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Single-Pore versus Dual-Pore Bipyridine-Based Covalent-
Organic Frameworks: An Insight into the Heterogeneous
Catalytic Activity for Selective C—H Functionalization

Harsh Vardhan, Abdullah M. Al-Enizi, Ayman Nafady, Yanxiong Pan, Zhongyu Yang,

Humberto R. Gutiérrez, Xiaolong Han, and Shenggian Ma*

Exponential growth in the field of covalent—organic frameworks (COFs)

is emanating from the direct correlation between designing principles

and desired properties. The comparison of catalytic activity between
single-pore and dual-pore COFs is of importance to establish structure—
function relationship. Herein, the synthesis of imine-linked dual-pore
[(BPyDC)],0-ETTA COFs (x = 0%, 25%, 50%, 75%, 100%) with controllable
bipyridine content is fulfilled by three-component condensation of

4,4’ 4" 4'"-(ethene-1,1,2,2-tetrayl)tetraaniline (ETTA), 4,4"-biphenyldialdehyde,
and 2,2"-bipyridyl-5,5’-dialdehyde in different stoichiometric ratio.

The strong coordination of bipyridine moieties of [(BPyDC)],o,-ETTA

COFs with palladium imparts efficient catalytic active sites for selective
functionalization of sp? C—H bond to C—X (X = Br, Cl) or C—O bonds in good
yield. To broaden the scope of regioselective C—H functionalization, a wide
range of electronically and sterically substituted substrates under optimized
catalytic condition are investigated. A comparison of the catalytic activity
of palladium decorated dual-pore frameworks with single-pore imine-linked
Pd(Il) @ Py-2,2’-BPyDC framework is undertaken. The finding of this work
provides a sporadic example of chelation-assisted C—H functionalization
and disclosed an in-depth comparison of the relationship between superior
catalytic activity and core properties of rationally designed imine linked
frameworks.

1. Introduction

The expansion of metal-catalyzed methods
for the regio- and chemoselective C—H
functionalization of arene and alkane
remains a critical challenge in the field of
organometallic chemistry.'*l The function-
alization of sp? and sp* C—H bond is well-
studied,! however, their application in
the synthesis of complex organic structure
is usually restricted due to the harsh reac-
tion condition, low functional group toler-
ance, and byproduct formation. C—H to
C—0, C—N, C—C, and C—X (X = Cl, Br, I)
transformation are fundamental conver-
sions of great importance in the synthesis
of natural products, medicinal compounds,
and pharmaceuticals.’®2  Direct C—H
bond functionalization suffers from two
core challenges, the inert nature of C—H
bond and control site selectivity with diverse
C—H groups. In this respect, the work of
Sanford and co-workers on chelate-directed
C—H functionalization has attracted
widespread attention.>3"7] In principle,
the regioselective C—H bond oxidation
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Scheme 1. Regioselective sp> C—H functionalization of benzo[h]quinoline.

involves the use of substrates bearing coordinating functional
group that bind to metal catalyst and direct oxidation to a specific
C—H bond within the substrate. As shown in Scheme 1, C—H
bond of benzo[h]quinoline undergoes cyclopalladation (C—Pd),
which is more reactive than C—H counterparts, and induces Pd
centers compatibility with range of oxidants such as iodoben-
zene diacetate thereby enabling many different types of bonds,
including C—X (X = Cl, Br, I), C=0, C—N, C—S, C—C with high
selectivity."®23 Practically, homogeneous catalytic systems are
known to have various drawbacks including lack of recyclability,
reusability, and tedious purification steps. However, incorpora-
tion of enriched palladium chemistry with covalent-organic
frameworks (COFs) can serve as a platform to overcome these
shortcomings and expand this exciting research domain.

