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Highly dispersed Pd(0) nanoparticles were successfully immobilized in a stable, crystalline and porous
covalent organic framework (COF), TpPa-1, by a solution infiltration method using NABH, as reducing
agent. High resolution and dark field TEM images confirmed the uniform loading of the Pd(0)

10 nanoparticles into the TpPa-1 matrix without aggregation. This hybrid material exhibited excellent
catalytic activity towards the Cu free Sonogashira, Heck and sequential one pot Heck/Sonogashira cross
coupling reactions under basic conditions, and with superior performance than commercially available Pd
supported on activated charcoal (i.e., 1, 5 and 10 wt.%). Additionally, the precursor Pd(II)-doped COF
also displayed competitive catalytic activity for the intramolecular oxidative biaryl synthesis under acidic

o

conditions. Both catalysts were found to be highly stable under the reaction conditions showing negligible
metal leaching, non-sintering behavior, and good recyclability. To the best of our knowledge, the organic
support used in this work, TpPa-1, constitutes the first COF matrix that can hold both Pd(0) nanoparticles
and Pd(I) complex without aggregation for catalytic purposes under both highly acidic and basic
conditions.

Introduction hydrazine has been avoided to maintain the framework rigidity
and crystallinity of the supports. The loss of crystallinity and
so rigidity of these COF supports due to the spontaneous treatment
with reducing agents further leads to the decreased interaction
between support and nanoparticles. This results into the leaching
and sintering of nanoparticles, which is a major reason for loss of
catalytic activity during repeated cycles.’**" Also, the utilization
ss of these nanoparticles@MOFs/COFs as a catalyst towards the
reactions, to be performed in aqueous/acidic/basic medium has
been avoided. To the best of our knowledge, there exists an
example containing Pd(II) on crystalline COF that exhibited
catalytic activity for Suzuki coupling reactions.”* Also, the
60 incorporation of Pd and Pt nanoparticles into amorphous covalent

) . . triazine frameworks (CTFs) for glycerol, alcohol and methane
versatile and efficient organic supports for heterogeneous S 2a.2b2e e .
talysis.* Indeed, such MOF and COF derived hybrids has been oxidation has been reported. Moreover, the utilization of
cal . , . . e
used as catalysts in diverse reactions such as Suzuki coupling, > chemically unstable COF-102 for the immobilization of Pd(0)
CH acti E] EN duction® and el | p 'dg’t' nanoparticles and volatile organometallic precursor for room
| acva 12?)n, futro. reduction, - and - gycerol oxidation temperature (RT) hydrogen uptake and catalysis has been
reactions, etc.” However, a major limitation of these materials to

: . . described elsewhere’*® It is noteworthy that, most of the
act as porous hosts is their moderate stability under standard . .
. . . . 4 aforementioned COFs are either amorphous or unstable to the
experimental conditions in aqueous, acidic and basic media.” This

i . reaction conditions performed in aqueous, acidic or basic media.
40 creates the necessity for the development of improved . . . o
: . i In the area of organic synthesis and catalysis, transition metal
heterogeneous supports for holding catalytically active

. ; . catalyzed C—C coupling and C—H activation reactions constitute a
nanoparticles. Unfortunately, due to the deficient stability of 56 . .
i ; . powerful tool.”” Among the transition metals palladium posses
these frameworks, the loading of metal nanoparticles have mainly . . 7
] ) . . one of the strongest tendencies to form bonds with carbon,
been performed by tedious routes like chemical vapor deposition, . . L
RN L . which has motivated scientists over the last decades to develop
solid grinding and solution infiltration followed by H,/He stream o .
T a4 . and optimize these catalytic processes to a stage that has enabled
reduction.”" The treatment of COF supports after metal loading

. . . . s application on an industrial scale. In addition, the
with reducing agents like, for example, NaBH,, LiAlH; or

2

S

Covalent organic frameworks (COFs) are porousand
crystalline solids synthesized by extending organic structures via
strong covalent bonds are well known for its applications in gas
storage, catalytic supports, semiconductive and photoconductive
devices.! The availability of confined space for nucleation with
high surface area, porosity, chemical tunability and structural
regularity present in COFs supports a reasonable choice of these
materials as versatile supports for various catalytically active
nanoparticles.” Additionally due to the in-built covalent bond
30 architecture, one could anticipate that COFs might become more

suitable scaffolds than that of metal organic frameworks (MOFs)

for anchoring metal nanoparticles and therefore emerge as
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Scheme 1. Synthesis of Pd(Il) and Pd(0)-doped COFs (i.e., PA(II)@TpPa-1, Pd(0)@TpPa-1) and summary of their catalytic activity towards
Sonogashira, Heck and oxidative biaryl couplings. The doped Pd(0) nanoparticles are probably situated on TpPa-1surface. [The scheme is to represent the
s synthesis and the organization of the Pd nanoparticles on COF (TpPa-1) and it is not exactly fit to scale].

