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The redox congener of the important signaling agent nitric oxide (NO), nitroxyl or nitrosyl hydride (HNO)
has also been demonstrated to induce distinct physiological effects. The aim of this study was to determine
if benzohydroxamic acid, which was selected as a stable model compound of HNO donors, could be
released by the o-nitrobenzyl photolabile protecting group (PPG) in a wavelength-dependent manner.
It was expected that selective irradiation of the o-nitrobenzyl chromophore would favor the release of

benzohydroxamic acid over undesired products associated with N-O bond cleavage. Quantum yields for
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the release of benzohydroxamic acid protected by the o-nitrobenzyl PPG increased at longer wavelengths,
with a concomitant decrease in the yield of minor products. Through the use of triplet photosensitizers,
triplet quenchers, computational methods, and the position of the nitro substituent, insights into the
nature of the mechanism were suggested.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The redox congener of the important signaling agent nitric
oxide (NO), nitroxyl or nitrosyl hydride (HNO), has also been
demonstrated to induce distinct physiological effects [1-5]. The
therapeutic utilization of HNO has been used to inhibit alde-
hyde dehydrogenases (ALDH) in the treatment of alcoholism [6,7].
Recent efforts have focused on application of HNO in cardiovas-
cular conditions, such as the treatment of congestive heart failure,
atherosclerosis, and vascular thrombosis [8-13]. Additionally, HNO
donors afforded neuroprotection from excitotoxic assault by down-
regulating N-methyl-D-aspartate (NMDA) receptors [14]. Biological
targets of HNO have been identified as thiols, transition metals,
iron-sulfur clusters, and DNA [15-18].

The rapid dehydrative dimerization of HNO to nitrous oxide
and water necessitates in situ generation to investigate the chem-
istry and underlying biochemistry of HNO [19,20]. As shown in
Scheme 1, the exogenous generation of HNO can be achieved
through the decomposition of HNO donors such as Angeli’s salt
(NaN,03) and Piloty’s acid (PhSO,NOH) [21]. However, release of
HNO from these donors depends upon the spontaneous degrada-
tion of the donors, which is not a controlled event. To provide better
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spatial and temporal control over the generation of HNO, several
investigators have examined methods of photochemically gener-
ating HNO in solution. Acyl nitroso compounds undergo hydrolysis
to release HNO, and adducts between 9,10-dimethylanthracene
and acyl nitroso derivatives have been photoinduced to undergo
a retro-Diels—-Alder reaction that releases the acyl nitroso HNO
donor [22]. The photo-induced fragmentation of 3,5-diphenyl-
1,2,4-oxadiazole-4-oxide produces an acyl nitroso intermediate
whose decomposition also releases HNO [23]. However, these
methods either require aqueous insoluble reagents or incident
wavelengths that are absorbed by biomolecules, which often leads
to photodamage and phototoxicity. Photolabile protecting groups
(PPG) afford researchers exquisite spatial, temporal, and concentra-
tion control of the release of bioactive agents at wavelengths that
induce little photodamage [24,25]. A seemingly straightforward
strategy to generate HNO would be to protect a HNO donor with a
PPG. Upon photolysis, the caged HNO donor would be liberated. In
addition, this could lead to more rapid generation of HNO due to
residual vibrational energy carried over from the initial excitation.

A potential complicating factor facing the release of an
organic based HNO donor caged by a PPG is that they
contain bonds that are potentially photosensitive. For
example, N,O-diacylhydroxylamines, hydroxamic acids, and
N-alkylbenzohydroxamates have all been shown to undergo N-O
bond homolysis upon irradiation [26-31]. Alkyl benzohydroxa-
mates undergo triplet state Norrish Type II photoelimination to
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Scheme 1.

produce benzamide and the corresponding carbonyl compound
[31,32]. The photolysis of arenesulfonylhydroxamates leads to a
number of products that are consistent with S-N bond homolysis
[33]. However, most of these processes required long irradiation
times. Therefore, a PPG that is released efficiently and whose
excitation does not lead to N-O bond homolysis should be capable
of releasing HNO donors.

The aim of this study was to determine if mimics of HNO
donors could be released by the o-nitrobenzyl (2NBn) PPG [24].
Benzohydroxamic acid (1) was selected to serve as model of
sulfonylhydroxamate HNO donors because 1 was expected to
be stable after release by 2NBn. Since all HNO donors degrade
to release HNO, a stable model (i.e. 1) was used instead of
attempting to directly release HNO donors, thus simplifying quan-
tification of the products for this initial study. The 2NBn PPG was
selected since 2NBn has been thoroughly investigated [34]. Also,
the 2NBn chromophore was expected to absorb light at higher
wavelengths, which was expected to limit N-O bond homolysis
reactions [35-37]. To examine this hypothesis, the photochem-
istry of nitro-substituted derivatives of benzyl benzohydroxamate
(Bn-1) shown in Scheme 2 (i.e. 4-nitrobenzyl benzohydroxamate
(4NBn-1), 2-nitrobenzyl benzohydroxamate (2NBn-1), and benzyl
4-nitrobenzohydroxamate (Bn-4N-1)) was examined.

