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Bonding patterns in tridehydrobenzenes are studied by electronic structure calculations. In all three isomers,

the unpaired electrons form partial bonds between the radical centers. The strength of these bonds varies
from a rather weak (but stabilizing) interaction of about 0.5 kcal/mol up to 32 kcal/mol, which is one-third

of a typical chemical bond energy. The structural signature of these bonds is shorter distances between the
radical centers relative to the closed-shell precursor. A doublet ground state is another manifestation of

stabilizing interactions of unpaired electrons.

I. Introduction From the electronic structure perspective, the type of interac-
tion between the unpaired electrons is derived from the character
of the MOs that host these electrons. In many di- and
polyradicals, the nominally nonbonding MOs (NBMOs) interact

Highly reactive open-shell species play an important role in
a variety of chemical processes. A large number of thermally

activated and photochemical reactions have long been knowneither by direct spatial overlap (through-space interaction) or

toolp:gg?czcllstﬂgoiggegg?ndéctﬂel?éim;ecilarf:rl:izr?ersee?rgﬂyd e toby overlap with intervenings and o* orbitals (through-bond
polyradi v ! ! 4 interactior?”). The bonding interaction lifts the degeneracy

;gflirnggﬁggalré?slesf) building blocks of organic magnets (see, between these orbitals, and when the MO splitting exceeds the
' ’ . . electron repulsion, a pair of electrons occupies a bonding orbital

Knowledge of factors that determine th.e glgctromc structure (as dictated by the aufbau principle) thus producing a partial
of polyradicals (e.g., ground state multiplicity, energy gaps bond. However, when NBMOs are exactly degenerate, the

tbhet\gee_n hlgfh-spln at\_nd Io;/v-_splln statelf, etfc.) IS |mgort?nt01;_or aufbau principle, which is based on one-electron considerations
€ design of magnetic materials as well as for an understan 'ngonly, predicts no energy difference between different electron

(l\))l‘the reactlt;ntydqf spectltes W'th two (t)r more.tuhnpalred lelectrolns(.j arrangements. In this limiting case, the ground-state electronic
oreover, bonding pattems in Systems with Several unpaired ., 4 ration is determined by the electron repulsion that is

electrons are of interest from a fundamental point of view. minimal for the same spin electrons. Thus, for degenerate

Indeed, in finite size species, the unpaired electrons are onlyNBMOs the extension of Hund’s first rléo molecules predicts
nominally unpaired. In practice, their interactions can span the that the lowest energy state is the one with the highest

whole range ffOfT' strongly antibondiqg (repu_lsion) toan aI_mpst multiplicity, i.e., triplet, quartet, quintet, etc. However, violations
complete chemical bond. These interactions have distinct of this ruI’e o’ccur v(/hen thé singly, occupied NéMOs are
structur@l, spectrogcopic, and chemical signatures, and ummatelydisjoint?*ll i.e., localized on different parts of the molecule.
determine properties of open-shell compounds. For example, An this case, the exchange interactions between these orbitals

bonding interaction between the unpaired electrons results in 5re small, and low-spin and high-spin states with the same spatial
Eonfiguration are nearly degenerate. In some cases, mixing with
certain singly excited configurations can lower the energy of
the low-spin state, but not that of the high-spin state, and the
former falls below the latter. This mechanism of reversing the
singlet-triplet ordering has been termed dynamic spin polariza-
tion 1213 Although these guiding rulesthe aufbau principle and
extended Hund’s rute have proved to be extremely useful in
predicting the ground-state multiplicity, it is often unclear which
one would prevail. Indeed, there is no quantitative criterion of

. A S i separating the aufbau and Hund’s domains, and the decisive
quartet splittings of the diradicals and trl_raqllcals, respectl_v_e_ly) word belongs to either an experiment or predictive electronic
also represent a measure of the stabilizing or destabilizing Ftructure calculations

g‘éﬁ:jaglopj dlaectg/\(/jegn ;healﬁpg?gleec::ter l(;ar::str\c/)v?t?{ zlarr]%e Z?éﬁe?gemfa This work analyzes the bonding in the tridehydrobenzene
while a sr,) stem of ngninFt)eractin electrons wouldpnot shovfan , isomers (1,2,3-, 1,2,4-, and 1,3,5+G) according to the criteria
referen():/e for either hiah-s ingor low-sDin states Y mentioned above. We report equilibrium structures, doublet
P 9n-sp P ) quartet energy gaps, and TSEs. The electronic structure of
) several low-lying excited states is also discussed.
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closed-shell molecule, and in more rigid structures, i.e., higher
vibrational frequencies. The energetics of these partial bonds
can be characterized by the so-called diradical and triradical
stabilization energies (DSEs and TSEs), which provide a

measure of the effect of combining two or more radical centers

in the same molecule (which can be stabilizing or destabilizing

with respect to the separate noninteracting centers). Finally, the
ground-state multiplicity and the energy gap between the high-
spin and low-spin states (e.g., the singletplet and doublet
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4 I e 4+ 4+ 4+ + <+ b—j. Since all the configurations (withls = /,) present in the

+ e+ 24 -4 - A -4 low-lying triradical states [wave functionsyin Figure 1] are

4+ 4+ 4+ 4+ 4+~ 4+ 4+ 4+ + formally obtained from thévls = ¥/, reference state by single

@) ) © @ excitations including a spin-flip, the SF method provides a
balanced description of all the triradical states from Figure 1.