heterogenization (or immobilization) of transition metal catalysts
has been also receiving considerable attention, as these hybrids
combine the advantages of both the and
heterogeneous catalyst within the context of green chemistry and
sustainable design.® In this regard,
dendrimers, polymeric materials, mesoporous silica and zeolites
have been also extensively utilized for the immobilization of
these catalysts.” However, these supports often suffer important
drawbacks such as low catalyst loading and weak interactions
between the support and the nanoparticles.'®'® Recent studies
have demonstrated that the stability of these supported catalysts
depend on the rational design of the solid scaffolds, while the
efficiency is controlled by the size, morphology and the extent of
the nanoparticles loading.'® Thus, the interactions between the
metal nanoparticles and the functional groups of the supports
should be optimum to hold the particles on the surface, but not to
the extent that lead to unwanted side reactions. For example,
despite their high surface area and robust nature, the use of
mesoporous silica, usually leads to undesired side products due to
the strong interaction between loaded nanoparticles and the
silanol groups on the surface.'”™'% Albeit the major advances
achieved in this area during the last few years,'' the issues
regarding sintering, leaching, stability and recyclability of
supported nanoparticles remain a big concern.'?

In these regards, the synthesis of highly stable, recyclable and
equally efficient heterogeneous catalyst is mandatory. In contrast
to tedious procedures reported earlier,?>2&*3 %% herein, we
report the successful incorporation of both Pd(0) nanoparticles
and Pd(II) complex on a highly stable, crystalline and porous
COF support, TpPa-1 by a simple solution infiltration method
carried out at RT (scheme 1)."* The most important aspect of
these hybrids is their remarkable stability in water and under

homogeneous

along with charcoal;
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harsh conditions (e.g., strong basic or acidic conditions), which
remains associated with the judicious selection of the COF
(TpPa-1) framework enriched with nitrogen and oxygen atoms.
The COF skeleton imparted stability to the active metal centers
and the strong interaction of loaded Pd(0) nanoparticles and
Pd(IT) complex with the nitrogen and oxygen atoms within the
selected COF not only facilitates the catalysis in the absence of
additional ligands but also provides extra strength.'* Herein,
beside the synthesis of robust and stable catalyst, remarkable
catalytic activities of these hybrid materials towards C—C bond
formation reactions under basic conditions (i.e., Sonogashira
coupling, Heck coupling) and C—H activation reactions at acidic
conditions (i.e., intramolecular oxidative biaryl coupling) are also
described.

Result and discussion

The presence of all characteristics peaks of TpPa-1 in the FT-IR
spectrum of Pd(0)@TpPa-1 and Pd(II)@TpPa-1 confirmed that,
even after strong treatment with NaBH,, the chemical
environment within the COF remained intact (Figure la). After
incorporation of Pd(0) nanoparticles and Pd(II) complex inside
the TpPa-1 matrix, the appearance of representative peaks for
C=C (1580 cm™) and C-N (1251 cm™) stretching of TpPa-1,
confirmed the metal loading without disturbing the basic COF
architecture. An almost unchanged PXRD pattern for
Pd(0)@TpPa-1 with additional peaks for (111) and (200) planes
appearing at 39° (26) and 44° (26) demonstrated that the loading
of Pd(0) nanoparticles occurred with minimal loss of crystallinity
and retention of the COF integrity (Figure lc).” The slight
broadening of the peak present at 25° (26) suggested increased
defects in the n—m stacking of TpPa-1 due to the incorporation of
Pd(0) nanoparticles into the interlayer space within the COF
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Fig. 1 Characterization of Pd(0)@TpPa-1 and Pd(II)@TpPa-1 catalysts. a) Comparison of the FT-IR spectra of Pd(0)@TpPa-1, PdAII)@TpPa-1 and
pristine TpPa-1. b) N, adsorption isotherms for TpPa-1, Pd(0)@TpPa-1 and Pd(II)@TpPa-1. c) PXRD profile of Pd(0)@TpPa-1 showing the
s characteristic peaks for (111) and (200) planes of Pd nanoparticles at 39° and 45°. Matching PXRD plots of TpPa-1, Pd(0)@TpPa-1 and Pd(0)@TpPa-
1 after 3™ catalytic cycle. d) PXRD profile of PA(ID)@TpPa-1 showing matching PXRD plots for TpPa-1 and Pd(IN@TpPa-1. ¢) XPS spectrum of the
Pd(0)@TpPa-1 in the 3d region showing typical peaks at 335.5 eV (3ds2) and 341.2 eV (3ds,,) for Pd(0). 1f) XPS spectrum of the PA(I)@TpPa-1 in the
3d region showing characteristic peaks at 337.1 eV (3ds;) and 342.3 eV (3ds,,) for Pd(II). Black line: Measured XPS data, Red line: Measured XPS data
after fitting, Green line: Pd"3ds), or Pd*"3ds),, Brown line: Pd’3ds,/Pd*3ds,, Blue line: Background.

