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Abstract: Two distinct strategies for controlling selectivity, in particular stereoselectivity in photochemical reac-
tions are reviewed. In the first strategy, supramolecular approach using cucurbituril nano-containers in catalytic
amounts is employed to control selectivity during photochemical transformations. In the second approach, a
generalized methodology for carrying out light-induced transformations in solution at ambient conditions is de-
tailed where axially chiral motifs are employed to enantiospecifically transfer the axial chirality in the reactant to
point chirality in the photoproducit(s).
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The review article details two distinct
ways of controlling selectivity, in particu-
lar stereoselectivity in photochemical re-
actions. The first part uses water-soluble
nano-container molecules known as cucur-
biturils in catalytic amounts to control se-
lectivity while the second aspect addresses
a traditional challenge of enantiocontrol
in photoreactions, where molecularly chi-
ral (axially chiral) chromophores are em-
ployed for enantiospecific photoreactions.

1. Water-soluble Nano-containers
as Supramolecular Photocatalysts

Exploiting supramolecular interactions
to alter/improve existing reactivity and/
or selectivity has been a topic of interest
due to the prospect of using nano-inspired
materials for harvesting light induced
transformations.[!l Additionally, the nano-
confinement imposed by macrocyclic
hosts such as cyclodextrins,>#! cucurbit[n]

urilsi>-121  and synthetic capsules!!3.14]
has shown promise towards the develop-
ment of efficient enzyme-mimetics!23] for
various chemical transformations.!12.15-17]
Some key factors that have to be consid-
ered before employing organized assem-
blies to control photoreactivity within su-
pramolecular environments!!8! are i) avail-
able free space, ii) structural rigidity and
iii) type of non-bonding interaction that
develops between the host and the guest. In
our opinion cucurbiturils not only satisfy
the above requirements, but also are water-
soluble, making them appealing from an
environmental perspective.

1.1 Cucurbit[n]urils

Cucurbiturilsi-12I are a family of mo-
lecular container compounds with shapes
similar to that of pumpkins (botanical
name cucurbitaceae!®). Cucurbiturils
(CBs)>-121 feature a cavity similar to that
of cyclodextrins (Scheme 1). Similar to
cyclodextrins that are made of D-gluco-
pyranosyl units, CBs are constructed of
glycouril units. The number of glycouril
units (denoted by CB6, CB7 and CBS)
determines the available volume within
cucurbiturils (CBs). The glycouril unit
provides a hydrophobic pocket (nano-
cavity) in which the portal is made of
polar carbonyl groups that allows them
to bind to both polar and non-polar or-
ganic molecules. Recent efforts by vari-
ous groups!’-12.191 have opened up new
opportunities for using cucurbiturils as
‘nano-reaction vessels’. Cucurbit[8]urils
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Scheme 1. Left: Structural comparison of cucurbit[n]urils (CBs) and cyclodextris (CDs); Right: Photodimerization of coumarin derivatives.

(CB[8]) attracted our attention as their
cavity volume is similar to that of y-cy-
clodextrins (y-CD). We chose to investi-
gate the photodimerization of coumarin
derivatives 1 (Scheme 1) within CB[8]
as we reasoned that CB[8] with a simi-
lar (Scheme 1) cavity volume (479 A3) as
that of y-CD (cavity volume 427 A3), will
be an ideal candidate and will most likely
form 1:2 host—guest (HG) complexes, as
v-CD forms a 1:2 complex with various
coumarin derivatives and other photo-
chromophores.[20]

1.2 Supramolecular Catalysis with
CBs

Using ‘nano-cavities’ to confine reac-
tive photochromophores allows for inves-
tigation of photoreactions based on size/
shape of the nano-cavity along with the

structural rigidity and non-bonding inter-
actions that develop between the host and
guest within the nano-cavity. To success-
fully employ CB[8] as a ‘nano-reaction
vessel” for synthetic transformations, it
is critical to employ them in catalytic
amounts in order to overcome a fundamen-
tal bottleneck viz., solubility of CB[8] in
high amounts (>0.2 mM) that is typically
employed for synthetic reactions.

