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ABSTRACT: A complementary strategy of utilizing ππ* excited
state of alkene instead of nπ* excited state of the carbonyl
chromophore in a “transposed Paterno−̀Büchi” reaction is
evaluated with atropisomeric enamides as the model system.
Based on photophysical investigations, the nature of excited
states and the reactive pathway was deciphered leading to
atropselective reaction. This new concept of switching of excited-
state configuration should pave the way to control the
stereochemical course of photoreaction due to the orbital
approaches required for photochemical reactivity.

■ INTRODUCTION

Synthetic methodologies that enable us to access diverse and
complex structural motifs with precise control over stereo-
chemistry are highly pursued in the field of organic chemistry
and drug discovery.1 In this regard, photochemical trans-
formations hold great promise as they enable us to build rapid
complexity with relative ease, using environmentally friendly
methods.2 While it is very alluring in terms of its synthetic
potency, its applicability is often hindered by our inability to
control the short-lived excited states to steer it into the desired
chemical pathway. This challenge often limits its wide scope in
synthetic organic chemistry especially in stereoselective photo-
transformations.3 To address this bottleneck, several avenues
were evaluated, including confined environments, crystalline
media, and templated hosts to name a few. All these strategies
restrict the excited-state reactants rigidly in a reaction-ready
state for an efficient photoinduced process.4 While the success
of this approach had significant impact on the outcome of the
stereoselectivity in photoproduct(s), the idea could not be
extended with the same level of success to the reactions that
happen in solution, where such steric or conformational bias are
either absent or inefficient. To find an alternative solution to
this challenge, research in our group is geared toward the
development of atropselective reactions where the selectivity is
dictated by restricted bond rotation(s) in the reactive
chromophores.5 We were successful in employing this strategy
for achieving high selectivity in the photoproducts for various
light induced transformations.6 To expand on the potential of
our methodology, we investigated the synthetically useful
Paterno−̀Büchi reaction, where the oxetane product is typically
formed by an addition of excited carbonyl chromophore to a
ground state alkene (Scheme 1; top).7

However, in our investigation, we envisioned switching the
reactivity of excited states involved in the Paterno−̀Büchi
reaction where the alkene chromophore is photoexcited that
further reacts with a ground state carbonyl group (Scheme 1;
bottom). We term this change in excited state as “transposed
Paterno−̀Büchi” reaction where alkene’s ππ* excited state
initiates the reaction resulting in the oxetane product rather
than traditional nπ* excited state of the carbonyl group. While
conceptually it is simple to discern either of the excited states
lead to the same oxetane product, to the best of our knowledge,
experimentally no such observation has been documented in
the literature so far.
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Scheme 1. Paternò−Büchi Reactionsa

aTraditional, where carbonyl group is excited for photoreactions;
transposed, where alkene motif is excited for oxetane formation.
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Fundamentally, we felt this investigation is very compelling
because the change in the nature of excited state will have a
profound consequence in the orbitals that initiates the
photoreaction leading to the oxetane product. For example,
an excited carbonyl typically triggers a reaction from an nπ*
excited state, while an excited alkene could trigger the reaction
from a ππ* excited state.8 In addition, our approach provides a
complementary strategy to existing reports that not only allow
us to access chirally enriched cyclobutane or oxetane from a
single building block but also circumvents side reactions that
are associated with excited-state chemistry of carbonyl
chromophores such as hydrogen abstraction, disproportiona-
tion, and self-coupling to form pinacol type products.7a,9 To
explore the concept of excited-state switching, we selected a
model system based on cyclic enamide 1 (Scheme 2).10 By

suitably engineering the tether and controlling the reaction
conditions, we anticipated altering the excited state leading to
transposed Paterno−̀Büchi reaction. For example, enamides
with the alkene (Scheme 2; bottom) or aldehyde/alkyl ketone
(Scheme 2; middle) could enable us to initiate photochemical
reactivity from an enamide chromophore. However, an
aromatic ketone will likely react from excited-state carbonyl
chromophore leading to traditional Paterno−̀Büchi reaction
(Scheme 2; top). There are few reports in the literature that
describe the intermolecular Paterno−̀Büchi reaction of dihydro-
2-pyridones, which is a six-membered enamide.11 However, in
these instances dihydro-2-pyridones are only used as a ground-
state partner for the excited-state carbonyl group (traditional
Paterno−̀Büchi reaction), and photoreactions originating from
the excited state of the enamide remain unexplored.

