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Photocycloaddition Reaction of Atropisomeric Maleimides:

Mechanism and Selectivity

Xue-Ping Chang,’ Yiying Zheng,” Ganglong Cui,** Wei-Hai Fang® and Walter Thiel*®

We report a density functional study on the mechanism of the [2+2] photocyclization of atropisomeric maleimides. Experimentally, the reaction is
known to proceed through the triplet state. We have located all relevant S, and T; minima and transition states, as well as the T1/So crossing points,
and mapped eight stepwise photocyclization pathways for four different conformers in the T, state that lead to distinct regioisomers. In the
preferred four pathways (one for each conformer) the initially formed C-C bond involves the terminal carbon atom of the alkene moiety. This
regioselectivity originates from electrostatic preferences (arising from the charge distribution in the polarized C=C double bonds) and from the
different thermodynamic stability of the resulting triplet diradical intermediates (caused by electron donation effects that stabilize the radical
centers). The formation of the second C-C bond is blocked in the T; state by prohibitively high barriers and thus occurs after intersystem crossing to
the ground state. Furthermore, we rationalize substitution effects on enantioselectivity and diastereoselectivity and identify their origin.

Introduction

Asymmetric synthesis, also called chiral or enantioselective
synthesis, is one of the cornerstones of modern chemistry. It is
particularly important in the field of chemical and pharmaceutical
industry, because different enantiomers or diastereomers of a
molecule usually have distinct chemical and biological activities.”™
Conventional chiral synthesis has evolved to such an extent that
chemo-, regio-, and stereo-control can be readily achieved in
thermal reactions within complex, templated, and multifunctional
molecules.”™

Asymmetric photochemical transformations have not reached
the same level of success, even though they may provide
complementary access to molecules with unique stereochemical
and structural complexity.m_18 Reaction control is more difficult in
synthetic photochemistry because the basic bond-forming and
bond-breaking steps are often governed by the lifetime of a key
excited state, the formation of which may be dominated by
complex photophysical processes in the molecule (e.g. internal
conversion and intersystem crossing) and affected by its
complicated surroundings. Asymmetric photoreactions are
generally fast processes so that the desired excited-state reactivity
and product stereochemistry must be manipulated within the short
lifetime of the excited species.lg’20 These requirements may be
alleviated to some extent by performing photoreactions in confined
media, in supramolecular templates, and in the solid state,u_27 but
it is still a challenge to control the stereoselectivity of
photoreactions in solution.

Recently, Sivaguru and co-workers employed atropisomeric
compoundszs_31 to achieve a variety of asymmetric photochemical
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transformations in solution, including 6m, 4m, and Norrish-Yang
photocyclizations,  photocycloadditions, and  Paterno-Biichi
reactions.’>™ In these studies, they managed to transfer axial
chirality in the reactants to point chirality in the products upon
irradiation. In 2014, they broadened the scope of this strategy to
visible-light induced [2+2] photocycloaddition of atropisomeric
maleimides, achieving high enantioselectivity (ee > 98%), high
diastereoselectivity (exo/endo selectivity, dr > 99%), and exclusive
chemoselectivity.40 Photocycloaddition was observed under direct
irradiation, triplet-sensitized ultraviolet irradiation, and metal-free
catalyzed Vvisible-light irradiation.*® The enantioselectivity and
diastereoselectivity was found to be largely dependent on the
substituents at the maleimide double bond, while being only
minimally affected by the substituents at the alkenyl tether.* The
observed exo/endo photoproduct selectivity and the chiral transfer
during the reaction in the triplet excited state were explained by a
plausible  two-step photocatalytic mechanism, which s
schematically shown in Fig. 1.

