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ABSTRACT: Photochemical electrocyclization reactions are valued both for their ability to produce structurally complex molecules and their
central role in elucidating fundamental mechanistic principles of photochemistry. We present herein a highly enantioselective 6z photoelectro-

cyclization catalyzed by a chiral Ir(III) photosensitizer. This transformation was successfully realized by engineering a strong hydrogen-bonding

interaction between a pyrazole moiety on the catalyst and a basic imidazolyl ketone on the substrate. To shed light on the origin of stereoinduc-

tion, we conducted a comprehensive investigation combining experimental and computational mechanistic studies. Results from density func-

tional theory (DFT) calculations underscore the crucial role played by the prochirality and the torquoselectivity in the electrocyclization pro-
cess, as well as the steric demand in the subsequent [1,4]-H shift step. Our findings not only offer valuable guidance for developing chiral
photocatalysts but also serve as a significant reference for achieving high levels of enantioselectivity in the 67 photoelectrocyclization reaction.

Introduction

Electrocyclizations constitute a class of pericyclic reactions of
both fundamental and practical significance in organic chemistry.
Because they can assemble complex cyclic scaffolds from simpler,
more synthetically accessible linear precursors, these reactions have
found application as key ring-forming steps in total synthesis.m
More fundamentally, the complementary torquoselectivity of ther-
mal and photochemical electrocyclizations constitutes a canonical
demonstration of the consequences of orbital symmetry in pericyclic
reactions. While a variety of methods for asymmetric catalysis of
thermally initiated electrocyclizations have been described,! highly
enantioselective photoelectrocyclization reactions have proven
more difficult to develop,™ consistent with the general challenge of
controlling the high reactivity of electronically excited organic inter-
mediates. Generally effective strategies for asymmetric catalysis of
excited-state photoreactions have only begun to emerge over the
past decade;!! However, these new strategies have focused primarily
on developing cycloaddition reactions.””) New methods to conduct
catalytic photoelectrocyclization reactions with high enantiocontrol
thus provide a significant new capacity in asymmetric synthesis.

Three seminal publications by Bach demonstrate the challenge of
conducting enantioselective catalytic electrocyclization reactions. In
2003, Bach reported the first example of an enantioselective 67 pho-
toelectrocyclization in 57% ee, but the chiral hydrogen-bonding
template had no catalytic effect and had to be used at 2 equiv for

optimal ee. [ Subsequently, Bach reported a dual-catalyst system
comprising a chiral Cu(II) Lewis acid and a thioxanthone sensitizer
for 67 photoelectrocyclization of 2-aryloxycyclohexenones up to
47% ee (Scheme 1A).[ Finally, the same group reported the design
of a chiral thiourea—thioxanthone hybrid catalyst that could perform
the same transformation in 12% ee.”” Ir-polypyridyl photosensitiz-
ers often show superior efficiency over organic photosensitizers for
similar applications. Recently, Paton and Smith demonstrated that
a-aryloxycyclohexenones undergo efficient racemic photoelectrocy-
clization to afford dihydrobenzofurans in the presence of an
Ir(Fppy)s photosensitizer (Scheme 1B).] During the preparation
of this manuscript, the same authors reported that the combination
of a chiral Lewis acid with an Ir photosensitizer could affect the en-
antioselective electrocyclization of diverse acetanilides in up to 90%

ee (Scheme 1C)."

We have recently reported that enantiopure chiral Ir(III) com-
plexes functionalized with hydrogen-bonding pyridyl-pyrazole lig-
ands are efficient triplet-energy chiral photocatalysts for highly en-
antioselective [2+2] photocycloaddition reactions."” We hypothe-
sized that this catalyst design should be applicable to any triplet pho-
toreaction catalyzed by structurally analogous Ir(III) polypyridyl
photocatalysts, including 67 photoelectrocyclization reactions. Pre-
liminary attempts to utilize this hydrogen-bonding chiral Ir(III)
photosensitizers in the asymmetric electrocyclization of the a-ar-
yloxycyclohexenones studied by Paton and Smith (4), however,
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Scheme 1. Recent Developments in Photocatalytic Electrocyclizations.

