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A B S T R A C T

Recently, N-hydroxysulfonamides (RSO2NHOH) caged by photolabile protecting groups have attracted significant interest as potential photoactive nitroxyl (HNO)
donors. The selectivity of the desired HNO generation pathway from photocaged N-hydroxysulfonamides versus a competing pathway involving O-N bond cleavage is
dependent on the specific photodeprotection mechanism of the phototrigger. We present a new class of photocaged N-hydroxysulfonamides incorporating the well-
established o-nitrobenzyl photoprotecting group, including a derivative incorporating an additional carbonate linker. Photodecomposition of o-NO2Bn-ON(H)SO2CF3
and the corresponding 2-nitro-4,5-dimethoxybenzyl analog generated the desired HNO and CF3SO2- as a minor pathway, with competing photoinduced O-N bond
cleavage to release CF3SO2NH2 as the major photodecomposition pathway. Photolysis of the corresponding -SO2CH3 analogs resulted in O-N bond cleavage only. The
presence of the o-nitro substituent was shown to be essential for photoactivity. Photorelease of the parent HNO donor CH3SO2NHOH was observed as the major
product upon irradiation of o-NO2Bn-OC(O)ON(H)SO2CH3, with the desired HNO release and O-N bond cleavage occurring as minor pathways. Photoproduct
quantum yields for each species have been determined by actinometry. The effect of solvent, pH and air on the mechanism of photodecomposition was studied for o-
NO2Bn-ON(H)SO2CH3. The ratio of the solvents in the solvent mixture (CH3CN and phosphate buffer, pH 7.0), the pH of the aqueous component of the buffer, and the
presence of oxygen did not affect the amount of each photoproduct and the observed rate constant for O-N bond cleavage. Possible mechanisms for the various
pathways are proposed.

1. Introduction

The importance of nitroxyl (HNO) is increasingly recognized in
biochemical and biological systems [1–2], due to its significant promise
in therapeutic and pharmaceutical applications [3–9]. Recent clinical
trials on the HNO prodrug CXL-1020 and the second generation analog
Cimlanod (BMS-986231 or CXL-1427) highlight the potential of HNO in
the treatment of congestive heart failure via the improvement of Ca2+

handling and myofilament Ca2+ sensitivity [7–9]. Compared to the
widely studied nitric oxide (NO) [10], the biological roles of HNO are
less well understood to date. HNO reactivity studies are more challen-
ging due to its rapid dimerization (k=8×106 M−1 s−1) and sub-
sequent decomposition to nitrous oxide and water [11]. Therefore,
HNO precursors (typically called HNO donors) which decompose to
release HNO are required for studies of the chemical and biochemical
reactivity of this important molecule [12–15].

The rate of generation of HNO is dependent on the decomposition
chemistry of each HNO donor. Angeli’s salt (AS) and Piloty’s acid (PA)
are the most commonly used HNO donors [13–15], Fig. 1. Several other

classes of HNO donors have also been reported, including PA-based
derivatives [16–18], N/O-substituted hydroxylamines [19–24], primary
amine-based diazeniumdiolates [25–27], acyloxy nitroso compounds
[28–31], precursors of acyl nitroso species [32–39], and metal nitrosyls
[40–43]. Most of these HNO donors liberate HNO upon protonation
[19,41,43], deprotonation [16–17, 44], and/or hydrolysis in solution
[20,28]. A limited number of photochemical approaches for HNO
generation have also been reported, including retro-cycloaddition re-
actions [34–36, 38–39], the combination of an HNO donor with a pH
photoactuator [45], and the use of caged N-hydroxysulfonamides using
a photocaging group (PCG) [46–49]. Most of these photomediated ap-
proaches reported to date have drawbacks, including low HNO gen-
eration with competition from thermal or photochemical side reactions
leading to the generation of NO in addition to HNO, and/or other side
products.

Our group developed a new family of photoactivatable N-alkox-
ysulfonamide HNO donors caged by the O-(3-hydroxy-2-naphthalenyl)
methyl photolabile protecting group [46–47], Fig. 2. Competition be-
tween concerted C-O/N-S bond cleavage to release HNO and undesired
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O-N bond cleavage was found to be strongly solvent dependent [47]. In
addition, the nature of the sulfinate leaving group played a major factor
in determining the selectivity for HNO generation versus O-N bond
cleavage. Very recently, we extended these studies to the isomeric O-(6-
hydroxy-2-naphthalenyl)methyl congeners (Fig. 2), where significantly
enhanced selectivity for HNO release was observed [49]. Nakagawa
et al. recently reported (7-diethylaminocoumarin-4-yl)methyl-caged PA
derivatives (Fig. 2; Ar = 2-bromophenyl and 2-nitrophenyl) as visible-
light activated HNO generators [48]. However,< 10% HNO was re-
leased due to competition from a competing reaction resulting in an
oxime product.

Chromophores incorporating the 2-nitrobenzyl moiety are among
the most widely used PCGs [50–56]. Their photouncaging mechanisms
have been studied in detail [57], and the 2–nitrobenzyl (NB) PCG and
the closely related 4,5-dimethoxy-2-nitrobenzyl (MeONB) PCG have
been widely utilized to cage a range of biologically important molecules
[50, 58–74]. In particular, the NB phototrigger has been successfully
used to photouncage hydroxylamine derivatives. For example, McCulla
et al. reported that 2-nitrobenzyl benzohydroxamate yields benzohy-
droxamic acid (75%) upon irradiation [75]. These authors explain the
high selectivity for the desired C-O bond cleavage seen in their system
by pointing out that (i) arenesulfonylhydroxamates can afford photo-
lysis products derived from S–N bond homolysis but that this typically
occurs only after extended irradiation, and (ii) competing N-O bond
homolysis requires higher energy irradiation wavelengths than needed
for photoactivation of the NB group. Photocaged suberoylanilide hy-
droxamic acid and its derivatives can also be released using the MeONB
phototrigger [76–77]. Various hydroxylamine intermediates are pho-
tochemically generated (maximum 95%) from caged analogs by use of
the NB phototrigger [78]. McCune et al. successfully obtained several
hydroxylamino acid compounds via photouncaging of the NB group
[79]. Recently, Qvortrup et al. reported photolytic release of hydro-
xamic acids caged by the NB PCG in protic solvents in high yield
[80–81], while carboxamides were instead obtained in aprotic solvent
from competing N-O bond cleavage [81]. Finally, carbonate and car-
bamate linkers between the NB/MeONB group and a caged substrate
have also been widely used for photoprotection of molecules of interest
[63,82]. Interestingly, the entire photouncaging process in such systems
was reported to occur within 32 μs under irradiation at 350 nm [63].

Given the numerous examples of successful photocaging using the
NB and MeONB PCGs, it was of interest to explore the potential of N-
hydroxysulfonamides caged with a NB or a MeONB group in the ab-
sence and presence of the additional carbonate linker for photo-
chemical HNO generation. In this work, we describe the synthesis and
photochemistry of compounds 1a-1e, Fig. 3.

2. Results and Discussion

2.1. Synthesis and Characterization of NB- and MeONB-protected N-
hydroxysulfonamides 1a-1e

Targets 1a-1d were synthesized according to the approach outlined
in Scheme 1. Alkyl bromides 2a and 2b were subjected to an SN2 re-
action with N-hydroxyphthalimide to yield hydroxylamine adducts 3a
and 3b. Deprotection to free amines 4a and 4b was accomplished using
hydrazine monohydrate. This was followed by an N-tri-
fluoromethanesulfonation or N-methanesulfonation to afford targets

Fig. 1. Structures of Angeli’s salt and Piloty’s acid.

Fig. 2. Structures of the N-alkoxysulfonamide donors containing 3,2-HNM, 6,2-HNM and DEAC PCGs.

Fig. 3. Structures of the NB- and MeONB-photocaged N-hydroxysulfonamides
synthesized in this study.

