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in styrene heterodimerisation
promoted by one-electron oxidants†

Xinglong Zhang ‡a and Robert S. Paton *ab

Radical cations generated from the oxidation of C]C p-bonds are synthetically useful reactive

intermediates for C–C and C–X bond formation. Radical cation formation, induced by sub-

stoichiometric amounts of external oxidant, are important intermediates in the Woodward–Hoffmann

thermally disallowed [2 + 2] cycloaddition of electron-rich alkenes. Using density functional theory (DFT),

we report the detailed mechanisms underlying the intermolecular heterodimerisation of anethole and b-

methylstyrene to give unsymmetrical, tetra-substituted cyclobutanes. Reactions between trans-alkenes

favour the all-trans adduct, resulting from a kinetic preference for anti-addition reinforced by reversibility

at ambient temperatures since this is also the thermodynamic product; on the other hand, reactions

between a trans-alkene and a cis-alkene favour syn-addition, while exocyclic rotation in the acyclic

radical cation intermediate is also possible since C–C forming barriers are higher. Computations are

consistent with the experimental observation that hexafluoroisopropanol (HFIP) is a better solvent than

acetonitrile, in part due to its ability to stabilise the reduced form of the hypervalent iodine initiator by

hydrogen bonding, but also through the stabilisation of radical cationic intermediates along the reaction

coordinate.
1. Introduction

Cyclobutanes are ubiquitous structural motifs in natural prod-
ucts and bioactive molecules.1,2 They can be considered useful
synthons for 3-membered and 5-membered rings via regio- and/
or stereoselective transformations by ring-contraction or ring-
expansion reactions to form otherwise challenging products.3,4

The inherent ring strain of cyclobutene of 26 kcal mol�1 is
predominantly due to angular (Baeyer) strain5 and makes its
selective cleavage to access both acyclic and cyclic systems highly
amenable. Although the construction of 4-membered cyclo-
alkanes via thermal [2 + 2] cycloaddition is symmetry-forbidden
based on the Woodward–Hoffmann rules, alternative methods
to access this highly versatile motif, with precise chemo-, regio-
and stereocontrol continue to emerge. Since the rst report of
photochemical [2 + 2] cycloaddition accessing a 4-membered
carbocycle by Liebermann in 1877,6 the construction of 4-
membered cyclobutyl rings from photo-cycloaddition of alkenes
has become arguably the most employed technique for cyclo-
butanation.7–12 Cyclobutanation can now also be readily achieved
earch Laboratory, University of Oxford,

University, Fort Collins, CO 80523, USA.

tion (ESI) available. See DOI:

and Chemical Engineering, California
nia 91125, USA.
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via organocatalysis,13–15 organometallic catalysis,7,16–18 as well as
electrocatalysis19–22 (Scheme 1). Until recently when the synthesis
of substituted cyclobutanes could be realised via selective C–H
functionalisation of unsubstituted cyclobutanes,23–26 formal [2 +
2] cycloaddition remained the main strategy for the synthesis of
complex, tetra-substituted cyclobutyl rings.27–30 For the latter
strategy, the formation of an unsymmetrical, tetra-substituted
cyclobutane can arise from intermolecular heterodimerisation
of two substituted alkenes. This, however, remains a challenge as
a varied mixture of products can result from the reaction of two
alkenes due to a lack of control on homo- and hetero-[2 + 2]-
dimerisation and the possibility of regiochemical (head-to-head
vs. head-to-tail) and stereochemical (cis vs. trans) variations.
Many examples of both head-to-head and head-to-tail coupled
cyclobutanes exist in biologically active natural products, such as
argenteoside family of compounds.31 Synthetic methods for
cyclobutane formation with precise control over selectivity are
therefore of intense interest.

Radical cations constitute an important class of reactive
intermediate in forging C–C and C–X bonds.32–37 Their forma-
tion is typically achieved via single-electron transfer (SET) from
a neutral substrate's p-bond or lone-pair, creating a “hole” in
the system. This process can be mediated using transition
metals, either by themselves7,38–40 or coupled with organic41 or
organometallic42–45 photoredox catalysts; it can also be medi-
ated by organic oxidants such as aminium radical cationic
salts.46 In this last approach, these powerful oxidants can easily
decompose or induce undesirable side reactions.47–49 Due to
Chem. Sci., 2020, 11, 9309–9324 | 9309
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Scheme 1 Selected examples for [2 + 2] cyclobutanation.
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View Article Online
these limitations, the use of oxidants for SET-initiation and
catalysis of cyclobutanation is very much underexplored
compared to photochemical means. In a recent study, Donohoe
and co-workers reported the use of a hypervalent iodine
oxidants (phenyliodine diacetate or Dess–Martin periodinane
(DMP)) to promote homo and hetero-dimerisations of styrenes
to access unsymmetrical, tetra-substituted cyclobutyl rings.13,50