COFs are an emerging class of porous crystalline materials
that allow the integration of functionalized building blocks
into networks via range of covalent linkages.?*?1 The struc-
ture—function relationship of frameworks depends on the ver-
satile synthetic strategy, network topology, heterogeneous linker
exchange, binding functionalities, and flexible regulation of pore
size/volume.?834 The tunability of structural properties along
with high surface area, chemical and thermal stability make
COFs one of the most promising candidates for catalysis,*>~"
gas storage/separation,l***! environmental remediation,
optoelectronics, 1 energy storage,’*™°! biomedical,>*-8l
atmospheric water harvesting, and chemosensor.®! The coop-
erative assistance of pore size, pore shape, and binding sites in
the COFs skeleton facilitates docking of catalysts to investigate
fundamental organic conversions. Pore surface engineering
via immobilization of vanadium, iridium, copper ions in bipy-
ridine, and catechol-functionalized COFs is crucial for a range
of catalytic reactions.’>¢1-03 Ni-DBA-2D-COF and Ni-DBA-3D
COF provide rare example of Ni(0) binding with 7-electron con-
jugated dehydrobenzoannulene (DBA) motifs.**] Mono and
bimetallic postsynthetic modification of COFs increase catalyst
life time and activity, for instance, Rh!/Pd"™ COF, corrole COF,
and M/ Salen-COF serve as reusable catalyst for cascade reac-
tions, [ photodynamic therapy,*”) and Henry reaction,®®! respec-
tively. In addition, molybdenum-doped COF (Mo-COF) serve as
a nanochannel-reactor for cyclohexene epoxidation with 99%
conversion and over 70% selectivity.®) NUS-50-Co and NUS-
51-Co synthesized via impregnation of cobalt in hydroxy-rich
hydrazone-based COFs demonstrate catalytic activity for cyanos-
ilylation reaction of electronically and sterically substituted alde-
hydes.”” The chemical modification in COFs tuned the physical
and chemical properties of frameworks,”"7?! for instance, Yaghi
and co-workers reported conversion of imine-linked IL COF-1
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to oxazole-linked LZU-192 and thiazole-linked COF-921.7% In
addition, COF-170 undergoes multistep solid-state reactions to
afford cyclic carbamate and thiocarbamate-linked framework."4
The same group also illustrated amidation, esterification, and
thioesterification of COF-616.7"! Apart from pore surface engi-
neering, de novo strategy was used to synthesize COFs with
catalytic building blocks. In this regard, f-ketoenamine linked
COFs"*78l and BINOL-based COFsl® established good catalytic
activity for cascade reactions and asymmetric addition reaction
of diethylzinc to aldehydes, respectively. Moreover, heterobime-
tallic Re(I) bipyridine based framework exhibited faraday efhi-
ciency of 18(2)% for electrochemical carbon dioxide reduction to
carbon monoxide.”*-8! Recently, the COF-SQ prepared by con-
densation of 1,3,5-triformylbenzene and 3,4-bis((4-aminophenyl)
amino)cyclo-but-3-ene-1,2-dione served as organocatalyst for
Michael addition.?

In this contribution, we demonstrate the structure—function
relationship in C—H functionalization using palladium decorated
imine-linked dual pore, hexagonal and triangular, [(BPyDC)]e-
ETTA COFs (x = 0%, 25%, 50%, 75%, 100%) with controllable
bipyridine contents. The role of fundamental properties on the
catalytic efficiency and stability was outlined by comparing with
palladium immobilized single-pore imine-linked Pd(II) @ Py-2,2"-
BPyDC framework. This structure-function relationship pro-
vides facile platform for the design of frameworks having better
catalytic activity, stability, and recyclability for practically impor-
tant organic and organometallic conversions.

2. Results and Discussion

In developing structure—function relationship in COFs, a Dy,
symmetric fourfold amine-functionalized tetraphenylethylene
(4,447 4"-(ethene-1,1,2,2-tetrayl)tetraaniline (ETTA)), with two
distinct angles (60° and 120°) between two adjacent arms has
been known as a versatile scaffold to construct dual-pore COFs.
To induce controllable bipyridine content, [(BPyDC)],o,-ETTA
COFs (x = 0%, 25%, 50%, 75%, 100%) were synthesized by
reacting ETTA, 2,2"-bipyridyl-5,5"-dialdehyde (2,2-BPyDCA),
and 4,4"-biphenyldialdehyde (4,4-BPhDCA) in different stoichi-
ometric ratio using 1,4-dioxane as a solvent in the presence of
catalytic amount of 6 M acetic acid (Figure 1). Fourier transform
infrared (FTIR) spectra of the isolated products confirmed direct
imine condensation in [(BPyDC)],e,-ETTA COFs (x = 0%, 25%,
50%, 75%, 100%) with —CN stretch at 1619 cm™ (Figure S1, Sup-
porting Information). 3C cross-polarization magic angle spin-
ning nuclear magnetic resonance (CP-MAS NMR) spectrum

© 2020 Wiley-VCH GmbH
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Figure 1. a) Synthetic scheme of [(BPyDC)]xo,-ETTA COFs (x = 0%, 25%, 50%, 75%, 100%) through the condensation of 2,2"-bipyridyl-5,5"-dialdehyde
(2,2’-BPyDCA), 4,4',4”,4"-(ethene-1,1,2,2-tetrayl)tetraaniline (ETTA), 4,4"-biphenyldialdehyde (4,4-BPhDCA), and Pd(Il)@ [(BPyDC)]xs-ETTA COFs.
b) Calculated and experimental PXRD pattern of [(BPyDC)]xo,-ETTA COFs (x = 0%, 25%, 50%, 75%, 100%). c) Unit cell of (BPyDC)ne,-ETTA COF.

