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This account highlights the role of restricted bond rotations in influ-
encing the excited-state reactivity of organic molecules. It highlights
the photochemical reactivity of various organic molecules and the de-
sign strategies that could be exploited by chemists to utilize restricted
bond rotations to uncover new excited-state reactivity and to achieve
selectivity.
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1 Introduction

Molecular restrictions play a critical role in controlling

the outcome of chemical transformations.2–6 Molecules fea-

turing restricted bond rotations can be tailored to be opti-

cally active, which could be exploited to influence stereo-

chemical features in molecules and materials.7–10 These

structural features of compounds, known as atropisomers,

are found in many natural products and lifesaving drugs.11

Due to their significance and effectiveness in propagating

chiral information, atropisomers are often employed as chi-

ral perturbers7–10 (e.g., as ligands) and as chiral catalysts12–

16 to influence the stereochemical outcome of chemical re-

actions. Atropisomers are also utilized as reaction tem-

plates to transfer chirality from the reactant to products.7–10

While the impact of atropisomers in influencing the stereo-

chemistry of thermal reactions have garnered widespread

attention, their impact on excited-state processes has been

an emerging area of interest.7–10 This review highlights the

systematic studies undertaken in our research group on

employing restricted bond rotations, how to utilize them

for chiral transfer during excited-state transformations, and

how to tailor their properties to uncover new photochemi-

cal pathways.9

Unlike thermal reactions, synthesis of chiral molecules

by photochemical methods has faced obstacles due to the

nature of the excited-state processes (see below).17 Stereo-

selectivity in a thermal reaction is governed by the differ-

ential activation energy of diastereomeric transition states

formed during the reaction. However, photochemical reac-

tions involve high-energy species in the excited state(s), of-

ten without any significant barriers. Hence, the reactivity of

photoexcited molecules are often dictated by the excited-

state lifetimes in which dynamics of the system plays a cru-

cial role.17 An added complication to the excited-state reac-

tivity involves spin multiplicity (singlet vs. triplet), which

dictates the mode of reactivity as well as selectivity.18,19 Re-

gardless of these challenges, light-mediated reactions are

considered to be an excellent strategy for the synthesis of

chemical compounds that are difficult to synthesize by

thermal methods due to complementary nature of excited-

state reactions vs. ground-state reactions.20–22 Strained ring

systems, which are difficult to synthesize by thermal reac-

tions (such as four-membered rings), can be easily synthe-

sized in the presence of light – a benign, green reagent.23–24

Several research groups in the past explored the chal-

lenge associated with photochemical asymmetric synthesis.

Some of the earliest reports were by Le Bell (1874)25 and

van’t Hoff (1894),26 who proposed the idea of using circu-

larly polarized light (CPL) for the synthesis of optically ac-

tive compounds. This method depended on differential ab-
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sorption of left- and right-circularly polarized light (CPL) by

enantiomers.27 Several decades later, Kuhn and Braun

(1929)28 experientially demonstrated the feasibility of this

approach by irradiating a racemic mixture of -bromopro-

pionic ester in the presence of circularly polarized light.