The regio- and stereochemical outcomes of this oxidant-
promoted, SET-catalysed heterodimerisation of two unsym-
metrical alkenes present an interesting avenue for detailed
mechanistic study (Scheme 2(a)). The all-trans stereochemical
9310 | Chem. Sci., 2020, 11, 9309–9324
outcome of the hypervalent-iodine promoted reaction between
trans-anethole and trans-b-methylstyrene (Scheme 2(a)(i)) is
consistent with trans-anethole homodimerisation promoted by
an aminium cation at temperatures of 0 �C and above (Scheme
2(b)(ii)). At lower temperatures evidence for cis-addition is seen
(Scheme 2(b)(i)), but complete transfer of alkene stereochemical
information occurs at all temperatures. The reaction between
cis-anethole and trans-b-methylstyrene (Scheme 2(b)(iii)),
however, shows incomplete stereochemical transfer, giving 20%
of the all-trans product. Note that in all these products, only the
so-called “head-to-head” cyclobutanes are observed.
This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Stereochemical outcomes from (a) hetero- and (b) homo-coupling of electron-rich alkenes under single electron transfer (SET)
catalysis and (c) computational studies of prototypical cyclobutanation from methoxystyrene, a terminal alkene.
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The detailed mechanism of intermolecular radical cation
cycloaddition has been probed experimentally, where both
stepwise51–54 and concerted, asynchronous46,55–57 pathways have
This journal is © The Royal Society of Chemistry 2020
been proposed. The homo-dimerisation of 4-methoxystyrene
to form a disubstituted cyclobutene via a radical cationic
pathway has been studied computationally (with density
Chem. Sci., 2020, 11, 9309–9324 | 9311
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functional theory, DFT) by Wiest and co-workers, where
a stepwise mechanism was obtained.58 The study reported that
the cis-adduct is favoured kinetically by an activation barrier
DDE‡ of 4.1 kcal mol�1 whereas the trans-adduct is favoured
thermodynamically by a reaction energy DDE of 3.7 kcal mol�1

(Scheme 2(c)). Following this study, Metzger and co-workers in
2008 detected a distonic (where charge and radical sites are
separated) radical cationic intermediate via extractive elec-
trospray ionisation mass spectrometry, lending direct support
to the stepwise mechanism.59 Further computational mecha-
nistic investigations looking into intramolecular cyclo-
butanation of (bis)styrene60 and intermolecular
cyclobutanation of unsubstituted styrene61 via radical cation
catalysis further conrmed the stepwise nature of such
mechanism.

In this computational study, we focus on the effects of alkene
cis- and trans-congurations on the mechanism of the inter-
molecular radical cation dimerisation of styrenes, since to the
best of our knowledge b-substituents have yet to feature in
theoretical studies. In the experimental work by Donohoe and
co-workers, one particularly intriguing aspect has been the
reaction shown in Scheme 2(a)(ii), wherein 20% of all-trans
cyclobutyl ring product is formed, although the alkenes used do
not both have the trans geometry. We envisioned that the
reaction proceeds via initiation, creating a hole in one of the
neutral alkenes, followed by propagation, forming radical
cationic cyclobutanation, and nally termination, where the
radical cationic cyclobutyl product gets reduced to its neutral
form (Scheme 3). We herein report a theoretical investigation
into the origins governing the chemical reactivities and selec-
tivities effecting the observed stereochemical outcomes in the
heterodimerisation of two unsymmetrical, electron-rich alkenes
(Scheme 2(a))
Scheme 3 Schematic outline of catalytic cycle. In the initiation step,
one of the alkenes gets oxidised to radical cation, which then attacks
the other, neutral alkene to form the radical cationic cyclobutene in
the propagation step. The termination step occurs when the radical
cationic cyclobutene gets reduced to its neutral form.

9312 | Chem. Sci., 2020, 11, 9309–9324
2. Results and discussion
2.1 Computational electrochemical potentials

The feasibility of radical cation generation in the initiation step
and the reduction of the radical cation product in the termi-
nation step can be quantied using the electrochemical
potentials of these species. For a reaction between two different
alkenes, their electrochemical potentials directly determine
their role selectivity as caticogen (one that readily forms radical
cation under oxidation/SET conditions) or caticophile (species
that attacks the radical cation). The calculation of reduction
potentials provides a direct measure of the thermodynamic
feasibility of these steps.