Scheme 1. Synthetic pathway for the preparation of targets 1a-1d.
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1a-1d. During the methanesulfonation of 4a, in addition to the desired
target 1b, a bis-methanesulfonation product 5 was also obtained (see
Fig. 4). The ratio of 1b:5 was ∼ 1:0.69 based on the analysis of the
crude 1H NMR spectrum; however, these products were readily sepa-
rated.

Target 1e was synthesized in three steps as shown in Scheme 2. o-
Nitrobenzyl alcohol (6) was reacted with triphosgene (7) to generate
the chloroformate intermediate, which was directly treated with N-
BOC-protected hydroxylamine (8) to yield carbonate 9. N-Sulfonylation
of 9 by methanesulfonyl chloride gave intermediate 10. This compound
was found to be unstable during both untreated and base-treated silica
chromatography. Therefore, it was directly utilized in the next step
without purification. Removal of the BOC protecting group from 10was
achieved upon treatment with trifluoroacetic acid (TFA) to afford 1e in
85% yield over two steps.

We also attempted to prepare the analogous carbonate-linked tri-
fluoromethanesulfonamide (see Scheme 3). N-Tri-
fluoromethanesulfonylation of 9 proved unsuccessful under various
conditions (Pathway 1; see Table S1 in Supporting Information).
Moreover, the synthesis of target 1f via a modified one-pot N-depro-
tection/N-trifluoromethanesulfonylation sequence also failed (pathway
2). After continuous stirring and monitoring for 4 days, no sign of

product 1f was observed based on crude 1H and 19F NMR analysis. 2-
Nitrobenzyl alcohol 6 was instead obtained as the primary decom-
position product.

UV-Vis spectra for compounds 1a-1e are shown in Fig. 5. The molar
extinction coefficients for targets 1a-1e were determined (Fig. S1-S5)
and are summarized in Table 1. The UV-vis spectra of 1c and 1d are
shifted to lower energies compared with 1a-b and 1e, due to the

Fig. 4. Methanesulfonation of free amine 4a.

Scheme 2. Synthetic pathway for the preparation of target 1e.

Scheme 3. Unsuccessful synthetic approaches to 1f.

Fig. 5. UV-Vis spectra of 1a-1e (1.50×10-4 M) in a mixture of water and
MeCN (92:8, v/v) at 25 °C.
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presence of the electron-donating methoxy substituents on the phenyl
ring.

2.2. Characterization of the photoproducts obtained by steady state
irradiation of HNO donors 1a-1e

The photoproducts of 1a-1e were determined, by steady state irra-
diation in an anaerobic mixture of phosphate buffer (0.10mM, pH 7.00)
and CD3CN (40:60, v/v) using a Rayonet photoreactor (RMR-600,
300 nm lamps, 4W). All compounds 1a-1e were stable in this solvent
mixture in the dark for at least 12 h (NMR spectroscopy). Anaerobic
conditions were initially used, to ensure that potential side reactions
involving oxygen did not occur. Irradiation centered at 300 nm should
allow for selective excitation of the nitro group in the NB chromophore
[81], which we anticipated, by analogy with the work of McCulla [75]
and Qvortrup [55,80–81], would lead to selective C-O bond cleavage in
protic media.

Fig. 6a shows 19F NMR spectroscopy data obtained during the
photolysis of 1a. CF3SO2NH2 was formed as the major product
(-80.3 ppm, 91%), while CF3SO2

- was observed as a minor byproduct
(-87.9 ppm, 9%). The photodecomposition was complete after ∼

30min. The observed first-order rate constant for photodecomposition
of 1a was determined, by integrating the CF3 group of 1a, giving
kobs= 0.22 ± 0.01min-1 (t1/2 3.2 min; Fig. 6b). Separate experiments
showed that both CF3SO2NH2 and CF3SO2

- are photostable in the same
solvent mixture (2 h irradiation).

In earlier work for related N-hydroxysulfonamides containing
CF3SO2NHO-, CH3SO2NHO- and PhSO2NHO- head-groups caged with
the O-(3-hydroxy-2-naphthalenyl)methyl or isomeric O-(6-hydroxy-2-
naphthalenyl)methyl photocaging groups, the observation of the sulfi-
nate ion RSO2

- was found to be indicative of HNO generation [46–47,
49]. The sulfinate anion was therefore a convenient chemical marker
for HNO generation in Pathway 1 of Scheme 4, with both HNO and
sulfinate arising as a result of C-O bond cleavage. Alternatively, also in
line with these other systems, competing O-N bond cleavage may occur,
which leads to generation of CF3SO2NH2 in Pathway 2 of Scheme 4.

The release of HNO can be inferred by trapping with aquacobalamin
(H2OCbl(III)+) as described in our previous work [47]. However,
photolysis of 1a in the presence of aquacobalamin did not result in the
expected conversion of H2OCbl(III)+ to nitrosylcobalamin [NO--Cbl
(III)]. Instead, 1H NMR analysis of the product mixture revealed a re-
action between 1a and H2OCbl(III)+, rendering this method ineffective
for establishing the presence of HNO in this case. Alternatively, the
presence of HNO may be qualitatively determined by trapping with
phosphines to produce a mixture of aza ylide and phosphine oxide
products. However, attempted photolysis of 1a with triphenylpho-
sphine (1:10 ratio of triphenylphosphine to putative HNO) failed to
produce aza ylide and resulted in all of the phosphine undergoing
conversion to phosphine oxide (31P NMR analysis, spectrum not
shown). It is important to note that if the only reaction was between
HNO and the phosphine, we would expect to observe (at most) 10%
conversion of the phosphine to phosphine oxide and aza ylide. Phos-
phines are well-known reducing agents and have been observed to

Table 1
Molar extinction coefficients for compounds 1a-1e in a mixture of water
and MeCN (92:8, v/v; 25.0 °C)

Compound Molar extinction coefficients (M-1 cm-1)

1a (3.68 ± 0.02) × 103 (264 nm)
1b (2.95 ± 0.02) × 103 (264 nm)
1c (3.99 ± 0.02) × 103 (351 nm)
1d (4.44 ± 0.04) × 103 (351 nm)
1e (4.86 ± 0.03) × 103 (264 nm)

Fig. 6. (a) 19F NMR spectra for the photodecomposition of 1a (3.89mM) in a mixture of phosphate buffer (0.10mM, pH 7.00) and CD3CN (40:60, v/v). (b) Best fit of
the peak area of 1a (CF3 group) versus time to a first-order rate equation, giving kobs = 0.22 ± 0.01min-1 (t1/2 ∼ 3.2min).

Scheme 4. Photolytic pathways observed from 1a-1d (Pathway 1: C-O bond cleavage; Pathway 2: O-N bond cleavage).
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reduce both nitro and nitroso compounds [83–84]. A control experi-
ment revealed that 1a did not react with triphenylphosphine in the
absence of light. Thus, we speculate that a photoredox reaction between
nitroso compound 17 and triphenylphosphine may be occurring that
would potentially lead to azoxybenzene and phosphine oxide products
(1H NMR analysis of the products was inconclusive due to overlapping
of complex aromatic signals). This result would be consistent with
previously reported chemistry by Cadogan et al. [83–84].

The photodecomposition of 1c was studied by 19F NMR spectro-
scopy under the same sovent conditions. After ∼30min irradiation,
CF3SO2NH2 was obtained as the major 19F-containing product (∼
93%), with only 7% CF3SO2

- generated, Fig. 7a. The observed rate
constant for photodecomposition, kobs= 0.13 ± 0.01min-1 (t1/2 ∼
5.3min; Fig. 7b).

The steady state photolyses of 1b and 1d were analyzed by 1H NMR
spectroscopy. Interestingly, during the photolysis of 1b, no MeSO2

-

(diagnostic peak at 2.23 ppm) was observed as an indicator of HNO
generation, Fig. 8a. Separate experiments showed that both MeSO2

- and
MeSO2NH2 are photostable in the same solvent mixture (2 h irradia-
tion). Since the chemical shift of the characteristic Me peak of the ex-
pected MeSO2NH2 product (3.08 ppm) coincides with the chemical shift
of the Me group in donor 1b, the rate of decay of donor 1b was mon-
itored by the decay of the aromatic proton peak of 1b at 8.10 ppm. A
small amount of an unknown species (3.38 ppm) was also observed,
which is most likely a secondary photoproduct. Control experiments
showed that this peak is not from methanesulfonate (2.68 ppm), me-
thanol (3.27 ppm) or CH3SO2NHOH (3.07 ppm) (the photolysis sample

was spiked with these species). The observed rate constant for photo-
decomposition, kobs= 0.18 ± 0.01min-1 (t1/2 ∼ 3.8min; see Fig. 8b).