Note that, although all the target states (the quartet b, the

i o z N + + open-shell doublets ¢ and d, and the closed-shell doubtg)s e
— + are multiconfigurational, they are treated by SF within a single-
# - * = reference formalism.
© @ As in traditional (non-SF) models, the description of the target
—_ H — % states can be improved systematically by employing increasingly
4 - A4 VA o+ 4 accurate models for the reference state. Recent benchtharks
H — H - demonstrated that the accuracy of the SF methods is roughly
9 ) the same as that of the corresponding non-SF models in the
case of well-behaved closed-shell systems. The SF approach
_ #+ _ # thus extend_s traditional methods to diradicals, triradicals, and_
H o — A e — bond breaking. Other advantages of the SF methods are their
+ + + s multl§tate nature.(sev.eral excited states, for example, gll the
triradical states in Figure 1, can be obtained in a single
U] (1) calculation) and the fact that they do not require the selection
Figure 1. Wave functions of triradicals that are eigenfunctionssbf of an active space.
Note that all theMs = ¥/, configurations present in the low-lying Three SF models are employed in this study: two models

triradical states [wave functionsj] are formally obtained from the based on the equation-of-motion coupled-cluster (EOM-CC)
Ms = 3/, reference state (a) by single excitations including a spin-flip. formalism2425and the SF extension of time-dependent density-

The coefficientsl that define the mixing of closed-shell determinants .

depend on the energy spacing betwgen the orbitals, while the coef-functional theory (TDDFT}5"2 In the EOM-SF-CCSP and

ficients of the open-shell determinants are determined solely by the EOM-SF-ODB® models, the reference state is described by

spin symmetry requirements. Spatial symmetry determines further coupled-cluster singles-and-doubles (CC®@nd optimized-

mixing of the above wave functions. orbitals coupled-cluster doubles (OO-CCD or simply G&3!
respectively. In these models, the operd®includes single

SF approach. In Section IlI, the results are presented: theand double excitations which flip the spin of an electron. EOM-

analysis of the gHsz low-lying states (Ill.A), their structures  SF-CCSD and EOM-SF-OD have been shown to yield accurate

(111.B), and thermochemistry (l1l.C). Our concluding remarks excitation energies and singtetriplet gaps for diradical$?’23

are given in Section IV. typical and maximum errors were about 1 and 3 kcal/mol,
) respectively. Here, we employed these models to calculate
IIl. Theoretical Methods doublet-quartet gaps. Most of the equilibrium geometries were

A. Triradicals and the Spin-Flip Approach. Triradicals— calculated by the SF-DFT methdvith the 50/50 functional?
species with three unpaired electrons distributed over three SF-DFT has been found to yield accurate equilibrium geometries
nearly degenerate orbitatéeature extensive electronic degen- for diradicals and triradicals}'”21-33the typical error in bond
eracies that result in multiconfigurational wave functiéhhe lengths being less than 0.01 A. The performance of SF-DFT in
complexity of the triradical electronic structure and, conse- Calculating equilibrium properties is thus superior to that of
quently, the challenges they pose for electronic structure multiconfigurational self-consistent field (MCSCF), which yields
methodology exceed even those of diradiéaf&-7 Figure 1 bond distances with typical errors of 0.06 A.
shows valid triradical wave functions with a positive projection B. Accurate Thermochemistry of Open-Shell Species:
of the total spin, i.e., wittMs = +%/,, 1/,. Note that only the High-Spin Pathways for Calculating Diradical and Triradi-
high-spin component of the quartet state, configuration (a) in cal Stabilization Energies.A measure of the strength of the
Figure 1, is single-configurational, while all the low-spin states interaction between one radical center and a diradical moiety
are multiconfigurational and are, therefore, not accessible by is provided by the triradical stabilization energy (TSEFor
the traditional ground-state single-reference methods. However,the tridehydrobenzene isomers, TSE is defined as the energy at
all these states can accurately be described by the spin-flip (SF)0 K (AEg) of hypothetical isodesmic reactions (see Figure 2)
modelst®=23 In the SF approach, low-spin states are described in which a radical center is transferred from a triradical to a
as spin-flipping excitations from a high-spin reference state, for benzene molecule, yielding a phenyl radical and a benzyne
which effects due to dynamical and nondynamical correlation diradical as products. A positive value of the TSE indicates
are much smaller than those for the corresponding low-spin stabilization of the triradical relative to separated radical centers.
states'® This definition of TSE is analogous to that given by Wierschke

