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ABSTRACT

Photoreaction of enamides tethered to a phenyl ketone leads
to either [3+2]-photocycloaddition or Paterno—Biichi reaction.
This divergence in chemical reactivity originating from the
same excited state was dependent on the reaction tempera-
ture. At low temperatures the Paterno-Biichi reaction was
preferred, whereas at higher temperatures there was prefer-
ence toward formation of [3+2]-photoproduct.

INTRODUCTION

Unlike ground-state (thermal) reaction, photoreaction involves the
excited state where short lifetime of reactive species (singlet or tri-
plet state) dictates the trajectory of reaction (1). Leveraging the out-
come of photoreactions to access the desired product often involves
a change in the nature of the excited states (2—6). Inoue, Mori and
coworkers explored the effect of temperature on enantioselectiv-
ity/diastereoselectivity in photoreaction where product chirality can
be completely inverted upon changing the temperature (7-9). Previ-
ous studies from our group also showcased the effect of temperature
on enantioselectivity in photochemical 4n-ring closure of axially
chiral 2-pyridones bearing the hydroxyl group that can form H-
bonding interaction (10). Building on these precedents, we were
interested in exploring the influence of reaction temperature on pro-
duct chemoselectivity among well-established photochemical trans-
formations. In this report, we disclose a temperature-dependent
chemoselective transformations involving enamides 1a,b leading to
either Paterno-Biichi product 2a,b or the [3+2]-photoproduct
3a,b respectively (Scheme 1). This new strategy provides a com-
plementary platform to access products obtained through [3+2]-
photocycloaddition reactions (11-13).

MATERIALS AND METHODS

All commercially obtained reagents/solvents were used as received;
chemicals were purchased from Alfa Aesar®, Sigma-Aldrich®, Acros
0rganics®, Mallinckrodt, TCI America® and Oakwood® Products were used
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as received without further purification. Unless stated otherwise, reactions
were conducted in oven-dried glassware under nitrogen atmosphere. Details
related to the analytical and photophysical methods employed are provided
in the Supporting Information. The enamides were synthesized by
established literature procedures (14). Characterization of the photoproducts
is provided in the Supporting Information. For photophysical studies,
spectrophotometric grade solvents (Sigma-Aldrich®) were used whenever
necessary, unless or otherwise mentioned. UV quality fluorimeter cells (with
range until 190 nm) were purchased from Luzchem®. Absorbance
measurements were performed using a Cary 300 UV-vis spectrophotometer.
Time-resolved phosphorescence measurements were recorded on an FLS
1000  Photoluminescence  Spectrometer (Edinburgh  Instruments).
Phosphorescence lifetime (t,) were performed at 77 K. Ethanol samples
solutions in 3-mm quartz tubes (inner diameter) were frozen in a liquid
nitrogen Dewar (77 K) and excited with a pulsed microsecond lamp for
phosphorescence emission and lifetime measurements.

General irradiation procedure. A N, saturated solution of phenyl
ketone derivative la-b (concentration: 1 mg/1 mL or 2.7-3.0 mM) and
xanthone photosensitizer (20 mol%) in dry acetonitrile (MeCN) was
irradiated in a Rayonet reactor equipped with ~350 nm light bulbs until the
reaction was complete as monitored by the "H-NMR spectroscopy and by
thin layer chromotography (TLC). Large-scale photoreactions were
performed as batches at the same concentration (§ x 10 mL test tubes per
batch) using a merry-go-round apparatus. After completion of the reaction,
the solvent was evaporated under reduced pressure and the residue was
purified by CombiFlash to obtain the pure product. 'H-NMR spectroscopy
of the crude reaction mixture was used to monitor the reaction. Low-
temperature reaction (—40°C and —5°C) was performed using an
immersion cooler. Solution of reactants in a Pyrex test tube was kept in an
acetone bath inside the Rayonet reactor with an immersion cooler set at the
required temperature. An acetonitrile bath was maintained in a Pyrex
jacket, and proper care was taken to ensure that temperature was above the
melting point of acetonitrile. Further precautions were taken to avoid the
formation of ice on the walls of the vessel that would prevent the
penetration of light into the reaction mixture. The reaction mixture in the
Pyrex test tube was allowed to reach equilibrium temperature of the bath
(at least for 15 min) before the irradiation. High-temperature reaction was
performed in a water bath placed over a hot plate maintained at the required
temperature. A Pyrex test tube containing degassed solution of the reaction
mixture was immersed in the water bath in a Pyrex beaker. This setup was
placed inside the Rayonet reactor for irradiation.