architecture. This phenomenon is very similar to the peak
broadening observed during the exfoliation of multi-walled
carbon nanotubes.’™ On the other side, the absence of peaks at
39° (20) and 44° (26) and the presence of a broad peak at 25°
(26) for PAAD@TpPa-1, underlined the exclusive loading of
Pd(IT) on the TpPa-1 matrix (Figure 1d). An appreciable decrease
in both the N, adsorption and BET surface area of Pd(0)@TpPa-
1 (226 m%*/g) and Pd(Il)@TpPa-1 (195 m%*/g) in comparison to
20 pristine TpPa-1 (484 m%/g), indicates that the pore surface and
interlayer spacings in the host framework are occupied by finely
dispersed Pd(0) nanoparticles and Pd(I[) complex located at the
surface as well as inside the COF matrix (Figure 1b, ESI, Figure
S7 and S12). The similar effect of the incorporation of Pd(0) and
Pd(IT) on the crystallite surfaces and interlayer spacings has been
reflected in the micropore surface area of the hybrid, which has
not experienced a dramatic change (ESI, Table S7). Further, we
performed XPS measurements in order to confirm the oxidation
state of the palladium loaded within the COF (ESI, Figure S8,
and S13). As shown in Figure le, in the case of Pd(0)@TpPa-1,
the 3d region showed the characteristic peaks at 335.5 eV and
341.2 eV, which could be assigned to 3ds, and 3ds, states of
Pd(0), respectively. This result indicates the successful reduction
step by NaBH,. The slightly broadened peak at 25° (26) reflects
increased defects in the COF framework, and a positive shift of
the binding energy by 0.7 eV for the Nls region indicates (in
35 comparison to Pd-N interaction in Pd-phenanthroline complex) a
strong interaction between the imine —N atoms of the framework
and the incorporated metallic centers.'® Similarly, as shown in
Figure 1f, the 3d region in the case of Pd(I)@TpPa-1 showed

w
b

A

characteristic peaks at 337.1 eV and 342.3 eV, which could be

40 assigned to 3ds/, and 3ds), states of Pd(II). However, we observed

a negative shift for the binding energy in comparison with
Pd(OAc),, probably due to the donation of electrons from the
imine —N atoms of the COF matrix to the Pd(Il) species (ESI,
Figure S13).%

As the factors such as structure, size and morphology of the
metal nanoparticles, as well as their interactions with supporting
matrices influence their catalytic properties, we performed SEM,
TEM and energy dispersive X-ray (EDX) analysis of both
Pd(0)@TpPa-1 and PAAD@TpPa-1 catalysts.”*®** From the
SEM images of TpPa-1 and Pd(0)@TpPa-1, it was clear that the
typical flowerlike morphology of TpPa-1 was maintained in the
Pd(0)@TpPa-1 after the incorporation of Pd(0) nanoparticles
(ESI, Figure S2, S4 and S6). Each individual flower could be
considered as the result of aggregation of a large number of petals
with lengths in the micrometer scale (2+1 pum). As shown in
Figure 2a, individual petals have a sheet-like structure that could
be formed as the result of n—n stacking of COF layers. High
resolution and dark field TEM analyses of Pd(0)@TpPa-1
exhibited 3D distribution of Pd(0) nanoparticles (713 nm) into the
COF matrix (Figure 2b and 2c; ESI, Figure S5). Along with these
finely distributed nanoparticles, there are few nanoparticles
having sizes lager than 10 nm clearly visible in the TEM analyses
(Figure 4e). These nanoparticles seem to be formed by the fusion
of 3—4 smaller sized nanoparticles. These Pd nanoparticles are
small enough to get incorporated on top of the pores and in the
interlayer spacing present in TpPa-1. However, as per
calculations based on the XRD studies using Scherrer Equation,