2. Materials and methods
2.1. Computational methods

All calculations were performed with the Gaussian 09 suite
of programs for electronic structure calculations [38]. The lowest
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Scheme 2.

energy conformation was determined from a number of rationally
selected conformers that were optimized with HF/6-31G(d). These
geometries were then further refined at the B3LYP/6-31G(d) level of
theory, which were confirmed as minima by vibrational frequency
calculations. Vertical excitation energies and oscillator strengths
for singlet excited states were calculated using time-dependent
DFT methods [39]. Structures and the difference between the
ground and excited state density matrices were visualized using
ChemCraft 1.6 [40].

2.2. Materials

Commercial materials were obtained from Sigma-Aldrich or
Fisher Scientific and used as provided unless specified otherwise.
HPLC grade acetonitrile was dried by distilling over calcium hydride
under inert atmosphere following procedure found in Armarego
and Perrin [41]. Water was purified by a Milli-Q system. Benzyl
benzohydroxamate (Bn-1) and 4-nitrobenzyl benzohydroxamate
(4NBn-1) were prepared by the literature procedures [42,43].

2.2.1. Benzyl 4-nitrobenzohydroxamate (Bn-4N-1)

4-Nitrobenzoyl chloride (0.68g, 4.10mmol) and O-
benzylhydroxylamine hydrochloride (0.65g, 4.07 mmol) were
dissolved in 60mL of dry CH,Cl, under nitrogen atmosphere.
The reaction was allowed to stir for 15min, and then 0.70 mL
(8.65 mmol) of pyridine was added at 0°C. The reaction mixture
was allowed to proceed for 2 h at room temperature before being
diluted with CH,Cl, and washed three times with water. The
organic layer was dried with anhydrous Na,;SO4 and concentrated
under reduced pressure. The resulting solid was recrystallized
in toluene to give a colorless solid (0.49 g, 44.2%) with the same
spectral profile as reported in the literature for the desired product
[44]. Lit. m.p.=166-167 °C, obs. m.p.=167-168 °C.

2.2.2. 2-Nitrobenzyl benzohydroxamate (2NBn-1)

The desired compound was prepared following a modified
procedure [45]. Benzohydroxamic acid (1.4 g, 10.0 mmol) was dis-
solved in 20 mL EtOH followed by the addition 0f 0.84 g (15.0 mmol)
KOH dissolved in the minimum amount of water. In 50mL of
EtOH, 2-nitrobenzyl bromide (1.8 g, 8.3 mmol) was added drop-
wise. The solution was heated and allowed to reflux for 4.5h and
all of the 2-nitrobenzyl bromide had reacted. The mixture was
then concentrated under reduced pressure and reconstituted with
80 mL of water. The product was extracted with chloroform (3x
60 mL), and the combined organic phases were washed with water
(60 mL) and dried over anhydrous magnesium sulfate. The solvent
was removed under reduced pressure, and the solid residue was
then purified by column chromatography R¢=0.39 (CH,Cl,/EtOAc
9:1) to yield a pale yellow solid. This solid was recrystallized in
EtOH to yield 0.65 g (28.7%) of a colorless solid. Lit. m.p.=121 [46]
obs. m.p.=119-120°C; TH NMR (CDCl3) § =8.76 (s br, 1H), 8.09 (d,
J=8.2Hz,1H),7.95(d,J=7.6 Hz, 1H), 7.71 (m, 3H), 7.53 (m, 2H), 7.46
(m, 2H), 5.47 (s, 2H); IR (ATR) ¥ (cm~1)=3190, 3050, 2950, 1636,
1521, 1336.

2.3. Irradiations

Quantum yield measurements were carried out with a 75W
Xe arc lamp focused on a monochromator for wavelength selec-
tion. Slit widths allowed 46 nm of linear dispersion from the set
wavelength. Samples (4.8 mL) in a 1cm quartz cell were placed
in a permanently mounted cell holder such that all of the exiting
light hit the sample without further focusing. For all direct quan-
tum yield measurements, the concentration of the starting material
was confirmed as sufficient to obtain a minimum absorbance of
2 at the selected wavelength, and the samples were irradiated
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until approximately 15% conversion of the starting material was
reached. Sensitized photoreactions were carried out at sufficient
excess concentration of the photosensitizers to ensure at least 99%
of the incident irradiation was absorbed by the sensitizer. Quench-
ing experiments used 20 to 100-fold molar excess of the triplet
quenchers. Prior to photolysis, most samples were sparged with
argon for atleast 15 min to remove oxygen. Other samples were car-
ried out under freeze-pump-thaw conditions to rigorously exclude
oxygen. Photolysis of azoxybenzene was used as an actinometer
[47].

Due to the slow rates of conversion, percent yields of the
observed products were determined from photolysis reactions car-
ried out at 254nm with a Luzchem LZC-4 photoreactor using
low-pressure Hg lamps. Samples were held in standard fused-silica
test tubes, and the starting concentrations (0.20 mM) were low-
ered to ease quantification of the loss of starting material. To ease
quantification of the products, photoreactions were carried out to
30% conversion of the starting material. Thus, all percent yields
are reported in respect to the theoretical maximum that could be
obtained after 30% consumption of the starting material.