In the case of triradicals, the SF method describes target statest al3 for the diradical stabilization energy (DSE) of the
as benzyne isomers. In their paper, DSE is calculated as the energy

change in the reaction between a benzyne molecule and benzene,
pla = QM Wl (1) in which two phenyl radicals are formed; this is also the
s =1 Vs approach we employ in this work for the calculation of the DSEs
of benzynes. Experimentally, TSEs and DSEs can be determined
where ‘i’?/lfa/z is the aaa high-spin reference determinant from heats of formatiod#36.37
[configuration a in Figure 1R, __, is an excitation operator While there is only one way to separate the two radical centers
that flips the spin of an electrom(— ), andlpf,ig=l,2 stands in a diradical, there are, in general, several possible channels
for the wave functions of the doublet and quartet target statesfor the separation of a radical center from a triradical. For
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5 - @ + @ Figure 3. Determination of the triradical stabilization energy (TSE)
¢ by high-spin pathways, exemplified by the case of 1,2,3-tridehydroben-
. . . . 2 zene. The low-spin TSE (the reaction energy of the low-spin reaction)
6. @ + @ _— @ + @ is calculated from the corresponding high-spin TSE and the doublet
quartet and singlettriplet gaps of the triradical and diradical,

Figure 2. Isodesmic reactions whose energy changes define the respectively.
triradical stabilization energies for thegls isomers. Contrary to )
diradicals, in triradicals there are in general several ways to separaterespectively. Accurate values ohEpg and AEst can be

the third radical center from a diradical moiety. calculated by a SF or multireference method or else taken from
experiment® In this work, the SF-CCSD and SF-OD models
example, in the case of 1,2,3- and 1,2 ,¢Hg; the reaction with were employed.
benzene may proceed on two and three different channels, This approach is expected to lead to efficient error cancel-
respectively. As can easily be proved, however, for a given lation. Although only a tripleZ basis is used, one may expect
triradical the sum of TSE and the DSE of the benzyne product an accuracy of-1 kcal/mol for the high-spin reactions, due to
is the same for all the TSE channelsimply because there is  their isodesmic characté?.The errors in TSE are thus domi-
only one way to separate all three radical centers. Therefore, if nated by those inAEpg and AEst. While very detailed
a TSE for a triradical can be accurately determined (theoretically benchmarks are necessary to determine error bars for SF,
or experimentally), the other TSEs of the same triradical may previous results for diradicdisindicate a typical error of-1
be calculated indirectly, using the DSEs of the corresponding kcal/mol in the singlettriplet gaps. Moreover, it was found
diradicals. For example, the experimental TSEs for reactions that for diradicals with a singlet ground state, SF methods
2, 4, and 5 given in Table 3 were not determined directly, but systematically underestimat®Esr,'” so that we expect error
were calculated by using TSEs for reactions 1 and 3, provided cancellation in the calculation of any low-spin TSE, in whose
in refs 34 and 36, and the DSEs of benzynes calculated from expressiomAEpq for a triradical with a doublet ground state
experimental heats of formation given in the Appendix. andAEst for a diradical with a singlet ground state appear with
Theoretical calculations of TSEs and DSEs are rather chal- opposite signs.
lenging due to the fact that the species involved in the  To minimize errors in the computed energies that are due to
corresponding reactions have very different electronic structurethe spin contamination of the radical species, the simplest
(i.e., some of them are well-behaved closed-shell molecules thatapproach is to use a restricted open-shell (ROHF) reference in
can be described by single-reference methods, while others arghe CC calculation4? The resulting correlated wave function
open-shells with multiconfigurational wave functions), which is not spin pure, since in its spitorbital formulation the cluster
makes it virtually impossible to find a method that will describe operatorT does not commute with the total spin operafarlt
all of them with a similar accuracy. For instance, the ground can easily be shown, however, that the spin contaminants in
(low-spin) states of the triradicals and diradicals involved in the ROHF-CC wave function do not contribute directly to the
the isodesmic reactions=b are multiconfigurational (see the  energy!%4Lalthough they do contribute indirectly, through the
discussion in section Ill.A for the El3 isomers and that in ref ~ wave function optimizatioAl! Additional calculations were
17 for benzynes). On the other hand, the ground states ofperformed by using the Brueckner CCD mddeih which
benzene and phenyl are dominated by a single configuration.orbitals are optimized for the correlated CCD wave function.
This is why it is not possible to calculate TSE in a balanced  C. Computational Details. The equilibrium structures of the
way by either a single-reference or a multireference method. lowest quartet states of the tridehydrobenzerBs in 1,2,3-
However, the high-spin components of the lowest quartet and and 1,3,5-GHz and“A’ in 1,2,4-GHs) and of the lowest triplet
triplet states of the gHz and GH,4 isomers, respectively, are  states of the benzynedB; in o- and m-benzyne andBy, in
single-determinantal, which makes possible the accurate com-p-benzyne) were calculated by density-functional theory with
putation of high-spin TSEs (i.e., the energy change in the a B3LYP*3functional, and the CCSD method with perturbative
reactions shown in Figure 2 where the triradicals and diradicals account of the triples, CCSD(®. The 6-311G**647 and
are in their lowest quartet and triplet states, respectively) by a cc-pVTZ*8 basis sets, respectively, were employed. Pure angular
suitable single-reference model. momentum functions (5d, 7f) were used throughout this study.
This is the essence of our approach to the calculation of TSEs The ground states of the tridehydrobenzeri®s,(?A’, and
and DSEs, which is illustrated in Figure 3. The low-spin TSE 2A;in 1,2,3-, 1,2,4-, and 1,3,5¢83, respectively), as well as
is calculated from the high-spin TSE [determined at the CCSD- the ground states of the benzynéa(in o- and m-benzyne,
(T)/cc-pVTZ level] and the doubletquartet AEpg) and sin- and!Aqq in p-benzyne) were optimized by using the SF-DFT
glet—triplet (AEst) gaps of the triradical and diradical species, method! with a 50/50 function&f and a 6-311G** basis set.
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5-@Hs. Only thesr-system, which is similar to that in benzene, and the