Preferential absorption of circularly polarized light by one

of the isomers resulted in photodecomposition, leaving the

other enantiomer in an excess amount. They observed an

optical rotation of []D +0.5 after 50% conversion. Kagan and

co-workers (1974) achieved 20% enantiomeric excess by

photodecomposition of a racemic mixture of camphor with

circularly polarized light after 99% conversion.29 However,

due to low stereoselectivity and product yields, these

methods did not attract the attention of chemists for tra-

ditional synthetic purposes. Nonetheless, the interest in

achieving high enantiomeric excess by the application of

circularly polarized light in earlier days were directed to-

wards the origin of homochirality of biomolecules in na-

ture.30–31

Solution-phase photochemical asymmetric synthesis,

which was developed in the later decades, showed signifi-

cant increase in the optical yield.27,32,33 Scharf and co-work-

ers reported chiral-auxiliary-mediated Paternò–Büchi reac-

tion with high diastereomeric excess (de >96%).34,35 Pio-

neering work of Inoue and co-workers showcased the

enantio-differentiating photoisomerization of (Z)-cyclo-

heptene to (E)-cycloheptene in the presence of chiral sensi-

tizers, leading to high enantioselectivity.36–38 High enantio-

meric excess was also achieved by using a chiral complexing

agent that interacted with the ground-state reacting part-

ner to induce chirality in the photoproduct.39 Extensive in-

vestigation of supramolecular systems as confined media

has shown promising outcomes in achieving high stereose-

lectivity during excited-state transformations.40 For exam-

ple, photoreactions in crystalline media has showed excel-

lent diastereo-/enantioselectivity.41,42 Readers are encour-

aged to refer to other reviews related to supramolecular

photochemistry for approaches to controlling excited-state

phenomenon in organized assemblies.40,43

While organized assemblies have provided immense

knowledge about controlling excited-state reactivity, a gen-

eral strategy for achieving high optical yields during photo-

reaction in solution was lacking. For example, photoreac-

tion in crystalline media showed stereoselectivity close to

100%.41,42 But, this strategy cannot be employed for sub-

strates that are not crystalline in nature.44,45

2 NEER – Principle and Restricted Bond Ro-
tations in the Excited State

In an attempt to develop a generalized strategy for in-

ducing chirality in a photochemical reaction, our research

group utilized atropisomeric molecules with an inbuilt

photoactive chromophore that were geared towards a

specific photoreaction of interest. Atropisomers that are sta-

ble at room temperature have energy barriers in excess of 27

kcal/mol.7–10 The rationale for utilizing such stable atropiso-

meric molecules, or molecules featuring restricted bond

rotations, is to translate the different dynamics that are

prevalent in the ground- and excited-state towards efficient

reactivity and stereo-enrichment in the photoproduct. This

strategy was termed as ‘axial to point chiral transfer strate-

gy’9 and was developed by merging Havinga’s ‘non-equili-

brating excited rotamers’ (NEER) principle46–48 and Curran’s

‘prochiral auxiliary approach’8 for non-biaryl atropisomeric

substrates. Figure 1 illustrates the NEER principle46–48 and

the different dynamics present in ground and excited

states, by showcasing diene as a model system. The diene s-

cis and s-trans rotamers that are in equilibrium in the

ground state do not equilibrate in the excited state (Figure

1, top). This difference in dynamics affects the reactivity of

the diene in the excited state. The same phenomenon was

envisioned for chiral rotamers that feature restricted bond

rotations in the ground state; namely, atropisomeric com-

pounds that slowly racemize in the ground state that, upon

photoexcitation, will not equilibrate in the excited state,

leading to effective chirality transfer as the photoreaction

occurs at a faster rate than racemization. This effective

transfer of axial chirality was labeled as ‘axial-to-point chi-

rality transfer in photochemical reactions’.49–52

Based on the above NEER-principle-inspired strategy,

our group has established a general strategy for employing

axially chiral compounds for asymmetric photochemical

Figure 1  Translating restricted bond rotations in the excited state for 
atropselective phototransformations – A NEER-principle-inspired meth-
odology46–48
© 2022. Thieme. All rights reserved. Synlett 2022, 33, A–L



D

S. K. Kandappa et al. AccountSynlett

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
ity

 o
f P

en
ns

yl
va

ni
a 

Li
br

ar
ie

s.
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.
transformations.9 The strategy was shown to work for vari-

