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ABSTRACT

The strong coordination between metal ions and binding moieties in functional porous materials is central to the design and advance-
ment of heterogeneous catalysis. In this study, we have successfully immobilized catalytically active iridium ions on a two-dimensional
covalent organic framework (COF) having bipyridine moieties using a programmed synthetic procedure. The iridium immobilized frame-
work, Ir.,q(I)@Py-2,2"-BPyPh COF, had high porosity, good stability, and exhibited excellent catalytic activity for C—H borylation, as
compared with the pristine framework. Additionally, Ir.,q(I)@Py-2,2"-BPyPh COF was found to be an efficient catalyst for a series of
electronically and sterically substituted substrates. The immobilized COF possessed excellent reusability, recyclability, and retention of crys-
tallinity. This report highlights the role of porous materials as an ideal decorating platform for conducting a wide range of potent chemical

conversions.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5122674

I. INTRODUCTION

Catalytic transformation of C—H bonds is extremely challeng-
ing, and an unambiguous understanding of the strategies to acti-
vate this bond is central to numerous organic transformations.' '
Over the past years, there has been extraordinary progress in
the development of homogeneous transition metal catalysts for
C—H functionalization including oxygenation,” borylation,”' ** car-
bonylation,” and dehydrogenation.”® Ir,””** Rh,””' Re,” and
Ru’""" based catalysts have been extensively used for C—H bory-
lation of hydrocarbon using bis(pinacolato)diboron (B,Pin,) as the

borylating agent. These studies have emphasized that transition
metal-catalyzed C—H borylation of aromatic compounds is an effec-
tive, efficient, and reliable strategy for the synthesis of organoboron
compounds. Under mild conditions, Ir complexes incorporating
bipyridine-based organic linkers exhibited excellent catalytic perfor-
mances as compared with other transition metal-based catalysts.”°
To address the drawbacks of homogeneous catalytic systems such
as their lack of recyclability and reusability and the involve-
ment of expensive metals, extraordinary effort has been made by
researchers in recent years, and this has led to the development of
Ir-based heterogeneous catalysts for C—H borylation.”” Numerous
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heterogeneous platforms including mesoporous silica,”””’ metal-
organic frameworks (MOFs),""” 2 organosilica-nanotubes,13 and
covalent triazine frameworks** """ have been reported. These well-
established Ir-based materials exhibit high catalytic activity and
selectivity for C—H borylation of arenes. However, covalent organic
frameworks (COFs) are largely unexploited as decorating plat-
forms for C—H borylation of electronically and sterically substituted
arenes.

COFs are porous crystalline polymers with structural peri-
odicity and are composed of organic building blocks linked via
covalent bonds."**” Owing to their crystallinity, tunable pore size,
high surface area, and chemical and thermal stabilities, COFs can
be used in various applications such as catalysis,” "' optoelec-
tronic devices,””’* environmental remediation,”””’ energy stor-
age,””” sensors,” drug delivery,””"” and gas storage and separa-
tion.”” * COFs have drawn significant attention as heterogeneous
catalysts because of their remarkable characteristics such as the
high catalytic efficiency and good reusability. The most common
strategy to incorporate catalytically active metals or innumerable
organic functionalities into COFs is via postsynthetic modifications.
For instance, Gao and co-workers reported the bimetallic docking
for cascade and tandem reactions.”””’ Furthermore, Wang et al.
reported the immobilization of Pd into COF-LZU1 to catalyze the
Suzuki-Miyaura coupling reaction,”” while our group reported the
concerted combination of two reactive centers for the conversion of
carbon dioxide to value added chemicals.”’ In addition, a de novo
strategy was employed to construct COFs with catalytic building
blocks. For example, Yaghi et al. employed a porphyrin monomer to
construct porphyrin-based COFs for the electrocatalytic CO, reduc-
tion,”" and Cui’s group synthesized BINOL-based COFs to catalyze
the asymmetric addition reaction of diethylzinc to aldehydes.” In
addition, Banerjee et al. reported that f-ketoenamine linked COFs
and porphyrin embellish frameworks were effective organocata-
lysts for cascade reactions.”””* Marinescu and co-workers reported
Re(I) bipyridine scaffold to synthesize COFs for CO, reduction,”””
while our group, in collaboration with Chen and Zhang’s research
group, recently reported the use of squaramide-decorated COF for
organocatalysis.”” Herein, we demonstrate the immobilization of
an Ir-complex on a bipyridine-based COF, Ir..q(I)@Py-2,2’-BPyPh
COF, which is a promising and efficacious heterogeneous catalyst
for C—H borylation with excellent recyclability, reusability, and
retention of crystallinity.