threeo orbitals, which in the lowest quartet state host unpaired electrons, are shown.

The geometry of the 3\; ground state of the phenyl radical
was optimized at the B3LYP/6-311G** level. For the ground
state of benzene, the CCSD(T)/cc-pVQZ equilibrium structure
from ref 49 was used.

Doublet-quartet and singlettriplet adiabatic energy separa-
tions for all the triradicals and diradicals were calculated at the
SF-DFT/6-311G** level, and also by the EOM-SF-CCBD
method with a mixed basis set (cc-pVTZ on carbon and cc-
pVDZ*8 on hydrogen). Both unrestricted and restricted open-
shell Hartree-Fock references were employed in the EOM-
SF-CCSD calculations.

The high-spin TSEs for the isodesmic reactiors6l(see
Figure 2) were computed at the CCSD(T)/cc-pVTZ level.
Additional calculations of the high-spin TSEs were performed
by using Brueckner CCD with perturbative triples, BCCD$T).

Zero-point vibrational energies were calculated by density-
functional theory (B3LYP/6-311G**) for the high-spin states
of the triradicals and diradicals and also for the ground states
of benzene and phenyl. ZPEs of the ground (low-spin) states
of the GH3 and GH4 isomers were determined by using the
SF-DFT method and a 6-311G** basis set.

All the SF and DFT calculations were performed by using
the Q-CHEM! ab initio package. The CCSD(T) results were
obtained with the ACES % electronic structure package. Some
basis sets were obtained from the EMSL dataSase.

I1l. Results and Discussion

A. Low-Lying Electronic States in CgHjz Isomers: Mo-
lecular Orbital Picture. Molecular orbitals of the gHz isomers
are shown in Figure 4. The threeorbitals derived from the
three sp-hybridized orbitals of the dehydrocarbons are between
the bonding and antibonding-orbitals. Thesz-system of the
tridehydrobenzenes is similar to that of benzene.

In tridehydrobenzenes, three electrons are distributed in the

three nearly degenerateorbitals. This can be done in several

ways (see Figure 1). If these orbitals were all exactly degenerate,
the ground state of the molecule would be a quartet, according

figuration, in all three cases, has the lowest triradical orbital
(10g in 1 and3, and 16ain 2) doubly occupied and the next
orbital (7y, 174, and 11ain 1, 2, and3, respectively) singly
occupied. The closed-shell doublet ground state of these
triradicals is a signature of a bonding interaction between the
unpaired electrons. The doubtajuartet gaps are presented and
discussed in section I1I.C.

In 1,2,3-GHs, the X2B, ground state is followed in energy
by the PA; state, whose wave function is of type e: the
dominant configuration has the L0arbital doubly and the 14a
orbital singly occupied. The next state is tf81quartet, whose
Ms = %/, and!/, components are shown in Figure 1, configura-
tions a and b, respectively. Thds = 3/, component of this
state was used as the spin-flip reference. Higher in energy there
are two doublet states,?B; and PA,, derived from the
excitation of an electron from the 1and 2h s orbitals to the
10a o orbital.