ous excited-state transformations. One of the first reports

by our group to illustrate the above axial chirality to point

chirality transfer strategy from the excited state involved

6-photocyclization of atropisomeric acrylanilides 1 and 3

in solution (Scheme 1; entries A, B)49–52 to form the corre-

sponding 3,4-dihydroquinolinone products 2 and 4 with

high atropselectivity (atropselectivity is selective transfor-

mation of a single atropisomer) in the photoproduct (84–

99% ee). This reaction was also investigated under triplet

energy transfer conditions50 as well as under the influence

of alkali metal ions52 (Scheme 1) leading to highly enantio-

enriched photoproducts (Scheme 1; entry B). The atropse-

lective strategy was also successfully evaluated in crystal-

line media51 (Scheme 1; entry B) and under elevated pres-

sure.53 Some of the other successful approaches from our

group include Norrish–Yang type II reaction of atropiso-

meric -oxoamides 5 to form the corresponding cyclobuta-

nol derivatives 6 (Scheme 1; entry C),54 Norrish–Yang type

II reaction of atropisomeric -benzoylformamides 7 to

oxazolidine-4-ones 8 (Scheme 1; entry D),55 4-ring closure

of atropisomeric 2-pyridones 9 (Scheme 1; entry E),56

Paternò–Büchi reaction of atropisomeric imides 11 in solu-

tion and in the solid state (Scheme 1; entry F) leading to

oxetanes 12,57 crossed-[2+2]-photocycloaddition of atrop-

isomeric imides 13 (Scheme 1; entry G),58 [5+2]-

photocycloaddition of atropisomeric maleimides 15

(Scheme 1; entry H) leading to azidipines 16,59 and [2+2]-

photocycloaddition of atropisomeric alkenyl-maleimides

17 (Scheme 1; entry I) leading to the corresponding photo-

product 18.60 The reactions related to the systems listed in

Scheme 1 were highlighted as an Accounts article.9 The

present review highlights divergent reactivity observed in

various excited chromophores viz., (a) enamide chromo-

Scheme 1  Photochemical axial to point chirality transfer strategy/atropselective photoreactions developed by Sivaguru and co-workers.
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phores that undergo [2+2]-photocycloaddition, Paternò–

Büchi reaction vs. [3+2]-photocycloaddition,23,61,62 (b) at-

ropisomeric enone chromophores that can be manipulat-

ed for photoreactivity towards Norrish–Yang vs. 6-pho-

tocyclization,63 and (c) maleimide chromophores that un-

dergo [2+2]-photocycloaddition vs. photoene reaction

(see below).64,65

3 [2+2]-Photocycloaddition of Enamides

Acyclic enamides featuring N-acyl substituent typical-

ly undergo acyl migration under photochemical condi-

tions. Ninomiya, Mori and co-workers66 reported 6-cy-

clization of N-benzoyl enamides to form the correspond-

ing cyclic adducts. However, reports on the

photocycloaddition of cyclic enamides are scarce. Sivaguru

and co-workers explored photocycloaddition reactions in-

volving atropisomeric enamides 19a–c (Scheme 2) with a

suitably tethered double bond. Triplet sensitized [2+2]-

photocycloaddition of C=C double bond of 3,4-dehydro-2-

pyridone derivative61 tethered with an allylic C=C double

bond at the ortho-position of phenyl ring 19a–c resulted

in the formation of the corresponding cycloadduct 20a–c

and 21a–c with high atropselectivity (>98%, Scheme 2).

The photoproduct 20a–c featured a cis-fusion of the hy-

drogens between the cyclobutyl and lactam rings, while

photoproduct 21a–c featured a trans-fusion of the hydro-

gens between the cyclobutyl and lactam rings. Atropiso-

meric enamides 19a–c had a fairly high racemization bar-

rier that dictated the atropselectivity in the photoproduct.

Diastereoselectivity in the cis-20a–c and trans-21a–c pho-

toproducts was dictated by the nature of allylic substitu-

tion (Scheme 2) with gem-dialkyl substituted alkenyl

enamide 19b giving low diastereoselectivity compared to

high diastereoselectivity with unsubstituted terminal

alkenyl enamides 19a,c.

Photophysical experiments established that enamides

19 had triplet energy of 73 kcal/mol (Figure 2). In the ab-

sence of triplet sensitizer, no reaction was observed,

whereas [2+2]-photocycloaddition was observed with

triplet sensitizer acetone (which was used as solvent and

sensitizer ET = 79 kcal/mol), xanthone (ET = 74 kcal/mol),

and acetophenone (ET = 73 kcal/mol) in methanol. Based

on this observation it was proposed (Scheme 3) that the

reaction proceeded through energy transfer, leading to the

triplet state of 19 (3[19]*). This triplet species underwent

cyclization to form triplet biradical t-BR19. Enamide 19b,

featuring a gem-dimethyl substituent at the terminal

alkene (R1 = CH3 in 19b), proceeded via a tertiary radical

that was long-lived, leading to pyramidal inversion at the

-carbon of the lactam ring, producing triplet radical t-

BR19′b. This triplet biradical intersystem crossed to form

the corresponding singlet biradical s-BR19′b, which subse-

quently ring closed to the photoproduct with moderate di-

astereoselectivity (Scheme 3). On the other hand, triplet

Scheme 2  [2+2]-Photocycloaddition of atropisomeric six-membered 
enamides 19a–c61

