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A Theoretical Characterization of the Photoisomerization Channels of 1,2-
Cyclononadienes on both Singlet and Triplet Potential-Energy Surfaces

Ming-Der Su*!!

Abstract: The ground-, '(mm*)-, and
3(n*)-state potential-energy surfaces
of 1,2-cyclononadiene and isomeric
CoH,, species, as well as 1-methyl-1,2-
cyclononadiene and isomeric C;jHj4
species were all mapped using
CASSCF and the 6-31G(d) basis set.
Theoretical results were found to be in
good agreement with the available ex-
perimental observations for both 1,2-
cyclononadiene and 1-methyl-1,2-cyclo-
nonadiene  isomerization  reactions
under singlet and triplet direct or sensi-
tized irradiation. Extremely efficient
decay occurs from the first singlet ex-

these crossing points is accessed by a
one-bond ring closure. From this coni-
cal intersection point (CI-A or CI-C),
some possible subsequent ground-state
reaction paths have been identified:
1) intramolecular C—H bond insertion
to form the bicyclic photoproduct and
2) intramolecular C—H bond insertion
to form tricyclic photoproducts. An ex-
cited state [1,3]-sigmatropic shift leads
to the second conical intersection (CI-
B or CI-E), which can give a three-
bond cyclononyne species. Besides

Keywords: ab initio calculations -

these, in the singlet photochemical re-
actions of 1-methyl-1,2-cyclononadiene,
excited-state, one allenic C—H bond in-
sertion leads to a third conical intersec-
tion (CI-D). Possible ground-state reac-
tion pathways from this structure lead
to the formation of a diene photoprod-
uct or to transannular insertion photo-
products. Moreover, in the case of trip-
let 1,2-cyclononadiene and 1-methyl-
1,2-cyclononadiene photoisomerization
reactions, both chemical reactions will
adopt a 1,3-biradical (T,/Sy-1, T,/S,-2,
and T,/Sy-3), which may undergo inter-
system crossings leading to the forma-

cited state to the ground state through
at least three different conical intersec-
tions (surface crossings). The first of

Introduction

The photochemistry and photophysics of olefins has benefit-
ed from detailed study, and important information on photo-
chemical processes in general has resulted from these inves-
tigations. In contrast, allene photochemistry™? has drawn
relatively little attention, and their photochemical reactivity
has remained largely unclear. This is particularly true in the
case of strained cyclic allenes (cyclic cumulenes). Our
knowledge of their photochemical mechanisms remains in a
relatively primitive state."!

Cyclic cumulene undergoes a rich variety of fundamental
photoreactions. The photochemistry of 1,2-cyclononadiene
(1) was first described in a classic paper by Ward and
Karafiath.) They reported that the benzene-sensitized pho-
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tion of tricyclic or bicyclic photoprod-
ucts. The results obtained allow a
number of predictions to be made.

tolysis of 1 gave a primary R
product, tricy- \
clo[4.3.0.0*’|nonane (3, ¢=0.17 /
in the vapor phase), and three

unidentified photoproducts. ; g z IE':H

Later, through the elegant stud-
ies performed by Johnson and
many co-workersF % it was
found that the solution- and gas-phase photochemistry of
1,2-cyclononadiene (1 and 2) demonstrated a diversity of
singlet and triplet excited-state reactions of the allene (1,2-
propadiene) chromophore (see Scheme 1). Direct solution
phase irradiation of 1 yields tricyclo[4.3.0.0*’|nonane (3),
bicyclo[6.1.0]non-1(9)-ene (4), and cyclononyne (5) as pri-
mary photoproducts in a 3:94:3 ratio [Eq.(l) in
Scheme 1].571 On the other hand, benzene-sensitized vapor-
phase irradiation at 254 nm of 1 yields the previously report-
ed tricyclo[4.3.0.0*’lnonane (3, 89 %), in addition to three
bicyclics:  bicyclo[4.3.0]non-1(2)-ene (6, 5%), bicyclo-
[4.3.0]non-1(9)-ene (7, 4%), and cis-bicyclo[4.3.0]non-2-ene
(8, 2%), as shown in Scheme 1 [Eq. (2)].5””" Furthermore,
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Scheme 1.

the photoreactions of 1-methyl-1,2-cyclononadiene (2) were
demonstrated and contrasted with those of 1,2-cyclonona-
diene (1)."! Direct irradiation yields seven isomers as pri-
mary products. The major singlet photoproducts are 8-
methyl-bicyclo[6.1.0]non-1(9)-ene (9, 26 % ), 3-methyl-cyclo-
nonyne (10, 24 %), cis-8-methyl-bicyclo[4.3.0]non-7-ene (11,
22%), and cis-3-methyl-bicyclo[4.3.0]non-2-ene (12, 10%).
Minor products from 2 include 2-methyl-tricy-
clo[4.3.0.0*°|nonane 13, 4%), 9-methyl-tricy-
clo[4.3.0.0*’|nonane (14, 3%), and cic,cis-1-methyl-1,3-cyclo-
nonadiene (15, < 5%), as given in Scheme 1 [Eq. (3)]."
Triplet-sensitized reactions of 2 are similar to 1, affording
isomeric tricyclononanes 13 (41 %) and 14 (46 %) as shown
in Scheme 1 [Eq. (4)].¥

It is these fascinating and seemingly complex experimen-
tal results that inspire this study. The key questions are how
the various products are formed and why certain products
show a significant abundance."'! A knowledge of the fea-
tures of the potential-energy hypersurfaces is in general of
great value in understanding the roles of the various possi-
ble processes. Although these experimental results help in
understanding the potential-energy surfaces of excited states
in cyclic cumulene systems, they are at present not capable
of providing complete mechanistic detail. We were thus curi-
ous about exactly how these reactions occur, and wanted de-
tailed mechanistic knowledge, in order to exercise greater
control over them. Nevertheless, it is very difficult to detect
thermally unstable intermediates and transition structures of
ground and excited states, because of their short lifetimes.
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Theory is therefore a potentially useful partner in the inves-
tigation of the mechanism of such photoisomerizations. In
particular, to the best of our knowledge, no earlier theoreti-
cal work has been performed on the intersections between
the different potential surfaces and on the mechanistic as-
pects of cyclic cumulene photoisomerization reactions.

To understand the reaction mechanisms of the photoreac-
tions of cyclic cumulenes, we undertook an investigation of
the potential-energy surfaces of 1,2-cyclononadiene (1) and
1-methyl-1,2-cyclononadiene (2) in both singlet and triplet
states. It is the purpose of this paper to generate the essen-
tial parts of the potential surfaces by quantum chemical cal-
culations,% and to describe the consequences for the reac-
tion mechanisms from such an explicit calculation of the re-
action pathways. In the following sections we describe the
method and present the results for the photoisomerization
reactions of 1,2-cyclononadiene (1 and 2) in detail. The in-
tersection points of the ground state (S,), first excited sin-
glet-state (S,), and lowest triplet-state (T;) surfaces and the
transition states as well as local minima for isomerizations
on S;, S;, and T, surfaces are determined. Also, the mecha-
nisms, and their implication and comparison with available
experiments, are discussed. It will be shown below that the
conical intersections!’? and the intersystem crossings play a
crucial role in cyclic cumulene singlet and triplet photo-
chemistry.

Computational Methods

All geometries were fully optimized without imposing any symmetry con-
straints, although in some instances the resulting structures showed vari-
ous elements of symmetry. The ab initio molecular orbital calculations
were performed using the Gaussian 03 software package.!'*!