Ab initio computations of reduction potentials of various
systems have been widely explored.62–72 We adopt the thermo-
dynamic cycle for redox potential computation73,74 and found
that M06-2X functional gives the best agreement (smallest mean
unsigned error, MUE) with the experimental redox potential
values for substrates trans-anethole 1a and trans-b-methylstyr-
ene 1b in MeCN solvent amongst 8 functionals tested (ESI
section 2†). This is in agreement with a study of both experi-
mental and computational electrochemical potentials for over
180 organic substrates where M06-2X functional gives an R2

value of 0.97 for the correlation between the experimental and
calculated redox potentials.75 M06-2X was used for all subse-
quent DFT calculations.

The redox potential of the hypervalent iodine oxidant, Dess–
Martin Periodinane (DMP, chemical structure in Scheme 2(a)),
was computed at SMD(solvent)-M06-2X/def2-TZVPP//M06-2X/
GenECP(LanL2DZ for I atom and 6-31G(d) for other atoms)
where each of the MeCN and HFIP solvents was separately
calculated. The results, together with the redox potentials for
our starting materials and cyclobutyl ring products, are given in
Table 1. From the table, we can see that in both solvents, trans-
anethole 1a is oxidised more easily than trans-b-methylstyrene
1b to their respective radical cation. For example, in HFIP, the
oxidation of 1a to [1a]c+ by DMP has Ecell of 0.306–1.467 ¼
�1.161 V and the oxidation of 1b to [1b]c+ has Ecell of 0.306–
1.879 ¼ �1.573 V, the latter being much less favourable ther-
modynamically (by about 10 kcal mol�1). Thus, 1a will act as
a caticogen where it is oxidised to its radical cationic form
whereas the neutral 1b will act as a caticophile, attacking the
radical cationic [1a]c+ in the subsequent cyclobutanation steps
(vide infra).

The effect of solvent has a greater inuence on the redox
potential of the iodinated oxidant DMP, whose reduction
potential becomes less negative (by 205 mV) in HFIP than in
MeCN, indicating its greater oxidising strength in the uori-
nated solvent, in agreement with an electrochemical study on
the enhanced oxidising power of similar hypervalent iodine
oxidants in HFIP than in MeCN.50 The molecular origin of that
enhanced reactivity can be traced to the formation of a strong
hydrogen-bonded oxidant–HFIP complex.50 By including one
molecule of HFIP explicitly in our recalculation of redox
potentials of DMP (see Fig. 1 for optimised structures), we
found that the computed redox potential of DMP becomes even
This journal is © The Royal Society of Chemistry 2020
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Table 1 Computed redox potentials (V) of substrates trans-anethole 1a, trans-b-methylstyrene 1b, cis-anethole 2a, cis-b-methylstyrene 2b and
hypervalent iodine oxidant Dess–Martin periodinane (DMP) and DMP–HFIP complex, and the cyclobutyl products (int3, int30, int8 and int80) in
MeCN and HFIP solvents using M06-2X

1a 1b 2a 2b DMP DMP–HFIP int3 int30 Int8 Int80

Expta 1.484 1.984 — — — — — — — —
MeCN 1.388 1.815 1.506 1.917 -0.122 0.231 1.676 1.590 1.613 1.669
HFIP 1.467 1.879 1.596 1.988 0.083 0.306 1.754 1.659 1.692 1.744

a Value in MeCN solvent and taken from ref. 75.
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more positive, being now 223 mV more favoured than without
an explicit molecule of HFIP (75 mV more favoured in HFIP
than in MeCN). This can be attributed to the strengthening of
the intermolecular H-bond in the DMP–HFIP complex upon
Fig. 1 M06-2X optimised structures of neutral and radical anion form
conformational considerations in ESI section 2.1.† Key distances are sho

This journal is © The Royal Society of Chemistry 2020
reduction, with a reduction in the O–H distance from 1.79 to
1.51 �A (Fig. 1). The ease of reduction of DMP in MeCN is also
augmented by 353 mV by the inclusion of an H-bonded mole-
cule ofHFIP, although experimentally usingHFIP as an additive
s of Dess–Martin periodinane (DMP) and DMP–HFIP. See details of
wn in �A.

Chem. Sci., 2020, 11, 9309–9324 | 9313
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in MeCN solvent does not lead to signicant cyclobutanation
(<5% yield) potentially because the MeCN molecule could be
a better H-bond acceptor than the hypervalent iodine oxidant
forHFIPmolecule.50 The formation of radical cationic [1a]c+ can
be more easily achieved in HFIP (with an overall Ecell of 0.306–
1.467 ¼ �1.161 V) than in MeCN (overall Ecell of �0.122 � 1.388
¼�1.510 V withoutHFIP), by ca. 8 kcal mol�1, illustrative of the
promoting inuence of HFIP on initiation.50,76,77 Additionally,
tight complexation of DMP with HFIP may also prohibit ion-
pairing of the reduced form with radical cations, leading to
enhanced reactivity.78 SET from anethole to DMP is computed
as endergonic, as reected by the overall negative electro-
chemical cell potential. The weakly oxidising iodinated reagent
is employed to ensure that only a small amount of radical cation
is produced in situ to avoid dimerisation and further oxidation
to dications.50,79,80
2.2 Reactivity and selectivity between trans-anethole and
trans-b-methylstyrene (P1)

