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We report the synthesis of a series of carbazole-triazine based donor-acceptor (D-A) POFs and their photocatalytic activities
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for aerobic oxidation reactions. The simultaneous introduction of carbazole-based electron donor and triazine-based

electron acceptor in D-A POFs stabilizes the charge transfer state and enables an efficient triplet-triplet energy transfer to

generate '0,. Meanwhile, systematic variation of the D-A distance results in the tunable photoredox properties and

consequently the efficiency for generation of reactive oxygen species (ROSs). Upon visible light excitation, all three D-A POFs

exhibit excellent capability to promote three aerobic oxidations: sulfides oxidation, oxidative amine coupling, and Mannich

reaction. This systematic study validates the design principle of D-A POFs as high-performance photo-oxidation catalysts

with wide substrate scope and excellent stability and recyclability.

Introduction

Oxidation is one of the most important chemical
transformations, which contributes about 30% of the total
output of chemical industry.! Many key chemicals and
intermediates such as alcohols, aldehydes, ketones, acids, and
epoxides are produced from the oxidation process. Oxidation is
also an important methodology for the synthesis of drug leading
compounds in pharmaceutical chemistry and building blocks in
material chemistry.2 However, the traditional methods of
oxidizing organic compounds require stoichiometric quantities
of oxidants that are either highly explosive (e.g. peroxide, H,0,,
or ClO™) or contain toxic heavy metals (e.g. MnO; or CrO43-) and
generate large amounts of inorganic salts as by-product.! Thus,
aerobic oxidation that uses molecular oxygen (0;) as the green
oxidant is an ideal strategy to increase atom economy and
address environmental concerns.3 The drawbacks of thermal
aerobic oxidation reactions, however, are that they usually rely
on catalysts containing transition metals such as Pd, Au, Ru, Ir,
and Cu, and oftentimes are carried out at high temperature or
under high pressure.*

Recently, photocatalytic organic synthesis has received
increasing attention due to its mild reaction conditions (near
room temperature and atmospheric pressure), simple setup,
and environmental benignness.5 Transition-metal complexes
such as [Ru(bpy)s]?* (bpy = 2,2’-bipyridine) and fac-Ir(ppy)s (ppy
= 2-phenyl-pyridine) and organic dyes have been widely applied
as photocatalysts for organic synthesis,® including aerobic
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oxidation reactions.” Meanwhile, metal-free solid materials,
such as graphitic carbon nitride (g-C3Nj4),® porous organic
polymers (POPs),® and rm-conjugated porous organic
frameworks (POFs and CMPs)0 have also been developed as
heterogeneous visible light photocatalysts. POFs, in particular,
with large surface area and permanent nano/mesosized pores,
outstanding thermal stability, and highly tunable optoelectronic
properties,1! represents an ideal platform for photocatalytic
organic transformations. Moreover, due to its highly crosslinked
network and particulate nature, POFs can be easily separated
and reused.!? In the past several years, POFs have been used as
effective visible light photocatalysts for net oxidative,!3 net
reductive,’* and redox neutral reactions.5 In particular, aerobic
oxidation of sulfides, amines, alcohols, and arylboronic acids
have been realized by using POFs as the photocatalysts.13, 16

It is known that the photocatalytic activity of POFs can be
easily adjusted by tuning the photoredox potential (or band
gap).” Recently, we have developed a statistical
copolymerization approach to fine-tune the redox potentials of
donor-acceptor (D-A) POFs.1® However, the random nature of
copolymerization could cause a heterogeneity and prevent a
better understanding of the structure-activity relationship of
the photocatalyst. Herein, we report the photocatalytic
activities of D-A POFs that are synthesized via homo-coupling of
carbazole-triazine based D-A monomers. This synthetic strategy
enables a better control of the distance and ratio between
donor and acceptor, and consequently the optoelectronic
properties of the resulting D-A polymers. Three POFs with
tunable D-A distance, namely, poly-(2,4,6-tri(9H-carbazol-9-yl)-
1,3,5-triazine) (pTCT), poly-(2,4,6-tris(4-(9H-carbazol-9-
yl)phenyl)-1,3,5-triazine)  (pTCT-P),  poly-(2,4,6-tris(4'-(9H-
carbazol-9-yl)-[1,1'-diphenyl]-4-yl)-1,3,5-triazine) (pTCT-2P),
were synthesized (Fig. 1). These D-A POFs upon visible light
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Fig. 1 (a) Chemical structure, synthesis and (b) digital photographs of POFs under UV (365

nm) and visible light.

excitation efficiently generate reactive oxygen species (ROSs)
and promote prototypic aerobic oxidation reactions such as
sulfides oxidation, oxidative amine coupling, and Mannich
reaction.

