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ABSTRACT: The Bergman cyclization is an important
reaction in which an enediyne cyclizes to produce a highly
reactive diradical species, p-benzyne. Enediyne motifs are found
in natural antitumor antibiotic compounds, such as calicheam-
micin and dynemicin. Understanding the energetics of
cyclization is required to better control the initiation of the
cyclization, which induces cell death. We computed the singlet
and triplet potential energy surfaces for the Bergman
cyclization of (Z)-hex-3-ene-1,S-diyne using the CCSD and
EOM-SF-CCSD methods. The triplet enediyne and transition
state were found to have C, symmetry, which contrasts with the
singlet reactant and transition state that possess C,, symmetry.
We analyzed the frontier orbitals of both cyclization pathways
to explain the large energetic barrier of the triplet cyclization.
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Reaction energies were calculated using CCSD(T)/cc-pVTZ single-point calculations on structures optimized with CCSD/cc-
pVDZ. The singlet reaction was found to be slightly endothermic (AH,,, = 13.76 kcal/mol) and the triplet reaction was found
to be highly exothermic (AH,,, = —33.29 kcal/mol). The adiabatic singlet—triplet gap of p-benzyne, computed with EOM-SF-
CCSD/cc-pVTZ, was found to be 3.56 kcal/mol, indicating a singlet ground state.

B INTRODUCTION

The enediyne (Z)-hex-3-ene-1,5-diyne (R) undergoes Berg-
man cyclization via a transition state (TS) to form p-benzyne
(P), a highly reactive diradical species that readily abstracts
hydrogens (Scheme 1).! This fundamental reaction can be

Scheme 1. Bergman Cyclization of (Z)-Hex-3-ene-1,5-diyne
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triggered either thermally, to proceed along the singlet
potential energy surface, or photochemically, to proceed
along the triplet surface.””’ The Bergman cyclization is of
interest because enediynes may be precursors to aromatic
species in interstellar medium® and because natural enediynes
are potent antitumor antibiotics.” "'

Since the discovery of natural enediynes, the reaction
described in Scheme 1 has been the subject of several
theoretical studies.'”~>" The structure of the singlet reactant
('R) has been determined experimentally.”” The ground state
structures of 'R, 'TS, and 'P have been studied with numerous
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theoretical methods such as density functional theory (DFT),
complete active space self-consistent field (CASSCF), multi-
configurational second-order perturbation (CASPT2),
coupled-cluster with singles and doubles and perturbative
triples (CCSD(T)), and many-body perturbation theory
(MBPT)."”™*° The triplet surface has been explored with
CASSCF and CASPT2.">'" The electronic structure and
energetics of P have been investigated extensively, with an
emphasis on excited states and singlet—triplet energy gaps. The
adiabatic singlet—triplet gap (AEgr, = Ep —Eg) was exper-
imentally determined to be 3.8 + 0.4 kcal/ mol.”® Theoretical
results vary widely on the basis of the methods used.'>'***~>

The Bergman cyclization is a fundamentally important
reaction; however, the stationary points on the singlet and
triplet surfaces have not yet been characterized using a uniform
computational approach capable of capturing the essential
features underlying the electronic structure. This is a
challenging reaction to study because of the multiconfigura-
tional nature of 'P, and the possible multiconfigurational
nature of !TS. Due to its diradical character, P features
extensive electronic degenera\cies.24’27’28 As a result, the ground
state singlet possesses a multiconfigurational wave function,
making it theoretically interesting and challenging to character-
ze.! 7?7973 Methodologies capable of capturing this
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multiconfigurational character must be applied to account for
the multiple electronic configurations. For quantitative
accuracy, which is very important for reproducing energy
differences between nearly degenerate states, dynamical
correlation should also be included. Here we employ the
spin-flip (SF) approach,” which accurately describes singlet
and triplet diradical wave functions without the need to select
an active space or important configurations. Importantly, the
SF method provides a balanced description of dynamical and
nondynamical correlation.