This journal is © The Royal Society of Chemistry [year]
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w0 mg of Pd(0)@TpPa-1 (9.62 x 10~ mmol of Pd) as catalyst and
excess of K,CO; (6.6 mmol) as base proceeded smoothly in
CH;0H at 105 °C affording the desired 1,2-diphenylethyne (1,2-
DPE) within 6 h in excellent isolated yield (90%). Kinetic
analysis showed completion of the reaction within 6 h (Figure
3a). The catalytic performance shown by Pd(0)@TpPa-1 in
absence of Cul, which is considered as a potential contaminant,
brings out an extra advantage towards the catalysis at
environmentally friendly conditions.
At this point, we performed a series of experiments in order
so to optimize the reaction conditions. Thus, the reaction in the
absence of any base resulted in a negligible conversion (ESI,
Table S1, entry 1). Among a variety of bases that showed
satisfactory conversions (e.g., K,CO;, K;PO,, KOH, EtN,
NH,OH) (ESI, Table S1, entry 2—6), we choose to proceed with
ss K,CO3, because it was the easiest to handle and also afforded the
highest conversion. In terms of solvent, CH;OH afforded the
desired product with the highest yield (ESI, Table S2, entry 1).
Other solvent systems such as CH;CN, toluene, iPrOH, or
mixtures of iPrOH/H,0O at different v/v ratios resulted in poorer
yields (ESI, Table S2). Along this line, we have tested our

Fig. 2 (a) TEM images of prestine TpPa-1, Pd(0)@TpPa-1 and catalyst Pd(0)@TpPa-1 with various volume ratios of
Pd(I)@TpPa-1. a) TEM image of TpPa-1 COF showing sheet like

4

@

6

S

structures. b) Uniform distribution of 4+2 nm sized Pd(0) nanoparticles Table . 1-. Sqnogashiraa coupling  between aryl iodides and
son the surface of TpPa-1 COF. Inset figure: Nanoparticles size aromatic/aliphatic alkynes.

distribution histogram. ¢) Dark field imaging of the Pd(0)@TpPa-1 Pd(0)@TpPa-1

showing distribution of the Pd nanoparticles throughout the COF matrix. R—@—I 4+ Re== —m408 R'%O—R

Inset figure: SAED pattern. d) Loading of Pd(II) complex on the surface

of TpPa-1 COF showing distribution of these particles at low Ent R R Conv.”f Yield®' TON® TOF®
10 magnification'” Inset figure: Size distribution histogram. ntry (%) (%) (h™")

size of these nanoparticles is ~12 nm. The probable reason for 1 H Ph 98 90 305 51

these size differences may be governed by factors like 5 CH; Ph 95 89 296 49

instrumental profile, solid solution in-homogeneity, micro-strain

and temperature.ls‘jl Also, in addition to these factors, the non- 3 OCH; Ph 86 78 268 45

15 homogeneous behavior of these dispersed nanoparticles may also 4 CF; Ph 84 76 262 44
contribute to the overall size differences from XRD and TEM, as
the bigger Pd nanoparticles formed upon agglomeration of few
small sized nanoparticles usually contributes in the XRD 6 I Ph 9 86 287 48
diffraction signals. Further, the TEM analyses of PdII)@TpPa-1

5 NO, Ph 80 74 249 42

20 showed aggregation of 20+£10 nm sized Pd(0) nanoclusters 7 Br Ph 68 60 187 35
(Figure 2d and ESI, Figure S10), which may appear due to 8 CO,H Ph 48 _ _ _
spontaneous reduction of Pd(Il) into Pd(0) as a consequence of

