o-Nitrobenzyl oxime ethers enable photo-induced cyclization reaction
to provide phenanthridines under aqueous conditions
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ABSTRACT: In this paper, we describe a novel N-O photolysis of o-nitrobenzyl oxime ethers that enables the synthesis of phenan-
thridines via intramolecular cyclization reactions. Without the use of additional photocatalysts or photosensitizers, the process pro-
ceeds with an efficiency of up to 96% when exposed to near-visible light (405 nm) under aqueous circumstances. Through the pho-
toinduced production of a fluorescent phenanthridine derivative in HeLa cells, biocompatibility of the reaction was demonstrated.
This photoinduced cyclization reaction could be used as a different photochemical instrument to control biological processes by
inducing the production of bioactive molecules.

(a) o-Nitrobenzyl moiety as a photo-caging of bioactive compounds
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deprotection (Fig. 1a). Since Hoffman’s first use of o-nitroben-
zyl and its derivatives in the photocaging of ATP in 1978, they
have been widely used as a photochemical handles to manipu-
late the bioactivity of numerous bioactive molecules.>®

The o-nitrobenzyl groups are typically photo-deprotected by
the Norrish type Il mechanism (Fig. 1a). As a result, the substit-
uents (e.g., alcohols, amines, phosphates, etc) at the benzylic
position are liberated through the formation of biradical and aci-
nitro intermediates.® ! o-Nitrobenzyl moieties have also been
demonstrated to exhibit several reaction modes when attached
to specific chemical entities, in addition to a typical photolysis
mode (Fig. 1b). For instance, Banerjee reported that o-nitroben-
zyl enol ethers undergo C=C bond scission rather than enol-
forming C-O bond cleavage upon photoirradiation and provide
ketones under aerobic conditions.!? Alternatively, Qvortrup has
demonstrated that the o-nitroveratryl group causes solvent-de-
pendent photolysis of hydroxylamines, providing hydroxamic
acids in protic solvents or carboxamides in aprotic solvents.*®
These investigations suggest the photoreaction modes of o-ni-
trobenzyl moieties are still unexplored and have the potential to
be developed as novel photochemical instruments.
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(b) Unconventional reaction modes of o-nitrobenzyl-tethered compounds
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Figure 1. (a) Traditional o-nitrobenzyl chemistry for the photo-
caging; (b) unconventional reaction modes of o-nitrobenzyl moie-
ties; (c) intramolecular cyclization via N-O photolysis of o-nitro-
benzyl oxime ether.

Herein, we report a novel photoreaction mode of the o-nitro-
benzyl oxime ether. Specifically, we found that the o-nitroben-
zyl biaryl oxime ethers undergo photoinduced N-O cleavage
and produce phenanthridine derivatives via intramolecular cy-
clization (Fig. 1c). According to Scheme 1 the o-nitrobenzyl bi-
phenyl oxime ether 3a was synthesized from the biphenyl ace-
tophenone 1a and the o-nitrobenzyl hydroxylamine hydrochlo-
ride 2a. Reverse phase HPLC analyses showed the simultane-
ous formation of two major products, when 3a in DMSO was



exposed to a 405 nm LED light for 60 minutes under aerobic
conditions (Fig. 2). A 32% yield of 6-methylphenanthridine 4a
was confirmed by spectroscopic examinations of the isolated
products. In contrast, compound 5 was found to be a C-O
cleaved oxime with a yield of 62% and is most likely the result
of a traditional Norrish type Il reaction involving the o-nitro-
benzyl moiety.

Scheme 1. Synthesis of o-nitrobenzyl biaryl oxime ether.
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Figure 2. Formation of phenanthridine 4a by photoirradiation of o-
nitrobenzy! biaryl oxime ether 3a. The Time course of the reaction
was monitored by RP-HPLC over 60 min of photoirradiation
(See Fig. S1 for the setup). Yields were obtained using calibration
curves (Fig. S2).

Numerous synthetic methods have been reported for phenan-
thridine, which is one of the common structures found in bio-
logically active compounds.** '* Recent research, in particular,
showed the synthesis of phenanthridines from biaryl com-
pounds using photosensitizers or photoredox catalysts.'6! On
the other hand, the current photoinduced reaction with o-nitro-
benzyl oxime ether can be regarded as unique as it produces
phenanthridine without any additives under near-visible light
irradiation in aerobic conditions.

To further explore the reaction, we synthesized and per-
formed the photoirradiation on the biaryl oxime ethers tethered
to different o-nitrobenzyl derivatives as well as those with ben-
zyl or p-nitrobenzyl moieties (Table 1, Fig. S3). Compared with
the parental 3a with NB group, 3b—d bearing o-nitroveratryl
(NV), methyl o-nitroveratryl (VNV), and methyl o-nitropipera-
nyl (M®NP) moieties provided 4a in higher yields of 57-66%,
indicating that the methoxy or dioxolane substitution enhances
the selectivity towards the phenanthridine formation.