Il. EXPERIMENTAL DETAILS

All the reagents and solvents were purchased from commer-
cial sources and used as received without any further purifica-
tion. Pyrene (Acros Organics, >97.5%), 4-(4,4,5,5-tetramethyl-1,3,4-
dioxaborolan-2-yl)aniline (Oakwood products, 98%), palladium
tetrakis(triphenylphosphine) (Sigma-Aldrich, 99%), potassium car-
bonate (Sigma-Aldrich, 99%), 5,5'-dimethyl-2,2’-bipyridine (Alfa
Aesar, 98%), hexamethylenetetramine (Acros Organics, 99%),
bis(pinacolato)diboron (B,Pin,) (Oakwood Chemical), hydrochlo-
ric acid (Sigma-Aldrich, ACS grade), chloroform (Fischer chem-
ical), dichloromethane (Sigma-Aldrich, >99.8%), and tetrahydro-
furan (THF) (Acros Organics, 99%) were used as received.
4,4',4",4"'—(Pyrene—l,3,6,8—tetrayl)tetraaniline (PyTTA)‘)S and

scitation.org/journal/apm

2,2'-bipyridyl-5,5"-dialdehyde (BPyDCA) ™ were synthesized accord-
ing to previously reported procedures.

'H nuclear magnetic resonance (NMR) and *C NMR spectra
were acquired on a Varian Inova 400 MHz spectrometer. Chemical
shifts (8) are expressed in parts per million (ppm) and are calibrated
using an internal standard ("H NMR: CDCls: 7.26 ppm, DMSO-
ds: 2.46 ppm; °*C NMR: CDCls: 77.19 ppm, DMSO-ds: 39.6 ppm).
Powder X-ray diffraction (PXRD) data were collected at room tem-
perature on a Bruker AXS D8 Advance A25 X-ray diffractometer
(40 kV, 40 mA) using Cu Ka (A = 1.5406 A) radiation in the scan-
ning range of 2°-40°. Fourier-transform infrared (FT-IR) spectra
were recorded from 4000 cm™ to 400 cm™ using the Perkin Elmer
spectrometer with a resolution of 4 cm™". Thermal gravimetric anal-
ysis (TGA) curves were recorded from room temperature to 800 °C
at a rate of 10 °C/min using TGA Q50. N, adsorption isotherms at
77 K were collected using the Micromeritics ASAP 2020 surface area
analyzer, and CO; adsorption isotherms were recorded at 298 K
using a water bath. The Brunauer-Emmett-Teller (BET) method
was used to calculate the specific surface area. The pore volume
was derived from the sorption curve by using the nonlocal density
functional theory (NLDFT) model. Scanning electron microscopy
(SEM) images were collected using a Hitachi S 800 scanning electron
microscope. X-ray photoelectron spectroscopic (XPS) analyses were
acquired on a Perklin-Elmer PHI 5100 system equipped with a Mg
or Al nonmonochromatic, and the binding energies were calibrated
using the C 1s peak at 284.8 eV. 1*C (100.5 MHz) cross polarization
magic-angle spinning (CP-MAS) solid state NMR experiments were
performed on a Varian infinity plus 400 spectrometers equipped
with a magic-angle spin probe in a 4 mm ZrO, rotor. Elemen-
tal analyses were performed via flask combustion followed by ion
chromatography.

For the electron paramagnetic resonance (EPR) measurement,
“Approximately 20 ul of powder was loaded into a borosilicate cap-
illary tube (0.70 mm i.d./1.25 mm o.d.; VitroGlass, Inc.), which was
mounted on a Varian E109 spectrometer fitted with a cavity res-
onator. The continuous wave (CW) EPR spectrum was obtained
with an observe power of 12.5 mW and a modulation amplitude of
10 G. The sample was scanned over 200 G, from 3300 G to 3500 G,
with an averaging time of ~20 min.”