■ RESULTS AND DISCUSSION
To carry out systematic investigations, we synthesized various
atropisomeric enamide derivatives and evaluated their race-
mization barrier and photochemical reactivity (Tables 1 and
2).12 The five-membered cyclic enamides 1a−c were prepared
with pendant allyl, butenyl, and O-allyl tethers, respectively. To
gain more insights into the structural attributes of the enamide
chromophore, we synthesized acyclic enamides 1d,e. The
understanding of the excited state reactivity of 1a−e (vide
inf ra) led us to design cyclic enamides tethered to phenyl
ketone 1f, aldehyde 1g and 1i, and methyl ketone 1h. The
cyclic enamides 1a,b were easily synthesized as racemates from
the corresponding aniline and anhydride derivatives (Scheme
3), and the synthesis of 1c is detailed in the Supporting
Information. Heating a neat mixture of aniline 3 and anhydride
4 to 190 °C resulted in the condensation reaction yielding

corresponding imide derivatives 5. The imide was reduced to
aminol using DIBAL at −78 °C followed by mesylation and
base-induced elimination to furnish atropisomeric enamides 1
(Scheme 3, top). Carbonyl analogues 1f−i were also
synthesized in the same synthetic sequence but with protected
alcohol 3f−i, which at later stages was deprotected and oxidized
to reveal the carbonyl functionality.13 The presence of gem
dimethyl group in the newly synthesized enamides is crucial to
avoid decomposition when stored over a period of time. This is
in line with the reported observations that some of the N-
substituted pyrrol-2-ones are unstable and undergo isomer-
ization/dimerization reactions.14 The acyclic enamides 1d,e
were obtained from corresponding anilines and carbonyl
derivatives in a two-step sequence, viz., formation of imine
followed by acylation in the presence of a base (Scheme 3-
bottom). All newly synthesized enamides were characterized by
1H and 13C NMR spectroscopy, HRMS, optical rotations, and
HPLC analyses. The enantiomerically pure isomers required for
the racemization studies and atropselective photoreactions were
easily secured by separation through a chiral stationary phase
using HPLC in very high enantiomeric purity (>98%).12 The
axial chirality of the enamides solely rests in the N−CAryl pivotal
bond, and the energy barrier to rotation is dictated by the steric
bulk around the N−CAryl chiral axis. The racemization barrier
for enamides were found to be between 26 and 28 kcal/mol at
75 °C in 2-propanol except for 1c (Table 1). In 1c, where the
methylene group of the alkenyl tether was substituted for
oxygen, the energy barrier to rotation was significantly reduced
(Table 1; entry 3), leading to racemization even at ambient
temperature (23 °C). For atropselective phototransformation,
having a higher energy barrier is critical as it translates to
efficient chirality transfer (axial to point chirality transfer). In
contrast, a low N−CAryl energy barrier for rotation will lead to
inefficient chirality transfer and poor selectivity in the
photoproducts. Photoreactions were carried out with a 450W
medium pressure Hg lamp placed inside a water-cooled jacket
with a Pyrex cutoff filter under constant flow of nitrogen. The
reaction proceeded smoothly under sensitized irradiation
conditions in either acetone (as both solvent and sensitizer)
or a solution of acetonitrile with triplet sensitizers such as
xanthone or acetophenone. The direct irradiation of enamides
did not yield the desired product, and in most cases, the
starting material was recovered with appreciable decomposi-
tion. Under sensitized irradiation conditions, the conversion
depended on the type of sensitizers employed. For example, 30
min irradiation of 1a in the presence of acetone (both solvent
and sensitizer), xanthone, and acetophenone resulted in >98%,
∼84%, and ∼38% conversion, respectively (Table 2, entry 1).