In the investigation of photochemical reaction pathways, the stationary
point structures on the S, S;, and T, surfaces were optimized at the
CASSCF (the complete-active-space SCF) level of calculations using the
standard 6-31G(d) basis set.l'! The active space for describing the photo-
isomerizations of 1 and 2 comprises six electrons in six orbitals, that is,
four p-m orbitals plus the o(C—C) and o*(C—C) orbitals. In some cases
(such as the hydrogen migration reaction), an active space comprising six
electrons in six orbitals (7, 7, ¥, wt* in the allenic double bonds and the
o, 0* orbitals in the C—H bond) was used for consistency. Therefore, the
active space studied in this work is composed of six electrons in six orbi-
tals, which is referred to as CASSCF(6,6). The state-averaged CASSCF-
(6,6) method was used to determine the geometry of the intersection
space. The optimization of conical intersections was achieved in the
(f—2)-dimensional intersection space using the method of Bearpark
et al.' implemented in the Gaussian 03 program.

Every stationary point was characterized by its harmonic frequencies
computed analytically at the CASSCF level. The harmonic vibrational
frequencies of all stationary points were computed analytically to charac-
terize them as minima (all frequencies are real) or transition states (only
one imaginary frequency). The optimization was determined when the
maximum force and its root mean square (RMS) were less than 0.00045
and 0.00005 hartree bohr ™, respectively. Also, the reactions that we inves-
tigated [i.e., the paths in Scheme 1, Egs. (1-4)] were probed in some
detail by determining the intrinsic reaction coordinate (IRC) with the al-
gorithm proposed by Schlegel.'” In any event, our IRC calculations
show that the transition states we found in this work should be true tran-
sition states, since they correctly link either the reactants or the critical
points. Localization of the minima, transition states, and crossing minima
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was performed in Cartesian coordinates; therefore, the results are inde-
pendent of any specific choice of internal variables. All calculations were
carried out on the IBM computers at the National Center for High Per-
formance Computing, with the Gaussian 03 programs.['*l

General considerations: Even though the 1,2-cyclononadiene photoiso-
merization reported experimentally® " shows a wide variance in its reac-
tion types, it is possible to construct a certain consistency in these reac-
tions, which at least serves as a basis for discussion. In this section, we de-
scribe possible excited-state reaction paths that lead to either conical in-
tersections or intersystem crossings. A schematic representation of the re-
lationships between the intersections and possible reaction routes are
shown in Schemes 2-5.

As seen in Scheme 1, for the singlet photochemistry of 1,2-cyclonona-
diene [Eq. (1)],°7 the most reasonable pathway for the conversion of 1
to 3, 4, and for the conversion of 2 to 9, 13, 14, is the ring closure of the
cyclic allene to a cyclopropylidene intermediate (16) followed either by
hydrogen migration or by insertion into a C—H bond (see Scheme 2).

) hv " 439
(singlet) )
16

1;2

3;13,14

Scheme 2.

Cyclononyne is observed as a singlet photoproduct of both 1 and 2,5
which implies mechanistic commonality. Hence, a sigmatropic shift mech-
anism, ! which is based on the Hiickel theory (four-electron, photo-
chemically allowed),"” is proposed for the conversion of 1,2-cyclonona-
diene (1 and 2) to cyclononyne (5 and 10, respectively), as illustrated in

Scheme 3.
R R R
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Scheme 3.

Moreover, when one examines the singlet photochemical reactions of 2
[Eq. (3), Scheme 1], 3-methylcyclonon-2-enylidene (17) would be pro-
posed as a potential intermediate, from which two transannular insertion
products (11 and 12) and one diene compound (15) are formed.*” This
cyclovinylcarbene (17) may arise from an excited-state 1,2-shift of the al-
lenyl hydrogen (see Scheme 4).

On the other hand, the cycloallene 1 displays a general type of reaction
upon triplet benzene sensitization, i.e., photoisomerization to 3, 6, 7, and
8 [Scheme 1, Eq. (2)] in the vapor phase.l®! This experimental fact strong-

11
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CH, CH,
_h 3
(singlet) A

2 17 CH,
15

Scheme 4.

Chem. Eur. J. 2007, 13, 9957-9972

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

ly implies the existence of a 1,3-biradical species (18), and subsequent in-
tersystem crossing to the singlet ground-state products. At this point,
three-ring closure or 1,2-hydrogen migration provide straightforward
routes to 3 or 6+7+8 (see Scheme 5).

O«
eI
/| (triplet) ©i> 7
1 18

Scheme 5.

Basically, the triplet photoreactions of cycloallene 2 [Eq. (4), Scheme 1]
do not differ significantly from those of 1.*) In consequence, the biradical
mechanism, via an intermediate similar to 18, can be utilized to explain
the observed tricyclononane products (13 and 14).

Bearing the above mechanisms (Schemes 2-5) in mind, we located the
“funnel” from the excited-state surface to the ground-state surface that
corresponds to a conical intersection (or an intersystem crossing) in the
following section.

Results and Discussion

Singlet reaction mechanisms of 1,2-cyclononadiene: Let us
first consider the photoisomerizations of 1,2-cyclononadiene
(1). As mentioned previously (see Schemes?2 and 3), two
minimum energy pathways on the singlet excited potential-
energy surface of 1 were characterized by optimizing the
geometries along the C;---C; coordinate (path A) and the
C,-+H coordinate (path B), which lead to photoproducts 3,
4, and 5, respectively. For an understanding of the difference
found between these two reaction paths, it is best to start
the discussion with the reaction profiles as summarized in
Figure 1, which also contains the relative energies of the cru-
cial points with respect to the ground-state minimum 1. Se-
lected optimized geometrical parameters for the stationary
points and conical intersections are collected in Figures 1
and 2, and their corresponding energies are given in Table 1.

In the first step, reactant 1 is promoted to its excited sin-
glet state by a vertical excitation as shown in the middle of
Figure 1. After the vertical excitation process, the molecule
is situated on the excited-singlet surface, but still possesses
the S, geometry. According to previous experimental
work,®”  the photoexcitation of 1 with >=185nm
(=155 kcalmol ™! in energy) light can lead to the lowest
Y(m—m*) state.F”) Our CASSCF result suggests that the cal-
culated '(m—m*) excited-state energy at the Franck-Condon
geometry (FC-1) is 155 kcalmol™', which is in excellent
agreement with the experimental observations.’™"!

From the point reached by the vertical excitation (FC-1)
the molecule relaxes to reach an S,/S, conical intersection at
which the photoexcited system decays nonradiatively to
So.! The photochemically active relaxation path starting

— 9959

www.chemeurj.org


www.chemeurj.org

M.-D. Su

CHEMISTRY—

A EUROPEAN JOURNAL

CI-A and CI-B structures optimized at the CASSCF/6-
31G(d) level are shown in Figure 2. The derivative coupling
and gradient difference vectors obtained at the conical inter-

sections are also given in Figure 2.

——:PathA « (155)

—— :Path B l@] FC-1 (154)
""" path A2 o8
,,,,,,,,, - Pa - H
— : S /\<>
= : CI(S1/S0)

| I

" 20
[unit: kcal/mol]

@ 0.0) Q-o.an
1 5

Figure 1. Energy profiles for the singlet photoisomerization modes of 1,2-
cyclononadiene (1). The abbreviations FC and CI stand for Franck-
Condon and conical intersection, respectively. The relative energies were
obtained at the CASSCF(6,6)/6-31G(d) level of theory. All energies (in
kcalmol ') are given with respect to the reactant (1). For the CASSCF
optimized structures of the crucial points see Figures 2 and 3. For more

(-11)35'
3 |

information see the text.

Table 1. Energies along the singlet isomerization reaction pathways
(path A and path B) at the CASSCF(6,6)/6-31G(d) levels.”!

E, [kcalmol ']
CASSCF(6,6)/6-31G(d)

Structure State
1 Sy 0.0
FC-1 (o) 155.0
CI-A Yam*) 122.0
Sy 122.0
Int-1 Sy 73.80
TS-1 Sy 92.28
TS-2 So 100.4
3 Sy —10.62
4 Sy 21.25
CI-B" (o) 154.0
Sy 154.0
5 Sy —0.3015

[a] Energies relative to 1,2-cyclononadiene (1). [b]S,/S, conical intersec-

tion.

from the S; '(m—mn*) excited state of 1 leads to the S,/S,
CI-A and CI-B, which are shown on the right-hand (path A)
and left-hand (path B) sides of Figure 1, respectively. Both
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(path A)
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Figure 2. The CASSCF(6,6)/6-31G(d) geometries (bond lengths in A and
angles in °) for the conical intersections (CI-A and CI-B) of 1,2-cyclono-
nadiene (1). The derivative coupling and gradient difference vectors—
those which lift the degeneracy—are computed with CASSCEF at the coni-
cal intersections. The corresponding CASSCF vectors are shown in the
inset. For more information see the Supporting Information.