Results and discussion

Synthesis and characterization

The triazine moiety in POFs (e.g. covalent triazine
frameworks) is typically formed in situ during the
polymerization reaction, namely, the trimerization of aromatic
nitriles with strong acid (e.g. ZnCl, or TfOH) at high
temperature.’® In our work, however, the triazine moiety is
prepared before POF synthesis. Specifically, D-A monomers that
consist of carbazole and triazine (Fig. 1) were first synthesized
through either nucleophilic substitution of 9H-carbazole to
2,4,6-trichloro-1,3,5-triazine (for TCT) or copper catalyzed
Ullmann coupling between 9H-carbazole and aryl bromide and
aryl iodide (for TCT-P and TCT-2P, respectively) (see ESI S-1 for

Table 1. SAger, Pore Volume, Photophysical Properties, and Redox Potentials of D-A POFs.

details).2® The D-A POFs were prepared using an oxidative
polymerization under reflux of a suspension of D-A monomers
and FeCls in dry CHCI; for 3 days.?! Another POF that is only
composed of electron donor carbazole, poly-(1,3,5-tri(9H-
carbazol-9-yl)benzene (pTCB),?22 was also synthesized as a
comparison (Fig. 1). During the polymerization process, the
carbazole group is oxidized and afford the carbon-centered
radical, which further couples to each other to form the
crosslinked porous frameworks. The unreacted monomer and
iron salt were removed by organic solvent and acidic aqueous
solution, and the resulting solid was further purified by Soxhlet
extraction. After drying under vacuum, the POFs were obtained
as fine powders as shown in Fig. 1b with excellent yields (> 95%).
To compare the photocatalytic activities of the POFs and their
corresponding monomers, tert-butyl group was induced into
the 1,3,5-triazine-based monomers to obtain soluble tBuTCT,
tBUTCT-P and tBuTCT-2P (see ESI S-1 for details). Note that, the
synthesis of pTCT has been previously documented with no
description of its photocatalytic properties.?3 Both pTCT-P and
pTCT-2P are synthesized in this work for the first time.

All four POFs are insoluble in common organic solvents such
as THF, DMF, CH,Cl,, acetone, and CHCls, consistent to the
expected highly crosslinked structure. Based on the scanning
electron microscopy (SEM) images (Fig. S5 in ESI), except pTCT
that exhibits a flaky morphology possibly due to its monomer’s
planar structure, the other POFs are composed of
submicrometer particles and its aggregates. Thermal
gravimetric analysis (TGA) reveals the good to excellent thermal
stability of D-A POFs with significant thermal decomposition
around 500 °C. (Fig. S6). Powder X-ray diffraction analysis
suggests the amorphous nature of all POFs (Fig. S7). The
presence of the absorption peak in FT-IR spectra at ~805 cm™1
(assigned to the trisubstituted phenyl ring in carbazole polymer)
also indicates the successful polymerization (Fig. $8).24

The porosity parameters including
Brunauer-Emmett-Teller (BET) (SAger) and pore volume of POFs
were characterized by N> adsorption—desorption
measurements at 77 K (Table 1 and Fig. S9 in ESI). A rapid N,
uptake at low relative pressure (P/Po < 0.05) indicates the
presence of typical micropores and the gradual increase of the
N, uptake (P/Po = 0.05 — 0.9) is attributed to the presence of
mesopores (i.e. pore width > 2 nm) in POFs. The coexistence
micro- and mesopores and the pore network effect?> are also
manifested by the hysteresis between adsorption and
desorption for all POFs (Fig. S9). The SAger of D-A POFs increases
from pTCT-2P (680 m2 g1), pTCT (797 m2 g™1), to pTCT-P

