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ABSTRACT: Experiments have demonstrated that nucleo-
philes can attack singlet diradicals to generate bonded, closed-

shell addition products. Here, we present a molecular orbital A A PN R
analysis for this reaction, focusing on the addition of © — ©<—>© —=
nucleophiles to homosymmetric diradicals. We show that 2 Z <

beginning with the Salem—Rowland molecular orbital Cl
description of homosymmetric diradicals, a continuous Cl- CI-
progression from open-shell diradical to closed-shell addition CI- No barrierl

product occurs during the reaction via a gradual evolution of
orbital and configuration interaction coefficients. This
theoretical framework is supported by high-level multi-
reference computations (CASPT2, EOM-SF-CCSD(dT))
using the addition of chloride to p-benzyne to generate a p-chlorophenyl anion as a case study. When using levels of theory
that include dynamic correlation, the reaction is predicted to be barrierless. No abrupt switch from diradical to closed-shell
species happens during the mechanism, but rather a gradual decrease in diradical character occurs as the nucleophile approaches
the radical center before ultimately transforming into the closed-shell anion. The overarching conclusion from this work is that
there are no electronic impediments of any kind, deriving from orbital symmetry or from any other source, that exist for the
addition of nucleophiles to homosymmetric singlet diradicals.

© © Nucleophilic addition fully allowed

two faced reactivity

B INTRODUCTION

The addition of nucleophiles to electrophiles is a fundamental
concept in the understanding of chemical reactions. It is also
readily understood even through a model as simple as Lewis
theory, where the electrophile accepts a pair of electrons from
the nucleophile to create a shared pair (bond). Although more
detailed treatments can be considered,’ the basics of the reaction
remain the same, with a two-electron interaction to create a
bonding orbital.”

Nucleophilic addition is more complicated when it involves
more than addition of an electron pair to an empty orbital. For
example, nucleophilic addition to a phenyl radical is possible
with sufficiently strong nucleophiles,?’_6 but the predominant
reaction expected for radicals is radical addition or radical
abstraction. Nucleophilic addition requires a single-electron
transition from the ¢ to 7 orbital, which is formally symmetry
forbidden for the planar system. Therefore, describing the
pathway for nucleophilic addition to radicals (the Sgyl
mechanism) requires consideration of the orbitals involved >
and the different electronic states possible."”*

Similarly, diradicals are generally expected to react via radical
abstraction, due to their open-shell nature. Indeed, this is
generally the case, as hydrogen atom and other radical
abstractions are commonly observed.">™>' However, in select
cases, diradicals have been found to undergo nucleophilic
addition. For example, by using mass spectrometry, Kenttimaa
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22,23 . - .
and co-workers™™”” examined the reactivity of ionized

derivatives of m-benzyne (1) and found them to undergo
substitution reactions with pyridine substrates (eq 1).Similarly,

®
X+ NT
0.0
+l ) +X (1)
O-0—0
1

X =CO, MeSMe, 3-fluoropyridine, others

Perrin and co-workers”* found that nucleophilic addition occurs
with p-benzyne derivatives formed by a Bergman cyclization (eq
2). Although p-benzyne is a ground-state singlet, the coupling
between the electrons is small (AEgr = 2—4 kcal/mol),” and
radical reactivity is commonly observed.””*’As with nucleo-
philic addition to radicals, there are no simple “arrow pushing”
mechanisms that can be drawn for the addition to diradicals,
although they can be shown by using a combination of double-
headed and single-headed arrows.””

Whereas arrows can provide a notation of how the bonding
changes upon addition of a nucleophile to the diradicals, it does
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not provide an explanation for how or why it occurs. For m-
benzyne, Kenttimaa and co-workers™ considered a curve
crossing model to balance the effects of (favorable) bond
formation and (nonfavorable) formal charge separation. In this
model, there is a barrier for the addition of the neutral
nucleophile that results from creation of charge separation, but
there is no indication that there is a symmetry barrier for the
reaction. In fact, addition of chloride to m-benzyne to form the
3-chlorophenyl anion (and thus not creating charge separation)
was calculated by using the (restricted) BLYP approach to occur
without an energy barrier.

