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ABSTRACT: Covalent organic frameworks (COFs) have emerged as tunable, crystalline, and porous functional organic materials,
but their application in photocatalysis has been limited by rapid excited-state quenching. Herein, we report the first example of dual
photoredox/nickel catalysis by an sp2 carbon-conjugated spirobifluorene-based COF. Constructed from spirobifluorene and nickel-
bipyridine linkers, the NiSCN COF adopted a two-dimensional structure with staggered stacking. Under light irradiation, NiSCN
catalyzed amination and etherification/esterification reactions of aryl halides through the photoredox mechanism, with a catalytic
efficiency more than 23-fold higher than that of its homogeneous control. NiSCN was used in five consecutive reactions without a
significant loss of catalytic activity.

Covalent organic frameworks (COFs) possess many
desirable features such as robust structures, large surface

areas, and well-defined pore environments1−8 for potential
applications in gas separation, conductivity, drug delivery, and
catalysis.9−21 As interlayer π−π interactions provide an
important driving force for COF synthesis,22 most COFs
have two-dimensional (2D) structures with sp2 carbon
linkages23−25 and exhibit rapid exciton diffusion to quench
excited states.26−29

We recently reported a photosensitizing 2D pyrene-based
COF with long-range π-conjugation and eclipsed stacking of
2D networks.30 This sp2 carbon-conjugated COF shows fast
energy transfer between pyrene units and Ni-bpy (bpy is 2,2′-
bipyridine) moieties to promote the generation of aryl radicals
and catalyze photocatalytic borylation and trifluoromethylation
of aryl halides, but exhibits low activity in dual photoredox and
Ni-catalyzed reactions (e.g., C−O and C−N coupling
reactions) due to rapid excited-state quenching and poor
redox properties of the pyrene units.31 We surmised that less
efficient conjugation between the repeating units and staggered
stacking between 2D networks would slow excited-state
quenching in 2D COFs.32,33 Rational incorporation of
photosensitizing units and Ni centers in such 2D COFs can
facilitate dual photoredox and Ni catalysis (Figure 1).18

Herein, we report the first example of a 2D COF based on
spirobifluorene (sp) building blocks for dual photoredox and
Ni catalysis. The sterically hindered sp3 carbon-based building
blocks not only break the conjugation in 2D networks but also
favor staggered stacking to prevent excited-state quenching.
The 2D COF with an sp2-carbon linkage, SCN, was prepared
via Knoevenagel condensation of spirobifluorenyl tetrabenzal-
dehyde (sp-CHO) and 5,5′-bis(cyanomethyl)-2,2′-bipyridine
(bpy-CN) and then coordinated to Ni(II) centers via the bpy
moieties to form NiSCN (Figure 2a). Under light irradiation,
the photoexcited sp units in NiSCN synergized with adjacent
Ni(bpy)Br2 centers to catalyze amination, etherification, and

esterification of aryl bromides with 23 times higher efficiency
than its homogeneous analogs.
Based on the literature precedent of an imine-linked

spirobifluorene COF,34,35 we targeted the synthesis of SCN
with a C�C linkage from sp-CHO and bpy-CN building
blocks. The C�C linkages provide structural rigidity,
improved stability, and enhanced energy/electron transfer.36

Although imine-based COFs have generally shown high
crystallinity, only a few sp2-carbon-conjugated COFs with
good crystallinity have been reported, due to the poor
reversibility of C�C bonds.37,38 Extensive screening of
synthetic conditions was carried out (Table S1) and led to
the synthesis of SCN through a Knoevenagel reaction between
sp-CHO and bpy-CN in 1,4-dioxane with a 4 M aqueous KOH
solution at 100 °C (Figure 2a and Table S1). NiSCN was
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Figure 1. Schematic showing energy transfer catalysis by pyrene-
based 2D COF (left)30 and dual photoredox/Ni catalysis by NiSCN
(right).
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obtained by metalation of SCN with NiBr2·dme (dme is
ethylene glycol dimethyl ether) in dichloromethane at 60 °C.
After the Knoevenagel condensation, the characteristic C�

O stretching vibration of sp-CHO at 1690 cm−1 significantly
decreased in intensity in the Fourier transform-infrared (FT-
IR) spectrum of SCN (Figure S1). The C�C stretching
vibration at 1595 cm−1 increased in intensity due to the
formation of the vinyl linkage. The C�N stretching vibration
shifted from 2255 cm−1 in bpy-CN to 2214 cm−1 in SCN and
2216 cm−1 in NiSCN (Figure 2b), indicating π-conjugation
between the CN groups and the C�C bonds in SCN and
NiSCN.39 The solid-state 13C NMR spectrum of SCN showed
a new peak at 107.3 ppm for conjugated nitrile groups (Figure
S2).
Powder X-ray diffraction (PXRD) studies showed that SCN

and NiSCN exhibited 2D network structures with moderate
crystallinity. Pawley refinement showed good agreement
between the experimental and simulated PXRD patterns of
SCN with Rp = 0.81% and Rwp = 1.24%. SCN adopted
staggered stacking of 2D networks due to the nonplanarity of
sp units, which disrupts interlayer π−π interaction (Figure 2c
and Table S2). Pawley refinement of the experimental PXRD
pattern of NiSCN also matched the simulated pattern with Rp
= 1.85% and Rwp = 2.65%. To our knowledge, SCN is the first
sp2-carbon conjugated 2D COF with staggered stacking.40 The
staggered stacking introduced disorder and reduced the
crystallinity of SCN.35

X-ray photoelectron spectroscopy (XPS) showed that
NiSCN had Ni(II) centers with Ni 2p1/2 and 2p3/2 peaks at
872.85 and 875.44 eV, respectively (Figure S3). Extended X-
ray absorption fine structure (EXAFS) analysis showed that the
Ni centers in NiSCN adopted a tetrahedral coordination
environment similar to that of Ni(bpy)Br2 with two Ni−N
bonds at 1.98 Å and two Ni−Br bonds at 2.35 Å (Figure 2d).
N2 sorption isotherms demonstrated the porosity of SCN and
NiSCN with Brunauer−Emmett−Teller surface areas of 322
and 69 m2 g−1, respectively (Figure 2e). Density functional

theory calculations gave pore sizes of ∼1.5 and ∼1.2 nm for
SCN and NiSCN, respectively (Figure S4), which matched the
expected pore sizes for staggered 2D networks (Figure S4).
Transmission electron microscopy imaging showed that SCN
and NiSCN exhibited similar spherical morphologies with
diameters of 100−200 nm (Figure S5).
Nitrogen-containing compounds are of great significance

due to their biological activities. C−N cross-coupling reactions
provide a powerful synthetic method to amines. We evaluated
NiSCN in dual photoredox and Ni-catalyzed C−N coupling
reactions. Under 440 nm irradiation, NiSCN efficiently
coupled morpholine (1a) and methyl 4-bromobenzoate (2a)
in N,N-dimethylacetamide (DMA) to afford 3a in 91%
yield.41,42 A combination of sp and Ni(dtbbpy)Br2 produced
3a in 4% yield under identical conditions (Figure 3a, entry 2).
Thus, NiSCN outperformed corresponding homogeneous
analogues by at least 23 times. Control reactions with SCN
and Ni(dtbbpy)Br2 as the catalyst afforded 3a in 0 and 7%
yield, respectively (Figure 3a, entries 3, 4). A combination of
SCN and Ni(dtbbpy)Br2 gave 3a in a 9% yield (Figure 3a,
entry 5). A control reaction with NiSCN in the absence of light
irradiation did not produce 3a (Figure 3a, entry 6). These
results demonstrated the superiority of NiSCN in dual
photoredox/Ni-catalyzed amination of 2a over homogeneous
controls. In comparison, the reported pyrene-based 2D COF
catalyzed the reaction to give 3a in 27% yield (Table S4).30