Graphic extended view of AA-stacking mode of dual-pore framework; d) (BPyDC)1909,-ETTA COF. €) Pd(Il) @ (BPyDC)1095-ETTA COF.

exhibited characteristic resonance signal for imine carbon at
157 ppm, which lends further confirmation for the condensation
reaction between two precursor units (Figure S2, Supporting
Information). Powder X-ray diffraction (PXRD) data were
acquired to expound the structure of the as-synthesized frame-
works. PXRD pattern of [(BPyDC)]jge,-ETTA COF revealed
strong peak at 2.2° together with relatively weaker peaks at
3.8°, 44°, 6.6°, and 19.7° assigned to (100), (110), (200), (300),
and (001) diffractions. The experimental PXRD pattern was in a
good agreement with the calculated pattern of bipyridine-based
framework, which strongly suggests that [(BPyDC)]jgge,-ETTA
exhibited dual-pore structure with AA stacking model (¢ = b =
4704 A, c = 451 A, v = B=90°, and y= 120°). The similar dif-
fraction patterns were also obtained for [(BPyDC)ye-ETTA,
[(BPYDC) |55 ETTA, [(BPyDC)lsoss-ETTA, and  [(BPyDC)sec-
ETTA COFs, indicating that bipyridine controlled frameworks
demonstrated similar crystallinity (Figure 1b). Micro- and mes-
oporosity for [(BPyDC)],-ETTA COFs (x = 0%, 25%, 50%, 75%,
100%) were investigated by nitrogen adsorption isotherms at
77 K. The Brunauer—-Emmett-Teller and Langmuir surface area
are summarized in Figures S3 and S4 (Supporting Information),
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varying from 663 and 829 m?g™! for 0%-ETTA-BPyDC to 341 and
433 m%g™! for 100%-ETTA-BPyDC COF with triangular and hex-
agonal pore width of 1.3 nm and 3.1 nm, respectively. Moreover,
thermogravimetric analysis (TGA) results revealed high thermal
stability of bipyridine controlled frameworks with breakdown
temperature of 400 °C (Figure S5, Supporting Information),
indicating that the framework can be used for pore surface engi-
neering at room and elevated temperatures. Elemental analysis
showed that carbon, nitrogen, and hydrogen contents of the
[(BPyDC)]40-ETTA COFs (x = 0%, 25%, 50%, 75%, 100%) were
close to the calculated values (Table S1, Supporting Information).

The combined thermal stability, surface area, and dual-pore
nature revealed that the bipyridine controlled frameworks could
be used as a decorating platform for palladium immobiliza-
tion to study structure—function relation in C—H functionali-
zation. In doing so, solution-infiltration strategy was employed
for palladium immobilization via reaction of [(BPyDC)],o-
ETTA COFs (x = 0%, 25%, 50%, 75%, 100%) with Pd(OAc), at
ambient temperature for 12 h (Figure 1). The resulting immobi-
lized frameworks, referred as Pd(II) @ (BPyDC),0-ETTA COFs
(x = 0%, 25%, 50%, 75%, 100%), were characterized using

© 2020 Wiley-VCH GmbH
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Figure 2. a—c) XPS spectra of 100%-ETTA-BPyDC (nitrogen), Pd(Il)@100%-ETTA-BPyDC (nitrogen), and Pd(Il)@100%-ETTA-BPyDC (palladium);
d) Raman spectrum comparison of 100%-ETTA-BPyDC and Pd(Il) @100%-ETTA-BPyDC; e) EPR spectra of Pd(Il) @100%-ETTA-BPyDC.

