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ABSTRACT: Homogeneous organic photocatalysis typically requires molecular \ or \X
photosensitizers absorbing in the ultraviolet—visible (UV/vis) region, because UV/

vis photons possess the sufficient energy to excite those one-photon-absorbing 456 nm 850 nm
photosensitizers to the desired excited states. However, UV/vis light irradiation has v s N
many potential limitations, especially for large-scale applications, such as low /@ S D/
penetration through reaction media, competing absorption by substrates and co- /©/%N SO
catalysts, and incompatibility with substrates bearing light-sensitive functionalities.

In fact, these drawbacks can be effectively avoided if near infrared (NIR) photons

can be utilized to drive the target reactions. Herein, we report two benzothiazole- %0, '0,
derived compounds as novel two-photon-absorbing (TPA) organic photo-
sensitizers, which can function under NIR light irradiation using inexpensive
LED as the light source. We demonstrate that by judicially modulating the
donor—z—acceptor—z—donor-conjugated structure containing a bibenzothiazole
core and imine bridges, excellent two-photon absorption capability in the NIR region can be achieved, approaching 2000 GM at 850
nm. Together with large quantum yields (~0.5), these benzothiazole-derived TPA organic photosensitizers exhibit excellent
performance in driving various O,-involved organic reactions upon irradiation at 850 nm, showing great penetration depth, superior
to that upon blue light irradiation. A suite of photophysical and computational studies were performed to shed light on the
underlying electronic states responsible for the observed TPA capability. Overall, this work highlights the promise of developing Ru/
Ir-free organic photosensitizers operative in the NIR region by taking advantage of the two-photon absorption mechanism.
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B INTRODUCTION covers a limited portion of the solar spectrum and also has

Organic photocatalysis merges organic synthesis with photo- many intrinsic limitations such as low penetration through

chemistry and enables many challenging organic trans- reaction media;m_ls potential competing absorption by
formations to take place under ambient conditions while substrates and co-catalysts,'°”"® and incompatibility with
using photon as the sole energy source. ™" The last two substrates bearing light-sensitive functionalities.'” Even though
decades have witnessed an exponential growth in this field, and these challenges can be overcome by the use of near infrared
it has been widely recognized that there is a great potential for (NIR) photons, NIR light-absorbing photosensitizers have

the utilization of organic photocatalysis in large-scale industrial
processes.”® Due to their rich photophysical and photo-
chemical properties, expensive ruthenium and iridium
complexes have been the dominant photosensitizers in

been rarely utilized. A survey of over 60 reported organic
photosensitizers indicates that most of those chromophores
only absorb in the UV and short visible region with the lowest

reported organic photocatalysis.” > However, if organic enerz%yzibsorption maximum falling between 300 and 500
photocatalysis is to be adopted for large-scale applications, it nm.” ~" Even though a few red and NIR light-absorbing
is more desirable to replace those noble metal chromophores organic photosensitizers have been reported,””** because of
with more earth-abundant, less expensive, and non-toxic the energy gap law, their quantum yields and excited-state
photocatalysts. In this regard, homogeneous organic photo- lifetimes are usually small, potentially limiting their practical
sensitizers have attracted increasing attention as promising applications.

alternatives, because they display tunable photophysical and

photochemical properties via nearly endless structural Received: November 17, 2022 ~JACS

modification strategies. ————

In conventional organic photocatalysis, ultraviolet and/or
visible (UV/vis) light irradiation is nearly mandatory for all the
molecular photosensitizers, because high-energy photons are
required to excite those one-photon-absorbing chromophores

to the desired excited states.'"~'> However, UV /vis light only

al
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As shown in Figure 1, there are two possible strategies to
produce a high-energy excited state while still absorbing in the

A. Triplet-triplet annihilation upconversion
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Figure 1. (A) Schematic illustration of triplet—triplet annihilation
upconversion. (B) Two-photon absorption. [Sen]: sensitizer; [An]:
annihilator; ISC: intersystem crossing; TTET: triplet—triplet energy
transfer; TTA: triplet—triplet annihilation; [PS]: photosensitizer;
[Sub]: substrate. (C) Designer structures of TPA complexes. D:
electron-donating moiety; A: electron-accepting moiety; m: -
conjugated linker.