To account for the addition of nucleophiles to p-benzyne,
Perrin and Reyes-Rodriguez”® described the reaction in terms of
a bicyclic (Dewar) benzyne structure, with the second carbon
acting as a “leaving group” (eq 3).From an orbital perspective,

©ﬁ@ié@

the doubly occupied molecular orbital in the bicyclic system is
the antisymmetric combination of the atomic orbitals, ¥_,
which is lower in energy than ¥, due to through-bond coupling
(Scheme 1).*” A similar approach could be used to describe the
addition of a nucleophile to cyclic m-benzyne, wherein the
bonding orbital is the doubly occupied, ¥? configuration.

Scheme 1

1 b1
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Calculations that allow for open-shell character show that
nucleophilic addition to p-benzyne occurs without barrier in the
gas phase,”® consistent with the reaction occurring without
symmetry or orbital constraints, as would be the case in eq 1.

Although conceptually straightforward, it is not clear how
applicable this approach is, in general. In particular, the single
electronic configurations, ¥ and W2, are generally not accurate
representations of the wave function for diradical systems. As
described by Salem and Rowland,™ although the W2 and W2
configurations work well for bonding systems where there is
extensive overlap of the atomic orbitals, they contain too much
polar character to properly describe systems like diradicals
where the overlap between the atomic orbitals is small. In a
diradical such as m-benzyne, where there can be extensive
overlap of the back-sides of the nonbondin% atomic orbitals,
especially at the bicyclic geometry,” ™’ a closed-shell
configuration or restricted density functional theory calculation
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may provide a reasonable approximation of the actual electronic
structure,””* but that does not apply for a diradical such as p-
benzyne, where the overlap of the orbitals is predominantly
through-bond*” and not through-space.

Alabugin and co-workers have provided an alternate
perspective, recognizing that there is weak electron coupling,
even in systems like p-benzyne that are nominally diradical.”
The consequence of this coupling is that it results in energy
stabilization that must be overcome in a free radical process,”””"
but not during nucleophilic addition. Alternatively, breaking the
symmetry through substitution can polarize the system, and the
additional zwitterionic character allows for nucleophilic
addition.’***** However, nucleophilic addition also occurs
with symmetric diradicals, which do not, in themselves, have
polarized electronic structures.”*

In this work, we provide a more detailed examination of the
mechanism for nucleophilic addition to homosymmetric
diradicals, such as p-benzyne, from a molecular orbital
perspective. We are able to show that, when using an appropriate
multiconfigurational wave function approach, there are no
electronic structure impediments expected for the addition of
nucleophiles to these diradicals. This is confirmed by high level,
multireference electronic structure calculations, which show that
the addition occurs without an activation barrier and that the
transition from a diradical reactant to a closed-shell product
occurs continuously.

Bond Dissociation as the Reverse of Nucleophilic
Addition. Perhaps the biggest challenge in the investigation of
nucleophilic addition to diradicals is the initial generation of the
diradical. Previous studies have been limited to diradicals
generated by cyclization,” or in the gas phase,””* such that
there is not an easy approach for the general study of the
reaction. However, it should be noted that the same
considerations that apply to the addition of nucleophiles to
diradicals can be applied to the reverse process, such as the
elimination of the nucleofuge from an anionic precursor. For
example, Wenthold and Squires used collision-induced dis-
sociation to generate aromatic diradicals via a,n eliminations of
halogen-substituted anions.' ™ Successful thermochemical
measurements in these experiments are predicated on having
the dissociation occur without an activation barrier in excess of
the exothermicity. If this is the case, as was argued, then it
requires that the reverse reaction, nucleophilic addition to the
diradical, occurs without an activation barrier. Therefore, the
fact that diradicals can be formed by elimination indicates that
nucleophilic addition to the diradical can occur. So how does
that happen?

Theoretical Development. We use the Salem and
Rowland description of diradicals as the framework for this
discussion.”® From this perspective, diradicals such as the
benzynes are “homosymmetric diradicals”, where the non-
bonding atomic orbitals can mix by symmetry. Therefore,
nonbonding molecular orbitals for m- and p-benzyne are the
symmetry-adapted combinations, ¥, = ¢, + ¢, and ¥_ = ¢, —
¢,, as shown in Scheme 1,* leading to the two-configuration
wave function, as in eq 4.