various analytical techniques. Scanning electron microscopy
(SEM) images of Pd(II)@ (BPyDC),e,-ETTA COFs exhibited
plate-like morphology similar to pristine (BPyDC),o-ETTA
COFs. This confirms that immobilization took place on the
pores of frameworks rather than reside on the outer surface
(Figures S6 and S7, Supporting Information). Energy-dispersive
X-ray spectroscopy (EDX) analysis via SEM indicates the pres-
ence of palladium in dual-pore immobilized frameworks. More-
over, X-ray photoelectron spectroscopy (XPS) was performed to
examine the coordination environment of nitrogen and palla-
dium in docked frameworks. (BPyDC),s-ETTA COFs (x = 0%,
25%, 50%, 75%, 100%) exhibited a N1s signal at 398.4 eV, which
is shifted to higher value of 400.2 eV after palladium immobi-
lization, indicating coordination of palladium to the bipyridine
functionalities in Pd(II)@ (BPyDC)9ge-ETTA (Figure 2a—c).
Furthermore, the palladium region peaks for 3ds;, and 3ds;,
illustrated the binding energy centered at 343.3 and 337.8 eV,
respectively, which is characteristic of divalent Pd ions, thereby
eliminating the possibility of any Pd(0) particles.®3 Similar var-
iation was observed for palladium coordination with bipyridine
functionalities of Pd(II)@ (BPyDC),o,-ETTA COFs (x = 25%,
50%, 75%) as shown in Figure S8 (Supporting Information).
The confirmation of Pd(II)—N linkage in Pd(II)@100%-ETTA-
BPyDC was established by Raman spectroscopy, as the sym-
metric Pd(II)—N stretching vibration is Raman active over the
range from 560 to 430 cm™ (Figure 2d), as compared to peaks
in pristine 100%-ETTA-BPyDC framework.®4 Additionally,
the binding of Pd(II) with bipyridine functionalities, similar
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to cyclopalladated complexes, was evident from electron para-
magnetic resonance (EPR) spectrum as shown in Figure 2e.1®]
FTIR and BC CP-MAS NMR spectra exhibited vibrational band
and chemical shift at 1619 cm™ and 158 ppm, respectively,
thus, indicating the complete retention of imine functionali-
ties during postsynthetic modification (Figures S9 and S10).
Moreover, the peaks at 179.8 and 23.2 ppm in *C CP-MAS
NMR spectrum established the presence of acetate functionali-
ties linked with palladium. Importantly, PXRD pattern showed
that there is no substantial difference with respect to the crys-
talline nature of frameworks during palladium immobiliza-
tion, while the observed decrease in the relative intensity of
Pd(I1) @ (BPyDC) - ETTA COFs (x = 0%, 25%, 509%, 75%, 100%)
was probably due to the inclusion of palladium in the pores of
the frameworks (Figure S11, Supporting Information).B3>6486]
This observation was further validated by the N, adsorption
isotherm of Pd(II)@ (BPyDC),-ETTA COFs (x = 0%, 25%,
50%, 75%, 100%) at 77 K. As expected, the Brunauer—-Emmett—
Teller (BET) and Langmuir surface area decrease in com-
parison to pristine frameworks as summarized in Figure S12
(Supporting Information). In this context, Pd(II) @ 100%-ETTA-
BPyDC shows BET surface area of 198 m? g™! as compared to
341 m? g! for pristine 100%-ETTA-BPyDC. Inductively coupled
plasma mass spectrometry (ICP-MS) results revealed that the
palladium content in Pd(II) @ (BPyDC),0,-ETTA COFs (x = 25%,
50%, 75%, 100%) varies from 2.3 to 5.9 wit%. The TGA pro-
file of immobilized frameworks exhibited sharp weight loss at
324 °C ascribed to the degradation of framework, thereby opens

© 2020 Wiley-VCH GmbH
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the opportunities to address catalytic reactions at elevated tem-
perature (Figure S13, Supporting Information).

With coordinatively accessible palladium centers decorated
in stable dual-pore COFs, we sought to investigate the catalytic
activity in regioselective C—H to C—0 and C—X (X = Br, Cl,
I) functionalization. Most common methods reported for C—H
oxidation either require strong base or strong acids such as
CF;3SO;H, n-BuLi.®”#8 Homogeneous Pd(11)-catalyzed methods
for chelate-directed C—H functionalization have been studied
in organometallic chemistry and bipyridine COFs can serve as
a decorating platform to prepare heterogeneous catalysts that
can be recyclable and reusable. The oxidation of benzo[h]qui-
noline (1) sp? C;p—H bond to alkoxy groups using iodobenzene
diacetate [PhI(OAc),] as an oxidant was studied in the presence
of Pd(I1)@ (BPyDC) o, ETTA COFs (x = 25%, 509, 75%, 100%).
Results showed that the C—H to C—O functionalization does
not occur in presence of pristine 100%-BPyDC-ETTA and in
absence of any oxidant. However, using Pd(II)@ (BPyDC),e-
ETTA COFs (x = 25%, 50%, 75%, 100%) as catalysts, quanti-
tative yield of methoxy-functionalized 1 was achieved in 48 h
at 65 °C (Table 1, entry 3-6), which illustrates the significant
role of immobilized palladium framework in catalytic reac-
tion. Presumably, the C—H,, single bond of benzo[h]quinoline
undergoes cyclopalladation in the presence of immobilized
frameworks, followed by treatment with iodobenzene diac-
etate as an oxidant to attain C—O functionalities. Furthermore,
homogeneous Pd(OAc), catalytic system afforded good yield
for methoxy-functionalized 1 (Table 1, entry 7) when compared
to Pd(II) @100%-ETTA-BPyDC. To further extend the scope of
this reaction, we installed a range of alkoxy functional group to
form alkyl-aryl ether such as —OEt, —OCH,CF;, —O(CH,),CHj3,
—O(CH,);CHj in good to moderate yields. Interestingly, using

Table 1. Regioselective C—H to C—OR functionalization of benzo[h]quinoline
using homogeneous and heterogenous catalysts.