failed to deliver synthetically useful enantioenrichment. We rea-
soned that one important difference from our previous, successful
investigations might be the hydrogen-bonding ability of the sub-
strate. Previously, our studies focused on quinolone-derived sub-
strates capable of two-point hydrogen-bonding with the pyrazole
moiety;!'"!
Bronsted basicity and thus seem less likely to participate in a simi-

the oxygen functionalities of 4, however, have low

larly well-organized hydrogen-bonding network. We speculated,
therefore, that introducing a more Brensted basic binding domain
into the substrate might provide a better-ordered catalyst—substrate
assembly that could result in higher ee’s. C-Acylimidazoles seemed
particularly promising in this regard. Various asymmetric methods,
including asymmetric photochemical reactions, utilize imidazoles as
strong catalyst-binding auxiliary groups that are readily cleaved from
the enantioenriched products under mild conditions."! We have
also recently reported a chiral Brensted acid-catalyzed [2+2] photo-
cycloaddition of C-acylimidazoles in which the substrate bound to
the catalyst through a single-point hydrogen bonding interaction in-
volving the imidazolyl mtrogen 2 We envisioned, therefore, that
substrate 9 featuring a C-acylimidazole unit might also construct a
well-defined hydrogen bond with a pyrazolyl N-H group on a chiral
Ir(III) photocatalyst and engage in a 6n photoelectrocyclization
with high enantioselectivity (Scheme 1D).

Results and Discussion

Under optimized conditions, chiral Ir(III) complex A-PC featur-
ing a pyridyl-pyrazole ligand catalyzes the 67 photoelectrocycliza-
tion of 9 in high diastereo- and enantioselectivity (Figure 1). The

,SW enantiomeric excesses >90%

design of 9 was inspired by pioneering studies by Chapman and oth-
ers on the 61 photoelectrocyclization of N-aryl enamines.!"* Nota-
bly, the selectivity of the photoreaction was strongly influenced by
the solvent polarity. While a non-polar solvent mixture of 2:1 tolu-
ene:pentane proved to be ideal, higher-dielectric solvents such as
CH.Cl, and CH;CN resulted in poorer ee’s, consistent with the at-
tenuated strength of hydrogen-bonding interactions in these sol-
vents. The temperature was also an important factor for optimal ste-
reoselectivity. Conducting the reaction at —20 °C instead of room
temperature resulted in a significant increase in ee; however, further
lowering of the reaction temperature to —40 °C did not significantly
improve the ee and resulted in a slight loss of diastereoselectivity.
Lowering the photocatalyst concentration (1 mol%) or reaction
concentration (0.01 M) reduced both the yield and ee (entries 6 and
7). Performing the reaction under air instead of an inert atmosphere
resulted in a consumption of 9, but the low yield of product was in-
dicative of oxygen-mediated decomposition (entry 8). Control reac-
tions showed both light and the photocatalyst were required for a
productive reaction (entries 9 and 10). Finally, the carbamate link-
ing group appears to be required: amine- and ether-linked substrates
did not undergo productive electrocyclization (11 and 13). We rea-
soned that the diminished reactivities are due to the inefficient sub-
strate sensitization. Indeed, the calculated triplet energies of 11 and
13 were 53.4 kcal/mol and 54.0 kcal/mol, respectively, that are 3~4
kcal/mol higher than that of 9, which was 50.9 kcal/mol. The find-
ing manifested the importance of triplet energy matching between
the photosensitizer and the substrate. We also note N-methyl linking
group (12) resulted in a degradation, which was in line with the
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Figure 1. Optimization studies for photocatalytic 6x electrocyclization.
Yield determined from the crude reaction versus an internal standard. ®
d.r. determined from the unpurified reaction mixture. ¢ ee determined
via chiral HPLC. ¢ Significant degradation occurred. ¢ >95% returned
starting material based on crude NMR. f6:1 (Z):(E) ratio.

previous observation that the 6m photocyclized tertiary N-alkyl

products are unstable. ['*!