Additionally, 3c and 3d demonstrated higher rate constants than
3a and 3b, indicating that the methyl substitution improves the
reactivity. In contrast to 3a—d bearing o-nitrobenzyl derivatives,
3e and 3f with benzyl and p-nitrobenzyl-substitution provided
neither 4a nor 5. Therefore, the o-nitrobenzyl structure was val-
idated to be critical as being photoinduced cyclization.

Table 1. Effect of the substituents on the o-nitrobenzyl moiety
in the photoinduced intramolecular cyclization reaction.

LED light O
(405 nm)
S—— +
DMSO =N

20°C,1h

4a 5

Yieldof  Yield of 1
Substrates 4a (%) 5(%) k(sh)

3a:R=NB %‘/j@ 32 62 47%10°
O,N
.1& OMe
3b:R =NV /H 57 28 7.1%10°
OzN OMe
3¢ R =MeNY EJ\/C[OM‘E 66 18 3.7x102
O,N OMe
3d: R = MeNP H‘Jﬁo 61 34 13%102
b
O;N 0
3e:R=BN 1/\@\ ) ] ]
NO,
3f: R=pNB Ef\@ ; - .

aYield determined by HPLC using calibration curves.

In order to determine applicability of the photoinduced cy-
clization reaction in biological settings, we next investigated
whether it could proceed in aqueous conditions. To achieve this,
3b was tested for the photoinduced cyclization reaction in a
mixture of DMSO and aqueous solutions (Table 2, Fig. S4). In
the presence of H,O, the HPLC analysis confirmed the for-
mation of 4a with a yield of 59% (Table 2, Entry 1), showing
that the presence of H,O has little effect on the reaction progress.
We then investigated the reaction in the presence of an aqueous
sodium phosphate buffer (10 mM, pH 7.0) instead of H.O. In-
triguingly, we found that the addition of the buffer solution sig-
nificantly increases the yield of phenanthridine 4a to 82% and
quantitatively suppresses the formation of C-O cleaved oxime
5 (Table 2, Entry 2). Further investigation revealed that the re-
action proceeds efficiently over a wide pH range (4.0-8.0) and
is not significantly influenced by the types of buffer solutes (Ta-
ble 2, Entry 3-6).

Table 2. Photoinduced intramolecular cyclization reaction in
the presence of aqueous solution.?
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2 10 mM sodium phosphate buffer, pH 7.0 82 -
3 10 mM sodium citrate buffer, pH 4.0 82 -
4 10 mM sodium citrate buffer, pH 5.0 77 -
5 10 mM sodium phosphate buffer, pH 6.0 81 -
6 10 mM sodium phosphate buffer, pH 8.0 84 =

@Reaction was performed in a 4:1 (v/v) mixture of DMSO and aque-
ous solution. ?Yield determined by HPLC using calibration curves.
cYield not determined.
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Figure 3. Substrate the scope of the photoinduced intramolecular
cyclization reaction. 24:1 (v/v) mixture of DMSO-ds and sodium
phosphate buffer (10 mM in D20, pH 7.0). Yields were determined
by *H NMR using maleic acid as an external standard. ®Yield not
determined.

After confirming the efficient progress of the photoinduced
cyclization in aqueous solutions, we subsequently investigated
the substrate scope of the reaction with a series of NV-tethered
biaryl oxime ethers (Fig. 3). We discovered that the substitu-
tions on the biaryl rings were well-tolerated; both electron-with-
drawing and -donating groups on either ring of the biaryl struc-
ture afforded the corresponding phenanthridine derivatives in
good yields (4g-0: 73-89%). The reaction also proceeded with
heterocyclic biaryls to yield pyridinyl (4p: 65%), pyrimidinyl
(4q: 66%), and triazolyl (4r: 63%) derivatives, while 4s and 4t
bearing furanyl and thienyl moieties led to decomposition. We
also examined substitution at the iminyl carbon of the oxime
group; compared with the methyl-substituted compound 4a, tri-
fluoromethyl substitution significantly decreased the yield (4u:
19%), whereas pheny! substitution afforded 4v in 76%. The re-
action also proceeded with 1-indanone and 1-tetralone oxime
ethers, yielding 4w and 4x in 44% and 96%, respectively.

We then turned our attention to the reaction mechanism. The
analyses of the substrate scope demonstrated that the substitu-
ents on the iminyl carbon atom significantly influenced the re-
action yield (see Fig. 3); therefore, we speculated that the iminyl
radical participated in the reaction. Based on this hypothesis, we
propose the reaction mechanism illustrated in Scheme 2. The o-
nitrobenzyl moiety of 3b is photoexcited by the 405 nm LED
irradiation and forms the triplet-state biradical 1-1. Subsequent
intramolecular hydrogen atom transfer at the benzylic position
produces I-2, which then undergoes N—O homolysis to form the
iminyl radical intermediate 1-3 and o-nitrobenzaldehyde radical
1-5. The iminyl radical 1-3 undergoes radical cyclization to form
a cyclohexadienyl radical 1-4, yielding phenanthridine 4a via
oxidation by O,. The o-nitrobenzaldehyde 6, which is produced
simultaneously with the oxidation of 1-5, is further photo-isom-
erized to produce o-nitrosobenzoic acid 7 as a byproduct.??