Irradiation of the reactant maleimide (1) in the presence of a
sensitizer provides access to the triplet state and leads to the
formation of 1,4-diradical intermediates (DR1-DR4); in a second
step, these triplet diradicals undergo intersystem crossing (ISC) to
the singlet state, and the resulting singlet diradicals recombine and
cyclize to yield the major exo-product (2) and the minor endo
product (3).40 In this scenario, there are several issues that call for
further clarification at the atomistic level, for example: What are
the energy profiles associated with the proposed reaction paths?
Where do the triplet diradical intermediates return to the singlet
ground state? What is the origin of exo/endo photoproduct and
path selectivity? Why is intermediate DR1 more favorable than DR2
in the exo photoaddition? Why are only the substituents on the
maleimide double bond crucial for the observed diastereoselectivity?
It is clearly difficult to resolve these microscopic issues solely by
experimental means, and it is thus desirable to address them
through high-level electronic structure calculations.
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Fig. 1 Intramolecular [2+2] exo/endo photocycloaddition reactions of
atropisomeric maleimides in the presence of a sensitizer. Adapted from
Scheme 5 of the work of Kumarasamy et al.”®

Such computational studies on mechanism and selectivity are
abundantly available for ground-state thermal reactions (for
selected recent reviews see refs. 41-46), but much less so for
photoreactions. In this article, we report the first computational
investigation on the mechanism of the novel [2+2] photocyclization
reactions’’ using density functional theory (DFT). We first focus on
the substrate with a methyl substituent on the maleimide (R1=Me in
Fig. 1, substrate 1i in the experimental work40), for which we
present and discuss eight stepwise reaction pathways (one major
and one minor path for each of the four conformers considered)
that lead to distinct photoproducts. Thereafter we elucidate the
origin of enantioselectivity and diastereoselectivity in this reaction
as well as the role of the substituents on the maleimide double
bond and the alkenyl tether.

Computational Methods

DFT Calculations

Minima and transition states in the T, and S, states were optimized
using the unrestricted DFT method” with the BE}LYP,“g'51 MO6-
2X,52'53 PBEO,53 and CAM-B3LYP** exchange correlation functionals,
in combination with the all-electron 6-31G* basis set.>>*® The
nature of all these stationary points on the potential energy
surfaces was confirmed by computing their harmonic vibrational
frequencies. The polarizable continuum model (PCM) was
employed to implicitly account for solvent effects (acetonitrile).”’
Grimme-type  dispersion corrections (D3) were included
throughout.58 Gibbs free energies of all optimized structures were
calculated at 298.15 K and 1 atm. Singly-occupied molecular orbitals
associated with  triplet states were obtained through
biorthogonalizing unrestricted molecular orbitals to maximally align
electron pairs. All electronic structure calculations were carried out
using the GAUSSIANO9 package.59

Crossing-Point Optimization

To optimize the T,/S, crossing points, we adopted the penalty
function method of Ciminelli et al.* as implemented in the DL-FIND
module of the ChemShell-3.5 package.el’62 The objective function is
defined as
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where E, and E;, denote the potential energies of the electronic
states / and J. For the parameters c¢; and c,, we used the
recommended values of 5.0 (kcal/mol)'1 and 5.0 kcal/mol,
respectively. This optimization scheme for intersection structures
has been shown to work well for large systems, in particular also in
the condensed phase.sa’64

Results

Scope of the Computational Study

Inspection of Fig. 1 would seem to suggest that it is sufficient to
consider the two depicted conformers A and B. However, the
alkenyl side chain of the reactant maleimide (1) may adopt different
conformations, and the heterocycle and the aryl ring need not be
oriented strictly perpendicular to each other but may have dihedral
angles different from 90°. In a conformational search at the DFT
level, we found four distinct local ground-state minima for the
reactant maleimide (1) that have an orientation suitable for [2+2]
photocycloaddition (see Table S1 of the Supporting Information).
We will present computational results for all these four conformers
(labeled as A-D) but will focus in the discussion on two prototypical
conformers (A, B) for head-to-head and head-to-tail cycloaddition.
The results for the two other conformers (C, D) are generally
analogous and will thus mostly be given only as Supporting
Information (SI).

Reactants in the Sy and T, States

At the B3LYP-D3/6-31G*/PCM level, we optimized the two relevant
Sp reactant conformers A and B in acetonitrile solution, see Fig. 2. A
and B (or C and D) can be inter-converted by rotation of the
terminal alkene group around the neighboring C—C single bond,
while A and C (or B and D) are related by rotation of the maleimide
group around the N-C(aryl) bond. We note that A and D (or B and
C) are not enantiomeric pairs because all four conformers have
similar tilts between the heterocycle and the aryl ring (dihedral
angles C5-N-C6-C9 of 110-114°) whereas the four corresponding
enantiomers have opposite tilts (see Table S1 of the SI).