Finally, the steady state photolysis of 1d was also followed by 1H
NMR spectroscopy (see Fig. 9). MeSO2NH2 was the only MeSO2-con-
taining product observed in the photoproduct mixture. Interestingly the
rate of photodecomposition for 1d was kobs= 0.035 ± 0.001min-1 (t1/
2 ∼ 19.8min Fig. 9b), which is approximately five times slower than
the rate of decomposition of 1a, 1b and 1c under identical conditions.

2-Nitrosobenzaldehyde (13) and 4,5-dimethoxy-2-ni-
trosobenzaldehyde (14) are the other expected aromatic photoproducts
arising as a result of C-O bond cleavage (Pathway 1, Scheme 4). To
confirm the formation of these two species, photolyzed samples of 1a
and 1c were analyzed by high resolution mass spectrometry (HRMS).
The corresponding nitroso aldehydes 13 and 14 were observed at m/z
136.0392 (calculated mass for ([13+H]+=136.0393) and m/z
196.0604 (calculated mass for [14+H]+=196.0604), respectively. A
peak was also observed at 10.21 ppm, which was subsequently shown
to be attributable to the CHO proton of 13.

Given that O-N bond cleavage is the major pathway in each system,
2-nitrobenzaldehyde (15) and 4,5-dimethoxy-2-nitrobenzaldehyde (16)
were initially anticipated to be the major aromatic photolysis products
derived from 1a,b and 1c,d respectively (Pathway 2, Scheme 4).
However, 2-nitrosobenzoic acid (17) and 4,5-dimethoxy-2-ni-
trosobenzoic acid (18) were instead identified in the photoproduct so-
lutions by HRMS, at m/z 152.0341 (calculated mass for
[17+H]+=152.0342) and 212.0551 (calculated mass for
[18+H]+=212.0533), respectively. Others have shown that 2-

Fig. 7. (a) 19F NMR spectra for the photodecomposition of 1c (3.89mM) in a mixture of phosphate buffer (0.10mM, pH 7.00) and CD3CN (40:60, v/v). (b) Best fit of
the peak area of 1c (CF3 group) versus time to a first-order rate equation, giving kobs = 0.13 ± 0.01min-1 (t1/2 ∼ 5.3min).

Fig. 8. (a) 1H NMR spectra for the photodecomposition of 1b (3.89mM) in a mixture of phosphate buffer (0.10mM, pH 7.00) and CD3CN (40:60, v/v). (b) Best fit of
the peak area of 1b (aromatic H at 8.10 ppm) versus time to a first-order rate equation, giving kobs = 0.18 ± 0.01min-1 (t1/2 ∼ 3.8min).
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nitrobenzaldehyde is photoactive and decomposes to generate ni-
trosobenzoic acid upon irradiation [85–89]. To confirm that nitro al-
dehydes 15 and 16 are indeed unstable upon irradiation, authentic
samples of 15 and 16 were irradiated using the same experimental
setup in the identical solvent mixture. As shown in Fig. S6 and S7 in the
Supporting Information, nitroso acid 17 was obtained from the anae-
robic photolysis of nitro aldehyde 15. Anaerobic photolysis of nitro
aldehyde 16 yielded nitroso acid 18. Hence nitroso acids, not nitro
benzaldehydes, are observed in the photoproduct mixture, due to the
photosensitivity of the latter compounds. Photolyzed nitro aldehydes
are efficiently converted to nitroso acids 17 and 18 via a ketene inter-
mediate [89].

The desired HNO generation pathway for the photolysis of 1e is
shown in Fig. 10. The photouncaging of the NB group was expected to
release HNO and MeSO2

- with the elimination of CO2, where HNO
generation was inferred by the release of MeSO2

-. The chromophore
generated during the primary photolysis was anticipated to be 2-ni-
trosobenzaldehyde (13). Photodecomposition of target 1e in a 60:40
mixture of CD3CN and phosphate buffer (0.10M, pH 7.0) under anae-
robic conditions with monitoring by 1H NMR analysis (see Fig. 11a),
revealed the formation of MeSO2NHOH (3.05 ppm, 71%), MeSO2

-

(2.23 ppm, 11%, HNO generation pathway), MeSO3
- (2.71 ppm, 8%),

and MeSO2NH2 (3.08 ppm, 10%) after irradiation for 170min. The

characteristic peak of 2-nitrosobenzaldehyde was observed at
10.21 ppm. In a separate experiment the photolysis product solution of
a partially photolyzed solution of 1e was taken to dryness and the 1H
NMR spectrum was recorded in CHCl3. The resulting spectra revealed
resonances at δ12.08 (s), 7.89 (dt), and 6.43 (dd) that are consistent
with literature values for 13 in the same solvent [57]. The remaining
expected peaks for 13 overlapped with peaks from the reactant. Again,
by monitoring the decay of the integration of the CH3 signal (1H NMR)
in 1e, a first-order rate constant kobs= 0.024 ± 0.002min-1 is observed
with a half-life ˜ 28.9 min (see Fig. 11b). MeSO3

- was found to be de-
rived from a subsequent oxidation of MeSO2

-, presumably due to the
presence of traces of molecular oxygen as an adventitious oxidizing
agent. Thus, ∼19% HNO generation from the photolysis of 1e was
inferred by both MeSO2

- and MeSO3
- formation. The photolytic

pathway observed in the photolysis of 1e is summarized in Fig. 12.

2.3. Determination of the Photoproduct Quantum Yields of 1a-1e

The photoproduct quantum yields of compounds 1a-1e were de-
termined by actinometry at 313 (± 3) nm, with trans-azobenzene used

Fig. 9. (a) 1H NMR spectra for the photodecomposition of 1d (3.10mM) in a mixture of phosphate buffer (0.10mM, pH 7.00) and CD3CN (40:60, v/v). (b) Best fit of
the peak area of 1d (MeSO2 signal) versus time to a first-order rate equation, giving kobs = 0.035 ± 0.001min-1 (t1/2 ∼ 19.8min).

Fig. 10. Proposed HNO generation pathway for the photolysis of compound 1e.

Fig. 11. (a) 1H NMR spectra for the photodecomposition of 1e (3.89mM) in a 60:40 (v/v) mixture of CD3CN and phosphate buffer (0.10M, pH 7.00). (b) Best fit of
the CH3 peak area versus time to a first-order rate equation, giving kobs = 0.024 ± 0.002min-1 (t1/2 ∼ 28.9 min).

Fig. 12. Observed photolytic pathway for compound 1e.
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as a reference compound (Φ(trans →cis) = 0.14 [90]; see Experimental
Section and Figures S8-S13). Photochemical reactions must be zero-
order with respect to the reactant for accurate determination of
quantum yields. A control experiment with our MeSO2-based substrate
1b showed that the photoproducts and the observed rate constant for
decomposition are not affected by the concentration of 1b (Fig. S14,
Supporting Information). The percentage of trans-azobenzene converted
to cis-azobenzene upon irradiation was followed by UV-vis spectro-
scopy, whereas the photodecomposition of 1a-1e was followed by NMR
spectroscopy (19F or 1H). The photoproduct quantum yields were
0.67 ± 0.03 (1a), 0.77 ± 0.03 (1b), 0.46 ± 0.02 (1c), 0.27 ± 0.01
(1d), and 0.23 ± 0.01 (1e), respectively. Photoproduct quantum yield
values for 1a (0.67 ± 0.03) and 1b (0.77 ± 0.03) are higher com-
pared to structurally related nitrobenzyl systems (Φ =0.49 for 2-ni-
trobenzyl methyl ether [57]), with the leaving group affecting the
photoproduct quantum yield [51]. The similarity in the quantum yield
values for 1a and 1b is expected, since the compounds are structurally
similar and the observed rate constants for 1a (0.22 ± 0.01min-1) and
1b (0.18 ± 0.01min-1) were comparable. The photoproduct quantum
yields of 1c (0.46 ± 0.02) and 1d (0.27 ± 0.01) are lower as a result

of the electron-donating MeO substituents on the aromatic group,
which significantly reduce the photoproduct quantum yields for ni-
trobenzyl-caged molecules [91–92]. The significantly lower observed
rate constant for photodecomposition upon steady state irradiation of
1d (kobs = 0.035min-1) and 1e (kobs = 0.024min-1) compared with 1a-
1c (kobs = 0.22, 0.18 and 0.13min-1, respectively) is attributed to the
lower photoproduct quantum yield for 1d and 1e (0.27 ± 0.01 (1d),
and 0.23 ± 0.01 (1e)).