RESULTS AND DISCUSSION

Although, there are plethora of literature reports on the effect of
temperature on enantioselectivity or diastereoselectivity in a pho-
tochemical reaction (15,16), there are very few reports of product
selectivity on temperature effects originating from the same
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Scheme 1. Chemoselective photoreactivity of enamide 1.

excited state (17-19). We had previously investigated the pho-
toreaction of enamides, leading to transposed Paterno—Biichi
reaction (14). During the course of our investigation, we
observed a minor uncharacterized side product when the reaction
was performed at room temperature. We were able to minimize
or eliminate this uncharacterized side product by performing the
reaction at low temperatures (—30°C), leading to the formation
of a Paterno—Biichi product in high yield (14). Intrigued by this
uncharacterized side product that was observed at room tempera-
ture, we initiated a detailed investigation to characterize this side
product. First, we performed photoreaction of la in acetonitrile
with xanthone as the photosensitizer at room temperature using
~350 nm light using a Rayonet reactor. After 5 h irradiation, the
reaction mixture was concentrated, and the products were ana-
lyzed by various analytical techniques. Detailed analysis of iso-
lated products revealed that in addition to our Paterno-Biichi
product 2a (observed as major product at low temperature) (14),
a new [3+2]-photoproduct 3a was also observed (total isolated
yield of 2a = 36% and 3a = 18% at 25°C). Single-crystal XRD
analysis unambiguously confirmed the structure of [3+2]-
photoproduct 3a (Scheme 1).

To investigate chemoselectivity during the photocatalyzed
reaction of la, we systematically varied the reaction temperature
from —40°C to +70°C in acetonitrile (Table 1). The chemoselec-
tivity between 2a and 3a was monitored (Fig. 1) using the pro-
ton resonances of the oxetane ring (highlighted in Fig. 1 as H,)
and the o-hydrogen in the tetrahydroquinoline ring (highlighted
in Fig. 1 as Hy) as NMR handles. At —40°C, the ratio of 2a:3a
was 1:0.1 (Table 1; entry 1; Fig. 1A). Upon increasing the tem-
perature to —5°C and 25°C, the ratio of 2a:3a was 1:0.5
(Table 1; entry 2; Fig. 1B) and 1:0.8 (Table 1; entry 3; Fig. 1C),
respectively. Carrying out the reaction at 70°C (below the boiling
point of acetonitrile), the ratio of 2a:3a was 1:1.1 (Table 1; entry
4 Fig. 1D). It is striking to note that the major product at higher
temperature (70°C) was the [3+2]-photoproduct 3a, whereas at
lower temperatures, the major product was the Paterno-Biichi
product 2a.

To understand this chemoselective dichotomy originating
from enamide chromophores, presumably from the same excited
state (vide infra) (14) toward the formation of Paterno—Biichi vs

Table 1. Ratio of product distribution during photoreaction of enamide 1
at various temperatures.

Entry Reactant T (°C) 2:3%
1 la -40 1:0.1
2 la -5 1:0.5
3 la 25 1:0.8
4 1a 70 1:1.1
5 1b 25 1:0.3

*Monitored by "H-NMR spectroscopy. The proton resonances of the
hydrogen in the oxetane ring and the o-hydrogen in the tetrahydroquino-
line ring were used as NMR handles for deciphering the ratio of Paterno-
Biichi product 2a and the [3+2]-photoproduct 3a, respectively.