N

X

O

R2
R1

R1 N

X

OH

H

R2

R1

R1

N

X

OH

H

R2

R1

R1
hν 

(acetone or 
solvent/sensitizer)

+

19a–c cis-20a–c trans-21a–c

–30 to 25 °C, t, N2

a) R1, R2, X = H;
ee (20a) >98%
dr (20a:21a) = 98:2

b) R1 = Me, R2, X = H;
ee (20b) >98%
dr (20b:21b) = 2.8:1 to 4.3:1
(depending on sensitizer)

c) R1 = H; R2, X = Me
ee (20c) >98%
dr (20c:21c) = 98:2

Figure 2  (Top) Fluorescence at 298 K and 77 K (red and blue) and 
phosphorescence at 77 K (blue dotted) of 19a in methylcyclohexane 
(right) and ethanol (left). (Bottom) Phosphorescence decay kinetics at 
77 K in MCH glass (right) and ethanol glass (left). Reproduced from ref-
erence61 with permission from the Royal Society of Chemistry.

Scheme 3  Mechanistic rationale for intramolecular [2+2]-photocyc-
loaddition of 19a–c
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energy transfer to enamides 19a and 19c led to the

corresponding triplet biradical t-BR19a/c, featuring a primary

radical centre at the carbon bearing R1 substituent (as R1 =

H, Scheme 3). This short-lived primary triplet-biradical

underwent intersystem crossing at a faster rate than the

biradical generated from 19b to form the singlet biradical

s-BR19a/c. The singlet biradical s-BR19a/c subsequently

cyclized to form the cycloadduct with high diastereoselec-

tivity (Scheme 2 and Scheme 3).

4 [3+2]-Photocycloaddition vs. Paternò–Bü-
chi Reaction of Enamides

Divergent photochemical reactivity of enamides 22, fea-

turing a phenyl ketone tether, was investigated towards

[3+2]-photocycloaddition vs. Paternò–Büchi reaction.23,61,62

While the staple photochemical reactivity of phenyl

ketones towards Paternò–Büchi reaction was well estab-

lished,67–69 altering the course of reactivity to a different

photochemical pathway is quite challenging due to the

short time span of the reactive species involved in the pho-

totransformations.18 Research from our group showed that

higher temperatures can be employed to alter the chemical

reactivity of 22. Moreover, the effect of entropic factors in-

fluencing enantioselectivity/diastereoselectivity in photo-

reactions have been elegantly demonstrated by Inoue, Mori

and co-workers.70,71 Results from our group demonstrated

that the chemoselectivity from the same excited state can

be controlled by varying the reaction temperature. This is

different from photoreactions in which chemoselectivity

can be achieved by altering the nature of the excited

state.72,73 We showed that enamides 22, featuring benzoyl

substituents, react in a divergent fashion preferring the ex-

pected Paternò–Büchi product 23 at low temperature (as

well as at room temperature), whereas the [3+2]-photo-

product 24 was preferred at higher temperatures (Scheme

4).23,61,62

Photoreactivity of 22a in acetonitrile under energy

transfer from xanthone as the triplet sensitizer gave Pater-

nò–Büchi product 23a as the major product (Scheme 4).

Upon increasing the temperature to 70 °C, an unusual prod-

uct 24a was observed and its structure was unequivocally

established by single-crystal XRD analysis to be a [3+2]-

photocycloaddition product (Scheme 4). Based on photo-

physical studies, it was established that the enamide with a

benzoyl substituent featured an n* excited state (Figure 3,

top) with a triplet energy (ET) of ca. 73 kcal/mol above the

ground state, with a lifetime of 8 ms in EtOH at 77 K.23 Con-

versely, time-resolved phosphorescence of 22b in EtOH at

77 K showed a multiexponential decay (due to distinctive

chromophores viz., enamide and the carbonyl functional-

ities) with phosphorescence lifetimes ranging from 62 to

438 ms (Figure 3, bottom).62 The lowest triplet excited state

of 22b was assigned as * characteristic due to the similar-

ities with para-methoxy acetophenone chromophores

(compare the spectra in Figure 3B). Based on photophysical

studies, temperature-dependent chemoselective behavior

from the same excited state (e.g., n* excited state in 22a)

was mechanistically rationalized to proceed via a triplet ex-

cited 22a (i.e., 3[22a]*) centered around the benzoyl chro-

Scheme 4  [2+2]-Photocycloaddition of atropisomeric six-membered 
enamides 22a,b
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Figure 3  (A) Phosphorescence spectra at 77 K of benzoyl substituted 
enamides 22a and (B and C) 22b. Top figure reproduced from referenc-
es23 with permission from the American Chemical Society. Bottom fig-
ure reproduced from references62 with permission from John Wiley & 
Sons.
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mophore (Scheme 4, bottom). This benzoyl-based triplet in