For the reaction between trans-anethole 1a and trans-b-methyl-
styrene 1b (reaction P1) as shown in Scheme 2(a)(i), electron-
rich alkene 1a is preferentially oxidised by DMP via SET to
give distonic radical cation [1a]c+, which adds to the neutral
alkene partner 1b that is present in excess. Consistent with
Wiest's earlier studies with B3LYP, no concerted 4-membered
TS could be found on theM06-2X potential energy surface (PES).
For the stepwise mechanism, both head-to-head and head-to-
tail cyclobutanes are possible. In addition, syn- and anti-
adducts can be formed depending on the orientation of the
reacting alkenes when they approach each other. The Gibbs
energy prole for both reaction pathways is given in Fig. 2.
Possible conformations of the TSs were explored systematically
(Fig. S2†) and the lowest energy conformers are presented here.
The turnover-frequency determining transition state (TDTS)
along the entire PES occurs during the rst C–C bond forming
step. The head-to-head TSs (ts1 and ts10) are kinetically more
favourable, with a lower activation barrier than the head-to-tail
TSs (ts1-g1 and ts1-g2), by at least 4.7 kcal mol�1 (a selectivity of
410 : 1, using transition state theory), although the neutral,
closed-shell cyclobutyl ring products lie closer in energy (within
1.1 kcal mol�1 of the observed product int3n, Fig. 2). For the
head-to-head products, the anti-adduct int3n is favoured over
the syn-adduct int30n both kinetically (by 1.1 kcal mol�1) and
thermodynamically (by 2.1 kcal mol�1). Although oxidation of
the hypervalent iodine catalyst (DMPc�) is easier than neutral
trans-anethole, the reduction of radical cationic intermediates
to the neutral, closed-shell cyclobutanes is more likely to involve
anethole, present in larger amounts than the initiator. Addi-
tionally, cyclic voltammetry studies show irreversible reduction
of the hypervalent iodine species taking place.50 With this in
mind, our computed energy prole uses trans-anethole as the
reductant to complete the catalytic cycle.

The spin density in radical cation [1a]c+ is predominantly
localised on the b-carbon (Fig. 2 box). The benzylic carbocation
is additionally stabilised by the p-methoxy lone pair. C–C bond
formation occurs rst at the b-carbon of both styrene partners
9314 | Chem. Sci., 2020, 11, 9309–9324
(ts1 and ts10, Fig. S3†). This head-to-head combination forms an
intermediate in which the positive charge and unpaired elec-
tron are stabilised at the two benzylic positions of int2. There is
one benzylic position available for head-to-tail attack (ts1-g1
and ts1-g2, Fig. S3†). Thus, the head-to-head TSs have much
lower activation barriers (by more than 4.7 kcal mol�1). The
regioselectivity (head-to-head vs. head-to-tail) is kinetically
controlled, as this rst step is irreversible. Additionally, the
ring-closed head-to-tail products int3n-g1 and int3n-g2 are
close in energy to int3n but they are not observed, further
supporting the absence of any interconversion of these products
due to any reversibility of C–C formation. The electron transfer
(ET) barrier for the reduction of the radical cationic products to
their neutral form can be estimated using Marcus-Hush (MH)
theory.81–84 It was found that these barriers (on the order of 1–
3 kcal mol�1) are much smaller than any bond-forming barriers
in the PES (ESI section 5†). Care should be noted, however, that
the use of static, single-particle, DFT calculation in ET barrier
estimation could possibly neglect effects of other electrons on
the transfer.85 The assumption of linear solvent response and
the same curvature of reactant and product PESs could further
introduce errors in our MH estimate.86,87 Nevertheless, ET
barriers on the order of 1–3 kcal mol�1 have been observed
experimentally.88–90 This suggests that this product-forming SET
step is not overall rate-limiting. The reverse of this elementary
step, oxidation of the cyclic products by the anethole radical
cation, has an estimated (MH) barrier of about 14 kcal mol�1.
This is comparable to the barrier of the TDTS (Fig. 2) and
suggests that this electron transfer can occur reversibly. This
has stereochemical implications, since the overall barrier for
cycloreversion (via ts10 from int30n) of theminor diastereomer is
19.5 kcal mol�1 in HFIP (22.8 kcal mol�1 in MeCN). This
permits equilibration to form the thermodynamically more
favourable all-trans diastereomer at 40 �C. At lower tempera-
tures (e.g. �35 �C) the diastereoselectivity is predicted to
be lower, consistent with Bauld's experimental results
(Scheme 2(b)).