The SF approach developed by Krylov was originally
designed for characterizing bond breakin%, but its ability to
describe diradicals was soon realized.*”>> SF methods can
accurately describe low-spin multiconfigurational states by
treating them as spin-flipping excitations from a single-
configuration high-spin reference state.”””> The SF ansatz
describes the multiconfigurational singlet and triplet target
states in the following way’

3”I‘PMS=0 = RMS=—13TMS:+1

(1)
where *¥,,_,, is the aa high-spin reference wave function,
Ry;-_, is the spin flipping excitation operator, and *'W¥}, _, are
the target singlet and triplet wave functions. Because all M; = 0
determinants can be obtained from a single spin-flip excitation
out of the high-spin reference, all M,=0 configurations are

treated in a balanced fashion using a single reference formalism
(Figure 1).
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Figure 1. Various ways to distribute two electrons in two nearly
degenerate ¢ orbitals for P. All four M = 0 determinants, pictured on
the right, can be obtained from the single M =1 Slater determinant

with just one spin-flipping excitation.

By using a reference wave function that is accurately
described by a single configuration, SF methods do not involve
a multireference formalism and do not depend on a user-
defined active space. SF methods are size extensive and
perform well for excited states, diradicals, triradicals, and bond
breaking, with an accuracy approaching 1 kecal/mol.””**~
The description of the target states””*" can be systematically
improved by increasing the level of electron correlation
treatment.”® In this study, we employ the SF model based
on the equation-of-motion coupled-cluster with single and
double excitations (EOM-SE-CCSD).**~* Though EOM-SF-
CCSD has been used to describe the structures and electronic
states of the benzyne diradicals, this is the first SF
characterization of all stationary points along the lowest lying
singlet and triplet surfaces of the Bergman cyclization.

To gain insight into underlying electronic structure, we use
density-based wave function analysis tools,””~* which enable
mapping the correlated many-body wave functions into a
simple 2-electrons-in-2-orbitals picture shown in Figure I.
These tools allow us to quantify the degree of radical character
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associated with the reactant, transition state, and product along
the singlet and triplet pathways. By using natural orbitals of the
correlated one-particle density, this approach allows one to
visualize the true frontier molecular orbitals. This analysis is
independent of the choice of molecular orbitals used in the
calculation (i.e,, Hartree—Fock, Kohn—Sham, etc.) and
includes correlation effects. The occupations of the natural
orbitals can be used to define the number of effectively
unpaired electrons.**™*

B COMPUTATIONAL DETAILS

We carried out all calculations using the Q-Chem electronic
structure package.”” We used the libwfa module™** of Q-
Chem to compute and visualize natural orbitals and the Head-
Gordon index. Orbital visualization was performed using
IQmol*® and Jmol.*'

Optimizations and Frequency Calculations. We
performed all optimizations and frequency calculations with
the cc-pVDZ and cc-pVTZ basis sets. The results reported
here are computed using the structures optimized with cc-
pVTZ, unless otherwise noted. We optimized 'R with CCSD
using a restricted Hartree—Fock (RHF) reference. Because the
diradical nature of 'TS was unknown, we optimized the
structure using EOM-SF-CCSD with an unrestricted Har-
tree—Fock (UHF) high-spin *B, (C,, point group) reference.
We also employed EOM-SF-CCSD to optimize the structure
of 'P. The SF optimization of 'P used the high-spin *B,, (D,
point group) UHF reference.

We optimized the structures of 3R, 3TS, and °P using UHF-
CCSD. Frequency calculations at the same level of theory as
the geometry optimization were carried out to confirm all
geometries and to determine zero-point energy (ZPE)
contributions.

Energy Calculations. To calculate accurate activation
barriers (E,) and reaction energies (E,,), the reactant
energetics must be obtained with the same method as the
energetics of the transition state and product. However, this is
challenging because 'R is a well-behaved closed-shell species
whereas 'TS and 'P are possibly open-shell multiconfigura-
tional species, making it difficult to find a method that
describes all three structures with a similar accuracy. This
problem is not present in the triplet pathway because °R, *TS,
and P are all well represented by a single high-spin
determinant and can therefore be accurately described by the
single-reference CCSD method.

