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By incorporating an active site model of nicotinamide adenine
dinucleotide (NADH) as an electron regulator, a redox-active
metal—organic capsule as an efficient photocatalyst was obtained
for the light switchable synthesis of a series of aromatic azoxy and
amino compounds from their corresponding nitroaromatics under
either purple (420 nm) or blue (455 nm) LED light irradiation.

Controllable selective synthesis using photocatalysts is an
intriguing but challenging research topic in chemistry," espe-
cially for light switching methods.>* Generally, the capability of
accessing different catalytic pathways upon simple tuning of
the irradiation wavelength could be attributed to the different
excited states of the forming intermediates, photosensitizers,
etc.* Enzymes exhibit excellent selectivity benefitting from the
specific cavity and properties of electron transfer, including
hydride transfer,” electron bifurcation,® multiple optical
excitations,’ etc. Analogous to the reaction specificity achieved
in enzyme pockets, metal-organic capsules attract considerable
interest due to their high symmetry, stability and rich chemical
properties, which are also powerful platforms for regulating the
selectivity via engineering their catalytic cavities.*'° However,
modifying the electron transfer pathways and kinetics to reg-
ulate reaction selectivity remains largely unexplored, and a few
visible light switchable catalysis methods were reported
previously." ™" One of the important relevant methods is the
switchable selective reduction of nitroarenes into different
products, due to the inherent complexity of nitro reduction
networks.'*'?

Recently, inspired by the ability of natural cofactor NADH to
be used as the efficient electron regulator, we utilized NADH
mimics to modify the electron donating behaviour and balance
the inner and outer electron transfer kinetics to switch the
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group selectivity of bifunctional substrates.'® We envisioned
that incorporating different photoredox processes into internal
and external cavities of supramolecular catalysts could facilitate
different catalytic manifolds by changing the irradiation wave-
lengths, providing the possibility to switch the selectivity of
products. Herein, we constructed a new redox-active metal-
organic capsule containing NADH mimics for the light switchable
selective synthesis of aromatic azoxy and amino compounds from
nitroaromatics under mild conditions (Scheme 1). Under 420 nm
LED irradiation, the capsule could convert the photoinduced
single electron transfer of ruthenium(u) trisbipyridine
(Ru(bpy)s>*) into a double electron reduction inside the cavity,
quickly reducing the in situ formed nitroso intermediate to
provide hydroxylamine species, followed by encapsulating
these two molecules to produce azoxy compounds via a con-
densation pathway. Alternatively, irradiating with a 455 nm
LED, utilizing Ru(bpy);>" to trigger consecutive multistep single
electron processes outside the cavity, was proposed to give
amine products. By simply changing the irradiation wave-
length, switchable selectivity has been achieved to efficiently
tune the photosynthesis of aromatic azoxy and amine com-
pounds from nitroaromatics.
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capsule for switching the selectivity under different irradiation
wavelengths.
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Fig.1 (a) Procedure for the synthesis of the capsule Zn-TPB and its
crystal structure showing the resulting confined space of the capsule. Zn,
cyan; S, yellow; N, blue; O, red and C, grey. ESI-MS spectra of Zn-TPB (0.1
mM) (b) and of Zn—-TPB (c) with 5 equiv. of 1in CH3zCN. The insets show the
isotopic patterns at m/z = 1223.1879 and 1346.1938.
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Ligand H,TPB containing NADH mimics was synthesized by
a Schiff-base reaction of 4-phenyl-1-(thiophen-2-ylmethyl)-1,4-
dihydropyridine-3,5-dicarbohydrazide and 2-pyridylaldehyde in
ethanol. Metal-organic capsules were assembled by reacting
H,TPB with the corresponding metal salts in CH;CN.
Diffraction-grade single crystals of Zn-TPB with redox-inactive
zinc ions and Ni-TPB with redox-active nickel ions were
obtained by diffusion of diethyl ether into capsule solutions.
Single crystal structure analysis revealed that both capsules
Zn-TPB and Ni-TPB exhibit similar square configurations via
the connection of four ligands and four metal ions (Fig. 1a and
Fig. S1, S2, ESIY), alternatively. Each metal ion is chelated in
an octahedral geometry by a pair of widely delocalized N,O
chelators from two ligands positioned in a mer configuration.
The coordinated amide groups located in the square provide a
confined cavity for suitable substrate inclusion. The outwards
thiophene rings help the capsule to form a large opening
window (about 9.0 A for one edge) in favour of the ingress
and egress of guests."”” Four NADH mimics are located on the
parallel side of the square with the active H-atoms orientated
in the interior, endowing the possibility to regulate a double
electron reduction from reactions outside the cavity.