To further understand the steric and electronic factors
inuencing the head-to-head vs. head-to-tail regioselectivity, we
applied the distortion-interaction91,92/activation strain (DI–AS)
model92–96 to the TSs for the formation of rst C–C bond for the
present reaction (Fig. 3). As we can see, although the head-to-tail
TSs have later transition states, evidenced by their shorter C–C
bond in the TSs, the energetic penalty to distort the reacting
molecules as they come together in the TSs, i.e., the activation
strain or the distortion energy (in blue), for all 4 TSs are similar;
the head-to-tail TSs are disfavoured due to their less favourable
interaction energies (in green) than the head-to-head TSs.
Comparing the selectivity of ts1 over ts10, the distortion energies
are identical whereas ts1 has slightly more favourable interac-
tions. The non-covalent interaction (NCI) plots in these TSs
(Fig. 5) suggests that ts1 benets from favourable p–p stacking
interaction (slightly staggered aryl rings) thus making it more
favourable than ts10 having no such stacking interactions. This
p–p stacking interaction is also observed in ts60 (but not ts6)
(Fig. 5) such that the syn-addition ts60 has a lower activation
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Gibbs energy profile for reaction between trans-anethole and trans-b-methylstyrene computed at SMD(solvent)-M06-2X/def2-TZVPP//
M06-2X/6-31G(d) level of theory. The values in HFIP are given together with values in MeCN in square brackets. ET ¼ electron transfer barrier
heights estimated using Marcus-Hush theory at an intermolecular separation of 3�A (see ESI† for details). Spin density plots (at an isovalue of 0.02
a.u.) and the Mulliken spin density values of radical cationic trans-anethole is also shown.
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barrier than the anti-addition ts6 (activation strain model,
Fig. S15†) (vide infra).

We further applied the method of energy decomposition
analysis (with the ALMO-EDA method),97–99 as applied in other
similar systems,94,96,100–102 to break down the contributions to the
interaction energy between the reacting fragments into the
repulsive exchange energy due to Pauli's principle, EPauli, the
(semi-)classical electrostatic interaction energy between the
charge densities of the fragments, Eelec, the orbital interaction
energies between the fragments as the TS occurs, Eorb, and the
dispersion energy between the fragments Edisp. Comparing the
EDA between the major, anti-adduct via ts1 to other TSs (Fig. S9–
S11†) in pathway P1, we see that despite having larger Pauli
repulsion, the much lower interaction energy in ts1 is due to its
much favourable dispersion (in agreement with NCI results) and
electrostatic energies (not picked up by NCI analysis), although
the orbital interaction energy is similar. In the comparison
between ts1 and ts10 for example, favourable non-covalent inter-
actions stabilising ts1 gains further support from the ALMO-EDA
analysis (Fig. 4), which shows that the intermolecular dispersion
energy is more stabilising for ts1 than for ts10 along the reaction
coordinate (green). There is in addition to a preferential electro-
static stabilisation (blue) in ts1. However, little difference in the
This journal is © The Royal Society of Chemistry 2020
orbital contribution (red) to the interaction energy is seen in both
ts1 and ts10, since they have the same regiochemistry and bond
formation occurs between the same pair of atoms. In the
comparison of ts1 with other regioisomeric transition structures
(e.g., ts1 vs. ts1-g1, Fig. S10†), we see the additional contribution
of the intermolecular orbital interaction energy (red) in favouring
ts1 along the reaction coordinate. The orbital preference for the
major regioisomer can be understood from FMO-based argu-
ments. The neutral alkene preferentially reacts with a cationic
reagent at the b-position since this site has the larger HOMO
coefficient. The radical cationic alkene reacts preferentially at the
b-position since this is the site with higher spin density and
greater SOMO coefficient.

Gibbs energies for all radical cationic intermediates in the
reaction are preferentially stabilised inHFIP solvent than inMeCN
solvent (by 3.2 to 5.7 kcal mol�1), indicating the former solvent's
ability in stabilising the charged intermediates;50,76,77 the energies
for the neutral species (int3n, int30n, int3n-g1 and int3n-g2), on the
other hand, do not signicantly differ in either solvent system
(within 0.2 kcal mol�1). This is not the result of bulk electrostatics,
since it is MeCN that has a higher dielectric constant than HFIP (3
¼ 38.8 vs. 16.7). Rather, differences captured by parameters used
by the SMD solvation model103 relate to a greater Abraham's
Chem. Sci., 2020, 11, 9309–9324 | 9315
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Fig. 3 The activation strain or distortion-interaction analyses applied to transition structures for both head-to-head (ts1 and ts10) and head-to-
tail (ts1-g1 and ts1-g2) first C–C bond formation TSs (optimised structures given). All energies are calculated at UM062X/def2TZVPP//UM062X/
6-31G(d) and used without any further corrections.
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hydrogen bond acidity of HFIP than MeCN (1.96 vs. 0.07) and
electronegative halogenicity (0.6 vs. 0.0), which reect the differ-
ence in Gibbs energy change associated with cavitation, dispersion
and solvent structure for these two solvents.104–106
2.3 Reactivity and selectivity between trans-anethole and cis-
b-methylstyrene (P2)