POFs SAger (M2 g1)? Viotal (cm?3 g71)° Vimeso (cm? g1)¢ Aex (nmM)4 Aem (nm)4 E1p°%€ Eqjprede *E1% *Eqpred Eoof
pTCB 1404 0.76 0.40 343 460 +1.31 -1.81 3.12
pTCT 797 0.39 0.13 437h 525 -1.04 +1.55 2.59
pTCT-P 1057 0.69 0.41 423h 528 +1.48 -1.52 +1.12 -1.16 2.64
pTCT-2P 680 0.40 0.24 424h 528 +1.45 -1.73 +0.91 -1.19 2.64

Page 2 of 9

aSurface area (m2 g1) calculated from the nitrogen adsorption branch based on the BET model. #The total pore volume (cm?3 g-1) calculated at P/Po = 0.95. <The volume
of mesopores with pore width > 2 nm. “Measured in polyethylene glycol 400. €All potentials are given in volts versus the saturated calomel electrode (SCE). /Eo.0, the
zero-zero vibrational state excitation energy, was estimated using the medium wavelengths between the photoluminescence excitation peak (Aex) and emission peak
(Aem) and was used to calculate *E1/,° (= E1/2"9 + Eo.¢) and *E1/2"ed (= Eo.o — E1/2°%). 'The shoulder peak at the longer wavelength was used.
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(1057 m2 g1) (Table 1), which agree well with the trend of
solubility of the corresponding monomers in CHCl; (e.g.
solubility: TCT-P > TCT > TCT-2P). Notably, despite the similar
size of the corresponding monomer, pTCB has the highest SAger
(1404 m2 g1) and pore volume (0.76 cm3 g1), roughly two times
larger than those of pTCT, which can also be explained by the
excellent solubility of TCB in CHCI3 that facilitates the smooth
polymerization. Nevertheless, the presence of appreciably high
percentage of mesoporous in all POFs (> 33%) indicates their
suitability for the mass transport of substrates and products in
the photocatalytic reactions (Fig. S10 in ESI).

As show in Fig. 1b, pTCB, pTCT, pTCT-P, and pTCT-2P appear
as light yellow, brown, yellow, and orange solid under visible
light, and exhibit bright blue, red, bright yellow, and orange
fluorescence under UV light irradiation (Aex = 365 nm),
respectively. They all exhibit broad absorption bands that
extend to the visible region (Fig. S11 in ESI). Despite the color
difference, the three D-A POFs have similar emission peaks
around 525-528 nm, corresponding to comparable charge
separation and recombination (Fig. S12). The excitation spectra,
however, indicate that the intensity of charge transfer
transition becomes weaker as the D-A distance become longer
from pTCT to pTCT-2P (Fig. S12).

The free rotation of C—C and C—N single bonds in the
carbazole-triazine D-A POFs results in the non-planarity and
limited rm-conjugation, thus they are best described as
molecular photocatalysts. Cyclic voltammetry was then used to
determine the ground state redox potentials of the POFs (Table
1 and Fig. S13 in ESI). The Ey/2°* of pTCB (+1.31 V vs SCE) is less
positive than those of D-A POFs (+1.45 V and +1.48 V for pTCT-
P and pTCT-2P, respectively); and as the D-A distance decreases,
both Ei/;"d and *E1/,°¢ becomes more negative from pTCT (—
1.04 V and +1.55 V, respectively) to pTCT-2P (-1.71 V and +0.91
V, respectively) due to their similar Eq.¢ values. Meanwhile,
pTCB exhibits the most negative *Ejd value (-1.81 V),
consistent with its electron donor nature. Overall, the
incorporation of triazine increase the oxidative capability of D-
A POFs, and as the D-A distance increases, the D-A POFs
recovers the reductive capability.

Photocatalytic activation of molecular oxygen

Reactive oxygen species (ROSs) such as superoxide radicals (O°~
) and singlet oxygen (10;) are important intermediates widely
involved in oxidative organic transformations.?6 Our previous
work has shown that carbazolic POFs (Cz-POFs) can efficiently
generate 0O,°~ through photoredox catalysis.1® Herein, we
further test the potentials of the carbazole-triazine D-A POFs to
generate 10, via photosensitization (i.e. triplet-triplet energy
transfer process).2’ Using TEMP (2,2,6,6-tetramethylpiperidine)
as the trapping agent for 10, and upon the exposure of visible
light and oxygen, all three D-A POFs indeed exhibit the
characteristic signal of TEMPO ((2,2,6,6- tetramethylpiperidin-
1-yl)oxyl) (Fig. 2a). The strength of the EPR signal also indicates
the photosensitization efficiency follows the order of pTCT >

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (a) The EPR spectra of POFs in the presence of air and TEMP after visible light
irradiation; (b) Photo-bleach reactions of DPBF; (c) The rate of DPBF bleaching promoted
by different POFs.

pTCT-P > pTCT-2P under the same condition. No EPR signal
is observed for pTCB, which indicates its poor efficiency of
photogeneration of 0.