A. Synthesis of Py-2,2’-BPyPh COF

Py-2,2"-BPyPh COF was prepared using a previously reported
procedure.'”” A Pyrex tube with o0.d. x i.d. = 9.5 mm x 7.5 mm was
charged with 2,2-bipyridyl-5,5'-dialdehyde (8.5 mg, 0.04 mmol)
and 4,4',4",4'"—(pyrene—1,3,6,8—tetrayl)tetraaniline (11.3 mg, 0.02
mmol) in 1.2 ml of a 5:5:2 (v:v) solution of o-dichlorobenzene/n-
butanol/3M aqueous acetic acid. The tube was flash frozen at 77 K
(liquid N; bath), evacuated, and flame-sealed. The reaction mixture
was heated at 120 °C for 72 h to afford a dark red precipitate which
was isolated by filtration and washed with dry tetrahydrofuran and
dry acetone. The fluffy powder was dried at 120 °C under vacuum
for 24 h.

B. Synthesis of Ir..q(I)@Py-2,2’-BPyPh COF

The reaction was conducted in a Schlenk tube under N, atmo-
sphere inside a glove box. In the 50 ml Schlenk tube, as-synthesized
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TABLE |. Effect of various catalysts and reaction conditions for preliminary C—H borylation reaction. Reaction conditions:
Ireoq (I/@Py-2,2-BPyPh COF (0.6 mol. %, 0.008 mmol of iridium); arene:B,Pin, (substrate to boron reagent molar ratio),

3 ml heptane. Yield was determined by "H-NMR.

: Catalyst D/ o
Cl

Entry DCB:B;Pin, Solvent Temp (°C Catalyst Yield (%)
1 1:0.5 THF 67 Ircoa(I)@Py-2,2"-BPyPh COF <5
2 1:0.5 DMF 40 Ircoa(D@Py-2,2’-BPyPh COF <5
3 1:0.5 Heptane 90 Ircoa(D@Py-2,2’-BPyPh COF 66
4 1:1 Heptane 90 Ircoa(D@Py-2,2’-BPyPh COF 87
5 1:1 Heptane 90 [Ir(OMe)(cod),] + Py-2,2"-BPyPh COF 13
6 1:1 Heptane 90 [Ir(OMe)(cod),] <5
7 1:1 Heptane 90 Py-2,2'-BPyPh COF 0

Py-2,2"-BPyPh COF (50 mg) was added into a solution of Ir com-
plex (75 mg) in dry solvent (25 ml). The reaction mixture was
stirred at room temperature for 24 h under an inert atmosphere. The
resulting precipitate was filtered and washed with anhydrous ben-
zene and anhydrous tetrahydrofuran to remove any unbound metal
ions. The product was dried overnight under vacuum before further
characterization.

C. Catalytic tests

The catalysis was carried out under inert condition in a 10 ml
Schlenk tube on a magnetic stirrer. Typically, BPin, (0.125 mmol),
an arene (0.125 mmol), 3 ml dry heptane, and catalysts listed in
Table I were stirred at elevated temperature for 48 h. After the reac-
tions, the catalysts were washed with excess dry heptane and dry
THF and reused for the next catalytic reactions.

D. Recyclability

The catalyst separated after the catalytic reaction was washed
with anhydrous solvents and dried overnight at 80 °C. This catalyst
was reused for the next catalytic reaction under the same reaction
condition. This procedure was repeated multiple times to examine
the recyclability of the Ir-immobilized framework.

I1l. RESULTS AND DISCUSSION

To carry out the C—H borylation, we chose the yellow-
colored, two-dimensional, imine linked Py—2,2'—BPyPh COF con-
taining bipyridine functionalities, which was fabricated via the con-
densation reaction of 4,4',4",4"'-(pyrene-1,3,6,8-tetrayl)tetraaniline
(PyTTA) and 2,2’-bipyridyl-5,5’-dialdehyde (BPyDCA) in the pres-
ence of 3M acetic acid according to the literature. "’ Clear diffraction
peaks at 3.2°, 4.6°, 6.4°, 9.8°, 12.9°, and 23.9°, corresponding to
the (110), (020), (220), (330), (440), and (001) facets, respectively,
suggest that Py-2,2'-BPyPh COF was highly crystalline (Fig. S2).

