Fig. 2 are in
excellent agreement with those obtained
from the use of a modeling procedure (29),
in which the Franck-Condon factors were
calculated from the MCSCE(8,8)/6-31G#
seometrics and frequencics for COT™ and
for the *A, stare of COT.

The lower encrgy feature in the spee-
trum is assigned 10 formation of the IA“,
state of Dy COT, the transition state for
ring inversion. Although this geometry is a
saddle point on the singlet potential energy
surface, the imaginary frequency at this ge-
ometry is compured ro be small (90i cm™1),
indicating that the surface is relatively flat
in this region. Therefore, the peaks in the
spectrum are not excessively broadened (full
width at half maximum =~ 0.05 ¢V) (6).

The first excited vibration ar 740 cm”
can he assigned to the ring-breathing mode,
which is calculated to be nearly the same in
A and *A, - However, the intense series
of \11\1(1t10n(11 peaks in th hand for Am,
assiened to the bond alternation mode, are
not seen in the hand for A, Instead, we
observe a pair of comparatively weak peaks

[315 and 1670 ¢m '

The scaled MCSCF(8,8)/6-31G* har-
monic vibrational frequency calculated for
the bond-alternation mode of the 'A,, state
is 1535 em ' 1lowever, at 1535 cm ™' (4.4
keal mol™"), the first excited vibrational
level of this mode is expected to be near the
top of the barrier at the Dy, transition state
for interconversion of the two 12, geome-
tries (10, 17-19). Thus, as shown schemat-

I
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assign to the formation of

). The differences in the geometries of

ically in Fig. 3, the in-phase and out-of-
phase combinations of the D, vibrational
wave functions should be split by an observ-
able amount, and the observed vibrational
frequencies of 1315 and 1670 em ! are
assigned 1o the symmerric and antisymmet-
ric combinations, respectively.

As suggested in Fig. 3, bond alternation
is calculated to be slightly greater in the
‘A, state of COT than m COT" . There-
A, state of COT
from COT , some vibrational activity in
the hond alternation mode is expected.
However, because the Dy, geometry of ‘A
is somewhat closer to the Dy, cquilibrium
geometry of COT than is the Dy, geom-
etry of *A, , the peak intensities for transi-

fore, on formation of the !

tions from the lowest vibrational level of
levels of

COT  to excited vibrational
COT are smaller in 'A|than in A, .
The electron binding energy of the
PA), state of COT (1.099 = 0.010 eV) is
~0.5 ¢V greater than the reported 0.6
¢V EA of the equilibrium geometry of DD,
COT (26). The difference between the
clectron binding energy of singlet Dy,
COT and the adiabatic EA of singlet D,
COT is equal to the energy dlffelgnu
between the lowest singler state at these
two geometries. Because the D, A, , State
of COT is the transition st 1tc for ring
inversion, the adiabatic EA of COT can
he obtained by subtracting the barricr to
ring the 'A,
bmdlmy energy. The barrier helght is esti-
mated to be 10 to 11 keal mol™! (0.43 o
0.48 ¢V), both by dynamic NMR studies
of monosubsrituted derivatives of COT
(18, 19) and by M(JS(‘F(S 8)/6-31G* cal-
culatlons on COT itself (10). Thus, we find
EA(COT) — 0.65 ¢V, which is close ro the
estimate of Wentworth and Ristau (26).
The singlet-triplet energy splitting in
Dy, COT can be obtained directly from the
photoclectron spectrum. The origin of the
triplet  state s 0525 = 0012 eV
(12.1 + 0.3 keal mol™" above the lowest
energy planar (ID,,) singlet state, and the
dynamic NMR studies place the (D) tran-
sition state for bond shifting in singlet COT
3 to 4 keal mol ! higher in energy than the
(DD,,) transition state for ring inversion
(17-19). Combining these values, we esti-
mate that the Dy, singlet state of COT lies
8 10 9 keal mol™! helow the Dy, triplet.
Qur best computational estimate of this
energy difference, based on caleulations that
go heyond the MCSCEF level and include
dynamic clectron correlation, is ~10 kcal
mol™" (30). Thus, in addition to predictilm
qualitatively the violation of Hund's rule in
Dy, COT (10), which our phorodetachment
spectrum of COT confirms, ab initio cal-
culations provide an accurate value of the
energy by which the Dy singlet transition

I

inversion {rom clecrron
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state for bond shifting lies below the Dy,
cquilibrium geometry of the triplet in COT.
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