In the 1,2,4-isomer, the triradical orbitals are all of the same
symmetry (8, and the low-lying triradical states shown in
Figure 1 that are of the same multiplicity can mix. Th&AX
ground state is a closed-shell doublet of type g. The next in
energy is the 2\’ state, which is predominantly of type i, but
also has contributions from configurations in which all the
triradical orbitals are singly occupied. The second excited state
is the lowest quartet,“A’, whoseMs = 3/, component was
chosen as the spin-flip reference for 1,2,¢He Two states of
A" symmetry that are derived from— ¢ excitations lie higher
in energy. The dominant configuration in the lowest state
has the 33, 174, and 18&orbitals singly occupied and 16a
doubly occupied, while in the next state the configuration that
results from a 24— 164 excitation of the reference state is
dominant. However, for both states, the configurations resulting
from the excitation of an electron from the other occupfed
orbitals (14, 3d' and 14, 2d’, respectively) have rather large
coefficients (at the ground state and lowest quartet geometries).

In 1,3,5-GHs, the X2A; ground state is a closed-shell-type

to Hund’s rule. If the orbitals are well-separated in energy, doublet [g in Figure 1, where the orbitals are 10Bla, and

however, the aufbau principle would predict a doublet ground
state, in which the lowest triradical orbital is doubly occupied
and the singly occupied orbital is the second lowest.

For the GH3 isomers, the aufbau principle prevails over
Hund’s rule and their ground states are closed-shell-type
doublets, the corresponding wave function being denoted by
configuration g in Figure 1. The ground state dominant con-

7y in the order of increasing energy]. Next in energy are the
1?B, state, whose wave function is of type e, and the lowest
quartet, 1B..

Similarly to the other isomers, the third and fourth excited
states (1A, and ¥B;) are derived from the excitation of one
electron from ar orbital (2 and 1a, respectively) into the
lowest triradical ¢) orbital (10a). These two states are
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H 12063 137527 3g4g 12593
1.3805  1.3746

E,,.=176.1376 E,,.=176.6376 E,..=177.1966
176.8939 180.3190 177.6348
180.8387 179.9934

Figure 5. Equilibrium structures of 1,2,3-, 1,2,4-, and 1,3,8H¢(1, 2 and 3). The lowest high-spin (quartet) states have been optimized at the
B3LYP/6-311G** andCCSD(T)/cc-pVTZevels. The ground (doublet) state parameters have been calculated at the SF-DFT/6-311G** level. Bond
lengths are in angstroms, angles in degrees, and nuclear repulsion energies in hartrees.

degenerate Dz, symmetry (e.g., at the equilibrium geometry —=— High-spin states
of the ¥B; state). —e— Low-spin states

A thorough discussion of these states of the 1,3,5-isomer, as
well as of higher electronically excited states, is given in ref
14.

B. Equilibrium Structures. Equilibrium structures of the
ground and lowest quartet states1pf2, and3 are shown in
Figure 5. For the quartet stateslofnd3, the B3LYP/6-311G**
structures are very similar to the CCSD(T)/cc-pVTZ ones and e s v
were used in subsequent calculations. °§ i —"

The bonding character of the lowestnolecular orbital (see & 107 v
Figure 4) suggests a bonding interaction between the unpaired< .12 |
electrons, resulting in shorter distances between the radical
centers than in benzene. Indeed, the calculated equilibrium
structures manifest considerably contracted distances that 181 . H
demonstrate partial bond formation between the radical centers. -8 . . . . . T T T :

The magnitude of the distance decrease is related to the strength s\ flong O\ fm N7

of these partial bonds. Figure 6 shows the relative changes in ~ #2CH 13CH14CH, 135CH, 123CH,  124Ch,

the distances between tridehydrocarbons (in tki¢s@omers) (8,'A) (B,"A) (B,,'A) (B,"A)  (B,%B) (A, R)

and didehydrocarbons (in theld, species) with respect to the  Figure 6. Relative change of the distance between radical centers in
corresponding distances in the benzene molecule. The change8enzynes (€Hs) and tridehydrobenzenes ) with respect to
are calculated adr/r,en; Where Ar is the deviation of the Efar{é%rfd f';(r’;h%""l%r\‘,v:gfﬁi'gﬁggeﬁg&t?i)sfg;gv‘venglg‘c’)‘r‘%gﬁ(gg"r;fgg‘)
distance between radical centers in a given trllradlcal or diradical all possible distances between two radical centers are consideréd; for
from the distance between carbon atoms situated in the sameyample, in 1,2,4-g1s, the distances between centers in ortho (0), meta
pOSitiOﬂS in benzene (denoted t&én;) These values quantify (m), and para (p) positions are used.

the effect of the interaction between radical centers on the

structures of the di- and tridehydrobenzenes. dehydrocarbons C1 and C4 is shorter thanpibenzyne is

