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ABSTRACT: Covalent organic frameworks (COFs) are an
emerging class of porous organic polymers that have been utilized
as scaffolds for anchoring metal active species to act as
heterogeneous catalysts. Though several examples of such COFs
exist, a thorough experimental and computational analysis on such
catalysts is limited. In this work, a series of two-dimensional (2D)
imine COFs (TTA-DFB COF (N), TTA—-TBD COF (NAO),
and TTA-DFP COF(NAN)) were synthesized by using suitable
building units to obtain three different coordination sites (N,
NAO, and NAN). These were post-modified with Pd(II) to
catalyze the Suzuki—Miyaura coupling reaction. PdA@TTA—DFB
COF, where Pd(II) was coordinated to N sites, showed the fastest reactivity and lower stability. PdA@TTA—DFP COF showed
highest stability but slowest reactivity. PA@TTA—TBD COF was the best among the three with both high stability and fast
reactivity. By combining both experimental and computational results, we conclude that the Pd(II) to Pd(0) reduction is a key step
in the difference between the catalytic reactivities of the three COFs. This study demonstrates the importance of the building block
approach to design COFs for efficient heterogeneous catalysis and to understand the fate of the reaction profile.
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B INTRODUCTION

Covalent organic frameworks (COFs) have gained attention in
recent years owing to their mild synthesis, high molecular-level
ordering, tunable structure and properties, and diverse field of
applications.” Rigid building blocks are bonded together
through strong covalent linkages to result in rigid porous
structures. An important aspect in the formation of a crystalline
COF is to utilize the reversible nature of covalent chemical
reactions.” Several reversible covalent linkages have been
explored for synthesizing COFs. However, COFs produced
using imine condensation reactions have become widely
popular due to the wide scope of linkers and mild synthesis
conditions.

or delamination of the COFs during the catalytic reactlon
(stirring and refluxing). Additionally, usage of bipyridine,"”
porphyrinic,”® or NHC-type*' metal anchoring sites incorpo-
rated in the COF structure has resulted in efficient metal
complexation.

Alternatively, the reticular principles’” of COF construction
can be exploited to easily engineer various metal anchoring
sites on the COFs, based on contemplative selection of the
starting linkers. Reticular principles allow prediction and
tunability of the COF geometry by variation in the type and
symmetry of molecular building blocks. Synthesis and
purification of imine COFs have become easier to do under
ambient conditions.”> Hence, we chose COF as a perfect

COFs have been explored for various applications such as
waste-water treatment,s’4 gas adsorption and storage,s’6
optoelectronics,” and catalysis.” Particularly in catalysis, both
metal-free”'” and metal-based heterogeneous catalysts''~'*
have been studied. Catalysis has been performed with the aid
of active metal catalysts anchored to two nitrogen atoms
present on two stacked two-dimensional (2D) COF sheets."
Other reports also include metal immobilization due to
physiosorption'® and partial stabilization in the presence of
mono-nitrogen atoms'’ and defect sites.'” Though these
results depict good catalytic activity, there can be problems of
metal leaching due to the mechanical stress causing destruction
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platform to study the effects of linker engineering. In this
study, we report three isoreticular 2D imine COFs, namely
TTA—DEB COF, TTA—TBD COF, and TTA—DEP COFE,**
which have a common tri-topic linker and a carefully selected
second di-topic linker providing functional variation. The
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Scheme 1. Formation of TTA—DFB COF (N), TTA—TBD COF (NAO), and TTA—DFP COF (NAN)

Y -
1S :’ ‘?“
XN o X-c
\@r”Y@N o LT .
V,N NN
HZNOY oy é é TTA-DFB COF
N
NI :N N N\
é i @ N
- Y A~
NH, Mesitylene\Dioxane _ N I: "] N ¢:Eg:l
: Agq. acetic acid - \©\N(I'j‘?‘/©, N' —?l/©/ Y
wrh\« ,:5 é TTA-TBD COF
H X
o} 0 N

N

?

B =
AN
0 N
v v
N (I
'—N NN

Y N

B &

TTA-DFP COF

imine nitrogen along with the varying functionalities in the di-
topic linkers creates three different coordination pockets for
metal coordination. Using this simple strategy of linker
engineering allowed us to design three different types of
metal anchoring sites containing N-, NAO-, and NAN-rich
regions on TTA—DFB COF, TTA-TBD COF, and TTA-
DFP COF, respectively.

