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ABSTRACT: An unexpected nucleophilic aromatic substitu-
tion lead to a novel benzothiadiazole scaffold that bore the
functional group pattern associated with benzyl-type photo-
cleavable protecting groups. The new molecules display
efficient photochemical release of leaving groups with blue
light. The performance of both ortho- and meta-substituted
derivatives was probed through both structural manipulation
and computational metrics to improve performance.

he reactivity of molecules in their ground and excited

states differ due to changes in bond length and electronic
distribution. A key example of this phenomenon is the “meta-
ortho effect”.’ Electron-donating groups are generally under-
stood to activate the ortho- and para-positions of a benzene
ring in ground-state reactions (e.g, SgAr). Upon photo-
excitation, however, electron density redistributes to the ortho-
and meta-positions, imparting different reactivity in the excited
state. An archetype of this chemistry is the 3,5-dimethox-
ybenzyl system (1, Scheme 1), which only undergoes cleavage

Scheme 1. Photocleavable Protecting Groups Based on the
Meta-Ortho Effect
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light due to a buildup of electron density at positions meta to
thcle OMe groups, which causes elimination of the leaving group
X1

This reactivity is mirrored in the more strongly donating
NMe, analogues (2 and 3)." These derivatives have not
received much attention when compared to their OMe
cousins. Indeed, even though the meta-ortho effect was
established for OMe derivatives in the 1960s,” it has only
been in the last 10 years that the NR, analogues have received
considerable attention.”®™'® However, meta-substituted de-
rivatives related to 3 can display quantum yields of release as
high as 0.45 at 254 nm.*

Our lab has been studying the excited state properties of
push—pull benzothiadiazole dyes.'* During one particular
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synthetic route (Scheme 2), we sought to synthesize a push—
pull scaffold through installation of an electron-donating group

Scheme 2. Surprising Substitution
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into 4 via SyAr en route to 5. We were surprised to observe
that the NO, substituted in preference to the Br to give 7.
Substitution of NO, during SyAr has been observed
previously,'> and we speculated that putative in situ formation
of a dimethyl iminium ion (6) makes attack at NO, more
favorable than attack at Br. We noted that the substitution
pattern in the unexpected product 7 was similar to established
“benzyl-type” photocleavable protecting groups (such as 2),
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which lead us to probe the potential for photochemical
reactivity in the context of the meta-ortho effect. Accordingly,
7 was elaborated into 8 and 9 for testing, where 8 was
unambiguously characterized via X-ray crystallography
(Scheme 2).

The absorbance of both 8 and 9 was in the visible (blue)
with similar A, values (Figure 1). We irradiated both
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Figure 1. Absorbance spectra of photocleavable protecting groups 8—
12 in MeOH.

compounds individually at 455 nm in methanol using an
LED source and, gratifyingly, observed photocleavage of the
leaving groups, as predicted by the meta-ortho effect. The
quantum yield of release (Table 1) aligned with the leaving

Table 1. Quantum Yield of Photochemical Bond Cleavage

leaving
compound  isomer group quantum yield of release ®“ & X @

8 ortho OAc 0.028 + 0.004 60
9 ortho OEt 0.015 + 0.003 25
10 ortho OAc 0.067 + 0.001 133
11 meta OAc 0.061 + 0.001 483
12 meta OEt 0.040 + 0.001 144
1 meta OAc 0.100 + 0.001°

2 ortho OAc 0.26 + 0.047

3 meta OAc 0.080 + 0.020¢

“Quantum yields were determined in CD;0D relative to a BODIPY
standard at 455 nm. See Supporting Information for details. ®The ¢
corresponds to the A, (see Table S1 for details). “Previously
reported® in dioxane:H,O (1:1). “Previously reported* in CH,CN:
H,0 (1:4).

group ability of the X substituent, where OAc appeared to
cleave more efficiently than OEt for both ortho-derivatives 8
and 9. It is noteworthy that these results conflict with previous
reports that found that ortho-derivative 2 cleaved alcohol
leaving groups more efficiently than carboxyl leaving groups.”
This behavior does not appear to be the case for 8 and 9.

The magnitude of the quantum yield of release of leaving
group from 8 and 9 compares favorably with ortho-substituted
derivatives related to 2." It is noteworthy, however, that 8 and
9 can be excited with blue light and display an order of
magnitude higher quantum yield for release compared to other
photocleavable protecting groups based on coumarin or
BODIPY that operate by a similar mechanism.'*~"*

The presence of a bromine atom in 8 was an artifact of the
unanticipated substitution of the NO, group in 4. Indeed, 4-
bromo-N,N-dimethylaniline is known to undergo photo-
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chemical scission of the C—Br bond."” This potential side
reactivity could limit the quantum yield of release for 8. We
therefore sought to probe what effect the bromine might have
on the photochemical release of OAc by synthesizing 10. We
were able to reduce the Br using hydrogenation while keeping
the benzyl-OAc moiety intact. Subsequent irradiation led to a
doubling of the quantum yield of release for 10 compared to 8
(Table 1), indicating that the bromine did have an effect on
the efficiency bond-cleaving reaction.”””'