1.3 Coumarin Derivatives as
Molecular Probes

Coumarin has historically been the sub-
ject of intense photochemical and spectro-
scopic interest mainly as a consequence of
its significance in biological systems and
use in various materials of commercial in-
terest.21-281 Recently, we have been explor-
ing the role of cucurbit[8]urils (CB[8]) in
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Fig. 1. Characterization of HG complex of 1d@CB[8] by abs. spectroscopy/Job plot (top) and by

single crystal XRD (bottom).

altering the photoreactivity (Scheme 1) of
coumarin derivatives.[29-331 Our investiga-
tion revealed that both neutral and cationic
coumarins la—k form stable HG complex-
es with CB[8].130:311 The HG ratios of 1a-k
with CB[8] were examined using 'H-NMR
and UV-Vis spectroscopy (Job plot) and by
single crystal XRD (Fig. 1).[29-33]

Current investigations in our labora-
tory have established that the photoprod-
uct resulting from templating of couma-
rins within CB[8] cavity is likely dictated
by electrostatic/non-bonding interactions
as well as by volume restrictions.[3031] In
water/CB[8] media non-polar coumarins
1b—e preferentially formed syn-photoprod-
ucts, whereas polar coumarins with the
ability to form H-bonds as in 1j-k pref-
erentially formed the anti-dimer (Fig. 2,
left). Based on spectroscopic characteriza-
tion, computational modelling and control
studies with coumarin substrates (1b-i)
we postulated that the H-bonding interac-
tion between the polar functional groups
(OH and NH,*) and the amide-carbonyl of
CB portals is likely responsible for the ob-
served selectivity (Fig. 2, left).

1.4 Dynamic Supramolecular
System in Solution

Photoreactivity of non-polar couma-
rins 1a—i within CB[8] provided an oppor-
tunity to enhance their photodimerization
efficiency. Additionally, we observed that
these non-polar coumarins formed dynam-
ic HG complex in water (Fig. 2, right).
For example, 1d formed a H:G ratio of
1:1.6 indicating a mixture of 1:1 and 1:2
CB|[8]:1d host—guest complex along with
an uncomplexed coumarin in solution. The
dimerization efficiency in the case of 1d—e
was higher inside the cavity (Path A; Fig.
2, right), while for coumarins 1a, 1f—i the
dimerization outside the cavity was much
higher (Path B; Fig. 2, right). For example,
the photodimerization of 1d is very effi-
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cient within the cavity viz., ~50% conver-
sion in 72 h in isotropic media (benzene)
compared to >70% conversion in 60 min in
the presence of CB[8] in water. In general,
the different stereoisomeric photoprod-
ucts are observed in the presence of CB[8]
compared to isotropic media. For example,
in the case of 1d, syn dimers were observed
within CB[8] and anti dimers in isotropic
media. To understand the supramolecular
system in detail we will concentrate on the
photochemistry of 1d as a model chromo-
phore to understand the influence of con-
finement within CBs.

1.5 Photophysical Aspects — Effect
of Confinement within CBs

To ascertain the excited state chemistry
of 1d within CB[8], we carried out steady
state and time resolved emission fluores-
cence and phosphorescence measurements
(Fig. 3). Photophysical investigations of
1d within CB[8] not only provided further
insights into the nature of the reactive ex-
cited state, but also added credibility to our
proposed dynamic behavior of CB[8]-1d
host—guest complex in water. We observed
(Fig. 3A) a 40 nm red shift, an increase in
the emission quantum yield and an increase
in the fluorescence lifetime (Fig. 3B) upon
encapsulation of 1d within CB[8]. The
maximum emission intensity was observed
for the 1:1 complex and the emission inten-
sity decreased for the 1:2 complex because
photodimerization pathway competes with
the radiative pathway decreasing the emis-
sion quantum yield. Fluorescence lifetime
measurements (Fig. 3B) showed three dis-
tinct decays with a long-lived component
(~3.7 ns) from a 1:1 HG complex, an ~0.7
ns component being the 1:2 HG complex
and the <0.1 ns being the uncomplexed
form (1d is established3#! to have a <0.1
ns component decay in water). In addition,
there was also an observable phosphores-
cence at 77 K (Fig. 3C) in the presence
of CB[8]. Thus photophysical studies re-
vealed that the photoreactions could occur
from both the excited singlet and excited
triplet state.