The well-known palladium-catalyzed Suzuki—Miyaura cou-
pling® is used as a study model to explore the variation in
reactivity and mechanisms of the three different types of
ancillary ligands on the COFs. Suzuki—Miyaura cross-coupling
reactions are considered as one of the most important cross-
coupling reactions in the pharmaceutical, fine chemical, and
electronic industries.”*”” Palladium-assisted Suzuki—Miyaura
cross-coupling has been explored in-depth previously.”
Especially, the stereo-electronic properties and coordination
nature of homogeneous ligands such as NHC and phosphine
in Suzuki—Miyaura cross-coupling have been well studied.”**’
However, in industries, heterogeneous catalysts are preferred
since they provide advantages such as reusability, easy recovery
and regeneration, higher turnover numbers, and sustainable
usage over homogeneous catalysts. Several heterogeneous
catalysts such as PMOs,’® metal—organic frameworks
(MOFs),*" activated carbon,”* and COFs’” that act as support
for palladium have been reported. The factors concerning their
stereo-electronic properties depend on the COF structure.”
Linker engineering was utilized in bipyridyl- MOFs to
synthesize an efficient support for Pd(Il)-based Suzuki
coupling reactions.” This served as a great approach to design
efficient catalysts. To overcome metal leaching issues, a strong
coordination site on the COFs is required. Herein, aiming at
efficient selection of anchoring sites for metal-based catalysis,
we report a comparative study on three different types of
ancillary ligands engineered on COFs and their corresponding
impact on the catalytic activity in palladium-based Suzuki—
Miyaura coupling reactions.

50924

B RESULTS AND DISCUSSION

Three different batches of TTA-mesitylene/dioxane solutions
were prepared and mixed with (A) DFB-mesitylene-dioxane
solution, (B) TBD-mesitylene-dioxane solution, and (C) DFP-
mesitylene-dioxane solution to produce three isoreticular
COFs, namely (1) TTA—DFB COF (N), (2) TTA-TBD
COF (NAO), and (3) TTA-DFP COF (NAN), respectively
(Scheme 1). TTA-TBD (NAO) and TTA—DFB (N) COFs
are novel COFs, whereas TTA—DFP (NAN) COF has been
reported in our previous work.”* Aqueous acetic acid was
added to the solutions to accelerate the imine-condensation-
based polymerization process. The synthesized COFs are
insoluble in water or common organic solvents (such as
tetrahydrofuran, diethyl ether, acetone, methanol, ethanol,
N,N-dimethylformamide, dichloromethane, trichloromethane,
dimethyl sulfoxide).

The formation of the imine bond (—C=N) was confirmed
by the presence of a stretch at 1680—1690 cm™ in the Fourier
transform infrared (FT-IR) spectra (Figure 1(i)). In
comparison to the FT-IR spectrum of the TTA monomer
and the corresponding aldehyde monomers, the peaks of
aldehyde (1710 cm™) and amines (3300—3400cm™") in the
COFs are greatly attenuated (Figure S1), which further implies
the successful imine condensation. However, due to the
unreacted aldehydes and amines at the terminal edges of the
COF, residual signals were seen, which have been previously
reported in such imine COFs.”> In the case of TTA—TBD
(NAO) COF, a strong peak at 2965 cm™" corresponding to the
presence of the t-butyl group was observed, confirming the
structural unit preservation during the polymerization process.
Elemental analysis was used to calculate the amounts of C, H,
N, and O in the COFs. Table S1 shows the relevant elemental
content of the three COFs and their corresponding theoretical
values. The experimental C/N ratio is close to the theoretical
values, further providing evidence for the successful formation
of the expected imine-linked COFs. Powder X-ray diffraction
(PXRD) analysis was used to determine the crystalline
structure of the synthesized COFs. Figure 1(ii) shows the
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Figure 1. (i) FT-IR spectra and (ii) PXRD patterns of TTA—DFB
(N), TTA-TBD (NAO), and TTA—DFP (NAN) COFs.