Scheme 2. Manipulating Excited-State Reactivity of
Atropisomeric Enamides

Table 1. Racemization Rate Constant (krac), Half-Life (τ1/2),
and Activation Free Energy (ΔG⧧

rac) for Optically Pure
Enamidesa

entry compd krac (s
−1) τ1/2 (h) ΔG⧧

rac (kcal·mol−1)

1 1a 4.1 × 10−5 4.7 27.5
2 1b 2.0 × 10−5 9.6 28.0
3 1cb 2.6 × 10−4 0.7 22.2
4 1e 1.1 × 10−5 17.8 28.4
5 1f 2.1 × 10−4 0.9 26.3

aThe racemization kinetics was performed on optically pure isomers at
75 °C in 2-propanol (IPA). bFor 1c, the racemization was done in
hexanes−IPA mixture at 23 °C. The racemization values carry an error
of ±5%. Refer to Supporting Information for more information.
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This observation is probably due to the triplet energy and
differential absorption coefficient of the sensitizers, i.e.,
xanthone has a much larger absorption cross section in the
near-UV compared to that of acetophenone and thus efficiently
absorbs more photons leading to better sensitization of the
reaction. After the reaction, the solvent was evaporated under
reduced pressure and the crude product was purified by

chromatography and analyzed by 1H and 13C NMR spectros-
copy. The structure elucidation of the photoproduct was done
by single-crystal XRD, and the absolute configuration was
established by Flack parameters (Table 2).
Inspection of Table 2 clearly shows distinctive behavior in

the photoreaction of atropisomeric enamides 1a−i. Five-
membered cyclic enamides 1a−c reacted in a facile manner

Table 2. Atropselective [2 + 2]-Photocycloaddition of Enamides 1a−ia

aPhotoreactions were performed at room temperature using 450 W medium pressure mercury lamp. Acetone as solvent and sensitizer or MeCN/30
mol % sensitizer. (+) and (−) represent the sign of optical rotation (MeOH at 25 °C). A and B refer to the elution order for a given pair of
enantiomers in the HPLC. Reported values are an average of 3 runs with ±3% error. The yields reported are isolated yield after column
chromatography. The numbering positions are labeled as a guide to denote stereochemistry. The ee values were determined by HPLC on a chiral
stationary phase. Absolute configuration determined by single-crystal XRD using Flack parameters. bConversion (%Convn.) and mass balance (MB,
in parentheses) are based on 1H NMR using triphenylmethane as internal standard. For 1b, ∼5% of uncharacterized enantiomeric impurity was
observed. cNo photoreaction was observed. dThe reaction was performed at −30 °C to avoid the formation of uncharacterized side product and to
improve the ee values (at 25 °C, an ee value of 72% was observed). eA Rayonet reactor with lamps of approximately 350 nm light output was used
for irradiations. fThe yield is based on 1H NMR spectroscopy. gThe optical purity of PkA and PkB of 1i are 76 and 92%, respectively.
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leading to corresponding cyclobutane products 2a−c with good
isolated yields (Table 2; entries 1−3). However, the
enantiomeric excess (ee) in the product depended on the
type of alkenyl chain employed. For example, allyl and butenyl
derivatives 1a,b resulted in very high ee in the product (Table
2; entry 1 and 2). But in the case of enamide 1c, where the
methylene group of the butenyl tether was replaced with
oxygen, the ee of the reaction drastically reduced (ee < 20%;
Table 2, entry 3). The low atropselectivity has its origin in the
fast racemization (τ1/2 = 0.7 h at 23 °C; Table 1, entry 3) under
the reaction conditions. The racemization was competing with
the photoreaction leading to diminished ee values in the
product. Examination of the photoproducts from enamides 1a−
c revealed that in all the cases only straight photocycloaddition
product was observed and cross photoproduct(s) were not
noticed.15

Acyclic enamides 1d,e failed to undergo the desired
photoreaction under both sensitized and direct irradiation
conditions. This observation was surprising to us, as the basic
chromophore was still present in the acyclic enamides. The
absence of cyclic chromophore can affect the photoreactivity of
enamides in many ways. First, the orientation of the enamide
double bond could be unfavorable that inhibits the approach of
the reacting ground state alkene tether (Figure S4). Second, the
triplet energy of the acyclic enamides becomes higher than that
of the cyclic enamides, which makes the sensitization process
inefficient. These assertion were supported by photophysical
studies carried out on acyclic enamide 1e in the presence of the
sensitizer (vide inf ra). Finally, even if the energy is transferred
during sensitization, the triplet excited-state lifetime of a
nonrigid chromophore such as acyclic enamide can be
drastically reduced through vibrational relaxation.16