Studies probing the scope of the reaction under optimized condi-
tions are summarized in Scheme 2. The carbamate protecting group
could be varied with only minor effects on yield and enantioselectiv-
ity, and the diastereomeric ratio improved using larger Boc and
Fmoc carbamates (10, 14, 15). Substitution about the aniline group
was reasonably tolerated; methyl substitution at the p-position (16)
conserved the high enantioselectivity, though with a decreased 45%
yield. A p-fluorine (17) drastically decreased the rate of the reaction,
albeit with good mass recovery, while the d.r. and enantiomeric ex-
cess (ee) remained high. In contrast, substitution at the m-position
was highly successful with both 3- (18-20) and 3,5-anilines (21, 22)
providing high yields and enantioselectivity. The 3-Ph-substituted
substrate cyclized to produce 18 in 86% yield of two regioisomers
(1.1:1), slightly favoring the 4-substituted product. Chlorine (19)
and bromine (20) were tolerated in the 3-position favoring the 4-
substituted indolines in 2.5 and 2:1 regioisomeric ratios and impres-
sive 96% and 97% ees, respectively. The structure of 20 was unam-
biguously confirmed via single-crystal X-ray diffraction. The favored
regioisomers agree with previous racemic reports of similar

electrocyclizations.”®) For the disubstituted products, the 3,5-dime-
thylaniline-derived substrate underwent cyclization to 21 in 76%
yield and a nearly equal ratio of diastereomers with high ee (93% and
96%, see SI for minor ee’s). The 3,5-dibromoaniline substrate, in
comparison, reacted to give 22 in high yield (70%) with a >10:1 d.r.
and in 96% ee. Finally, modification of the p-alkyl substituent had
little effect on the yield and enantioselectivity (23 and 24). A slightly
more complex substrate modified with both a cyclohexyl group and
a 3,5-dichloroaniline underwent electrocyclization giving 25 in 50%
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Figure 2. A) Reaction profile tracking of the two substrate isomers, (E)-
and (Z)-9, and the two product isomers, trans- and cis-10. B) Stern-
Volmer analysis of the quenching of the excited-state photocatalyst by
the two substrate isomers.

yield and 93% ee. Surprisingly, in this case, the cis diastereomer was
the major product by a 5:1 ratio. Compounds highlighting some of
the limitations of this reaction are provided in the supplemental in-
formation.

To obtain insight into the mechanism, we first monitored the re-
action progress at ambient temperature using LED-NMR (Figure
2A).1") Geometrically pure (E)-9 undergoes rapid photoisomeriza-
tion and achieves a photostationary 1:1 E:Z ratio within 30 min.
Product-forming electrocyclization is significantly slower, resulting
in a 6:1 ratio of diastereomeric indolines. These results are con-
sistent with the expectation that both alkene isomerization and elec-
trocyclization proceed through a common triplet-state intermediate.
They also suggest a Curtin-Hammett scenario in which triplet sen-
sitization of both alkene isomers is fast but that the partitioning of
the triplet diradical intermediate towards electrocyclization is rela-
tively inefficient. Consistent with this hypothesis, UV-Vis titration
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studies showed that both geometric isomers of 9 bind readily to the
photocatalyst with similar association constants (Keqe = 2,200 and
Keqz = 1,200). Similarly, a Stern-Volmer analysis further showed
that both isomers quench the excited state of *A-PC with similar ef-
ficiencies (Figure 2B, Ksve = 6,700 M and Ksvz = 3,900 M™).

An energy transfer pathway for both E:Z isomerization and elec-
trocyclization was supported by electrochemical experiments. The
chiral Ir photocatalyst (A-PC) exhibited irreversible oxidation
(+1.68 Vvs. SCE) and reduction (~1.42 V vs. SCE) waves by cyclic
voltammetry. Using the estimated triplet energy of the photocatalyst
(60.2 keal/mol), we calculated the excited-state reduction potentials
of the photocatalyst to be (Ir'"*"") = +1.23 V vs. SCE and (Ir'"/""") =
-0.93 V. Neither can access the reduction (<-1.82 V) or oxidation
(+1.39 V) potentials of the substrate, ruling out the possibility of a
photoredox mechanism.