PXRD patterns of the COFs indicating a crystalline framework
formation. The PXRD pattern of TTA—DFP (NAN) matches

well with the previous reports.”* The PXRD pattern of TTA—
DFB and TTA—-TBD exhibited intense reflections in the low-
angle region at 5.4° 20 (d spacing ~ 1.6 nm). The PXRD
patterns displayed broad diffraction peaks at ~26° 20
indicating the formation of 2D layered material stacking in
the ¢ direction. The COF models were geometrically optimized
and their simulated PXRD patterns matched the experimental
patterns (Figure S2). The diffraction patterns of the starting
monomers (Figure S3) are not visible in the diffraction
patterns of the COFs, indicating the transformation of the
starting monomers. The synthesized COFs are indeed not
completely crystalline as the PXRD patterns are relatively
broad.

Figure 2 shows the 13C CP/MAS NMR spectra of the COFs.
The “C NMR peak at 156—157 ppm corresponds to the
characteristic imine carbon atom of the C=N bond. The
signals at other regions are assigned to the carbon atoms of the
phenyl and triazine groups. The minor peaks at 110—111 and
186—187 ppm are due to the unreacted terminal monomers in
the COF framework. Additionally, in TTA—TBD (NAO)
COF, peaks at 30.5 and 27.5 ppm appear, confirming the
presence of the t-butyl group in the structure.

Nitrogen (N,) adsorption—desorption isotherms were
measured at 77 K to characterize the porous properties of
the COFs. Figure 3 shows a sharp increase in the gas uptake
observed at low relative pressure (P/P, < 0.1) for all of the
three COFs. They produce a Type-1 adsorption isotherm
showing the microporous nature of the materials. The rise in
the isotherms at higher relative pressures (0.8—0.99 P/P,)
corresponds to the presence of textural mesopores due to
agglomeration of the COF crystals.*® The Brunauer—Emmett—
Teller (BET) surface areas are 30, 293, and 314 m’/g and
Langmuir surface areas are 50, 382, and 412 m?/ g for TTA—
DFB (N), TTA—TBD (NAO), and TTA-DEP (NAN) COFs,
respectively. The ideal porosity of a modelled fully crystalline
COF could not be compared here because the synthesis only
leads to partially crystalline COFs as seen from the PXRD
patterns. Even after several attempts, the surface area of the
COFs could not be improved further. The list of conditions
attempted for the COF synthesis is provided in Table S2.
Especially for TTA-DFB COF, it is possible that it gets
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Figure 2. °C CP/MAS NMR spectra of (i) TTA—DFB (N) and (ii) TTA—TBD (NAO) COFs with the corresponding peak assignments.
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Figure 3. Nitrogen adsorption/desorption isotherms of the three
COFs.

exfoliated and becomes COF nanosheets. Such behavior has
been reported in the literature.””’~*'

Ligands containing N, NAO, and NAN functional groups
are well known to coordinate metal complexes and have been
widely studied concerning homogeneous catalysis.*” Linker
engineering of COFs has provided an easy platform to create
stable porous materials along with the specific ancillary ligand
coordination sites (N, NAO, and NAN) required to support
metal complexes. In this study, PdA@COF catalysts were
synthesized by postsynthetic metalation of the COFs with
Pd(OAc), in tetrahydrofuran. Equal amounts of palladium
acetate were added to the three COFs to maintain uniform
metalation conditions to compare the metal loading capacities
of the three anchoring sites. Figure 4 shows an ideal
representation of Pd(OAc), anchoring on the ancillary ligands
of the three COFs. PXRD patterns of the metalated COFs
show that the crystallinity is retained after postsynthetic

metalation (Figure S4). The order of the metal loading
capacities of the three COFs is PA@TTA—DFP (NAN) >
Pd@TTA-DEFB (N) > PA@TTA-TBD (NAO).

For all of the metalated COFs, the N, adsorption—
desorption isotherms show a decrease in the overall nitrogen
uptake in all cases as expected. The Langmuir surface areas
decreased to 20 m*/g for PA@TTA—DFB (N), 60 m?*/g for
Pd@TTA—DFP (NAN), and 324 m?/g for PA@TTA—TBD
(NAO) (Figure SS). X-ray photoelectron spectroscopy (XPS)
measurements on Pd@TTA-DFB (N), Pd@TTA-TBD
(NAO), and Pd@TTA-DFP (NAN) COFs (Figures S6—
S8) revealed the binding energy (BE) of Pd3ds,, at 337.5 eV,
corresponding to the +2 oxidation state.*’ Imine groups
donate electrons to Pd(II), making it less electron-deficient.
From the XPS analysis it is observed that in all cases, most of
the palladium species remain with +2 oxidation states after
loading onto the COFs. Also, palladium nanoparticles (Pd(0))
are observed in the materials, which could be due to partial
reduction occurring during the measurements. In addition, the
FT-IR spectra of the metalated COFs remained similar to the
pure COF spectra (Figure S9).