Gradient Difference

We shall first discuss the S,/S, conical intersection CI-A.
From Scheme 2, one may foresee that a carbene-like species,
cyclopropylidene (16), should play a key role in the photo-
rearrangement reactions of 1. Indeed, along the C,C,C;
bending reaction path, a conical intersection, S,/S, CI-A, is
obtained at the ¥ C,C,C; bond angle of 106°. Its optimized
structure is given on the left-hand side of Figure 2 with sev-
eral key structural parameters. Our computational results
predict that the energy of CI-A lies 122 kcalmol™! above 1
and 33 kcalmol ! below FC-1. According to the results dem-

onstrated in Figure 2, examination of these two vectors in
CI-A provides important information concerning the photoi-
somerization process of 1: the derivative coupling vector is
mainly related to the C,C,C; bending mode that gives the
cyclopropylidene intermediate (Int-1) on the S, surface,
whereas the gradient difference vector gives the asymmetric
C,C,C; bending motion that leads to a vibrationally hot 1-S,

Chem. Eur. J. 2007, 13, 9957-9972
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species. Namely, the cyclopropylidene intermediate (Int-1)
arises from a singlet excited-state 1,3-closure of the allenyl
carbons. The calculated geometry of Imt-1 is shown in
Figure 3. Here, as predicted previously (see 16 in Scheme 2),
there exists a nonplanar bicyclic structure with a carbene
center at the C, atom (see Figure 3 for the numbering of the
various centers). Moreover, the CASSCF results estimate
that the energy of Imt-1 lies below that of FC-1 by about
81 kcalmol~'. This finding implies that the large excess
energy of 81 kcalmol™' resulting from the relaxation from
FC-1 to Int-1 would be the driving force for further isomeri-
zation reactions on the ground-state surface (vide infra).
Then, from Int-1 isomerization can take place in two di-
rections: one involving hydrogen-atom transfer to the car-
bene atom (i.e., C, in Figure 3) leading to the formation of 4
through a transition state TS-1 (path A-1), and the other in-
volving a carbene atom undergoing C—H bond insertion to
produce 3 via the transition state TS-2 (path A-2). The opti-
mized transition state structures (TS-1 and TS-2) along with
the calculated transition vectors are shown in Figure 3. The
heavy arrows in this figure indicate the directions in which
the atoms move in the normal coordinate corresponding to

(Path A)

Figure 3. The CASSCF(6,6)/6-31G(d) geometries (bonds lengths in A and angles °) for the 1,2-cyclononadiene
(1), conical intersection (CI-B), intermediate (Int-1), transition states (TS-1 and TS-2), and isomer photoprod-
ucts (3, 4, and 5). The corresponding CASSCF vectors are shown in the inset. For more information see the

Supporting Information.
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the imaginary frequency. Examination of the single imagina-
ry frequency for each transition state (984i cm™' for TS-1
and 1010i cm™! for TS-2) provides excellent confirmation of
the above reaction processes.””! For instance, the reaction
vector in TS-1 is in accordance with the migration process,
primarily the C,—H bond stretching with a hydrogen shifting
to the carbene center and a double bond forming between
two carbon atoms (i.e., C; and C,). On the other hand, as
seen in TS-2, the vibrational motion for the insertion of the
carbene atom into the intramolecular C,—H bond involves
bond formation between C, and C, atoms in concert with
C,—H bond breaking and hydrogen transfer to the carbene
center. The computational results depicted in Figure 3
reveal that path A-1 and path A-2 can lead to the bicyclic
(4) and tricyclic (3) photoproducts, respectively. As a result,
our theoretical investigations suggest that the reaction
mechanisms for paths A-1 and A-2 should proceed as shown
in Equations (5) and (6), respectively.

1(Sy) + hv — FC-1 — CI-A — Int-1 — TS-1 — 4 %)

1(S,) + hv — FC-1 — CI-A — Int-1 — TS-2 — 3 (6)

From the local minimum
(Int-1), the isomerizations pos-
sess barrier heights computed
to be about 18 kcalmol™ for
path A-1 and 26 kcalmol ™' for
path A-2. That is, one can read-
ily see that the barrier to path
A-1 is smaller than that for
path A-2. This finding suggests
1 that path A-1 should be more
favorable than path A-2 from a
kinetic viewpoint. That is to
say, it is easier for the photoiso-
merization of compound 1 to
Cl-B occur through the 1,2-H shift
path rather than through C-H
bond insertion. These theoreti-
cal results are in good agree-
ment with experimental obser-
vations that the path A-1 pho-
toproduct (4) is in a larger
quantum yield than the path
A-2 photoproduct (3) as dem-
onstrated in Scheme 1.5

On the other hand, based on
Scheme 3, the [1,3] sigmatropic
shift mechanism has been pro-
posed to account for the exclu-
sive formation of cyclononyne
(5) on direct photolysis of 1.
According to this concept, the
search for a conical crossing
point between S, and S, surfa-
ces was performed by scanning

(Path B)

5
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both the XC,C,C; bending angle and the C,—H bond
length. The relaxation reaches a conical intersection (i.e., S,/
Sy CI-B) where the photoexcited system decays nonradia-
tively to S,. As one can see on the right-hand side of
Figure 2, the optimized structure of S;/S, CI-B has a bicyclic
structure with ¥ C,C,C; and ¥ C,HGC; bond angles equal to
107 and 67.4°, respectively. Moreover, its C,—H and C;—H
bond lengths are large (1.86 and 2.04 A, respectively), com-
pared with regular C—H bond lengths (1.09 A). Besides
these, the derivative coupling vector for S,/S, CI-B corre-
sponds to a [1,3] hydrogen migration, while the gradient dif-
ference vector corresponds to a concurrent change in the
C,—H and C,—C; bond lengths. The former allows the for-
mation of cycloalkyne (5) on the S, potential-energy surface,
whereas the latter becomes vibrationally hot at the 1-S, con-
figuration. As seen in Figure 1 and Table 1, the CASSCEF re-
sults suggest that CI-B is lower than FC-1 by only
1.0 kcalmol ™" in energy. Accordingly, our computations pre-
dict that the photochemical rearrangement reaction of path
B should be a barrierless process; that is, starting from the
FC-1 point, 1,2-cyclononadiene (1) enters an efficient decay
channel, CI-B. After decay at this conical intersection point,
the triply-bonded photoproduct §, as well as the initial reac-
tant 1, can be reached via a barrierless ground-state relaxa-
tion pathway. Thus, our theoretical calculations demonstrate
that photoreaction path B of reactant 1 can be represented
as 1(Sy) + hv—FC-1-CI-B—5. It should be pointed out
that this singlet cycloalkyne formation reaction would be es-
sentially concerted, since decay via the S,/S, (CI-B) conical
intersection will occur within one vibrational period.”*!!