NIR region: (i) triplet—triplet annihilation upconversion
(TTA-UC) and (ii) direct two-photon absorption (TPA).
Figure 1A depicts the process of TTA-UC, which involves two
species: sensitizer ([Sen]) and annihilator ([An]).”>™*" The
sensitizer is preferred to have intense absorption in the NIR
region accompanied by long lifetime of its triplet excited state,
whose energy is transferred to the annihilator, forming S[An]*.
Next, two *[An]* species undergo triplet fusion resulting in the
generation of one higher-energy singlet annihilator, '[An]*,
that is able to perform the desirable function, while the other
3[An]* decays to its ground state. Overall, the success of TTA-
UC relies on the fine energy matching and intimate interaction
of the sensitizer and annihilator. Even though this strategy has
been recently employed in organic photocatalysis,”**” its wide
application may be restricted by its complex nature and the
availability of suitable pairs of sensitizers and annihilators. In
contrast, the TPA strategy requires only one molecule capable
of absorbing two low-energy zphotons to populate its desired
excited state (Figure 1B). *%% In fact, the power of TPA
complexes has been manlfested in a wide range of fields,
including 1magmg, 1,32 sensmg, % and information storage. 3435
However, organic TPA photosensitizers have received scarce
attention for photocatalysis, probably because most reported
organic photosensitizes only exhibit limited TPA capability.
Built upon the seminal works of Webb et al. in designing and
investigating orgamc TPA molecules® and the recent develop-
ment in this field,”**” we reasoned that organic molecules with
prominent intra-molecular charge transfer are likely to exhibit
appreciable two-photon absorption in the NIR region. Figure
1C presents the designer models of potential TPA molecules
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with non-centrosymmetric dipolar structures and centrosym-
metric quadrupolar structures.”®”*° Encouraged by the
recently reported results on benzothiazole-derived organic
chromophores, which possess an excellent TPA cross section
(6,) in the NIR region,” ~* we were particularly interested in
developing organic TPA photosensitizers consisting of a
bibenzothiazole core as the electron acceptor, which is also
conjugated with two terminal electron donors. Herein, we
report the synthesis, characterization, and photophysical
studies of two new benzothiazole-derived TPA photosensi-
tizers, which can be successfully employed as photocatalysts in
various organic reactions under NIR light (850 nm)
irradiation. Because of the deeper penetration of NIR light
versus visible light in reaction media, these organic TPA
photosensitizers exhibit even better performance under NIR
light irradiation than under blue-light irradiation in some cases.
To the best of our knowledge, this is the first time that organic
two-photon-absorbing compounds have been utilized as
photocatalysts in driving organic transformations using
inexpensive NIR LED (4., = 850 nm), instead of laser, as
the light source.

B RESULTS AND DISCUSSION

The synthesis of our designed TPA photosensitizers started
from a nitration step at the C-6 position of commercially
purchased benzothiazole (Scheme 1), followed by reduction to

Scheme 1. Synthetic Route of dBIP and dBIP-NMe, Starting
from Benzothiazole
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give 6-aminobenzothiazole. Subsequent condensation with
benzaldehyde resulted in an intermediate containing an
imine linker. Finally, an oxidative Sonogashira homocoupling™*
of the imine intermediate at the C-2 position produced the
target molecule dBIP. Such a synthetic route allows the facile
incorporation of electron-donating substituents at the para
position of both terminal phenyl rings in dBIP. For instance,
once 4-(dimethylamino)benzaldehyde was employed to re-
place benzaldehyde in the above condensation step, a new
product dBIP-NMe, can be readily obtained following the
same synthetic strategy. The synthetic details and spectro-
scopic characterization (Figures S1—S11) of dBIP, dBIP-
NMe,, and all the intermediates are found in the Supporting
Information.

As depicted in Figure 2A, dBIP exhibits an absorption
feature with a maximum at 409 nm (e = 11,436 M™! cm™)

51-54 %

https://doi.org/10.1021/jacs.2c12244
J. Am. Chem. Soc. 2023, 145, 3535—3542



Journal of the American Chemical Society

pubs.acs.org/JACS

50 50
A dBIP
40 1
% daBiP-Nme, |0 5
- 301 30 ©
g 20 S
< ] ) 20 .2
= 10 g
S 10 Lﬁ
0+ Tee—0
300 400 500 600 700
Wavelength / nm
o'grgl o8 s B
B 0 “‘«o i;," 4 4
n’ 89,8
2] 2.78 265
> LUMO T vy
v -4/
- 3.31 T 279
) 6 -
5 HOMO — -5.44 §$
c LS
W -84 2
-10/
C
3
®
2
>
=
(7]
c
o)
o
£
250 300 350 400 450 500

