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The Ullmann coupling reaction of aromatic halides is the most challenging C-C coupling reactions. Both MOF-based and MOF-derived types of catalysts

have recently provided useful nanocatalysts for a variety of reactions, but they have rarely been compared. Here Ullmann-type aryl iodides homocoupling is

efficiently catalyzed by gold and palladium nanoparticles (NPs) loaded on ZIF-8 before (ZIF-8-based nanocatalyst: M@ZIF-8) and after calcination (ZIF-8-
derived catalyst: M@CN). The nanocatalysts M@ZIF-8 (M = Pd, Au) are found to be more efficient than the catalysts M@CN. Pd@ZIF-8 shows better

performances than those of Au@ZIF-8 for a series of aryl

iodides, but

in the case of 4-nitro-iodobenzene, deshydroiodination was observed

besides the coupling product. Mechanisms are proposed and discussed for both Au(0) and Pd(0) nanocatalysts.

Introduction

The Ullmann reaction involving aryl halide coupling to biaryl
has attracted attention for over a century,1 in particular given
the synthetic interest of biaryl compounds,z’4 and the area has
been the subject of excellent reviews.” *® This reaction was
well-known to be catalyzed by large amounts of copper
catalyst, to require temperature higher than 200°C and to
undergo extensive hydrodehalogenation as a side reaction.
During the last decade, however, efforts have been devoted to
circumvent direct aryl halide coupling and to use sophisticated
Pd-based or Au-based catalysts.s’13 Au nanoparticles (NP)”’18
in particular were shown to be tentative catalysts. Jin’s group
has shown in publications that small precisely

molecularly defined Au nanoclusters covered with thiolate
5-18

several

ligands were excellent catalysts of Ullmann coupling.1
Rodionov’s group demonstrated that a combination of thiolate
groups and linear semi-fluorinated chains effectively stabilized
the NPs against aggregation, while preserving the catalytic
activity of AuNPs.” Various other reports using AuNP
catalystszo’24 have recently comprehensively
reviewed by Ding’s group,25 and particular attention to carbon-

been and
carbon bond formation catalysts has been drawn by Garcia’s
group to the use of MOF-based catalysts.ZG‘27 NP catalysts are

Electronic Supplementary Information (ESI) available: UV-vis, XPS, 'H NMR, TEM
images and histograms, recycling results and catalytic reaction procedures. See
DOI: 10.1039/x0xx00000x

indeed particularly efficient for a large variety of reactions and
withstand homogeneous as well as heterogeneous reaction
conditions. They present the great advantages of simple
preparation by reduction of a metal salt, and do not require
costly, sophisticated, and toxic ligands. 2837

MOF supports, particularly of ZIF-8 type have recently been
particularly successful in the field of hydrogen generation and

27,38,39 29 .
MOFs are used in

a number of other organic reactions.
catalysis as templates that are all the more efficient as they act
in synergy with NP catalysts (MOF-based catalysts). They also
serve to form porous, very active N-doped conducting carbon
supports (“CN”) upon pyrolysis at high temperature such as
900°C, in which case they are classified as MOF-derived
heterogeneous catalysts. Given the recent interest in both
MOF-based and MOF-derived catalysts, 041 here the efficiency
and recyclability of ZIF-8-based and ZIF-8-derived catalysts in
synergy with Au and Pd NPs for Ullmann homocoupling are
compared. In this study ZIF-8-supported AuNPs and PdNPs are
also compared, and optimization of the reaction conditions

was conducted for the coupling of substituted aryl iodides.
Results

Fabrication and characterization of the support and catalysts

First, ZIF-8* was fabricated in methanol by an established
method*? (Supporting Information). Transmission electron
microscopy (TEM) images (Fig. S1) display the morphology of
ZIF-8 with hexagonal nanocrystals with a mean size of 92 nm.

Based on the deposition-precipitation (DP) method, rapid
reduction by NaBH, of metal cations in HAuCl, or NaPdCl, in a
ZIF-8 suspension was executed to afford metal NP loading in
ZIF-8 (M@ZIF-8). Then M@ZIF-8 was collected by
centrifugation, successively washed with H,O and dried in
vacuo overnight. Then M@ZIF-8 was pyrolyzed at 900°C for 2 h
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under N, to form the MOF-derived metal nanoparticles M@CN

as shown in Scheme 1.