22a reacted with the enamide alkene unit to produce a 1,4-

triplet biradical tBR-22a. At low temperatures, tBR-22a in-

tersystem crossed to singlet biradical sBR-22a en route to

the formation of the Paternò–Büchi product 23a. Carrying

out the reaction at elevated temperature enabled the 1,4-

triplet biradical tBR-22a to undergo cyclization and led to

the formation of 1,3-triplet biradical tBR-24a, which under-

went intersystem crossing followed by re-aromatization to

from the [3+2]-photoproduct 24a. As the [3+2]-photoprod-

uct 24a was observed at elevated temperatures, it revealed

an energy barrier for the conversion of tBR-22a to tBR-24a′.

This energy barrier was insurmountable at low tempera-

tures, leading to the Paternò–Büchi product 23a. At high

temperatures, the triplet 1,4-biradical tBR-22a had diver-

gent pathways; namely, Paternò–Büchi pathway through

intersystem crossing or overcoming the energy barrier to

form tBR-24a. The different reactivity of the tBR-22a was

dictated by temperature, which was reflected in the 23/24

product ratio. The study showcased that the established Pa-

ternò–Büchi reactivity towards [3+2]-photocycloaddition

pathway can be altered by manipulating factors that control

reaction coordinates such as the orientation of the orbitals,

trajectory, and accessibility of the radical center.

5 Divergent Photoreactivity of Enones Dic-
tated by Restricted Bond Rotations: Norrish–
Yang Reactions vs. 6-Photocyclization

Photochemical reactivity of enones 25 under both visi-

ble-light-mediated energy transfer catalytic conditions and

under directed irradiations displayed divergent behavior

depending on restricted bond rotations around the amide

bond (Scheme 5).63 Photochemical reactivity of atropiso-

meric enone carboxamides 25a–i featured hydrogen ab-

straction, leading to the corresponding spiro--lactams

26/27 (Scheme 5, right), whereas the corresponding achi-

ral/planar enone carboxamide 25j underwent 6-photocy-

clization, leading to 3,4-dihydroquinolin-2-one photoprod-

uct 28 (Scheme 5, left). For example, photoexcitation of

enone 25a under direct irradiation (ca. 300 or 350 nm) or

through energy-transfer sensitization with visible light led

to efficient reactivity (Scheme 5) with the formation of

spiro--lactams 26a/27a. The conversion varied based on

the reaction conditions from 53 to 77% (Scheme 5). The di-

astereomeric ratio (d.r.) in the spiro--lactam photoprod-

uct 26/27 was 95:5. The enantioselectivities in the diaste-

reomeric photoproducts were >95%. A critical point of note

is that the restricted C–NAr bond rotation in the reactant

enone 25 was not prevalent in the photoproduct due to the

reduced C–N–C bond angle in the -lactam ring.

The facile C–NAr bond rotation in the spiro--lactam

was confirmed through opposite optical rotation values in

the corresponding enantiomeric photoproducts. This

feature was exploited for transferring axial chirality in the

reactant to point chirality in the photoproduct(s) with high

enantiomeric excess. While atropisomeric enones 25a–h

underwent hydrogen abstraction to form spiro--lactam

type 26/27, the corresponding non-atropisomeric enones

25j underwent 6-photocyclization (Scheme 5) leading to

cis- and trans-product (cis-28/trans-28) with cis-product

being the major product.