Structurally, the terminal alkene groups in A and B are all
located reasonably close to the C3=C4 double bond of the
maleimide group; for example, at the B3LYP-D3/6-31G*/PCM level,
the C2-C3 and C1-C4 distances in A are computed to be 4.058 and
4.442 A; the C1-C3 and C2-C4 distances in B are 4.753 and 4.636 A.
Energetically, conformer A is predicted to be the most stable
species in the Sy state at the B3LYP-D3/6-31G*/PCM level; however,
it is only 0.5, 0.2, and 1.7 kcal/mol lower in energy than the other
three conformers B, C, and D. Given the limited accuracy of DFT, all
four conformers need to be considered when studying the
photocyclization reaction.

In the presence of a photosensitizer, the photocyclization has
been shown experimentally to involve the T, state.”® The T,
reactant conformers are thus important for understanding the
mechanism. As in the case of the Systate, we obtained four stable
conformers in the T, state, but again focus on the prototypical cases
A and B (as shown in Fig. 2). Structurally, compared with their S,
counterparts, the two C-C distances relevant to the
photocyclization reaction change little for A, whereas they decrease
by more than ca. 0.3 A for B. Energetically, all four T; conformers
are close to each other, within 0.5 kcal/mol at the B3LYP-D3/6-
31G*/PCM level. They lie about 53 kcal/mol above their S,
counterparts.
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Fig. 2 Two Sp and two T; reactant (left) and product (right) conformers
optimized at the B3LYP-D3/6-31G*/PCM level. Also shown are the C-C
distances (A) related to the [2+2] photocyclization reaction (carbon atoms
involved in green). The relative Gibbs free energies (kcal/mol) are given
underneath the structures. See Supporting Information for Cartesian
coordinates.

The T, state in the reactant region originates from a local nt*
electronic excitation within the maleimide group. In the Supporting
Information, the left panel of Fig. S1 shows the two singly-occupied
molecular orbitals (SOMOs) in the T, state of conformer A, which
are both spatially localized within the maleimide moiety. One of
them (top-left in ESI, Fig. S1) has a node in the middle of the C=C
double bond of the maleimide group, indicating that the mm*
excitation leads to a breaking of the C=C double bond. This is
reflected in the elongation of the corresponding C-C bond from
1.340 A in the S, state to 1.475 A in the T, state of conformer A. The
electronic structure of the T, state in the other three conformers is
analogous (B, C, and D; see Supporting Information).

As discussed above, conformer A can be converted to
conformer C by rotation of the maleimide group around the N-
C(aryl) bond. We identified approximate transition states for this
process in the Syand T, states by computing the corresponding
minimum-energy pathways (see Supporting Information). The
conversion from A to C is quite difficult in both cases, with Gibbs
free energy barriers of 33.8 kcal/mol in the S, state and 19.7
kcal/mol in the T, state at the B3LYP-D3/6-31G*/PCM level (see the

75 75 4
604 604
3 454 3 45
g 2
H g
@ 30 L]
154 154
04 0

Free

left panel of Fig. 3). The barrier in the T, state is substantial, but
lower than that in the S, state, which may be partly caused by the
pyramidalization of the maleimide N atom. In contrast, the
interconversion between A and B is much easier (see the right panel
of Fig. 3), since the barrier that needs to be overcome is only 4.0
kcal/mol in the S, state and 4.3 kcal/mol in the T, state. In the
course of this rotation, there exists a transient conformer, which
however cannot undergo photocyclization because of the improper
orientation of the terminal alkene group.

Products in the S, and T, States

[2+2] photocyclization of the two conformationally distinct
conformers A and B will give rise to two distinct product conformers.
Fig. 2 shows the corresponding Sy and T, structures optimized at the
B3LYP-D3/6-31G*/PCM level.