We similarly investigated the SET hole-catalysed reaction
between trans-anethole 1a and cis-b-methylstyrene 2b (reaction
9316 | Chem. Sci., 2020, 11, 9309–9324
P2) as shown in Scheme 2(a)(ii). From the calculated redox
potentials for these substrates in Table 1, trans-anethole 1a will
be oxidised preferentially to cis-b-methylstyrene 2b by the
hypervalent iodine reagent in the uorinated solvent. The Gibbs
energy prole for both head-to-head and head-to-tail cyclo-
butanation is shown in Fig. 5 (See Fig. S12† for all possible
conformations). The syn-addition (blue pathway) has the lowest
activation barrier, at 15.1 kcal mol�1, with ts70 (the second C–C
bond formation) as the overall TDTS. The anti-addition (black
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Comparison of the absolutely-localized molecular orbitals
energy decomposition analysis (ALMO-EDA) for ts1 (star marker) and
ts10 (square marker) in reaction P1.
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pathway) has ts6 (rst C–C bond formation) as the overall TDTS,
at 17.1 kcal mol�1. Comparing the rst C–C bond formation TSs
ts6 and ts60, the syn-addition ts60 is lower than the anti-addition
ts6, by 3.3 kcal mol�1. The TS ts60 benets from p–p stacking
interaction that is absent in ts6 as evidenced by NCI plots in
Fig. 6. This is similar to pathway P1, where the anti-addition ts1
is lower in activation barrier than syn-addition ts10, where p–p
Fig. 5 Gibbs energy profile for reaction between trans-anethole and ci
M06-2X/6-31G(d) level of theory. Same energy zero is used as previousl
theory at an intermolecular separation of 3�A (see ESI† for details). The va

This journal is © The Royal Society of Chemistry 2020
stacking interaction is also observed for ts1, as discussed
previously.

Activation barriers for head-to-head additions are again
lower due to the preferential location of the radical cation at the
two benzylic a-positions (spin density plots, Fig. S13†). DI–AS
analysis of the rst C–C bond formation TSs shows again that
the interaction energy is more favourable in head-to-head
isomers than in head-to-tail isomers whereas the distortion
energies are similar in all cases, as in pathway P1. ALMO-EDA
comparison between the major syn-addition pathway (via ts60)
and other pathways (Fig. S20–S22†) suggests that dispersion
and electrostatic interactions contributes favourably to ts60

selectivity despite its higher Pauli repulsion, as observed for ts1
in reaction P1. We note that no trans,trans,cis product, int8n, is
observed experimentally. Product int80n is kinetically favoured
by 2.0 kcal mol�1 and thermodynamically favoured by
1.2 kcal mol�1 than product int8n.

The Gibbs energy prole in Fig. 5 explains the selectivity in
favour of the formation of trans,cis,cis cyclobutane int80n arising
from syn-addition. Experimentally, in addition to this product,
the all-trans cyclobutane int3n is also formed. The diastereo-
meric ratio of int80n : int3n is 4 : 1 (Scheme 2(a)(ii)). The
cycloadduct int3n cannot be formed directly from the starting
materials in the present transformation; two possibilities could
occur to yield int3n: either cis-b-methylstyrene undergoes iso-
merisation to give trans-b-methylstyrene before formal [2 + 2]
cycloaddition, or the intermediates aer rst C–C bond
formation undergo rotation before the second C–C bond
formation/cyclisation to yield product int3n. The isomerisation
of neutral cis-b-methyl-styrene to its trans-form cannot be
s-b-methylstyrene computed at SMD(solvent)-M06-2X/def2-TZVPP//
y. ET ¼ electron transfer barrier heights estimated using Marcus-Hush
lues in HFIP are given together with values in MeCN in square brackets.