The majority of 2a was converted to the dehalogenated
product (45%).
The C−N coupling reaction can occur via a photoredox

process or direct excitation of Ni complexes.41,42 Ni complexes
were reported to absorb around 425 nm.42 However, we did
not observe product formation with Ni(dtbbpy)Br2 as a
catalyst under 440 nm irradiation (Figure 3a entry 5), likely
due to the impact of the dtbbpy ligand on the photochemistry
of Ni complexes. Based on these results, we propose that the
reaction occurs via a photoredox process.

Figure 2. (a) Synthetic scheme of SCN and NiSCN. Gray, C; blue, N; indigo, Ni; red, Br; sp units, yellow. (b) FT-IR spectra of bpy-CN, SCN, and
NiSCN in the C�N stretching region. (c) Simulated and experimental PXRD patterns of SCN and NiSCN. (d) EXAFS analysis of the Ni centers
in NiSCN. The structure model of Ni(bpy)Br2 is shown in the inset. (e) Nitrogen sorption isotherms of SCN and NiSCN at 77 K.
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As cyclic voltammograms (CVs) of COFs typically show
broad bands without distinct peaks, we measured the CV of sp
and used its redox potential to approximate that of sp units in
NiSCN (Figure S11). The CV of sp showed a reversible
reduction peak at −1.08 V vs Fc+/Fc and irreversible oxidation
peaks above 0.5 V (Figures 3b, S11). Emission spectra of
NiSCN were measured (Figure S10) to calculate the oxidation
potential of excited sp units in the COF according to the
thermodynamic cycle. A potential of 1.34 V vs Fc+/Fc was
calculated as the photo-oxidation potential of sp units in
NiSCN. The CV of Ni(bpy-CN)Br2 showed NiIII/II, NiII/I, and
NiI/0 peaks at 0.62, −0.85, and −1.44 V vs Fc+/Fc, respectively
(Figure 3c, S10). Based on these findings, we propose a
mechanistic cycle for NiSCN-catalyzed C−N coupling of aryl
bromides under light irradiation (Figures 3d, S13). Because the
reduction potential of photoexcited sp only allows the
reduction of Ni(II) to Ni(I), the catalytic cycle starts from
two-electron reduction of NiSCN by photoexcited sp to

generate Ni(I)-SCN•− (A), a Ni(I) species with a coordinated
SCN radical anion. The morpholine substrate serves as a
sacrificial reductant in this step. Next, Ar−Br oxidatively adds
to Ni(I)-SCN•− to form SCN-Ni(II)(Ar)(Br) (B), which
undergoes ligand exchange between Br− and morpholine
followed by deprotonation of the Ni-coordinated morpholine
to form SCN-Ni(II)(Ar)[N(CH2CH2)2O] (C). Photoexcita-
tion initiates electron transfer from Ni(II) to SCN to afford
Ni(III)(Ar)[N(CH2CH2)2O] (D), which undergoes reductive
elimination to yield the product 3a and regenerate the catalyst
A. The oxidation power of photoexcited sp units (1.34 V) is
higher than the oxidation potential of Ni(II) to Ni(III) (0.62
V). Compared to the previously reported pyrene-based 2D
COF,30 the sp units in SCN exhibit a higher oxidation
potential in the excited state to promote the reductive
elimination step by single-electron transfer. The sp units
show the longest absorption at 309 nm in the ultraviolet
region, while SCN and NiSCN can both be excited with blue
light (Figures S9, S10). The luminescence lifetimes of SCN
and NiSCN were determined as 3.26 and 2.31 ns, respectively
(Figure S12), which are longer than the reported value for a
spirobifluorene analogue (1.56 ns).43 The increased excited-
state lifetime of NiSCN is, in part, responsible for its enhanced
photocatalytic efficiency over the homogeneous counterparts.
We next investigated the substrate scope of the NiSCN-