Furthermore, as discussed earlier, our CASSCF results in-
dicate that the relative energies of CI-A and CI-B with re-
spect to the ground-state minimum 1 are 122 and
154 kcalmol !, respectively. Consequently, our computation-
al results indicate that path A is not only an energetically
but also a dynamically favored electronic relaxation channel
for the singlet photoisomerization of 1 to occur from the S,
surface going through the S,/S, CI-A and eventually forming
both bicyclic (4) and tricyclic (3) photoproducts. It is thus
anticipated that the quantum yields of the photoproducts of
path A should be larger than those of path B. Besides this,
due to the lower barrier height for path A-1 than path A-2,
it is anticipated that irradiation of 1 should afford predomi-
nantly the cyclopropene 4. These predictions, based on the
model calculations presented in this work, are in good ac-
cordance with the known experimental observations as men-
tioned in Equation (1) of Scheme 1.5 Moreover, this theo-
retical investigation also suggests that the other photochemi-
cal funnel (CI-B) may be more accessible along the C—H
stretching coordinate when sufficient internal energy is pro-
vided upon excitation to a hot S, state or higher electronic
excited states; that is, our computational results indicate
that photoreaction path B should give a higher quantum
yield of cyclononyne (5) when this channel is open upon ex-
citations with sufficient energy. As there are no relevant ex-
perimental and theoretical data on such systems, the above
result is as yet just a prediction.
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Singlet reaction mechanisms of 1-methyl-1,2-cyclonona-
diene: For comparison, we next consider the photoisomeri-
zations [Eq. (3) in Scheme 1] of 1-methyl-1,2-cyclonona-
diene (2). In this section we shall examine the photochemi-
cal reaction pathways corresponding to: 1)a three-mem-
bered-ring carbene-like mechanism (Scheme 2), 2) a sigma-
tropic shift mechanism™*! (Scheme 3), and 3) a 1,2-allenyl-
hydrogen migration mechanism (Scheme 4). The discussion
of these three reaction pathways will be based on 18 fully
optimized structures corresponding to minima, transition
states, and real crossing points on the S, and S; (;t*)-state
energy surfaces. A schematic overview of the computed
energy profile for the photoreaction pathways of 2 is shown
in Figure 4. The structures optimized at the CASSCF/6-
31G(d) level are outlined in Figures 5-7, with the corre-
sponding energies given in Table 2.

Table 2. Energies along the singlet isomerization reaction pathways
(path C, path D, and path E) at the CASSCF(6,6)/6-31G(d) levels.!

E, [kcalmol ']

Structure State CASSCEF(6,6)/6-31G(d)
2 So 0.0
FC-2 (o) 156.1
CI-Cc™ !(mum) 89.82
So 89.82
Int-2 So 76.27
TS-3 So 83.43
TS-4 So 90.71
TS-5 So 91.18
9 So 31.48
13 So —7.907
14 So —1.161
CI-D" !(em*) 97.33
So 97.33
Int-3 So 68.64
TS-6 So 80.47
TS-7 So 81.70
TS-8 So 86.46
1 So -19.43
12 So —22.20
15 So —-9.162
CI-E" Ym*) 98.97
So 98.97
10 So 3.765

[a] Energies relative to 1-methyl-1,2-cyclononadiene (2). [b] S,/S, conical
intersection.

Figure 4 is arranged as Figure 1, its center indicating reac-
tant 2 (Sy) and the point on the singlet excited surface
reached by a vertical excitation FC-2 (S; (S, geom)). The re-
action profiles of the three-ring closure (path C) and of the
1,2-H (path D) and 1,3-H (path E) migrations are depicted
to the left- and right-hand side of Figure 4, respectively. The
calculated singlet vertical excitation energy (2—FC-2) is
predicted to be about 156 kcalmol™'. This value is in good
agreement with experimental work,” in which irradiation of
dilute pentane solutions of purified 2 with wavelength
>185 nm (=155 kcalmol ' in energy) lead to the lowest sin-
glet excited state. It should be mentioned that the vertical
excitation energy of 1 was also computed to be about
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— .PathC e  (156) lengths (C,—C, and C,—C;) are
— .PathD l N * FC-2 E E Sus greater than average, 1.411 A,
— :PathE _ — ;So( /S0) and  the . allenyl  angle
...... : Path C-1 [unit: keal/mol] (¥C,C,C;) is narrowed to
------ : Path C-2 107.3°. For comparison, the cor-
""" : Path C-3 responding allenyl C-C bond
- z::: g:; lengths are 1.327 A and the al-
o Path D-3 lenyl angle is 165.7° at the
ground-state minimum 2. As a

result, the nature of the relaxa-

tion of 2 on the path C poten-

we tial-energy surface can be re-

(91) TS-5| garded as C,—C; bond closure.

(91) TS-4] m—
(83) TS-3 '-

o

Figure 4. Energy profiles for the singlet photoisomerization modes of 1-methyl-1,2-cyclononadiene (2). The ab-
breviations FC and CI stand for Franck-Condon and conical intersection, respectively. The relative energies
were obtained at the CASSCF(6,6)/6-31G(d) level of theory. All energies (in kcalmol™') are given with re-
spect to reactant 2. The CASSCF optimized structures of the crucial points see Figures 5-7. For more informa-

tion see the text.

155 kcalmol !, as demonstrated in the previous section.
From these results, it thus seems that the methyl substituent
on the cyclic allene system does not significantly affect the
first singlet excitation energy.

The geometry optimization starting from FC-2 leads to
three conical intersections (CI-C, CI-D, and CI-E), which
belong to three kinds of reaction pathways, that is, paths C,
D, and E, respectively. Their fully optimized structures are
collected in Figure 5. The derivative coupling and gradient
difference vectors obtained at the conical intersections are
also shown in Figure 5.

In path C, as in the case of path A in 1, geometry optimi-
zation on the S; '(m—m*) excited state was performed by
bending the allenic structure of 2. The relaxation reaches S,/
S, CI-C where the photoexcited system decays nonradiative-
ly to Sy. As seen in Figure 5, the two allenyl C—C bond
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Besides this, according to the
results outlined in Figure 5, fun-
neling through S,/S, CI-C leads
to two different reaction paths
on the ground-state surface,
through either the derivative
coupling vector or the gradient
difference vector.'” The deriva-
tive coupling vector for CI-C
corresponds to an antisymmet-
ric bending motion, which may
lead to a vibrationally hot spe-
cies at the S, configuration. On
the other hand, its gradient dif-
ference vector corresponds to
the intramolecular formation of
a three-membered ring species.
Indeed, following the gradient
difference vector from CI-C
and decreasing the XC,C,C;
bond angle, the system arrives
at a bicyclic intermediate with a
carbene center, Int-2. It should
be emphasized that the geomet-
rical structure of Int-2 is consis-
tent with the previously pro-
posed mechanism shown in
Scheme 2, in which bicyclic in-
termediate 16 itself bears the three-membered ring carbene
character. Moreover, this carbene species is expected to
have a short lifetime before ring closure to the bicyclic and
tricyclic photoproducts occurs. Many different options are
available to the molecule once it is in this intermediate
state. With regard to the structure of Int-2, the search for
transition states on the S, surface gives TS-3, TS-4, and TS-5
for reaction paths C-1, C-2, and C-3, respectively
(Figure 6).”% For instance, for path C-1, hydrogen migration
to a bicyclic photoproduct, 8-methyl-bicyclo[6.1.0]non-1(9)-
ene (9), will occur through a unimolecular 1,2-hydrogen
shift (TS-3). Thus, the process of path C-1 can be described
as given in Equation (7).

2(S,) +hv — FC-2 — CI-C — Int-2 — T$-3 — 9 (7)
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As can be seen in Figure 4
and Table 2, the theoretical re-
sults suggest that CI-C is
66 kcalmol™' lower in energy
than FC-2, but 90 kcalmol™!
higher in energy than the
ground-state reactant 2. Addi-
tionally, the Int-2 intermediate

(Path C)

was calculated to be thermody-
namically less stable than reac-
tant 2 by 76kcalmol”!, but
more stable than CI-C by
14 kcalmol™.  Further, our
CASSCF calculations demon-
strate that the isomerization
barriers for paths C-1, C-2, and
C-3 are about 7.0, 15, and
15 kcalmol ™' higher in energy,
respectively, than the inter-

‘ >
N
@%:,\,gf )

i Y/
GRS =N

Gradient Difference Gradient Difference

Gradient Difference

mediate Int-2. Accordingly, due
to the high excess energy of
66 kcalmol ™! resulting from the
relaxation from FC-2 to CI-C,
the barrier heights of TS-3,
TS-4, and TS-5 can easily be
overcome. Moreover, our theo-
retical investigations predict
that reaction path C-1 should
be more favorable than paths
C-2 and C-3 from a kinetic
viewpoint. This prediction was
confirmed by the available ex-
perimental results.’] As already
shown in Equation (3)
(Scheme 1), it was experimen-
tally reported that the quantum
yield of bicyclic photoproduct 9
(26%) is much larger than

Figure 5. The CASSCF(6,6)/6-31G(d) geometries (bond lengths in A and angles in °) for the conical intersec-
tions (CI-C, CI-D, and CI-E) of 1-methyl-1,2-cyclononadiene (2). The derivative coupling and gradient differ-
ence vectors—those which lift the degeneracy—are computed with CASSCF at the conical intersections. The
corresponding CASSCF vectors are shown in the inset. For more information see the Supporting Information.