The strong hydrogen-bonding interaction provided by the C-
acylimidazole functional handle appears to be critical for the success
of this enantioselective reaction. Replacing the imidazole with a phe-
nyl ring resulted in a drastically reduced 38% ee while maintaining a
similar yield and diastereomeric ratio (27, Scheme 3A). This result
implies that although the photocatalyst’s pyrazole N-H bond can re-
cruit a substrate by hydrogen bonding to other polar functional
groups in the substrate (presumably the carbamate), the basic imid-
azole moiety results in a stronger, more well-ordered catalyst—sub-
strate assembly that provides superior stereocontrol. As a test of the
generality of this interaction, we examined the intermoecular [2+2]
cycloaddition of imidazolyl enone 28! using the conditions

optimized for the intramolecular electrocyclization. This experi-
ment provided cyclobutane 29 in high yield, equimolar diastereose-
lectivity (trans-syn vs. trans-trans) and promising enantioselectivity
(78% ee) (Scheme 3B). Lowering the reaction temperature to —65
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diastereomers isolated together.



°C improved the yield, diastereoselectivity, and enantioselectivity,
providing trans-syn 29 in 82% yield, 2:1 d.r., and 91% ee. Together,
these data suggest that the hydrogen-bonding interaction between
the imidazolyl nitrogen and the photocatalyst results in a well-orga-
nized assembly that will enable the same chiral photocatalyst to be
used for a range of mechanistically dissimilar inter- and intramolec-
ular reactions with only minimal adjustment of the reaction param-
eters.

The proposed catalytic cycle leading to the major product 10 is
described in Scheme 4. Initially, an encounter complex, labeled as A,
is formed between photocatalyst A-PC and substrate 9. The key
factor in this complexation is the hydrogen-bonding between the
imidazolyl nitrogen of 9 and the pyrazole group of A-PC. Upon
photoexcitation of the encounter complex, a rapid intersystem
crossing (ISC) occurs, leading to the formation of the triplet excited
state, *Al, through triplet excited-state energy transfer (TEET).
Subsequently, a 6w electrocyclization takes place, resulting in the
formation of *A2. Reverse intersystem crossing (RISC) and a
suprafacial [1,4]-H shift yields the hydrogen-bonded complex 10-
PC. Ultimately, product 10 is displaced by 9, resetting the catalytic
cycle.

Figure 3 illustrates the results of our computational mechanistic
investigations aimed at better understanding the origin of enantiose-
lectivity. To start, substrate 9 may form four different hydrogen-
bonded encounter complexes with A-PC, denoted as Al, B1, C1,
and D1. These complexes ultimately give rise to the (S,R), (S,S),
(RS), and (RR) stereoisomers of 10, respectively. The photoex-
cited substrates within the encounter complexes undergo two con-
secutive photochemical reactions: i) 67 electrocyclization and ii)
[1,4]-H shift. The Woodward-Hoffmann rules suggest that the 6x
electrocyclization should proceed in a conrotatory fashion.™'* This
conrotatory motion of the w-orbitals and the orientation of the ap-
proaching phenyl group jointly contribute to the formation of four
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group.

viable intermediates *A2, *B2, *C2, and *D2. While there are eight
conrotatory transition states possible in the excited electronic mani-
fold, four of them are favored due to reduced steric interaction be-
tween the aryl group of 9 and ppy ligand of A-PC. Moving forward,
a lower steric demand in the si-face attack, compared to the re-face
counterpart, results in two distinct outcomes, *A2 and *B2, which
lead to the formation of (S,R) and (S,S) stereoisomers, respectively.
In the subsequent suprafacial [1,4]-H shift, the presence of more
conducive non-covalent interactions between the catalyst and
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Figure 3. Stereodetermining factors: facial selection, torquoselectivity, and non-covalent interaction. The major stereoisomer 10 can be obtained
by the si-face attack of the phenyl carbon to the a-carbon and conrotatory 6x electrocyclization followed by ISC and [1,4]-H shift.



substrate in *A2 drives the formation of the major product 10, bear-
ing the (S,R) configuration.

