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Abstract

Developing cheap, highly efficient, metal-free heterogeneous photocatalysts remain a great challenge in photoredox reactions.
Herein, we utilize a typical Suzuki coupling of low-cost triphenylamine derivative and 9,10-dibromoanthracene to synthesis
a donor—acceptor type conjugated microporous polymer (denoted as PAA-CMP). As expected, heterogeneous PAA-CMP
exhibits excellent photocatalytic performance, good functional group tolerance and satisfying recyclability in metal-free
aerobic oxidative coupling of amines to imines driven by visible light, which is due to its absolute energy level positions and
good physicochemical stability. More excitingly, PAA-CMP can enable the gram-scale air-oxidized photocatalytic conver-
sion under natural sunlight irradiation, yielding the desired imine product with an isolated yield of 65% for 48 h. The current
work provides a great application prospect for CMPs in low-cost and large-scale organic industrial production in the future.

Graphic Abstract

The prepared donor-acceptor (D-A) type conjugated microporous polymer (PAA-CMP) as a metal-free and heterogeneous
photocatalyst enable the gram-scale air-oxidized photocatalytic conversion of benzylamine into N-benzylidenebenzylamine
under natural sunlight irradiation, yielding the desired imine product with an isolated yield of 65%.
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and ambient pressure) [1-3]. Up to now, numerous photo-
catalysts involving inorganic semiconductors (TiO, [4, 5],
In,05 [6], Au-Pd alloy [7], etc.), transition metals-based
complexes (Ru [8], Pd [9], Pt [10], etc.) and organic dyes
(eosin Y [11], Flavin [12], rose bengal [13], etc.) have been
successfully employed to photocatalytic organic transfor-
mations, such as coupling of amines, oxidation of sulfides,
dehydrogenation of N-heterocycles, hydroxylation of arylbo-
ronic acids, oxidation of aldehydes, etc. Regardless of their
high efficiency, there are some inherent weaknesses includ-
ing high cost, toxicity and instability, thereby limiting their
application in large-scale industrial production. Therefore,
the development of various cheap, metal-free, stable and
heterogeneous photoredox systems is an effective strategy
to overcome these limitations.

Conjugated microporous polymers (CMPs) as a class
of potential heterogeneous photocatalytic platform have
attracted growing attention in photoredox catalysis (e.g.
coupling of amines [14], oxidation of sulfides [15], dehalo-
genation of haloketones [16], stille-type coupling [17], Aza-
Henry reaction [18], etc.) due to their extended n-conjugated
skeletons, wide visible-light absorption, high stability,
non-toxicity and repeatability. It is generally believed that
photocatalytic performance of CMPs is likely determined
by their energy band structure (namely the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO)) [19]. Research shows that a pre-
cise combination of electron donor—acceptor (D-A) moieties
in CMPs can not only optimize the energetic band level but
also enhance separation of photogenerated charge carriers,
thus improving their photocatalytic performance [20-22].
Recently, some D-A type carbazole-based CMPs synthe-
sized via a known oxidative polymerization have displayed
great potential in several photoredox reactions such as deg-
radation of mustard-gas [23], Aza-Henry reaction [24], C-3
functionalization of indoles [25], and 1,2-formylarylation of
N-arylacrylamides [26]. Because of strong electron donat-
ing ability of carbazole units, these carbazole-based CMPs
show significantly more positive HOMO position and more
negative LUMO position compared to the other analogues,
indicating the presence of their strong redox abilities. Never-
theless, these chosen monomers usually suffer from tedious
synthesis procedures and high costs. In this regard, the direct
polymerization of electron-donor and electron-acceptor
monomers is a more intriguing and cost-effective approach
for fabricating a series of new CMPs with D-A structure. For
instance, Zhang’s group has utilized benzothiadiazole as an
electron acceptor to prepare a series of D-A type CMPs via
metal-assisted cross-coupling reactions [27].

Herein, we employ a low-cost electron-donor triph-
enylamine derivative and an electron-acceptor 9,10-dibro-
moanthracene as raw materials to prepare a D-A type CMP
(PAA-CMP) via a typical Suziki-coupling reaction. As
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expected, PAA-CMP is found to be an excellent metal-free
heterogeneous photocatalyst for acrobic oxidative coupling of
primary amines into various imine products with high photo-
catalytic activity, good functional group tolerance and satisfy-
ing recyclability. More interestingly, PAA-CMP has the ability
to achieve the gram-scale photocatalytic oxidation by using
benzylamine as a substrate and air as an oxidant under natu-
ral sunlight irradiation, implying that PAA-CMP may possess
a great potential for the application of CMPs in large-scale
organic industrial production in the future.