To assess the impact of linker engineering in catalytic
application, the palladium-catalyzed Suzuki—Miyaura cross-
coupling reaction was chosen, where aryl halide reacts with aryl
boronic acid to give bi-aryl as a product in the presence of
Pd@COF as the catalyst. The reaction mechanism for the
formation of C—C bonds under homogeneous conditions has
been widely studied and is shown in Scheme S1. The standard
Suzuki—Miyaura cross-coupling mechanism involves three
important steps: (i) oxidative addition, where aryl bromide
(R;-Br) attaches to palladium, and subsequently, bromine is
replaced by OCO?™ ion from the base; (ii) transmetalation,
where the OCO?™ ion is replaced by the aryl (R,) group; and
(iii) reductive elimination, where R;—R, is eliminated,
reverting the palladium back to its original form. In case of
the three COFs in our study, monodentate (TTA—DFB with
N) and bidentate (TTA—TBD with NAO and TTA-DFP
with NAN) ligands are present. Due to this varying chelating

(ii)

t\rk
\T»\T/

Figure 4. Optimized structures of (i) PA@TTA—DFB (N), (ii) PA@TTA—TBD (NAO), and (iii) PA@TTA—DFP (NAN) COFs.
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nature, it is important to study the catalytic activity under these
circumstances. Similar reaction conditions were adopted from
the previously regorted Pd/COF-LZU1-catalyzed Suzuki
coupling reaction.”” Bromobenzaldehyde was selected as the
reaction substrate, catalyzed by 0.5 mol% of Pd@COFs
(Figure S). Yields >96% were observed in all cases with

Catalyst, K,CO;,

Br— )CHO + (HO),B— desare (5). ovc—< < )
o ) p-xylene, 150°C o
1 equiv 1.5 equiv
Pd@TTA-DFB 2 97
Pd@TTA-TBD 4 97
Pd@TTA-DFP 16 96
100 A —a
80 -
60 /

Yield (%)
Yield (%)

40 - / —a— PJ@TTA-DFP
/
[ —e— Pd@TTA-DFB
o) PA@TTA-TBD
20 ,
0 1 2 3 4 5
Time (hours)
0 T T T T
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Figure S. Suzuki—Miyaura cross-coupling of bromobenzaldehyde (1
equiv) with phenyl boronic acid (1.5 equiv) in the presence of 0.5 mol
% Pd@COF (catalyst), K,CO; (2 equiv), and p-xylene at 150 °C.
Yield (%) vs time (hours) plot for the cross-coupling reaction
between bromobenzaldehyde and phenyl boronic acid in the presence
of Pd@COFs.

complete conversions, showing good catalytic activity in all of
the COFs. The kinetics of the reactions are shown in the plots
between reaction time vs yield and reaction time vs conversion
(Figures S and S10). Interestingly, the reaction time required
for the complete conversion and yield varied among the three
COFs, with PA@TTA—DFB (N) showing the least time
duration (2 h) for completion followed by PdA@TTA—TBD
(NAO) with 4 h. In contrast, a higher conversion time was
observed for PA@TTA—DFP (NAN), requiring 16 h for
completion.

XPS analysis (Figures S6—S8) shows that palladium remains
in +2 oxidation state after anchoring onto the COFs. However,
for the coupling reaction to occur successfully, Pd(0) is
essential. Pd(0) is formed in a preceding step (A) (Scheme S1)
before the coupling starts. It has been shown that Pd(0)
formation from Pd(II) occurs through the reaction of
homocoupling of aryl boronic acids.*”* Moreno-Manis et
al. report that the acid-base interactions between palladium
and boron groups result in the homocoupling reaction, where
Pd(0) is formed as a product of the oxidative homocoupling of
aryl boronic acids catalyzed by Pd(OAc),.** To confirm this
mechanism for the formation of Pd(0), three homocoupling
reactions (with the three PdA@COFs) were performed using
only phenyl boronic acid and in the absence of aryl halide to
avoid cross-coupling. GC-MS analysis revealed significant

formation of biphenyl in all cases, thus confirming Pd(II)-
catalyzed homocoupling with the production of Pd(0).*>*’