9" H Ph 62 58 193 32

the high energy electron beam during TEM analyses. This
phenomenon in which the loaded metals first gets agglomerated 10 H CH,OH 98 94 305 51
»sand further reduced during TEM analyses has been well
documented in the literature.'"” EDX analyses of Pd(0)@TpPa-1
and PA(II)@TpPa-1 catalysts indicated a loading of 6.4 wt.% 12 I BuSi 95 90 296 49
and 10.2 wt.%, for Pd(0) and Pd(II) respectively (ESI, Figure S6 6s * Reaction conditions: Aryl iodide (3 mmol), alkyne (3.3 mmol),
and S11). Consistent results were also obtained from the TGA Pd(0)@TpPa-1 (15 mg, 9.62 x 10~ mmol), 105 °C, 6 h.
30 traces either under air or N, atmosphere (ESI, Figure S25). bCOHV(’JS@OH of aryl halide calculated by GC.
Considering the described unique features of the Pd(0)-doped :I;r(‘)’;ufttﬁ;lz:]ee‘i ifrlr(lil;er (catalyst productivity)
COF, we decided to evaluate its potential catalytic properties for _ c1oF = tumover fre quency ( catZlysI; a ctivity).y '
the copper and ligand free Sonogashira coupling reaction between " The values are the average of two independent experiments. Estimated
aryl iodides and terminal aromatic/aliphatic alkynes under basic error = 2%.
35 conditions (pH > 10)." It is noteworthy that such process using . Conversion after 9 h.

h :
. . . . Involves reaction between bromobenzene (1.0 mmol), phenylacetylene
MOF/COF supported nanoparticles without loss of crystallinity 25 (1.05 mmol), Pd(0)@TpPa-1 (15 mg, 9.62 x 10° mmol) in DMF (5 mL)

after several cycles has not been yet documented. Preliminary in presence of K,CO; (1.2 mmol), Cul (2.0 mol %) and PhyP (1.0 mol %)
experiments showed that the model reaction between at 120 °C for 6 h.

iodobenzene (3 mmol) and phenylacetylene (3.3 mmol) using 15

11 H tBuSi 97 92 302 50

4 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Reaction kinetics and recyclability of Pd(0)@TpPa-1 and
Pd(0)@AC catalysts. a) Kinetics of the model Sonogashira reaction
between iodobenzene (IB) and phenylacetylene. Inset figure: Plot of
natural logarithm of the remained concentration of iodobenzene during
reaction vs. time. Kby = 0.476 £ 0.013 h''; t,, = 1.46 h. b) Comparison of
the recyclability studies performed for Pd(0)@TpPa-1 and Pd(0)@AC
catalysts for the model Sonogashira reaction.

CH;0H/H,0 and, interestingly, we observed that Pd(0)@TpPa-1
retains its catalytic efficiency also in the presence of water. For
instance, when CH;0OH:H,O (9:1, v/v) mixture was used as
solvent medium, 87% of the isolated product was observed (ESI,
Table S2, entry 7). The catalyst exhibited noticeable yields (71 to
25%) even when the percentage of water was increased (ESI,
Table S2, entry 8—11). Lower conversions at much higher water
content probably occurred due to immiscibility of the reactants in
the aqueous medium. The recyclability trends observed in 100 %
methanol solvent for Pd(0)@TpPa-1 catalyst persist also in the
presence of water (Figure S22). These results highlight the
versatility of the COF-based catalyst in different reaction media,
and are very promising within the context of green chemistry."
Further, as expected, no product formation was observed in
control experiments in the absence of Pd(0)@TpPa-1 (ESI,
Table S3, entry 11). Based on the optimized experimental
conditions, we explore the substrate scope using a number of
substituted aryl iodides and aliphatic/aromatic alkynes. In
general, excellent conversions (> 90%) to the desired products
were observed (Table 1, entry 1-3, 6), albeit slightly lower
conversions were obtained for aryl iodides containing electron-
withdrawing groups (Table 1, entry 4, 5, 7). Along with the
aromatic alkynes, the aliphatic alkynes have also been showed
excellent catalytic conversions (Table 1, entry 10, 11, 12). The

reaction of bromo and chloro substituted aryl halides
(bromobenzene and chlorobenzene) with aromatic alkyne (phenyl

35 acetylene) have been resulted into the lower yields 62 and 23 %,
respectively, due to lower activation of the substrates (ESI, Table
S4).'"** Similarly, the model reaction of 1,2-DPE synthesis by
Sonogashira coupling using bromo substituted aryl halides,
wherein Pd supported on activated charcoal (1 wt.%, 5 wt.%;

40 Aldrich Chemicals) has been used as catalyst resulted into the
lower yields (~ 76 %) compared to the iodo substituted aryl
halides (98 %).