2_

Myl = N1 =22y

(4)
In the homosymmetric diradicals, the size of A reflects the extent
of bonding between the two centers, ranging from 27/ for pure
diradical, which is close to the situation for p-benzyne, to
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approaching 1 when there is more extensive bonding, as in m-
benzyne.*

In order to consider the process of nucleophilic addition to
the diradical, we describe the wave function of the adduct by
using the same type of multiconfiguration wave function. Our
approach is to view the nucleophile as a perturbation on the
molecular orbital. As the nucleophile approaches, it breaks the
degeneracy of the atomic orbitals, ¢, and ¢,, such that it changes
the coefficients in the linear combination of atomic orbitals
(LCAO), as in eq 5, where n,> + n,” = 1.

Y, = ”1051 + n2¢2 (5a)

Y= "2‘/51 - 111052 (Sb)

From a structural perspective, the second effect of adding a
nucleophile is that it eliminates the symmetry element that
relates ¢, and ¢, in the free diradical. Therefore, the wave
function for the homosymmetric diradical (eq 4) is no longer
appropriate because ¢; # ¢, and we need to treat it as a
nonsymmetric system, where the wave function involves three
configurations (eq 6).

lP = Cl¢12 + C2¢22 + 612¢1¢2 (6)

The wave function for the diradical in the presence of the
nucleophile will have optimized values of n; and n,, the LCAO
coefficients, and ¢y, ¢,, and cy,, the configuration interaction (CI)
coeflicients.

The transition from a diradical to a closed-shell system is
summarized in Figure 1. Nonpolarized homosymmetric
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Figure 1. Changes in the coefficients in the orbitals (eq 5) and wave
function (eq 6) during nucleophilic addition to p-benzyne.

diradicals, such as the benzynes, are described by using n, = n,
and 4 (eq 4), such that ¢, = ¢, and ¢;, depends on the value of 1.
Polarized, zwitterionic character in the diradical is introduced by
varying the coefficients n, and n, and by changing the relative
contributions of the closed-shell (¢b,* and ¢,>) and open-shell
(¢1¢p,) configurations. In the limit where the nucleophile has
added to the diradical (the phenyl anion), n; & 1 and the wave
function reduces to essentially w2 (¢,*), with no contribution
from ¢, or ¢,

The most important conclusion of this analysis is that, because
there is no qualitative change in the form of the wave function,
and it is merely an issue of varying coeflicients, the addition of
the nucleophile can occur with a continuous evolution from
diradical to the adduct or, in dissociation, from adduct to
diradical.

B COMPUTATIONAL METHODS

The addition of chloride as a nucleophile to diradicals (conversely, the
elimination of chloride from the corresponding anion to form the
diradical) has been investigated by using state-averaged multi-
configuration self-consistent field (SA-CASSCF), equation-of-motion

spin-flip coupled-cluster (EOM-SF-CC), and unrestricted B3LYP
calculations. The relaxed potential energy surface for the addition
was calculated as a function of carbon—chlorine distance.

SA-CASSCF. In order to describe the transition from anion to
diradical correctly, SA-CASSCF theory was used. Unlike standard
CASSCF calculations, which only include the closed-shell config-
urations (2 and y? ), the SA-CASSCF calculation mixes in the excited
A, state, with a y,_ configuration, which is necessary to obtain the
proper wave function at intermediate distances. In terms of atomic
orbitals, the y,y_ configuration in p-benzyne is the zwitterionic state,
¢,> — ¢,% In the intermediate geometries, it is going to be more
complicated, having the form n,%¢,> — n,’,% reflecting the unequal
contributions of n; and n,. The active space chosen for the dissociation
of p-chlorophenyl anion included all the 7 electrons and 7* orbitals, the
o orbital containing the anion lone pair, and the C—Cl ¢ and o*
electrons and orbitals. An additional four a; orbitals were added to the
active space representing additional C—C ¢ electrons and orbitals to
give a total active space of 16 electrons in 14 orbitals (resultingin 7 a;, 2
a,, and $ by irreducible representations).