Wavelength / nm

Figure 2. (A) UV/vis absorption and emission in CH;CN and (B)
calculated frontier orbitals of dBIP and dBIP-NMe,. DFT
calculations used B3LYP as a functional and 6-311+G(d,p) as a
basis function. (C) Comparison between the TD-DFT calculated
singlet excited states (S;, S5, and S;) and experimental absorption
spectrum of dBIP with selected EDDMs (isovalue = 0.04; red and
blue indicate electron density decrease and increase, respectively).

and strong emission in the green region with A.,, = $13 nm in
CH;CN. The fluorescence quantum yield of dBIP was
measured as 048, and its lifetime was 2.87 ns (Figure
$12)." With the electron-donating dimethylamino substitu-
ents, dBIP-NMe, shows enhanced absorption in the blue
region (4, = 408 nm, ¢ = 15,626 M™ cm™) and a new
absorption peak at 342 nm (& = 32,944 M~' cm™") in CH,CN.
A slightly red-shifted emission was also observed for dBIP-
NMe,, together with an increased quantum yield of 0.51 and a
lifetime of 2.89 ns (Figure S12).

Density functional theory (DFT) calculations of dBIP and
dBIP-NMe, were performed to assist in the understanding of
their photophysical properties. As expected, the optimized
geometries of both molecules favor the S-trans configuration
(Figure S13) and the calculated C—C bond lengths between
the two benzothiazole units are 1.45 and 1.44 A for dBIP and
dBIP-NMe,, respectively, shorter than a typical C—C single
bond (~1.54 A), implying some extent of conjugation between
the two connected benzothiazole units. Because of the electron
deficiency of benzothiazole, the lowest unoccupied molecular
orbitals (LUMOs) of dBIP and dBIP-NMe, are both located
on the central bibenzothiazole core with relatively close
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energies (—2.78 and —2.65 eV, Figure 2B and Figure S14).
However, their highest occupied molecular orbitals (HOMOs)
shift from the central benzothiazole region in dBIP to the
terminal dimethylaminophenyl groups (PhNMe,) in dBIP-
NMe,, in agreement with the electron-donating characteristic
of PhNMe,. Accordingly, the HOMO of dBIP-NMe, (—5.44
€V) lies at 0.65 eV higher than that of dBIP (—6.09 eV).
Furthermore, time-dependent DFT (TD-DFT) computations
were carried out to shed light on their electronic transitions.
For instance, the S, state of dBIP was calculated at 372 nm and
its electron density difference map (EDDM) suggested its
intramolecular charge transfer nature with the central
bibenzothiazole core acting as the electron-accepting unit. In
addition, other prominent S¢ (f= 0.09) and S, (f = 0.81) states
of dBIP appearing at 284 and 261 nm, respectively, align very
well with the n — 7z* band in its UV—vis absorption spectrum
(Figure 2C and Table S1). With the incorporation of those
electron-donating —NMe, substituents, dBIP-NMe,’s calcu-
lated S, state shows a considerable red shift to 429 nm (f =
2.64), while other major S; and S states are located at 307 nm
(f=10.17) and 283 nm (f = 0.16), respectively (Figure S15 and
Table S2).

Encouraged by the photophysical properties of dBIP
described above, we first explored its potential application as
a one-photon-absorbing photosensitizer in selected organic
transformations (Scheme 2) under visible light irradiation (A,

Scheme 2. Photocatalytic Organic Transformations Using
dBIP as the Sole Photosensitizer upon Irradiation at 456
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456 nm). Our first target reaction was the oxidative
upgrading of S-hydroxymethylfurfural (HMF), a biomass-
derived platform chemical. In fact, the electrocatalytic and
photocatalytic valorlzatlon of HMF has attracted increasin

interest of many sc1entlsts, =3t including our own group,” 2

and the most common oxidation product of HMF is either 2,5-
furandicarboxylic acid or 2,5-diformylfuran. Other value-added
fine chemicals like maleic acid anhydride (MA) and S-hydroxy-

https://doi.org/10.1021/jacs.2c12244
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Figure 3. (A) Two-photon absorption cross-section profiles of dBIP and dBIP-NMe,. (B) Control experiment results of photocatalytic
homocoupling of benzylamine under various conditions. *The yields were determined by "H NMR analysis. "Default reaction conditions: 50 mM
benzylamine, 0.5 mol % dBIP as the photosensitizer, O,-saturated acetonitrile (2 mL), room temperature, irradiation at 850 nm for 1.5 h.
‘Calculated yield after S h irradiation at 850 nm. (C) The yield comparison of benzylamine homocoupling in the presence of various scavengers
(100 mM). Default: no scavenger; BQ; benzoquinone; L-AA: L-ascorbic acid; BA: p-chlorobenzoic acid; SA: sodium azide. (D) Stern—Volmer plot
of dBIP emission upon the addition of benzylamine. (E) Benzylamine homocoupling yield evolution during the on/off cycles of irradiation at 850
nm. On: red; off: gray. (F) Penetration effect of 456 versus 850 nm irradiation for 10 h on the homocoupling yields of benzylamine with dBIP as

the photosensitizer in 10 bundled reaction tubes.