PhI(OAc), /R-OH
[Catalyst] reflux, 48h

Entry R (product/solvent) Catalyst Yield® [%)]
1 CH, Blank 0
25 CH; 100%-ETTA-BPyDC <5
35 CH; Pd(I1) @25%-ETTA-BPyDC 21
40 CH;, Pd (1) @50%-ETTA-BPyDC 49
50 CH;, Pd (1) @75%-ETTA-BPyDC 71
6" CH; Pd(I1) @100%-ETTA-BPyDC 86
70 CH;, Pd(OAc), 97
8 CH,CH; Pd (1) @100%-ETTA-BPyDC 72
9o CH,CF3 Pd(I1) @100%-ETTA-BPyDC 77
10 (CH,),CH; Pd (1) @100%-ETTA-BPyDC 27
11°) (CH4)3CH5 Pd(I1) @100%-ETTA-BPyDC <10

www.small-journal.com

1-propanol and 1-butanol as solvents yielded lower conversion
percentages, probably owing to the weak nucleophilicity of the
bulky propoxy and butoxy groups (Table 1, entry 8-11); however,
trifluoroethanol may facilitate nucleophilic aromatic substitu-
tion, which probably underlines the cause of higher percentage
yield as compared to ethanol.®l To confirm the heterogeneous
nature of Pd(II)@ (BPyDC)yp90-ETTA COF, a hot filtration
reaction was performed after 12 h and removing the catalyst
afforded almost no conversion to C—H functionalized product
(Figure S14, Supporting Information).

Chelate-directed oxidation can be extended to halogenations
using N-halosuccinimide (NXS, X = C, B, I) as both oxidant and
halogenating reagents. Similar to C—O functionalization, C—Br
conversion, i.e., monobromated benzo[h]quinoline product in a
good yield was accomplished using Pd(II)@ (BPyDC),-ETTA
COFs (x = 25%, 50%, 75%, 100%) in comparison to pristine
COFs (Table 2, entry 1-6). Conversion of C—H to C—Cl using
N-chlorosuccinimide (NCS) was achieved in good (76%) yield,
whereas, C—I conversion using N-iodosuccinimide (NIS) as
oxidant was unsuccessful. This is probably due to steric con-
straints of planar substrate as illustrated in Table 2 (entry 8, 9).
These observations illustrated the role of active Pd(II) moie-
ties in the bipyridine functionalized COFs and increase in the
palladium content is directly proportional to percentage yield
of C—H functionalized product. As highlighted in Table 1,
Pd(IT) @ (BPyDC) 50,-ETTA, Pd(IT) @ (BPyDC)505¢-ETTA,
Pd(I1) @ (BPyDC)y55,-ETTA, and  Pd(I)@ (BPyDC);00e-ETTA
COFs showed C—H to C—OMe conversion in 21%, 49%, 71%,
and 86% yield, respectively. Reusability and recyclability are
essential for heterogeneous catalysis, particularly in industrial
applications. Pd(II)@ (BPyDC)y9pe-ETTA COF exhibited good
reusability that can be recovered by filtration. After recycling
four times, catalytic activity toward the hierarchical C—H to
C—OCH; and C—Br functionalization was slightly declined
as a result of partial blockage of pore channels after every

Table 2. Regioselective C—H to C—X (X = Br, Cl, ) functionalization of
benzo[h]quinoline using homogeneous and heterogenous catalysts.

NXS, CH;CN
[Catalyst] reflux o

X =Br, CL, I
Entry Halogenating agent (NXS) Catalyst Yield? [9%]
1 NBS Blank 0
25 NBS 100%-ETTA-BPyDC <5
3% NBS Pd (1) @25%-ETTA-BPyDC 14
40 NBS Pd (1) @50%-ETTA-BPyDC 31
50 NBS Pd(I1) @75%-ETTA-BPyDC 69
6 NBS Pd(1l)@100%-ETTA-BPyDC 80
70 NBS Pd(OAc), 92
8b) NCS Pd(I1) @100%-ETTA-BPyDC 76
9o NIS Pd(11)@100%-ETTA-BPyDC 27

ADetermined by 'H-NMR; ©0.05 mmol of substrate, 0.125 mmol of Phl(OAc),,
catalyst (100 mg), and 2.0 mL of alcohol (R—OH).

Small 2021, 17, 2003970
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2 Determined by 'H-NMR; %0.05 mmol of substrate, 0.075 mmol of NXS, catalyst
(100 mg), and 2.0 mL of CH;CN.

© 2020 Wiley-VCH GmbH
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Figure 3. a) Synthetic scheme of Py-2,2"-BPyPh COF and Pd(Il) @ Py-2,2’-BPyPh COF. b) Calculated and experimental PXRD pattern of Py-2,2"-BPyPh COF
and Pd(Il) @ Py-2,2"-BPyPh COF. c) N, sorption isotherms collected at 77 K. d) Graphic extended view of AA-stacking mode of Pd(I1) @ Py-2,2’-BPyPh COF.

reaction, as evident in the decrease of surface area (Figure S15,
Supporting Information). In addition, the complete retention
of PXRD pattern, FTIR analysis, and EPR spectrum verified
the immobilized framework stability in context of crystallinity,
—CN functionalities, and palladium docking, respectively
(Figures S16-S19, Supporting Information).