The detailed mechanism of photocatalytic 67 electrocyclization
has been explored in detail using density functional theory (DFT)
calculations. Special attention was given to the possible structures of
the hydrogen-bonded encounter complexes that can be formed be-
tween 9 and A-PC. We found that there are two encounter com-
plexes, denoted as A and B, wherein the imidazole nitrogen of 9
serves as the hydrogen-bond acceptor to interact with A-PC (Figure
4). As an alternative, we considered the possibility of hydrogen-
bond formation at the carbonyl moiety of 9, giving rise to two addi-
tional encounter complexes, termed A’ and B' (Figure S16). Our

C/@% - ey
'0;243A ®

cf 9
O,g OC N @0 oF oI
A B
(~15.79) (~13.70)

Figure 4. Two viable encounter complexes, A and B, consisting of A-
PCand 9. The Gibbs free energy of each complex is shown in kcal/mol
in parentheses. Hydrogen bonds and their lengths are expressed in red.
Hydrogens attached to carbons omitted for clarity.

DFT calculations revealed that A and B exhibit lower energy states
compared to A’ and B'. Notably, A emerged as the lowest energy

AG(sol)
(kcal/mol)

complex, boasting a 2.1 kcal/mol advantage over B, primarily at-
tributable to favorable non-covalent interactions between the phe-
nylpyridine ligand of A-PC and substrate 9. In complex A, the dou-
ble bond of the a,p-unsaturated carbonyl assumes an anti-configura-
tion, whereas in complex B, it adopts a syn-configuration. Interest-
ingly, the other two conformers (A’ and B’), wherein hydrogen
bonding occurs via the carbonyl on 9, were found to be energetically
less favorable by more than 3.3 keal/mol (Figure S16). The dispari-
ties in Gibbs free energy strongly suggest that A’ and B' represent
species that are 700 to 15000 times less populated than A. This ob-
servation underscores the fact that the imidazole nitrogen functions
as a stronger hydrogen-bonding acceptor when compared to the car-
bonyl oxygen - correlation consistent with the relative Bronsted ba-
sicity of these two sites. Importantly, the computed Gibbs free bind-
ing energies for A and B are —15.8 and -13.7 kcal/mol, respectively,
implying that their dissociation constants (Kp) are within the sub-
picomolar range. This level of stability ensures that the substrate-cat-
alyst complexes can withstand subsequent photoexcitation and
bond-forming processes.

Figure S shows the energy profile of the 67 electrocyclization pro-
cess starting from A. Our computational analysis confirms that the
bond formation via the si-face attack leads to the formation product
10 with an (S,R) configuration at the newly formed sp* carbon cen-
ters, consistent with the experimental results. The reaction sequence
begins with photoexcitation, followed by intersystem crossing
(ISC), and intermolecular TEET from A-PC to 9. This prepares the
triplet excited species A1, where the a and f carbons of the carbonyl
group in 9 exhibit diradical character (Figure S17). Subsequently, a
C-N bond rotation generates *A1’, which then engages the phenyl
group of 9 for the si-face attack on the photoexcited double bond.
The 6m electrocyclization leads to the formation of *A2, which in-
cludes a newly formed N-heterocyclic S-membered ring. This
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transition proceeds through a conrotatory transition state *A1’-TS,
with a computed activation energy of 11.2 keal/mol relative to *Al.
This observation aligns with the well-known preference for conrota-
tory products in 67 electrocyclization reactions.!’! Following this,
reverse intersystem crossing (RISC) occurs, converting the triplet
diradical species *A2 to a singlet counterpart A3. The [1,4]-H shift
follows, passing through the transition state A3-TS, with an activa-
tion energy of 15.2 kcal/mol, which is likely the slowest step among
the photochemical processes. This step involves the migration of a
hydrogen atom from the phenyl ring to the p-carbon of the carbonyl
group, thereby restoring the aromaticity of the substrate. Im-
portantly, the suprafacial [1,4]-H shift preserves the chirality of the
intermediate. Finally, the product is released, yielding 10 with (S,R)
configuration.