To overcome the methodological challenges the singlet
pathway presents, we followed a protocol similar to that of
Cristian et al.:>* we used the energetics of the high-spin (HS)
pathway and the vertical singlet—triplet gaps (AEgr,) to
calculate the E, and E,,, of the low-spin (LS) pathway. Figure 2
illustrates this approach. We note that this strategy is akin to
exploiting isodesmic reactions for obtaining accurate thermo-
chemical values.”*~>> Such approaches, which are designed to
provide balanced description of all species involved in the
reaction, ensure efficient error cancellation and deliver the best
quality results for a given level of theory.”**’

Using singlet structures that were optimized in the manner
described above, we performed single-point calculations using
CCSD(T) with a restricted open-shell HF (ROHF) reference
and the cc-pVTZ basis set. For 'R, the ground state singlet
total energy was calculated (R™). For 'TS and 'P, the total
energy for the lowest lying triplet was calculated (TS™, PH).
All three states (R™, TS™, and P™®) are single-configurational
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Figure 2. Determination of E, and E,, for the singlet reaction
pathway. All geometries correspond to the ground-state singlet wave
function. Single-point calculations of triplet states at the singlet
geometries (TS™S, PHS) were performed using CCSD(T)/ROHF/cc-
pVTZ. Singlet—triplet vertical gaps were calculated using EOM-SE-
CCSD/ROHF/cc-pVTZ.

and are well described by the CCSD(T) method, which we
used to calculate the high-spin reaction barrier (EX = TSHS —
R™) and reaction energy (Efs = P — R'). We carried out
EOM-SF-CCSD/ROHEF/cc-pVTZ calculations to obtain ac-
curate vertical AEgy for 'TS and 'P. To obtain E- and EX5, we
subtracted the AEgp, for 'TS and 'P from ES and EfS,
respectively:

LS _
E” =

E™ — AEg(TS)

Er];;i = Erl—xlrf — AEg(P) (2)

Note that the structures of the high-spin states are not
optimized; eq 2 uses vertical singlet—triplet energy gaps
computed at the singlet structures.

SF calculations with an unrestricted reference may be
affected by spin—contamination.%’58 To mitigate spin-contam-
ination, we used ROHF-based references when calculating the
energetics. For geometry optimization, we used a UHF
reference because analytic gradients are not yet available for
ROHF EOM-SF-CCSD. A detailed comparison of the
energetics computed with restricted (RHF and ROHF) and
unrestricted (UHF) references is presented below and in the
Supporting Information.

We also carried out single-point calculations at the CCSD/
UHEF/cc-pVTZ optimized triplet stationary points for the
triplet pathway using the CCSD(T)/ROHF/cc-pVTZ and
EOM-SE-CCSD/ROHEF/cc-pVTZ levels of theory. We calcu-
lated adiabatic gaps as the difference in total energy between
the SF target state corresponding to the M, =0 component of
the triplet at the triplet-optimized structure and the lowest
lying singlet SF target state at the singlet-optimized structure.
We calculated vertical gaps at each of the six optimized
structures by taking the difference between the M, = 0
component of the triplet and the lowest lying singlet.

To compute and visualize natural orbitals and the number of
effectively unpaired electrons, we used the libwfa module***
of Q-Chem. Natural orbitals are eigenstates of the one-particle
density matrix and their eigenvalues can be interpreted as the
occupation numbers, n;. Using the spin-average occupation
numbers, 7, several ways to compute an effective number of
unpaired electrons have been proposed.**™** In this work, we
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made use of the n,, index, proposed by Head-Gordon® as an
extension of work by Yamaguchi et al.:*°

Mynl = Z ﬁlz(z - ﬁz)z

Natural orbitals along the singlet pathway correspond to the
lowest lying EOM-SE-CCSD/cc-pVDZ singlet states obtained
from the high-spin triplet reference using singlet geometries.
Natural orbitals along the triplet pathway were obtained from
the high-spin triplet at the CCSD/cc-pVDZ level of theory
using triplet geometries. In all figures, we only show a orbitals,
as the shapes of paired @ and f natural orbitals are the same.