2 Experimental Section

2.1 Synthesis of PAA-CMP

A 250 mL three-necked flask equipped with a spherical con-
denser was charged with tris-[4-(4,4,5,5-tetramethyl-[1,3,2]
dioxaborolan-2-yl)-phenyl]-amine ((PhBpin);A, 0.33 mmol)
and 9,10-dibromoanthracene (Br,A, 0.5 mmol), and then
degassed N,N-Dimethylformamide (DMF, 50 mL) and
K,COj solution (2 M, 10 mL) were added under N, atmos-
phere. The mixture was stirred and heated up to 80 °C, and
then tetrakis(triphenylphosphine)palladium (Pd(PPhs;),,
0.017 mmol) was added under N, atmosphere. The resulting
mixture was stirred and heated up to 150 °C for 72 h. After
cooling to room temperature, the formed precipitate was fil-
tered and washed with water, acetone and tetrahydrofuran,
respectively. Further, the collected solid was purified via
soxhlet extraction with tetrahydrofuran solution and finally
dried at 100 °C in vacuum oven to give a yellow-green pow-
der (89% yield, 0.33 g, containing Pd of 0.63 wt%).

2.2 Photocatalytic Oxidation Coupling of Amines

A quartz tube equipped with a cold finger condenser was
charge with photocatalyst PAA-CMP (15 mg), substrate
amine (0.5 mmol), n-dodecane (0.5 mmol) as the internal
standard and acetonitrile (10 mL). The reaction mixture was
conducted with ultrasonic dispersion for 10 min, and then
was stirred and irradiated by white LED under O, atmos-
phere at 25 °C for 16 h. After the reaction was accomplished,
photocatalyst was recycled by centrifugation, and the super-
natant liquid was analyzed by GC to confirm yield of target
product through the calibration curves. In scale-up reaction
for oxidative coupling of benzylamine, the imine product
was obtained by filtration, concentration and silica gel chro-
matography with ethyl acetate.



Donor—Acceptor Type Conjugated Microporous Polymer as a Metal-Free Photocatalyst for...

0O-B
_< > O o
Q O @ /‘?\ O /e\
g Pd(PPhg)s, KoCO3
{ . ) o : N
d B‘ojg * r 8 ' DMF, H,0, N,, 150 °C Q 8 O Q
T
PAA-CMP

(PhBpin);A BroA
(electron donor) (electron acceptor)

Fig.1 Synthesis of PAA-CMP

3 Results and Discussion microscopy (SEM) images show that PAA-CMP is com-
posed of spherical microparticles of different sizes (Fig. S1).
3.1 Characterization Successful coupling reaction was also confirmed by FT-IR

and solid-state’>’C CP/MAS NMR. Figure 2a shows that the
As shown in Fig. 1, PAA-CMP was synthesized via a typi- ~ C-Br peak (577 cm™) in Br,A and B-O peak (1359 cm™)
cal Suzuki coupling reaction between (PhBpin);A as a  as well as CH; group (2978 cm™") of boronic pinacol
donor unit and Br,A as an acceptor unit. Scanning electron  ester in (PhBpin);A are almost absent from the spectrum
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Fig.2 a FT-IR spectra of (PhBpin);A, Br,A and PAA-CMP; b Solid state 13C CP/MAS NMR spectrum of PAA-CMP; ¢ Absorption isotherms
of PAA-CMP under N, at 77 K; d Pore size distributions of PAA-CMP
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of PAA-CMP [28-30], testifying to effective Suzuki cou-
pling. Solid-state'’C CP/MAS NMR spectrum of PAA-
CMP reveals peak at 146 ppm arising from carbon atoms
in C-N bonds and peak at 135 ppm arising from carbon
atoms (e and f) in anthracene ring (Fig. 2b). In addition,
signals at 129 and 125 ppm are attributed to carbon atoms
in benzene ring and anthracene ring. Adsorption—desorp-
tion measurement of PAA-CMP under N, at 77 K exhibits
Brunauer—Emmett-Teller (BET) surface areas of 506 m? g}
with the total pore volume of 0.59 cm® g~! (Fig. 2c). Based
on nonlocal density functional theory (NLDFT), pore size
distribution of PAA-CMP is calculated to be around 0.8, 1.1
and 1.6 nm, demonstrating microporosity (Fig. 2d). Thermal
analysis demonstrates that PAA-CMP retains about a 98%
weight up to 530 °C, confirming its high thermal stability
(Fig. S2).