3. Further Studies to Probe the Photolysis Reaction Mechanisms

Numerous mechanistic studies have been carried out on the pho-
todecomposition of molecules of the type o-NO2Bn-O-X, where O-X
bond cleavage occurs [51,75,81]. Detailed mechanistic studies on the
photodecomposition of 1-(methoxymethyl)-2-nitrobenzene provide
support for intramolecular 1,5-hydrogen transfer in the excited state
leading to formation of a ground state quinonoid aci-nitro tautomer
within 5 ps [57]. The monoprotonated aci-nitro intermediate cyclizes to
form a benzisoxazolidine species followed by a 1,3-hydrogen shift to
give the corresponding hemiacetal via ring opening [57]. Hydrolysis
leads to the release of the protonated leaving group (MeOH), and 2-
nitrosobenzaldehyde [57]. Multiple isomers exist for several of the in-
termediates [51]. For poor leaving groups such as MeO-, the last step is
the rate-determining step, occurring on the millisecond timescale
(k=2.5× 10-2 s-1; t1/2 ∼ 36ms) [57]. The rate constant for the loss of
the leaving group depends on the solvent, pH, and the nature of the
leaving group [57,93–94].

Although light-induced O-N bond cleavage has previously been
observed for o-NO2Bn-O-N- systems [75], little is known about the
mechanism of this reaction. McCulla et al. studied the photoinduced

release of benzohydroxamic acid from a nitrobenzyl photoprotected
conjugate, and postulated that O-N bond homolysis occurs [75]. Irra-
diation at a shorter wavelength favored O-N bond cleavage, whereas
irradiation at longer wavelength favored C-O bond cleavage. The
photoproducts from irradiation of 1a-1d at two different excitation
wavelengths were therefore investigated, using a xenon lamp in con-
junction with a monochromator. The results are summarized in Table
S2 in the Supporting Information. The excitation wavelength did not
have any effect on the observed photoproducts. The importance of the
nitro group on photodecomposition for this family of molecules was
also investigated, by studying the steady state photodecomposition of
the structurally related compound (N-benzyloxy-1,1,1-tri-
fluoromethanesulfonamide (19) which lacks the o-nitro substituent.
There was essentially no photodecomposition of 19 even after irradia-
tion for 6 h at 300 nm in the solvent mixture of phosphate buffer (pH
7.00, 5.0 mM) and CD3CN (0.45mL, 40:60, v/v) (Fig. S15); hence the
nitro functional group plays a key role in the photoactivity of molecules
1a-1e; that is, both C-O and O-N bond cleavage pathways are depen-
dent on the presence of this group.

Studies were also carried out to determine whether the solvent ratio
and/or the pH of the aqueous component of the solvent altered the
amount of C-O versus O-N bond cleavage for 1b. The selectivity for C-O
versus O-N bond cleavage was highly dependent on the solvent ratio
(CH3CN : phosphate buffer) for related photocaged N-hydro-
xysulfonamides [46–47, 49]. The rate and products of photolysis of 1b
were investigated at various CH3CN : phosphate buffer (5.0mM) sol-
vent ratios (Fig. S16). The results are summarized in Table S3 in the
Supporting Information. Only O-N, not C-O bond cleavage, was ob-
served at all solvent ratios. The observed rate constant was independent
of the solvent ratio.

In previous studies, the pH of the solution was found to affect the
observed rate of photodecomposition of o-nitrobenzyl compounds
which decompose via C-O bond cleavage [57, 93–94]. Specifically, the
rate of cyclization of the aci-nitro intermediate to the 1,3-dihydrobenz-
[c]isoxazol-1-ol intermediate, the formation of hemiacetal intermediate
via ring opening and the hydrolysis of hemiacetal intermediate were
pH-dependent processes [57]. The effect of the pH of the aqueous
component in the solvent mixture was investigated on the photo-
decomposition of 1b (Fig. S17), to determine whether pH could influ-
ence the selectivity for C-O versus O-N bond cleavage. The results are
summarized in Table S4 in the Supporting Information. Varying the pH
of the aqueous component has no effect on the observed rate constant
for photodecomposition or the nature of photolytic products derived
from 1b, with only O-N bond cleavage occurring.

The photolysis data reported thus far were all obtained under
anaerobic conditions. To probe the effect of oxygen on the mechanism
of the reaction, the photodecomposition of 1b was also studied under
aerobic conditions. The 1H NMR spectrum of the photoproducts was
identical to that observed under anerobic conditions. The observed rate
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constant (kobs) for the photolysis was 0.20 ± 0.03min-1 (t1/2 ∼
3.3min) under aerobic conditions (see Fig. S18a), which is the same as
that obtained under anaerobic conditions (Fig. S18b; 0.20 ± 0.03min-
1 (t1/2 ∼ 3.3min)). Ultrafast spectroscopy experiments are required to
determine whether O-N bond cleavage occurs via the singlet and/or
triplet excited states.

Qvortrup et al. recently reported solvent-controlled photorelease of
hydroxamic acids bearing the NB PCG. Whereas C-O bond cleavage
occurred in protic solvents, release of a carboxamide occurred via O-N
bond cleavage in aprotic solvents [81]. In stark contrast, in the present
study conducted in protic medium, C-O cleavage (HNO generation)
(Pathway 1, Scheme 4) is only a minor photolysis pathway for 1a and
1c, and the competing O-N cleavage pathway dominates (> 90%). It
should be noted that the parent HNO donor (CF3SO2NHO(H)) was not
observed by 19F NMR spectroscopy during the photolysis of 1a and 1c.
Given that the half-life for decomposition of CF3SO2NHOH is ∼ 10min
[18], the absence of CF3SO2NHO(H) as a reaction intermediate in the
19F NMR spectra suggests that C-O bond cleavage and the release of
CF3SO2

- are concerted processes in the minor pathway operating with
these substrates.

No evidence for operation of the HNO generation pathway was
obtained upon photolysis of 1b and 1d. For these compounds only O-N
bond cleavage (Pathway 2, Scheme 4) was observed. Although CF3SO2

-

is a better leaving group than MeSO2
- as indicated by their conjugate

acid pKa values (pKa(MeSO2H)= 2.28 and pKa(CF3SO2H) = - 0.6)
[47], there is little difference in selectivity for the competing photolysis
pathways for the CF3SO2-containing and CH3SO2-containing analogs
1a-1d.