The observations on excited-state reactivity and the
estimation of triplet energy (vide inf ra) of enamides 1a−e led
us to design substrates for traditional (1f) and transposed
Paterno−̀Büchi reaction (1g−i). Direct excitation of the
benzoyl chromophore in 1f results in reactive nπ* triplet
excited state through efficient spin−orbit coupling (in excited

carbonyl species) leading to traditional Paterno ̀−Büchi
reaction.7d−f Comparison of substrates 1a−e (that feature a
ππ* triplet excited state on the enamide) and 1f presented an
interesting question. Can we design substrates where one can
access the ππ* triplet excited state irrespective of having a
carbonyl functionality? To explore this possibility, we
investigated substrates 1g−i as one can expect the lowest ππ*
triplet excited state to be localized on the enamide
chromophore that can be accessed by triplet energy transfer
from an appropriate sensitizer leading to transposed Paterno−̀
Büchi reaction. Under sensitized irradiation conditions similar
to those employed for 1a−c, enamides 1f−i smoothly
underwent photocycloaddition to furnish corresponding
oxetane photoproducts 2f−i. Atropisomeric phenyl ketone
derivative 1f underwent atropselective reaction to furnish
oxetane product 2f in good ee (88% at −30 °C; Table 2; entry
6). The room-temperature reaction resulted in significant
amount of uncharacterized side product and reduced ee values.
Similarly, atropisomeric aldehyde derivative 1i resulted in high
ee values as well (Table 2; entry 9). Oxetane photoproducts 2c
and 2f was ring-opened to reveal corresponding alcohol
derivatives (Scheme 4). For example, the ether linkage in 2c
was efficiently cleaved using BBr3 in DCM resulting in 71% of
phenolic product 9.6f Similarly, the ether linkage in 2f was

Scheme 3. Synthesis of Cyclic (Top) and Acyclic (Bottom) Enamides

Scheme 4. Tether Cleavage of Oxetane and Cyclobutane
Photoproducts 2f and 2ca

aA: BBr3, DCM, 25 °C, 12 h (yield = 71%); B: Pd(OH)2, MeOH, 25
°C, 2 h (yield = 93%).
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cleaved using Pd(OH)2 in methanol to yield corresponding
alcohol 10 in good yield (93%).11b

Carbonyl derivatives 1f−i employed in the reaction are
distinct in their photochemistry. Direct irradiation of enamides
1g and 1i with an aldehyde tether did not result in the oxetane
product (similar to the reactivity of enamides 1a−c). However,
methyl ketone derivative 1h showed low reactivity under direct
irradiation. For example, direct irradiation of 1h in MeCN at
room temperature for 2.5 h resulted in ∼7% of 2h, while the
sensitized irradiation resulted in complete conversion within 2.5
h. In the case of phenyl ketone 1f, the conversion under direct
irradiation was comparable to that of the sensitized irradiation.
For instance, conversion of 1f under sensitized (acetone) and
direct irradiation (THF) at room temperature for 3 h was >98%
and >94%, respectively. The differences in conversions
observed between 1f and 1h provides insight into the extinction
coefficient of the particular carbonyl chromophore involved. In
the case of 1h, the methyl ketone chromophore (analogues to
acetone) has the ability to absorb the photons albeit with poor
efficiency that is reflected in very low conversion during direct
irradiation. However, when phenyl ketone derivative 1f was
employed (analogous to acetophenone), the absorption of
photons increased considerably that resulted in conversion
comparable to sensitized irradiation.
The analysis of results from 1f−i reveals that oxetanes 2f−i

are formed from two different excited states depending on the
substrate that is undergoing the transformation and the type of
irradiation. Under direct irradiation, 1f undergoes a traditional
Paterno−̀Büchi reaction in which the phenyl ketone is excited
(nπ*) that reacts with ground-state enamide alkene, whereas in
the presence of a sensitizer, the enamide part of the molecule is
excited (ππ*) via triplet energy transfer. This conclusion was
arrived from photophysical studies carried out on 1f and 2-
phenylacetophenone 11 (vide inf ra). Enamides 1g−i undergo a
transposed Paterno−̀Büchi reaction in which the enamide is