2.4. General methods

The concentrations of the starting materials and products at sev-
eral time points during the photoreaction were quantified by HPLC
analysis carried out with an Agilent 1100 Series instrument fitted
with a diode array detector using a 150 mm/4.6 wm Eclipse XDB-
C18 column. Products were identified by comparison to authentic
samples and GC/MS analysis using a Shimadzu GCMS QP2010S
using a DB-5 column for separations. The UV/Vis absorption spec-
tra were obtained using a Shimadzu PharmaSpec UV-1700 system,
and infrared spectra were obtained using a Perkin-Elmer Paragon
FT-IR. NMR spectra were obtained using a Bruker DRX-400.

3. Results

A number of previous studies have shown the 2NBn PPG to
undergo an intramolecular hydrogen abstraction from the benzyl
position generating an aci-nitro intermediate whose subsequent
thermal chemistry releases the “caged” molecule [34,48-52]. For-
mation of the aci-nitro intermediate has been observed to form
in less than 10ps by picosecond pump-probe spectroscopy. For
the photolysis of 2NBn-1, the release of 1 was expected to domi-
nate if the first excited singlet state (S; ) of 2NBn-1 favors hydrogen
abstraction by the nitro group over N-O bond homolysis. For the
parent Bn-1, photolysis led to predominantly N-O bond cleavage
through a triplet Norrish Type Il mechanism [31]. To better under-
stand the excited states involved, the nature of the excited states of
Bn-1, 2NBn-1, 4NBn-1, and Bn-4N-1 were investigated by absorp-
tion spectroscopy and time-dependent density functional theory
(TD-DFT) calculations.

The singlet ground (Sg) and triplet state (T; ) geometries of Bn-1,
2NBn-1, 4NBn-1, and Bn-4N-1 were optimized at the B3LYP/6-
31G(d) level of theory. Zero point energies were included when
determining the energy of T; relative to Sy at their equilibrium
geometries. Vertical excitation energies and oscillator strengths for
singlet excited states were calculated using time-dependent DFT
methods [39], TD-B3LYP/6-31G(d). The vertical excitation energies
(singlets), oscillator strengths, and Ty energies are listed in Table 1.

The nature of the excited states was characterized through
inspection of the difference of the single electron density matrix
of the excited (Pex) and ground states (Pg). The difference between
the electronic density of S; and Sy is depicted in Fig. 1 for Bn-1
(a), Bn-4N-1 (b), 2NBn-1 (c), and 4NBn-1 (e). Additionally, the dif-
ference densities of the S, state of 2NBn-1 (d) and S; of 4NBn-1
(f) are also illustrated. In Fig. 1, dark gray contours correspond to

electron density accumulation in the excited state, and light gray
corresponds to depletion from the ground state. For Bn-1, the char-
acter of the first excited state corresponds to a n, * state centered
on the hydroxamate. Inspection of the difference density plot of
2NBn-1 and 4NBn-1 shows that the Sy state is characterized by a (n,
NO,)— (7% NO;) transition. The difference density of the S; state of
Bn-4N-1 reveals that electron density is transferred from the ben-
zyl moiety to the nitro functional group, which suggests the S; of
Bn-4N-1resembles a donor-bridge-acceptor intramolecular charge
transfer (CT) state [53,54]. Visualization of the S3 state of 4NBn-1
revealed transfer of electron density from the benzohydroxamate
to the nitro group, which was similar to the donor-bridge-acceptor
CT state observed for Bn-4N-1.

Potentially, release of 1 from 2NBn-1 would be decreased if
pathways from higher energy excited states led to N-O homoly-
sis. While internal conversion from higher singlet excited states
(i.e. So—Ss5) to Sy is generally faster than other processes, poor over-
lap between the electronic or vibronic wave functions of two states
results in slow internal conversion [55]. For 2NBn-1, the S,, S5, and
S5 states were characterized by depletion of electron density from
the benzohydroxamate moiety and an increase on the 7* orbital of
the nitro group. Since the orbitals of the benzohydroxamate and the
nitro groups were not conjugated, excitation into any of these states
had the potential to allow processes not associated with Sy, which
was expected to increase the possibility N-O bond homolysis.

Evidence indicating that irradiation of 2NBn-1 at longer wave-
lengths would lead to excitation of the 2NBn chromophore was
obtained from the UV/Vis spectra of 1, Bn-1, 2NBn-1, 4NBn-1,
and Bn-4N-1 and 2-nitrotoluene. As shown in Fig. 2a, the molar
extinction coefficient (¢) for 1 and 2-nitrotoluene dropped below
100M~'cm~! at 300 nm and 368 nm, respectively. This indicated
that 2-nitrotoluene had a lower energy S; state than 1, and there-
fore, the S; state of 2NBn-1 was expected to be predominantly
associated with the 2NBn moiety. The absorption spectra for 2NBn-
1 resembled a composite of the spectra obtained for 2NBn and
1, which suggested that the two observed absorption bands arose
from localized chromophores.

