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ABSTRACT: Computational studies for a series of low to high
strain anti-Bredt alkenes suggest that those with highly twisted
bridgehead double bonds and a small singlet—triplet energy gap
may undergo facile stepwise [2 + 2] cycloadditions to furnish four
membered rings. A selection of reaction substrates, including
ethylene, acetylene, perfluoroethylene, and cyclooctyne are
considered.

[2 + 2] cycloadditions are the most efficient way to make four
membered rings—two z-bonds break and two o-bonds form.
Under thermal conditions, concerted [2 + 2] cycloadditions
are symmetry forbidden." But stepwise [2 + 2] cycloadditions
can be achieved by stabilizing the formation of a diradical,”’ a
zwitterionic™® intermediate, or by metal complexation.”’
Ketenes and allenes have an additional orthogonal -
bond®™"* and can form four membered rings via a diradical
mechanism. Stepwise [2 + 2] cycloadditions involving
halogenated alkenes,'" polarized double bonds,'>'* and allyl
carbocations'* also are known. Recently, Houk et al. reported
an example of an enzyme catalyzed thermal [2 + 2]
cycloaddition reaction.'> In this computational study, we
explore whether twisting a double bond'®'”—such as those in
an anti-Bredt alkene—might facilitate stepwise [2 + 2]
cycloaddition reactions.

Anti-Bredt alkenes are bicyclic compounds with a double
bond at the bridgehead position, and some examples of
stepwise [2 + 2] cycloaddition reactions with anti-Bredt
alkenes are known (Figure 1). A trapped bicyclo[3.2.2]non-1-
ene dimer, formed by facile stepwise [2 + 2] cycloaddition of
the bridgehead double bonds, was first reported by Wiseman et
al."® Dimers of adamantene form readily upon dehalogenation
of 1,2-diiododamantane.'”** By comparing the reaction of 2-
norbornene (16) to that of bicyclo[4.2.1]non-1-ene (12) and
bicyclo[3.3.1]non-1-ene (14), Becker and Hohermuth showed
that the strained double bonds of 12 and 14 yielded faster
stepwise [2 + 2] cycloadditions with 1,1-dichloro-2,2-
difluoroethene and at milder conditions.”’ 12 and 14 also
gave facile concerted [2 + 2] cycloaddition reactions with a
ketene.”” The twisted double bonds of trans-cycloalkenes (n =
7-10, n is the number of ring atoms) exhibit higher reactivity
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Figure 1. Known examples of stepwise [2 + 2] cycloadditions
involving anti-Bredt alkenes.

compared to their unstrained cis-analogues.”’ In these
examples, the reactivity of the twisted double bond mimics
that of a twisted alkene (cf. the D,; geometry of the lowest
singlet and triplet excited state of ethylene).”” Note that a
concerted photochemical [2 + 2] cycloaddition only occurs if
the reacting double bonds do not twist upon photoexcitation
(e.g, in the photodimerization of thymine).**

We hypothesized that anti-Bredt alkenes with more twisted
bridgehead double bonds might give lower reaction barriers to
a stepwise [2 + 2] cycloaddition. Here, we investigated the
reaction profiles for stepwise [2 + 2] cycloaddition reactions
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Figure 2. Anti-Bredt alkenes studied (1—14), ethylene (15), and 2-norbornene (16). Olefin strain (OS) values are taken from ref 26. Singlet—

triplet energy gaps (AEg_1) and the averaged values of the torsional angle across the bridgehead double bond were computed at (U)wB97X-D/6-
311+G(d,p). Averaged torsional angles (7) were taken between the CCCC angle highlighted in blue and the CCCH dihedral indicated in Figure
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Figure 3. Computed reaction profiles for the [2 + 2] cycloadditions of (a) 4 and ethylene, (b) 12 and 1,1-dichloro-2,2-difluoroethylene (in TS1, a

o-bond first forms at C1; in TS1’, a o-bond first forms at C2), (c) 14 and 1,1-dichloro-2,2-difluoroethylene, and (d) 4 and ethenone at (U)wB97X-
D/6-311+G(d,p). Single-point energies at (U)CCSD(T)/6-311+G(d,p) are shown in brackets. Note that in (c), single-point (U)CCSD(T) results
indicate a barrierless radical recombination upon forming Intl.

for a series of anti-Bredt alkenes (1—14) with low to high

olefin strain (OS) (Figure 2). Ethylene (15) and 2-norbornene
(16) are included for comparison. OS values, evaluated via
empirical force-field calculations by comparing the strain
energy of an alkene to that of the corresponding alkane, were
first proposed by Schleyer and Maier as an index to predict the

stabilities of bridgehead alkenes.”>”® Based on the proposed
Schleyer—Maier OS index, OS values equal or lower than 17
kcal/mol are defined as “isolable”, those with 17 < OS < 21 are
called “observable”, and those with OS values above 21 kcal/

mol are deemed “unstable.” Based on previously reported OS
values,”* compounds 12—14 fall into the “isolable” category
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and compounds 1—11 are classified as “observable” or
“unstable.” Indeed, both 12°” and 14*®*° have been isolated,
while 4 and 8 have been observed only through trapping
experiments.' " Note, in Figure 2, that the computed singlet—
triplet energy gaps (AEs_r) for compounds 1-16 correlate
inversely (R* = 0.923) the torsional angles across the
bridgehead double bond (7).