The disappearance of —C=0 band at 1624 cm™" in FT-IR spec-
trum and emergence of a peak corresponding to —C=N at 159.8
ppm in the *C CP-MAS NMR spectrum confirmed the chemical
composition of the framework (Figs. S3 and S4). The surface area
measurement revealed that the BET and Langmuir surface area were
1785 m* g' and 2746 m* g”', respectively, while the pore size was
2.3 nm. The TGA curves suggested that the synthesized material
possessed high thermal stability up to 450 °C. This indicates that the
COF has substantial potential as a decorating platform for borylation
reactions (Figs. S5-S8).

Inspired by the essential characteristics such as uniform distri-
bution of bipyridine moieties associated with Py-2,2’-BPyPh COF
and in-depth chemistry of Ir-catalyzed C—H borylation, we synthe-
sized Ircoq(I)@Py-2,2’-BPyPh COF by the reaction of Py-2,2’-BPyPh
COF and [Ir(OMe)(1,5-cod)], under inert condition [Fig. 1(a)].
Once Ir was immobilized, the color of the framework changed to
dark brown; 3.1 wt. % Ir was incorporated in Ir.oq (I)@Py-2,2"-BPyPh
COF as analyzed by inductively coupled mass spectrometry. SEM
images showed no change in morphology of Ir..q(I)@Py-2,2'-BPyPh
COF. A uniform distribution of Ir was observed by energy dis-
persive X-ray spectroscopy mapping via SEM (Fig. S9), indicating
that Ir decoration ensues completely within the immobilized crys-
talline framework. In order to further understand the docking sta-
tus of Ir, we performed X-ray photoelectron spectroscopy (XPS),
3C MAS NMR spectroscopy, and electron paramagnetic resonance
(EPR) spectroscopy. The XPS spectrum of Ir.q(I)@Py-2,2’-BPyPh
COF displayed binding energies of Ir 4f5/; and Ir 4f/; at 64.8 eV and
61.9 eV, respectively [Fig. 2(a)]. In addition, the N 1s peak was blue
shifted to 399.5 eV as compared with that in pristine Py-2,2-BPyPh
COF (398.1 V) [Figs. 2(b) and 2(c)].

The *C MAS NMR spectra of Ir.,q(I)@Py-2,2'-BPyPh COF
showed peaks corresponding to cyclooctadiene and methoxy peaks
at 99.84, 39.21, and 28.71 ppm (Fig. S10), without any variation
in the chemical shift of the imine functionalities at 156.6 ppm.
Similar observations have been reported for Ir immobilization on
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FIG. 1. (a) Schematic representation of 2D Py-2,2’-BPyPh COF and Ire.q(l)@Py-2,2’-BPyPh COF synthesis. Graphic extended view of the stacking structure (b) Py-
2,2’-BPyPh COF and (c) Ircoq(l)@Py-2,2’-BPyPh COF. (d) Comparison of experimental and calculated PXRD pattern of Py-2,2’-BPyPh COF and Ireq(l)@Py-2,2"-BPyPh

COF.

mesoporous silica as a heterogeneous support.””'”" EPR spec-
troscopy was performed to evaluate the electronic structure of the
Ir complex decorated on the framework. The spectrum [Fig. 2(d)] is
consistent with the expected electronic environment and oxidation
state. Similar characteristics were also observed by Braunstein and
co-workers for iridium (1) complexes.“’ > All these results obtained
using various spectroscopic techniques suggest the existence of
strong interactions between Ir and the bipyridine functionalities in
Ircoa(D@Py-2,2-BPyPh COF.

PXRD patterns validate that the crystalline nature of Py-2,2’-
BPyPh COF is preserved during Ir immobilization. However, the
resultant peaks are broad, and the relative intensity of the (110)
facet decreases in Ir.,q(I)@Py-2,2"-BPyPh COF during the postsyn-
thetic modification [Fig. 1(d)]. This is apparently because of the
incorporation of Ir functionalities; a similar retention of the struc-
ture during various chemical modifications or modifications with