For Bn-4N-1 and 4NBn-1, TD-DFT calculations found transitions
with charge-transfer character had the largest oscillator strengths.
To determine if the broad absorption bands centered near 265 nm
for Bn-4N-1 and 4NBn-1 arose from excitation into these CT states,
the absorption spectra of Bn-4N-1 and 4NBn-1 were obtained in
chloroform, isopropanol, tetrahydrofuran, and acetonitrile. If the
polarity of the ground state and excited state for the dominant
absorption band were different, a positive solvatochromic shift
would be expected. However, only a small bathochromic shift was
observed for both compounds (Bn-4N-1; Amax CHCl3 (262.9 nm)
ACN (264.1 nm), 4NBn-1; Amax CHCl3 (266.0 nm) ACN (267.0 nm)).
This small positive solvatochromic shift indicated that for both Bn-
4N-1 and 4NBn-1 the polarity of the ground state and excited state
were similar.

Since all HNO donors spontaneously decompose in certain con-
ditions, benzohydroxamic acid (1) was selected as a stable model
of a HNO donor. By investigating the photochemistry of benzo-
hydroxamates and the photoactivated release of 1 from 2NBn-1,
it was expected that insights valuable to the use of this PPG to
release HNO donors would be gained. The parent benzyl benzo-
hydroxamate (Bn-1) has been investigated previously, and it was
concluded that Bn-1 undergoes a triplet Type Il photoelimination
to yield benzamide (2) and benzaldehyde (3) [31]. In similar con-
ditions and at lower concentrations, we found that photolysis of
Bn-1 yields mainly 2 and 3 as the primary photoproducts, and
these results are summarized in Fig. 3. In the original work, it was
stated that the carbonyl products were generally not observed, and
an unknown by-product was often present. In our photolysis of
Bn-1, benzyl alcohol and benzoic acid were confirmed as products
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Table 1
Computationally predicted electronic configurations, excitation energies, and oscillator strength of selected excited states.
State Electron configuration? Vert. ex. EP £ E(T; —So)¢
Bn-1
Si n(CO), w*(CO) 102.3 (279.3 nm) 0.0019
S n(CO), m*(CO) 114.2 (250.2 nm) 0.0282
Ty n(CO), m*(CO, aryl) 74.1
2NBn-1
Si n(NO,), m*(NO,) 86.9(329.1nm) 0.0116
S2 n(CO), m*(NO3) 88.6 (322.58 nm) 0.0018
S3 n(CO), w*(NO3) 97.3(293.81nm) 0.0009
S4 n(NO,), m*(NO,) 98.9(289.00 nm) 0.0008
Ss Tr(aryl), m*(NO3) 102.1 (279.96 nm) 0.0254
Ty n(CO), m*(NOy, aryl) 52.7
4NBn-1
S n(NO;), m*(NO3) 86.8 (329.6 nm) 0.0000
S n(CO), w*(NO3) 91.5(312.4nm) 0.0001
S3 CT (aryl, NOy) 95.4(299.81 nm) 0.0138
Th n(CO), w*(CO, aryl) 77.0
Bn-4N-1
Si CT (aryl, NOy) 82.2(347.8nm) 0.0056
S, CT (aryl, NO3) 85.2 (335.7nm) 0.0008
Ti m(aryl), w*(NOg, aryl) 63.5

2 Singlet characterized by the difference between the excited and ground state electron density matrix. Triplet characterized by examining singly occupied molecular

orbitals.
b Vertical excitation energy (kcal mol-1').
¢ Oscillator strength.
d kcalmol~', includes ZPE correction.

by chromatographic comparison to authentic samples. Typically,
benzyl alcohol and benzoic acid were minor products; however,
considerable variation in their product yields was observed. It was
also confirmed that photosensitization by irradiating Bn-1 in an
excess of benzophenone at 350 nm led to the same products. Thus,
the previously postulated Type Il photoelimination from the triplet
state was verified.

While photolysis of 2NBn-1 was expected to release 1, it was
unclear if the addition of the nitro functional group would activate
other side reactions, and thus, the effect of nitro substitution on
the photochemistry of Bn-1 was examined. Unlike Bn-1, the lowest
excited singlet of Bn-4N-1 was predicted by TD-DFT to be a charge
transfer state (essentially a zwitterionic diradical) [54]. The photol-
ysis of Bn-4N-1 in wet acetonitrile led to 3, 4-nitrobenzamide (4)
and 4-nitrobenzoic acid (5) with a mass balance near 75%. A similar
result was obtained when the solvent was dried; however, the mass
balance dropped to 40%. The products and quantum yields for these
products are shown in Table 2. To ensure the observed products
did not arise from a thermal reaction, control solutions were kept
at 35 °C for 4 days in the dark. No decomposition of Bn-4N-1 or the
appearance of products was detected in these control experiments.

o) O
N ,O hv H
H

O,N

Bn-4N-1 3

HO

HoN

Regardless of the conditions, the quantum yields for these reac-
tions were very low (less than 0.005). The ratio of 4:5 was 1:4,
respectively, and their combined yield roughly correlated with
the yield of 3. However, when the photolysis was run in dry ace-
tonitrile, the ratio of 4:5 decreased to 1:1. It was also observed
that performing the photolysis under ambient atmosphere had
no effect on the observed quantum or product yields. Addition-
ally, rigorous exclusion of oxygen by five freeze—pump-thaw cycles
had no effect on the product ratio obtained in a 2% water ace-
tonitrile mixture upon photolysis at 294 nm. Thus, it was believed
that a significant portion of 5 arose from the hydrolysis of excited
Bn-4N-1 and not oxidation by a trace amount of advantageous
oxygen.