We report n,, and natural occupations of the frontier
orbitals. Because the current implementations of the SF
methods are not spin-adapted, the SF states show some
(usually small) spin-contamination even if ROHF references
are employed. Consequently, & and f frontier orbitals (and the
respective occupations) are slightly different. Below we report
spin-average natural occupation, 7, as well as the difference
between the a and f# natural occupations:

= lIn, + ngl
An = In, — ngl

The latter quantity provides an additional measure of spin-
contamination.

B RESULTS AND DISCUSSION

Below we discuss the geometries and electronic structure of
each species along the singlet and triplet pathway, followed by
a discussion of the energetics of the two pathways.

Singlet Pathway (S,). 'R, 'TS, and 'P have C,,, C,,, and
D,;, point group symmetry, respectively (Figure 3). The 'R
structure reported in this study (calculated at the CCSD/cc-
pVTZ level) agrees well with previous studies; our value of the
critical C,—C, distance is 0.057 A larger than the
experimentally derived value of 4.321 A.** The geometry of
'TS is very product-like, which is in agreement with previous
theoretical results.”'”>" The geometry of 'TS is relatively
insensitive to the level of theory; for example, geometries
computed by SF-DFT with B3LYP and BS0SOSLYP with the
6-31G* basis set are in good agreement with the SF-CCSD
structure. The geometry of 'P is a distorted benzene structure
with the bonds between the two carbons attached to a
hydrogen, r34 and r,4, longer than the C—C bonds containing a
radical center. This distortion is reported in other theoretical
studies as well.>7'7'9*** Table S1 in the Supporting
Information compares our SF-CCSD geometries with the
results of previous computational studies.

'R is a well-behaved closed-shell species. The highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) correspond to the
C;—C, 7(2b,) and 7*(2a,) orbitals, respectively. This suggests
that a HOMO to LUMO excitation would effectively break the
C;—C, w bond. The large vertical singlet—triplet gap (AEgr) of
130.9 kcal/mol (vide infra) in 'R supports this idea.

The electronic structure of 'TS is dominated by a closed-
shell configuration with a weight of 79%. The next
configuration contributes less than 5% (Table 1). The number
of effectively unpaired electrons for this state is 0.09 (Table 2).
Thus, both wave function analysis and Head-Gordon indices
indicate that the transition state is electronically more reactant-
like than product-like.”’ The HOMO and LUMO are the
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Figure 3. Stationary points along the singlet and triplet pathways. 'R optimized with CCSD/cc-pVTZ. 'TS and 'P optimized with EOM-SF-
CCSD/cc-pVTZ. *R, *TS, and °P optimized with CCSD/cc-pVTZ. Images generated with Jmol. Distances are reported in angstroms and angles

are reported in degrees.

antisymmetric (8b;) and symmetric combination (10a,) of the
C, and C; radical lobes, respectively, which suggests that there
is coupling through the C;—C, & bond.””®

The ground state of P is a singlet that exhibits a
multiconfigurational wave function with two leading config-
urations (Table 1) and n,, = 0.28. The dominant

configuration has the asymmetric combination of radical
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orbitals (Sb,,) doubly occupied and lower in energy than the
symmetric combination (6a,), a result of through bond
coupling,””*°

Triplet Pathway (T,). Equilibrium structures of SR, TS,
and °P have C, C, and D,, point group symmetry,
respectively. The “arms” of *R distort out of plane 92.3° and
the C;—C, bond length is 1.488 A, indicating that the double
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Table 1. Leading Electronic Configurations of Singlet and
Triplet States at the Respective Optimized Structures

state orbital occupancy”

'R 90% [Core]®, 1b,% 1a,% 9a,% 8b,% 2b,% 2a,’, 12a,°

SR 78% [Core]™®, 9a% 8b% 9b% 10a% 11a!, 10b',14a°

'TS  79% [Core]*’, 1b,% 9a,% 1a,% 2b,?% 8b,% 10a,’, 2a,°

3TS  80% [Core]™®, 9a2, 8b% 10a% 9b%, 10b!, 11a!, 12a°

P 53% 2[Core2 30 Sa; 1b, 2 1b3%2, 1b%gz, Sby% 6a’, + 24% [Core],
Sa, 1b,.5 1b3g s lbzg , Sbyy 6ag

P 77% [Core]®, Sa 1b,2, 1bs}, 1by% Sby,!, 6a,'

“[Core]®® denotes the first 15 doubly occupied lower energy
molecular orbitals.