excited by sensitization (while no reaction was observed under
direct irradiation). To substantiate our conjecture that enamide
excited state is involved in the formation of oxetane product
(rather than carbonyl excited state), we carried out detailed
photophysical studies on enamides and compared that to our
experimental results.
Photophysical studies were carried out on two sets of

enamides. In the first set, we utilized cyclic enamides 1a,
nonreactive acyclic enamide 1e, and enamide 1j that lacked the
double bond for photocycloaddition reaction (Figure 1A).
Enamide 1j was specifically chosen to prevent any photo-
chemical reaction and to characterize the excited state of the
enamide chromophore. In the second set, enamides with the
carbonyl chromophore were selected, viz., 1h (enamide with
methyl ketone), 1f (enamide with phenyl ketone), and 11
phenyl ketone derivative that lacked the enamide chromophore
(Figure 1B−E). Enamides 1a, 1e, and 1j showed no observable
luminescence at room temperature or in frozen matrix at 77 K.
As the reaction was carried out under sensitized conditions with
xanthone as the triplet sensitizer, we used laser flash photolysis
to understand the excited-state reactivity of enamides in the
presence of xanthone (Figure 1A). Using laser flash photolysis
(λex = 355 nm, 7 ns pulse width),17 we determined the
bimolecular quenching rate constants (kq) of xanthone triplet
states by 1a (red), 1j (green), and 1e (blue) in argon-saturated
acetonitrile solutions (Figure 1A). The triplet states of
xanthone 3[X]* were efficiently quenched by enamides with
very high rate constants. For example, the quenching rate
constants (kq) of 1a and 1j were 4.0 × 109 and 3.8 × 109 M−1

s−1 respectively. The quenching rate constant (kq) of 1e
(nonreactive enamide) was an order of magnitude lower at 9.7
× 108 M−1 s−1.
Experimentally identical quenching rate constants for 1a and

1j indicate that the excited state resides in the enamide
functionality. Using thioxanthone as sensitizer, which has a

Figure 1. (A) Determination of the bimolecular rate constants of quenching of xanthone triplet 3[X]* with 1a, 1e, and 1j and thioxanthone triplet
3[TX]* states with 1j using laser flash photolysis (λex = 355 nm, 7 ns pulse width). Inverse triplet lifetime determined from triplet absorption decay
traces monitored at 620 nm with varying concentration of enamides in argon saturated acetonitrile solutions. (B) Luminescence spectra of 1h (blue:
steady-state; black: time-resolved). (C) Luminescence spectra of 1f (red: steady-state; black: time-resolved). (D) Luminescence spectra of 11 (green:
steady-state; black: time-resolved) measured in ethanol glass at 77K. (E) Determination of the bimolecular quenching rate constants kq of quenching
of xanthone triplet states by 1h (blue), 1f (red), and 11 (green) using laser flash photolysis (λex = 355 nm, 7 ns pulse width). Inverse xanthone triplet
lifetime determined from triplet absorption decay traces monitored at 620 nm vs varying concentration of 1h, 1f, and 11 in argon-saturated
acetonitrile solutions.
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lower triplet energy (ET = 63 kcal/mol) than xanthone (ET =
74 kcal/mol), a more than 2 orders of magnitude lower
quenching rate constant for 1j was observed (1.2 × 107 M−1

s−1; Figure 1A). This indicates that the triplet energy of
enamides is significantly higher than 63 kcal/mol but lower
than 74 kcal/mol. The low thioxanthone triplet quenching rate
constant is consistent with the absence of photoreaction in 1a
when thioxanthone is used as sensitizer. In order to
unequivocally establish the excited state that likely resides on
the enamide chromophore, quenching studies of xanthone
triplets were carried out with 5a that lacked the enamide double
bond. The quenching rate constant for 5a was an order lower
than that of parent enamide 1a (kq = 3.9 × 107 M−1 s−1; Figure
S7). This shows that the quenching of the xanthone triplet by
1a is kinetically controlled and that the triplet energy is
transferred to the enamide chromophore with maximum rate
constants for triplet energy transfer rather than to the alkene
tether (as 5a has a lower kq).
We then turned our attention to evaluate enamides 1f and