1.6 Supramolecular Photocatalysis
by Confinement within CB[8]
Nano-cavity

In principle, photochemical transfor-
mations with catalytic amounts of CB[8]
are quite feasible, as our investigations
have revealed that non-polar coumarins
form dynamic host—guest (HG) complexes
(Fig. 2; Path A) and react very efficiently in
water. We employed 1d as a model system
to investigate the feasibility of employ-
ing CB[8] as a catalytic supramolecular
nano-reaction vessel. Our results point to a
likely catalytic cycle (Fig. 4, left) involving
CB[8] where the photodimerization of 1d
results in the exclusive formation of syn-
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Fig. 2. Left: Photoproduct selectivity in polar and non-polar coumarins leading to anti- and syn-
dimers respectively. Right: Host-guest dynamics and its influence on photochemical pathway

within CB[8].
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Fig. 4. Left: CB[8] mediated catalytic cycle for photodimerization of coumarins. Right: (a) Kinetics
of photodimerization of 1d at various mol% of CB[8]; (b) Rate increase with various mol% of
CBI8]. (c) Saturation kinetics; Error bars represent a 10% error in the values.

dimers. A closer look at the catalytic cycle
reveals that the photodimerization process
occurs in the presence of catalytic amounts
of CB[8] presumably due to the high pho-
todimerization rate within the cavity. The
photodimerization in water outside the
CBI8] cavity (background reaction) deter-
mines the efficiency of the catalytic cycle
and the selectivity in the photodimeriza-
tion process (syn—anti ratio). The extent
of background reaction compared to the
reaction within the cavity can easily be un-

derstood based on the photoproduct distri-
bution as the anti dimer is formed outside
the cavity (in water) while syn dimer is
observed within the cavity.

In the present case, the anti-dimer is
formed only outside the cavity whereas the
syn isomers are formed within the cavity.
Thus the ratios of syn—anti isomer not only
reflect the selectivity within the confined
environment of CB[8] but also the efficien-
cy of the catalytic cycle. As the reaction in
water has been postulated to occur from a
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triplet state, the background reaction can
be completely quenched in the presence of
oxygen. Thus, the catalytic efficiency can
be enhanced by carrying out the reaction
in O, saturated solution as the photodi-
merization outside the cavity is lowered in
the presence of O, leading (O, acting as a
triplet quencher) to a pronounced syn—anti
ratio even at low mol% of CBJ[8]. Satu-
ration kinetics (Fig. 4c) gave a turnover
number of 3.4 min'. The maximum rate
of photodimerization (Fig. 4a,b) occurred
at 160 mol% of CB[8]. This is a reflection
of the dynamic nature of the system indi-
cating that the maximum concentration of
1:2 HG complex occurs at 160 mol% of
CBI[8]. Additionally, the sigmoidal depen-
dence on coumarin concentration (with
constant CB[8] concentration) implies
that the overall catalytic process is co-
operative in nature (Fig. 4c). A Hill plot
gave a Hill constant of 1.8, ascertaining a
positive allosteric effect. The positive al-
losterism could be envisioned based on the
single crystal XRD of CB[8]-1d (Fig. 1)
HG complex that showed a guest-induced
shape change.331 The symmetrical CB[8]
cavity becomes elliptical upon inclusion of
the guest. We believe that the first coumarin
binding with CB[8] induces a slight altera-
tion of the shape of the cavity to accommo-
date the second coumarin facilitating the
enhancement of photo-dimerization. This
is reflected in the positive allosteric effect.
We were successful in performing photo-
dimerization of 1d with catalytic amounts
of CB[8] under sunlight (8 h exposure) in
water that resulted in complete conversion
of 1d to syn photodimers highlighting a
greener approach for synthetic manipula-
tion.[29]

1.7 Outlook

Our results clearly show that cucur-
biturils can be effectively employed in
catalytic amounts to control light induced
transformations. The effect of confinement
and the enhanced reactivity within CBs is
reflected in the photoproduct selectivity.

2. Enantiospecific Photoreactions
in Solution

Asymmetric photoreactions have not
enjoyed the same level of success as ther-
mal reactions. Conventional chiral induc-
tors employed in thermal reactions alter
the relative activation energy in the ground
state and therefore are not effective in in-
ducing stereoselection during phototrans-
formation.35! Chiral discrimination during
phototransformation has to occur in the
excited state within the short lifetime of
the excited molecules/intermediates and/
or transition states.!35! Photochemists have
successfully employed various organized
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[: ] m mf" — | + 6a CH. CH
- . = H 3 3
NIO Ri=Me | ¥ NzO NS P ONTO |
R3 : 5

Scheme 2.
Conrotatory
67t-photocyclization
of acrylanilides.