In each case, two single C-C bonds are formed: C1-C4 and C2-C3
for A; C1-C3 and C2-C4 for B. The products have typical bond
lengths, for example, 1.556 and 1.600 A for C1-C4 and C2-C3 in A,
and 1.556 and 1.594 A for C1-C3 and C2-C4 in B, respectively (see
Fig. 2). Energetically, the A product is the most stable S, species
(lying ca. 3 kcal/mol below the B product). Furthermore, the Gibbs
free energies of the A product [A-SO-P] is only 0.7 kcal/mol higher
than that of the A reactant [A-SO-R], while the corresponding free
energy difference for B ([B-SO-P] versus [B-SO-R]) is somewhat
higher (3.5 kcal/mol at the B3LYP-D3/6-31G*/PCM level).

Analogously, we also optimized the two T; products, as shown
in Fig. 2. Their Gibbs free energies relative to the S, state of the A
reactant [A-SO-R] lie in the range between 79-82 kcal/mol (B3LYP-
D3/6-31G*/PCM) and are thus much higher than those of the T,
reactants (on average 53 kcal/mol, see Fig. 2). These T, products are
thus not accessible in the photoreaction (see ESI for further details).

T, Reaction Paths

Experimentally, there is a major and a minor reaction path in the
[2+2] photocyclization of the maleimides leading to exo and endo
products, respectively.40 After initial excitation to the S; state,
interactions with the photosentizer lead to fast energy transfer and
decay to the lowest triplet state, and hence the photocyclization
begins in the T, state. Thus, we examined a total of four T, paths
(major and minor) for conformers A and B to understand the
mechanism. Fig. 4 depicts these possible reaction paths. In the
following we discuss them in more detail.
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Fig. 3 Computed Gibbs free energy profiles (kcal/mol) in the Sp and T, states (B3LYP-D3/6-31G*/PCM). Left, A-C interconversion by rotation around the N—
C(aryl) bond; right, A-B interconversion by rotation of the terminal ethylene group around the neighboring C—C single bond. Only T; structures are shown.
See text for discussion. Analogous calculations using the 6-31+G* basis with diffuse functions give very similar results (see Table S10 and Figure S16 in the

Supporting Information).
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Fig. 4 Reaction paths for [2+2] photocyclization starting from the two reactant conformers.

B-DR3-T1-TS1 B-DR3-T1 B-DR4-T1
Fig. 5 Stationary-point structures on the T, pathways starting from the
reactant conformers A and B computed at the B3LYP-D3/6-31G*/PCM level
(SI for C and D). Also shown are the lengths (A) of the two C-C bonds
involved in the [2+2] photocyclization reaction (carbon atoms involved in
green). See Supporting Information for Cartesian coordinates.

B-DR4-T1-TS1

Starting from the A conformer [A-T1-R] the two paths available
in the T, state are labeled as DR1 and DR2 in Fig. 6. In the former,
the C1-C4 bond is formed first to yield in a diradical intermediate
(A-DR1-T1 in Fig. 5); subsequent formation of the C2-C3 bond leads
to ring closure. In the latter, the two C-C bonds are formed in the
opposite sequence (first C2-C3, then C1-C4) via another diradical
intermediate (A-DR2-T1). The structures of the transition states and
intermediates for paths DR1 and DR2 are shown in Fig. 5.

In the first half reaction of path DR1, the C1-C4 distance
changes from 4.417 A in A-T1-R via 2.462 A in A-DR1-T1-TS1 to
1.599 A in A-DR1-T1. The corresponding Gibbs free energy barrier,
relative to the triplet reactant A-T1-R, is computed to be 1.5
kcal/mol. The diradical intermediate A-DR1-T1 is predicted to be

12.6 kcal/mol lower in energy than A-T1-R. Thus, for DR1, the first
half reaction is kinetically facile and thermodynamically favorable.

In path DR2, the C2-C3 bond is formed first, as can again be
seen from the relevant C-C distances in the stationary points (Fig. 5).
Mechanistically, this path is unimportant because the relevant
Gibbs free energy barrier is much higher than its counterpart on
path DR1: relative to the triplet reactant A-T1-R, it is computed to
be 9.7 kcal/mol (vs. 1.5 kcal/mol in DR1; see above).