We next use the photo-bleach experiment of 1,3-
diphenylisobenzofuran (DPBF) to compare the overall efficiency
of ROSs generation sensitized by all four POFs. It is known that
DPBF can be oxidized by both 10, and O, to the ketone
compound (Fig. 2b), during which the absorption peak at 410
nm is bleached.?® As shown in Fig. 2c and Fig. S14, DPBF
bleaches faster in the presences of pTCB than the three D-A
POFs. Because of its poor photosensitization capability for 10,,
pTCB clearly is the most efficient catalyst to generate O,*~. In
addition, the overall ROSs generation efficiency increases in the
order of pTCT-2P > pTCT-P > pTCT, opposite to the efficiency of
10, generation. Therefore, it can be concluded that as the
donor-acceptor distance increases in POFs, the efficiency of the
D-A POFs to generate 10, and O,*~ decreases and increases,
respectively.

Photocatalytic oxidation of sulfides

We first use selective sulfide oxidation as a model reaction to
test the photocatalytic efficiency of the carbazole-triazine D-A
POFs. Organic sulfoxides are important bioactive compounds in
pharmaceutical chemistry and other chemical industries.?? It is
known that 10, can selectively oxidize sulfides to sulfoxides with
minimum over-oxidation.3® With 0.5 mol% loading of pTCT,
thioanisole was converted to methyl phenyl sulfoxide with high
efficiency (95% yield, Table 2, entry 1) upon irradiation by a 26

J. Name., 2013, 00, 1-3 | 3
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Table 2. Optimization of Photocatalysts for the Aerobic Oxidation of Sulfides.®

s~ Photocatalyst o‘\S/
(0.5 mol%)
—_— T
MeOH, Air, hv

entry photocatalyst yield (%)®
1 pTCT 95 (12 h)
2 pTCT-P 94 (24 h)
3 pTCT-2P 93(32h)
4 pTCB 14 (32 h)
5 pTCT® NR
6 pTCTY 94 (24 h)

aStandard condition: 0.5 mol% photocatalyst, 0.4 mmol thioanisole, 5 mL MeOH,
26 W white CFL at room temperature. bIsolated yield. €2.0 equiv NaNs. 92.0 equiv
quinone.

W white compact fluorescent lamp (CPL) at room temperature
for 12 h. Control experiments confirmed the essential role of
photocatalyst, visible light, and air (Table S2, entries 2-4, ESI).
The other two D-A POFs, pTCT-P and pTCT-2P, require longer
reaction time (24 h and 32 h, respectively, Table 2, entries 2-3).
Polymer pTCB exhibits a poor activity (14% yield in 32 h, Table
2, entry 4). These results are in line with the trend of 10,
generation efficiency obtained from the EPR study (Fig. 2a). In
the absence of the extended conjugation network, the
corresponding monomers do not show any activity in this
reaction (Table S2 in ESI, entries 5-8).

Several experiments further confirmed that the oxidation of
sulfide to sulfoxide undergoes the 10; pathway. When 2.0 equiv
of NaNjs (10, quencher) was added into the reaction mixture, no
product was detected (Table 2, entry 5). On the contrary,
quinone, a well-known O;°~ trapping agent, did not show any
reaction inhibition (Table 2, entry 6). Moreover, the reaction
was significantly accelerated for all POFs when the reaction was
conducted in CDs0D due to the longer lifetime of 'O, in the
deuterated solvent (Fig. 3a). Collectively, the sulfoxide
formation indeed proceeds through the 10, oxidation pathway
(Fig. 3b), which is in contrast with the O,°~ mechanism proposed
by Loh and coworkers.13d Our result also suggests that 10, is
more active than O,°~ for the selective oxidation of sulfides. The
high efficiency of D-A POFs for photosensitization may benefit
from the stabilized charge separation triplet state. The doping
of N atoms in triazine provides the n-rt charge transfer and
corresponding efficient intersystem crossing to afford the
stabilized triplet excited state.