We performed reaction kinetics to determine the rate of
formation of biphenyl through the homocoupling reaction in
the three COFs (Figure S11). A general Suzuki coupling
reaction was used with the same parameters as used earlier
(except the aryl halide). The amount of biphenyl produced
corresponds to the Pd(II) to Pd(0) conversion. This was
quantified using GC-MS for the duration of 1 h with intervals
of S min. It was observed that an equivalent amount of
biphenyl is produced corresponding to the palladium loading
in the COFs within the first 10 min in all of the cases and the
overall quantity remains almost consistent throughout the one
hour of the reaction. However, in the case of PA@TTA—DFP
(NAN), there is no biphenyl formation in the first S min,
which indicates an induction period. This shows that the
overall rate of the reaction for formation of the main product
(biphenyl-4-carboxaldehyde) could be affected by the rate of
formation of Pd(0) from Pd(II).

To gain more insights into the reactivity of the PdA@COF
complexes, the detailed reaction mechanism was investigated
using the density functional theory (DFT) at the B3LY-
D3(BJ)/6-311++G**/SDD(Pd) level of theory (section
S1).**7>* The proposed mechanism is shown in Figure 6(i).
The reaction free energies for the pre-step (1-Pre — 1-biph —
1) for different Pd complexes are first calculated. The observed
results suggest that the first step and overall pre-step are
favorable for all of the Pd complexes (Figure 6(ii)). However,
the last elementary step (1-biph — 1) is endothermic by 7.97
kcal/mol for PA@TTA-DFP (NAN) and exothermic by
—4.89 and —3.38 kcal/mol for PA@TTA—TBD (NAO) and
Pd@TTA—-DFB (N), respectively. This suggests that the pre-
step could be slower in PA@TTA—DFP (NAN) compared to
that in PA@TTA—TBD (NAO) and Pd@TTA-DFB (N).
This also corresponds to the experimental observation.

Next, the entire catalytic cycle of the Pd complexes-catalyzed
Suzuki—Miyaura cross-coupling reaction was investigated as
shown in Figure 6(i). The reaction involves three crucial steps:
oxidative addition, transmetalation, and reductive elimination.
The reaction starts with the coordination of the R1-Br
molecule to 1 for the formation of 2. The calculated reaction
free energies (Figure 6(iii)) were —13.35, —20.22, and —24.82
kcal/mol for PA@TTA—TBD (NAO), PdA@TTA-DFB (N),
and PA@TTA—DFP (NAN), respectively. In the next step, the
oxidative addition (2 = 3) of the C—Br bond occurs at the Pd
center via the transition state (TS1) to form the Pd(II)
intermediate (3) with energy barriers of 3.71, 4.68, and 7.01
kcal/mol for PA@TTA—TBD (NAO), PdA@TTA-DFB (N),
and Pd@TTA-DFP (NAN), respectively (Figure 6). The
reaction free energyies (2 — 3) changes were calculated to be
—28.78, —19.37, and —27.01 kcal/mol for PA@TTA—TBD
(NAO), PA@TTA-DFB (N), and PA@TTA-DEP (NAN),
respectively. The reaction between 3 and K,COj releases the
Br™ anion in the form of KBr and formation of 4 takes place.
For this step, the calculated reaction free energies were 4.33,
—12.43, and 0.48 kcal/mol for TBD, DFB, and DFP,
respectively. After that, the transmetalation (4 — §) process
takes place using R,-B(OH), and it was highly exothermic for
all of the Pd complexes. The reaction free energies for this step
were obtained to be —42.79, —30.62, and —41.92 kcal/mol for
PAd@TTA-TBD (NAO), PA@TTA-DFB (N), and Pd@
TTA—DFP (NAN), respectively. The reaction completes by
the formation of the C—C bond through the reduction

https://doi.org/10.1021/acsami.2c14882
ACS Appl. Mater. Interfaces 2022, 14, 50923-50931