We first investigated the reaction between 4 and ethylene to
test whether a twisted double bond might yield a feasibly low
activation barrier for a stepwise [2 + 2] cycloaddition.
Compound 4 has only been observed by trapping experi-
ments”’ due to a largely twisted bridgehead double bond (OS
= 34.9 kcal/mol, 7 = 35.8°) and therefore is a good candidate
to test our hypothesis. A reaction profile for the stepwise [2 +
2] cycloaddition of 4 and ethylene is shown in Figure 3a. All
structures were optimized in the gas phase, at the (U)wB97X-
D*'/6-311+G(d,p)*»*® level, and a broken symmetry
approach® applying the (guess = mix) keyword was used for
the diradical species. (S*) values for all compounds shown in
Figure 2 are included to Table S1. Prior benchmarking studies
of Ess and Cook showed that wB97X-D provided reasonably
accurate singlet—triplet energy gaps for open-shell singlet
diradicals.* Single-point energies calculated at (U)CCSD-
(T)**/6-311+G(d,p) for all stationary points for the reaction
profiles shown in Figure 3 are in good agreement with DFT
values.

In the first step, ethylene adds to C1 (bridgehead carbon) of
4 and forms a o-bond, leading to a 1,4-diradical intermediate
(Intl) (Figure 3a). The computed activation free energy
barrier for this step only is AG* = 13.2 kcal/mol and contrasts
with that of 16 (an isomer of 4) with ethylene (AG* = 43.6
kecal/mol). Although a o-bond also can form first at C2 and
then at C1, generating a radical at C2 is preferred over C1 due
to the local planar geometry at C2. Thus, the computed barrier
for first forming a o-bond at C2 is higher (AG* = 17.7 keal/
mol) (see details in the Supporting Information).

In the second step, a second o-bond forms at C2. From Intl,
the ethylene fragment can either approach from the endo face
and form P4, or attack from the exo face (AG* = 4.8 kcal/
mol) and upon rotation of the first o-bond to align the
interacting orbitals, form P, (Figure 3a). In this reaction, the
exo product is both kinetically and thermodynamically favored.
Intrinsic reaction coordinate (IRC) calculations of TS3 lead
directly to P, suggesting a barrierless radical combination
step. Given the very low rotational and radical combination
barriers, the diradical intermediates reside on a relatively flat
energy surface and are susceptible to nonstatistical dynamic
effects.”” ™!

We further examined the reactions of 12 and 14 with 1,1-
dichloro-2,2-difluoroethene, previously reported by Becker and
Hohermuth®' (Figure 3b,c). As expected by an increased p
character at the F-substituted carbon of 1,1-dichloro-2,2-
difluoroethene, a o-bond first forms between the CF, fragment
and either C1 (via TS1) or C2 (via TS1’) of the bicyclic
compound. Computed barriers for the reaction with 12
(C1:27.7 kcal/mol, C2:29.1 kcal/mol) and with 14 (C1:28.7
kcal/mol, C2:28.3 kcal/mol) are consistent with reported
experimental conditions (i.e., the need for heating at 80 °C).
From Intl and Intl’, forming the second o-bond is near
barrierless for both 12 and 14. IRC calculations for the radical
recombination step (i.e,, TS2 and TS2’ for 12 and TS2 and
TS3' for 14) suggests a post-transition state bifurcation,*

leading to either a high-energy zwitterionic structure or the
observed P,,, and P’ ,, products.

Notably, a twisted double bond can also facilitate a
concerted [2 + 2] cycloaddition reaction. The reaction
between 4 and ethenone, forming adducts P’ and P,
proceeds through a low barrier (<20 kcal/mol, Figure 3d), and
contrasts with that of 16 and ethenone (AG* = 37.4 kcal/mol)
(see details in the Supporting Information).

Since formation of the first ¢ C—C bond is the rate-
determining step, we proceeded with computing and
comparing the gas-phase activation free energies (AG*) of
that step for compounds 1—16 with four different substrates:
ethylene, perfluoroethylene, acetylene, and cyclooctyne. Figure
4 shows excellent agreement between the computed AG*
barriers and the singlet—triplet energy gaps (AEs_r) of the
anti-Bredt alkene considered, confirming our hypothesis that
strain at the bridgehead double bond position lowers the
reaction barrier for a stepwise [2 + 2] cycloaddition. According
to the extent of bridgehead double bond twisting, we cluster
the results into three groups: 1—5 (torsional angles, 7 > 30°)
6—14 (30° > 7 > 10°), and 15—16 (no torsional strain)
(Results for a first 6-bond formed at C2 show the same trend.
Relevant data are included in Figure S4.)