The TD-DFT predicted electronic configuration of S; for both
2NBn-1 and 4NBn-1 was n(NO,), m*(NO,); however, only for
2NBn-1 was the location of nitro group amenable to abstrac-
tion of the benzyl hydrogen leading to the release of 1. Thus,
investigation of the photochemistry of 4NBn-1 was expected to
provide insight into side reactions with the potential to com-
pete with the release of the 2NBn. Photolysis of 4NBn-1 in wet

O

NO,

NO,
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Fig. 1. TD-B3LYP/6-31G(d) excited-state difference density plots (excited-state less the ground-state density). A dark gray shading indicates an area where electron density
is accumulated in the excited-state, and light gray shading represents an area from where the electron density is depleted from Sy. (a) S; Bn-1, (b) S; Bn-4N-1, (c) S; 2NBn-1,
(d) Sz 2NBn-1, (e) S; 4NBn-1, and (f) S; 4NBn-1. The surfaces were determined with a +0.023 a.u. isocountour value, and hydrogen atoms were not shown to improve figure

clarity.
Table 2
Product and quantum yields of the photolysis of benzyl 4-nitrobenzohydroxamate (Bn-4N-1).
Entry Solvent A (nm) 3 4 5
1 MeCN/2%H,0 254 0.0030+72 0.00057 + 142 0.0023 +122
(84+15) (17+3) (61+13)
2 MeCN/2%H,0 294 0.00063 + 292 0.00023 +32 0.00089 + 422
(67 +2)° (14£1) (66+17)
3 MeCN 254 (38+9)° (20+11)° (24+2)°
2 @ £95% confidence interval of last digits.
b % Yield relative to loss of Bn-4N-1 £95% confidence interval of last digit(s). % Yields determined at 30% conversion of Bn-4N-1.
acetonitrile produced a complex product mixture, and the dom- Similar to Bn-4N-1, the quantum yields for the formation of these
inant products in this mixture were 4-nitrobenzaldehyde (6), products were less than 0.006 at 294nm. Quantum yields at
benzamide (7), benzoic acid (8), and 4-nitrobenzyl alcohol (9). 254 nm could not be accurately measured due to the slow rate of

Product percent yields of these products are listed in Table 3. photoreaction.
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Table 3

Product and quantum yields of the photolysis of 4-nitrobenzyl benzohydroxamate (4NBn-1).
Entry A (nm) Solvent Additive/technique 6 7 8 9
1 254 MeCN/2%H,0 (52 +24)° (54+10) (6.0+£4.4) (3.0+1.8)
2 254 MeCN (50+15)? (83+17)? (6.7+04) (13£2)?
3 254 MeCN/2%H,0 0,° (74 +£28)* (40+15)* (15+£3)? (3.0+£3.9)2
4 294 MeCN/2%H,0 0.0041 +16°¢ 0.0012 £ 5¢ 0.0022 £ 14¢ 0.00038 + 14°¢
5 294 MeCN 0.0057 + 8¢ 0.0012 4 2¢ 0.0013 £+ 6°¢ 0.00059 +18¢
6 294 MeCN/2%H,0 FPT¢ 0.0011+4¢ 0.0012 43¢ n.d. 0.00017 + 8¢
7 294 MeCN/2%H,0 Dienef -& 0.0018 +5¢ 0.00033 + 14¢ n.d.c
8 360 MeCN/2%H,0 Ph,CO" -8 (13£16)° (75+£9) (18+6)?

a % Yield relative to loss of 4ANBn-1 95% confidence interval of last digit(s). % Yields determined at 30% conversion of 4NBn-1.

b Sparged with O, gas for 20 min before photolysis.

¢ @ +£95% confidence interval of last digit(s).

d Freeze-pump-thaw cycles.

¢ Not detected.

f The addition of 2,4-dimethyl-1,3-pentadiene (80 mM).
€ Could not be determined.

b Benzophenone (80 mM) sensitized photoreaction.

Table 4
Product and quantum yields of the photolysis of 2-nitrobenzyl benzohydroxamate (2NBn-1).
Entry Solvent A (nm) 1 7 10
1 MeCN/2%H,0 254 0.064 + 122 (45+7)° 0.033 + 72 (37 +£4) 0.042 + 92 (40 £4)°
2 MeCN/2%H,0 294 0.14 £ 12 0.062 + 4 0.059 £ 252
3 MeCN/2%H,0 340 0.18 £ 42 0.053 + 112 0.029 + 82

2 @ £95% confidence interval of last digit(s).

b 9% Yield relative to loss of 2NBn-1 +£95% confidence interval of last digit(s). % Yields determined at 30% conversion of 2NBn-1.