UV-vis diffuse reflectance spectrum (DRS) of PAA-
CMP, which well inherits the feature of acceptor Br,A,
exhibits a sufficient absorption band ranging from
300-500 nm (Fig. 3a). This permits PAA-CMP to be avail-
ably excited under visible-light irradiation. Under excitation
at 270 nm, both acceptor Br,A and polymer PAA-CMP have
almost same maximum emission peak around 505 nm, and
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Fig.3 a UV-Vis DRS spectra of (PhBpin);A, Br,A and PAA-CMP;
b Steady-state photoluminescence emission spectra of (PhBpin);A,
Br,A and PAA-CMP (excitation at 270 nm); ¢ Band gap of PAA-
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emission intensity of PAA-CMP is evidently weaker than
acceptor Br,A (Fig. 3b). At the same time, UV—vis DRS and
emission spectra of PAA-CMP are significantly red-shifted
than those of donor (PhBpin);A. The red shift as well as the
decreased emission intensity possibly signifies the effective
intramolecular energy transfer and electron transfer [20, 24,
31, 32], which is mainly derived from the donor-accepter
structure of PAA-CMP. To elucidate the electronic proper-
ties of PAA-CMP, cyclic voltammetry (CV) measurement
was implemented to reveal its energy band structure. As
shown in Fig. 3d, the lowest unoccupied molecular orbital
(LUMO) position of PAA-CMP is determined to be — 1.75 V
vs. Ag/AgCl. With the bandgap value of PAA-CMP calcu-
lated to be 2.67 eV from Kubelka—Munk function (Fig. 3c¢),
the highest occupied molecular orbital (HOMO) position
of PAA-CMP is then determined to be 0.92 V vs. Ag/AgCl
(inset in Fig. 3d). Because the LUMO potential of PAA-
CMP is much more negative than the reduction potential of
0,/0,7 (—0.48 V vs. Ag/AgCl) [33, 34], it is theoretically
feasible for photocatalytic activation of O, to generate active
species superoxide radical anion (O, ™) over PAA-CMP,
thereby conducting oxidative coupling of amines.
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3.2 Photocatalytic Performance

To investigate the photocatalytic performance of PAA-CMP,
we first conducted the aerobic oxidative coupling of ben-
zylamine into N-benzylidenebenzylamine under white LED
lamp irradiation, and the results are listed in Table 1. The
blank experiments showed that the oxidation reaction did not
proceed in the absence of light, oxygen or catalyst (Table 1,
Entries 1-3), signifying that these factors including light,
oxygen and catalyst are essential for oxidative coupling of
benzylamine. Under white LED irradiation and O, atmos-
phere, PAA-CMP could promote the transformation of ben-
zylamine into N-benzylidenebenzylamine with an 86% yield
(Table 1, Entry 4). To investigate which are active species in
this reaction, some scavengers including potassium iodide
(K1), 1,4-diazabicyclo[2.2.2]octane (DABCO) [35], benzo-
quinone and isopropanol were added to verify the presence
of the hole (h*), singlet oxygen ('0,), O,~, hydroxyl radi-
cal (-OH), respectively. It was shown that KI, DABCO and
benzoquinone could effectively quench the reaction, while
isopropanol did not play inhibiting effect (Table 1, Entries
5-8), suggesting that crucial species involved in oxidative
coupling of amines are composed of h*, 1O2 and O, except
-OH. Importantly, compared to commercial photocatalysts
such as anatase TiO,, BiVO, and g-C;N, (Table 1, Entries
9-11), the designed D-A type PAA-CMP showed the high-
est photocatalytic activity for oxidative coupling of ben-
zylamine. Particularly, anatase TiO, also could promote
conversion of benzylamine into N-benzylidenebenzylamine

with medium yield, which was attributed to slight ultraviolet
light around 285 nm of white LED.

Next, we explored the substrate scope of oxidative
coupling of primary amines, and the results are listed in
Table 2. Benzylamines bearing electron-donating groups
(e.g. methoxy and methyl) were transformed into the cor-
responding imines with higher yields than benzylamines
bearing electron-withdrawing groups (e.g. bromo and tri-
fluoromethyl) under the same reaction conditions (Table 2,
Entries 2-5). This is possibly because that electron-donating
group enhances electronic density of the substrate, which
is easily oxidized by defective-electron hole of PAA-CMP.
Para-substituted benzylamine showed higher reactive activ-
ity than ortho-substituted benzylamine because of steric hin-
drance (Table 2, Entries 2 and 6). Moreover, picolylamine
and 2-thiophenemethylamine, which are regarded as repre-
sentative of heterocyclic amines, could be converted into the
corresponding imines with 91% and 85% yields, respectively
(Table 2, Entries 7 and 8).