Chem. Sci., 2020, 11, 9309–9324 | 9317
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Fig. 6 Non-covalent interaction (NCI) plots for key TSs in pathways P1 and P2 at gradient isosurface value of s ¼ 0.5 a.u.
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achieved thermally at the reaction temperature, requiring ca.
60 kcal mol�1.107,108 Alternatively, cis-to-trans isomerisation of b-
methylstyrene via hole-catalysed rotation can be achieved more
9318 | Chem. Sci., 2020, 11, 9309–9324
readily than in the neutral counterpart,109 however, the higher
redox potential of cis-b-methylstyrene 2b than trans-anethole 1a
(521 mV difference in HFIP, Table 1) implies the latter would
This journal is © The Royal Society of Chemistry 2020
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Scheme 4 Interconversion between reaction pathways involving trans-anethole and trans-b-methylstyrene (P1) and trans-anethole and cis-b-
methylstyrene (P2) via rotations in the radical cationic intermediates. Gibbs energies in HFIP solvents are given in kcal mol�1.
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preferentially form a radical cation rst (a preference of ca.
12 kcal mol�1), which subsequently attacks the neutral cis-b-
methylstyrene, present in excess. The 1 : 2 stoichiometric ratio
of the two alkenes 1a : 2b (even though this increases slightly
during the reaction as reactants are consumed) is not enough to
outweigh the intrinsic difference in oxidation potentials such
that we consider the possibility in the isomerisation of radical
cationic cis-b-methylstyrene unlikely.

We therefore focused our attention on the rotation of the
acyclic radical cation intermediates formed aer the rst step.
Free rotation about C–C single bonds in radical cationic systems
are known to be relatively facile;57,86 these rotations can be more
easily achieved in radical cationic species than in their neutral
counterparts.109 Scheme 4 shows the reactions between trans-
anethole 1a and either trans-b-methylstyrene 1b (P1) or cis-b-
methylstyrene 2b (P2). These two reactions are interconvertible
via a rotation about C1–C2 bond in the radical cationic inter-
mediate following rst C–C bond formation. In the reaction
between [1a]c+ and 1b for example (P1), at the intermediate int2
aer the rst C–C bond formation, direct second C–C bond
formation (ts2, 13.0 kcal mol�1) has a much lower activation
barrier than the rotational barrier to access pathways P2 (ts-rot-
12, 20.3 kcal mol�1), such that only int3n is formed as the sole
product.

In the reaction between [1a]c+ and 2b (P2), aer the rst
reversible C–C bond formation, the intermediate int70 can
undergo a direct second C–C bond formation ts70, with an
activation barrier of 17.4 kcal mol�1. In this scenario, however,
This journal is © The Royal Society of Chemistry 2020
the rotational barrier is much more competitive (ts-rot-120,
18.9 kcal mol�1) to give int20, allowing the reaction to access
pathway P1. This intermediate int20 could form neutral cyclo-
butyl ring int30n directly due to the low barriers for the second
C–C bond formation and the electron transfer to reduce the
radical cationic cyclobutyl int30. This neutral cyclobutene int30n
could also be reduced back to its radical cationic int30 with
a barrier of 14.2 kcal mol�1, which is (slightly) lower than the
overall TDTS ts10 at 14.6 kcal mol�1. The cycloreversion110,111 of
int30 would give [1a]c+ and 1b, which subsequently forms int3n
as the thermodynamic product. In a way, we can think of the
radical cationic species int70 as an intermediate for the
conversion of cis-b-methylstyrene to trans-b-methylstyrene
before further reaction to give the all-trans cyclobutane. Note
that structures int3n and int80n are almost isoenergetic and are
favoured both kinetically (by 1.6–2.0 kcal mol�1) and thermo-
dynamically (by 1.2–2.1 kcal mol�1) over int30n and int8n. The
activation barrier difference DDG‡ of 1.5 kcal mol�1 between
second C–C bond formation/cyclisation (ts70, 17.4 kcal mol�1)
and rotation (ts-rot-120, 18.9 kcal mol�1) gives a selectivity ratio
of 6.8 : 1 under kinetic control; this is close to the experimen-
tally observed ratio of 4 : 1. The exact ratio is likely inuenced by
dynamical effects in such radical cationic intermediates, shown
in a quantum classical dynamics study of radical cationic Diels–
Alder cycloaddition.112

Comparing reactions P1 and P2, we note that for both the
rst and second C–C bond formations, the TSs for P1, where
both alkenes involved have trans-geometry, are lower in
Chem. Sci., 2020, 11, 9309–9324 | 9319
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activation barrier than the TSs for P2, where one of the alkenes
has cis-geometry whereas the other trans-geometry. From Fig. 6
(and Fig. S2 and S12†), the bond lengths in TSs for rst (ts1, ts10,
ts6 and ts60) and second (ts2, ts20, ts7 and ts70) C–C bond
formations are similar for both pathways P1 and P2 (to within
0.1�A). The TSs in P1 (ts1 and ts10 for rst C–C bond formation
and ts2 and ts20 for second C–C bond formation), however, all
have lower activation barriers than the corresponding TSs in P2
(ts6 and ts60 for rst C–C bond formation and ts7 and ts70 for
second C–C bond formation), since there is less steric clashes
between the O–H atom on the phenyl ring and the H atom on b-
carbon of trans-b-methylstyrene in P1 than between the O–H
atom on the phenyl ring and the methyl group on the b-carbon
cis-b-methylstyrene in P2, giving greater reactivity in reaction P1
than reaction P2.