4NBn-1 6

o)
HOJ\©

8

For Bn-4N-1, the formation of the benzoic acid product appeared
to arise from hydrolysis of an excited state. However, unlike Bn-
4N-1, no change in the product or quantum yields of benzoic acid
was observed when the photolysis of 4NBn-1 was carried out in
dry acetonitrile. Therefore, the effect of oxygen, triplet sensitiz-
ers, and triplet quenchers was examined. Rigorous exclusion of O,
by five freeze-pump-thaw cycles prevented the formation of ben-
zoic acid (8) and had little effect on the quantum yields of 6, 7,
and 9. Conversely, sparging the solution with O, prior to irradi-
ation resulted in a 3-fold increase in the yield of 8. The addition
of a 20-fold excess of the triplet quencher 2,4-dimethylpentadiene
(80 mM) also resulted in a 10-fold reduction in the quantum yield of
benzoic acid while having a minimal effect on the quantum yields
of 7, and 9. The quantum yield of 6 could not be measured due
to a co-eluting peak in the chromatography. Irradiation of 4NBn-1
at 360 nm in excess concentrations (80 mM) of the photosensitizer
benzophenone resulted in benzoic acid being the major product.
Again, the yield of 6 could not be measured due to a co-eluting
peak.

h
H
NO,

o)
HQN)@

7
OH
C “NO,

9

The stated aim of this work is to use the 2NBn PPG to photo-
chemically release 1 as a way to gain insight into the release of
HNO donors. One concern to the yield of 1 was the photosensitive
N-0 bond of benzohydroxamates. The UV/Vis spectrum of 2NBn-1
closely resembled a superposition of 1 and 2-nitrotoluene, which
indicated that transitions associated with the two absorption bands
were localized on either the 1 or the 2NBn chromophores. Since the
Amax 0f 1 was 225 nm, the first absorption band centered at 225 nm
for 2NBn-1 was assigned to the benzohydroxamate chromophore,
and shoulder beginning

at 260nm and extending out to 370nm to the 2NBn chro-
mophore. It was thought possible that since absorption appeared
localized that wavelength-dependent photochemistry might be
observed. Thus, the irradiation was carried out at three different
wavelengths: 254, 294, and 340nm. These wavelengths were
selected since they covered the range of the UV absorption by
2NBn-1 and corresponded with the reported quantum yields for the
azoxybenzene actinometer. As seen in Table 4, the major product
at all wavelengths was 1, and quantum yields for the formation of
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1 increased at longer wavelengths. The minor products 7 and
2-nitrobenzaldehyde (10) were observed at all wavelengths, and
the quantum yields for the formation of 7 and 10 were constant,
within experimental error, at the three wavelengths examined. The
release of the 2NBn PPG typically yields a 2-nitrosobenzaldehyde
remnant, which is known to undergo thermal or photoinduced
decomposition and was not detected in this study [34].

O,N
o 2 0
N/O h'v N/OH
H H
2NBn-1 1

10
While the above result clearly indicates that release of 1 by the
2NBn PPG was the dominant process, it was unclear how 7 and
10 were being generated. To determine if these minor products
were the result of a Type Il photoelimination as observed for Bn-1,
the effects of common triplet quenchers and photosensitizers were
examined. As seen in Table 5, the addition of 1,3-cyclohexadiene
and p-terphenyl led to slightly decreased quantum yields of 1.
Additionally, oxygen quenched the formation of 1. The quan-
tum yields of 7 and 10 were largely unaffected or even slightly
increased upon the addition of the triplet quenchers. The T; energy
predicted by B3LYP/6-31G(d) suggested energy transfer for pho-
tosensitizers with triplet energies above 53 kcal mol~! should be
thermodynamically favorable. However, no reaction was observed
with photosensitizers with triplet energies under 60 kcal mol-1.
Only benzophenone, which has a triplet energy of 69 kcal mol~!
[56], was able to photosensitize the formation of 1, 7 and 10.

4. Discussion

In order to develop photoactivated HNO precursors, the overall
goal of these studies was to examine the effect of nitro substitu-
tion on the photochemistry of Bn-1. Homolysis of the N-O bond
was expected to be the main challenge to the release of the HNO
donor mimic 1, and thus, the effect of nitro substitution at dif-
ferent positions on the parent Bn-1 on N-O bond homolysis was
examined.

The nature of the S; state was found to have an effect on the
observed photochemistry. Results from TD-DFT calculations indi-
cated that irradiation of Bn-4N-1 would generate a CT state. Since
the S; state of Bn-1 was n, 7", it was expected that the photo-
chemistry of Bn-4N-1 would be different than the parent. Unlike
Bn-1, which only produced benzoic acid in trace amounts, pho-
tolysis of Bn-4N-1 in wet acetonitrile led to a significant amount
of 4-nitrobenzoic acid (5) as seen in entries 1 and 2 of Table 2.
Additionally, removal of water (Table 2, entry 3) led to a decrease
in the amount of 5 compared to the other nitro-containing prod-
uct (4), and thus, the formation of 5 appeared to arise from the
hydrolysis of photoexcited Bn-4N-1. The enhancement of solvol-
ysis by nitro substitution had also been previously reported for

phenyl 4-nitrobenzoate, where irradiation in ethanol led to trans-
esterification rather than the expected photo-Fries rearrangement
[57].

Unlike Bn-4N-1, the lowest energy singlet excited state for
4NBn-1 was n(NO;), m*(NO,) rather than a CT state. Since
the S; electronic configuration of 2NBn-1 was also n(NO,),
m*(NO3), the photochemistry of 4NBn-1 was expected to resemble

O

NH,

NO,

2NBn-1 more than Bn-4N-1 if internal conversion to S; was effi-
cient. Additionally, since the position of the nitro group is critical
for the photoinduced release of 2NBn, the photoreactions of 4NBn-
1 were expected to provide insights into processes that could be
competitive with the release of 1 from 2NBn-1. Therefore, the low
quantum yields for the photoreactions of 4NBn-1 in Table 3 were
encouraging for the potential of 2NBn-1 to release 1.