A relaxed scan of the C—Cl coordinate of the p-chlorophenyl anion
was conducted using a CASPT2//SA-CASSCEF procedure. Specifically,
a relaxed PES scan of the C—Cl coordinate was conducted for the 'A,
state of the p-chlorophenyl anion under C,, symmetry at the SA-
CASSCF(16,14)/aug-cc-pVTZ level using the MOLCAS 8.2 software
package.” Due to a near-degeneracy of the two 'A, states along the C—
Cl coordinate at long C—ClI distances, state averaging was employed,
giving a 1:1 weighting to the two lowest roots. CASPT2(16,14) /aug-cc-
pVTZ single points were conducted at the SA-CASSCF geometries to
capture dynamical correlation.

A more rigorous treatment of the multiconfigurational character of
the system in the transition region could be obtained by using a
multistate (MS) CASPT2 calculation.*® However, the most important
use of MS-CASPT2 is to compensate for deficiencies in the active
space; given the extensive size of the active space used in this work,
there is less of a need to use the MS-CASPT?2 approach. Moreover,
considering that this work is not focused on accurate absolute energies,
consistency in the methods should be sufficient to draw conclusions
regarding the energies.

EOM-SF-CCSD. We have also examined the loss of chloride from p-
chlorophenyl anion by using the EOM-SE-CC approach, wherein the
singlet state is calculated by using a high-spin (triplet) reference with a
spin-flipping operator. The SF approach is capable of calculating
systems with multiconfigurational character and can include all
necessary configurations.

Geometry optimizations were carried out at the EOM-SE-CCSD/6-
31+G* level of theory, which include single and double excitations,
using unrestricted Hartree—Fock (UHF) orbitals as the reference
orbitals. Although spin-contamination in the UHF wave function of the
reference state can have an effect on the computed energies of the spin-
flip states, the effect on the optimized geometries should be minimal.
Fortunately, spin-contamination was not a significant problem in the
geometry optimizations, as the (S?) values for the reference states were
all less than 2.1. Single-point energies were calculated at the EOM-SF-
CCSD(dT)/6-31+G* level of theory, which includes perturbative
treatment of triple excitations, using UB3LYP orbitals as reference
orbitals. Whereas a small basis set was used in these calculations for
reasons of computational cost, the effect of the basis set is likely largest
on the absolute values of the relative energies and less on the shape of
the potential energy surface, which is more strongly dependent on the
level of correlation than on the basis set.

UB3LYP. Finally, the potential energy surfaces were also calculated
by using an unrestricted singlet calculation, at the B3LYP/6-31+G*
level of theory. The resulting wave functions for these calculations are
mixed singlet and triplet states, as characterized by the expectation value
for the (S?) operator. For a “half-and-half” state, which would be a pure
diradical, {S*) = 1.0. Increasing amounts of closed-shell character in the
wave function decrease the value of (S2), which naturally = 0 for a purely
closed-shell singlet state. Energies in this work are the raw UB3LYP
singlet energies and are not corrected for spin-contamination.
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Electronic Structure Analyses. Each of the computational
methods described above includes approaches for wave function
analysis that allow us to examine the transition from the closed-shell
anion to the diradical. For the CASPT2 calculations, we utilize the
relative weights of the closed-shell and open-shell configurations in the
lowest energy root of the multiconfigurational wave function. This
approach most closely resembles the analysis described in the
Theoretical Development section. Because the orbitals n; and n,
remain essentially localized in the presence of chlorine at the distances
examined in this work, the three most important configurations are the
closed-shell configurations, effectively ¢,* and ¢,* and the diradical
configuration, ¢,'¢,". At short distances, the wave function would be
expected to be essentially ¢b,% with ¢),'¢)," being dominant at longer
distances. Therefore, the transition from closed-shell to diradical can be
monitored by considering the relative weights of these two
configurations. We calculated the fraction of diradical character in the
overall wave function, by using the expression in eq 7, where ¢ >and c, 2

are the coefficients for all the phenyl anion configurations, and ¢, 4, are

the coefficients for the benzyne diradical configurations.