Before Reaction After Reaction

Fig. 4 Comparative TEM images. a) Freshly prepared Pd(0)@TpPa-1
45 catalyst. b) Pd(0)@TpPa-1 catalyst after 2" cycle in the Sonogashira
model reaction. Inset figure: Dark field image. ¢) Commercially available
Pd(0)@AC (1 wt.%). d) Pd(0)@AC after 1™ cycle in the Sonogashira
model reaction. e) Well dispersed Pd nanoparticles observed for as
synthesized Pd(0)@TpPa-1. f) TEM image of the Pd(0)@TpPa-1
catalyst after 2" cycle in the Heck model reaction. Inset figure: SAED
pattern.

%3
=

In order to confirm the heterogeneity of the catalyst, we have
carried out standard leaching and mercury drop tests (ESI,
Section S9, Figure S19-S21). In a typical catalyst leaching test

ss experiment, no conversion was observed even after 12 h of
reaction time (ESI, Figure S19). The results showed a tiny
amount of Pd leaching under the reaction conditions (< 0.7
wt.%), which resulted insufficient for a significant catalysis. EDX
analysis of the above filtrate solution revealed only a tiny amount
6 Pd (less than 0.7 wt.%) in the solution (ESI, Figure S20). This
experiment suggests strong interaction of Pd(0) nanoparticles
with TpPa-1 for Pd(0)@TpPa-1, without Pd leaching and proves
that the heterogeneity of the catalyst remains intact in standard

This journal is © The Royal Society of Chemistry [year]
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catalytic conditions. Moreover, catalytic experiments in the " Product isolated yield. N
presence of a drop of metallic mercury resulted in negligible eTONf turnover number (catalyst productivity).

. . 45 “TOF = turnover frequency (catalyst activity).
product formation (< 1%), because mercury poisons the surface " The values are the average of two independent experiments. Estimated
of heterogeneous catalysts and thus reduces its catalytic activity error = 2%.
(ESI, Figure S21). The facile adsorption and desorption of small al 100
reactant/product molecules on the Pd(0)@TpPa-1 was validated —e— IB conversion
by carbon mass balance of the reaction. The constant % of carbon NSl e it i
observed in both the cases of pristine and used Pd(0)@TpPa-1
from CHN analysis confirmed the adsorption of small molecules
onto the 2D catalyst is followed by facile desorption (ESI,
Section S10).

As an important aspect of heterogeneous catalysis, we further
studied the recyclability of the catalyst for a model Sonogashira
reaction. In spite of a gradual catalyst deactivation (Figure 3b),
the results showed a superior recyclability of Pd(0)@TpPa-1 in *—o—o
comparison to Pd(0)@AC catalyst (1, 5 and 10 wt.%, Aldrich
Chemicals) up to four cycles, probably due to stable and less Y —r r 11t Tt T T 1
sintered Pd(0)@TpPa-1 through the catalytic cycles (Figure 4a- Time (h)
4d, ESI, Table S5). Although Pd(0)@TpPa-1 showed superior
20 activity for the Sonogashira coupling reaction than commercially

available Pd(0)@AC, it was acknowledged that conversion of
substrate decreased almost at the same rate for both catalysts.

w

80+

=3

60

abhwNaO

=Y

In [IB]

40-

2 8 10|

4 6
Time (h)

Concentration (%)

@

M Yield using Pd(0)@TpPa-1
80- M Yield using Pd(0)@AC

Indeed, TEM images of the recovered catalyst showed slightly ;@
sintered Pd nanoparticles after the 2™ cycle (Figure 4b, ESI, = 604
25 Figure S24), whereas in the case of Pd(0)@AC the nanoparticles 'g
sintered after the 1st cycle (Figure 4d, ESI, Table S6). The g 40-
sintering behavior of reused Pd(0)@TpPa-1 catalyst is also in 5

concordance with the crystalline evolution observed by PXRD
(vide supra).
30 The results obtained with the Sonogashira coupling motivated
us to evaluate other C—C bond-forming reactions also. In this
sense, we were delighted to observe that, Pd(0)@TpPa-1 also 1 2 3 4
resulted very efficient for the Heck coupling reaction between a Cycle number
variety of aryl iodides and aliphatic/aromatic olefins under Fig. 5 Reaction kinetics and recyclability of Pd(0)@TpPa-1 and
similar conditions than those used for the Sonogashira coupling 0 Pd(0)@AC catalysts. a) Kinetics of the model Heck reaction between

(Table 2, Figure 5a). Preliminary kinetic studies comprised the iodobenzene and styrene. Inset figure: Plot of natural logarithm of the
’ remained concentration of iodobenzene during reaction vs. time. kops =