3. Conclusions

We have studied the heterodimerisation of styrenes promoted
by hypervalent iodine oxidants with DFT calculations. The
homodimerisation of anethole is computed to occur around 56
times faster than heterodimerisation (DDG‡ ¼ 2.5 kcal mol�1).
Experimentally, low concentrations of anethole are necessary to
avoid homodimerisation. Anethole is added (dropwise) to
a solution of an otherwise unreactive alkene in excess (2 equiv.)
to ensure heterodimerisation occurs. Computed reduction
potentials with implicit and explicit models of solvation indi-
cate that HFIP solvation creates a more powerful oxidant by
stabilising the radical anionic form of the hypervalent iodine
species, forming strong intermolecular hydrogen bonds. The
regioselectivity for head-to-head dimerisation results from
a kinetic preference in the rst C–C bond forming step. In the
heterodimerisation of two trans-styrenes (reaction P1) complete
stereoretention is observed. The all-trans diastereomer is fav-
oured kinetically over the trans–cis–trans form in the rst step,
and this preference is further reinforced by the greater ther-
modynamic stability of the all-trans product and the potential
for overall reversibility at ambient temperatures and above. TSs
that result in the loss of alkene stereochemistry by an exocyclic
rotation in the acylic radical cation intermediates lie more than
4 kcal mol�1 above all C–C bond forming TSs and do not play
a role for these substrates. In contrast, C–C forming TSs in the
reaction between a trans- and a cis-alkene (reaction P2) lie
higher in energy, such that rotation is now competitive with
ring-closure. This results in the formation of products that are
normally formed from the reaction of two alkenes of trans-
geometry. In addition, anti-addition (giving trans-geometry
across the rst C–C bond formation) is favoured when the
reacting alkenes are both of trans-geometry whereas syn-addi-
tion (cis-geometry across the rst C–C bond formation) is fav-
oured when one of the reacting alkenes is of cis-geometry. These
calculations agree with the stereochemical results of recent
studies with hypervalent iodine oxidants, and with previous
studies using amininum oxidants.

We have shown that the radical cation mediated hole-
catalysed cycloaddition is predominantly inuenced by elec-
tronic factors and is under both kinetic and thermodynamic
9320 | Chem. Sci., 2020, 11, 9309–9324
controls. The regioselectivity for head-to-head over head-to-tail
isomer formations is under kinetic control, as both these
neutral 4-membered rings have rather close energies. For the
head-to-head isomers (syn- vs. anti-adducts), although themajor
isomer is favoured both kinetically and thermodynamically, the
product selectivity is controlled by thermodynamics of the
neutral products since the experimentally observed product
distribution agrees better with the thermodynamic energetic
differences rather than the kinetic activation barrier
differences.

Alkene heterodimerisation with “hole catalysis” is intrinsi-
cally challenging since the more electron-rich reagent is both
easier to oxidize and more reactive towards the radical cation
once it has been formed. We predict that the homodimerisation
pathway for trans-anethole is kinetically favoured by
2.5 kcal mol�1 over the heterodimerisation with b-methylstyr-
ene where the concentrations of the two alkenes are identical.
Practical solutions to this challenge have thus far focused on
increasing the amount of the less electron-rich alkene and
adding the more electron-rich component dropwise. Based on
our analysis of the competing transition structures, and in
particular those features that favour heterodimerisation ts1, we
propose enhancing attractive dispersive and electrostatic
interactions as an alternative way to increase the likelihood of
heterodimerisation. For example, we expect that incorporation
of larger p-systems or aromatic substituents known to provide
greater dispersive interactions into the less easily oxidised
alkene will stabilise heterodimerisation ts1. Additionally,
through-space electrostatic interactions could also be opti-
mised for the less electron-rich component by the introduction
of polar functional groups that are not in direct conjugation
with the alkene. Such groups could then stabilise the hetero-
dimerisation pathway without a large change in oxidation
potential to this component. Since dispersive and electrostatic
contributions also stabilise ts1 over diasteromeric pathways,
tuning these interactions could also be used to ensure high
levels of diastereoselectivity. The understanding of this mech-
anism opens up possibilities of experimentally controlling the
chemoselectivity, regioselectivity and stereoselectivity in
oxidant-promoted SET hole-catalysed heterodimerisation of
electron-rich alkenes in accessing complex, tetra-substituted
cyclobutyl rings. Using computational calculations of redox
potentials of different alkenes and understanding their
inherent steric and electronic properties, we envision that
intermolecular heterodimerisation of different alkenes can be
efficiently controlled, with precise chemical selectivity, to effi-
ciently access tetra-substituted cyclobutanes.
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