We note that the bridgehead reactivities of compounds 1—
14 may be anticipated by relating these bicyclic structures to
their corresponding trans-cycloalkene structures. Considering
the smaller of the rings containing the bridgehead double bond
for each structure, compound 1 contains a trans-cyclopentene,
compounds 2—5 contain a trans-cyclohexene, compounds 6—
11 contain a trans-cycloheptene, and compounds 12—14
contain a trans-cyclooctene. Like the anti-Bredt alkenes, trans-
cycloalkenes can display twisted double bonds as a result of
ring strain. Small trans-cycloalkenes with up to five ring atoms
will impose tremendous torsional strain, and thus only the cis-
isomers have been isolated.*’ Trans-cyclohexenes were
observed as transient photochemical species.44 Recently,
Weaver et al.***® demonstrated the use of visible light to
activate the cis-/trans-photoisomerization of a cyclohexene and
showed that the resulting trans-cycloalkene could then readily
undergo addition reactions with alcohols and urethanes. Trans-
cycloheptenes and trans-cyclooctenes can be prepared and can
drive strain-promoted reactions,”*’™>' and even larger
cycloalkenes rings have less twisted double bonds.>”

We began our analyses by examining the reaction barriers of
compounds 1—16 with two unactivated substrates: ethylene
(Figure 4a) and acetylene (Figure 4b). Computed activation
free energy barriers (AG*) for compounds 1—5 all fall below
20 kcal/mol. These results suggest that, at room temperature,
even unactivated alkenes and alkynes can be used as trapping
agents to capture compounds 1—5 via a stepwise [2 + 2]
cycloaddition reaction. Analogous reactions with imines or
carbonyls can thus form four membered ring heterocycles. The
computed free energy barriers increase as the bridgehead
double bonds twist less. Computed AG* values for 6—14 are
above 25 kcal/mol when reacting with ethylene (26—38 kcal/
mol, Figure 4a) and acetylene (26—35 kcal/mol, Figure 4b),
and those for systems with an untwisted double bond, 15 and
16, are above 40 kcal/mol.

We then considered the reaction barriers of compounds 1—
16 with two activated substrates: perfluoroethylene (ie. a
double bond activated by rehybridization,Figure 4c) and
cyclooctyne (i.e, a spring-loaded triple bond, Figure 4d).
Bartlett and others found that halogenated alkenes could form
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Figure 4. Correlation between computed activation free energy
barriers (AG*) for the formation of a first o-bond at the bridgehead
position vs computed singlet—triplet energy gaps (AEs_r) for
compounds 1-16, reacting with (a) ethylene, (b) acetylene, (c)
tetrafluoroethylene, and (d) cyclooctyne. Activation free energy
barriers were computed at (U)wB97X-D/6-311+G(d,p).

[2 + 2] adducts with dienes through a stepwise cycloaddition
mechanism.'" Later, Weigert and Davis®® showed that the
reaction between tetrafluoroethylene and butadiene gave a [4
+ 2] adduct under thermodynamic control, but a [2 + 2]
adduct appears under kinetic control. Preference for a [2 + 2]
adduct under kinetic control was attributed to increased p
character of the two CF bonds, which weakens the z-bond and
stabilizes a pyramidalized diradical intermediate (i.e., Bent’s
rule).>**

As shown in Figure 4c, the computed free energy barriers for
compounds 1S5 all fall below 15 kcal/mol, and even those of
6—14 (19—28 kcal/mol) are lowered, with 6—11 giving AG*
values lower than 25 kcal/mol. Computed AG* values for 15
(34.7 kcal/mol) and 16 (31.2 kcal/mol) are also lower
compared with that of the same reaction with ethylene.
Activated alkynes show the same trend. As shown in Figure 4d,
the computed free energy barriers for compounds 1—S$ all fall
below 15 kcal/mol, and those for 6—14 (17—30 kcal/mol) are
lowered, with 6—11 giving AG* values lower than 25 keal/mol.
Computed AG* values for 15 (36.7 kcal/mol) and 16 (33.1
kcal/mol) also are lower compared to that of the same reaction
with acetylene. These results suggest that, at room temper-
ature, several of these bicyclic compounds (1—11) may
undergo stepwise [2 + 2] cycloadditions with activated alkenes
and alkynes. At higher temperature, even anti-Bredt alkenes
with moderately twisted bridgehead double bonds can be
trapped by a stepwise [2 + 2] cycloaddition reaction (cf.
Becker and Hohermuth’s work showing [2 + 2] adducts of 12
and 14 with 1,1-dichloro-2,2-difluoroethene at 80 °C).

Cyclobutane and cyclobutene motifs are frequently found in
bioactive natural products, as templates for drug discovery, and
as intermediates in organic synthetic pathways.”>>>" Driven
by the significance of these motifs in biological and synthetic
contexts, developing approaches to access four membered
rings remains a desired goal,sg’60 and we hope that the model
study reported here will encourage developments of synthetic
strategies for accessing four membered rings by use of twisted
double bonds. In addition to stepwise thermally allowed [2 +
2] cycloadditions, these strained alkenes also may facilitate
concerted thermally allowed [2 + 2] cycloadditions with
ketenes.
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