Table 2. Heck coupling reaction between aryl iodides and 0.430 + 0.004 h™'; t;, = 1.61 h. b) Comparison of the recyclability studies
aromatic/aliphatic olefins.” performed for Pd(0)@TpPa-1 and Pd(0)@AC catalysts for the model

Pd(0)@TpPa-1 ss Heck reaction.
O+ ) HOSRL (O

entire reaction region between 0 % and 100 % conversion, in
TOF* (I which no byproducts were detected. In general, average catalyst
1

3

a

Conv.™"  Yield*'

Entry R R’ (%) (%) TON* productivity and activity were identified in both Sonogashira and
Heck reactions (TON ~250-300; TOF ~40-50 h™'). Each

1 H Ph 95 92 312 49 . . .
o experiment was performed at least in duplicate and average
D) CH, Ph 92 38 293 48 conversions were used for kinetics calculations. Under the
reported conditions, both model reactions showed apparent first-
3 OCH; Ph 84 80 275 44 order behavior (squared linear correlation coefficient, R* = 0.98),
consistent with a zero-order dependence on phenylacetylene and
4 NO; Ph 81 77 259 42 es styrene, respectively (inset plots in Figures 3a and 5a). A
5 I Ph 90 35 284 47 plausible explanation for the observed experimental rate law

under our conditions may involve the oxidative addition of
6 N Ph 96 91 299 50 iodobenzene to the catalyst as the rate-determining step, in such a
way that further capture of the corresponding metallo-
intermediate by phenylacetylene or styrene is immediate with a
consequent rapid formation of the final product. Comprehensive
mechanistic studies along this line involving Pd(0)@TpPa-
40 * Reaction conditions: Iodobenzene (3 mmol), olefin (3.3 mmol), 1 catalyst are a subject matter in our laboratories. Similarly,

bP d(0)@TpPa-1 (15 mg, 9.62 x 107 mmol of Pd), 105 °C, 6 h. reasonably good recyclability of the catalyst up to four cycles and
Conversion of aryl halide calculated by GC.

7 H CH,OH 99 95 308 51 7

S

8 H tBuOCO 98 93 305 51

6 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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superior performance in comparison to Pd(0)@AC was observed
for the Heck reaction (Figure Sb, Figure 4c—4f, ESI, Table S6).

Table 3. One-pot sequential Heck/Sonogashira coupling reactions of aryl
dihalides.”

s O=
I—@—Br F’d(O')‘%TpPaJ= ® > R

Entry R Conv.”(%)  Yield’(%) TON  TOF(™)
1 Ph 85 62 66 11
2 tBuOCO 94 85 73 12

o

20

2

o

3

=5

3

&

40

45

* Reaction conditions: Step a: Aryl dihalide (1.0 mmol), Olefin (1.05
mmol), DMF (7 mL), NaOAc (1.2 mmol), Pd(0)@TpPa-1 (20 mg, 1.28
x 102 mmol of Pd), 120 °C, 2 h. Step b: Phenyl acetylene (1.5 mmol),
CsCO; (1.2 mmol), Cul (1.5 mol %), PPh; (1.0 mol %), 105 °C, 4 h.

® The values are the average of two independent experiments. Estimated
error = 2 %.

After the successful utilization of Pd(0)@TpPa-1 for Heck
and Sonogashira coupling reactions, the same methodology has
been extended for the one-pot sequential Heck/Sonogashira
coupling reaction for the synthesis of enynes.”” The Heck reaction
of aromatic dihalide (i.e., 1-bromo-4-iodobenzene) with aliphatic
or aromatic olefins in presence of Pd(0)@TpPa-1 was followed
with Sonogashira reaction using phenyl acetylene. After
completion of Heck reaction under the standard conditions, the
temperature of reaction mixture was reduced to RT and to the
same mixture phenylacetylene, CsCO;, PPh; and Cul were
subsequently added to complete the further reaction. This one-pot
Heck/Sonogashira coupling reaction afforded the respective
(alkynyl)(alkenyl)arenes in good yields for both aromatic as well
as aliphatic olefins as shown in Table 3. The successful
completion of this process highlights the usability of the catalyst
for the regioselective formation of two C—C bonds in one-pot.