To distinctly analyze the influence of the core properties,
including pore structure of the frameworks as decorating
platform for palladium to explore C—H to C—O and C—Br
functionalization, side-by-side comparisons were made with the
palladium immobilized single-pore bipyridine functionalized
COF bearing uniform pore structure and pore environment to
the mesopore in (BPyDC),q-ETTA framework. Py-2,2-BPyPh
COF is synthesized by condensation of 4,4',4”,4”-(pyrene-1,3,6,8-
tetrayl)tetraaniline (PyTTA) and 2,2"-BPyDCA in the presence of
acetic acid followed by palladium immobilization as described
in Figure 3a, and referred as Pd(II) @ Py-2,2’-BPyPh COF. PXRD
pattern together with pore size and surface area measurements
revealed that immobilized framework has high crystallinity and
square channel (Figure 3b—d and Figure S20, Supporting Infor-
mation). The BET and Langmuir surface area of pristine Py-2,2"-
BPyPh framework were 1784 m? g~! and 2746 m? g}, which was
reduced to 1023 m? g! and 1360 m? g after palladium docking
(9.3 wt%), respectively. FTIR, BC MAS NMR, TGA, and SEM
measurements were implemented to probe —C=N moieties,
thermostability, and morphology of the prepared frameworks
as shown in Figures S21-S24 (Supporting Information). XPS
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spectrum of Pd(II)@Py-2,2"-BPyPh COF (Figure S25, Sup-
porting Information) exhibited the binding energies of Pd 3ds),
and 3ds, peak at 343.4 and 3379 eV, respectively, along with the
blueshifted N1s from 398.1 eV in pristine framework to 399.6 eV
suggesting the strong interaction between bipyridine moieties
and Pd(II) in the modified framework. Thus, even though the
pore channel of single-pore framework is partially occupied by
palladium, the surface area is still sufficient enough to ingress
and egress of molecule with access of metal sites.

As displayed in Table 1, the catalytic activity of (BPyDC),0,-ETTA
(x = 0%, 25%, 50%, 75%, 100%), Pd(Il)@ (BPyDC),e,-ETTA
(x = 25%, 50%, 75%, 100%) frameworks afforded low-to-mod-
erate C—H to C—0, C—X (X = Br, Cl) functionalization yield.
The fact that single-pore frameworks also act as a decorating
platform with high surface area, pore volume, and pore environ-
ment, it suggests the profound role of the architecture in C—H
functionalization activity. To further gain an insight for C—H
functionalization, single-pore Py-2,2’-BPyPh and Pd(II) @ Py-2,2’-
BPyPh frameworks were also employed. The percentage conver-
sion of benzo[h]quinoline to 10-methoxybenzo[h]quinoline using
pristine Py-2,2’-BPyPh COF afford <5% conversion. However,
the single-pore Pd(II) @Py-2,2"-BPyPh led to 92% yield for same
catalytic reaction (Table 3, entry 3). To confirm the nature of
heterogeneity, hot filtration tests were performed after 24 h and
removing the Pd(II)@Py-2,2"-BPyPh framework led to almost
no C—H to C—Br and C—OMe functionalization as shown in
Figure S26 (Supporting Information). This finding illustrates the
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Table 3. Dual-pore and single-pore palladium docked framework cata-
lyzed regioselective alkoxy group instalment of benzo[h]quinoline.

PhI(OAc), / R-OH
[Catalyst] reflux o

Entry R (product/solvent) Catalysts Yield?) %]  TOND
19 CH, Pd(I1) @100%-ETTA-BPyDC 86 76
29 CH,CH, Pd (1) @100%-ETTA-BPyDC 72 66
39 CH; Pd(Il) @Py-2,2"-BPyPh 92 53
7 CH,CH, Pd(Il) @Py-2,2"-BPyPh 83 47

2 Determined by "H-NMR; Y TON is number of moles of benzo[h]quinoline converted
to methoxy product per mole of palladium present in catalyst; 90.05 mmol of sub-
strate, 0.125 mmol of Phl(OAc),, catalyst (100 mg), and 2.0 mL of alcohol (R—OH).

principle of heterogeneity and role of palladation in the bipyri-
dine decorated frameworks. Furthermore, the structure integrity
of Pd(II)@Py-2,2-BPyPh framework after C—H functionaliza-
tion was examined by PXRD and surface area analysis (Figures
S27 and S28, Supporting Information). PXRD pattern of recy-
clable Pd(II)@Py-2,2"-BPyPh exhibited strong peak at 3.3° cor-
responding to (110) facet, similar to the pristine framework. The
BET surface area measurement of recyclable Pd(II)@Py-2,2"-
BPyPh COF after C—H to C—Br and C—OMe functionalization
is 710 and 849 m? g!, respectively, comparable to palladium
docked single-pore pristine framework (1023 m2g™).