Z 542514)2
2
> Cq?;lz + Y quﬁzz + g2 )

To assess the transition from closed-shell to diradical in the SF-
CCSD calculations, we use the Head-Gordon index, which is computed

from state density matrices. In this work, we use the nonlinear variant
47,48
(eq 8):"”

M

Nu nl = niz(z - ni)z
,; (8)

where M is the total number of orbitals and #; is the occupation number
for each natural orbital. The value of N, is a measure of the effective
number of unpaired electrons, such that for a closed-shell system it is 0,
a radical gives 1, and a perfect diradical gives 2, etc. Previous studies
have found that the value of N, for p-benzyne, calculated with a cc-
pVTZ basis set, is 1.45,>* consistent with the expectation that p-
benzyne is mostly diradical but has some closed-shell character due to
nonperfect degeneracy of the nonbonding orbitals. The Head-Gordon
parameter considers populations within natural orbitals and therefore
does not depend on the choice of molecular orbitals. Similarly, natural
orbital populations are available from the SA-CASSCF calculations,
which could be used to examine the changes in the wave function
during dissociation. Diradical character in the UB3LYP calculations is
monitored by using (S?) values.

Nucleophilic Addition to p-Benzyne. Perrin and Reyes-
Rodriguez have examined the addition of chloride to p-benzyne by
using unrestricted BPW91 calculations and have shown that the
approach of the chloride occurs without a barrier. This is consistent
with the analysis in the preceding section, which predicts there should
not be any symmetry restrictions to the reaction. In this work, we re-
examine the dissociation in the context of the multireference framework
provided above. Therefore, we have carried out multiconfigurational
(CASSCF and EOM-SF-CCSD) calculations of the p-chlorophenyl
anion and its dissociation into p-benzyne and chloride, in order to
monitor the changes that occur in the wave function.

Figure 2 shows the relative energies for dissociation of p-
chlorophenyl anion to chloride and p-benzyne, calculated at the
CASPT2(16,14)/aug-cc-pVTZ, EOM-SF-CCSD(dT)/6-31+G*, and
UB3LYP/6-31+G* levels of theory. At all three levels of theory, the
addition of chloride to p-benzyne occurs without an electronic energy
barrier. The absolute energy differences between the p-chlorophenyl
anion minimum and the structure at a large C—ClI distance range from
about 34 kcal/mol (UB3LYP) to 39 kcal/mol (EOM-SF-CCSD(dT)).
Considering that these energies refer to geometries still containing CI~
restricted to C,, geometries and do not refer to complete dissociation
with relaxation, they are in reasonable agreement with the experimental
value of 35.3 + 2.0 kcal/mol.* More important than the quantitative
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Figure 2. Relative energies for the dissociation of p-chlorophenyl anion,
calculated at the CASPT2(16,14)/aug-cc-pVTZ (black circles), EOM-
SF-CCSD(dT)/6-31+G* (red triangles), and UB3LYP/6-31+G*
(blue diamonds) levels of theory.

agreement, however, is the shape of the curve, which shows no
activation barrier for the addition of the nucleophile.

The results of this work highlight the importance of including
dynamic correlation in the calculation to get a properly balanced
description of the chlorophenyl anion and the diradical. As shown in the
Supporting Information, the energy curves obtained at the SA-CASSCF
and EOM-SE-CCSD levels of theory have barriers for addition and are
discontinuous.

Although accurate calculation of the energies requires dynamic
correlation, the continuous transition from anion to diradical is evident
in the underlying wave functions. For example, Figure 3 shows a plot of
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Figure 3. Extent of diradical character in the chlorophenyl anion as a
function of C—Cl distance, calculated at the SA-CASSCF (black circles,
right axis) and EOM-SF-CCSD (red triangles, left axis) levels of theory.

the diradical character versus C—Cl bond distance, calculated using the
SA-CASSCF and EOM-SE-CCSD methods. With the SA-CASSCEF, the
fraction of the diradical starts near 0, as expected for the phenyl anion.
Diradical character becomes appreciable as the C—Cl distance gets to
2.4-2.5 A and approaches the asymptotic limit by 2.7—-2.8 A.*’

With the SF-CCSD calculations, the diradical character is measured
by using the Head-Gordon parameter, N,,;, which indicates the
effective number of unpaired electrons in the natural orbitals. Again, the
value is close to O for the closed-shell anion. With this level of theory,
the introduction of a diradical occurs earlier in the dissociation than it
does with the SA-CASSCF calculations, starting around 2.3—2.4 A. At
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long C—Cl distance, the number of unpaired electrons is approximately
1.45, which is the value reported previously for isolated p-benzyne.**
Another property that reflects the transition from a phenyl anion to a
diradical is the geometry. Specifically, the CCC bond angle about the
anionic center is relatively small (112°) in the chlorophenyl anion and
then increases during the dissociation. Figure 4 shows the change in the
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Figure 4. Optimized bond angles about the anionic carbon during the
dissociation of chlorophenyl anion. Geometries optimized at the SA-
CASSCF(16,14)/aug-cc-pVTZ (black circles), EOM-SE-CCSD/6-
314+G* (red triangles), and UB3LYP/6-31+G* (blue squares) levels
of theory.