There are two analogous photocyclization paths for reactant
conformer B in the T, state (B-T1-R), which are labeled as DR3 and
DR4 in Fig. 6. In DR3, the initial formation of the C1-C3 bond is
computed to be facile (Gibbs free energy barrier of 2.8 kcal/mol)
and exergonic by 10.3 kcal/mol. In DR4, the first half reaction
requires more activation (8.8 kcal/mol). Analogous results are
obtained for the photocyclization reactions starting from the triplet
reactants C-T1-R and D-T1-R (i.e. paths DR5, DR6, DR7, and DRS);
they are presented and discussed in the Supporting Information
(see ESI, Fig. S2 for the optimized structures).

According to our calculations, the second half reaction will not
take place in any of the T, pathways (DR1-DR8), because the Gibbs
free energy of each transition state is more than 40 kcal/mol higher
than that of the corresponding reactant (Fig. S10, see Supporting
Information for further details).




Fig. 6 Gibbs free energy profiles (in kcal/mol) for the [2+2] photocyclizations starting from the reactant conformers A and B computed at the B3LYP-D3/6-

31G*/PCM level.
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Fig. 7 Mulliken charges of the four carbon atoms involved in the [2+2]
photoaddition reaction of the different triplet reactant conformers.
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Fig. 8 Schematic drawings and spin-density plots of the four diradical
intermediates A-DR1-T1, A-DR2-T1, B-DR3-T1, and B-DR4-T1. See text for

discussion.

Our calculations thus predict that the formation of the first C-C
bond is much easier when involving the terminal carbon atom of
the alkene group (DR1 and DR3), rather than the other carbon atom
(DR2 and DR4). For instance, the free energy barrier for the first half
reaction is 1.5 kcal/mol for DR1 and 9.7 kcal/mol for DR2. This can
be qualitatively understood as follows.

First, electrostatic interactions favor the preferred mode of
attack. Fig. 7 depicts the T, Mulliken charges of the carbon atoms
involved in the photoaddition reaction. Evidently, the terminal
carbon atom of the alkene group (C1) is always negatively charged
(-0.06 to -0.08) whereas the adjacent carbon atom (C2) carries an
opposing positive charge (+0.07 to +0.09). In the maleimide double
bond, the carbon atom with the methyl substituent (C3) is always

positively charged (+0.11), whereas the neighboring carbon atom
(C4) is essentially neutral (0.00 to 0.01). In the case of conformers B,
attractive electrostatic interactions directly favor C1-C3 bond
formation, whereas in the case of A, there are repulsive C2-C3
interactions that indirectly favor C1-C4 bond formation (Fig. 7).

Second, the relative stability of the diradical intermediates on
paths DR1-DR4 may also play an important role for the path
selectivity. For instance, A-DR1-T1 is 15.7 kcal/mol lower in energy
than A-DR2-T1 (Fig. 6). This is related to the spatial distribution of
the spin density, which is more delocalized in A-DR1-T1 than in A-
DR2-T1 (Fig. 8). In the maleimide moiety, the methyl substituent
donates electron density so that a radical center is better stabilized
at C3 than at C4. Likewise, in the alkene moiety, a radical center is
less favorable at the terminal C1 atom than at the adjacent C2 atom
where the substituents can donate electron density to C2.

Both effects combine to make A-DR1-T1 more stable than A-
DR2-T1. The stability of the diradical intermediates is thus largely
governed by the electron donor capabilities of the substituents at
the radical centers. It decreases in the order DR1-T1 > DR3-T1 >
DR4-T1 > DR2-T1, which is consistent with the spatial distribution of
the spin density in the four diradical intermediates (Fig. 8).

T./S, Intersections

Since the second half reactions on paths DR1-DR4 are not feasible
energetically, the system must return to the electronic ground state
via intersystem crossing to complete the cyclization reaction in the
So state.®*® such intersystem crossings occur preferentially close to
intersections of the potential energy surfaces involved.