Alternatively, the formation of isomeric tricyclic products
could occur. The ring closure isomerization leads to methyl-
substituted strained tricyclics (13 and 14) by way of an intra-
molecular 1,2-hydrogen migration between two carbon
atoms, accompanied by C—C bond formation (TS-4 and
TS-5, respectively). Accordingly, our theoretical investiga-
tions suggest that paths C-2 and C-3 can proceed as shown
in Equations (8) and (9), respectively.

2(Sy) + hv — FC-2 — CI-C — Int-2 — TS-4 — 13 (8)
2(Sy) + hv — FC-2 — CI-C — Int-2 — TS-5 — 14 9)
9964 www.chemeurj.org
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those of isomeric tricyclic pho-
toproducts 13 (3%) and 14
(4%).

In path D, as discussed in
Scheme 4, 3-methylcyclonon-2-
enylidene (17) was considered
as a potential intermediate in
singlet photoreactions of 2 [Eq. (2)]. To investigate this, ge-
ometry optimization on the S; excited state was performed
from the 1,2-allenyl-hydrogen migration structure of 2. In
the present study, this conical intersection (CI-D) has been
fully optimized and located at the ¥ C,HC; bond angle of
35.03°, and with the two C—H bond lengths equal to 1.084
and 2.142 A, respectively. Its key structural parameters are
given in Figure 5, accompanied by the derivative coupling
vector and the gradient difference vector. The derivative
coupling vector and the gradient difference vector in CI-D
correspond to changes in the C,—C, and C,—C; bond lengths
and the C,—C, and C;—H bond lengths, respectively. An in-
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monocyclic diene 15 (path D-
3). The main geometrical pa-
rameters of the transition states
corresponding to these rear-
rangement reactions are collect-
ed in Figure 7, together with
the meaningful components of
their transition vectors. These
transition states will be referred
to as TS-6, TS-7, and TS-8 for
paths D-1, D-2, and D-3, re-
spectively. Regarding the intra-

I |
(Path C-1) (Path C-2)

C}{C):%GCL V}
(H 1. 49&35’ \\\

13

Figure 6. The CASSCF(6,6)/6-31G(d) geometries (bond lengths in A and angles in °) for pathway C of 1-
methyl-1,2-cyclononadiene (2). They include intermediate (Int-2), transition states (TS-3, TS-4, and TS-5), and
isomer photoproducts (9, 13, and 14). The corresponding CASSCF vectors are shown in the inset. For more in-

formation see the Supporting Information.

crease in the C;—H bond length coupled with a decrease in
the C,—C, bond length leads to a local minimum, Int-3.
Indeed, such 1,2-H migration (C; to C,) and C,-C,-C; bend-
ing motions can result in the syn-vinylcarbene conformation
Int-3. It should be emphasized that this [1,2]-sigmatropic
shift species is in accordance with the previous proposed in-
termediate (17) shown in Scheme 4.

Basically, the reaction profile computed for path D resem-
bles that of path C, as shown on the right- and left-hand
sides of Figure 2, respectively. Namely, starting from the car-
bene intermediate Int-3, isomerization reactions on the
ground state energy surface can take three different direc-
tions: the intramolecular C—H bond insertion in Int-3 to
produce bicyclic alkenes 11 and 12 (paths D-1 and D-2, re-
spectively), and a 1,2-H shift leading to the formation of the
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molecular C—H bond insertion,
one can observe that the main
components of the transition
vector correspond to the
motion of the hydrogen atom
between the two carbon atoms
(paths D-1 and D-2). The com-
puted eigenvalues give imagina-
ry frequencies of 948icm™
(TS-6) and 966i cm™' (TS-7).[)
Indeed, inspection of the transi-
tion vector shows clearly that
the reaction proceeds toward
the formation of bicyclic al-
kenes (11 and 12, respectively).
On the other hand, the transi-
tion state located for the 1,2-H
migration of path D-3 is charac-
terized by one imaginary fre-
quency of 1332icm™' for TS-8.
The normal coordinate corre-
sponding to the imaginary fre-
quency is primarily located at
the C—H bond cleavage. Again,
taken together these features
indicate that the rearrangement
reactions proceed as given in
Equations (10-12).

|
(Path C-3)

2(Sy) + hv — FC-2 — CI-D — Int-3 — TS-6 — 11 (10)
2(Sy) + hv — FC-2 — CI-D — Int-3 — TS-7 — 12 (11)
2(Sy) + hv — FC-2 — CI-D — Int-3 — TS-8 — 15 (12)

As seen in Figure 4 and Table 2, our CASSCEF calculations
indicate that the energy of CI-D relative to the ground-state
minimum (2) is 97 kcalmol™!, and lower than FC-2 by
59 kcalmol™'. The carbene intermediate, Int-3, was located
69 kcalmol™! higher than 2. From this local minimum, the
three rearrangement reactions possess small barriers, com-
puted to be about 12 kcalmol ™ for path D-1 (Int-3—TS-6),
13 kcalmol ' for path D-2 (Int-3—TS-7), and 17 kcalmol
for path D-3 (Int-3—TS-7). Owing to the large excess
energy (59 kcalmol™') produced by decay from FC-2 to
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characteristic of the CI-E struc-
ture (and the CI-B structure) is
common to the H/allyl conical
intersections reported as ubig-
uitous control elements in pho-
tochemical sigmatropic shifts.*!!
Following the gradient differ-
ence vector from CI-E
(Figure 5) and decreasing the
C,—H distance leads to the for-
mation of cyclononyne (10). As

(Path ID-1)
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Figure 7. The CASSCF(6,6)/6-31G(d) geometries (bond lengths in A and angles in °) for pathway D of 1-
methyl-1,2-cyclononadiene (2). They include intermediate (Int-3), transition states (TS-6, TS-7, and TS-8), and
isomer photoproducts (11, 12, and 15). The corresponding CASSCF vectors are shown in the inset. For more

information see the Supporting Information.

Int-3, it is expected that this relaxation energy is sufficient
to provoke the effective photoisomerization reactions (paths
D-1, D-2, and D-3) for 2 (vide infra).

Finally, as already proposed in Scheme 3, one attractive
possibility for the 2—10 (3-methyl-cyclononyne) conversion
is a concerted four-electron mechanism (photochemically al-
lowed)."! This requires 1,3-hydrogen migration and simulta-
neous 1,2-carbon bonding. In fact, as a cycloalkyne is ob-
served as a singlet photoproduct of both 1 and 2, this implies
mechanistic commonality. As a result, the production of the
cycloalkyne via the S,/S, surface intersection discussed for 1
can serve as a model for reactant 2 investigated here. In
path E, the local point of the potential-energy surface is the
conical intersection, CI-E. Geometrical parameters and rela-
tive energies for CI-E are given in Figure 5 and Table 2,
with the numbering of atoms shown previously, in which H
is the migrating hydrogen atom. The derivative coupling and
gradient difference vectors obtained at this conical intersec-
tion are also shown in Figure 5. From the CI-E structure in
Figure 5, it is evident that the migrating hydrogen atom,
which is in a nearly planar allenic environment, interacts
with the two terminal allenic carbons. Consequently, the
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seen in Figure 4 and Table 2,
CI-E is located 99 kcalmol™!
above the ground-state mini-
mum (2), and 57 kcalmol™
below FC-2, while photoprod-
uct 10 is less stable than reac-
tant 2 by 3.8kcalmol™!. Our
theoretical observations there-
fore suggest that the monocylic
alkyne (10) is the product of an
extremely efficient decay chan-
nel along a [1,3]-sigamatropic
shift reaction pathway via a
conical intersection. As men-
tioned earlier, such a 1,3-H mi-
gration in 2 would lead to a
real conical intersection (S,/S,
CI-E), at which the decay to
the ground-state surface occurs
within a single vibrational
period®! and thus follows a
concerted pathway.”?