assemblies3o41l to carry out asymmetric
photoreactions and have achieved varying
degrees of success. To achieve stereoselec-
tion during phototransformation of prochi-
ral reactants in solution, the chiral discrim-
ination must transpire within the substrate,
unlike in organized assemblies36-#!1 that
provide the chiral discrimination, leading
to noticeable stereoselectivity/specificity.
Organized assemblies like crystals could
provide a chiral environment if the prochi-
ral substrate(s) crystallizes in one of the
chiral space groups (molecular chirality),
the process being inherently unpredictable.
These molecularly chiral crystals could be
transformed to chiral photoproducts with
very high stereoselectivity/stereospecific-
ity.[42-441 Tt would be ideal to have a simi-
lar methodology of transferring molecular
chirality from the reactant to point chiral-
ity in the product in solution during photo-
transformations.[43]

2.1 Methodology

Our approach is to make use of built-in
molecular constraints within a reactant and
transform them to chirally enriched pho-
toproducts with high stereospecificity. The
constraints make the reactants axially chiral
and are based on the well-established con-
cept of rotamer control via restricted bond
rotation that has been successfully em-
ployed for various transformations.[82:46-491
The methodology of employing axially
chiral rotamers draws inspiration from
Havinga’s NEER principle (Non-Equili-
brating Excited Rotamers),% where con-
former-based product control during pho-
tochemical reactions is well documented.
The axially chiral chromophores were
synthesized with relative ease using estab-
lished literature procedures.[46-41 Due to
space limitations, we will detail the pho-
tochemistry of molecularly chiral (axially
chiral) acrylanilides.[>'-53 We have also
employed the above methodology to other
photochemical reactions (y-hydrogen ab-
straction, [2+2]-cycloaddition, 4m-cycliza-
tion).134-571

2.2 6-Photocyclization of
Molecularly Chiral (Axially Chiral)
Acrylanilides

We chose to investigate 67m-photo-
cyclization of molecularly chiral acrylani-
lides as model system to test our methodol-
ogy because i) the photochemical pathway
is well established in literature;53-62! ii) it
is well known that bulky (tert-butyl) ortho

substituents in N,N’-disubstituted anilides
are molecularly chiral (axially chiral) due
to restricted rotation of the N—C(Aryl) bond
and are fairly stable at ambient conditions;
iii) synthesis (three steps) and chromato-
graphic separation are well documented in
literature.[*6491  Mechanistically,58-621 - 6gt-
photocyclization of achiral acrylanilides 6
(Scheme 2) upon direct irradiation occurs
via a conrotatory ring closure (Scheme 2)
from a singlet ™ excited state leading to
the zwitterionic intermediate int-ZW6.58-621
Depending on the substituents on the
double bond (R! and/or R?), photocycliza-
tion of acrylanilides 6 yields a mixture of
cis-7 and trans-7 3,4-dihydroquinolin-2-
one photoproducts (Scheme 2). The cis-:
trans- (c-7:t-7) ratio in the photoproduct
was found to be dependent on the nature of
the solvent employed (Table 1, entries 17—
19). It is well established in literature that
in an aprotic solvent, H-transfer to the zwit-
terionic intermediate formed from acryl-
anilides (without o-fert-butyl substituent)
occurred to a large extent via a thermally
allowed intramolecular suprafacial [1,5]-H
shift, while in protic solvents or in the pres-
ence of Brgnsted acids, the proton was de-
livered intermolecularly.[58-62]

2.3 Regioselectivity in the
6r-Photocyclization of Molecularly
Chiral Acrylanilides

Atropisomeric mixtures of o-fert-bu-
tylacrylanilides with N-methyl substitu-
tion 8a—g were synthesized and irradiated
using a 450 W medium pressure Hg-lamp
with Pyrex cutoff in various solvents
(Table 1, Scheme 3). The photoproducts
were characterized by NMR spectroscopy,
ESI-MS and chromatographic analysis
that confirmed the formation of cis-9 and
trans-9 3,4-dihydroquinolin-2-ones with-
out the fert-butyl group (Scheme 3, top).
Irradiation of the corresponding N-H de-
rivatives 10a—c under identical conditions
gave the cyclized products cis-11 and
trans-11 (Scheme 3, middle), with the o-
tert-butyl group intact on the phenyl ring.
158-62] Tt is striking to note that substitution
at the amide nitrogen (H vs. Me) was able
to dictate the regiochemistry of cyclization
on the phenyl ring. Based on the behav-
iour of the parent acrylanilide 6 (Scheme
2), one would expect the cyclization of 8
to occur at the unsubstituted ortho-position
on the phenyl ring and not at the ortho-car-
bon bearing the tert-butyl group, leading to
cis-9 and trans-9 as observed. On the other
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Table 1. Enantioselectivity and cis/trans ratio during photocyclization®¢ of acrylanilides.