In the X*B, ground state of 1,2,3+Ei3, the shortening of  probably due to an overall tighter structure rather than a stronger
the distance between meta radical centers is much less prointeraction between these radical centers.
nounced than that in the X, state ofm-benzyne, while the In 1,3,5-GHs, whose ®A; ground state is a JahTeller

bond between ortho dehydrocarbons is only slightly longer than distorted double¥ the distance between the C1 and C3

the one in the XA, state ofo-_benzyn_e. This '”.‘p"es that in the dehydrocarbons is much shorter than the-C5 and C3-C5

ground state ot, the ortho interaction prevails over the meta distances between the other radical centers in the meta position

one, but is weaker than that@benzyne, due to delocalization . . . position.
The C1-C3 distance is only slightly longer than the one in

over dehydrocarbons C1, C2, and C3. . .
In 1,2,4-GHs (X2A' state), the C+C2 bond is almost as m-benzyne, so it can be concluded that the radical center at C5
o y interacts very weakly with the diradical moiety 81434

short as the one in-benzyne, while the distance between the
meta radical centers at C2 and C4 is considerably longer than Even in the high-spin states of thetf and GH, isomers,

that in m-benzyne, but shorter than that in 1,2, This the distances between meta and para radical centers are
suggests that, although the interaction between the ortho radicalcontracted relative to benzene. This has been explained to be a
centers at C1 and C2 prevails, the interaction between the C2consequence of an increase in electron density in the central
and C4 dehydrocarbons also has a noticeable effect on thepart of these molecules upon-E&1 bond breaking? For radical
structure of2. The fact that the distance between the para centers in the ortho position, this effect is compensated by the

144
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TABLE 1: Singlet—Triplet and Doublet—Quartet Energy Separations (eV) for Di- and Tridehydrobenzene%

1,2-GHs 1,3-GHa 1,4-GHs 1,2,3-GHs 1,2,4-GHs 1,3,5-GHs
SF-DFT/6-311G** 1.896 0.986 0.179 2.489 2.084 1515
SF-CCSD(UHF)/mixeé 1.629 0.834 0.171 2.235 1.863 1.197
SF-CCSD(ROHF)/mixed 1.626 0.805 0.171 2.137 1.786 1.198
SF-OD/mixed* 1.632 0.837 0.171
experimertt 1.628+ 0.013 0.914 0.014 0.165£ 0.016

aZPEs not included? cc-pVTZ basis on carbon and cc-pVDZ on hydrogebBata from ref 179 Data from ref 38.
TABLE 2: Reaction Energies & 0 K (kcal/mol) for the High-Spin2 Isodesmic Reactions 1 to '6(high-spin TSEs)

method/basis set 1 2 3 4 5 6
UHF-CCSD(T)/cc-pVTZ -9.04 —10.47 —2.77 —4.20 -7.91 —4.33
ROHF-CCSD(T)/cc-pVTZ —9.05 —13.03 —2.97 —6.95 —8.12 —6.15
BCCD(T)/cc-pVTZ —9.28 —-13.11 -3.18 —-7.01 -8.31 —6.52
AZPE —0.40 —-0.52 —0.30 —0.42 -0.37 —0.16

aThe lowest triplet states of the diradicals and the lowest quartet states of the triradicals are involved in the ré&etmirgure 2¢ For
benzene, the RHF-CCSD(T)/cc-pVTZ energy was employed in all cZeso-point vibrational energies calculated at the B3LYP/6-311G** level.

TABLE 3: Reaction Energies & 0 K (kcal/mol) for the Low-Spin? Isodesmic Reactions 1 to '6(low-spin TSESs)

TSE 1 2 3 4 5 6
theory 2.35 17.17 0.43 15.25 28.75 2.75
experimertt 12.3+4.9 28.3+ 6.7 4.0+ 5.8 20.0£ 7.4 35.9+ 7.3 3.7£ 5.6

2The ground states (singlet and doublet, respectively) of the diradicals and triradicals are involved in the ré&xiemSgure 2¢ Low-spin
TSEs calculated with use of SF-CCSD (ROHF) gaps for the triradicals and diradicals and ROHF-based CCSD(T)/cc-pVTZ high-spinRSE3Es.
for reactions 1, 3, and 6 from refs 34 and 36. TSEs for reactions 2, 4, and 5 calculated as explained in Section Il B.

TABLE 4: Diradical Stabilization Energies (DSEs) for

strong electron repulsion, and the distance betweer@2L Benzynes (kcalimol)

dehydrocarbons is slightly elongated with respect to benzene.