Detailed photophysical studies (Figure 4) were per-

formed to understand the reactive dichotomy in atropiso-

meric and non-atropisomeric enones leading to chemose-

lective reactivity from the excited state by utilizing atrop-

isomeric enones 25b–c, and the achiral enone 25j. As no

noticeable room temperature fluorescence was observed in

either methylcyclohexane (MCH) or ethanol (EtOH), the

emission studies were performed at 77 K in EtOH glass,

which showed observable phosphorescence in 25b and 25j

(Figure 4A,B) with triplet energies of 62 and 61 kcal/mol,

respectively. A bi-exponential decay was observed for this

phosphorescence with lifetimes of around 0.15 ms and 0.1s

Scheme 5  Chemoselective photoreaction of enones carboxamides 
25a–i: Norrish–Yang reaction vs. 6-photocyclization63
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for both 25b and 25j (Figure 4A,B). Based on this, it was

postulated that 25 featured a mixture of both n* and *

triplet excited states (Figure 4), and that the observed reac-

tivity (Scheme 5) originated from triplet excited states of

both atropisomeric and achiral enones.

Transient absorption spectra (Figure 4C) centered

around 330 nm were generated using pulsed laser exci-

tation of an argon-saturated solution of atropisomeric sub-

strates 25b and 25c in acetonitrile with lifetimes of 1.7 ms

and 1.9 ms, respectively (Figure 4C, inset). The transients

were assigned to triplet states because they were efficiently

quenched by oxygen. In the case of achiral enone 25j (Fig-

ure 4, bottom), the triplet transient generated in acetoni-

trile was centered around 380 nm with a lifetime of ca. 15

ns (Figure 4D–E). This transient gave rise to a new transient

centered around 330 nm as well as a broad absorbance at

750 nm (Figure 4F) with a lifetime of ca. 6 s (Figure 4G–H)

and was not quenched by molecular oxygen. Based on liter-

ature precedence74 and on the characteristic features, this

transient was assigned to zwitterion (ZI-25j) involved in the

reaction pathway.

Computational analysis provided insight into the diver-

gent reactivity of achiral and atropisomeric enones. Utiliz-

ing 25a as model for computational studies, two key transi-

tion states, the triplet 3[TS1-25a]‡and the singlet 1[TS2-

25a]‡, were identified as playing seminal roles in determin-

ing the stereochemistry of the spirolactam product

Figure 4  (Top) Phosphorescence decay kinetics of atropisomeric enone 25b (A) and achiral enone 25j (B) at 77 K in EtOH glass. The respective phos-
phorescence spectra are given in the insets. (C) Transient absorption spectra after pulsed laser excitation (ex = 308 nm, 15 ns pulse width) of argon-
saturated solutions of atropisomeric enones 25b and 25c in acetonitrile. Absorbance kinetic traces monitored at 330 nm (inset). (Bottom) Transient 
absorption spectra of 25j monitored at 0–40 ns (D) and 0.1–3.1 ms (F) after pulsed laser excitation (ex = 308 nm, 15 ns pulse width) of an argon-
saturated solution of 25j in acetonitrile. Absorbance kinetic traces monitored at different wavelengths and timescales are shown in (E), (G), and (H). 
Reproduced from references63 with permission from John Wiley & Sons

Scheme 6  Proposed mechanistic rationale for the observed photo-
chemical dichotomy in atropisomeric and achiral enones leading to 
Norrish–Yang reaction vs. 6-photocyclization
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(Scheme 6, top). For abstraction of the benzylic hydrogen

atom through triplet 3[TS1-25a]‡, the orientation of the

benzylic phenyl ring away from the ortho-tert-butyl sub-

stituent, was found to be lower in energy. In the next key

transition state, singlet 1[TS2-25a]‡ was found to be crucial

in determining the stereochemistry of the spirolactam pho-

toproduct. In the case of 25a, the relative energy of the

transition state for the formation of (3S,4R)-26a was lower

in energy by 2.6 kcal/mol than that for the formation of

(3S,4S)-26a (Scheme 5 and Scheme 6). This computed ener-

gy difference reflected a diastereoselectivity of 97%, which

was in line with the observed experimental selectivity.

Single-crystal XRD analysis provided further insights

into the different reactivity in atropisomeric enones 25a–h

and achiral enone 25j. In the case of enone 25j, the distance

from the -enone-carbon to the N-phenyl ortho-carbon

was found to be optimal (ca. 3.6 Å) for photocyclization

from a triplet excited-state 25j (Scheme 6, bottom right).