The most likely region for the T, — S, intersystem crossing is
near the diradical intermediates on paths DR1-DR4.°%® This is
confirmed by our electronic structure computations. We located
the corresponding T;/S, crossing-point structures at the B3LYP-
D3/6-31G*/PCM level (see ESI, Fig. S4). They are structurally and
energetically very close to the related T, diradical intermediates and
are thus easily accessible as long as the T, intermediates themselves
can be reached. At these intersection structures the open-shell
singlet and triplet states are degenerate, and the two unpaired




electrons are located on the two chemically unbound carbon atoms.
The crossing-point structures are twisted (see ESI, Fig. S4), so there
will be some covalent interaction between the radical centers
leading to a nonzero (presumably small) spin-orbit coupling that
mediates intersystem crossing.65 After return to the S, state, an
essentially barrierless ring closure of the singlet diradical leads to
the formation of the closed-shell cyclic product (see Fig. 9).
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Fig. 9 B3LYP-D3/6-31G* (gas phase) and B3LYP-D3/6-31G*/PCM (acetonitrile
solution) computed minimum-energy paths (MEPs) connecting the T/Sy
crossing point (A-DR1-T1S0) and the corresponding ground-state So product
(A-SO-P).
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Fig. 10 Molecular structures used to study the effects of substituents at the
maleimide double bond and the alkenyl tether. The compound indexes used
here are the same as those used in the experimental work.* n-X stands for
compound n with conformation X; for example, 9-A is compound 9 in
conformation A.

Substituent Effects
The [2+2] photocyclization of atropisomeric maleimides is highly
enantioselective experimentally, with more than 98% ee.”® This is
caused by the high barriers to rotation around the N-C(aryl) bond.
For four maleimide substrates, measurements of the free energy
barrier to rotation in toluene gave values of 31.6-31.7 kcal/mol.40
The calculations for conformer A of our standard substrate (1i) yield
barriers of 33.8 kcal/mol in the S, state and 19.7 kcal/mol in the T,
state (see left panel of Fig. 3). Hence, because of these high barriers,
racemization is blocked during the photoreaction, which leads to
high enantiomeric excess in the photoproducts.

Experimentally, diastereomeric ratios (dr) were systematically
studied for a series of atropisomeric maleimides with different

substituents on the maleimide double bond and the alkenyl
tether.** The dr values were not affected much by changing the link
between the alkenyl tether and the N-aryl ring (cf. compound 1 vs.
9, O vs. CH2 link, 79:21 vs. 74:26) or by gem-dimethyl substitution
at the terminal alkene carbon atom (cf. compound 1 vs. 2, 79:21 in
both cases). By contrast, replacing the methyl substituent at the
maleimide double bond (compounds 1 and 2) by a phenyl
substituent (compounds 7 and 11) raises the dr value significantly
to more than 99:1. To analyze the origin of this diastereoselectivity,
we have performed additional computations on these compounds
(see Fig. 10).

Table 1 Experimentally Measured Diastereomeric Ratios dr and Computed
Differences (kcal/mol) in Free Energy Barriers AA Gpry.prs and in Reaction
Free Energies AA Gpkqi.prs between Paths DR1 and DR3 (C-C Bond
Formation in the T, state). Compounds are Labeled as in Table 4 of the
Experimental Work™ and are Shown in Fig. 10.

Compound 1(1a) 2(1b) 7(1g) 9(1i) 10(1j)
dr 79:21  79:21 >99:1 74:26 >99:1
Giriprzs 32 30 76 -13  -49
GFprzs -39 49 -144 23 -119

The dr value is the ratio of the vyield of exo and endo
photoproducts.40 According to our calculations, they are formed
separately via the DR1 and DR3 pathways (as shown before, the
DR2 and DR4 pathways cannot compete with DR1 and DR3).
Therefore, we computed the difference between the free energy
barriers of the first half-reaction on paths DR1 and DR3 in the T;
state (AA GJry.pr3) Which is given by

Ghr1:prs =A Gpr1 —A Ghps
with Gpr1 = Ga-pri-T1-Ts1 — Ga-T1-r and Gprs =
Gg_pr3-T1-Ts1 — Gp—r1—gr- The results are listed in Table 1.
Evidently, compounds 1 and 2 have essentially the sameAA
Gom:om” and dr values. Compounds 7 and 10 have more negative

Gom:om” values, hence path DR1 is more favored, and the dr
values exceed 99:1. Analogously, compound 9 shows the opposite
trend. Therefore, the more negative AA GJry.pr3, the larger is the
drvalue.