catalyzed C−N coupling reactions (Table 1a). Primary and
secondary amines were tolerated to yield aniline derivatives 3a,
3b, 3c, and 3d in 91%, 85%, 87%, and 71% yields, respectively.
With 10 mol % morpholine as the reductant to access the low-
valent Ni complex, aniline and 4-fluoroaniline were successfully
coupled with 2a to give diphenylamines 3e and 3f in 62% and
75% yields. No morpholine-coupled products were observed in
these reactions. Electron-deficient aryl bromides with cyano,
trifluoromethyl, and acetyl groups underwent coupling
reactions to afford aniline 3g, 3h, 3i, and 3j in 92%, 81%,
94%, and 58% yields, respectively. Benzocaine was used in a
late-stage functionalization by coupling with 2a to give 3k in a
76% yield (Figure S6). NiSCN was separated from the reaction
mixture by filtration and used in five consecutive cycles of
coupling reaction between 2a and morpholine (1a) without
loss of catalytic activity (Figure S7), demonstrating the stability
of NiSCN under the catalytic conditions. Removal of NiSCN
by filtration in the sixth run completely stopped the reaction
with <1% Ni leaching in the filtrate as determined by ICP-MS.
The IR spectrum, PXRD pattern, and XPS spectrum of the
recovered NiSCN remained unchanged from those of the
pristine NiSCN (Figure S8).
As C−O coupling reactions are also synthetically useful, we

tested NiSCN in dual photoredox/Ni-catalyzed C−O coupling
reactions. NiSCN efficiently catalyzed the C−O coupling of
aryl bromides in N,N-dimethylformamide (DMF). Carboxylic
acids including acetic acid and benzoic acids were coupled with
2a to afford phenol esters 5a, 5e, and 5f in 65−70% yields.
Water and methanol coupled with 2a to afford phenol 5b and
anisole 5d in 81% and 84% yield, respectively. Phenol also
coupled with 2a to produce diphenyl ether 5c in a 68% yield.
Electron-withdrawing groups on the aryl bromides facilitated
C−O coupling reactions. Aryl bromides with cyano, ester, and
acetyl groups underwent coupling reactions to give 5g, 5h, 5i,
and 5j in 78%, 56%, 75%, and 85% yield, respectively.
Ibuprofen coupled with 2a to give 5k in 81% yield as an
example of late-stage modification (Figure S6). Lastly, NiSCN

Figure 3. Mechanistic studies. (a) Control experiments for NiSCN-
catalyzed amination reactions. (b) CV scan of sp. (c) CV scan of
Ni(bpy-CN)Br2. (d) Proposed mechanism for NiSCN-catalyzed
amination reactions.
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also efficiently catalyzed C−S and C−C coupling reactions as
shown in Figure S14.
In summary, we designed a spirobifluorene-based COF for

efficient photocatalytic amination and etherification/esterifica-
tion of aryl bromides via dual photoredox/nickel catalysis.
Constructed from spirobifluorene units and Ni-bpy linkers,
NiSCN adopted a 2D structure with staggered stacking and
reduced excited-state quenching. The photoexcited spirobi-
fluorene units not only efficiently reduced Ni(II) to Ni(I) for
oxidative addition of aryl bromide to initiate the catalytic cycle
but also oxidized the Ni(II) intermediate to Ni(III) for facile
reductive elimination to yield the product and regenerate the
catalyst. NiSCN successfully catalyzed C−N coupling and C−
O coupling of aryl bromides and exhibited more than 23-fold

higher catalytic efficiency in comparison to its homogeneous
control. NiSCN was used in five consecutive reactions without
a loss of catalytic activity. This work uncovers a general
strategy to construct multifunctional COFs for sustainable
synergistic catalysis.
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