CCC bond angle as a function of the C—Cl distance. For the EOM-SF-
CCSD and UB3LYP geometries, the increase in bond angle is gradual.
In the SA-CASSCF calculations, there is a slight increase in bond angle
until 2.4 A, after which the bond opens up to approach the diradical
limit.

The bond angles calculated at the EOM-SF-CCSD level of theory
increase earlier in the dissociation than do those calculated at the SA-
CASSCF and UB3LYP levels of theory. This is consistent with the
conclusions drawn from Figure 3, showing that the diradical character
develops earlier in the dissociation in the CCSD calculations. In
contrast, the geometries during dissociation are very similar for the SA-
CASSCF and UB3LYP calculations, especially above 2.4 A.

B CONCLUSIONS

The barrierless addition of chloride nucleophile to p-benzyne is
readily understood from a first-principles consideration of the
effect of the nucleophile on the wave function of the
homosymmetric diradical. As the nucleophile approaches, it
polarizes the diradical, which introduces zwitterionic character
into the wave function, in the manner described by Salem and
Rowland.” Because the extent of polarization depends on the
distance between the diradical and the nucleophile, the
transition from diradical to anion during the addition occurs
with a continuous change in the electronic structure.
Consequently, it is not possible to establish a point at which
the system transitions from diradical to closed-shell. This
conclusion is similar to those obtained by Michl and co-
workers,”® who showed that perturbations that break the
degeneracy of the orbitals lead to increased closed-shell
character. Together, the results show that there are no
restrictions, symmetry or otherwise, on the addition of a
nucleophile to a homosymmetric diradicals, consistent with the
first-principles analysis provided above. Correspondingly, this
analysis should also apply to the addition of an electrophile,
which would should similarly polarize the diradical (albeit in the
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opposite direction) and add with a continuous transition from
diradical to closed-shell.

The description of the p-chlorophenyl anion as a polarized
diradical is similar to the recent studies by dos Passos Gomes
and Alabugin,” who have utilized the gold cation adduct as a
polarized p-benzyne, amenable to nucleophilic addition, and by
Das et al,*® who have examined the nucleophilic addition to
unsymmetrical benzynes. This work reiterates the fact that
zwitterionic character in diradical wave functions is a matter of
degree,” and that it is induced in the presence of a nucleophile
or electrophile.

The lack of a barrier for the addition of the chloride found in
this work does rely on the fact that it is an anionic nucleophile,
leading to the formation of an anionic product. As has been
proposed previously for m-benzyne,”” the addition of a neutral
nucleophile, even if energetically favorable, could have a barrier
resulting from the formation of the zwitterionic product.
Similarly, the differences in the attractive potentials for the
approach of other nucleophiles with different ionic radii and
polarizibilities, such as bromide or iodide, could create
electrostatic barriers, depending on the location and depth of
the energy well. In fact, the enthalpy of formation of p-benzyne
obtained by the dissociation of p-bromophenyl anion reported
by Wenthold and Squires*' was measured to be 2 kcal/mol
higher than that obtained from the chlorinated precursor, which
could be due the presence of a barrier for the dissociation in
excess of the adiabatic dissociation energy.41 However, the
difference is well within the uncertainty of the measurements
and therefore too small to draw any conclusions. Finally,
differences in solvation of the nucleophile could also lead to
energy barriers, as has been found for the addition of halides to
p-benzyne.”**® Although these electrostatic factors could affect
the energies and even create barriers, the transition of the wave
function during the reaction should not be affected by these
factors.

Although this work provides a theoretical framework for
understanding the nucleophilic addition to homosymmetric
diradicals, it does not apply to heterosymmetric diradicals, in
which the nonbonding molecular orbitals have different
symmetry properties. Yet, it has been found that heterost -
metric diradicals can also undergo nucleophilic addition.”’ >
The theoretical description of nucleophilic addition to
heterosymmetric diradicals is provided in the following paper.”*
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