It was considered that benzoic acid could potentially arise
from the hydrolysis of the S; CT state of 4NBn-1, as with Bn-
4N-1. However, when 4NBn-1 was photolyzed in dry acetonitrile,
no change in the amount of benzoic acid (8) was observed as
shown in Table 3 (entries 1 and 2). While water content had no
effect, exposure to O, led to higher product yields of benzoic
acid (entry 3). Likewise, rigorous exclusion of oxygen prevented
the formation of benzoic acid (entries 4 and 6). The effect of
0O, can also be used to explain the discrepancy between the
reported product yields at 254nm and the quantum yields at
294nm (entries 1 and 4). For the photoreactions used to deter-
mine product percent yields, a greater photon flux generated by
low pressure mercury bulbs was used, and thus, the photoreactions
were complete in less than hour. Due to the comparatively lower
photon flux generated by the Xe arc lamp, quantum yield mea-
surements were preformed over the course of 12 h, and multiple
time-points were analyzed from the same sample. Thus, the quan-
tum yield measurements were at higher risk for contamination
by 0,.

Since triplet sensitization by benzophenone dramatically
increased the yield of benzoic acid (Table 3, entry 8), it was con-
cluded that benzoic acid arose primarily from a T; reaction with
advantageous oxygen in solution. This hypothesis was supported
by the 4-fold decrease in the quantum yield of benzoic acid when
a diene triplet quencher was added to the solution as shown in
Table 3 entry 7. The percent yields of the other major products 6
and 7 were not affected by water, O,, or dienes, and thus, the forma-
tion of 6 and 7 was proposed to arise from the Sy state. It is possible
that 6 and 7 were the result of an N-O bond homolysis followed by
disproportionation as shown in Scheme 3. The minor alcohol prod-
uct 9 was likely the result of the nascent alkoxy radical, arising from
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Table 5

Quantum yields for 2-nitrobenzyl benzohydroxamate (2NBn-1) with various triplet photosensitizers and quenchers.
Entry Additives T:? A (nm) 1 7 10
1 Oxygen 23 340 0.047 +4P 0.10+1 0.062+3
2 1,3-Cyclohexadiene 53 340 0.11+3 0.041+10 0.015+4
3 p-Terphenyl 58 340 0.13+2 0.099 +32 0.062+18
4 Acridine 45 340 n.d.c n.d. n.d.
5 9-Fluorenone 50 360 n.d. n.d. n.d.
6 2-Acetonaphthalene 59 360 n.d. n.d. n.d.
7 Benzophenone 69 360 0.063+33 0.058+30 0.024+17

2 Triplet energies taken from Ref. [56].
b @ +95% confidence interval of last digit(s).
¢ Not detected.

N-O bond homolysis, abstracting a hydrogen atom from a solvent
molecule.

Since the absorption band centered at 225 nm of 2NBn-1 was
believed to be localized on the benzohydroxamate chromophore,
it was a concern that irradiation at shorter wavelengths would
increase the percent yields of products associated with N-O bond
cleavage. The 2NBn chromophore was expected to absorb light at
higher wavelengths than the benzohydroxamate moiety of 2NBn-
1. The use of monochromatic irradiation at longer wavelengths
has been used to selectively activate one photoreactive center over
another center on the same molecule [35,37]. Thus, it was expected
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28]
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Fig. 2. UV/Vis spectra in acetonitrile. (a) Solid line (2-nitrotoluene), short dash line
(1). (b) Short dash line (2NBn-1), solid line (4NBn-1), long dash line (Bn-4N-1).

that irradiation at longer wavelengths would favor the release of
the 2NBn PPG by the mechanism shown in Scheme 4. Indeed, an
increase in the quantum yield for 1 was observed as the wavelength
of irradiation was increased as shown in Table 4. This indicated that
localized absorption by the 2NBn chromophore favored abstraction
of the benzyl hydrogen leading to the aci-nitro intermediate (I) and
the subsequent steps leading to the release of 1 [34].

The B3LYP/6-31G(d) T; energy of 2NBn-1 was 52.7 kcalmol~1,
however, only irradiation of benzophenone (T;=69kcal mol-!
[56]) and not 2-acetonaphthone (T; =59 kcal mol~! [56]) was able
to induce the release of 1 as shown in Table 5 entries 4-7. This sug-
gested that the actual triplet energy of 2NBn-1 was between 60
and 70 kcal mol~! and the release of 1 can occur through the triplet
state, Supporting this assertion was the observed quenching of the
formation of 1 by the addition the triplet quenchers of p-terphenyl
and 1,3-cyclohexadiene (entries 2 and 3). Picosecond-pump probe
experiments have been used to suggest that the triplet state of
2NBn can abstract the benzylic hydrogen leading to a triplet birad-
ical that converts to I [49]. However, the quenching was modest,
which indicates that most of the release of 1 upon direct photolysis
of 2NBn-1 occurs through S;.