According to the Bell-Evans-Polanyi principle, one may expect
a correlation between barrier heights and reaction energies for
analogous reactions in related systems: barriers decrease when the
reaction becomes more exothermic. Having this in mind, we also
computed the corresponding differences in the reaction free
energies on the DR1 and DR3 pathways (AA G[}1.pr3) 8iven by

rXx — rXx rXx
Gpri:prs =4 Gpr1 —A Gpgs

with A GpRy = Ga_pri—t1 — Ga—ri-g @and  Gpks = Gp_pr3—71 —
Gp_r1_g- The results are included in Table 1. As expected, they are
analogous to those for the barriers, and the trends are even more
pronounced: phenyl substitution at the maleimide double bond
(compounds 7 and 10) makes the DR1 pathway much more
favorable thermodynamically.

This can be understood by considering the electronic
structures of the triplet diradical intermediates (e.g. A-DR1-T1 and
B-DR3-T1). Fig. S11 shows the computed spin density distributions
in these intermediates for compounds 1, 2, 7, and 10 (see ESI for
further discussion). In these compounds, the diastereoselectivity is
thus ultimately governed by the ability of the substituents to
stabilize the intermediate diradical triplet species.



Comparison with other Functionals

All preceding results were obtained at the B3LYP-D3/6-31G*/PCM
level. To check their sensitivity with regard to the choice of
exchange-correlation functional, we performed single-point DFT/6-
31G*/PCM calculations on the optimized B3LYP-D3/6-31G*/PCM
geometries using the range-separated hybrid functional CAM-B3LYP,
the global hybrid functional PBEO, and the global hybrid meta-GGA
functional M06-2X, with inclusion of Grimme dispersion corrections
(D3) in the case of CAM-B3LYP and PBEO. Fig. 11 compares the
corresponding T, energy profiles for pathways DR1 and DR2 of our
standard substrate (1i) with those obtained at the B3LYP-D3 level.
Evidently, all functionals yield qualitatively similar profiles. On
pathway DR1, the first half-reaction is very facile and leads to a
fairly stable triplet intermediate. Pathway DR2 is confirmed to be
less favorable by a significant margin in all cases. On a quantitative
scale, the three single-point energy profiles generally lie somewhat
below the B3LYP-D3 profile, both for DR1 and DR2 (e.g. by about 7—
8 kcal/mol in the case of the intermediate), but this does not affect
any of the mechanistic conclusions.

Importantly, the different functionals also predict qualitatively
the same path selectivity. This can be seen from the computed
differences in energy barriers and reaction energies between
pathways DR1 and DR2 of our standard substrate (1i), see Table 2.
Obviously, all functionals give similar values for these energy
differences, with minor deviations up to 2.9 kcal/mol for the first
barrier and less than 1.6 kcal/mol for the reaction energy.

B3LYP-D3-DR1

CAM-B3LYP-D3-DR1 (SP)

M06-2X-DR1 (SP)

e PBEQ-D3-DR1 (SP)

fffff B3LYP-D3-DR2
CAM-B3LYP-D3-DR2 (SP)

----- MO06-2X-DR2 (SP)

fffff PBE0-D3-DR2 (SP)

71

-16.8

-22.1
-25.1

Fig. 11 Single-point energies from CAM-B3LYP-D3, M06-2X, and PBEO-D3
calculations on the B3LYP-D3 optimized geometries for pathways DR1 and
DR2 (see text). The T; reactant serves as reference point in each potential
energy profile. See Supporting Information for the other pathways DR3-DRS.

Table 2 Computed Differences (kcal/mol) in Energy Barriers AA EZp1.pr2
and in Reaction Energies AA Ef%i.pr2 between Paths DR1 and DR2
Computed by Different Exchange-Correlation Functionals (B3LYP-D3, CAM-
3LYP-D3, MO06-2X, and PBEO-D3). See Fig. 11 for the Associated Potential
Energy Profiles and the Supporting Information for the Results for Pathways
DR3-DR8.