1h, featuring a carbonyl tether, and 2-phenylacetophenone 11.
Substrate 11 was used as model benzoyl chromophore, which
contains the carbonyl functionality, but not the enamide
chromophore. Steady-state and time-resolved luminescence
spectra were recorded in ethanol glass at 77 K (Figure 1B−D).
Based on the time-resolved phosphorescence spectra, the triplet
energies of 1h, 1f, and 11 were estimated to be 73.5, 72.8, and
72.9 kcal/mol, respectively. The phosphorescence of 1f and 11
showed a lifetime of 8 and 3 ms, respectively, indicating that the
lowest excited triplet features a nπ* configuration. In contrast,
enamide 1h showed a phosphorescence lifetime of 0.2 s,
indicating a ππ* triplet state. This phosphorescence was
assigned to the enamide chromophore in 1h. The bimolecular
quenching rate constants (kq) were determined by quenching
of xanthone triplet states by 1h (blue), 1f (red), and 11 (green)
using laser flash photolysis (λex = 355 nm, 7 ns pulse width;
Figure 1E). The triplet state of the xanthone sensitizer was
efficiently quenched by enamides with very high rate constants.
For example, the quenching rate constants (kq) of 1h and 1f
were 3.9 × 109 and 3.7 × 109 M−1 s−1, respectively. However,
the quenching rate constant (kq) of 11 was an order of
magnitude lower at 2.4 × 108 M−1 s−1 compared to 1f. Similar
quenching rate constants for the two sets of enamides, 1a/1j
and 1h/1f, shows that the triplet excited state of the enamide is
lower than that of xanthone (74 kcal/mol). This result clearly
explains the efficiency of xanthone in sensitizing the reaction
involving enamide excited state. This difference in the
quenching rate constant between 11 and 1f suggests that the
energy transfer from xanthone triplets to the enamide
chromophore might be more efficient in comparison to energy
transfer to the carbonyl chromophore leading to transposed
Paterno−̀Büchi reaction. An alternative scenario, where the
energy transfer from enamide chromophore to phenyl ketone
(intramolecular energy transfer) leads to traditional Paterno−̀
Büchi reaction, can not be ruled out.18 This hypothesis is also
supported by the fact that the 1f and 11 have similar
phosphorescence lifetimes at 77 K suggesting an nπ* excited
state. While under direct irradiation, 1f results in nπ* excited
state leading to traditional Paterno−̀Büchi reaction, whereas
sensitization of 1g−i results in a ππ* triplet excited state of the
enamide moiety leading to a transposed Paterno ̀−Büchi
reaction.
To further establish the nature of orbital involved in the

transposed Paterno−̀Büchi reaction, we performed detailed

computational studies. (See the Computational Methods
section for more details.) The triplet vertical excitations have
been calculated using the linear-response time-dependent
density functional theory (TD-DFT) at the CAM-B3LYP/6-
31+G* level of theory. While the computed vertical triplet
transitions (Table S2) are slightly higher (by ∼5 kcal/mol)
than the triplet energies observed experimentally, the orbital
ordering is expected to remain the same. For all chromophores,
the HOMO was found to be located on the enamide double
bond region of the molecule. In all cases, the lowest energy
triplet excitation is of πenamide → π* character, which is in line
with the experimental observations. In chromophores 1a−1e
that contain an external alkene tether, the excited state is found
to involve the π* molecular orbitals of the aryl as well as that on
the cyclic enamide moiety. However, in 1g−1i, the π* is
located on the carbonyl side chain. Two important orbital
contours are provided as representative examples for 1b and 1g
in Figure 2. It can be noticed that two of the lower energy