To summarize, the equilibrium structures of thgHg and 0-CeHa m-CeHa P-CeHa
CgH, isomers indicate the formation of partial bonds between meor}?+ - g?-gg 1?-22 %'88
; ; ; eory+ experime . . .
the radical centers in these species. _ _ experimert 3544 3.3 104L32 35430
C. Doublet—Quartet Gaps, Thermochemistry, and Tri- _ _ )
radical Stabilization Energies. As explained in section I1.B, * High-spin DSEs calculated by CCSD(T)/cc-pVTZ (with a ROHF

triradical stabilization energies (TSEs) for the ground (low-spin) L‘zfseirseggte)('ccs_igslfgrﬂeé g(?CFiZ’V‘I:DOng#tﬁ? g¥eif68?e¥vg%gmzbfed

states of the gHs isomers were calculated by using high-Spin - ccsp(T)/cc-pvTZ high-spin DSEs and experimental singteiplet
TSEs and the doublejuartet and singlettriplet gaps for gap$® were usedSExperimental DSEs calculated from heats of
tridehydrobenzenes and benzynes, respectively. formation given in the Appendix.

The extent of the interaction between the “unpaired” electrons
in the ground (low-spin) state and in the lowest high-spin state corresponding wave functions exhibit only very small residual
is reflected in the value of the adiabatic energy separation spin-contaminatiof:>* its effect on the CCSD(T) or EOM-
between these states. Thus, in benzynes, as the distance betwedlCSD energies can be signific@itTherefore, we performed
radical centers increases (from ortho to meta to para), the energyCC calculations using UHF, ROHF, and Brueckner orbitals.
of the low-spin state becomes higher (as the bonding interactionHigh-spin TSEs, calculated at the CCSD(T)/cc-pVTZ level with
becomes weaker), while the high-spin state is lowered in energy, UHF and ROHF references, are given in Table 2. BCCD(T)
due to weaker electron repulsion. This results in a decrease of TSEs for all reactions are also shown in Table 2. For reactions
the singlet-triplet gap as ortho> meta> para. In tridehy- 2,4, and 6, differences larger than 2 kcal/mol between the UHF-
drobenzenes, the strongest bonding interaction in the low-spinand ROHF-based high-spin TSEs are observed. As expected,
state and the strongest repulsion in the high-spin state both occuBrueckner calculations support the ROHF-based results.
in the 1,2,3-isomer, where the three radical centers are closest The highest exothermicity is manifested in reactions 1 and
together, resulting in the largest doubteuartet gap. The 2, in which one radical center is separated from the other two
relative stability of the ground and lowest quartet states of the in 1,2,3-GHaz. This is not surprising, since the repulsion between
1,2,4- and 1,3,5-isomers is less obvious a priori. From the EOM- the unpaired electrons in the lowest quartet state is strongest in
SF-CCSD calculations, we found that the bonding interaction the 1,2,3-isomer. A large negative value ofE§ is also
in the X2A’" state of2 is stronger than that in the2X; state of obtained for reaction 5, in which the radical center at dehydro-
3, while the lowest high-spin states of the two molecules are carbon C2, whose repulsive interaction with radical centers in
very close in energy. This results in a larger doubkgiartet ortho and meta positions is strong, is separated from the
gap in the 1,2,4-isomer. In conclusion, the most efficient bonding triradical.
interaction occurs in the ground state of the 1,2,3-isomer, |ow-spin TSEs and DSEs are given in Tables 3 and 4,
followed by the 1,2,4- and 1,3,5-isomers, respectively. respectively, and illustrated in Figure 7. By comparing the TSE

Caution should be exercised when performing calculations values for different reactions, several conclusions regarding the
for open-shell species, even for relatively well-behaved high- extent of the interaction between radical centers can be drawn.
spin states. In particular, the quality of the results can be affectedFirst, as expected, in a given triradical the strength of the
by spin-contamination. Although the highly correlated CC interaction decreases as the distance between the radical centers
models are relatively insensitive to the orbital choice, and the increases (from ortho to meta to para).
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Figure 7. Theoretical and experimental values of DSEs and TSEs for DSE with the available experimental values. The theoretical value is
benzynes and tridehydrobenzenes (obtained as explained in Tables ®btained by using the experimental singleiplet gap, as explained
and 4). Labels (1)(6) correspond to the isodesmic reactions in Figure in Table 4. The hatched area illustrates the estimated uncertaidty (
2. kcal/mol) in the theoretical DSE. The experimental DSEs were
calculated with use of the thermochemical data from Table 5 and the

) . : . : heats of formation ob-benzyne provided in Table 3 of ref 38. The
In 1,2,3-GHs, the interaction between centers situated in an numbering of the experiments follows the ordering therein. The last

ortho position is much stronger than the meta interaction, as g yalues are weighted averages of the experimengand 1,2,5
proved by the small TSE of reaction 1. In 1,2,4H3, the ortho 8, respectively.

interaction is also dominant (the TSE of reaction 3 is very small).