The stability of Zn-TPB in solution was characterized by the
ESI-MS spectrum that exhibited an intense peak at 1223.1879
corresponding to [H,Zn,(TPB),J** (Fig. 1b)."® Guest binding
within the capsule was evident by ESI-MS analysis of a mixture
of Zn-TPB and nitrobenzene (1), which showed a new peak
corresponding to [H,Zny(TPB),>(1),]*" species at 1346.1938
(Fig. 1c). This was also determined from the DOSY spectra with
the same diffusion coefficient of Zn-TPB and 1 (D = 7.08 X
10" m* s ) (Fig. S51, ESI})."® The UV-Vis spectra of Zn-TPB
exhibit an absorption band at 420 nm (Fig. 2a). When excited at
420 nm, Zn-TPB exhibited a bright emission at 490 nm (Fig. 2b).
Upon addition of 1, only 7% emission was quenched, whereas
the intermediate nitrosobenzene (1a) exhibited the strongest
quenching (24%) over 1 and intermediate N-phenylhydroxyl-
amine (1b) (Fig. S30, ESIt). Meanwhile, UV-Vis titration confirmed
that Zn-TPB could form a stable host-guest complex with 1, 1a or
1b (Fig. S12-S14, ESIf). The host-guest complex was further
confirmed by fluorescence titration of Zn-TPB upon the addition
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Fig. 2 (a) UV-Vis spectra of H,TPB (40 pM), Zn—-TPB (10 uM), Ru(bpy);z*
(0.1 mM) and Zn-TPB/Ru(bpy)s>* (10 pM/0.1 mM) in CHsCN/H,O (1:1, pH
5.0). (b) Luminescence spectra of Zn-TPB (10.0 pM), Ru(bpy)s>* (0.1 mM)
and a mixture of Zn-TPB and Ru(bpy)s** in CHsCN/H,O (1:1, pH 5.0),
excited at 420 nm and 455 nm, respectively. The fitting curves of the ITC
test in CH3CN/H,O (1: 1, pH 5.0) show the effect of Zn-TPB with 1, 1a and
1b (c) and 2, 3 and ATP (d), respectively.

of 1, 1a or 1b (Fig. S22-S24, ESIf). Furthermore, isothermal
titration calorimetry (ITC) of Zn-TPB upon the addition of 1, 1a
or 1b revealed an appropriate n value of 2.0 (Fig. 2c).”° We also
recognized that 1b exhibited the largest negative free energy
change with Zn-TPB over 1 and 1a (Fig. S32-S34, ESIt), and the
corresponding nitroso and nitro species hardly squeezed the
hydroxylamine species from the cavity of Zn-TPB. We assumed
that the potential double electron reduction from 1a to 1b was the
most efficient step in the tandem reductions.>" The in situ formed
1b has the potential to interact with the unreduced 1a species,
forming azoxybenzene (1c) when the cavity is large enough to
encapsulate more than one substrate.