Table 2. Wavefunction Properties of the Reactant,
Transition State, and Product in the Singlet and Triplet
Pathways of the Bergman Cyclization

state My nl ($%)
'R 0.10 0.05
SR 221 2.00
'Ts 0.09 0.03
TS 225 2.00
p 0.28 0.01
p 2.19 2.02

bond present in 'R is weakened in R. Similarly, TS is
distorted out of plane by 30° and the C;—C, bond is elongated
to 1.503 A. The geometry of *TS is relatively insensitive to
methodological treatment; geometries computed by B3LYP
and BSOS0SLYP with the 6-31G* basis set are in good
agreement with the CCSD structure. The structure of °P is
very similar to that of 'P, with the exception that there is more
delocalization in the triplet, as indicated by smaller differences
between r, and (4. Table S2 compares the CCSD geometries
reported here with the results of previous computational
studies.

The distortion of *R can be explained by analyzing the
molecular orbitals (MO) of 'R and 3R. As mentioned above,
the HOMO and LUMO of 'R are the C;—C, # and #*
orbitals. A HOMO to LUMO excitation would result in a
triplet state with a single electron in both the 7 and 7* orbitals,
reducing the bond order to 1. Without the z bond to hold the
arms of °R in plane, they are free to rearrange to minimize
electronic repulsion. The resulting singly occupied molecular
orbitals (SOMO), 11a and 10b, are the in-phase and out-of-
phase combinations, respectively, of the two p-orbitals on C;
and C,. In 'R, the same C, and C, p-orbitals combine to make
the 7 and 7* orbitals, 2b, and 2a,. In °R, the nonplanarity of
the enediyne causes the C; and C, p-orbitals to adopt a nearly
perpendicular orientation, which reduces their interaction and
causes the SOMOs (10b, 11a) of *R to be nearly degenerate
(Figure 4). Visualization of the unpaired spin density and
frontier natural orbitals shows that in *R the unpaired electrons
are localized to C; and C, p-type orbitals (Figure 5, 6, and 7).
This arrangement allows some bonding interaction, which is
why in R the C;—C, bond length is shorter (1.488 A) than a
standard C—C single bond.

This process is reversed as the triplet reaction pathway
proceeds and the molecule becomes more planar. The SOMOs
of >TS are the analogous orbitals of the R SOMOs. The *TS
SOMOs are a combination of p-orbitals on C;—C, and p-
orbitals on C; and Cg. *TS is planar enough that the in-phase
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Figure 4. Transformation of frontier molecular orbitals along the
singlet (top) and triplet (bottom) reaction coordinate. Orbitals were
obtained using the HF/cc-pvTZ triplet reference state at the CCSD/
UHF/cc-pVDZ optimized structures.
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Figure S. Unpaired spin densities for triplet optimized structures.
From left to right: *R, *TS, P. Isovalue of 0.075. IQmol used for
visualization.

and out-of-phase combinations of the C;—C, p-orbitals form =
and #* orbitals, each occupied by a single electron (Figure S,
TS, orbitals 11a and 10b). Consequentially, there is only a
single bond between C;—C,, as evidenced by the bond length.
Our C;—C, bond length of 1.503 A is larger than previously
reported values of 1.486 and 1.461 A.">"?

The C;—C, bond partly explains the high energy of *TS. As
the cyclization proceeds, the interaction between electrons on
the arms of the molecule increases. Out-of-plane electrons
interact stronger as the molecule becomes more planar and in-
plane electrons interact stronger as the two arms are brought
closer together. In-phase and out-of-phase orbitals that were
nearly degenerate for R are now energetically separated. TS
MOs that bring in-phase electron densities together, such as
orbitals 9a, 8b, and 10b, are stabilized, while orbitals that bring
out-of-phase densities together, such as orbitals 10a, 9b, and
11a, are destabilized (Figure 4). Altogether, there is a net
destabilization, resulting in the high energy of 3TS. This is also
supported by analysis of natural orbitals in Figure 7.

