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ABSTRACT: Several Brummond—Chen thermal intramolecular
(2 + 2)-cycloaddition reactions were examined using density
functional theory calculations. The results of these calculations
indicate that it is possible for these reactions to involve diradical
intermediates that form directly from zwitterionic transition
state structures. The likelihood of this scenario was shown to be
sensitive to both the nature of substituents and solvent polarity.

B INTRODUCTION

Thermal reactions that produce organic diradicals from closed-
shell precursors have been of interest to both mechanistic and
synthetic chemists for decades. For example, the Bergman
cyclization, first reported in the early 1970s, introduced a
means of generating para-benzyne diradicals from ene-diyenes
(Scheme 1a)." In the late 1980s, related reactions (Myers—Saito
reactions) were discovered in which aryl/benzyl diradicals could
be generated from conjugated allene-ene-ynes (Scheme 1b).”
Both of these types of reaction were found to play a role in the
mechanism of action of natural products with antibiotic activity.”
Schmittel and co-workers described the thermal generation of
different diradical intermediates from conjugated allene-ene-ynes
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Figure 1. Qualitative picture of a post-transition state surface crossing
(e.g., conical intersection).
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(Scheme 1c), and in some cases, formal (2 + 2) cycloadducts
were also observed.® Many formal pericyclic reactions have
also been shown to proceed via diradical intermediates, some of
which reside on “calderas” or “mesas” on their potential energy
surfaces (PESs) and involve so-called “twixtyls” and “continuous
diradicals.” In 2005, Brummond and Chen described a way to
form cross-conjugated dienones via the thermal intramolecular
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Figure 2. Allene-ynes examined herein.

(2 + 2)-cycloaddition of unconjugated allene-ynes,® a method-
ology later utilized in natural products total synthesis.” Our
density functional studies indicated that these reactions proceed
via allyl/vinyl diradicals (Scheme 1d).® We were intrigued,
however, by the observation that some transition state structures
leading to diradicals were closed-shell, and apparently zwitter-
ionic in nature.” Herein we describe a detailed study on this
issue, the results of which indicate the potential for an unusual
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Figure 4. IRC plots for TSSs for systems A—E. Left: Singlet electronic energy vs reaction coordinate curves are shown in blue; triplet electronic energy vs
reaction coordinate curves are shown in red-orange. Right: Singlet electronic energy vs reaction coordinate curves (expanded as compared to the
lefthand plots) are shown in blue; the (S*) values vs reaction coordinate curves are shown in gold-orange; the vertical green dotted line indicates the

location of the TSS points.

solvent-controlled switch between diradical and zwitterionic
mechanisms.

Some previous work has explored the potential for accessing
diradicals and zwitterions in the same reaction. In their 1992 article
on the preparation and reactivity of (Z)-1,2,4-heptatrien-6-yne,
Myers, Dragovich, and Kuo noted that apparent products of
trapping both a phenyl/benzyl diradical (Scheme 1b) and a
zwitterionic phenyl anion/benzyl cation (some describe these
sorts of structures as “orbital isomers”'®) can be formed, which
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one predominates depending on the solvents used.” In 1999,
on the basis of trapping experiments and computations (HF,
MP2, CAS, DFT), Hughes and Carpenter suggested that this
allene-ene-yne cyclization involved parallel biradical and polar
(via a zwitterion or strained allene intermediate) mechanisms that
branched from each other after the rate-determining transition
state structure.'' They also noted: “It is possible that a crossing to
the open-shell electronic surface occurs after the transition state,
and this serves as the branching point for the reaction” (Figure 1).

DOI: 10.1021/acs.joc.6b00533
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Figure 6. IRC plots for C2—C7 bond formation TSS for A in various solvents (here, using SMD). Singlet energy vs reaction coordinate plots are shown

in blue. (S?) value vs reaction coordinate plots are shown in gold-orange.