Entry Solvent Substrate  ¢-9:t-9 [%] ee cis-9 [%] ee trans-9
a,[ﬁ-sub:(t;l:;z?] iﬁlgfslly chiral (+)-8 -8 ()-8 )-8
1) 1:2 THF-C H, 8a 62:38 —e - 95 (A) 89 (B)
2) Acetone 55:45 —-e - 94 (A) 90 (B
3) 1:2 THF-CH, 8b? 22:78 93 (S, R) 80(R,S) 94 (S, S) -
4) MeOH 65:35 99 (S, R) 85(R,S) 99 (S, S)
5) Acetone 67:33 92 (S, R) 92 R,S) 88 (S, S) -
6) 1:2 THF-CH, 8d 42:58 —-e —e 88 (A) 91 (B)
7) Acetone 46:54 —e - 91 (A) 94 (B)
8) 1:2 THF-CH, 8e 52:48 90 (B) 91 (A 99 (B) 93 (A)
9) CHCI, 41:59 91 (B) 98 (A) 95 (B) 99 (A)
10) MeOH 70:30 99 (B) 99 (A) 99 (B) 99 (A)
11) Acetone 63:37 87 (B) 90 (A) 90( B) 91 (A)
G-SUbS;zlrjjgn?i(::Isy chiral (+)-8 )-8
12) TFE 8f -1
13) 1:2 THF-C H, -f 0 0
14) Acetone -1 92 (A) 94 (B)
15) TFE 8g -f 0 0
16) Acetone -f 94 (A) 92 (B)
cis/trans ratio during photocyclization#° of achiral acrylanilides with 6a-b and 10a-b "
Entry Solvent c-7a:t-7Ta  c-7b:t-7b c-11a:t-11a c-11b:t-11b
(from 6a)? (from 6a)? (from 10a)? (from 10b)?
17) 1:2 THF-C H, 52:48 11:89 72:28 82:18
18) CHCI, 49:51 41:59 70:30 90:10
19) MeOH 18:82 83:17 80:20 -

alrradiations were performed with 450 W medium pressure Hg-lamp under a constant flow

of nitrogen (time varies based on the solvent between 90 min to 5 h). Conversion varied
between 5-70% depending on the solvent. Increasing the irradiation time (>5 h) resulted

in higher conversion, but uncharacterized additional side products were observed. In

acetone, conversion was 50-60%. Isolated yields were 49 and 51% in acetone for 8e and 8f
respectively. °A and B refers to the first and second peak that elutes out on the HPLC for a
given pair of enantiomers; values are average of 3 runs with +5% error; reaction temperature
0-3 °C; (+) and (-) represents the sign of their CD signals at 240 nm in methanol (8a—c) and
methylcyclohexane (8g). Similarly for 8d—f, (+) and (-) represents the sign of optical rotation

in CHCI,. Regis-(RR)-WHELK-01 chiral stationary phase employed for separation of cis

and trans enantiomers. °cis:trans Ratio and conversion based on relative integration of
corresponding peaks in NMR and HPLC/GC. TFE=trifluoroethanol. “Absolute configuration
assigned based on comparison of optical rotation values from literature ( ref. [63]). In the case
of 8d photoproducts, chromatographic separation is necessary prior to HPLC analysis as
HPLC retention times of trans-8d overlaps with the reactant 8d. ¢cis-9 Enantiomers were not
separable on chiral stationary phase employed in our laboratory. ‘cis and trans Isomers not
feasible in photoproducts from methacryloyl derivatives 8c, 8f and 8g as they are a-substituted
derivatives. 9Photocyclization of various derivatives of parent acrylanilide 6a-b already reported
in literature (refs [58-62]). "Only cis/trans selectivity was studied as the substrates are not axially

chiral.

hand, in the corresponding N-H derivatives
10, photocyclization occurred at the ex-
pected unsubstituted ortho carbon (similar
to the parent acrylanilide 6). A mechanistic
understanding for the difference in behav-
iour between the N-methyl acrylanilide 8
and the corresponding N-H acrylanilide 10
is crucial if one is to employ the system
for studying molecular chiral (axial chiral)
transfer during phototransformations.[51-571