Under standard conditions, irradiation of a CH;CN/H,O
(1:1, 5 mL) solution containing Ru(bpy);** (0.5 mM), Zn-TPB
(50 uM), 1 (10.0 mM), HCOOH (0.05 M) and ascorbic acid (H,A,
0.1 M) with a blue LED light (455 nm) at room temperature
for 6 h afforded aniline (1d) in 81% yield and 1c in 17% yield
(Table 1, entry 1). Altering the light sources from 455 nm to
420 nm, the yield of 1c increased to 54% and the yield of 1d
decreased to 35% (entry 2). Without Zn-TPB, the system with
either 455 nm or 420 nm LED irradiation afforded product 1d
over 90% yield under the same conditions (entries 3 and 4),
suggesting that simple Ru(bpy);** could form the amino com-
pound by photoinduced single electron transfer through the
direct route.?>?* Control experiments revealed that the absence
of any of these individual components or light led to a failure in
the reduction (entries 5 and 6). Notably, the ligand H,TPB was not
an efficient alternative for Zn-TPB (entries 7 and 8). Therefore, the
new photocatalytic system composed of photosensitizers and
capsules can effectively reduce the nitro groups, and more impor-
tantly, the selectivity can be switched by changing the wavelength
of light.

When 4,4"-di-tert-butyl-5'-nitro-1,1":3',1"-terphenyl (2), which
is larger than the capsule cavity, was introduced into the system,

This journal is © The Royal Society of Chemistry 2023
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Table 1 Evaluation of reduction for nitroaromatics?

NO. Nolntermediates H Direct route NH
D Yy g el
Il [l
A H O; b d
HA) L ] amine
p
Q = {3,5-di-4-te|1-butylphenyl ) Q@J‘L‘N/@@
[def]pt I (3) Cond 'n:;ute c Xy
Yield/%
Entry Catalyst Substrate Irradiation (nm) Azoxy Amine
1 Zn-TPB 1 455 17 81
2 Zn-TPB 1 420 54 35
3 — 1 455 Trace 93
4 — 1 420 Trace 91
5° — 1 455 0 0
6 — 1 — 0 0
7 H,TPB 1 455 Trace 92
8 H,TPB 1 420 Trace 91
9 Ni-TPB 1 455 15 80
10 Ni-TPB 1 420 90 4
11°¢ Zn-TPB 1 420 43 4
12°¢ Ni-TPB 1 420 Trace Trace
13 Zn-TPB 2 455 0 95
14 Zn-TPB 2 420 0 92
15 Zn-TPB 3 455 0 95
16 Zn-TPB 3 420 0 93

“ Standard conditions: substrate (10.0 mM), Ru(bpy)s** (0.5 mM),
catalyst (0.05 mM for Zn-TPB/Ni-TPB; 0.20 mM for H,TPB), and
HCOOH/H,A (0.05/0.1 M) in CH;CN/H,O (1:1, pH 5.0) under LED
irradiation for 6 h.  Without HCOOH/H,A. ¢ Without Ru(bpy);>".

no azoxy compound could be formed, but amino product 2d was
detected, regardless of changing the reaction light (420 nm or
455 nm) (entries 13 and 14). Outside the cavity, only amine
compounds could be formed through the direct route. In the
case of 1-nitropyrene (3), it has a medium size, larger than 1 but
smaller than 2. The ITC test of Zn-TPB upon the addition of 3
reveals a good n value of 1.0 (Fig. 2d and Fig. S36, ESI{). When
substrate 3 was introduced into the system, azoxy compounds
also could not be formed, but amino product 3d was detected
under either 420 nm or 455 nm LED irradiation (entries 15 and 16),
suggesting that the inclusion of more than one substrate was
essential for producing azoxy compounds.

To examine the influence of the host-guest effect on the
switchable selective reduction of nitroarenes, we conducted
kinetic experiments using the initial rate method. For substrate 1,
the initial formation rate of 1c was 1.3 mM h™ " and the formation
rate of 1d was 0.8 mM h™" with Zn-TPB under 420 nm (Fig. S54,
ESIt), consistent with the aforementioned reaction yields and
selectivities. Meanwhile, the system resulted in the initial formation
rate of 2d as 1.2 mM h™" and the formation rate of 3d as
1.6 mM h™" with no detection of azoxy compounds under the
same conditions (Fig. S54, ESI{). When dislodging Zn-TPB,
the formation rate of 1d increased to 1.8 mM h™' with no
formation of 1c¢, and the formation rate of 2d and 3d was
maintained under 420 nm (Fig. S55, ESIf). Altering
the irradiation wavelength from 420 nm to 455 nm, all the
formation rates of amine increased (Fig. S55, ESIt), due to the
stronger fluorescence efficiency of Ru(bpy),>" excited at 455 nm
(Fig. 2b). Moreover, the formation rate ratio of the amine