This triplet excited-state 25j underwent cyclization through

a triplet diradical TDR-25j followed by intersystem crossing

to a zwitterion ZI-25j, which was observed as a transient in

laser flash photolysis (Figure 4) en route to the cyclized

photoproduct 28. Single-crystal X-ray structure of atropiso-

meric enone 25b divulged that due to steric factors, the N-

aryl substituent was orthogonal to the plane formed by

CH2-N-C=O substituents, which was reflected in a higher

distance of 5.047 Å between the -enone-carbon and the

N-phenyl ortho-carbon featuring the butyl group (Scheme

6, bottom left). The developing 1,3-strain (A-strain) be-

tween the N-(CH2-aryl) substituent and the ortho-tert-bu-

tyl group in the photoproduct hindered formation of the

6-photocyclization product (Scheme 6, left) in spite of the

distance (ca. 3.9 Å) from the -enone-carbon to the N-phe-

nyl ortho-carbon without a tert-butyl group. Thus, a com-

prehensive investigation of photochemical, photophysical,

computational, and structural features of achiral and atrop-

isomeric enones showcased the factors responsible for the

divergent reactivity.

6 Divergent Photoreactivity of Imides with 
Alkenes: [2+2]-Photocycloaddition vs. Pho-
toene Reaction

The [2+2]-photocycloaddition is a textbook example for

photoreactivity of two alkene double bonds and it is an al-

lowed process in the excited state.75,76 The ene-reaction on

the other hand is a thermally allowed process that requires

elevated temperatures or can be performed under catalytic

conditions.77,78 There are exceptions to the mode of reactiv-

ity of an excited molecule towards [2+2]-photocycloaddi-

tion vs. an ene-reaction. The well-studied system is singlet

oxygen that can either undergo a [2+2]-photocycloaddition

or an ene-reaction depending on the alkene reactant and

conditions employed.64,65 Based on this, Sivaguru and co-

workers altered the reactivity of triplet excited alkenes to-

wards photoene reaction79 rather than a conventional

[2+2]-photocycloaddition.

Intermolecular photochemical reaction between ci-

traconicimide derivative 29 was evaluated with differently

substituted alkenes 30a–e under visible-light irradiation

with thioxanthone acting as a photosensitizer/photocata-

lyst (Scheme 7). Irradiation of citraconicimide 29 with mo-

no- or di-substituted alkenes 30a–b led to the correspond-

ing regioisomeric-[2+2] photocycloaddition products, with

1,2-substituted cyclobutane 31a–b as the major-isomer

and 1,3-substituted cyclobutane 32a–b as the minor isomer

(Scheme 7, left). For example, photoreaction of mono-sub-

stituted alkene 30a with 29 afforded photoproducts 31a

and 32a with isolated yields of 41 and 23%, respectively (to-

tal isolated yield 64%). The stereochemistry of substituent

in the cyclobutane products 31 and 32 were unambiguous-

ly confirmed by single-crystal XRD analysis (Scheme 7,

left).

Conversely, photoreaction of citraconicimide 29 with

trisubstituted alkenes 30c and tetrasubstituted alkenes 30d

gave the corresponding photoene product 33c (45% isolated

yield) and 33d (41% isolated yield), respectively (Scheme 7,

right). The isolated yield of the photoproduct increased to

83% when the photoreaction was carried out at –78 °C in

dichloromethane. The formation of the photoene adduct

was unambiguously established by single-crystal XRD

(Scheme 7, right). Both the [2+2]-photocycloaddition (with

mono- and di-substituted alkenes) and photoene reaction

(with tri- and tetra-substituted alkenes) were atropselec-

tive when optically pure atropisomers were employed as

the reactants, leading to highly stereoenriched photoprod-

ucts. The reaction was less effective under direct irradiation

conditions (16–38% conversion) compared to sensitized

photoirradiation with thioxanthone (isolated yields as high

as 83%).