To enable a detailed mechanistic ra-
tionalization for the observed difference
in the photocyclization between the N-Me
o-tert-butylacrylanilides 8 and the cor-
responding N-H derivatives 10, structural
parameters must be reliably known. For-
tunately, we succeeded in crystallizing the
N-Me derivative 8f and the N-H derivative
10a and obtained their solid-state structure
by X-ray crystallography (Scheme 3 bot-

tom). It should be emphasized that the rigid
conformation in the solid state is taken as
a starting point to rationalize the observed
photobehavior in solution where dynamic
movements (rotational, translational, efc.)
are prevalent. Based on the analysis of the
crystal structure, it is plausible that the con-
formation that is observed in the crystalline
state (Scheme 3 bottom) is reflective of the
diminished steric impediments between
the o-tert-butyl and the N-Me groups. Ex-
amination of the crystal structure of axially
chiral acrylanilides 8f (Scheme 3 bottom)
revealed that the dihedral angle is almost 90
degrees between the plane formed by the
aromatic ring and the plane formed by the
N-methyl-amide carbonyl unit. The likely
reason for this orientation is to minimize
the 1,3-allylic strain (A!3-strain) between
the ortho-tert-butyl and the N-methyl sub-
stituents. On the other hand, in the case of
N-H derivatives as in 10, the amide N-H
can tautomerize to the corresponding enol
form in solution eliminating the A-strain
(Scheme 3). The tautomerization of the N-H
derivatives orient them in a conformation
that is optimal for photocyclization at the
unsubstituted ortho-carbon on the phenyl
ring (Scheme 3, middle).

Based on the established mechanistic
pathway for 67-photocyclization, direct ir-
radiation of N-methyl substituted ortho-tert-
butylacrylanilides 8 in methanol, TFE or 1:2
THF-benzene results in the singlet state re-
activity. This likely results in a zwitterionic
intermediate int-ZW8 to avoid the 1,3-al-
lylic strain between the ortho-tert-butyl and
N-methyl substituents. The zwitterionic
intermediate int-ZW8 subsequently under-
goes either an H shift from the o-fert-butyl
substituent or a H-transfer from the protic
solvent leading to cis-9 and trans-9, with the
loss of 2-methylpropene (Scheme 3). The
intramolecular or intermolecular H-transfer
depends on the solvent employed.[58-621 Pho-
tocyclization in methanol-d confirmed the
H-shift from protic solvents based on deu-
terium incorporation.>3! On the other hand,
67t-photocyclization of the N-H derivatives
10 likely occurs from the amide enol form
that is oriented ideally for photocyclization
at the unsubstituted ortho-carbon on the phe-
nyl ring resulting in the zwitterionic inter-
mediate in-ZW10 (Scheme 3). The zwitter-
ionic intermediate int-ZW10 subsequently
undergoes an intramolecular-shift or H-shift
from the solvent to cis-11 and trans-11.058-621
Thus, photocyclization of N-H ortho-tert-
butyl acrylanilides 10 is similar to that re-
ported for the parent acrylanilides 6 without
an o-'Bu group (Scheme 2).158-621

2.4 Enantiospecific
6r-Photocyclization of Molecularly
Chiral Acrylanilides

To ascertain the transfer of axial chirality
to point chirality during 6m-photocyclization
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Scheme 3. 6ri-photocyclization of axially chiral acrylanilides 8 (top) and NH-acrylanilides 10
(middle). Bottom: X-ray crystal structure of 8f (left), and 10a (right). Insert: HPLC analysis of cis-

and trans-photoproducts upon irradiation of (+)8b.

molecularly chiral acrylanilides 8, we ex-
amined the enantiomeric excess in the
3,4-dihydroquinolin-2-ones photoproducts
cis-9 and trans-9 (Table 1). In the case of
a,3-substituted axially chiral 8a—b and 8d-
e, very high enantiomeric excess (~90%)
was observed in photoproducts in both
direct irradiation (in solvents methanol,
CHCI, and 1:2 THF-CH,) and sensitized
1rrad1at10ns (acetone as solvent and sensi-
tizer). The optical antipodes of 1 gave the
opposite enantiomers in the photocyclized
product indicating that the system was well
behaved (Table 1; entries 1-11).