[3+2]-photocycloaddition, we decided to investigate the photore-
action of 1b that features a para-methoxy benzoyl substituent
(Scheme 1). We specifically chose a para-methoxy substituent
as we anticipated the lowest triplet excited state to be of mm*
character based on the similarities of a benzoyl part of enamides
1a and 1b with acetophenone and para-methoxy acetophenone,
respectively (20,21). Previously, we had established that 1a fea-
tures lowest triplet excited state with a triplet energy (Et) of
~73 kcal/mol above the ground state with a lifetime of § ms in
EtOH at 77 K (14). The nature of the triplet excited state in la
was established as nm* in character (similar to acetophenone)
(14). On the other hand, time-resolved phosphorescence of 1b in
EtOH at 77 K showed a multiexponential decay with phospho-
rescence lifetimes ranging from 62 to 438 ms (Fig. 2 and Fig-
ure S6). Multiexponential lifetime in enamides is expected as it
features two distinct chromophores (i.e. the alkene functionality
in the five-membered ring and the carbonyl functionality associ-
ated with the para-methoxy benzoyl chromophore) in addition to
having restricted bond rotations around the N-C(Aryl) bond,
leading to atropisomerism (22). Prior work on dihydro-2-
pyridones has shown that the enamide functionality has a life-
time of ~0.46 s highlighting a mrn* character (23). It is striking
to note the similarities in the chromophore characteristics in 1b
and para-methoxy acetophenone. Based on the phosphorescence
emission (Fig. 2) and lifetime measurements in 1b (Figure S6),
it is likely that the lowest excited state is of nn* character (due
to similarities with para-methoxy acetophenone functionality in
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Figure 1. 'H-NMR spectroscopic analysis of crude reaction mixture at —40°C (A), —5°C (B), 25°C (C) and 70°C (D) respectively. The proton reso-
nances of the oxetane ring and the a-hydrogen in the tetrahydroquinoline ring were used as NMR handles for deciphering the ratio of Paterno—Biichi
product 2a and the [3+2]-photoproduct 3a, respectively.

1b) (20,21). Similar to 1a, photoreaction of 1b was carried out Supporting Information; Figure S3) in the ratio of ~1:0.3, we
under sensitized conditions at 25°C. Although we were able to were unable to isolate the product chromatographically owing to
observe the characteristic peaks for 2b and 3b (refer to overlapping retention factors. Still the characteristic peaks of the
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Figure 2. Phosphorescence spectra of enamide 1b (blue, 4 mM) and 4-
methoxy acetophenone (red, 4 mM) in ethanol glass at 77 K
(Mgx = 315 nm; delay = 10 ms).

3b, albeit in low yields, show that the [3+2]-photocycloaddition
is a divergent pathway in these types of chromophores.

The divergent behavior in enamide la leading to different
major photoproducts at low and high temperatures irrespective of
starting from the same excited state can be mechanistically
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rationalized based on the excited-state reactivity of enamides
(Scheme 2). Enamide 1a features a triplet nn* excited state (Et
~73 kcal/mol with a lifetime of 8 ms) that can be accessed by
sensitized irradiation with a xanthone sensitizer (Ey ~74 Kcal/mol)
(14). Based on the established photochemical reactivity paradigm
of carbonyl chromophores (24), the triplet n* of ketone function-
ality in la reacts with the alkene unit to produce a 1,4-triplet
biradical tBR-1a. This triplet biradical at low temperatures can
intersystem cross to singlet biradical sBR-la that subsequently
form the Paterno—Biichi product 2a. Upon increasing the tempera-
ture, the 1,4-triplet biradical tBR-1a can cyclize to form 1,4-triplet
biradical tBR-1a’, which subsequently undergoes intersystem
crossing, followed by re-aromatization to from the [3+2]-
photoproduct 3a. The fact that higher temperature is needed to
access the [3+2]-photoproduct 3a shows that the conversion of
1,4-triplet biradical tBR-1a to 1,4-triplet biradical tBR-1a’ has an
energy barrier. At low temperatures, the 1,4-biradical tBR-1a does
not have sufficient energy to overcome this energy barrier, leading
to the formation of the Paterno-Biichi product 2a as the major
product (2a:3a = 1:0.1; Table 1; entry 1; Fig. 1A). At high tem-
peratures, the triplet 1,4-biradical tBR-1a can either undergo inter-
system crossing, leading to 2a, or overcome the energy to form

sBR-1a 2a
Paterno-Buchi product

[3+2]-photoproduct

Scheme 2. Mechanistic rationale for the observed temperature dependent divergent reactivity.