Photochemical O-N bond scission is a commonly observed pathway
in many hydroxamic acid and alkyl hydroxamate systems [95–96];
however, as mentioned earlier, Qvortrup noted that the photolytic re-
lease of hydroxamic acids caged by the NB PCG was observed via C-O
cleavage in protic solvents in high yield [80–81], while competing N-O
bond cleavage leading to carboxamides was observed in aprotic sol-
vents [81]. Based on an examination of the mechanistic insights for
these competing C-O and O-N cleavage pathways proffered by
Qvortrup, we hypothesize that the reversal in selectivity for C-O vs N-O
bond cleavage in protic media with our substrates 1a-1d is due to the
presence of the better sulfonamido leaving group in 1a-1d relative to

the carboxamido leaving group of the Qvortrup systems (see Fig. 13).
The sulfonamido moieties are clearly better leaving groups as evi-
denced by their pKa values: CF3SO2NH2 (pKa= 6.33 (H2O) [97]; 9.7
(DMSO) [98]), CH3SO2NH2 (pKa= 10.8 (H2O) [97]; 17.5 (DMSO)
[98]) and CH3C(O)NH2 (pKa= 15.1 (H2O) [99]; 25.5 (DMSO) [98]).
Therefore, depending on the solvent, the sulfonamide NH proton is
approximately 104 to 108 times more acidic than the analogous car-
boxamide proton. With a weaker (amide) leaving group, Qvortrup ob-
served protic solvent-mediated (Z)-(E) isomerization of aci-nitro inter-
mediate (Z)-20 to (E)-20, leading to cyclization and then C-O cleavage
as the dominant pathway. In our system, we hypothesize that rapid O-N
cleavage with loss of a (better) sulfonamide leaving group occurs before
there is an opportunity for the (Z)-(E) isomerization to (E)-20 needed
for C-O cleavage. This is consistent with this pathway exhibiting no
dependence on either the solvent ratio or the pH of the aqueous com-
ponent of the solvent mixture.

In contrast, the carbonate-linked CH3SO2-derivative 1e generated
mainly the parent HNO donor CH3SO2NHOH (71%) via C-O bond
cleavage (path a), along with a small quantity of HNO (diagnosed by
the presence MeSO2

-) presumably formed via a concerted mechanism
(path b) and MeSO2NH2 formed via a direct O-N bond cleavage
(Fig. 14). Control experiments demonstrated that CH3SO2NHOH is
stable in the protic solvent mixture used for these studies due to its high
pKa value (9.95 [18]), which precludes direct deprotonation and sub-
sequent decomposition of CH3SO2NHOH to yield MeSO2

-. Therefore,
any CH3SO2NHO- formed from the photolysis of 1e would be rapidly
protonated to form CH3SO2NHOH under our photolytic conditions (pH
7.0); the small amount of MeSO2

- must then form via a minor com-
peting concerted decomposition pathway. The formation of small
amounts of MeSO2NH2 results from competing O-N bond cleavage. The
dramatic change in selectivity here vis-à-vis substrates 1a-1d is likely
due to the more enthalpically demanding bond cleavage requirements
necessary for ultimate N-O cleavage. This presumably allows for com-
petition from (Z)-(E)-isomerization of the aci-nitro intermediate 21
which permits the C-O cleavage pathway to dominate.

4. Conclusions

A novel family of o-nitrobenzyl-caged N-hydroxysulfonamides 1a-

Fig. 13. Proposed mechanism for photolysis of NB-caged substrates 1a-1d.
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1e have been synthesized. Upon steady-state irradiation (300 nm),
photochemical decomposition of 1a-1e occurs within minutes. The
desired HNO generation pathway was observed only as a minor
pathway for compounds 1a and 1c, where a competing photoinduced
O-N bond cleavage pathway was the major pathway. Only the O-N
cleavage pathway was observed for 1b and 1d. The presence or absence
of methoxy groups on the o-nitrophenyl ring has minimal influence on
the C-O versus O-N bond cleavage selectivity, and similar results are
seen for both methane- and trifluoromethane-sulfonamidoxy substrates.
However, the o-nitro substituent plays an essential role in photo-
decomposition. In contrast, with the analogous carbonate linked sub-
strate 1e, the release of parent HNO donor CH3SO2NHOH was observed
as the major pathway. A concerted MeSO2–releasing decomposition
pathway and O-N bond cleavage were observed as only minor pathways
in this system. For 1b, only O-N bond cleavage occurred regardless of
the solvent ratio, the pH of the aqueous component and the absence or
presence of oxygen.

The selectivity for O-N cleavage during the photolysis of 1b re-
presents a complete switch in photolysis mechanism relative to the
analogous o-nitrobenzyl carboxamidoxy substrates reported by McCulla
and Qvortrup. Therefore, future studies will further probe the me-
chanism of N-O bond cleavage of 1b using laser flash photolysis. The
promise of such o-nitrobenzyloxysulfonamides as potential N-protecting
groups for a range of sulfonamides will also be explored.

5. Experimental Section

5.1. General Information

Except where specifically stated, commercially obtained chemicals
were used without purification. Commercially available anhydrous
pyridine, N,N-dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO) were used without purification. Tetrahydrofuran (THF) was
distilled over Na and benzophenone, and CH2Cl2 was distilled from
CaH2. All reactions were set up using anhydrous organic solvents under
an inert atmosphere. Silica gel (60 Å, 40 - 63 μm) and ACS grade sol-
vents (ethyl acetate, petroleum ether (boiling point range: 30 - 60 °C)
and CH2Cl2) were used for column chromatography. Based-treated si-
lica chromatography columns were made by making a silica slurry
using a solvent mixture of 5% Et3N and 95% petroleum ether followed
by washing with petroleum ether to remove excess Et3N after loading
the column. All synthetic products were characterized by 1H, 13C and
19F NMR spectroscopy, and high-resolution mass spectrometry (HRMS)
with a direct analysis in real time (DART) ion source. 1H, 13C and 19F
NMR spectra were recorded using a Bruker 400MHz spectrometer with
a 5mm probe at 25 ± 1 °C. All NMR spectra were analyzed using
MestReNova (version 11.3) software.

KH2PO4 was used to prepare the phosphate buffer solution (0.10M
and 5.0 mM, pH 7.00). The pH of the buffer was adjusted with NaOH
(0.10M) solution with monitoring using an Orion Model 710A pH
meter equipped with Mettler-Toledo Inlab 423 or 421 electrodes at
room temperature. After degassing with argon for ∼ 24 h, the

Fig. 14. Proposed mechanism for photolysis of carbonate-linked NB-caged substrate 1e.
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phosphate buffer solution was stored in a MBRAUN Labmaster 130
(1250/78) glovebox equipped with O2 and H2O sensors under an argon
atmosphere.

5.2. Synthetic procedures and product characterization

5.2.1. 2-(2-Nitrobenzyloxy)isoindoline-1,3-dione (3a)
A solution of 2-nitrobenzyl bromide (2a) (5.01 g, 23.2 mmol) in

anhydrous DMF (40mL) was added dropwise at room temperature to a
stirred solution of N-hydroxyphthalimide (4.15 g, 25.4mmol) and N,N-
diisopropylethylamine (DIEA, 4.43mL, d =0.742 g/mL at 25 °C,
25.4 mmol) in anhydrous DMF (60mL) under N2. The reaction mixture
was heated to 70 °C (over 30min) and was stirred for 2 h. The reaction
mixture was allowed to cool to room temperature and was then poured
into water (200mL). The aqueous layer was extracted with ethyl
acetate (3×100mL). A pale-yellow solid precipitated between the
aqueous and organic phases, which was separated by filtration. The
pale-yellow solid was washed with ethyl acetate (100mL) and dried
under vacuum to give a pale-yellow solid (4.67 g), which was identified
as pure product 3a. The combined organic extracts were dried over
MgSO4, filtered and concentrated in vacuo to afford a yellow solid. This
crude product was purified by column chromatography (silica gel/
15:85 ethyl acetate-petroleum ether) to obtain a second fraction of the
title product 3a (1.73 g). Overall, the title compound 3a was obtained
as a yellow solid (6.40 g, 93%). m.p. 168-171 °C. 1H NMR (400MHz,
DMSO-d6) δ 8.11 (dd, J = 7.6, 1.2 Hz, 1 H), 7.89 (dd, J=7.6, 1.2 Hz,
1 H), 7.90-7.76 (m, 4 H), 7.78 (td, J=7.6, 1.2 Hz, 1 H), 7.66 (td,
J=7.6, 1.2 Hz, 1 H), 5.55 (s, 2 H). 13C NMR (101MHz, DMSO-d6) δ
162.83, 147.92, 134.69, 133.71, 131.26, 130.04, 129.78, 128.34,
124.67, 123.15, 75.28. HRMS m/z (DART) calculated for MH+

299.0662, found 299.0660.