First half reaction
E;Rl:DRZ El’;)}c?l:DRZ
B3LYP-D3 -8.5 -16.8
CAM-B3LYP-D3 -7.3 -16.6
MO06-2X -7.0 -15.5
PBEO-D3 -5.6 -16.9

Comparison with Experiment

In the experimental work,m the photocyclization of the

atropisomeric maleimides was shown to proceed via the T, state:
formation of the first CC bond yields a triplet diradical intermediate,
which then undergoes intersystem crossing to the singlet ground
state, with subsequent formation of the second CC bond. Our
present calculations confirm this nonadiabatic photocyclization
mechanism and provide additional structural and energetic
information, by focusing on two conceivable reactions paths (DR1-
DR4) for two possible conformers (A and B) of a prototypical
substrate (1i) and by identifying all relevant minima and transition
states as well as T,/S, intersection structures.

Experimentally, scrambling studies were performed on
atropisomeric maleimides that are mono-substituted at the
terminal alkene carbon to explore the initial bond-forming
process.40 Two plausible scenarios were proposed to explain the
observed lack of scrambling in the alkene moiety, namely either a
preference of DR1 over DR2 or a higher cyclization rate of DR2.%
Our current DFT calculations clearly favor the first alternative since
the computed free-energy barrier for the initial CC bond formation
in the triplet state is much lower for DR1 than for DR2 (1.5 vs. 9.7
kcal/mol). The electronic structure calculations offer two
explanations for the preference of DR1 over DR2: the relevant
transition state for the initial CC bond formation benefits from
more favorable electrostatic interactions between the two
polarized C=C double bonds for DR1 compared with DR2, and the
formed triplet diradical intermediate is better stabilized in the case
of DR2 through substituent effects.

In the experimental work, the observed high enantioselectivity
of the photocyclization was ascribed to high rotation barriers
around the N-C(aryl) bond; values of more than 30 kcal/mol were
measured for the ground-state barriers in toluene.”’ The DFT
calculations confirm this explanation: for our standard substrate
they yield rotation barriers of around 34 kcal/mol in the S, state and
around 20 kcal/mol in the T, state. Thus they predict
conformational stability also in the triplet state, which is essential
for achieving high enantioselectivity by preventing racemization
during the T, photoreaction.

Experimentally, the photocyclization of atropisomeric
maleimides generally leads to two diastereomeric photoproducts,
the major exo and the minor endo form.* They are accessible via
the DR1 and DR3 pathways, respectively. The diastereomeric ratio
dr depends significantly on the substituents on the maleimide
double bond, whereas the group linking the alkenyl tether and the
N-aryl ring has little effect.* The observed dr values for a set of five
substrates correlate well with the computed differences in the T,
free-energy barriers for the initial CC bond formation on pathways
DR1 and DR3, and also with the corresponding T, reaction free
energies (i.e. with the stability of the formed triplet diradical
intermediates). Specifically, we find that phenyl substitution on the
maleimide double bond is capable of selectively stabilizing radical
centers in these intermediates and thus enhancing the dr value in
such compunds. According to this analysis, the diastereoselectivity
is thus ultimately governed by the ability of the substituents to
stabilize the triplet diradical intermediates.

Conclusions

In summary, we have computationally studied the reaction
mechanism of the [2+2] photocycloaddition of atropisomeric
maleimides.*”® We explored eight nonadiabatic photocycloaddition
pathways that lead to distinct regioisomeric photoproducts. These
photocyclizations proceed in a stepwise manner: the first CC bond is
formed adiabatically in the T, state with a very small barrier,
followed by an intersystem crossing to the S, state and an



essentially barrierless formation of the second CC bond in the
ground state. Our electronic structure calculations shed light on the
origin of the observed regio-, enantio-, and diastereoselectivity of
this photoreaction and offer explanations for the observed
substituent effects on enantioselectivity (ee) and
diastereoselectivity (dr). The computational results are consistent
with the available experimental findings and confirm the basic
mechanism proposed in the experimental work,*® while providing
additional detailed insight at the atomistic level. Finally, we hope
that the present study may motivate further computational
research on stereocontrol of photoreactions that may provide
complementary access to molecules with unique stereochemical
and structural complexity.m’68
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