In principle, the photoreac-
tion mechanisms of 1-methyl-
1,2-cyclononadiene (2) are de-
scribed as above and contrasted with those of 1,2-cyclonona-
diene (1). Direct irradiation yields as primary products
seven isomers as demonstrated in Equation (3) (Scheme 1).
The major singlet product is best accounted for by excita-
tion-state 1,3-carbon closure to a cyclopropylidene inter-
mediate (i.e., CI-C—Int-2). This singlet photoreaction has
the lowest energy conical intersection (90 kcalmol™), as
well as the lowest kinetic barrier (8.0 kcalmol™') as dis-
cussed above, which is in excellent agreement with the
known experimental result.®! The quantum yields of other
minor photoproducts decrease in the order: 10 (24%)>11
(22%)>12 (10%)>14 (4%)>13 (3%)>15 (<5%).1
These experimental observations can be best accounted for
by our CASSCEF study as demonstrated in Figure 4.

(Pathl D-3)

Triplet reaction mechanisms of 1,2-cyclononadiene: Let us
now turn to the triplet photoisomerization reactions of 1
[Eq. (2) in Scheme 1]. Figure 8 displays the relative energies
on the triplet potential-energy surface along the assumed
photoisomerization pathways from 1 to various photoprod-
ucts (3, 6, 7, and 8). Selected optimized geometrical parame-
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Figure 8. Energy profiles for the triplet photoisomerization modes of 1,2-
cyclononadiene (1). The abbreviation FC stands for Franck—-Condon. The
relative energies were obtained at the CASSCF(6,6)/6-31G(d) level of
theory. All energies (in kcalmol™') are given with respect to the reactant

(1). For the CASSCF optimized structures of the crucial points see Fig-
ures 9 and 10. For more information see the text.

ters for the critical points of Equation (2) and their energies

on the ground- and lowest triplet-state surfaces can be taken

from Figures 9 and 10 and Table 3.

In the first step the reactant 1 is excited to its lowest lying
triplet state (T;) by a vertical excitation. After the vertical
excitation process the molecule is situated on the triplet sur-
face, but still possesses the ground-state (S,) geometry. This
point on the triplet surface is denoted as FC-3 (T, (S,
geom)). In fact, the calculated vertical excitation energy can
be taken as an indication of overall accuracy. The computed
triplet vertical excitation energy of compound 1 is
115 kcalmol ! (S,—T; (S, geom)). Comparison with the cor-
responding  experimental  value  of 254 nm[’
(=113 kcalmol™" in energy) for the T, state indicates that
the present calculations can provide a good estimate of the
relative energies for cyclic allene systems.

From the Franck-Condon point FC-3, the molecule may
relax to a local minimum near to the S, geometry. This local
minimum of the triplet surface is denoted T;-Rea-1, which is
calculated to be about 55 kcalmol ™' above the ground-state
minimum, as illustrated in Figure 8. The optimized geomet-
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Table 3. Energies along the triplet isomerization reaction pathway (path
F) at the CASSCF(6,6)/6-31G(d) levels.!

E, [kcalmol ]
Structure State CASSCF(6,6)/6-31G(d)
1 Sy 0.0
FC-3 3(qum) 114.6
T,-Rea-1 3(m*) 54.59
TS-9 () 75.21
T,/Sy-1 *(qum®) 50.09
3 Sy —10.62
Int-4(triplet) 3(qum®) 39.14
Int-4(singlet) So 39.14
TS-10 Sy 64.03
TS-11 S, 64.06
TS-12 So 86.48
Int-5 Sy 54.05
TS-13 So 54.87
6 So —25.21
7 S, ~26.89
8 So —22.15

[a] Energies relative to 1,2-cyclononadiene (1) at the ground state.

rical parameters of T,-Rea-1 are given in Figure 9. Compar-
ing the T;-Rea-1 geometry (Figure 9) with that of its corre-
sponding ground-state minimum 1 (Figure 3), it is readily
seen that the triplet state has significantly larger bond
lengths (C,—C, and C,—C;) but a narrower bond angle
(X C,C,G;) than its closed shell singlet state. The reason for
this phenomenon can be understood simply by considering
their electronic structures.” Molecular orbital theory™® pre-
dicts that the triplet state of an allene adopts a planar struc-
ture, while its singlet ground state possesses a perpendicular
one. Our CASSCEF results confirm this prediction. For in-
stance, the ground-state minimum 1 adopts an antiplanar
structure with a XHC,C;H dihedral angle of 91.74°
(Figure 3). The rotation of one methylene through about 90°
gives the nearly planar form (XHC,C;H=1.270°) of the
first excited triplet T;-Rea-1 (Figure 9).
Then, from the local minimum T;-Rea-1, a transition state
search for the hydrogen migration based on the model of
the T;-Rea-1 conformation was undertaken. As seen in T;-
Rea-1 in Figure 9, one hydrogen atom (H') is significantly
closer to the allene center carbon (C,), its distance being
2.749 A. We ascribe the regioselective ring hydrogen migra-
tion to this skewed structure. In fact, this conformation is
necessary for the transannular insertion that leads to 3, 7, 6,
and 8, the observed final photoproducts. The computational
results predict that TS-9 on the *(s*) surface (Figure 8 and
Table 3) is located at an energy 40 kcalmol™' below the ver-
tical excitation energy (FC-3), but about 20 kcalmol™!
higher in energy than T;-Rea-1, where we started the
search. The nature of this saddle point was analyzed by
computations of the vibrational frequencies. The optimized
transition state structure (TS-9) along with the calculated
transition vector at the CASSCF level is shown in Figure 9.
The arrows indicate the direction in which the atoms move
in the normal coordinate corresponding to the imaginary
frequency (2980i cm™).”” That is, the vibrational motion for
the intramolecular insertion of a carbene into the C,—H’
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Figure 9. The CASSCF(6,6)/6-31G(d) geometries (bond lengths in A and
angles in °) for pathway F of 1,2-cyclononadiene (1). They include the
first triplet reactant (T;-Rea-1), transition state (TS-9), intersection cross-
ing (Ty/Sy-1), and intermediates (Int-4(singlet) and Int-d(triplet)). The
gradient difference vector, which lifts the degeneracy, was computed with
CASSCEF at the intersection crossing. The corresponding CASSCF vec-
tors are shown in the inset. For more information see the Supporting In-
formation.

bond involves the formation of a C,—C, bond and a C,—H’
bond.