5.2.2. 2-(4,5-Dimethoxy-2-nitrobenzyloxy)isoindoline-1,3-dione (3b)
A solution of 4,5-dimethoxy-2-nitrobenzyl bromide (2b) (4.500 g,

16.30mmol) in anhydrous DMF (40mL) was added dropwise at room
temperature to a stirred solution of N-hydroxyphthalimide (3.000 g,
18.39mmol) and N,N-diisopropylethylamine (DIEA, 3.40mL, d
=0.742 g/mL at 25 °C, 19.5mmol) in anhydrous DMF (40mL), under
N2. The reaction mixture was heated to 70 °C (over 30min) and was
stirred at 70 °C for 7.5 h. The reaction mixture was allowed to cool to
room temperature and was then poured into water (300mL). The
aqueous layer was extracted with ethyl acetate (3×150mL). A yellow
solid precipitated between the aqueous and organic phases, which was
separated by filtration. This yellow solid was washed with ethyl acetate
(100mL) and dried under vacuum, to yield pure title compound 3b
(3.56 g) as a yellow solid. The combined organic extracts were dried
over MgSO4, filtered and concentrated in vacuo to afford a yellow solid.
This crude product was purified by column chromatography (silica gel/
30:70 ethyl acetate-petroleum ether) to obtain a second fraction of the
title compound 3b (1.95 g). Overall, the title compound 3b was ob-
tained as a yellow powder (5.51 g, 94%). m.p. 199-200 °C. 1H NMR
(400MHz, DMSO-d6) δ 7.84 (s, 4 H), 7.68 (s, 1 H), 7.53 (s, 1 H), 5.55 (s,
2 H), 3.89 (s, 3 H), 3.88 (s, 3 H). 13C NMR (101MHz, DMSO-d6) δ
163.12, 152.74, 148.32, 140.46, 134.81, 128.51, 125.01, 123.28,
112.89, 108.12, 75.54, 56.29, 56.11. HRMS m/z (DART) calculated for
MH+ 359.0874, found 359.0874.

5.2.3. O-(2-Nitrobenzyl)hydroxylamine (4a)
Hydrazine monohydrate (0.567mL, d =1.032 g/mL at 25 °C,

11.7 mmol) was added in one portion to a stirred solution of 3a (1.73 g,
5.80mmol) in anhydrous CH2Cl2 (120mL) under N2 at room tem-
perature. The reaction mixture was stirred for 4 h at room temperature.
After the resulting white suspension was filtered off, the filtrate was
washed with water (100mL). The aqueous layer was extracted with
CH2Cl2 (3×80mL) and the combined organic extracts were dried over
MgSO4 and concentrated in vacuo. The title compound 4a was obtained

as a yellow oil (0.90 g, 92%), which was pure and was directly used in
the next step. 1H NMR (400MHz, DMSO-d6) δ 8.02 (dd, J= 8.0, 1.2 Hz,
1 H), 7.77-7.70 (m, 2 H), 7.56 (td, J=8.0, 1.6 Hz, 1 H), 6.26 (s, 2 H),
4.89 (s, 2 H). 13C NMR (101MHz, DMSO-d6) δ 147.69, 134.09, 133.48,
129.41, 128.40, 124.24, 73.08. HRMS m/z (DART) calculated for MH+

169.0608, found 169.0607.

5.2.4. O-(4,5-Dimethoxy-2-nitrobenzyl)hydroxylamine (4b)
Hydrazine monohydrate (1.24mL, d =1.032 g/mL at 25 °C,

25.6 mmol) was added in one portion to a stirred solution of 3b
(3.780 g, 10.55mmol) in anhydrous CH2Cl2 (120mL) under N2 at room
temperature. The reaction mixture was stirred for 4 h at room tem-
perature. After the resulting white suspension was filtered off, the fil-
trate was washed with water (100mL). The aqueous layer was ex-
tracted with CH2Cl2 (3×80mL) and the combined organic extracts
were dried over MgSO4, filtered, and concentrated in vacuo. The title
compound 4b was obtained as a yellow oil (2.05 g, 85%), which was
pure and was directly used in the next step. 1H NMR (400MHz, DMSO-
d6) δ 7.65 (s, 1 H), 7.19 (s, 1 H), 6.33 (s, 2 H), 4.90 (s, 2 H), 3.86 (s, 3 H),
3.85 (s, 3 H). 13C NMR (101MHz, DMSO-d6) δ 153.18, 147.21, 139.35,
129.89, 110.26, 107.71, 73.36, 56.05, 55.90. HRMS m/z (DART) cal-
culated for MH+ 229.0819, found 229.0819.

5.2.5. 1,1,1-Trifluoro-N-(2-nitrobenzyloxy)methanesulfonamide (1a)
A solution of trifluoromethanesulfonyl chloride (0.683mL, d

=1.583 g/mL at 25 °C, 6.42mmol) in anhydrous CH2Cl2 (2.0mL) was
added dropwise over 3min at -25 °C to a stirred solution of 4a
(831.2mg, 4.943mmol), 4-(N,N-dimethylamino)pyridine (DMAP,
302.1mg, 2.473mmol) and anhydrous pyridine (0.40mL, d =0.978 g/
mL at 25 °C, 4.9mmol), in anhydrous CH2Cl2 (10mL) under N2. The
reaction mixture was allowed to warm to room temperature over
30min. After stirring for 4 h at room temperature, the reaction mixture
was washed with saturated aqueous CuSO4 solution (100mL), and the
aqueous layer was extracted with CH2Cl2 (3×100mL). The combined
organic extracts were dried over MgSO4, filtered, and concentrated in
vacuo. The resulting crude oil was purified by column chromatography
(silica gel/2:98 MeOH-CH2Cl2) to give the title product 1a as a colorless
oil (599.43mg, 40%). 1H NMR (400MHz, CDCl3) δ 8.11 (dd, J=7.6,
1.2 Hz, 1 H), 7.69 (td, J=7.6, 1.2 Hz, 1 H), 7.61-7.55 (m, 2 H), 5.46 (s,
2 H). 13C NMR (101MHz, CDCl3) δ 148.08, 133.82, 130.79, 129.92,
129.69, 125.23, 119.23 (q, J =325Hz), 77.06. 19F NMR (376MHz,
CDCl3) δ -73.36. HRMS m/z (DART) calculated for MH+ 301.0101,
found 301.0103.

5.2.6. N-(2-Nitrobenzyloxy)methanesulfonamide (1b)
A solution of methanesulfonyl chloride (0.205mL, d =1.48 g/mL at

25 °C, 2.65mmol) in anhydrous CH2Cl2 (2.5mL) was added dropwise at
-20 °C to a stirred solution of 4a (446.56mg, 2.6557mmol), DMAP
(326.9mg, 2.676mmol) and anhydrous pyridine (0.214mL, d
=0.978 g/mL at 25 °C, 2.65mmol), in anhydrous CH2Cl2 (25mL) under
N2. The reaction mixture was allowed to warm to room temperature
over 30min. After stirring for another 1 h at room temperature, the
reaction mixture was washed with saturated aqueous CuSO4 solution
(70mL), and the aqueous layer was extracted using CH2Cl2
(3×50mL). The combined organic extracts were dried over MgSO4

and concentrated in vacuo. The resulting crude oil was purified by
column chromatography (silica gel/30:70 ethyl acetate-petroleum
ether) to give the title product 1b as a yellow powder (152.40mg,
23%). In addition, bis-methanesulfonation product 5 was also isolated
as a pale yellow solid (118.86mg, 14%). Characterization of 1b: m.p.
77-79 °C. 1H NMR (400MHz, CDCl3) δ 8.06 (dd, J=7.6, 1.2 Hz, 1 H),
7.67 (td, J=7.6, 1.2, Hz, 1 H), 7.60 (dd, J=7.6, 1.2 Hz, 1 H), 7.54 (td,
J=8.0, 1.6 Hz, 1 H), 7.08 (br s, 1 H), 5.40 (s, 2 H), 3.09 (s, 3 H). 13C
NMR (101MHz, CDCl3) δ 148.42, 133.50, 131.23, 130.61, 129.64,
125.01, 75.97, 37.12. HRMS m/z (DART) calculated for MH+

247.0383, found 247.0381. Characterization of 5: 1H NMR (400MHz,
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DMSO-d6) δ 8.13 (dd, J=8.0, 1.2 Hz, 1 H), 7.83-7.78 (m, 2 H), 7.69
(td, J=8.0, 2.0 Hz, 1 H), 5.48 (s, 2 H), 3.47 (s, 6 H).