In contrast to 'P, the electronic structure of °P is dominated
by a single configuration. The SOMOs of P are the in-phase
and out-of-phase combinations of the radical lobes on C, and
Cs, with the out-of-phase combination being lower in energy.

Wave Function Properties and Natural Orbitals.
Comparing energy-ordered MOs (Figure S) with frontier
orbitals obtained from population-ordered natural orbitals
(Figures 6 and 7) shows good agreement with respect to both
character and ordering. Average occupations, 7, show how
many electrons are assigned to these orbitals. For the singlet
product, 7 shows higher occupation of the natural orbitals
arising from the in-phase radical bonding lobes and lower
occupation of the NO corresponding to out-of-phase lobes
(relative to 'TS), consistent with increased diradical character.
For the triplet wave functions (Figure 7), we see that both
frontier natural orbitals are singly occupied at each stationary
point on the reaction pathway.

Although the character of the MOs and NOs is consistent,
the energy ordering of the MOs is not always indicative of the
population ordering of the NOs. This is particularly true of
doubly occupied orbitals, where one can see a reordering of
natural orbitals that have nearly degenerate occupations.

Table 2 summarizes the wave function properties. (S*) and
parenthetical An values in Figures 6 and 7 indicate very little
spin-contamination of the states. Parenthetical An values are
high for frontier orbitals along the triplet pathway because
these orbitals are associated with the M, = 1 triplet and are

425

therefore occupied by a single a electron. Along the singlet
pathway, n,, indicates slight radical character even for 'R and
'TS, with a significant amount of radical character (1 0.28)
observed for 'P.

Energetics. Our activation energy (AH¥) and energy of
reaction (AH,,,) of the cyclization reaction of 'R are within 1
kcal/mol of Jones and Bergman’s original findings of 32 and 14
kcal/mol, respectively (Figure 8).! In addition, although our
AH¥ is slightly greater than the value of 28.1 + 1.6 kcal/mol
reported by Wenthold and Squires, our AH,,, agrees well with
their value of 13 + 3 kcal/mol.®" Our cyclization energetics
differ from those reported by Roth et al. (Table 3).”

To the best of our knowledge, no experimental results exist
for the cyclization of R, so we can only compare with other
theoretical studies. For the triplet cyclization, our AH* value is
significantly higher and our AH,, is considerably less
exothermic than previous results (Table 3).">'? Our character-
ization of TS is fundamentally different, as evidenced by
significant difference in the C;—C, bond length, and produces
a higher activation energy than the previous studies of Dong
and Clark.">"” Alternatively, if our absolute energy for °R is
much lower than absolute energies found by Dong and Clark,
but the absolute energies of 3TS and 3P are similar, it would
explain the relatively large activation barrier and less
exothermic reaction enthalpy calculated in this study.

Table 4 lists vertical and adiabatic singlet—triplet gaps
calculated for each structure. Our calculated singlet—triplet
adiabatic gap value of 3.56 kcal/mol is in excellent agreement
with Wenthold and Squire’s experimental value of 3.8 + 0.4
kcal/mol. 23

Method Comparison. In this study, we explored multiple
methods, basis sets, and reference wave functions. In Tables
S3—S6, the energies are for the singlet reaction, which required
a more complicated high-spin correction method (see Figure 2
for details of correction). The values in Tables S7—S10 are for
the triplet reaction and are calculated by applying a ZPE
correction to the raw energies of each triplet structure and then
taking the difference, i.e, H(P) — H(R) = AH,,,.