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c14882/suppl_file/am2c14882_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c14882/suppl_file/am2c14882_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c14882/suppl_file/am2c14882_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c14882/suppl_file/am2c14882_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c14882/suppl_file/am2c14882_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c14882/suppl_file/am2c14882_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c14882?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c14882?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c14882?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c14882?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c14882?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(i) 2pn-g " (iii)
~OH = PA@TTA-TBD ===Pd@TTA-DFP ===Pd@TTA-DFB
PdL PdL
/
AcO \OAc Ph/\ph
1-Pre ~ OH 1-biph
2
AcO-B.. “OH
Pre-Step Ph—Ph s
E
Pd°L Br: 8
R ~_ R £
Ri ! \\ <
S2
Pd'L PdIUL
N\ 1
R{ 5 R, Ry 2Br
: |
0CO; 2K L= DFB, TBD and DFP \Ts1 " 8313
l|3'(0H)2 - 6 1muct
0CO k+ ) 93.27.
\ Pd'L 5
K,CO;3 N
+ Pd'L T3 Br
R,—B(OH), /\ Reaction coordinate
(ii) Ri 4 OCO,K' ——7 KCOs (iv) PA@TTA-DFB PA@TTA-TBD PA@TTA-DFP
{ X
KBr \ e
TS1 s
20\ 273 2 21.
0.0 ——Pd@TTA-TBD ——Pd@TTA-DFP —— Pd@TTA-DFB \91
= 1Pre e 44 f_)_‘. /& /({%2“ <
Elw T
- Y -9.29
=
3 14.35
*\} 195?’7
}\?\\J 98 ’_}_ 02 204 /‘ "\\1 6 },b
. 22.32 . '7-°3 ‘M /‘ 202
— ...
2303 e 26.41 g w/ﬁm 7
1-biph 1 » s—\_j'
b

Reaction coordinate

e @O@rd )\

Figure 6. (i) Proposed catalytic cycle for the Suzuki—Miyaura cross-coupling reaction catalyzed by different PdA@COF complexes used to perform
the DFT studies; (ii) calculated reaction free energies for the pre-step of PA@COF complexes at B3LY-D3(BJ)/6—311++G**/SDD(Pd) level of
theory; (iii) calculated reaction free energies for the Suzuki—Miyaura cross-coupling reaction catalyzed by Pd@COF complexes; and (iv) optimized

transition states (TSI and TS2) for PdA@TTA—DFB (N), PdA@TTA—

clarity. Bond lengths are in A

TBD (NAO), and PA@TTA—DFP (NAN) COFs. H atoms are omitted for

elimination process (5 — 1), where the final product is
released from the Pd complexes. The C—C bond formation (5
— 1) occurs via the transition state (TS2) with an energy
barrier of 13.42, 10.26, and 13.06 kcal/mol for Pd@TTA—
TBD (NAO), Pd@TTA-DEB (N), and Pd@TTA—DEP
(NAN), respectively. On the other hand, the reaction free
energy changes for C—C bond formation were —2.54, —0.49,
and 10.14 kcal/mol for PA@TTA—TBD (NAO), PdA@TTA—
DFB (N), and PA@TTA-DFP (NAN), respectively.

The theoretical investigation suggests that the Suzuki—
Miyaura coupling reaction is thermodynamically favorable for
all of the Pd complexes, which agrees well with the overall
experimental results. Moreover, all of the elementary steps are
exothermic for PA@TTA—DFB (N) with the highest energy
barrier of 10.26 kcal/mol, which is quite reasonable, as in the
experiment the reaction completes within 2 h. On the other
hand, PA@TTA—DFP (NAN) shows the energy barrier of
13.06 kcal/mol for the C—C formation step with the energy
change of 10.26 kcal/mol. This infers toward the slow kinetics
of PA@TTA—DFP (NAN) and supports the experimental
observation that the reaction takes 16 h to complete. Pd@
TTA-TBD (NAO) also shows the highest barrier of 13.42
kcal/mol, but all of the elementary steps are thermodynami-
cally favorable except 3 — 4 (4.33 kcal/mol), which makes the