According to the experimental observations,” it has been
found that the photoisomerization of 1 (Eq. (2)) is nonadia-
batic. The reaction starts from the T, surface and proceeds
ultimately along the ground-state (S,) pathway. Thus, the
crossing points of the T, and S, surfaces should play an im-
portant role in determining the photorearrangement reac-
tions of Equation (2). Intersystem crossing from the *(susr*)
to the '(;m*) state takes place in the region of the T,/S, in-
tersection T,/Sy-1, as illustrated in Figure 8. The structure of
Ty/Sy-1, as given in Figure 9, was determined using the state-
averaged CASSCF(6,6) method with the 6-31G(d) basis set.
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Basically, T/Sy-1 is a bicyclic species with C,—C, and C,—C;
almost equal bond lengths (1.527 A) The corresponding rel-
ative energy of the crossing point T;/S,-1 is shown in Table 3
and Figure 8. Our theoretical investigation indicates that the
T,/S,-1 point is located 65 kcalmol™! below the FC-3 point,
and 50 kcalmol™' above the ground-state minimum, 2. The
gradient difference vector of T,/Sy-1 given in Figure 9,
through the T,/Sy-1 point, indicates that the system can
access either a tricyclic photoproduct 3 or a biradical inter-
mediate Int-4 (Figure 9). The molecule at the Int-4 point has
a bicyclic structure with a fusion of five- and six-membered
rings. The unpaired electrons lie on the C, and C; atoms, but
these two electrons are far enough apart so that its singlet
and triplet states are degenerate (Table 3). The optimized
structures (along with selected bond parameters) of the sin-
glet and triplet states of Int-4 are illustrated in Figure 9. It is
apparent that both singlet (Int-4(singlet)) and triplet (Int-4-
(triplet)) states are not distinguishable in structure. The cal-
culated energies of the Int-4(singlet) and Int-4(triplet) struc-
tures are given in Table 3, from which one can see that the
two points have the same energy (about 39 kcalmol™ above
the ground-state minimum 2). Again, the above results
clearly show that the S, and T, surfaces intersect at the
same point. Our theoretical results estimate that Int-4 lies
16 kcalmol ™' below the triplet local minimum T;-Rea-1.
Thus, our theoretical observations suggest that the short-
lived Int-4(singlet) intermediate can be formed from a fast
T,/Sy-1 crossing followed by a decay through the other Int-4-
(triplet)/Int-4(singlet) intersystem crossing. That is to say,
the presence of the two-level degeneracy means that decay
to the ground state will be efficient from the lowest triplet-
state surface.

Once decay through the bicyclic biradical Int-4 has oc-
curred, there are three different reaction paths available on
the ground-state surface: a 1,2-H shift to produce the bicy-
clic products, 6 (denoted path F-1) and 7 (denoted path
F-2), and a ring open—closure mechanism which results in
the formation of a new bicyclic photoproduct 8 (denoted
path F-3), can all compete. The optimized geometrical pa-
rameters of the related stationary points can be found in
Figure 10. As a result, the mechanisms of triplet photoiso-
merizations of 1,2-cyclononadiene (1) are represented in
Equations (13)-(16), paths F, F-1, F-2, and F-3, respectively.
All these routes are likely to be accessible, as the molecule
will have a great deal of excess energy once it has decayed
through an intersystem crossing point.

1(Sy) + hv — FC-3 — T;-Rea-1 — TS-9 — T, /Sy-1 — 3

(13)

1(Sy) + hv— FC-3 — T;-Rea-1 — TS-9 — T;/S,-1 14
— Int-4 — TS-10 — 6 a4)

I(So) + hV—> FC‘3 — Tl'Rea‘l — TS'9 — Tl/So‘l (15)

— Int-4 — TS-11 — 7
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Figure 10. The CASSCF(6,6)/6-31G(d) geometries (bond lengths in A and angles in °) for pathway F of 1,2-cy-
clononadiene (1). They include transition states (TS-10, TS-11, TS-12, and TS-13), intermediate (Int-5), and
isomer photoproducts (6, 7, and 8). The corresponding CASSCF vectors are shown in the inset. For more in-

formation see the Supporting Information.

1(Sy) + hv— FC-3 — T;-Rea-1 — TS-9 — T,/S,-1

— Int-4 — TS-12 — Int-5 — TS-13 — 8 (16)

It is worth noting that the existence of the Int-4(triplet)/
Int-4(singlet) intersection leads the T;—S, process to occur
via the Int-4 point. The Int-4 point acts as a relay and ena-
bles the T, to S, intersection crossing to occur with high effi-
ciency, and plays an essential role in the relaxation dynamics
of the T, state of 1,2-cyclononadiene 1.

As seen in Figure 8 and Table 3, the activation barrier of
TS-12 (by path F-3) is apparently larger than that of TS-10
(by path F-1) and TS-11 (by path F-2). That is, the CASSCF
calculations show that TS-12 (86 kcalmol ') >TS-10~TS-11
(64 kcalmol ') with respect to the ground-state minimum 1.
Thus, our theoretical findings strongly suggest that both
path F-1 and path F-2 are preferred over path F-3. Accord-

Chem. Eur. J. 2007, 13, 9957-9972
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C1----Ca=2130
C2----C4 = 1898
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putational results, one may then
anticipate that, in the triplet
photoisomerization of 1, the tri-
cyclic molecule 3 should be the
predominant photoproduct,
while the quantum yields of the
other bicyclic products decrease
in the order 67> 8. Our theo-
retical findings are in good ac-
cordance with the experimental
observations as illustrated in
Scheme 1.

TS-12

Triplet reaction mechanisms of
1-methyl-1,2-cyclononadiene:
Finally, we describe the triplet
photorearrangement reactions
of 1-methyl-1,2-cyclononadiene
[2: Eq.(4) in Scheme1].
Figure 11 displays the relative
energies for critical points on
the triplet potential-energy sur-
face from 2 to isomeric tricyclo-
nonanes (13 and 14). Selected
geometric values and the rela-
tive  energies based on
CASSCF(6,6)/6-31G(d) calcula-
tions for all stationary points
and crossing points (intersystem
crossing) of 2 at the lowest-
lying triplet state are reported
in Figure 12 and Table 4, re-
spectively.

As in the case of 1,2-cyclono-
nadiene (1), the triplet photo-
rearrangement reactions of 2
studied in this work follow simi-
lar reaction paths to those
shown earlier. Based on the
CASSCF(6,6)/6-31G(d)  struc-
ture of the ground-state 2, the vertical excitation energy
from S, to T, (Sy—T; (S, geom)) was calculated to be about
110 kcalmol™ (FC-4) above the ground-state reactant 2.
The experimental triplet vertical excitation energy of 2 is
113 kcalmol " (=254 nm),"™ which agrees well with the pres-
ent computational result. It is therefore believed that the
present model compound with the method employed in this
study should provide reliable information for the discussion
of the triplet photochemical reaction mechanisms of 2.

Once the S,—T, vertical excitation occurs, the system will
relax from the FC-4 point to the T, minimum (T;-Rea-2),
the latter being lower in energy by 54 kcalmol ™ than the
former. The optimized geometrical parameters of T-Rea-2
can be found in Figure 12. By analogy with the case of 1,
the CASSCF results indicate that the lowest-lying triplet
state of 2 (T;-Rea-2) has a significantly narrower bond angle
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Figure 11. Energy profiles for the triplet photoisomerization modes of 1-
methyl-1,2-cyclononadiene (2). The abbreviation FC stands for Franck-
Condon. The relative energies were obtained at the CASSCF(6,6)/6—
31G(d) level of theory. All energies (in kcalmol ') are given with respect
to the reactant (2). For the CASSCF optimized structures of the crucial
points see Figure 12. For more information see the text.

(¥ C,C,C3=159.0°) and larger bond lengths (i.e., C,—C, C,—
C,=1.387, 1.381 A, respectively) than its closed shell singlet
state equivalent (see Figure 5). Again, the reason for this
phenomenon can be understood simply by considering the
electronic structures of the two states.” It is worth noting
that only the antiplanar structure is stable for 2 with a dihe-
dral angle ¥ C,C,C;H of 92.55°, whereas the minimum point
(T;-Rea-2) corresponding to a planar structure was located
for the triplet state of 2, with a dihedral angle ¥ C,C,C;H of
0.6600°, on the CASSCF potential-energy surface. These re-
sults are consistent with those reported for 1 in the previous
section. To the best of our knowledge, neither experimental
nor theoretical work on the triplet substituted 1,2-cyclono-
nadiene has been reported previously.