4-keto-2-pentenoic acid (HKPA) have been rarely achieved
from the oxidative upgrading of HMF. Herein, we demonstrate
that using dBIP as the sole photosensitizer, visible light
irradiation was able to drive the transformation of HMF to MA
and HKPA with yields of 46% and 50%, respectively, in the
presence of O, within 6 h (Figure S16). In addition, using O,
as a green oxidant, dBIP was also able to catalyze the oxidation
of thioanisole to methyl phenyl sulfoxide (Figure S17) and
cyclohexene to cyclohexene epoxide (Figure S18) with almost
quantitative yields after 4 h irradiation at 456 nm.
Furthermore, nearly complete photocatalytic C—N cross-
coupling between 1-iodo-4-nitrobenzene and piperidine”’ can
also be realized using dBIP as the sole photosensitizer within S
h irradiation at 456 nm (Figure S19). Finally, we found that
dBIP was equally effective in driving the homocoupling of
benzylamine under O, upon irradiation at 456 nm, achieving
>99% yield within merely 1.2 h (Figure S20). Elongating the
photocatalysis duration led to the overoxidation of N-
benzylidenebenzylamine.

Encouraged by the excellent photocatalytic performance of
dBIP in driving various O,-involved reactions under visible
light irradiation, we next sought to explore its potential as a
two-photon-absorbing photosensitizer active in the NIR
region. Based on its TPA cross section (6,) profile measured
from 650 to 950 nm (Figure 3A), dBIP exhibited its maximum
0, above 1200 GM in the range of 825—855 nm. The more
electron-donating —NMe, substituents further improved the o,
of dBIP-NMe, to approach 2000 GM in the same region.
Hereby, we decided to explore the homocoupling of
benzylamine as a model reaction and employ inexpensive
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850 nm LED (Thorlabs, 1.4—1.6 W) as the sole light source in
all the following photocatalysis experiments. To our delight, as
shown in Figure 3B, dBIP was able to convert benzylamine to
N-benzylidenebenzylamine with a yield of 63% in O,-saturated
acetonitrile within 1.5 h irradiation at 850 nm (entry 1). A
similar percentage of yield was obtained while using CH,Cl, as
the solvent (entry 2) while it was decreased to 54% in 100%
glycerol, which might be due to the slow diffusion of O, in this
highly viscous medium (entry 3). Control experiments
conducted in the absence of O, (entry 4), LED (entry S),
dBIP (entry 6), or dark (entry 7) did not produce any
desirable product. A smaller yield was obtained under
atmospheric O, (~12%, entry 8), implying the crucial need
of O, in the reaction. An increased yield to 69% (entry 9) was
noticed while using dBIP-NMe, as the photosensitizer under
the same condition, which is likely due to the better TPA
capability of dBIP-NMe, compared to dBIP (Figure 3A and
Figure S21).

Further control experiments performed in the presence of
various scavengers, including benzoquinone, L-ascorbic acid,
and p-chlorobenzoic acid, which are 0,7°, O,7, and OH™*
scavengers, respectively, indicated that none of them led to an
appreciable yield decrease in benzylamine homocoupling
(Figure 3C). However, upon the addition of sodium azide, a
'0, scavenger, the yield decreased from 63% to 5% after 1.5 h
irradiation at 850 nm (Figure S22), in agreement with the
reported results that 'O, can drive the oxidative homocoupling
of benzylamine to produce N-benzylidenebenzylamine.”® A
plausible mechanism is included in Scheme S1. This
conclusion is also consistent with the fact that no electron

https://doi.org/10.1021/jacs.2c12244
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Figure 4. Photocatalytic homocoupling of benzylamine and its derivatives using 0.5 mol % dBIP as the photosensitizer in O,-saturated acetonitrile

upon 850 nm irradiation for 2 h.

transfer quenching was detected for the emission of dBIP with
the addition of benzylamine, as shown in Figure 3D. In fact,
appreciable 'O, quantum yields of 0.41 and 0.48 were
measured for dBIP and dBIP-NMe,, respectively, following
the 1,3-diphenylisobenzofuran assay’” (see details in the
Supporting Information, Figures S23 and S24). These above
results collectively demonstrate that under 850 nm irradiation,
excited dBIP and dBIP-NMe, are able to activate *O, through
an energy transfer process to produce 'O,, which drives the
homocoupling of benzylamine. The improved performance of
dBIP-NMe, is likely due to its better TPA, longer lifetime, and
hence larger 'O, quantum yield.

