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Most traditional photoreactions require UV light to yield the
desired product. To address this issue, photoreaction of hydrazide
based chromophores were evaluated with visible light using a
metal free photocatalyst to afford photoproducts in high yields.
This hydrazide functionality itself may be removed/modified after
the photoreaction highlighting its role as a “photo-auxiliary”. A
preliminary mechanistic model based on photophysical
experiments is provided to highlight the generality of the strategy.

Life-sustaining processes in nature have served as an
inspiration to chemists for developing photoreactions that
provide a pathway to synthesize complex structural scaffolds
and build materials and molecular assemblies with unique
architectures.’ Recently, visible light initiated photo-redox
chemistry has attracted the attention of chemists as it
provides a user-friendly strategy for performing chemical
reactions.? This methodology requires a judicious choice of a
substrate(s) and a photo-catalyst/sensitizer to enable a single
Further,
only the photocatalyst reaches the excited state enabling an

electron transfer (SET) that initiates the reaction.?

electron transfer to the substrate leading to a ground state
radical cation or a radical anion intermediate(s) that
3a, 3c

As the
transformation of the substrate(s) to the product(s) takes

subsequently is transformed to the product(s).

place in the ground state, it can be applied to well-established

. . . . . 4 .
transformations involving radical chemistry.” However, this

also places a limitation on the photoredox strategy as it cannot
be employed for reactions that originate from the excited

state(s) of the reactive substrate.”> Since most organic

compounds are transparent to visible light irradiations and
absorb only in the UV spectral region, developing a generalized
methodology to initiate excited state reactions using visible
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light for performing well-established photoreactions has
presented significant challenges. In this report, we have
addressed this long-standing issue by utilizing the features of
hydrazides for performing excited state reactions (Scheme 1)
viz., [2+2]-photocycloaddition (Eq. 1), Paterno-Biichi reaction
(Eq. 2), cyclization (Eq. 3) and 6m-
photocyclization (Eq. 4). The N-N bond in hydrazides can be

Norrish-Yang

cleaved or subjected to functional group modifications,

providing a handle for further manipulation.6

Scheme 1. Hydrazide chromophores for initiating excited state
transformations.
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The use of hydrazides that feature an N-N bond has been
explored in literature for accessing natural products and
heterocycles.7 We envisioned that the presence of electron
withdrawing carbonyl functionalities and the lone pair on the
nitrogens in the hydrazides (Scheme 1) would impart unique
excited state characteristics that may be utilized for
photoreactions.8 To explore this possibility we built hydrazides
1, 4, 6 and 8 (Scheme 1) from the corresponding N-amino
phthalimide derivatives in good yields, characterized by
different analytical techniques and evaluated them for
photoreactions (Table 1)9 under direct irradiation (UV light)
and sensitized irradiation with visible light (with thioxanthone,
TX as the sensitizer/photocataIyst).9

To establish the reaction conditions, we first evaluated
hydrazides 1, 4, 6 and 8 towards [2+2]-photocycloaddition,
Paterno-Buchi reaction, 6m-photocyclization and Norrish-Yang
reaction, respectively (Scheme 1). Inspection of Table 1 shows
that employing 1-10 mol% of TX in acetonitrile led to effective
transformation of the phthalimide based hydrazides to the
corresponding photoproducts. Irradiation (~420 nm) of 1%°
with 10 mol% loading of TX led to the cyclobutane derivative 2
with quantitative conversions with 71% isolated yield (1 and 5
mol% TX gave 8% and 39% conversions, respectively). The
phthalimide moiety acted as an auxiliary that facilitated the
desired phototransformation and was easily removed by
treating the photoproduct with hydrazine hydrate to yield the
corresponding N-amino hydrazide derivative (3 in the case of 2
and 10 in the case of 9; Scheme 1). Irradiation of 1 at ~420 nm
in the absence of TX did not result in any noticeable
conversion with recovery of the reactant. We then evaluated
the Paterno-Biichi reaction of 4 in the presence of 1, 5 and 10-
mol% of TX (~420 nm irradiation) leading to oxetane 5 in 26,
100 and 100% conversions, respectively (Table 1). The isolated