Pd(I)@TpPa-1
Q0
N 120°C, 12h
H a)orb)

a) Acetic acid (Yield 12 %) b) Pivalic acid (Yleld 68 %)

Fig. 6 Intramolecular oxidative

Pd(I@TpPa-1.

biaryl synthesis catalyzed by

Finally, given the superior stability of the COF matrix in a
wide range of pH, we also tested as a proof of concept the
catalytic potential of Pd(II)@TpPa-1 for C—H activation reaction
under acidic conditions. The results demonstrated that 3 mol% of
Pd(Il)@TpPa-1 was enough to catalyze the intramolecular
oxidative coupling of diphenylamine under air to afford the
corresponding 9H-carbazole. As observed with other catalysts,'*
the product yield drastically increased when the reaction was
carried out in pivalic acid as solvent in comparison to other acid
such as acetic acid (Figure 6 and ESI, Section S9).

Conclusions

The foregoing results demonstrate that Pd(0) nanoparticles and
Pd(IT) complex can be immobilized into a highly stable,
crystalline and porous COF, by a simple solution infiltration
method followed by NaBH, reduction. The remarkable stability
and crystalline nature of the COF matrix is maintained upon Pd

%
=

-
S

100

doping, which makes them suitable candidates as heterogeneous
catalysts for both C—C coupling and C—H activation reactions.
Specifically, the described supported and highly dispersed Pd(0)
nanoparticles exhibited excellent catalytic activity towards Cu
free Sonogashira and Heck coupling reactions under basic
conditions, and with superior performance than the observed
using commercially available Pd immobilized on activated
charcoal. Pd(0)@TpPa-1 catalyst was also efficient in one-pot
sequential Heck/Sonogashira reactions. Moreover, the precursor
Pd(IT)-doped COF displayed competitive activity for the
intramolecular oxidative biaryl synthesis under acidic conditions.
The robustness and the green character of both catalyst was
evidenced by their preservation under the wide-range of reaction
conditions tested (i.e., organic, aqueous, acidic and basic media),
showing negligible metal leaching, non-sintering behavior, and
good recyclability. To the best of our knowledge, this is the first
report dealing with the separate incorporation of Pd(0)
nanoparticles and Pd(IT) complex on the same COF support, and
their use as heterogeneous catalysts in both C—C coupling and
C—-H activation reactions, respectively.

Experimental Section

The COF, TpPa-1, used for the loading of Pd(0) and Pd(II)
nanoparticles was synthesized according to the procedure
reported in our recent communication.'? The general procedures
were followed for the Sonogashira, Heck, sequential one pot
Heck/Sonogashira coupling reactions and intramolecular
oxidative biaryl synthesis reaction. All the products obtained
from aforementioned reactions are known and described in the
literature and spectroscopic data were identical to those reported
(ESI, Section S5-S9).

Synthesis of Pd(0)@TpPa-1 and Pd(Il)@TpPa-1:

In a typical synthesis of Pd(0)@TpPa-1, pre-synthesized and
activated TpPa-1 (100 mg) was dispersed in 5 mL of MeOH
under ambient conditions, to which a MeOH solution (2 mL)
containing Na,PdCl; (20 mg, 0.07 mmol) was added dropwise
under vigorous stirring. The mixture was evaporated until it
became mushy. To this solution, 4 mL of MeOH was
subsequently added into the slurry, followed by a solution (3 mL)
of NaBH, (2 M in MeOH) under vigorous stirring. After 30 min,
the residue was recovered by filtration and thoroughly washed
several times with MeOH (3 x 10 mL) to remove any impurity
(Scheme 1 and ESI, Section S3). The so-prepared sample of
Pd(0)@TpPa-1 was further dried in a vacuum drying oven at 50
°C. Similarly, the synthesis of Pd(II)@TpPa-1 was performed
using Pd(OAc), as metal precursor. In a typical synthesis,
activated TpPa-1 (100 mg) were impregnated with Pd(OAc), (20
mg, 0.093 mmol) via sonication using an ultrasonic bath for 30
min and, followed by vigorously stirring for 1 h at RT (Scheme
1). The obtained residue was filtered and washed using aliquots
of MeOH (3 x 10 mL) to yield Pd(II)@TpPa-1. The so-prepared
sample of PA(II)@TpPa-1 was further dried in a vacuum drying
oven at 50 °C (ESI, Section S4).
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Highly stable COF supported Pd(0) and Pd(II) nanoparticles (i.e. Pd(0)@Tppa-1,
PAdAD@TpPa-1) have been synthesized. Pd(0)@TpPa-1 serve as a robust and efficient
heterogeneous catalyst for copper free Sonogashira and Heck coupling reactions under basic
conditions, whereas Pd(Il)@TpPa-1 satisfactorily catalyzes intramolecular oxidative biaryl
synthesis under acidic conditions.