Scheme 2. Proposed reaction mechanism.
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To examine the plausibility of the proposed mechanism, we
first tested the photoreaction in the presence of radical scaveng-
ing reagents such as TEMPO and TBHP (Fig. 4a, Fig. S5); how-
ever, no significant influence on the reaction progress was ob-
served. We surmised that this is due to the rapid intramolecular
cyclization and therefore conducted the radical trapping exper-
iment using non-cyclizing acetophenone oxime ether 8 (Fig. 4b).
The photoreaction of 8 in the presence of DMPO revealed the
formation of DMPO adduct of acetophenone imine 9 (Fig. S6),
indicating that the reaction proceeds via iminyl radical interme-
diate. Furthermore, the possible involvement of O, as an oxi-
dizing source was supported by the detection of H,O in the re-
action mixture using the fluorescent probe (Fig. S7). We also
attempted the structural determination of the reaction



byproducts, where we expected the sequential formation of
compounds 6 and 7. To this end, 3b was photo-irradiated for 1
min and analyzed by RP-HPLC (Fig. 4b). The chart showed the
presence of two byproducts; structural determination revealed
the formation of 4,5-dimethoxy-2-nitrobenzaldehyde 6 and 4,5-
dimethoxy-2-nitrosobenzoic acid 7. These findings demonstrate
that the current photocyclization reaction involves the for-
mation of o-nitrobenzaldehyde, in contrast to the conventional
pathway of o-nitrobenzyl deprotection, which would result in
the production of o-nitrosobenzaldehyde as a byproduct of the
photolysis and is consistent with the proposed mechanism in
Scheme 2.
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Figure 4. Mechanistic studies of the photoinduced intramolecular
cyclization reaction. 24:1 (v/v) mixture of DMSO-ds and sodium
phosphate buffer (10 mM in D20, pH 7.0). Yields were determined
by H NMR using maleic acid as an external standard. ®4:1 (v/v)
mixture of DMSO and sodium phosphate buffer (10 mM, pH 7.0).

It should also be noted that the present photoinduced N-O
homolysis is highly dependent on the substituents on the o-ni-
trobenzyl moieties (Table 1) or on the presence of an aqueous
buffer solution (Table 2). The reasons are currently unclear;
however, we deduce that this is due to the enhanced regenera-
tion of the starting material from the aci-nitro intermediate (see
Scheme S1 and S2 for details). The formation of C-O cleaved
compound 5 could theoretically be suppressed by such en-
hanced reversion reactions, favoring the formation of phenan-
thridine via N-O homolysis.

Lastly, we investigated whether the present reaction proceeds
in a cellular environment. We chose the photoinduced cycliza-
tion of the biaryl compound 3n as a model reaction; fluores-
cence spectroscopic studies showed that the cyclization precur-
sor 3n barely exhibits the fluorescence signal whereas the cor-
responding phenanthridine derivative 4n displays fluorescence
in aqueous conditions (Fig. S8). We reasoned that the fluores-
cence properties of 3n and 4n would allow us to monitor the
reaction progress inside living cells using fluorescence micros-
copy measurement. Thus, HelLa cells were incubated with a
DMEM solution of 3n or 4n (50 uM; 1% DMSO). After ex-
changing the medium, the cells were treated with and without

the 405 nm LED light and observed with a fluorescence micro-
scope. Fluorescence signals were detected inside the cells when
the 4n was incubated with the cells (Fig. 5a). However, no dis-
cernible fluorescence was seen in the cells treated with 3n in the
dark (Fig. 5b). In contrast, the fluorescence signal in the cells
appeared after the cells were incubated with 3n and then ex-
posed to the 405 nm photoirradiation (Fig. 5c). These findings
demonstrate that the present photocyclization reaction proceeds
inside the living cells, thereby confirming its compatibility with
biological environments.

(a) 4n in dark

(b) 3n in dark (c) 3n + 405 nm LED

Figure 5. (a) Investigation of biocompatibility of the reaction using
3n and 4n. Fluorescence imaging of HeLa cells treated with (b) 4n
in dark, (c) 3n in dark, and (d) 3n followed by 405 nm LED irradi-
ation.

In summary, we have demonstrated that o-nitrobenzyl oxime
ether undergoes photoinduced N-O homolysis and enables the
phenanthridine forming intramolecular cyclization reaction.
The reaction is initiated upon 405 nm LED light irradiation in
aqueous conditions and provides various phenanthridine deriv-
atives with up to 96% yield. Additionally, it was discovered that
the reaction is compatible under biological conditions. We be-
lieve that by enabling the on-demand photo-construction of N-
centered heteroaromatics, our findings will open up new ave-
nues for the photochemical control of functional molecules in
chemical biology, medicinal chemistry, and material sciences.
In our lab, we are currently extending range of the reaction and
applying it to the photo-triggered formation of bioactive com-
pounds in a cellular environment.
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