metals has been observed for COFs.”® "***" The peak at 1625 cm™
in the FT-IR spectrum of Ir.,q(I)@Py-2,2"-BPyPh COF further con-
firmed the retention of the imine functionalities during docking
(Fig. S11). To examine the porosity of Ircod(l)@Py-Z,Z'-BPyPh COF,
N, sorption measurements were performed at 77 K. As expected, a
substantial decrease in the BET surface area and pore size (nonlo-
cal density functional theory) was observed. The BET surface area
and the pore size decreased from 1785 m* g™! to 2.3 nm for pris-
tine Py-2,2’-BPyPh COF to 859 m? g™* and 1.59 nm, respectively,
for Ireoa(I)@Py-2,2"-BPyPh COF (Fig. 3). Although the pores of the
immobilized framework were partially bound by active Ir metal, the
surface area and the open structure were still significant for impart-
ing catalytic activity within the pore channel. The good thermal
stability (>215 °C) of Ir.oq(I)@Py-2,2"-BPyPh COF (Fig. S13) as con-
firmed by TGA prompted us to employ Ir-immobilized framework
for C—H borylation at an elevated temperature.
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Given the role of Ir chemistry in C—H activation and the
successful immobilization of Ir in the pore channels of 2D bipyri-
dine functionalized Py—Z,Z'—BPyPh framework, we attempted to
evaluate the performance of Ir.,q(I)@Py-2,2"-BPyPh COF in C—H
borylation reactions. Before optimizing the reaction condition,

we investigated the stability of the immobilized framework in
protic and aprotic solvent by PXRD and FT-IR spectroscopy
(Figs. S14 and S15). Initially, the arene, 1,2-dichlorobenzene, was
reacted in the presence of B,Pin; in various solvents at an ele-
vated temperature using the Ir docked framework as a catalyst.
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FIG. 3. N, sorption isotherms comparison of (a) Py-2,2’-BPyPh COF and Ircoq(/)@Py-2,2’-BPyPh COF; pore size distribution curve from N, adsorption data of (b) Py-2,2’-

BPyPh COF and (c) Ireq(l)@Py-2,2"-BPyPh COF.
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Almost no borylated products were obtained in polar solvents
such as tetrahydrofuran, dichloromethane, and dimethylformamide.
However, in nonpolar solvent such as heptane, borylated prod-
ucts with appropriate stoichiometric ratios were obtained in 66%
and 87% vyields (Table I, Entry 3 and 4). These results are
summarized in Table I and are in agreement with previously

scitation.org/journal/apm

reported studies on the role of solvents and temperature.””'"

In addition, a set of control experiments were conducted
to demonstrate the catalytic properties of the Ir immobilized
framework. Apparently, poor catalytic activity was observed for
the borylation of 1,2-dichlorobenzene using [Ir(OMe)(cod),], Py-
2,2'-BPyPh COF, [Ir(OMe)(cod),] + Py-2,2"-BPyPh COF under the

TABLE II. Ireoq(I)@Py-2,2'-BPyPh COF catalyzed C—H borylation of arenes and heteroarenes. Reaction conditions:
Ireod (N@Py-2,2-BPyPh COF (0.008 mmol of iridium, 0.6 mol. %); arene (0.125 mmol); B,Piny, (0.125 mmol), and

heptane (3 ml).
R R
(o) 0]
+ \B—B Ircod(I)@Py-2,2'-BPyPh COF
0/ o Heptane, 90 °C, 48 h B/O
|
(0]
Entry Substrate Product Yield (%)
Cl Cl
1 \© \@\ 87
BPin
Br Br
F;C F;C
2 3 \© 3 \@\ 71
BPin
OCH; OCH,
F;C F;C
3 3 \© 3 \@\ 42
BPin
H;C H;C
BPin
Cl cl
5 /© /©\ B
Cl Cl BPin
6 Z/ \X @ ) 67
N N BPin
H H
7 M\ [\ ;
S S BPin
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optimized reaction conditions (Table I, Entry 5-7). Furthermore,
an appropriate stoichiometric ratio of arene and B;Pin; is necessary
to obtain substantial catalytic conversion. Notably, the Ir.,q(I)@Py-
2,2'-BPyPh COF heterogeneous catalyst exhibited a sluggish initial
reactivity as evident from the kinetic profile of the catalyst (Fig. S16).
We performed a hot filtration test to demonstrate the heterogene-
ity of the catalytic process. After filtering the catalyst, the catalyst-
free solution was subjected overnight to similar reaction condition.
No catalytic activity was observed for C—H borylation reaction in
the absence of the catalyst, thereby confirming the heterogeneity of
Ircoa(D@Py-2,2-BPyPh COF.