For 1,3,5-GHs, it can be concluded from the small TSE of experiments 1, 2, and-3B. The resulting value of 33.% 3.4
reaction 6 that the third radical center interacts very weakly kcal/mol (no. 10 in Figure 8) is even in better agreement with
with the m-benzyne moiety. the theoretical value. Overall, the agreement of the theoretical

As follows from Tables 3 and 4, and Figure 7, the overall DSE with the experimental values is good, while the large
trend in theoretical TSEs and DSEs closely follows the discrepancies between different experiments suggest that the
experimental one. However, some theoretical values fall outside recommended experimental value should be refined.
of the experimental error bars, which deserves further analysis. The calculated TSEs for 1,2,4- and 1,3,8-g are in good

The best theoretical estimates for DSEs are within the agreement with experiment. However, for 1,284 both
experimental error bars fon- and p-benzyne; however, DSE  theoretical TSEs are 45 kcal/mol lower than the lowest
for o-benzyne is 1.2 kcal/mol lower than the lowest experimental experimental value. The most conservative estimate of error bars
estimate. To check different error sources, we recalculated DSEsfor calculated TSEs is considerably smaller than 4 kcalfmol
by using experimental singletriplet gaps®® The overall thus, the experimental and computational error bars do not
changes are small (within 1 kcal/mol), and thbenzyne’s DSE overlap. To further clarify this point, the TSE corresponding to
is now only 0.28 below the lowest experimental estimate. Taking reaction 1 was calculated at the CCSD(T)/cc-pVTZ level with
into account estimated error bars of 1 kcal/mol for the theoretical an ROHF reference. Since the ground states of both 1,&3-C
value, this value agrees with the experimental one. and o-benzyne at their equilibrium geometries are dominated

Calculation of the high-spin DSE farbenzyne by BCCD- by @ single configuration, the TSE thus computed can be
(T)/cc-pVTZ yields a result that differs by only 0.12 kcal/mol ~ considered accurate within 1 kcal/mol. This value is larger than
from the ROHF-CCSD(T)/cc-pVTZ one. Sincebenzyne is the the TSE calculatepl following .the high-spin pathway by only
most well-behaved of all isomers, and can accurately be 0.45 kc_al/mol, Wh|ch_argues_ in favor (_)f the accuracy of the
described by single-reference methods, we recalculated the low-theoretical TSE for this reaction. The discrepancy between the
spin DSE by the CCSD(T) and B-CCD(T) methods (with the theoretical and experlmentgl results may be due to the error in
cc-pVTZ basis). The corresponding values are 30.80 and 30.61the reference thermochemmal data employed to 'calculate the
kcal/mol, respectively, both being in excellent agreement with heat of formation of 1,2,3-s from the experimentally
the theoretical DSE from Table 4. This further supports the Measurable data.
theoretical DSE.

Figure 8 presents a comparison of our best estimate of
o-benzyne’s DSE (calculated by using the experimental singlet The electronic structure of the tridehydrobenzene triradicals
triplet gap, as explained above) with experimental DSEs, is characterized by coupled-cluster methods. We find that in
obtained from the heats of formation @benzyne given in ref all three isomers, the bonding character of the lowest NBMO
38, Table 3. Taking into consideration the experimental and is sufficiently strong for the aufbau principle to win over Hund's
theoretical error bars, our value is in good agreement with four rule. The resulting doublet ground states exhibit partial bond
of the eight measurements, and very close to other two. As formation between the radical centers. In agreement with a
described above, it is in agreement with the recommended qualitative MO analysis, the doubtetjuartet gaps and, therefore,
weighted average value (no. 9 in Figure 8). We also calculated the strength of the bonding interactions decrease in the following
the weighted average of the experimental data excluding sequence: 1,2,% 1,2,4> 1,3,5. The energy of these partial
experiments 3 and 4 that considerably differ from those of bonds is characterized by TSE and DSE. In benzynes, the

IV. Conclusions
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TABLE 5: Supplemental Thermochemical Data

compd AH®;29¢(0), kcal/mol ref
0-CgH4 105.9+ 3.3 a
m-CeHa 1219+ 3.1 b
p-CeH4 137.8+ 2.9 b
CeHs 19.7+0.3 b
CeHs 80.5+ 0.5 c

aReference 382 Reference 57¢ Reference 58.

stabilizing interaction between the radical centers varies from

4 to 32 kcal/mol, the latter value being close to a third of a

normal chemical bond energy. In tridehydrobenzenes, the

Cristian et al.
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(25) Stanton, J. F.; Bartlett, R. J. Chem. Phys1993 98, 7029.
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varies in a similar range (0430 kcal/mol). The calculated TSEs

are in reasonable agreement with experiment and the detaile

analysis is in favor of the theoretical TSEs.
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Appendix

The heats of formation used to calculate experimental DSEs

from Table 4 and TSEs for reactions 2, 4, and 5 from Table 3
are provided in Table 5.
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