In 2001, Cramer and co-workers used DFT calculations to pre-
dict that the product distribution of Myers-Saito vs Schmittel
cyclization, as well as the preference for diradical vs closed-shell
singlet intermediates, could be influenced by oxyanion sub-
stitution on the allene-ene-ynes.'” In 2004, calculations (DFT
and CASSCF) by Cremeens and Carpenter indicated that
4-methylene-bicyclo[3.1.0]hex-2-ene-6-ylidene can ring open
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under thermal conditions to produce the phenyl/benzyl diradical
shown in Scheme 2 (top) via a post-transition state conical
intersection;'” in this case, the reaction was predicted to proceed
toward the zwitterion after the transition state structure but then
to follow the diradical surface after the conical intersection—a
nonadiabatic process. In a follow-up to their 1999 study,
Carpenter and co-workers concluded in 2005 that allene-ene-yne

DOI: 10.1021/acs.joc.6b00533
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cyclization also involves a post-transition state conical inter-
section that allows access to both zwitterion and the diradical
intermediates.'* In 2013, Stumetz, Nadeau, and Cremeens
described calculations (CASSCF and DFT) on the ring-opening
of 4,6-dimethylidenebicyclo[3.1.0]hex-2-ene derivatives to form
bis-benzyl diradical intermediates (Scheme 2, bottom), predicting
that post-transition state crossings between the singlet and triplet
surfaces occur for these reactions.'” Related “two-state reactivity”
has been described for inorganic reactions involving transition
metals.'© We wondered whether similar post-transition state
surface crossings were occurring in the Brummond—Chen cycliza-
tions we had examined previously (Scheme 1d).*’

B METHODS

Using Gaussian09,"” optimization and frequency calculations for minima
and transition state structures (TSSs) were carried out without symmetry
constraints using the unrestricted B3LYP/6-31+G(d,p)"® method with
the “guess = (mix,always)” designation (to allow for singlet diradical
species). Despite its deficiencies, BBLYP appears to perform reasonably
well for diradicals, as long as one accounts for spin contamination in
singlets.'” Frequency calculations were carried out at 250 °C. Intrinsic
reaction coordinate (IRC) calculations™ were performed on each TSS to
locate connected minima as well as the lowest energy path that connects
them to the TSSs. Single point energy calculations were also performed
on IRC points and stationary points with an enforced triplet spin state
using (U)B3LYP/6-31+G(d,p) (vide infra). This approach reproduced
the results previously reported by Cremeens (ring-opening of
4,6-dimethylidenebicyclo[3.1.0]hex-2-ene derivative where X = O and
Y=CH,; see Supporting Information for details).'* To further explore
the validity of our results, CASSCF(8,8)/6-31G(d) calculations were
performed for system A (Figure 2); see Supporting Information for
details. Electrostatic potential-based (CHELPG, referred to as ESP later
in the paper) and natural population analysis (NPA, also referred to as
NBO) charges were also calculated for each IRC point of the singlet
surface.”! To investigate solvent effects, calculations were carried out
using continuum models for cyclohexane, chloroform, dichloromethane,
cyclopentanone, acetone, acetonitrile, and DMSO; the SMD,*> CPCM,*
and IEFPCM** methods were all used to get a sense of the dependence
of results on the nature of the solvent model used (vide infra). Structure
images were produced with the CYLView software package.”> This
study was restricted to “productive” conformations of reactants, i.e.,
those resulting from IRC calculations. A discussion of “spin projection,”
which did not change our conclusions, can be found in the Supporting
Information.

B RESULTS AND DISCUSSION

Several allene-yne cyclization transition state structures were
found previously to have (S*) values of zero; i.e., no diradical
character, but lead to diradical minima.*” These systems
(Figure 2) are reexamined here, with additional calculations
aimed at characterizing the nature of the switch from closed-shell
(zwitterionic) to open-shell (diradical) along reaction coor-
dinates for cyclization. These particular systems were examined,
due to their relevance to previous experiments.”’

Gas Phase Reactions. TSSs for C2—C7 bond formation for
each allene-yne are shown in Figure 3 (gas phase; the Brummond
group’s experiments were carried out in toluene in the presence
of 3 equiv of an ionic liquid®). In systems with two different
substituents attached to the allene (B—E), two different TSSs
were located (only the lowest energy TSSs are shown in Figure 3;
for others, see the Supporting Information). The predicted
barriers for C2—C7 bond formation (see Figure 2 for atom
numbering) were approximately the same, 31—33 kcal/mol, for
B—E, whereas A had a lower barrier, 22 kcal/mol (likely due
to the gem-dicyano substructure, a carbanion stabilizing group,