To provide a comprehensive comparison, the single-pore
Pd(II) @Py-2,2-BPyPh COF efficiently installed alkoxy group
(—OCH,CHy3;) at Cy position of benzo[h]quinoline in quantitative
yield. On the other hand, lower yield is observed for 1-butanol
due to weak nucleophilicity. A plausible mechanism for C—H
oxygenation using palladium docked frameworks is outlined in
Figure S29 (Supporting Information). The reaction occurs ini-
tially via generation of cyclopalladated intermediate upon treat-
ment of Pd(II) with benzo[h]quinoline, followed by a two-elec-
tron oxidation of the palladacycle using PhI(OAc), as an oxidant
to generate Pd(IV) species. Finally, the C—OR bond is formed by
reductive elimination that leads to product release with regener-
ation of catalyst.'>% Notably, the high regioselectivity of the cat-
alytic reaction arose from the reactive cyclopalladated complex
at Cyy position of benzo[h]quinoline, which in turn, provides evi-
dence for C,y—H functionalized product. In addition to this, che-
late-directed oxidation can be prolonged to N-bromosuccinimide
as both oxidants and halogenating reagents to establish the
structure—function relationship in C—H to C—Br conversion.
The conversion of benzo[h]quinoline to 10-bromobenzo[h]
quinoline using either dual-pore Pd(II)@ (BPyDC)gge-ETTA or
single-pore Pd(II) @Py-2,2"-BPyPh COF afforded 80% and 91%,
yield, respectively (Table 4), which are comparable to homoge-
neous Pd(OAc), catalyst. The turnover number (TON) for C—H
functionalization in the presence of dual-pore and single-pore
docked catalyst was compared (Tables 3 and 4), which in turn
unambiguously suggested the profound role of metal docking,
pore volume, and stability in heterogeneous catalytic reac-
tions. After such encouraging results and comparisons, we
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Table 4. Dual-pore and single-pore palladium docked framework cata-
lyzed C—H bond halogenation reactions.

NBS, CH;CN
[Catalyst] reflux

Entry  Halogenating agent Catalysts Yield®) [%] TON®
19 NBS Pd(Il) @100%-ETTA-BPyDC 80 Al
29 NBS Pd(Il)@Py-2,2"-BPyPh 91 52
39 NBS Pd(OAC), 92

ADetermined by 'H-NMR; P TON is number of moles of benzo[h]quinoline con-
verted to bromo product per mole of palladium present in catalyst; ©0.05 mmol of
substrate, 0.75 mmol of NBS, catalyst (100 mg), and 2.0 mL of CH;CN.

underlined that the dual-pore Pd(II)@ (BPyDC)y9e,-ETTA and
single-pore Pd(II)@Py-2,2"-BPyPh COF exhibited significant
catalytic activity for C—H functionalization. The enhanced
catalytic activity of Pd(II) @ (BPyDC)yg-ETTA as compared to
Pd(II) @Py-2,2-BPyPh COF is prone to higher degree of active
sites and the importance of pore structure in facilitating the
diffusion of reactants/products thereby avoiding clogging and
increasing the durability/lifetime of catalyst,®? which is of sig-
nificant importance in using porous materials as scaffold for
various applications including catalysis.

3. Conclusion

In summary, we have successfully demonstrated the facile syn-
thesis of imine-linked dual-pore [(BPyDC)],o-ETTA COFs (x =
0%, 25%, 50%, 75%, 100%) with controllable bipyridine con-
tents as a viable decorating platform for palladium immobili-
zation. The immobilized Pd(II)@[(BPyDC)],e-ETTA dual-pore
frameworks with varying palladium content are characterized
by using various analytical techniques, and utilized as highly
efficient heterogeneous catalyst for selective C—H functionaliza-
tion to C—X (X = Br, Cl) and C—OR (R = Me, Et) with excellent
reusability and recyclability. Significantly, the catalytic activity
of palladium immobilized dual-pore Pd(II)@[(BPyDC)],e-
ETTA frameworks was compared favorably over the single-pore
imine-linked Pd(II)@Py-2,2"-BPyDC framework presumably
due to the facilitated diffusion of reactants/products. To the
best of our knowledge, the palladium docked dual-pore and
single-pore COFs presented herein are the first investigated
example for selective C—H functionalization. These sporadic
examples of chelation-assisted C—H functionalization empha-
sized the structure—function relationship of COFs and provide
an overview of fine-tuning of core properties of existed or novel
frameworks for key organic and organometallic conversions.