As shown in Scheme 5, three different processes were consid-
ered as possible pathways to the minor products 7 and 10. The
first was abstraction of the benzylic hydrogen by the carbonyl ini-
tiating a Type Il photoelimination (Scheme 5a). The second was
N-0 bond homolysis followed by disproportionation (Scheme 5b).
Finally, it was considered possible that the minor products 7 and
10 were generated from an alternative degradation of the aci-nitro
intermediate (I) (Scheme 5c).

Since both pathways (a) and (b) shown in Scheme 5 were
most likely to arise from excitation of the benzohydroxamate
chromophore, the quantum yields of 7 and 10 were expected to
decrease at longer wavelengths as the absorption by the 2NBn
moiety increased. However, irradiation at 340 nm still generated
7 and 10 in significant amounts (Table 4, entry 3). A few different
possibilities were considered to explain this observation at longer
wavelengths. Since benzophenone triplet sensitization yielded sig-
nificant amounts of 7 and 10 compared to 1, it was considered that
the formation of 7 and 10 arose from triplet state after intersys-
tem crossing. However, triplet quenchers had no effect or even
increased the observed quantum yields for 7and 10 (Table 5, entries
1-3), and thus, it was concluded that the formation of 7 and 10 pre-
dominantly proceeds through a singlet excited state under direct
photolysis conditions. Only a very small difference in energy of S;
and S, was predicted by TD-DFT calculation, and thus, S; should be
accessible at longer wavelengths. The S, state of 2NBn-1 was char-
acterized by TD-DFT as n(CO), m*(NOy), which could potentially
undergo a Type Il mechanism (Scheme 5a). However, for 7 and 10
to arise from S,, slow relaxation from S, to S;would be required,
which was considered unlikely. The much lower quantum yields
of 6 and 7 for 4NBn-1 suggest the minor products 7 and 10 were
due to a photochemical processes specific to 2NBn-1, which argues
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against the N-O bond homolysis mechanism (Scheme 5b). Thus, it
was thought most likely that the minor products 7 and 10 arose
from an alternative degradation of I (Scheme 5c).

If 1, 7, and 10 arose solely from the decomposition of I, it
would be expected that the ratio of the products would remain
constant over the wavelengths examined. However, the amount
of 1 compared to 7 and 10 decreases at shorter wavelengths. This
indicates that another process leading to 7 and 10 becomes opera-
tive at shorter wavelengths. It is possible that excess vibrational
energy generated with the higher energy photons leads to N-O
bond homolysis (Scheme 5b). Alternatively, excitation into a 7r, 7%,
such as S5 which has a high oscillator strength, eases intersystem
crossing into n, m* triplet states [58]. This assertion was consistent
with the similar product ratio observed for 254 nm directirradiation

©»J© e

n-1 2 3
% yield? % yield?
0.1 M 254 nm 74 +21° 35+ 140
0.001 M 254 nm 85+ 8b 57 +7°

Fig. 3. Yields of products upon photolysis of benzyl benzohydroxamate (Bn-1).
2percent yields relative to loss of Bn-1 at 30% conversion, Puncertainty reported
as 95% confidence interval.

(Table 4, entry 1) and benzophenone photosensitization at 360 nm
(Table 5, entry 7).

For the benzophenone-sensitized photoreaction, analysis of the
B3LYP/6-31G(d) molecular orbitals of the triplet state (T; ) of 2NBn-
1 found that the two SOMO’s were centralized on the carbonyl
oxygen and the nitro substituent. While abstraction of the ben-
zylic hydrogen by the nitro substituent would eventually lead to
I and eventually 1, abstraction by the carbonyl would lead to a
Type II elimination (Scheme 5a) and the minor products 7 and

(@  2NBn-1 V.

@ — . 7810
. 7810

O .\Q
0
(b)  2NBn-1 NV, @NH
v
0
hv O~
(c)  2NBn-1 — ©)L” . 7810

O‘ \OH
I
Scheme 5.
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10. Thus, product yields for the benzophenone sensitization may
reflect competition for the benzylic hydrogen between the carbonyl
(Scheme 5a) and the nitro (Scheme 5c) functional groups.

5. Conclusions

The stated aim of this work was to determine if selective exci-
tation of the 2NBn chromophore within 2NBn-1 would result in
increased release of 1. Quantum yields for the formation of 1
increased at longer wavelengths and the percent yields of the minor
products decreased, which supported the proposed hypothesis. The
totality of these results also suggested that all of the products
formed during direct photolysis of 2NBn-1 can be formed from
either the S; or the Ty state. Given the wavelength-dependent quan-
tum yields for 1, the relatively constant quantum yields for the
minor products 7 and 10 over several wavelengths were taken as
an indication that two different processes were responsible for the
formation of 7 and 10. At longer wavelengths, it was suspected
that an alternative decomposition of I gave rise to these minor
products. Irradiation at higher energies was thought to allow easier
access to the triplet manifold through a 7, 7* singlet. Photosensiti-
zation indicated thatequal amounts of 1 and 7 were formed from T;.
The position of the nitro substituent also influenced the observed
photochemistry. When the lowest energy excited state had charge
transfer character, hydrolysis became possible. Positioning of the
nitro substituent to disfavor the hydrogen abstraction dramatically
decreased the quantum yields for the loss of the starting materials,
and thus, the addition of a nitro substituent was not expected to
increase the amount of N-O bond homolysis.
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