This journal is © The Royal Society of Chemistry 2023
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product (R40/R4ss) is proportional to fluorescence ratio of
Ru(bpy)s>" (Faso/Fass) excited by different wavelengths, and
the absorption ratio at different wavelengths (A4z0/A455)
(Fig. S56, ESIT). Therefore, we speculated that the selectivity of
the system was caused by the different responses of Zn-TPB and
Ru(bpy)s>" under different wavelengths, respectively (Fig. 2b). As
a result, the ratios of both fluorescence (Fz,-rps/Fry) and absorp-
tion (Azn_rpe/Ary) of Zn-TPB and Ru(bpy),>* in the photocatalytic
system exhibit a positive correlation with the yield and the rate
ratio of 1¢/1d under two different light sources (Fig. S57, ESIT).

To further improve the selectivity, an analogous Ni-TPB with
redox-active nickel ions was designed and prepared because the
presence of nickel ions could enhance the electron transfer
between the capsule and Ru(bpy);>*.>* The ESI-MS spectrum of
Ni-TPB exhibits a peak of [H,Ni,(TPB),]*" at 1209.1890, sug-
gesting a stable M L, structure in solution (Fig. S7, ESIt). The
properties of the host-guest complex between Ni-TPB and the
substrate and their intermediates were consistent with those of
Zn-TPB, confirmed by the ESI-MS spectrum, UV-Vis absorption
spectra and ITC assay (Fig. S8, S9, S15-S17 and S38-S40, ESI¥).
As expected, under standard conditions, Ni-TPB could main-
tain not only the yield (80%) and selectivity (84%) of 1d under
455 nm irradiation (Table 1, entry 9), but could also sharply
increase the yield and selectivity of 1c¢ to 90% and 96% under
420 nm irradiation, respectively (entry 10), indicating that
localizing double and single electron transfer inside and out-
side the pocket could comfortably tune the reaction selectivity.

It should be noted that the formation rate of 1c by Ni-TPB
was faster than that of Zn-TPB under 420 nm irradiation,
whereas the formation rate of 1d was opposite (Fig. S58, ESIT).
The luminescence quenching of Ru(bpy);>* by Ni-TPB was
stronger than that of Zn-TPB, and Ni-TPB could reduce the
lifetime of Ru(bpy);>* by 69 ns higher than that of Zn-TPB
(Fig. S31, ESIt), revealing the greater ability of Ni-TPB to regulate
the electron transfer between the capsule and Ru(bpy),**. Without
Ru(bpy);**, Zn-TPB could only yield 43% of 1e¢ with 1d in 4%
yield, and both products were traced for Ni-TPB under standard
conditions (entries 11 and 12), suggesting that Ru(bpy);>" has a
significant effect on the capsule catalysis. Meanwhile, to further
gain insights into the light switchable catalysis, 1a and 1b as
reaction substrates, respectively, were introduced into the photo-
catalytic system. The results showed that using 1a (10.0 mM) as a
substrate under standard conditions, Ni-TPB system resulted in
an initial formation rate k; of up to 6.9 mM h™" for product 1¢ and
produced traces of 1d under 420 nm (Fig. S59, ESIT). Alternatively,
1b as a substrate led to an initial formation rate k, of 2.6 mM h™*
for 1d, and 1c was not observed under the same conditions.
However, when changing to 455 nm irradiation, k; decreased to
3.6 mM h™', and k, increased to 3.2 mM h™" (Fig. S59, ESIY).
The ratio of k; and k, under 420 nm irradiation was calculated
as 2.7, which is larger than that under 455 nm irradiation as
1.1, further suggesting that the introduction of nickel ions
regulated the electron transfer between the capsule and
Ru(bpy);>" to increase the reaction rate inside the capsule and
decrease the rate outside.'® This is beneficial to enhance the
reaction selectivity.
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Table 2 Evaluation of light switchable selective hydrogenation of nitroar-
enes by the Ni-TPB photocatalyst®