5.2.7. N-(4,5-Dimethoxy-2-nitrobenzyloxy)-1,1,1-
trifluoromethanesulfonamide (1c)

A solution of trifluoromethanesulfonyl chloride (0.385mL, d
=1.583 g/mL at 25 °C, 3.62mmol) in anhydrous CH2Cl2 (3.0 mL) was
added dropwise at −27 °C to a stirred solution of 4b (635.2mg,
2.784mmol), DMAP (167.0mg, 1.367mmol) and anhydrous pyridine
(0.223mL, d =0.978 g/mL at 25 °C, 2.76mmol), in anhydrous CH2Cl2
(25mL) under N2. The reaction mixture was allowed to warm to room
temperature over 30min. After stirring for another 3.5 h at room
temperature, the reaction mixture was washed with saturated aqueous
CuSO4 solution (80mL), and the aqueous layer was extracted using
CH2Cl2 (3×80mL). The combined organic extracts were dried over
MgSO4, filtered, and concentrated in vacuo. The resulting crude oil was
purified by column chromatography (silica gel/2:98 MeOH-CH2Cl2) to
give the title product 1c as a yellow powder (342.5mg, 34%). m.p. 120-
123 °C. 1H NMR (400MHz, CDCl3) δ 7.70 (s, 1 H), 7.02 (s, 1 H), 5.45 (s,
2 H), 3.99 (s, 3 H), 3.96 (s, 3 H). 13C NMR (101MHz, CDCl3) δ 153.39,
148.95, 140.54, 124.45, 119.40 (q, J=326Hz), 111.97, 108.31, 77.34,
56.51, 56.47. 19F NMR (376MHz, CDCl3) δ -73.45. HRMS m/z (DART)
calculated for MH+ 361.0312, found 361.0308.

5.2.8. N-(4,5-Dimethoxy-2-nitrobenzyloxy)methanesulfonamide (1d)
A solution of methanesulfonyl chloride (0.121mL, d =1.48 g/mL at

25 °C, 1.56mmol) in anhydrous CH2Cl2 (3.0mL) was added dropwise at
−23 °C to a stirred solution of 4b (275.0mg, 1.205mmol), DMAP
(73mg, 0.60mmol) and anhydrous pyridine (96 μL, d =0.978 g/mL at
25 °C, 1.2 mmol), in anhydrous CH2Cl2 (25mL) under N2. The reaction
mixture was allowed to warm to room temperature over 30min. After
stirring for another 4 h, the reaction mixture was washed with saturated
aqueous CuSO4 solution (90mL), and the aqueous layer was extracted
using CH2Cl2 (3×80mL). The combined organic extracts were dried
over MgSO4, filtered, and concentrated in vacuo. The resulting crude oil
was purified by column chromatography (silica gel/40:60 ethyl acetate-
petroleum ether) to give the title product 1d as a yellow powder
(327.5mg, 89%). m.p. 136-138 °C. 1H NMR (400MHz, CDCl3) δ 7.69 (s,
1 H), 7.08 (s, 1 H), 7.03 (s, 1 H), 5.38 (s, 2 H), 4.01 (s, 3 H), 3.97 (s,
3 H), 3.10 (s, 3 H). 13C NMR (101MHz, CDCl3) δ 153.20, 148.88,
140.89, 125.31, 112.86, 108.33, 76.28, 56.62, 56.46, 37.22. HRMS m/z
(DART) calculated for MH+ 307.0594, found 307.0594.

5.2.9. t-Butyl-N-(o-nitrobenzyloxycarbonyloxy)carbamate (9)
Anhydrous pyridine (1.6mL, d =0.978 g/mL at 25 °C, 20mmol)

was added dropwise at 1 °C to a stirred mixture of 2-nitrobenzyl alcohol
(3.02 g, 19.7 mmol) and triphosgene (2.04 g, 6.87mmol) in anhydrous
CH2Cl2 (120mL) under N2. The cooling bath was removed, and the
reaction mixture was allowed to warm to room temperature over 5min.
N-BOC-protected hydroxylamine 8 (2.89 g, 21.7 mmol) was added fol-
lowed by anhydrous pyridine (1.6mL, d =0.978 g/mL at 25 °C,
20mmol) all at once at room temperature. The reaction mixture was
stirred for 10min at room temperature and was then filtered through a
short silica plug. The plug was washed with CH2Cl2 and the filtrate was
concentrated in vacuo to afford a yellow oil (5.85 g). The crude product
was purified by column chromatography (silica gel/20:80 ethyl acetate-
petroleum ether) to afford the title compound as a yellow oil (4.88 g,
79%). 1H NMR (400MHz, CDCl3): δ 8.18 (dt, J=8.2, 0.7 Hz, 1 H), 7.80
(s, 1 H), 7.73 – 7.66 (m, 2 H), 7.57 – 7.49 (m, 1 H), 5.73 (s, 2 H), 1.50 (s,
9 H). 13C NMR (101MHz, CDCl3) δ 155.35, 155.29, 146.94, 134.24,
130.99, 129.17, 128.42, 125.26, 83.87, 67.67, 28.03. HRMS m/z
(DART) calculated for MNH4

+ 330.1296, found 330.1293.

5.2.10. N-(t-Butoxycarbonyl)-N-(2-nitrobenzyloxycarboxy)
methanesulfonamide (10)

Methanesulfonyl chloride (0.253mL, d =1.48 g/mL at 25 °C,

3.27mmol), DMAP (0.0390 g, 0.319mmol) and triethylamine
(0.447mL, d =0.726 g/mL at 25 °C, 3.21mmol,) were added to a
stirred solution of 9 (1.00 g, 3.20mmol) in anhydrous CH2Cl2 (35mL)
under N2 at 0 °C - 2 °C. The mixture was stirred at 0 °C - 2 °C for 10min
and allowed to warm to room temperature with stirring until the re-
action was complete (30min). The mixture was passed through a base-
treated (5% Et3N) short silica plug and eluted using ethyl acetate fol-
lowed by methanol. Concentration in vacuo gave a crude product
(1.27 g) that was used in the next step without further purification,
since the compound was unstable to silica column chromatography.
Crude 1H NMR (400MHz, CDCl3): δ 11.88 (s, 1 H), 8.21 (dd, J=8.2,
1.2 Hz, 1 H), 7.81 – 7.64 (m, 2 H), 7.58 - 7.56 (m, 1 H), 5.79 (s, 2 H),
3.42 (s, 3 H), 1.56 (s, 9 H).

5.2.11. N-(2-Nitrobenzyloxycarboxy)methanesulfonamide (1e)
Trifluoroacetic acid (TFA, 4.000mL, d =1.489 g/mL at 20 °C,

52.24mmol) was added all at once to a stirred solution of 10 (1.267 g,
crude) in anhydrous CH2Cl2 (20mL) under N2 at room temperature.
The mixture was stirred at room temperature, and the reaction was
completed in 25min. The solvent was removed in vacuo, and the TFA
was removed by the successive addition and evaporation of CH2Cl2
(3 x 15mL) to afford a yellow oil. The compound was then placed in a
vacuum desiccator to remove the remaining solvent. A pale-yellow solid
was obtained which was purified by column chromatography (silica
gel/40:60 ethyl acetate-petroleum ether) to afford the title compound
1e as an off-white solid (0.791 g, 85% over two steps). m.p. 118-121 °C.
1H NMR (400MHz, acetone-d6) δ 9.96 (s, 1 H), 8.20 (dd, J=8.0,
1.1 Hz, 1 H), 7.88 – 7.76 (m, 2 H), 7.73 – 7.66 (m, 1 H), 5.73 (s, 2 H),
3.18 (s, 3 H). 13C NMR (101MHz, acetone-d6) δ 154.34, 135.05,
131.43, 130.60, 130.34, 125.94, 110.84, 68.45, 38.37. HRMS m/z
(DART) calculated for MNH4

+ 308.0547, found 308.0457.