Further, PAA-CMP which was simply recovered by
centrifugal separation was again added to benzylamine
solution to investigate its recyclability. As shown in
Fig. 4a, PAA-CMP could be used at least six cycles with-
out significant loss of catalytic activity, exhibiting high
recyclability. Most of FT-IR spectra of PAA-CMP before
and after six cycles are consistent (Fig. S4A). However,
in-plane bending vibration at 1390 cm™ of residual CH,
group and out-plane bending vibration at 882 cm™! of
aromatic C-H in fresh PAA-CMP are disappeared after six

Table 1 Photocatalytic aerobic oxidative coupling of benzylamine into N-benzylidenebenzylamine

hotocatalyst, O
p y 2 -

©/\NH2

oC

White LED
Entry Photocatalyst 0, hv Scavengers® Inhibited Species Yield (%)°
1 PAA-CMP + - - - n.d
2 PAA-CMP - + - - 1
3 - + + - - n.d
4 PAA-CMP + + - - 86
5 PAA-CMP + + KI ht 40
6 PAA-CMP + + DABCO o, 43
7 PAA-CMP + + benzoquinone 0,” 19
8 PAA-CMP + + isopropanol -OH 86
9 TiO, + + - - 57
10 BiVO, + + - - 66
11 g-C3Ny + + - - 25

Benzylamine (0.5 mmol), photocatalyst (15 mg), n-dodecane (internal standard, 0.5 mmol), O, atmosphere, white LED, acetonitrile (10 mL),

25°Cand 16 h
aScavengers (0.5 mmol)

"Determined by GC with n-dodecane as the internal standard
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Table 2 Substrate Scope for oxidative coupling of primary amines into imine products

/©/\NH2 w» /©/\N¢\©\
R R R

Entry Substrate Product Yield(%)*
1 R=H R=H 86
2 R=0OMe R=0Me 93
3 R=Me R=Me 95
4 R=Br R=Br 84
5 R=CF, R=CF, 81
6 o Saps :
<|3 o o©
I
7 | S NH, AN N/ N 91
N/ | — | —
N N
8 s 85

S
@AN%
Y/

Primary amine (0.5 mmol), photocatalyst (15 mg), n-dodecane (internal standard, 0.5 mmol), O, atmosphere, white LED, acetonitrile (10 mL),

25°Cand 16 h

“Determined by GC with n-dodecane as the internal standard

Yield (%)

Cycles

Fig.4 a Recyclability of PAA-CMP in oxidative coupling of ben-
zylamine into N-benzylidenebenzylamine with n-dodecane as the
internal standard; b Scale-up reaction under nature sunlight and air
atmosphere. Reaction conditions: benzylamine (18.7 mmol, 2 g),

cycles (Fig. S4B), suggesting that residual groups (e.g.
boronic pinacol ester) in PAA-CMP easily fall off during
the photocatalysis reaction. To explore the applicability
of PAA-CMP for further industrial manufacture, a gram
scale reaction for the oxidative coupling of benzylamine
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PAA-CMP (100

nature sunlight
48 h;-ai

PAA-CMP (100 mg), air atmosphere, acetonitrile (100 mL), nature
sunlight irradiation for 48 h in Guangzhou, China (07/13/2020-
07/14/2020, atmospheric temperature (28-35 °C))

into N-benzylidenebenzylamine was performed under
nature sunlight irradiation and air atmosphere. As shown
in Fig. 4b, after proceeding for 48 h, an isolated yield
of 65% for N-benzylidenebenzylamine was obtained.
These results indicate that PAA-CMP possess great



Donor—Acceptor Type Conjugated Microporous Polymer as a Metal-Free Photocatalyst for...

application prospects for low-lost and large-scale organic
transformation.