A
® [ 3R 420nm ~NO; 455 nm ~NH:
Ns A —~————— i — -
YN " R~ - R
R~ Ni-TPB F Ni-TPB F
A
d
©/N02 /©/N02 \©/N02 /©/N02 C|\©/NOZ /©/N02
F Cl
1c: 90% 4c: 87% 5c: 88% 6c: 88% 7c: 86% 8c: 81%
1d: 80% 4d: 79% 5d: 80% 6d: 74% 7d: 69% 8d: 90%
NO, F;C. NO, ~ Q S ?
/@/ \©/ /@/\)\o/\ /©/\/\)ko/\
F3C
3 O,N O,N
9c: 79% 10c: 89% 11c: 72%° 12c: 70%°
9d: 95% 10d: 62% 11d: 85% 12d: 79%

“ Reaction conditions: substrate (10.0 mM), Ni-TPB (50 uM), Ru(bpy);>*
(0.5 mM) and HCOOH/H,A (0.05/0.1 M) in CH;CN/H,O (1:1, pH 5.0,
5 mL). > HCOOH/H,A (0.05/0.05 M).

To further determine whether the condensation pathway
occurred inside or outside the capsule, a nonreactive species,
adenosine triphosphate (ATP),>* was introduced to carry out the
inhibition experiment.”® The ITC test of Ni-TPB upon addition
of ATP revealed the formation of the host-guest complex with a
dissociation constant of 7.08 pM (Fig. 2d and Fig. S44, ESIY).
This was further confirmed using ESI-MS, UV-Vis, and DOSY
spectra (Fig. S10, S19 and S53, ESIt), suggesting that ATP could
be encapsulated in the capsule. As expected, the addition of
ATP (20.0 mM) into the Ni-TPB system resulted in an effective
quenching with only 32% yield of 1c and 60% yield of 1d (Fig.
S60, ESIt). Another non-ionic inhibitor 2,6-dimethylpyridine
also quenched the condensation pathway well (Fig. S45 and
S60, ESIT).

From a mechanistic viewpoint, the NADH mimic-modified
capsule captures two substrate molecules to form a stable host-
guest complex that enforces close contact between the NADH
model and substrate to produce a nitroso compound. And then
one nitroso molecule is reduced to hydroxylamine under
420 nm LED irradiation through double electron reduction
process inside the cavity. Finally, the condensation of hydro-
xylamine molecule with another nitroso molecule proceeds
quickly to give an azoxy compound in the cavity of capsule.
The negative redox potential of the azoxy compound prevented
the further reduction of 1c (Fig. S62, ESIT).>” And it could leave the
cavity due to the large dissociation constant (Fig. S39, ESIT),
which was consistent with the DOSY spectrum (Fig. S52, ESIt).
Therefore, azoxy compounds could be selectively obtained by the
condensation pathway. When changing the irradiation to 455 nm,
the single electron transfer from excited Ru(bpy);>* to substrates>
selectively produced amine compounds along the direct pathway
outside the capsule. Furthermore, Ni-TPB could improve the
switchable selectivity, by enhancing the electron transfer between
the capsule and photosensitizer. The superiority of such
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supramolecular photocatalysis systems that promote the light
switchable selective reduction could be extended to a wide range
of nitroarenes, forming azoxy compounds under purple light and
producing amine compounds under blue light, respectively
(Table 2). Moreover, this photocatalytic system can synthesize
the esterification of azoxy natural products (12c¢), azoxymycins C
(Table 2).”®
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