Detailed photophysical studies were carried out to un-

derstand the reactive dichotomy leading to [2+2]-photocyc-

loaddition vs. photoene reaction. As the reaction was effi-

cient with thioxanthone, laser flash photolysis experiments

were carried out with citraconicimide 29 as the quencher

(Figure 5). Efficient quenching of the thioxanthone (and

xanthone) triplets were observed (Figure 5A) with bimolec-

ular quenching rate constant kq of 4.6±0.1 × 109 M–1s–1 (kq =

6.6±0.1 × 109 M–1s–1 for xanthone). The quenching study re-

vealed that the lowest triplet state energy (ET) of ci-

traconicimide 29 is well below 63 kcal/mol (ET thioxan-

thone) and that the triplet energy transfer was feasible in

this system. As the photoene product was dependent on the

substitution pattern of alkenes, bimolecular quenching rate

constants were determined for quenching of triplet excited

citraconicimide 29; i.e., 3[29]* by alkenes 30a–d (Figure 5C).

Laser pulse excitation of 29 at 308 nm (20 ns pulse width)

generated a weak transient absorption spectrum that de-

cayed with a lifetime of 8.7 s. This transient was assigned
© 2022. Thieme. All rights reserved. Synlett 2022, 33, A–L
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(Figure 5B) as the triplet excited citraconicimide 29, i.e.,
3[29]*, that was quenched by alkenes 30a–d with rate con-

stant kq ranging from 1 × 108 M–1s–1 to 11 × 108 M–1s–1 (Fig-

ure 5C). Based on the experimental details and on the pho-

tophysical investigation, a mechanistic rationale for the

photoene reaction was proposed (Scheme 8) in which the

triplet excited 29 (formed by sensitization or by direct irra-

diation) reacted with alkene to form a triplet 1,4-biradical

t-1,4-BR-30d. The stability of this diradical (3° radical in

both the radical centers), which was relatively long-lived,

led to the abstraction of the allylic hydrogen of ci-

traconicimide through a cyclic six-membered transition

state to form triplet 1,2-biradical t-1,2-BR-30d. This diradi-

cal subsequently intersystem crossed to a singlet 1,2-birad-

Scheme 7  Divergent photoreactivity of imides with alkenes: [2+2]-photocycloaddition vs. photoene reaction. The yields indicated are from reaction 
performed with 30 mol% TX and 10 equiv of 30 using a 420 nm Rayonet reactor. The ee values are based on chiral stationary phase HPLC analysis with A 
and B representing the order of eluting enantiomers; dr values were obtained from 1H NMR spectroscopy.

Figure 5  Photophysical studies for determining the divergent reactivity of 29 with alkenes. (A) Bimolecular rate constant (kq) for quenching of xan-
thone and thioxanthone triplet states by 29 using laser flash photolysis (ex = 355 nm, 7 ns pulse width). Inverse xanthone and thioxanthone triplet 
lifetimes determined from triplet absorption decay traces monitored at 620 nm vs. varying concentration of 29 in argon saturated MeCN solutions. (B) 
Transient absorption spectrum of 29 monitored at the end of the laser pulse (ex = 308 nm, 20 ns pulse width) of argon-saturated MeCN solutions. Inset: 
decay trace monitored at 350 nm. (C) Bimolecular rate constant (kq) for quenching of 3[29]* by alkenes 30a–d using LFP (ex = 308 nm, 20 ns pulse 
width). Inverse triplet lifetime of 29 determined from triplet absorption decay traces monitored at 350 nm vs. varying concentration of 30a–d in argon-
saturated MeCN solutions. Reproduced from references64 with permission from the American Chemical Society.
© 2022. Thieme. All rights reserved. Synlett 2022, 33, A–L
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ical s-1,2-BR-30d, leading to the observed photoene prod-

uct 33d. An ionic pathway involving electron transfer was

ruled out due to its endergonic nature of electron transfer

from excited 29. When the alkene employed was mono- or

di-substituted, the diradical formed is relatively short-lived

due to the high reactivity of secondary/primary radical cen-

ters, leading to the observed [2+2] photocycloaddition

product.

7 Summary and Outlook

This review has showcased how restricted bond rota-

tions in molecules can be exploited to uncover new and ex-

citing photochemical reactivity. The photochemistry and

photophysics of achiral and atropisomeric molecules di-

verge significantly. One of the main bottlenecks for this

strategy is to access pure atropisomers. Emerging synthetic

methods to access atropisomers foretell a bright future for

this strategy, which could be exploited not only for asym-

metric photochemical transformations but also to uncover

new photochemical pathways and to develop new photo-

catalytic methods to build molecules with complex chemi-

cal features.80,82
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