A wide scope of substrates was used to test the efficiency
and selectivity of pTCT. As shown in Table 3, with 0.5 mol%
loading, excellent yield and selectivity for both aryl sulfoxides
and aliphatic sulfoxide were obtained. It is noted however that
electron-withdrawing group such as chloro- and bromo- slightly
decreases the reaction rate (Table 3, entries 4 and 5), consistent
with previous reports.3! The aliphatic sulfide (1F) exhibits the
highest reaction rate and selectivity (8 h, 98% vyield, Table 3,
reaction rate significantly decreases (48 h, 94% yield, Table 3,

4| J. Name., 2012, 00, 1-3
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Fig. 3. (a) Plots of conversion of thioanisole to methyl phenyl sulfoxide in CH;0H (open
circle) and CD;0D (solid circle). (b) Proposed mechanism for the photocatalytic oxidation
of thioanisole.

entry 8). It is also noted that as the sulfide size increases from
1A to 1H, the reaction rate of decreases about four times (Table
3, entries 1 and 8), likely due to the significantly larger size of
1H that slows down its mass transport in the porous structure
of the catalyst.

Table 3. Substrate Scope of the Aerobic Oxidation of Sulfides®

o
p-Seg _PTCT. 0.5 mol% Ar/g\R
MeOH, Air, hv
1 2

1A: Ar= CgHs, R=Me

1B: Ar= CgHs, R=Et

1C: Ar= 4-Me-CgH,4, R= Me
1D: Ar = 4-CI-C¢Hy4, R= Me
1E: Ar= 2-Br-CgHy, R= Me

e

1G:

o

1H: /@ 2H: 2 /@
©/S\/\S ©/S\/\§
(o]
entry substrate t (h) conversion (%)? selectivity?c  yield?

1 1A 12 >99 97 :3 95
2 1B 16 >99 95:5 94
3 1C 14 >99 96:4 95
4 1D 18 >99 98:2 97
5 1E 18 >99 99:1 98
6 1F 8 >99 99:1 98
7 1G 14 >99 99:1 93
8¢ 1H 48 >99 95:5 94

9Reaction condition: 0.5 mol% pTCT, 0.4 mmol sulfide, 5 mL MeOH, 26 W white
CPL at room temperature for 12 h. bConvertion and selectivity were determined
by IH NMR. cThe ratio between sulfoxide and sulfone. dIsolated yield. €0.2 mmol
substrate was used.

This journal is © The Royal Society of Chemistry 20xx
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Oxidative amine coupling

We next studied the photocatalytic performance of D-A POFs in
the aerobic oxidation of primary amines to imines, a widely
studied model reaction.32 In the presence of 0.5 mol% POFs,
benzylamine was oxidized to the corresponding Schiff-base with
excellent yield (Table 4). Again, control experiments confirmed
the necessity of the photocatalyst, light irradiation, and air
(Table S3, entries 2-4, ESI). The monomers exhibit significantly
lower or no activity (Table S3, entry 5-8), highlighting that the
polymerization indeed enhances the photocatalytic activities.

According to the previously proposed reaction mechanism,
the oxidative amine coupling can undergo either an energy
transfer (10;) or electron transfer (0:*") pathway.33 A
comparative study shows that only pTCT exhibits a slightly
improved reaction rate in the deuterated solvent (CDsCN) (Fig.
4). Meanwhile, NaN3; does not inhibit the reaction (Table 4,
entry 5). Hence, most likely the reaction proceeds through the
electron transfer (0,*") pathway (Fig. S17 in ESI) and the
turnover of the photocatalyst requires two sequential single
electron transfer (SET) steps, which generate benzylamine
cation radical and O,*~ that further react to each other to afford
an electrophilic imine. The imine intermediate then attacks to
another amine molecule to form the final product.

It is noted that D-A POFs have higher activity than pTCB
(Table 4 and Fig. 4). For instance, pTCT-2P has highest efficiency
(6 h, 98% yield, Table 4, entry 3) and the pTCB shows the lowest
photocatalytic activity (24 h, 96% vyield, Table 4, entry 4). Since
pTCB has the fastest rate for ROSs generation, its low activity
for this reaction is likely due to unfavored kinetics in the
oxidization of benzylamine (E1/2°% = +1.23 V33). For the three D-
A POFs, the photocatalytic activity slightly increases from pTCT
to pTCT-2P, a trend consistent with the rate ROSs generation
and subsequent O, reduction (Fig. 2c), which therefore
indicates the amine oxidation is not rate limiting step.