For the singlet reaction, basis set effects are significant, i.e.,
increasing the basis set from cc-pVDZ to cc-pVTZ results in an
approximately 3 and $ kcal/mol difference in the 'AH* and
'AH,,,, respectively. However, this effect is less pronounced in

unl =

the triplet reaction. The differences in basis-set sensitivity
between the singlet and triplet surfaces are expected; electron
coupling and the multiconfigurational nature of the singlet
increases the importance of dynamical correlation, which is
better described with a larger basis set. It is also possible that
the additional polarization functions in the triple-{ basis allow
for better characterization of the long-range interactions
between the triple bond-containing arms of R and TS as
well as the through bond coupling in P. The inclusion of triple
excitations (CCSD vs CCSD(T)) produces a difference of ~1
kcal/mol for the singlet surface. We do see a relatively large
difference in the CCSD and CCSD(T) values of >AH¥ but not
in the values for AH,,,. This underscores the utility of using
CCSD(T) results on the high-spin pathway in conjunction
with SF singlet—triplet gaps to characterize the low-spin
pathway. The inclusion of triple excitations (T) is important
for quantitative accuracy and the balanced nature of the SF
approach captures these effects accurately.
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Figure 6. CCSD/cc-pVDZ frontier natural orbitals of the singlet states of the reactant (left), transition state (middle), and product (right) in the
singlet pathway of Bergman cyclization. a-orbitals are shown. 71 = In, + nyl, with An = In, — ngl provided in parentheses.

B CONCLUSIONS

The singlet and triplet pathways of the Bergman cyclization
were characterized using reliable and robust coupled-cluster
methods, CCSD, CCSD(T), and EOM-SF-CCSD. We found
that the singlet pathway has a barrier of 32.75 kcal/mol and is
endothermic by 13.76 kcal/mol. We determined that the
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triplet pathway has a barrier of 26.59 kcal/mol and is
exothermic by 33.29 kcal/mol. We show that 'TS is dominated
by a single electronic configuration that is reactant-like in
electronic structure but is geometrically very similar to 'P.
Both R and TS were found to have C, geometries. The
analysis of frontier orbitals of each stationary point allowed us
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Figure 7. CCSD/cc-pVDZ frontier natural orbitals of high-spin triplet states of the reactant (left), transition state (middle), and product (right) in
the triplet pathway of Bergman cyclization. @-orbitals are shown. 7 = In, + ngl, with A n = In, — nyl provided in parentheses.

to explain the large energetic costs of the triplet cyclization;
this high barrier is consistent with the findings of Turro and
workers who concluded that the triplet pathway is not
operational.*

This study illustrates the effectiveness of SF methods in
characterizing reactions involving both closed- and open-shell
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species. Occupancy-ordered frontier natural orbitals generally
agree with energy-ordered MOs. Density-based wave function
analysis reveals the slight open-shell character of 'R and 'TS
(nu,nl = 0.10 and 0.09 unpaired electrons, respectively) and the

more pronounced radical character of 'P (1, = 0.28).
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Figure 8. Energetic diagram along S, and T, pathways. Relative electronic energies are shown and ZPE-corrected energies are in parentheses. All
values are in kcal/mol. The *R energy shown is the R adiabatic AEgy. The *TS and *P energies relative to 'R were calculated by adding the TS and

P adiabatic AEgr, to the to the energy of 'TS and 'P, respectively.

Table 3. AH* and AH,,, Values for S, and T, Cyclizations
Alongside Available Experimental and Previous Theoretical
Values

AH* AH,, SAH* SAH,,
expt 32,282, 14, 8.5,%
28.1 + 1.6° 13 + 3°
this work 32.75 13.76 26.597  —33.297
CCsSD(T)/ 28.5 8
6-31G(d,p)
CASMP2/6-31G*  24.22 —492 2142 —41.8
CASPT2(12,12)/  25.6 122 222 —37
ANO-L
B3LYP/6-31G**  31.2 33 237 —452

“Reference 1. "Reference 62. “Reference 61. “These values are
computed directly between triplet structure total energies. They do
not match the ones reported in the figure above, which were
calculated relative to 'R.

Table 4. Vertical Singlet—Triplet Gaps for Each Structure”

structure vertical AEgy adiabatic AEgr
'R 130.9 46.83
R 111
'Ts 42.78 50.14
TS 2232
'P 5.14 3.56
°p 3.15

“Adiabatic gaps for R, TS, and P (ZPE-corrected). All values are in
kcal/mol. A positive value indicates that the singlet is lower in energy.
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