the triplet 1,4-biradical tBR-1a’ en route to the formation of the [3
+2]-photoproduct 3a (2a:3a = 1:1.1; Table 1; entry 4; Fig. 1D).
The temperature dependence of chemoselectivity reflects the dif-
ferentiation in the reaction rates of the triplet biradical tBR-1a
(Scheme 2) from photoexcited enamides.

CONCLUSION

Our preliminary investigation establishes the formation of the [3
+2]-product that is likely dictated by factors such as orientation
of the orbitals, trajectory and accessibility of the radical center.
This conjecture is also in line with the prediction by Tanko and
coworkers (25) who hypothesized that the rates of hydrogen
abstractions in reactive radicals are governed by entropic issues
such as the factors listed before. Uncovering such new reaction
trajectories from excited states offers a new avenue to develop
novel photochemical processes providing access to unique and
complex structural features in the photochemical products (26—
28). Further efforts are underway in our laboratory to explore
novel and unknown reactivity from the excited state(s) of organic
chromophores.
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SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section at the end of the article:

Chart S1. Chemical structure of photoproducts and its precur-
sors used in the photoreactions.

Scheme S1. Synthesis of phenyl ketone derivative 1b.

Scheme S2. Photoreaction of phenylketone derivative 1a and 1b.

Figure S1. Overlapped 'H-NMR spectra of 2a ([2+2]-photo-
product) and 3a ([3+2]-photoproduct) depicting the proton reso-
nance in the entire spectral range.

Figure S2. Expanded region of NMR spectra of crude reac-
tion mixture depicting 2a ([2+2]-photoproduct) and 3a ([3+2]-
photoproduct) at —40°C, —5°C, 25°C and 70°C.

Figure S3. Expanded region of NMR spectra of pure compound
1b, 2a, 3a, and crude reaction mixture containing the mixture of 2b
and 3b. Formation of 2b confirmed with the doublet for proton reso-
nance at ~4.94 ppm (as in pure 2a-[2+2]-photoproduct). Formation
of 3b confirmed with the doublet for proton resonance at ~
4.25 ppm (as in pure 3a-[3+2]-photoproduct). Reaction mixture also
shows unreacted starting material 1b (on comparing the doublet for
proton resonance at ~5.35 ppm for pure 1b and the mixture of 2b
and 3b in the crude reaction mixture).

Figure S4. Top: UV-Vis absorption spectra of 1 mM solution
of 1b in methyl cyclohexane (MCH). Bottom: Comparison of
the UV-Vis absorption spectra of 1 mM solution of 1b and
0.2 mM of Xanthone.
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Figure S5. Top: Phosphorescence spectra of enamide 1b
(blue, 4 mM) and 4-methoxy acetophenone (red, 4 mM) in etha-
nol glass at 77 K (Agx = 315 nm; delay = 10 ms).

Figure S6. Phosphorescence emission decay of 1b (4 mM)
measured at 77 K in ethanol glass excited at 315 nm using
pulsed xenon lamp (0.125 Hz) with delay of 10 ms. The phos-
phorescence decay was monitored at 405 nm.

Figure S7. "H-NMR of 4-methoxy phenylketone derivative 1b.

Figure S8. '*C-NMR of 4-methoxy phenylketone derivative 1b.

Figure S9. 'H-NMR of [3+2]-photocycloaddition product 3a.

Figure $10. '*C-NMR of [3+2]-photocycloaddition product 3a.

Figure S11. XRD structure of [3+2]-photocycloaddition pro-
duct 3a
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