unoccupied orbitals, LUMO and LUMO+2 for 1b, are the
respective π* molecular orbitals of the aryl and the cyclic
enamide fragments. In the lowest triplet excited state, the
contribution of LUMO and LUMO+2 is about 70.7% in 1b. In
the calculations, a hypothetical vertical excitation (S0 → T1) in
the case of 1g was found to be from the HOMO (πenamide) to
LUMO+3 (π*CO). This establishes the nature of the reactive
orbital for initiating the reaction to be ππ* that is localized on
the enamide functionality. Acyclic 1d and 1e are predicted to
show the highest vertical excitation energies. This is in line with
the observed reactivity with acyclic enamides. The vertical
excitation energies of 1f show that πenamide → π* and n → π*
transitions are close to each other (78.6 and 80.7 kcal/mol
respectively), which indicates that both transitions are likely.
Mechanistically, under direct irradiation, the reactivity in 1f

originates from the nπ* triplet excited state of the phenyl
ketone chromophore. This implies that in 1f the nπ* excited
state of carbonyl group initiates the reactions by interaction

Figure 2. Frontier molecular orbitals involved in the πenamide → π*
triplet excited state of 1b and 1g (generated using an isosurface value
of 0.0622). The percentage of contribution of the major transitions is
given in parentheses.
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with the ground-state alkene of the enamide leading to
traditional Paterno−̀Büchi reaction. However, under sensitized
irradiations, the carbonyl derivatives 1g−i undergo reactions
through a ππ* triplet excited state that is localized on the
enamide functionality leading to oxetane product. This
unconventional oxetane product formation from an excited
alkene that reacts with a ground state ketone (described as
transposed Paterno−̀Büchi reaction) is advantageous to avoid
the known side reactions of carbonyl excited states.
Furthermore, utilizing one excited state to access two different
products (cyclobutane and oxetane) is more appealing in terms
of synthetic design and implementation as the orbital
interactions initiating the reactions are different.16a,19 We are
currently investigating this new approach of reversal of
reactivity in similar systems to access novel chirally enriched
oxetane building blocks.

■ CONCLUSIONS

Atropisomeric enamides were designed, and atropselective
photocycloaddition reactions leading to chirally enriched
cyclobutane and oxetane were investigated. The racemization
kinetics provided insights into the energy barrier of
racemization and optimal substituent design for stable axial
chirality around the N−CAryl chiral axis, which resulted in high
enantio- and diastereomeric excess in the photoproducts.
Furthermore, by engineering the side chain of the enamide,
the nature of the excited state was fine-tuned to be either an
nπ* configuration or a ππ* configuration. Utilizing an nπ*
triplet excited state of the tether (e.g., 1f), a traditional
Paterno−̀Büchi reaction was observed under direct irradiation.
By simply changing the irradiation to sensitized conditions, the
reactivity was switched from nπ* to ππ* triplet excited state
leading to a transposed Paterno−̀Büchi reaction. Such design
allowed us to take advantage of ππ* excited-state reactivity of
enamide to yield both enantioenriched cyclobutanes (with
ground state alkene tether as in 1a) and oxetane (with a ground
state carbonyl tether as in 1g−1i) building blocks. Thus, our
study has uncovered a unique method to target a specific
excited state in a reacting chromophore by appropriate design
modifications and by choosing appropriate irradiation con-
ditions. This observation is expected to have a significant
implication on the nature of the orbitals that initiates the
photochemical transformations. Such investigations are cur-
rently underway in our laboratories.

■ COMPUTATIONAL METHODS
All calculations were performed using the Gaussian09 suite of
quantum chemical program.20 We have employed the long-range
corrected Coulomb-attenuated method (CAM) in conjunction with
the B3LYP functional for the present investigation.21 Pople’s 6-31+G*
basis set was used for all atoms.22 Solvent effects (acetone) were
incorporated using the polarizable continuum model (PCM)23 in its
corrected linear response (cLR)24 version for the excited states.
Ground-state geometries were first optimized at the CAM-B3LYP/6-
31+G* functional in conjunction with Pople’s 6-31+G* basis set. All
geometries were characterized as minima by Hessian calculations.
Next, TD-DFT calculations were performed using the ground-state
geometry at the CAM-B3LYP/6-31+G* level of theory to determine
the vertical excitation energies. The nature of the excited state was
determined by analyzing the coefficient of contributing transitions and
through the visual inspection of the participating molecular orbitals in
each of the transitions.
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