We also explored the mechanistic pathway leading to the minor
diastereomer, 10(S,S). After photoexcitation, intermediate *B1” is
formed as the phenyl group of the substrate aligns itself toward the
si-face attack on the photoexcited double bond. It is noteworthy that
prochiral intermediates exist in equilibrium within the triplet mani-
fold: *B1’ can be reached either through the C-N bond rotation
from *B1 or the C-C bond rotation from *A1’, with computed en-
ergy barriers of 14.1 and 7.8 kcal/mol, respectively (Figure S18).
The conrotatory motion of m-lobes in *B1’ leads to *B2, traversing
the transition state *B1’-TS with an activation barrier of 12.4
kcal/mol. Finally, RISC and [1,4]-H shift afford the minor product
10(S,S), passing through the transition state B3-TS with a com-
puted barrier of 19.3 kcal/mol. In contrast to the formation of 10
and 10(8,S), the production of the other two diastereomers 10(R,S)
and 10(R,R), which involve the 6x electrocyclization with a re-face
attack of the phenyl group, is predicted to be significantly slower due
to their higher activation energies. Mechanistic details for these dia-
stereomers are presented in Figure S19, highlighting that the activa-
tion energies of the 6m electrocyclization steps, *C1°-TS and *D1’-
TS, are computed to be 18.5 and 22.2 kcal/mol, respectively. These
values are notably higher than those of *A1’-TS and *B1’-TS. Con-
sequently, we concluded that the difficulty encountered in the initial
6m electrocyclization steps, attributed to the higher steric demand
between the phenyl group of 9 and the ppy ligand of A-PC, hinders
the re-face attack.

Our computational analysis revealed that the [1,4]-H shift is most
likely the rate-determining step for the major product 10. This step
is crucial as it not only restores the aromaticity of the product but
also preserves the chirality of the newly formed sp® carbons. Our in-
sights into this process were further enhanced through distortion-in-
teraction analysis and depictions of non-covalent interactions, as il-
lustrated in Figures S20 and S21. In essence, the favorable interac-
tion between the substrate and photocatalyst serves to reduce the ac-
tivation barrier associated with the [1,4]-H shift, ultimately leading
to the formation of the major product 10. We note that the interme-
diates leading up to the [1,4]-H shift are in equilibrium, given that
the activation energies of all preceding steps are lower than that of
the hydrogen atom shift.

Conclusion

We have developed a highly enantioselective 6z photoelectrocy-
clization reaction using a single chiral Ir(IlI) photosensitizer.
Through the strategic engineering of a strong hydrogen-bonding in-
teraction between the pyrazole moiety on the chiral photocatalyst A-
PC and the imidazolyl ketone in the substrate 9, we achieved indo-
line products with good yields and remarkably high enantiomeric

excesses (>90%). Our comprehensive experimental and computa-
tional investigations provide valuable insights into the mechanistic
intricacies of this process. Notably, we delineate the dual functional-
ity of the A-PC as a triplet sensitizer and hydrogen-bonding donor.
The formation of robust hydrogen bonded encounter complexes
plays a pivotal role in enabling the highly enantioselective 67 photo-
electrocyclization, highlighting the importance of substrate-catalyst
interactions in stereocontrol. Furthermore, through detailed DFT
calculations, we revealed the precise mechanism of the photocata-
Iytic cycle and the factors driving high stereoselectivity. Steric de-
mands lead to a preferential si-face attack, while torquoselectivity in
the excited state manifold ensures the conrotatory 6 electrocycliza-
tion. Non-covalent interactions between the catalyst and substrate
govern the diastereoselectivity during the [1,4]-H shift step. These
findings provide crucial guidance for developing chiral photocata-
lysts and open new avenues for achieving highly enantioselective 67
photoelectrocyclization reactions.
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