3.3 Mechanistic Considerations

To shed light on the mechanism of photocatalytic oxidative
coupling of amines, some control experiments were con-
ducted. N,N,N',N'-tetramethylphenylenediamine (TMPD),
a well-known rich-electron indicator, is widely employed to
evaluate the ability of photocatalyst with respect to mediat-
ing electron transfer from electron-donating substrates to
oxygen [36]. As shown in Fig. 5A, after white LED irradia-
tion for 0.5 h, PAA-CMP could promote the formation of
strong absorption peaks at 523, 562 and 614 nm assigned
to cationic radical species of TMPD, but the solution color
turned from without color to purple color rather than the
reported blue color [37], which is possibly attributed to the
emission spectrum of white LED containing slight ultra-
violet light (Fig. S1). This result indicates that PAA-CMP
can mediate electron transfer from the amine substrate to
0,, thereby resulting in active species O, ~. Next, hydrogen
peroxide (H,0,), one of the postulated intermediates, was
investigated by using Horseradish peroxidase (POD)-cata-
lyzed oxidation of N, N-diethyl-1,4-phenylenediammonium

0.8 T
N
+ 0, White LED, 05 b © + 0
; 0.6 PAA-CMP g
8
(0]
204
©
2
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(2]
£02
—— PAA-CMP
'\
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Wavelength (nm)
(C) No Cat.
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B
8
2
‘@
{=)
2
=
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332 334 336
Magnetic Field (mT)

330 338

Fig.5 UV-vis absorption spectra and photograph of the cationic rad-
ical species of TMPD a and DPD b generated by PAA-CMP in the
presence of visible light and oxygen; ¢ ESR spectra of the samples

u.)

=
©

Absorbance (a.

(D)

%

PAA-CMP

<

@NHZ

sulphate (DPD) [38]. In the presence of PAA-CMP, two
strong absorption peaks at 512 and 553 nm along with obvi-
ous color change from light red to dark red were formed
(Fig. 5b), probably indicating the presence of H,0, in cata-
lytic system of PAA-CMP. Further, 102, one of the vital
reactive oxygen species derived from energy transfer in pho-
toredox reactions, was detected by electron spin resonance
(ESR) test with 2,2,6,6-tetramethylpiperidine (TEMP) as the
trapping agent. Figure 5c showed that PAA-CMP promoted
the generation of a strong 1:1:1 triplet signal, which was
assigned to 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
radical derived from reaction between TEMP and 1O2 [39].

In view of the above experimental results and reported
literatures [25, 40-42], one plausible mechanism involv-
ing both O, and 'O, was proposed for PAA-CMP cata-
lyzed oxidative coupling of benzylamine. As shown in
Fig. 5D, photocatalyst PAA-CMP was excited to produce
the excited state (PAA-CMP") under visible-light irradia-
tion. Then, molecular oxygen (O,) adsorbed on surface of
PAA-CMP was activated by PAA-CMP” to reactive oxy-
gen species O, and '0, via electron transfer and energy
transfer, respectively, as well as resulting in the formation
of cationic radical of PAA-CMP (PAA-CMP™), which was
also regarded as the hole. Next, benzylamine substrate was

1.2

520 560
Wavelength (nm)

480 600

» O,
PAA-CMP Ho05

©”NH2
o

b
©/\NH2

NH,

saae

10, + 05
e
PAA-CMP

o
o
a
i:/\\N’\:: -NH3
after mixing TEMP solution with PAA-CMP and O, under visible

light. d Proposed mechanism of PAA-CMP photocatalyzed oxidative
coupling of benzylamine to the imine
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oxidized by positive charge of PAA-CMP* to generate the
cationic radical of benzylamine (a), which reacted with
0, or '0, to form the imine intermediate (b) and H,0,.
Particularly, the in situ formed H,0, could oxidize the free
benzylamine to afford the imine intermediate (b). Finally,
the imine intermediate (b) reacted with a free benzylamine
to produce the intermediate (c¢), which further gone through
elimination of ammonia under hole-assisted to afford the
imine product.

4 Conclusion

In summary, we designed and synthesized a class of D-A
type CMPs, which was considered as a low-cost, metal-free,
heterogeneous photocatalyst in the oxidative coupling of
amines into imines. Thanks to its excellent optoelectronic
properties and good chemical stability, PAA-CMP with the
D-A structure exhibits remarkable photocatalytic activity,
good tolerance and satisfying recyclability. Especially, a
gram-scale preparation of the imine product was achieved
with a high yield of 65% under natural-sunlight irradiation
by using benzylamine as a feedstock and air as an oxidant,
thus opening the prospect for the large-scale industrial
applications of CMPs. Further studies are underway to opti-
mize synthesis approach of D-A type CMPs via metal-free
catalysis.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10562-021-03574-z.
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