Based on our mechanistic analysis we
postulated that the photocyclization oc-
curred at the ortho carbon via ‘int-ZW§’
(Scheme 3) with the eventual loss of the
o-tert-butyl substituent. If this holds true,
the enantiomeric excess in the photoprod-
ucts (cis-9 and trans-9) must be identical,
as the resulting zwitterionic intermediate
‘int-ZW8’ (Scheme 3) has a defined chi-
ral center at the benzylic position formed
by stereospecific ring closure. The second
proton transfer step is non-stereospecific
leading to cis and trans photoproducts with
identical ee values. Fortunately, we were
successful in separating the enantiomers
of both the cis-9b and the trans-9b in the
case of cyclohexyl derivatives 8b (Scheme

3; HPLC insert). Inspection of Table 1 in-
dicates that similar enantiomeric excess
was observed in both cis-9 and trans-9
photoproducts. Additionally, the benzylic
carbon in the cis and frans photoprod-
ucts has the same absolute stereochem-
istry adding credibility to our proposed
mechanism (Scheme 3; HPLC insert). For
example in the case of (+)-8b, photocycli-
zation in methanol gives (S, R)-cis-9b and
(S, S)-trans-9b with the same absolute ste-
reochemistry (S) at the benzylic position.

Inspection of Table 1 reveals that the
p-substituent in the alkene is crucial for
achieving the high enantiomeric excess
under direct irradiation conditions (singlet
spin state reactivity). For example, in 1:2
THF-C H, as solvent the ee value of >90%
was observed for (+)-8d with B-CH, sub-
stituent, where as 0% ee value is observed
for the corresponding methacryloyl deriva-
tive (+)-8f with (3-H substituent (Table 1;
compare entries 6 and 13).

2.5 Reactive Spin-state
Dependent Enantiospecific
6r-Photocyclization of Axially
Chiral Acrylanilides

While the excited singlet-state reac-
tivity (via direct irradiation) led to a ra-
cemic mixture in the photoproducts for

a-substituted axially chiral acrylanilides
8f and 8g, the corresponding triplet re-
activity (via triplet sensitization with ac-
etone acting as the solvent and sensitizer)
led to enantiomeric ratios (e.r. values)
>95:05 in the 3,4-dihydroquinolin-2-one
photoproduct 9 at ambient conditions.
To examine the role of reactive spin state
(S, or T)) dependent photocyclization of
axially chiral o-substituted acrylanilides
8f—g (8f: a-methyl and 8g: a-ethyl) to the
corresponding  3,4-dihydroquinolin-2-one
photoproduct 9, we carried out detailed
photophysical studies with o-substituted
axially chiral substrates 8f-g and the N-H
o-tert-butyl derivative 10d and N-Me de-
rivative 6¢ without the o-fert-butyl group.
Both 8f-g showed fluorescence (Fig. 5A)
at room temperature in methylcyclohex-
ane (MCH). The emission maxima shifted
bathochromically upon changing the sol-
vent from non-polar MCH to polar sol-
vents like ethanol or acetonitrile, similar
to the fluorescence emission behaviour of
other methacrylanilides that are reported in
literature.[591 Additionally, for 8f—g we ob-
served phosphorescence (Fig. 5A) at 77 K
in MCH glass with a triplet energy (E,) of
~77.3 kcal'‘mol™ and a lifetime (‘c ) of
~1.58 s (Fig. 5B). Based on the emission
studies, 04! it is clear that the lowest excited
singlet and triplet state have a st configu-
ration in 8f-g.

Based on the established paradigm!¢4!
for photochemical reactions viz photocy-
clization, a zwitterionic intermediate is
expected for the photocyclization from
the wr* singlet excited-state S (mr*) and
a diradicaloid intermediate is likely from
the corresponding ™ triplet excited-state
T, (er*).1641 This prompted Ogata and co-
workersl590l to propose a zwitterionic
intermediate originating from the singlet
st (S, ;w*) excited-state for the 6-pho-
tocyclization of achiral acrylanilide (N-H
substituted derivative without ortho-tert-
butyl group on the phenyl ring). In the case
of 8f—g, we believe that the restricted N—
C(aryl) bond rotation not only imparts axi-
al chirality (molecular chirality) to the sys-
tem but also enables us to access the triplet
state (as we observe phosphorescence) at
77 K in MCH glass. While in the case of
achiral N-H acrylanilide (viz., ortho-tert-
butyl N-H acrylanilide 10d) we failed to
observe any phosphorescence at 77 K, both
achiral and axially chiral N-methyl deriva-
tives 8f—g (molecular chiral 8f-g and achi-
ral 6¢) gave observable phosphorescence
at 77 K in MCH glass. Thus the presence
of N-Me substituent is crucial to accessing
the triplet-excited manifold. We believe
that the enolization of the N-H acrylani-
lides (as in 10d; Fig. 5C) to the enol form
enables it to cyclize only from the singlet-
excited state, as it is oriented optimally for
6m-photocyclization. On the other hand,
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in case of the N-methyl derivatives (as in
8f—g; Fig. 5C), the nitrogen lone pair is part
of the 6m-backbone leading to photoreac-
tivity from the mm* excited state. Based on
the phosphorescence, the triplet trr* state
of 8f—g lies at ~77 kcal*mol™'. Hence trip-
let energy transfer from acetone (E, ~79
kcal-mol™1)I65] is quite likely. The involve-
ment of triplet spin state viz., T (stzr*) in the
reaction pathway was ascertained by carry-
ing out the reaction under O, saturated con-
ditions that resulted in <5% conversion.[>3
Thus 6m-photocyclization of 8f—g could
possibly occur from either the singlet (S))
or the triplet (T)) spin-state depending on
the reaction conditions.[6¢]