After assessing the catalytic activity, optimum reaction condi-
tions, and heterogeneity of Ir,qa(I)@Py-2,2"-BPyPh COF, we fur-
ther studied the substrate scope for various arenes and heteroarenes
featuring electron-withdrawing and electron-donating substituents
in C—H borylation. Table II shows that Ir.q(I)@Py-2,2’-BPyPh
COF catalyzes a range of substrates, giving moderate to excel-
lent yields of the borylated products. Specifically, the electron-
withdrawing substituents afford excellent conversion, while the
electron-donating substituents afforded moderate conversion. For
instance, 3-bromobenzotrifluoride and 3-(trifluoromethyl)anisole
afforded 71% and 42% conversion, respectively. Moreover, the bory-
lation reactivity of the heteroarenes was predominantly influence by
electronic effects, i.e., the presence of C—H bond in the a position
with respect to the heteroatom (Entry 6 and 7). Hartwig and Miyaura
proposed the mechanism of C—H borylation highlighting three core
s'[<eps:33"l()'1 oxidative addition, reductive elimination, and regenera-
tion of catalyst (Fig. S17). During the catalytic conversion, Ir(1) is
converted to Ir(ur) upon treatment with B,pin,. This is followed by
the oxidative addition to arene/substituted arene to form an Ir(v)
species. Ir(v) undergoes reductive elimination to form Ir(m) and
organoboron compounds, along with regeneration of the Ir catalyst.
It was also observed that varying the arene to B,pin, molar ratio
from 1:0.5 to 1:1 and mol. % of Ir.,q(I)@Py-2,2’-BPyPh framework
increased the percentage yield. This was consistent with the kinetics
observed by other research group to establish the mechanistic path-

10219 The core significance of heterogeneity lies in reusability,
recyclability, and feasibility in industrial application. The Ir catalyst
was recovered by centrifugation, washed, and dry under vacuum

100

80|
) I I
0_

1 3 4

2
Recycling Times

[=a)
=}
1

% Yield
s

FIG. 4. Reusability test of Ireq(l)@Py-2,2"-BPyPh COF catalyst for C—H
borylation.

scitation.org/journal/apm

and employed for the next catalytic reaction. The percentage yield
of the 1,2-dichlorobenzene borylation product up to four successive
runs was around 75%, thereby indicates good recyclability (Fig. 4) of
the catalyst. The well-preserved PXRD pattern, FT-IR spectrum, and
SEM physiochemical analysis after the catalysis verified the stabil-
ity of the Ir docked framework in terms of retention of crystallinity,
imine functionalities, and morphology (Figs. S18-520). We further
compared the surface areas and EPR spectra of the pristine and
recycled Ir.,q(I)@Py-2,2"-BPyPh COF. No changes in electronic and
oxidation environment occurred as evident from the EPR spectra;
however, the BET surface area decreased slightly from 859 m? g™* to
739 m* g™* (Figs. $21 and S22). The entire analyses suggested good
stability of the synthesized catalyst, which could be reused up to four
catalytic cycles while preserving its crystallinity. The importance of
Ir immobilization on COF as a decorating platform for pivotal C—H
borylation reactions is also realized.

IV. CONCLUSION

In summary, we have developed a programmed synthetic pro-
cedure for the immobilization of Ir on bipyridine functionalized
COFs. The Ir(1)-immobilized framework was highly porous, had
good thermal stability, and retained its crystallinity after post-
synthetic modification. Furthermore, Irc,q(I)@Py-2,2"-BPyPh COF
demonstrated excellent catalytic performance for a range of elec-
tronically and sterically substituted substrates for C—H boryla-
tion. In contrast to its homogeneous counterpart, this heteroge-
neous catalyst can be easily recycled and reused. Our strategy paves
way for the immobilization of transition metal-based catalysts into
COFs via pore surface engineering, thereby broadening the scope of
heterogeneous catalysis and other highly valued applications.

SUPPLEMENTARY MATERIAL

See supplementary material for the complete synthetic proce-
dures and characterizations of Ir.,q4(I)@Py-2,2"-BPyPh COF.
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