yield was 88% with 10-mol% of TX. Irradiation of,4,with. 2420
nm in the absence of TX led to 5 wWith 12995°¢auVeti6H.
Similarly, 6t-photocyclization of 8 in the presence of 1 and 10-
mol% of TX at ~420 nm led to the corresponding 3,4-
dihydroquinolin-2-one 9 in 88 and 90% conversions (62%
isolated yield), respectively (Table 1). Direct irradiation of 8 at
~420 nm resulted in 7% conversion. In the case of Norrish-
Yang cyclization, due to absorptivity of 6 in the visible region,
direct irradiation was evaluated in MeCN that led to B-lactam 7
in 16% conversion (Table 1). In order to improve the yield of 7,
we evaluated the reaction of 6 in various solvents (Table 1).
The photoreaction conversions were 80% and 55% in benzene
and ethyl acetate, respectively. Similarly, the reaction of 1 in
methanol gave quantitative conversion (similar to MeCN) of
the cycloaddition product. Benzene and acetonitrile were
found to be the optimal solvents for the Paterno-Biichi
reaction of 4 leading to oxetane based photoproduct 5. 65-
Photocyclization of 8 was efficient in all the solvents that we
had investigated showing moderate conversions in benzene
and methylcyclohexane (MCH) and close to quantitative
conversions in methanol, acetonitrile and ethyl acetate.

Having established the usefulness of the phthalimide based
systems (Scheme 1) in promoting traditional photoreactions to
work under visible light; we evaluated the features necessary
for generalizing the chromophore responsible for reactivity.
The acrylimide derivative 1 that underwent facile [2+2]-
photocycloaddition (Scheme 1; Eq. 1) was chosen as the model
system and its reactivity was compared with control substrates
(Scheme 1; Eq. 5) that featured a di-methacryloyl functionality
on one nitrogen and the 2" nitrogen featuring one of the
following functionalities viz.,, imide 11a; 3° amide 11b; 2°
amide 11c; carbamate 11d; 3° amine 11e; 2° amine 11f and 1°
amine 11g. Inspection of Table 1 reveals that the

Table 1. Photochemistry reactivity and physical parameters of N-N bond based compounds.

Conversions (Isolated yield) ®

Entry Compd ™ X (mol %) Solvent effect (eli;;d[u] (kcalA/ieZJI) (el (kcaI/EnTwI) o (M'llﬁl) el
0 1 5 10 MeOH MeCN EtOAc CeHs MCH

1 1™ 0 8 39  >98(71) >98 >98 <7 63 0 -1.25 1.2 64.5 1.240.1 x 10°
2 4 19 26 >98  >98(88) -1 >98 78  >98 71 -0.99 -4.8 62.0 9.8+0.2 x 10°
3 6" -1 16 55 g0 -"  .1.28 1.8 62.4 6.740.1 x 10°
4 8 7 88 - 90 (62) 91 90 >98 60 71  -1.15 -1.2 62.4 3.1#1 x 10°
5 11a 56 (52) -1.11 2.1 75.8 6.0£0.1 x 10’
6 11b -0 -0.76 -10.1 71.8 5.9+0.1 x 10’
7 11d 82 (29)™ -1.33 3.0 70.4 8.8+0.2 x 10
8 1le 95 (40)™" -0.99 -4.8 70.7 7.240.2 x 10’
9 11f >99 (40)™¥

[a] ~420 nm irradiations under N, in a Rayonet reactor (minimum of 3 trials, 5% error). % Conversions by "H NMR spectroscopy using triphenylmethane as an internal
standard. Isolated yields in parenthesis. [b] Refer to ESI for concentrations and irradiation times. [c] 10 mol% TX. [d] vs. SEC, glassy carbon working electrode. MeCN

Solvent. Concentrations provided in ESI. [e] AGer calculated from TX E, = 1.7 eV using Rehm-Weller equation (reference 10-11). We were unable to ascertain Eoy for