5299
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Figure 7. Electrostatic potential surfaces (isovalue = 0.0004 and charge
range of —0.067 to 0.067) for stationary points involved in cyclization of
A in DMSO (top; SMD), along with that for the intermediate optimized
in the gas phase (bottom).

vide infra).”’ Single point energies for triplets with the geo-
metries of the optimized singlet intermediates were also
calculated and are shown in Figure 3. For all systems, the triplet
energies were slightly above (by 0.3—0.9 kcal/mol) the
singlet energies, with A having the smallest gap (0.3 kcal/mol).
Thus, essentially no singlet—triplet gap was predicted for the
intermediates formed upon C2—C7 bond formation, consistent
with there being approximately no interaction between the
distal radical centers. System A was also examined using
CASSCF(8,8)/6-31G(d). Using this method, a barrier (elec-
tronic energies) of 20.0 kcal/mol was predicted for the singlet
reaction (cf. 18.7 kcal/mol with UB3LYP) and a singlet—triplet
gap of 1.7 kcal/mol (favoring the singlet; cf. 0.3 kcal/mol
favoring the singlet with UB3LYP) was predicted, suggesting that
the UB3LYP energetics are likely reasonable.

We also examined how the singlet/triplet gap changes
along the IRC for each reaction. The graphs in the left column
of Figure 4 show the singlet electronic energies of the points
along the IRC (blue curve) for each reaction, along with the
triplet energies of each point (red-orange curves), determined
by running single point calculations on each singlet geometry.
Note that our single points provide a single path/seam on the
excited state surface that is not necessarily the lowest energy path
(it is almost certainly not). In contrast to the reaction studied by
Cremeens and co-workers,"” our computed triplet pathways do
not cross the corresponding singlet pathways, but rather merge as
the intermediate is approached (see the Supporting Information
for results of test calculations with CASSCEF, the results of which
support this picture of reactivity).

To characterize the onset of diradical character along the
reaction coordinate for each bond forming reaction, we examined
the (S*) values (see Supporting Information for data on atomic
spin densities). Pure singlets (diradical or not) should have (S*)
values of 0, while triplets have (S*) values of 2.0. Diradicals are
often found to have (S*) values of approximately 1.0 in density
functional theory (DFT) calculations; this value indicates an

DOI: 10.1021/acs.joc.6b00533
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equal mixture of singlet and triplet. Although (S*) values of
approximately 1.0 can be viewed, as indicating severe contamina-
tion of a ground state by a higher energy triplet state, this
value can also be taken as a marker of diradicals that lack
communication between their two radical centers.'® (S?) values
for the TSSs for cyclization of A, B, and C were 0.0, while those
for TSSs for cyclization of D and E were 0.05 and 0.03,
respectively, indicating very little to no diradical character at any
of the TSSs.”® All intermediates were found to have (5?) values of
approximately 1.0, as expected for diradical structures. The right-
hand plots in Figure 4 show (S) values (gold-orange) for each
point along each IRC.”” For all systems, (S*) values increased
above zero at or just after the TSS (for D and E, the (S*) value
increased above zero at the TSS; for C, the (S?) value increased
above zero at the IRC point immediately following the TSS; for
B, the (S*) value increased above zero two IRC points after the
TSS; for A, the (S?) value increased above zero five IRC points
after the TSS). Note that the slight differences in the position
of onset of diradical character track with the computed
singlet—triplet gaps of the intermediates. Note also that the TSS
for A also has the longest C2—C7 distance. System A is the most
interesting, as structures in the immediate vicinity of the TSS had
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no diradical character, suggesting that this TSS is closed shell
(perhaps zwitterionic; vide infra) in nature, despite the fact that it
leads to a diradical intermediate. Having a zwitterionic TSS in a
(di)radical-forming reaction opens up avenues for rate modulation
not usually associated with radical-forming processes.”®

To characterize the onset of zwitterionic character along the
reaction coordinate for each bond forming reaction, we examined
charges for each point of each IRC."” Plots for A are shown
in Figure S. The sum of the charges on C8 plus the attached
substituents is shown in purple, and the sum of the charges on C1
plus the attached phenyl group is shown in green, for each point.
With both CHELPG and NPA charge models, there is a small but
clear separation of charge as the TSS is reached, which increases
until diradical character appears, at which point it decreases. This
behavior is consistent with a reaction proceeding toward a
zwitterion that, before full expression of zwitterionic character,
“changes direction” and forms a diradical intermediate. Behavior
for the other systems, with less electron-withdrawing sub-
stituents on C8, was more difficult to rationalize (see Supporting
Information).