To identify other avenues to improve the efliciency of
photochemical bond cleavage, we employed a computation
prediction tool that has been benchmarked against known
photocleavable protecting groups (Table 2).>” Briefly, the Sy—

Table 2. Computed Metrics of Ortho- and Meta-
Derivatives”

entry . cationi.c So-S1 vertical
intermediate energy (kcal/mol)
NMe,
1 S,N\:(j/e From 10 61.7
N
NMe,
2 S,ij\ From 11 or 12 15.7
N= ®
OMe
3 /@\ From 1 42.9%
MeO @
NMe,
From 3 35.02

N eE

“S,—S, calculated using TD-rB3LYP/6-311+g(2d,p)//rB3LYP/6-
31g(d) following the reported protocol.”*

S, vertical energy of the cationic reactive intermediate
following heterolytic bond cleavage serves as a simple yet
effective predictor of favorable heterolysis of the benzyl group
following photoexcitation.”” A computed S,—S, energy gap
below ~50 kcal/mol is understood to have a higher likelihood
for direct heterolysis via an accessible conical intersection
between the S, and S, states. By this metric, the ortho-
substituted photocage 10 was predicted to display poor
performance toward heterolytic photochemical bond cleavage
(Table 2, entry 1, S,—S, values above S0 kcal/mol). Of course,
the fact that 10 does undergo photocleavage (Table 1) and
that the computed Sy—S, energy gap for 10 was only slightly
higher than established “meta-ortho effect” photocleavable
protecting groups 1 and 3 (Table 2, entries 4 and S) indicated
that this particular computational tool was only a rough
estimation (or that 10 may proceed via a different mechanism
that does not require a conical intersection such as adiabatic
cleavage to produce excited state products that then relax to
the ground state).””

Notably, however, a meta-substitution pattern between the
NMe, group and the benzyl moiety (Table 2, entry 3) was
predicted to have a considerably lower S;—S, energy gap than
established photocleavable protecting groups 1 and 3. Thus,
the meta-isomer was predicted to have an accessible conical
intersection to permit efficient photocleavage. This result
drove us to synthesize meta-derivatives 11 and 12 (Scheme 3).
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Scheme 3. Synthesis of Meta-Isomers 11 and 12
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White-light irradiation of 13 in the presence of KBr and
oxone generated a mixture of the dibrominated (14) and
monobrominated products (not shown).”> NMR analysis of
the crude mixture showed a ratio of 2:1 of di- to mono-
brominated product, both of which react with AgBF, to yield
aldehyde 15 as the single product.”* Reduction of aldehyde 15
and protection of the subsequent alcohol as a THP ether
produced 16 in a 68% yield over 4 steps. Protection of the
alcohol was required to realize Eroductive yields of 17 via Pd-
catalyzed C—N cross-coupling.” Finally, deprotection of the
THP group and installation of either the acetate or ethoxy
leaving group provided the meta-derivatives 11 and 12 for
testing.

As anticipated, the absorbance of both 11 and 12 was
comparable to that of 8—10 (Figure 1). Similarly, both 11 and
12 were irradiated at 455 nm in methanol using an LED source
to test for photocleavage behavior. The meta-derivatives
(Table 1, entries 4 and S) displayed an approximate doubling
of the quantum yield of release of leaving group relative to the
brominated ortho-derivatives (Table 1, entries 1 and 2) for
both acetate and alkoxy leaving groups. However, as already
discussed above for 10, the increase in quantum yield for the
meta-derivatives could be ascribed to the absence of a bromine
atom in 11 and 12 relative to 8 and 9. Indeed, removal of the
bromine for ortho-derivatives 10 lead to a similar doubling in
quantum yield compared to 8 (Table 1).

Thus, the comparison between 10 and 11 (Table 1) was the
most illuminating because both derivatives lack a bromine
atom and only differ in terms of their substitution pattern.
Accordingly, the quantum yield for both 10 and 11 were
almost identical. These data allow us to evaluate the
performance prediction described in Table 2. The computa-
tional tool used in Table 2 attempts to estimate the energy gap
between the ground and excited state of the cationic
intermediate following bond heterolysis. In principle, the
smaller this energy gap, the greater the propensitzr for direct
photocleavage due to a nearby conical intersection.”” Based on
the data presented here, the computational metric may well be
able to predict competent photocleavable protecting groups for
structures with Sy—S,; energy gaps ~50 kcal/mol. However,
based on the similar quantum yield of 10 and 11, some caution
is warranted in the quantitative comparison and prediction of
enhanced photocleavage efliciency based on smaller Sy—S,;
energy gaps. This finding is by no means an indictment of the
computational metric as the method provides a simple and
rapid prediction of performance, where the quantitative
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description of excited-state energy surfaces requires time-
intensive computational approaches (e.g., CASSCF).

We report a novel photocleavable protecting group based on
the benzothiadiazole scaffold, which arose via an unexpected
nucleophilic aromatic substitution reaction. The new protect-
ing groups are activated with visible blue light and appear to
behave according to the so-called “meta-ortho effect” to cleave
a bond at the benzyl position with release of a leaving group.
The molecules described here display quantum yields of
release that are 10-fold higher than other photocages based on
chromophores that absorb visible light and operate by a similar
mechanism.'°~"® The efficiency of release corresponds to the
leaving group ability at the benzyl position. Finally, this work
provides evidence that a previously reported computational
tool can inform the design of new photoactivatable probes
through a qualitative prediction of properties. Future efforts
will focus on strategies to further improve the quantum
efficiency of release as well as structural strategies to red-shift
the absorbance of this new class of photocleavable protecting
groups.
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