5.2.12. N-benzyloxy-1,1,1-trifluoromethanesulfonamide (19)
Aqueous NaOH (50mL, 5% w/w) was added to O-benzylhydrox-

ylamine hydrochloride (4.067 g, 25.48mmol) suspended in diethyl
ether (75mL) in one portion. After 0.5 h of vigorous stirring, the or-
ganic layer was separated, washed with brine (100mL), and dried over
MgSO4. The solution was filtered and concentrated in vacuo to give
crude O-benzylhydroxylamine (2.981 g), which was subsequently used
without further purification. To a solution of crude O-benzylhydrox-
ylamine (2.981 g,) dissolved in anhydrous CH2Cl2 (80mL) was added
anhydrous pyridine (1.96mL, d =0.978 g/mL at 25 °C, 24.2 mmol) and
DMAP (2.958 g, 24.21mmol). Trifluoromethanesufonyl chloride
(2.58mL, d =1.583 g/mL at 25 °C, 24.2mmol) was added to the re-
action mixture in one portion at - 20 °C with cooling using a dry-ice
ethanol bath. The reaction mixture was allowed to warm to room
temperature over 0.5 h. After stirring for 4 h at room temperature, the
reaction mixture was poured into saturated aqueous NaHCO3 solution
(100mL). After layer separation, the organic layer was washed further
with saturated CuSO4 (50mL). Then the organic layer was dried over
MgSO4 and concentrated in vacuo. The resulting crude solid was pur-
ified by column chromatography (silica gel/50:50 CH2Cl2-petroleum
ether) to give the title product 19 as a brown yellow solid (1.50 g, 23%).
1H NMR (400MHz, CDCl3) δ 7.57 (s, 1 H), 7.43-7.36 (m, 5 H), 5.02 (s,
2 H). 19F NMR (376MHz, CDCl3) δ -73.41.

5.3. General procedures for steady state photolysis

Photolysis experiments were carried out using a Rayonet mini-
photoreactor (RMR-600) with 300 nm bulbs (4W, 8 lamps). All pho-
tolysis samples were prepared in a mixture of phosphate buffer (pH
7.00, 0.10M or 5.0mM) and CD3CN (40:60, v/v) in a sealed NMR tube
fitted with a J-Young air-tight cap. 3-(Trimethylsilyl)propionic-2,2,3,3-
d4 acid sodium salt was used as an internal reference standard for 1H
NMR spectroscopy. Ph-CF3 sealed in a capillary tube was used as an
external reference standard for 19F NMR spectroscopy. After each
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irradiation, the sample was analyzed by 1H and 19F NMR spectroscopy.

5.4. Determining the molar extinction coefficient of 1a-d

Standard solutions of 1a-1d (150, 200, 250, 300, 350 and 400 μM)
in a mixture of water and MeCN (92:8 v/v) were prepared and UV-Vis
spectra were recorded (25.0 °C). Molar extinction coefficients were
obtained from plots of absorbance versus concentration, at 264 nm (1a
and 1b) or 351 nm (1c and 1d).

6. Determination of the Photoproduct Quantum Yields of 1a-1e

6.1. Control Experiment with Ferrioxalate

Prior to using trans-azobenzene to determine the quantum yield of
compounds 1a-1e, a control experiment was performed using another
well-established actinometer, ferrioxalate. Potassium ferrioxalate was
synthesized using a literature procedure [100]. The ratio of the
quantum yields for ferrioxalate (Φ =1.24 in buffered acidic solution at
313 nm [101]) and trans-azobenzene (Φ =0.14 in MeOH at 313 nm
[90]) was experimentally determined at 313 (± 3) nm, using a Xe lamp
equipped with a monochromator (slit width 0.1 mm) using literature
procedures [90]. The ratio of Φ(azobenzene):Φ(ferrioxalate) was 1:
(0.13 ± 0.01), which is in good agreement with the ratio calculated
using literature values (1:0.11).

6.2. Photoproduct Quantum Yields of 1a-1e

All experiments were carried out under aerobic conditions. Our
control experiments demonstrate that both decomposition rate con-
stants and photolytic products distribution from the photolysis of 1a-1e
obtained in the mixture of CD3OD/phosphate buffer are the same in the
absence or presence of air. A stock solution of compound 1a-e
(10.0 mM) in CD3OD was used to prepare a series of solutions of 1a-e
(1.00mM), with TSP and Ph-CF3 as an internal reference for the 1H and
19F NMR experiments, respectively. For each compound the photolysis
of a series of samples was carried out at 313 ± 3 nm (Xe
lamp+monochromator), for a range of total irradiation times (± 3 s).
After irradiation, an aliquot of each sample was transferred into an
NMR tube and the photoproducts characterized by NMR spectroscopy
(1a and 1c : 19F NMR; 1b, 1d and 1e : 1H NMR). The percentage de-
composition of the starting material was less than 10% at the longest
irradiation time. The moles of the photoproduct RSO2NH2 (R=Me or
CF3); determined from integration of a peak of the starting material and
RSO2NH2 and the initial concentration of 1a-1d prior to irradiation)
and the total number of moles of the photoproduct MeSO2NHOH and
MeSO3- (determined from integration of a Me peak of the starting
material, MeSO2NHOH and MeSO3- and the initial concentration of 1e
prior to irradiation) was determined for each sample, and this value
was plotted versus irradiation time (min). The slope of each plot of
moles of photoproduct versus total irradiation time was determined
(Fig. S9-S13).

A plot of moles of cis-azobenzene versus irradiation time was gen-
erated on the same day for the photoisomerisation of trans-azobenzene
to cis-azobenzene using the identical experimental set up (Fig. S8). A
solution of trans-azobenzene (6.60× 10-5 M, ε313 nm = 22337 M-1 cm-1

[90]) in methanol was prepared and stored in the dark. An aliquot
(3.00mL) was transferred to a 10mm quartz cuvette and the UV-vis
spectrum was recorded. The aliquot was then irradiated for 0.66min at
313 nm and the UV-vis spectrum again recorded. This was repeated for
total irradiation times of 1.33, 2.00, 2.66, 3.33 and 4.00min. The UV-
vis spectrum was recorded after each irradiation. The conversion to cis-
azobenzene did not exceed 8%. The number of moles of the product cis-
azobenzene was calculated by using equation (1)

= ×n A A
A A

ncis
trans obs

trans cis
reactant (1)

where ncis is the number of moles of cis-azobenzene product, nreactant is
the number of moles of the trans-azobenzene reactant in the cuvette
(= 1.98×10-7 mol), Atrans is the absorbance of trans-azobenzene re-
actant (= 1.47, ε313 nm = 22337 M-1 cm-1 for trans-azobenzene [90]),
Acis is the absorbance of cis azobenzene (0.147; ε313nm=2016 M-1 cm-1

for cis-azobenzene [102]) and Aobs is the observed absorbance at
313 nm.

The quantum yields (Φ) for compounds 1a-1e were calculated using
equation (2), with Φ(trans-azobenzene)= 0.14 [90].

=

×

1a-1e 1a-1e 1a-1e( ) Slope( )/Absorbance( )
Slope (azobenzene)/Absorbance (azobenzene)

(azobenzene) (2)

The absorbance of the solutions of 1a-1e (1.00mM) at the excita-
tion wavelength were calculated using the molar extinction coefficient
of each reactant at 313 nm (ε313 nm=(1.40 ± 0.02) × 103 M-1 cm-1,
(1.10 ± 0.03) × 103 M-1 cm-1, (3.50 ± 0.03) × 103 M-1 cm-1,
(3.80 ± 0.04) × 103 M-1 cm-1 and (1.35 ± 0.04) × 103 M-1 cm-1 for
1a-1e, respectively).
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