4. Experimental Section

Reagents: All  the reagents and solvents were purchased
from commercial sources and used as received without any
further purification. Pyrene (Acros Organics, >97.5%), palladium
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tetrakis (triphenylphosphine) (Sigma-Aldrich, 99%), tetraphenylethene
(Alfa  Aesar, 98%), 4-bromobenzaldehyde (Sigma-Aldrich, 99%),
4-(4,4,5,5-tetramethyl-1,3,4-dioxaborolan-2-yl)aniline (Oakwood
Chemical, 98%), 4-formylphenylboronic acid (Matrix Scientific, 97%),
potassium carbonate (Sigma-Aldrich, 99%), 5,5 -dimethyl-2,2"-bipyridine
(Alfa Aesar, 98%), N-bromosuccinimide (Oakwood Chemical, 99%),
hexamethylenetetramine (Acros Organics, 99%), hydrazine monohydrate
(TCl America, 298%), palladium acetate (Acros Organics), 10% Pd/C
(TCI America), hydrochloric acid (Sigma-Aldrich, ACS grade), acetic acid
(Sigma-Aldrich), fuming nitric acid (Sigma-Aldrich), dichloromethane
(Sigma-Aldrich), ethanol (Sigma-Aldrich), chloroform (Acros Organics),
acetonitrile (Sigma-Aldrich), and tetrahydrofuran (Acros Organics) were
used as received. PyTTA,P ETTA,P2 2,2’-BPyDCA,[* 4,4-BPhDCA P4 and
Py-2,2"-BPyPh COFl were synthesized as per the reported procedures.

Synthesis  of [(BPyDC)],50-ETTA  COFs: A Pyrex tube with
o.d. X i.d. = 9.5 mm x 7.5 mm was charged with 4,4’,4”,4”-(ethene-
1,1,2,2-tetrayl)tetraaniline (0.0764 mmol, 30 mg), 2,2-BPyDCA (X =
25% (8.11 mg)), and 44-BPhDCA (X = 75% (24.11 mg)) in a mixture
of 1,4-dioxane (1 mL) and 6 m acetic acid (0.1 mL). The tube was flash
frozen at 77 K using liquid N, bath for 5 min, evacuated and flame
sealed. The reaction mixture was heated at 120 °C without disturbance
for 3 d to afford red solid, which was isolated by filtration and washed
with copious amount of dry tetrahydrofuran and dry acetone. The yellow
fluffy powder was dried at 120 °C under vacuum for 12 h before subjected
to any characterization. Similar procedure was used to prepare
[(BPyDC)],,-ETTA COFs (x = 0%, 50%, 75%, 100%) except the amount
of 2,2"-BPyDCA (X = 0% (0 mg), 50% (16.22 mg), 75% (2433 mg),
100% (32.44 mg)) and 4,4-BPhDCA (X = 0% (0 mg), 25% (8.04 mg),
50% (16.07 mg), 100% (32.14 mg)).

Synthesis of Pd(ll) @ (BPyDC),s-ETTA COFs: In a typical procedure,
(BPyDC)],0,-ETTA COFs (0.04 mmol) was reacted with a solution of
Pd(OAc), in dichloromethane (5 mL). The resulting suspension was
stirred overnight at ambient temperature. The resulting solid was
filtered, washed with excess of dichloromethane to remove unbound
metal salt, and then dried under vacuum for 12 h.

Similar procedure was performed to successfully synthesize
Pd(I) @Py-2,2"-BPyPh COF except the amount of Pd(OAc), in
dichloromethane.

Catalytic Tests: Catalysis of Alkoxy Group Installation on Benzo[h]
quinoline: Under inert condition, benzo[h]quinoline (0.05 mmol, 10 mg),
(diacetoxyiodo)benzene (Phl(OAc),, 0.125 mmol, 40 mg), and 2 mL of the
solvent (MeOH, EtOH, n-PrOH, and catalysts listed in Tables 1 and 3) were
charged in a 10 mL Schlenk tube. The mixture was refluxed for 48 h. After
cooling down, the supernatant was collected and analyzed by 'H-NMR using
CDCls. To test the recyclability, the solid recovered catalyst was washed with
copious amount of alcohol solvent followed by dichloromethane and dried
under vacuum before using for next catalytic cycle.

Catalytic Tests: Catalysis of C—H Bond Halogenation Reactions: Benzo[h]
quinoline (0.05 mmol, 10 mg), N-bromosuccinimide (0.075 mmol,
14 mg), 2 mL of acetonitrile, and catalysts listed in Tables 2 and 4 were
added to a 10 mL Schlenk tube. The mixture was heated at 85 °C for
48 h. After cooling the solution at room temperature, the supernatant
was identified by 'TH-NMR. To test the recyclability, the solid recovered
catalyst was washed with acetonitrile, dichloromethane, and dried under
vacuum before using for next C—H bond halogenation reaction.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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