The substrate scope was studied using pTCT-2P as the
photocatalyst. Excellent conversion (> 99%) and selectivity (>
92%) were obtained for different derivatives benzylamine
(Table 5). The substituent on the phenyl ring has an insignificant

Table 4. Screening Photocatalysts for the Oxidative Amine Coupling®

F'I'lull::l. aml:.-*:.l

MECN Alr,
entry photocatalysta yield (%)b
1 pTCT 97 (12 h)
2 pTCT-P 98 (8 h)
3 pTCT-2P 98 (6 h)
4 pTCB 96 (24 h)
5 pTCT 96 (12 h)c

aStandard condition: 0.5 mol% photocatalyst, 0.4 mmol benzylamine, 5 mL
MeCN, 26 W white CFL at room temperature. ®Determined by *H NMR. €2.0 equiv
NaNs.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4. Photocatalytic benzylamine coupling in CH3CN (open circle) and CDsCN (solid
circle).

effect on the reaction rate and selectivity. In general, electron
withdrawing group accelerates (Table 5, entries 2-3) and
electron donating group decelerates the reaction (Table 5,
entries 4- 5). In the cases of heterocyclic methylamines, a longer
reaction time is needed (e.g. pyridin-4-yl-, furan-2-yl-, and
thiophen-2-yl-, Table 5, entries 6-8), consistent with previous
results where TiO; was used as the photocatalyst.3* With the
high yield and excellent selectivity, the obtained Schiff-bases
can be easily applied for further organic synthesis. For example,
after the photocatalytic amine coupling, an Ugi-type reaction
can be directly conducted without purification (Fig. S4 in ESI).35
For both the electron donating and withdrawing substrates, the
di-amide products, which can be transferred to a-amino acid,
were obtained with good isolated yields (76%—86%).

Aerobic photo-oxidative Mannich reaction

The potential application of POFs in the well-studied photo-
oxidative Mannich reaction was also studied.3® This

Table 5. Substrate Scope of the Photocatalytic Oxidative Amine Couplinga

TCT-2P 0.5mol% N
A ONH, TN AN
MeCN, RT. hv
3 4

3G: \ / H, 4G: <f /\L>
@/\NHZ 4H: WN/\L/)

3A: Ar= CgHj5

3B: Ar= 4F-CgHy
3C: Ar= 4CI-CgH
3D: Ar = 4Me-CgH,
3E: Ar= 4MeO-CgH,

entry substrate t(h) conversion® selectivity®©
1 3A 8 >99% 98:1
2 3B 4 >99% 99:1
3 3C 5 >99% 99:1
4 3D 10 >99% 96:1
5 3E 12 >99% 98:1
6 3F 36 >99% 92:8
7 3G 24 >99% 99:1
8 3H 30 >99% 99:1

aReaction condition: 0.5 mol% pTCT-2P, 0.4 mmol thioether, 5 mL MeOH, 26
W white light at room temperature. ®Convertion and selectivity was tested by
1H NMR. <The byproduct is the corresponding aryl aldehyde.

J. Name., 2013, 00, 1-3 | 5
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Table 6. Aerobic Photo-oxidative Mannich Reaction.®
Pholocalalyst

Ry
[ :I o L-Prg-0OH
N o
Ky \©\ + _,J'L\_\ MeCH. Air, hy
3]

a H@
D,
R

B T

entry substrate Ry, Rz yield (%)?
1 6A Ri=H, Ra=H 96 (18 h)°
2 6A Ri=H, Ra=H 98 (6 h)
3 6A Ri=H, Ra=H 95 (8 h)?
4 6A Ri=H,R2=H 96 (10 h)e
5 6B Ri=H, R2=Br 96 (6 h)
6 6C Ri1=H, R;=0Me 96 (6 h)
7 6D R:=OMe, R, = H 96 (6 h)
8 6E R:= OMe, Ro= Br 90 (6 h)
9 6F Ri= OMe, R, =OMe 86 (24 h)
10 6G Ri=tBu,Ra=H 98% (6 h)

aStandard condition: 0.5 mol% pTCT-P, 0.25 mmol substrate, 2.5 mmol
acetone, 0.05 mmol L-Proline, 5 mL MeCN, 26 W white CPL at room
temperature for 6 h. blsolated yield. pTCT as catalyst. 9pTCT-2P as catalyst.
epTCB as catalyst.