the substrates under our experimental condition using cyclic voltammetry. [f] From phosphorescence spectra in 2-Me-THF at 77 K. [g] TX triplet quenching rate
constants by laser flash photolysis in MeCN. [h] Minor amounts (< 10%) of straight photocycloaddition observed depending on the solvent (reference 9). [i] Direct
irradiation of 6 without TX. [j] Decomposition observed. [k] Photoproduct ratio 12e:13e =70:30 and 12f:13f=80:20.
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photoreaction of 11 in MeCN under visible light irradiation in
the presence of 10-mol% of TX depends on the hydrazide
functionality. Photoreaction of 11a that features imide
functionality resulted in 56% conversion with 52% isolated
yield (Table 1; entry 5). Changing the functionality from an
imide to an amide resulted in either decomposition (with 3°
amide 11b; Table 1; entry 6) or no observable product
formation (with 2° amide 11c). Changing the functionality to a
carbamate based hydrazide 11d resulted in 82% conversion
with an isolated yield of 29% (Table 1; entry 7). We then
changed the functionality to N-substituted amines 11le-g.
Tertiary and secondary amine derivatives 11e and 11f gave
conversions of 95% (40% yield; 12e:13e=70:30) and >99% (40%
yield; 12f:13f=80:20), respectively (Table 1; entries 8 and 9).
There was no observable reaction with 1° amine derivative
11g. To further probe the reactivity of amines, we selected 11e
to investigate the effect of solvents and TX loading levels.’
Changing the mol% of TX from 1, 5 to 10 resulted in 74%, 93%
and 95% conversions, respectively.9 The reaction with 10-mol%
of TX was also effective in ethyl acetate and in benzene with
55% and 52% conversions, respectively.

Traditional photochemical reactions promoted by
hydrazide functionality under visible light irradiation with TX
can happen either by energy transfer or electron transfer or a
combination of both. To ascertain the feasibility of electron
transfer, we measured the oxidation and reduction potentials
of TX and N-N based derivatives 1, 4, 6, 8, 11a-b and 11d-e by
cyclic voltammetry (Table 1).9 The free energy for electron
transfer from excited TX to N-N based substrates was
calculated using the Rehm-Weller equation.g' i all cases, the
free energy for electron transfer (AG.t) was either negative or
close to zero, indicating that an electron transfer mechanism
was indeed feasible in the system (Table 1).9 To evaluate the
energy
photoreactions we carried out detailed photophysical studies.
appreciable
phthalimides 1, 4, 6 and 8 at room temperature, steady-state

feasibility of transfer process in sensitized

As no luminescence was observed from
luminescence was performed at 77 K in Me-THF glass.9 The
luminescence was ascertained to be phosphorescence based
on lifetime measurements and the triplet energies (E7) were
determined from the phosphorescence spectra (Table 1).9
Based on the triplet energy of TX (Er = 63 kcal/mol),12 triplet
energy transfer from TX to the phthalimides was feasible.
Photophysical studies on control substrates 11a-b and 11d-e
revealed that their triplet energy was greater than of
phthalimide based hydrazides 1, 4, 6 and 8 (Table 1; compare
entries 5-8 with 1-4). In spite of the higher triplet energy, we
observed photoreactivity of the control substrates with TX
acting as a visible light absorbing catalyst/sensitizer. As the
reaction was efficient with TX, we investigated its role in
promoting the reaction using transient absorption
spectroscopy. Laser excitation (Aex = 355 nm; 7 ns pulse width)
of TX in the presence of varying concentrations of hydrazides
in argon saturated MeCN solution was performed to ascertain
the bimolecular quenching rate constant (kg; Figure 1; Table 1).
In the case of hydrazide 4 in which both exergonic electron

transfer and exothermic energy transfer are feasible from

This journal is © The Royal Society of Chemistry 20xx

ChemC€omm

6 0.06 \[it}v Article Online
1.0 o 4 ® Ol: 10.10396(%?,%CO9261F
50.04— i
0.8 <&
< 0.024
o 087 0.00 -}
oy —T 7 ]
Z 0 20 40 60
¢ 0.4 time (us) 11d
1le
0.2

3
[hydrazide] (mM)

Figure 1. Inverse TX triplet lifetime determined from triplet
absorption decay traces monitored at 620 nm vs. varying hydrazide
concentrations in argon saturated MeCN solutions. Inset: Transient
absorption decay traces of TX triplets measured at 620 nm at
different concentrations of 1 using laser flash photolysis (Aex = 355
nm, 7 ns pulse width).

excited TX, the k; was 9.8 x 10 M7 Hydrazide 6 displayed a
slightly positive AG.r and downhill energy transfer from
excited TX with k, of 6.7 x 10° M™s™. Hydrazide 8 with a
slightly endergonic electron transfer (compared to 6) and
exothermic energy transfer from excited TX gave kg of 3.1 x
10® ms™ Hydrazide 1 with a slightly endergonic electron
transfer and endothermic energy transfer from excited TX gave
kq of 1.2 x 10® Ms™. with 11a as a control substrate, only
endergonic electron transfer was feasible due to high triplet
energy of the substrate that was correlated by the k, of 6.0 x
10’ M™s™. For the hydrazides investigated in this study, the
bimolecular quenching rate constants pointed to a complex
scenario where the photoreaction was promoted either
through electron transfer or energy transfer or a combination
of both. This requires a comprehensive mechanistic model to
explain the excited state reactivity of hydrazides.