Solvent Effects. In light of the above results, we questioned
whether the onset of diradical character could be delayed by

DOI: 10.1021/acs.joc.6b00533
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increasing the polarity of the environment, which would favor
zwitterionic species. We recomputed the TSS for C2—C7 bond
formation of A in cyclohexane (e = 2.02), chloroform (& = 4.71),
dichloromethane (¢ = 8.93), cyclopentanone (¢ = 13.58),
acetone (& = 20.49), acetonitrile (& = 35.69), DMSO (& = 46.83),
and water (¢ = 78.35), first using the SMD continuum approach
(see the Methods section). As expected, the onset of diradical
character, as measured by computed (S*) values, moved later
along the IRC as solvent dielectric constant increased (Figure 6;
the (S?) value became greater than zero at the fourth point after
the TSS in the gas phase (see Figure 4), at the third point after
the TSS in cyclohexane, at the seventh point after the TSS in
chloroform, at the 67th point after the TSS in dichloromethane,
and at the 91st point after the TSS in cyclopentanone). With
acetone, acetonitrile, DMSO, and water the (S?) value remained
zero along the entire IRC, suggesting that, in environments of
high enough polarity, a diradical intermediate might be avoided
completely.”” Consistent with this conjecture, the intermediate
for system A was found to have an (S*) value of approximately 1.0
when fully optimized in cyclohexane, chloroform, dichloromethane,
cyclopentanone, and acetone, but a value of 0.0 with acetonitrile,
DMSO, and water. Electrostatic potential surfaces (Figure 7)
show clearly that charge separation increases along the reaction
coordinate in DMSO and that the intermediate has considerably
less charge separation in the gas phase. We also reexamined
the corresponding reactions for B—E in DMSO, but solvent had
little to no apparent effect for these systems (see Supporting
Information).

To probe whether the diradical/zwitterion switch was de-
pendent on the solvent model and/or functional used, we reran
TSS and IRC calculations for A in cyclohexane, dichloromethane,
and DMSO with different solvent models—CPCM and
IEFPCM—and with the M06-2X functional (also unrestricted
calculations). First, consider the UB3LYP results (Figure 8,
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left-hand column). Although results obtained with CPCM and
IEFPCM do not indicate that the (S?) value will remain zero
throughout the entire IRC in DMSO, the three solvent models
agree with respect to the overall trend: as the dielectric constant
of the solvent increases, the (S?) value remains 0.0 further along
the IRC. Next, consider the UM06-2X results (Figure 8, right-
hand column). With this functional, both DCM and DMSO are
predicted to be polar enough to suppress diradical formation, no
matter which solvent model is used. Given the observed variation
in results, we cannot make a firm prediction as to whether or not
a zwitterionic intermediate would actually form in a particular
solvent, but the possibility that it would is intriguing.*’
Substituent Effect. As described above, only A, the system
with the most polarizing substituents, displayed significant
solvent sensitivity. We therefore decided to examine a variant of
A with one less nitrile substituent (Figure 9, top, shows TSSs for
two geometric isomers, F and G) to see if the solvent sensitivity
would persist. While A maintained an (S*) value of 0.0 for >60
post-T'SS IRC points in DCM, F and G showed no significant
deviations from gas phase behavior. Clearly, an extremely
electron-deficient C8 is required for a meaningful solvent effect
(at least in the absence of explicit intermolecular interactions).

B CONCLUSIONS

Intrigued by the possibility of accessing diradical intermediates
from zwitterionic transition state structures, we reexamined
several Brummond—Chen (2 + 2) cycloaddition reactions.”®’
Our computational results indicate that singlet and triplet
surfaces likely do not cross, but rather converge as intermediates
are formed. For one system with substituents predisposed to
selectively stabilize polar structures (A), significant charge separa-
tion (zwitterionic character) was predicted for the cyclization
TSS. In addition, it was shown that the onset of diradical character
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can be delayed by increasing solvent polarity, perhaps even to the
point where diradical formation is suppressed completely.
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