C(sp3)-C(sp3) cross-coupling reaction involves the oxidative
activation of the a-amino C-H bond to generate reactive
iminium ions and subsequent C-C bond formation between the
iminium ions and a nucleophilic imine (Fig. S19 in ESI). With 0.5
mol% loading of POFs as the photocatalyst, an excellent yield
(95%—98%) was achieved after visible light irradiation of an
aerated mixture containing N-phenyl-tetrahydroisoquinoline
(3A) and L-proline (co-catalyst) in the presence of acetone (Fig.
S18). Different from the amine coupling reaction, pTCT-P
exhibits the highest catalytic activity (6 h, 98%, Table 6, entry 2),
which is better than both highly reductive pTCB (10 h, 96%,
Table 6, entry 4) and highly oxidative pTCT (18 h, 96%, Table 6,
entry 1). This result suggests that a balanced O; reduction and
amine oxidation is critical to this reaction and highlights the
necessity of modulating the photoredox properties of POFs for
catalytic applications.

A wide scope of substrates was used to test the effect of
substituent on the reaction. As shown in Table 6, with 0.5 mol%
pTCT-P as the photocatalyst, the cross-dehydrogenative
coupling products with acetone were obtained in good to
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excellent yields (86%—-98%). Both the electron donating group (-
OMe) and electron withdrawing group (-Br) on the N-phenyl or
tetrahydroisoquinoline did not affect the reaction rate (Table 6,
entries 6-8). However, for the substrate 6F where both N-
phenyl and tetrahydroisoquinoline contain a methoxyl group,
both the reaction rate and yield decreased (Table 6, entry 9).

Recyclability and stability

Recyclability of the POFs were tested for all three reactions. As
for the sulfides oxidation, the conversion can still reach 95% and
96% for pTCT-P and pTCT-2P after five times of reuse,
respectively (Fig. 6a). However, a noticeable decrease of
conversion from 99% to 68% was found for pTCT. A similar trend
was observed in the oxidative amine coupling and Mannich
reactions. The pTCT-P, pTCT-2P, and pTCB show excellent
recyclability: after five times of reuse, the decay of reaction
conversion is less than 5% (Fig. 6b-c). When pTCT was used for
these two reactions, however, the decay of conversion was
faster, specifically, decreased from 95% to 71% for amine
coupling (Fig. 6b) and from 97% to 67% for Mannich reaction
(Fig. 6¢), respectively. The chemical stability of the POFs was
investigated by FT-IR spectroscopy. The recovered pTCT-P,
pTCT-2P, and pTCB did not show significant change compared
with the original sample, indicating their high stability.
However, a new peak at 1736 cm~! corresponding to C=0 bond
appears in the FT-IR spectra of the recovered pTCT, which
indicates the partly oxidation of pTCT during the reaction (Fig.
S20in ESI).

Conclusions

In summary, we reported the preparation of carbazole-triazine
based D-A POFs and their applications in three prototypic
photocatalytic aerobic oxidation reactions. The incorporation of
the triazine-based electron acceptor into D-A POFs induces an
efficient photoinduced charge separation, which promotes the
triplet-triplet energy transfer pathway to generate 10,.
Meanwhile, the redox potentials in both ground state and
excited state can be controlled via the adjustment of the D-A
distance in the monomer. Correspondingly, the photocatalytic
activities of D-A can be fine-tuned. Sulfides oxidation, oxidative
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Fig. 6. Recyclability of POFs in (a) sulfide oxidation; (b) amine coupling; and (c) Mannich reaction. Reaction time was fixed for each cycle.

6 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 9



Page 7 of 9

amine coupling, and Mannich reaction were chosen to
investigate the catalytic activity of the POFs. Due to their
outstanding capability to generate the ROSs and tunable redox
potentials, the D-A POFs shown significant higher photocatalytic
activity in all these three reactions than pTCB that is only
composed of carbazole donor. This work provides a guidance
for the future design of the porous metal-free photocatalysts

with broad substrate scope.
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