To rationalize our experimental observations with
substrate 1 and to decipher a plausible mechanistic reasoning
for the observed chemical reactivity, we propose a mechanistic
model as shown in Figure 2. Photoexcitation of TX leads to its
triplet excited state. In the presence of the hydrazide
substrates it forms an encounter complex.13 This encounter
complex can lead to triplet energy transfer if the triplet energy
level of the substrate is lower than TX. When a system has a
favorable redox potential (e.g. in the case of 4, 8, 11a, 11b and
11e), an electron transfer pathway is indeed feasible that will
lead to a radical ion pair. The hydrazide radical anion thus
formed can react efficiently forming the photoproduct radical
anion. This product radical anion can then do a back electron
transfer to regenerate TX. It should be emphasized that the
mechanistic route via an electron transfer or energy transfer
pathway leading to radical ion pair or diradicaloid
intermediates, respectively, is dependent on the reactive
substrate employed. For example, in the case of 1laan
electron transfer pathway is very likely due to favorable

energetics and higher triplet state energies of the hydrazide.

J. Name., 2013, 00, 1-3 | 3
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Figure 2. Mechanistic aspects - photochemical reaction of
hydrazides.

On the other hand, in the case of the oxoamide based
hydrazide 4, the formation of a triplet excited state is likely
(through direct excitation of the keto-amide).14 This triplet-
excited state can react to form the photoproduct through a
biradicaloid (3BR; species or
intramolecular charge transfer pathway. This reactive triplet

Figure 2) through an
excited state of the reactant may also be accessed through
direct irradiation (as in the case of hydrazide 6). While the
mechanistic details for a specific substrate presented in our
system requires further scrutiny using photochemical and
photophysical studies, our generalized approach where an
excited state encounter complex initiates the reactivity is quite
general for the investigated photochemical transformations.
We propose that the substrates can adopt differing routes
from the encounter complex (viz., electron vs. energy transfer
pathway) depending on the oxidation and reduction potentials
as well as on the triplet energy of the hydrazide derivative.

In summary, our study utilizes the features of a hydrazide
chromophore for photoreactions with TX as the sensitizer. The
study opens up avenues for chemists to utilize visible light to
perform classical photoreactions that are useful for targeting
complex structural scaffolds. Additionally, the hydrazide
handle can be subjected to simple chemical modification,
making the approach modular. Thus the hydrazide essentially
acts as a “photo-auxiliary” enabling us to perform classical
photoreactions with visible light sensitization. This novel
strategy can enable chemists across disciplines to initiate
photochemical reactions under metal free visible light
irradiation conditions.
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Single crystal XRD: 1: C;¢H14N,0, (298.29), monoclinic, P2(1)/c,
a = 32.0290(13) A, alpha = 90.00°%; b = 11.6208(5) A, beta =
103.875(2)°; ¢ = 16.5874(7) A, gamma = 90.00°. V = 5993.7(4)

4| J. Name., 2012, 00, 1-3

R z=16,T= 100(2) K, absorption coefficient =MQ§C[mfnle
reflections collected = 81097, unique = 10593 (R L 00303,
refinement by Full matrix least-squares on F2,
data/restraints/parameters = 10593/0/801, goodness-of-fit on
F2 = 1.041, final R indices [I > 2sigma(l)] R1 = 6.12%, wR2 =
17.26%; R indices (all data) R1 = 6.46%, wR2 = 17.68%, largest
diff. peak and hole =1.5and -0.5 e A_s, respectively.

2: C16H14N>0, (298.29), monoclinic, P-1, a = 7.9596(2) A, alpha

= 107.407(2)°; b = 15.2341(4) A, beta = 100.757(1)%; ¢ =

16.7564(5) A, gamma = 97.385(1)°. V = 1829.0(1) As, 2=4,T=

100(2) K, absorption coefficient = 4.772 mm ", reflections

collected = 29515, unique = 6332 [R(int) = 0.0345], refinement

by Full matrix least-squares on F2, data/restraints/parameters
=6332/0/473, goodness-of-fit on F2 = 1.026, final R indices [I >
2sigma(l)] R1 = 2.96%, wR2 = 7.36%; R indices (all data) R1 =

3.22%, wR2 = 7.48%, largest diff. peak and hole = 0.3 and -0.3

e A, respectively.
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