From T;-Rea-2, isomerization to the final photoproducts
(13 and 14) can involve two reaction pathways as demon-
strated in Figure 11. On the one hand, the system may un-
dergo a transannular insertion between atoms C, and Cg via
a transition state TS-14 (path G). On the other hand, decay
may proceed by a transannular insertion between atoms C,
and C, through a transition state TS-15 (path H). Vibration-
al frequency calculations show that both TS-14 and TS-15
are real transition states with one imaginary frequency on
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the triplet potential-energy surface. The optimized transition
state structures (TS-14 and TS-15) along with the calculated
transition vectors are shown in Figure 12. It is apparent that
these transition states connect the triplet local minimum T;-
Rea-2 to the corresponding intersystem crossing points (T,/
Sy-2 and Ty/S,-3, respectively).””! The single imaginary fre-
quency for each transition state (1093i cm™ for TS-14 and
1105i cm ™ for TS-15) provides a confirmation of an intra-
molecular insertion process. Our CASSCF calculations sug-
gest that formation of Ty/Sy-2 from T;-Rea-2 proceeds via
transition state TS-14 with a low energy barrier of
10 kcalmol ™! (path G), while Ty/S,-3 is formed through tran-
sition state TS-15 with an energy barrier of 19 kcalmol™
(path H). In consequence, from the reaction profiles shown
in Figure 11, it is evident that this system has sufficient inter-
nal energy to overcome the energy barrier between the T;-
Rea-2 minimum and the T /Sy-2 (or T, /S,-3) intersection
after photoexcitation to the T, state (vide infra).

The optimized geometries of T,/Sy-2 and T,/Sy-3 are illus-
trated in Figure 12, with the gradient difference vectors. Ba-
sically, the structures of the two intersection points involve a
fusion of a five- and a six-membered ring, with two unpaired
electrons lying on the C; and C; atoms. It is evident that
these two unpaired electrons are far enough apart to result
in their singlet and triplet states being degenerate. Conse-
quently, the S, and T, surfaces can intersect at the same
point. Furthermore, as seen in Figure 12, there are large
components of stretching on the allenic bonds, implying that
ring closure will occur with no barrier. As shown in Table 4
and Figure 11, the relative energies of Ty/Sy-2 and T,/Sy-3
were calculated to be lower than their corresponding triplet
transition states by 22 and 20 kcalmol ™', but higher than the
singlet ground-state minimum (2) by 44 and 55 kcalmol !,
respectively. Accordingly, from an energetic viewpoint, once
reactant 2 has populated the T, state by photoexcitation, it
would relax to the T;-Rea-2 minimum with sufficient inter-
nal energy to overcome barriers on the T, surface to reach
one of the T,/S, intersection points. From here ring closure
follows to yield the isomeric tricyclononanes (13 and 14). In
short, the ring-closure mechanism of triplet photoisomeriza-
tion of 1-methyl-1,2-cyclononadiene (2) can be represented
by Equations (17) and (18), paths G and H, respectively.

2(S,) + hv — FC-4 — T,-Rea-2 — TS-14 — T, /S,-2 — 14
(17)

2(Sy) + hv — FC-4 — T,-Rea-2 — TS-15 — T, /S,-3 — 1
(18)

As discussed above, our computations predict a local min-
imum to which the molecules relax after the vertical excita-
tion. From this minimum, both transannular insertion modes
possess small barriers, so that both routes can be taken. It
should be taken into account that the molecules possess an
excess energy of 54 kcalmol ™! arising from the relaxation to
the triplet local minimum. It is therefore anticipated that
both path G and path H should compete with each other.

Chem. Eur. J. 2007, 13, 9957-9972
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Sy equilibrium structure and in
the regions of several surface
crossings, we are able to present
a comprehensive and detailed
picture of the photochemical
processes of 1,2-cyclononadiene
and 1-methyl-1,2-cyclonona-
diene under singlet and triplet
direct or sensitized irradiation.
On the basis of the energies
and structures of the minima,
transition states, and crossing
points, we can draw the follow-
ing conclusions:

1) We have identified at least
three kinds of regions on
the singlet potential-energy
surfaces at which the '(zm*)
and ground-state surfaces

\__Gradient Difference \

cross. These surface cross-
ings are represented in
Scheme 2 (ring closure to
form  bicyclic carbene),
Scheme 3 (a [1,3]-sigmatrop-
ic shift), and Scheme 4 (a
[1,2]-sigmatropic ~ shift to
form monocyclic carbene),
/ respectively. Once decay

Figure 12. The CASSCF(6,6)/6-31G(d) geometries (bond lengths in A and angles in °) for pathways G and H
of 1-methyl-1,2-cyclononadiene (2). They include the first triplet reactant (T;-Rea-2), transition states (TS-14
and TS-15), intersection crossings (T,/Sy—2 and Ty/Sy-3), and isomer photoproducts (13 and 14). The gradient
difference vector, which lifts the degeneracy, was computed with CASSCEF at the intersection crossing. The cor-
responding CASSCF vectors are shown in the inset. For more information see the Supporting Information.

This prediction is in good accordance with the available ex-
perimental evidence!® [see Eq. (4) in Scheme 1]. It was ex-
perimentally reported that vapor-phase irradiation of 2 with
benzene at 254 nm resulted in two predominant products
(13 and 14) with nearly equal quantum yields.*

Conclusions
In this work, we have used ab initio CASSCF calculations to
study the mechanisms of the photoisomerizations of 1,2-cy-

clononadiene and 1-methyl-1,2-cyclononadiene. By explor-
ing the '(mm*) and *(mm*) potential-energy surfaces near the

Chem. Eur. J. 2007, 13, 9957-9972
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through the conical intersec-
tions has occurred, there are

many different reaction
paths available on the
ground-state surface.

Schemes 2-4 and reversion
back to 1,2-cyclononadiene
or 1-methyl-1,2-cyclonona-
diene can all compete. In
the case of conical intersec-
tions (such as CI-A-CI-E),
there are also the options of
efficient interconversion
leading to vibrationally ex-

Table 4. Energies along the triplet isomerization reaction pathways (path
G and path H) at the CASSCF(6,6)/6-31G(d) levels.[*!

E, [kcalmol ']

Structure State CASSCF(6,6)/6-31G(d)
2 S, 0.0

FC-4 () 1102

T,-Rea-2 (m*) 56.33

TS-14 () 66.18

TS-15 3 () 75.08

T/Sy-2 3(um) 54.61

13 So —7.907

TS,-3 () 43.96

14 So —1.161

[a] Energies relative to 1-methyl-1,2-cyclononadiene (2) at the ground
state.
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cited 1,2-cyclononadiene or 1-methyl-1,2-cyclononadiene.
All these routes are likely to be accessible, as the mole-
cule will have a great deal of excess energy once it has
decayed through a conical intersection.

2) Our study strongly points out that these conical intersec-
tions (i.e., CI-A—CI-E, respectively) on the singlet poten-
tial-energy surfaces play a crucial role in determining the
reaction pathways as well as the quantum yields of the
various photoproducts. In particular, it was found that
the existence of a low-lying conical intersection provides
a highly effective radiationless decay channel.'’>*l For in-
stance, see singlet photoisomerizations of cyclic cumu-
lenes in Figures 1 and 4. The theoretical findings shown
in this work are in excellent agreement with many exper-
imental observations that have been reported for these
species.

3) We have identified one kind of region on the triplet po-
tential-energy surface where the '(mm*), *(mn*), and
ground-state surfaces cross. This intersurface crossing is
given in Scheme 5 (formation of a metastable 1,3-biradi-
cal which closes to form bicyclic or tricyclic photoprod-
ucts). The fast radiationless decay of triplet 1,2-cyclono-
nadiene or 1-methyl-1,2-cyclononadiene to the ground
state originates from a narrowing of the T,/S, gap, which
results from the relaxation of the T, state to a bicyclic
structure (1,3-biradical, i.e., Ty/Sy-1, Ty/Sy-2, and Ty/S,-3,
respectively). These facts may account for one main trip-
let photoproduct (3) and several minor triplet photo-
products (6-8) in the 1,2-cyclononadiene system, repre-
senting competitive 1,3-biradical pathways. Triplet-sensi-
tized reactions of 2 are similar to 1, affording isomeric
tricyclononanes (13 and 14).

It is hoped that the present work can stimulate further re-
search into this subject.
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