reaction kinetics slower than PdA@TTA—DFB (N) and faster
than PA@TTA—DFP (NAN); hence, the reaction takes four
hours for completion. Furthermore, we evaluated the
molecular orbitals to find out the primary reason behind the
different kinetics of PdA@COFs. For all modelled Pd@COFs,
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of intermediates 1 and
S were calculated (Figure 7), as these intermediates show
interchangeable oxidation states (0 to +2) during the course of
reaction. The HOMO of 1 releases two electrons and becomes
LUMO in S. During this oxidation process, the energy of
HOMO gets destabilized as the position of the newly formed
LUMO is lower in energy. On the other hand, during the
reduction process S gains two electrons to form 1, and the
LUMO of § stabilizes into HOMO in 1. We found that the
energy differences between the HOMO of 1 and LUMO of §
are 1.29, 2.03, and 2.41 €V for PA@TTA—DEP (NAN), Pd@
TTA-DFB (N), and PA@TTA-TBD (NAO), respectively.
This suggests that the destabilization energy is the lowest in
Pd@TTA—-DFP (NAN), resulting in a more favorable 1 — §
reaction, whereas during the reductive elimination, PdA@TTA—
TBD (NAO) has the highest stabilization energy, which favors
the reaction 5 — 1. Overall, PA@TTA—DFP (NAN) favors
the oxidative addition more and PdA@TTA-TBD (NAO)
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Figure 7. Frontier molecular orbital energy of intermediates 1 and §
of PA@COFs at the B3LY-D3(BJ)/6-311++G**/SDD(Pd) level of
theory.

favors reductive elimination. On the other hand, PdA@TTA—
DFB (N) with the moderate energy difference of 2.03 eV can
kinetically balance both oxidation (1 — 5) and reduction (5 —
1) processes.

The heterogeneity of the catalyst was tested through the hot
filtration test, where the reaction is stopped before the
completion time and the Pd@COF catalyst is separated from
the mixture. The reaction is then allowed to continue without
the presence of the active catalyst. In the case of PA@TTA—
DFB (N) COF, leaching was observed, which may be due to
the lower number of coordinating sites in the COF. This can
also be the reason for the quicker reaction completion time (2
h), as the reaction can occur through the homogeneous route.
Pd(OAc), was used as a homogeneous catalyst under the same
reaction conditions and it was observed that the conversion
was 100% within 1 h of the reaction. This further shows that
the high activity in PA@TTA—DFB (N) COF is due to the
leached Pd. In the case of PA@TTA—TBD (NAO) and Pd@
TTA-DFP (NAN) COFs, the product analysis shows that
there is no conversion after filtering the Pd@COFs. XRF and
ICP-OES analysis showed 7.1 and 10.5 wt % Pd on the filtered
COF powders, and no Pd was detected in the filtrate solution.
This further confirms the absence of leaching in these two
catalysts. These results show that coordination strength of
bidentate ligands (NAN, NAO) is stronger than that of the
mondentate ligand (N) and thus, a useful design strategy to
overcome leaching issues. The turnover frequency (TOF)
calculated at 30 min after the reaction for Pd@TTA—DFB,
Pd@TTA—-TBD, and Pd@TTA—-DFP COFs is 1820, 1220,
and 220 (h™!), respectively (Table S4). Further, tests of the
cross-coupling reactions with a wide substrate scope (Table
S3) were performed. In all of the cases >95% yield was
observed, proving that PdA@COF can be used for different
substrates.

In conclusion, we have synthesized three imine COFs with
careful selection of the starting linkers, which provides a base
for engineering three crystalline COFs as a support for the
active palladium catalyst. A simple strategy is followed, which
allows easy formation of ancillary ligands containing N, NAO,
and NAN active sites. PA@TTA—DFB (N) shows complete
conversion in the shortest time (2 h) in comparison to Pd@
TTA-TBD (NAO) (4 h) and PA@TTA—DEP (NAN) (16
h). As a preceding step for the Suzuki coupling reaction, the
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formation of Pd(0) occurs through the homocoupling reaction
of aryl boronic acids. Computational studies reveal the
differences between the different reaction kinetics of the
COFs. The lower number of coordinating N atoms in Pd@
TTA-DFB (N) decreases the metal loading capacity in
comparison with the bidentate ligand-containing COFs. This
also causes the leaching in PA@TTA—DFB (N) COFs. The
heterogeneity of the PA@TTA—TBD (NAO) and PdA@TTA—
DFP (NAN) COFs are confirmed with hot filtration tests
combined with XRF and ICP-OES analysis of the filtrates,
which show no leaching. The catalyst could also be used up to
at least three runs with no significant loss in activity. This study
provides an example of linker engineering in COFs and
highlights the impact of the coordination nature of Pd(OAc),
in a heterogeneous catalyst on Suzuki—Miyaura cross-coupling
reactions. Such linker engineering allows for simple yet
effective COFs, satisfying the strong coordination site
requirements, and can be explored further for several
important organometallic reactions."’
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