The stability and light sensitivity of dBIP for the
benzylamine homocoupling reaction were investigated using
the “on/off” cycles of 850 nm irradiation. As plotted in Figure
3E, the N-benzylidenebenzylamine yield increased during the
light-on periods while it stopped when the light was off. Even
after 10 h in the dark, the yield was resumed to increase when
the 850 nm LED was turned on again, approaching 100% after
accumulative S h irradiation overnight (Figure S25). The
photostability of dBIP was also assessed by monitoring its 'H
NMR spectral evolution in deaerated CDCIl; upon 850 nm
irradiation over a period of 24 h, and no apparent spectral
change was observed (Figure S26).

Next, we sought to compare the photocatalytic performance
of dBIP for benzylamine homocoupling upon irradiation with
a one-photon (456 nm) versus a two-photon (850 nm) light
source. Specifically, 10 reaction tubes were bundled in one row
and the irradiation light was only allowed to excite the reaction
tubes from the left side while all the other sides were covered
by an aluminum foil. The yield of each reaction tube after 10 h
irradiation at either 456 or 850 nm is shown in Figure 3F. It is

apparent that the one-photon light source (456 nm) was only
able to achieve a decent yield (89%) in the first reaction tube
while the second tube already showed a substantially decreased
yield of only 12%. All the remaining tubes exhibited no
conversion at all, due to the limited penetration of the 456 nm
light. In striking contrast, the 850 nm irradiation was able to
produce not only 100% yield in the first tube but also decent
yields in the second (90%), third (80%), and fourth (71%)
tubes. Even the last tube also produced a yield of 26%. These
results unambiguously demonstrate the advantages of NIR
light irradiation using dBIP as a TPA photosensitizer (Figures
S27 and S28).

Besides benzylamine, its close analogues with varying
electronic substituents were also subjected to the same
photocatalysis condition (850 nm irradiation for 2 h in O,-
saturated acetonitrile) using dBIP as the photosensitizer. As
disclosed in Figure 4, with the amendment of different
electron-donating groups at the para-position, like —Me (2b),
—OMe (2c), and isopropyl (2d), similar yields (74—76%) can
be obtained as using the parent benzylamine (2a, 74%).
Furthermore, various electron-withdrawing substituents, such
as —OH (2e), —F (2f), —Cl (2g), —Br (2h), —CN (2i), and
—CF; (2j), positioned at either para- or ortho-positions (2k
and 21) led to equally decent yields (71—75%) under the same
photocatalytic condition. Even in substrates (2m and 2n) with
two electron-withdrawing substituents (—F, —Cl, and —CF;)
at both para- and ortho-positions, excellent yields (71—73%)
can still be achieved. In addition to benzylamine derivatives, 2-
naphthylamine (20) and 2-thiophenemethylamine (2p) can
also be homocoupled using dBIP as the photosensitizer upon 2
h irradiation at 850 nm with yields of 72 and 75%, respectively
(Figures $29—S44).

3539 https://doi.org/10.1021/jacs.2c12244
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B CONCLUSIONS

In summary, we have reported two novel organic two-photon-
absorbing photosensitizers consisting of a bibenzothiazole core
as the electron-accepting unit bridged with two phenyl
substituents through imine linkages as the electron-donating
moieties. Such a D—7—A—7—D structure has been demon-
strated to result in excellent TPA capability in the NIR region.
Hence, a variety of O,-involved energy-transfer organic
reactions can be realized using these TPA photosensitizers
upon irradiation of 850 nm LED. By changing the terminal
substituents, we also demonstrate that a stronger electron
donor led to better photocatalytic activity, primarily due to
better TPA and longer excited-state lifetime. Because of the
deeper penetration and less competing absorption by
substrates and media when using NIR photons as the light
source, it is anticipated that noble metal-free organic TPA
complexes will attract increasing interest in the burgeoning
field of organic photocatalysis.
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