Similar to the photocyclization (direct
irradiation) of o, 3-substituted axially chiral
acrylanilides that occurred via zwitterionic
intermediate ‘int-ZW8’ (Scheme 3), direct
irradiation (singlet chemistry) in the case
of ortho-tert-butyl a-substituted axially
chiral acrylanilides 8f-g led to photocy-
clization that occurred at the ortho carbon
via an analogous zwitterionic intermediate
‘int-ZZW8fg’ (Scheme 4, top) followed by
a non-stereospecific hydrogen migration
with the eventual loss of the o-tert-butyl
substituent. As the photocyclization oc-
curred from the S, (simr*) excited state upon
direct irradiation in the case of 8f-g, the
formation of a zwitterionic intermediate
(“int-ZW8fg’) was expected.[58-621 Similar-
ly, triplet sensitized irradiation of 8f-g led
to photocyclization from T (mut*) excited
state resulting in a diradical (triplet diradi-
cal) intermediate ‘int-DR8fg’ (Scheme 4,
bottom). This triplet diradical ‘in-DR8fg’
subsequently abstracts a hydrogen atom
from o-fert-butyl substituent leading to
3,4-dihydroquinolin-2-one photoproduct
9. The high enantiomeric ratio (Table 1)
in the photoproduct 2 under sensitized
irradiation (acetone as solvent and sensi-
tizer) points out to a stereospecific hydro-
gen abstraction via a cyclic six-membered
transition (Scheme 4, bottom) state from
triplet diradical intermediate (in-DRS8fg).

e,
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Scheme 4. Photocyclization of axially chiral o.-substituted acrylanilides 8f-g and under direct

(singlet) and sensitized (triplet) irradiations.

Thus the excited spin state S (™) or T,
(mtw*) not only leads to the formation of
same photoproduct via two different reac-
tive intermediates and/or transition states,
but also determines the e.r. values in the
photoproduct in the case of a-substituted
axially chiral acrylanilides 8f-g.

2.6 Outlook

Our strategy of employing axially
chiral chromophores has opened up the
possibility of achieving very high enan-
tiomeric excess in phototransformations
in solution, a traditionally difficult task.
Employing axially chiral chromophores
that equilibrate very slowly in the ground
state leading to very high enantioselectiv-
ity in the photoproducts draws inspiration
from Havinga’s NEER principle (Non-
Equilibrating Excited Rotamers), where
conformer-based product control is well
documented.l59 We have also been very
successful in employing this methodol-
ogy of using axially chiral chromophores
in various photochemical transformations.
Axially chiral chromophores in conjunc-

tion with their corresponding achiral coun-
terparts offer rich and divergent photore-
activity that helps us to better understand
mechanisms of light-induced stereospe-
cific transformations.

3. Conclusion

The ongoing investigations in our lab
have uncovered two methodologies to
achieve high selectivity in solution during
photochemical transformations. Using a su-
pramolecular approach, we have employed
cucurbiturils in catalytic amounts to control
selectivity during photochemical transfor-
mations. To tackle the traditional challenge
of controlling enantioselectivity we have
employed axially chiral motifs to enantio-
specifically transfer the axial chirality in the
reactant to point chirality in the photoprod-
uct. This methodology was found to be ef-
ficient for various photoreactions thus pre-
senting itself as a generalized methodology
to perform light-induced transformations in
solution at ambient conditions.
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