Pyralysis, 2h

Tay Naa,

{i ‘Y} R.T., 30 min
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M™/ZIF-8

M,, 900 °C

M@2ZIF-8

Scheme 1. Synthesis of the M@ZIF-8 and M@CN (M= Au, Pd).

Fig. 2 TEM images of Au@ZIF-8; a and b (the insert is the size distribution histogram of
Au@ZIF-8) and Pd@ZIF-8 (c). d) TEM image and size distribution of Pd@ZIF-8 after
digestion of the nanocatalyst with ethylenediamine tetracetic acid (EDTA) to release

nanoparticles, and nanoparticles stabilized by PVP.

According to the TEM of the as-prepared Au@ZIF-8, the AuNPs
are homogeneously loaded on hexagonal ZIF-8 (Fig. 2a) with a
mean size of 3.4 nm (Fig. 2b insert). In the TEM of Pd@ZIF-8
(Fig.2c), it is not easy to observe the PdNPs on the ZIF-8
support. Therefore, a common method, digestion of the
nanocatalyst with EDTA to release nanoparticles that are
further stabilized by PVP, was used to obtain the average size
of Pd@ZIF-8: 2.31 nm as shown in Fig. 2d insert, which is
smaller than Au@ZIF-8.

Compared with ZIF-8, no peak of either Pd NP or Au NP species
was observed in the X-ray powder diffraction (PXRD) patterns
after reduction (Fig. S5), which implies that both Pd@ZIF-8 and
Au@ZIF-8 have a too low Au loading or an ultra-small size.**

X-ray photoelectron spectroscopy (XPS) was employed to
check the metal oxidation state and composition. XPS results
revealed the presence of Zn, Pd, O, C and N in the catalyst
Pd@ZIF-8 (Fig. S6a). As shown in Fig. S6b, the well-defined
peaks at 335.2 and 340.7 eV corresponding to Pd (0) 3ds;, and
Pd (0) 3d;/,, and two peaks at 338.1 and 343.7 eV are also
observed for Pd(ll) 2ps;, and Pd(ll) 2ps;, respectively. For

Au@ZIF-8, similar elements, Zn, O, C and N are observed from
Fig. S6¢c. The peaks at 83.6 and 87.3 eV belong to Au (0) 4f;/,
and Au (0) 4fs;,, and two peaks at 88.7 and 90.8 eV are also
observed for Zn (Il) 2p;3/; and Zn (ll) 2p,,, respectively (Fig.
S6d).
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Fig. 2 Nitrogen adsorption—desorption isotherms of ZIF-8, Au@ZIF-8 and Pd@ZIF-8.

Table 1. lodobenzene coupling catalyzed by various catalysts.

Metal loading Metal% Conversion
Entry Catalyst
(wt %) (mmol %) (%)°
1 Au@ZIF-8 5 6 76
2 Au@ZIF-8 10 12 83
3 Pd@ZIF-8 2.7 6 86
4 Pd@ZIF-8 5.4 12 89
5 Pd@ZIF-8 1.35 3 25
6 ZIF-8 0 0 0
7 Au@CN® 13 6.5 40
8 Pd@CN’ 7 6.5 13
9 CN? 0 0 0

Catalyst, K,CO5
DMF, 130 °c, Time

2©_|

Reaction conditions: 0.2 mmol iodobenzene, 0.6 mmol K,COs,

M@2ZIF-8, 130 °C, N,.

1 mL DMF, 50 mg
*M@ZIF-8 pyrolyzed at 900 °C for 2 h under N, 20 mg M@CN. °

"H NMR conversion.

N, physisorption measurements of Brunauer-Emmett-Teller
(BET) surface areas for ZIF-8, Pd@ZIF-8 and Au@ZIF-8 were
determined to be 1365.1, 1247.7 and 1283.1 m’ g,
respectively (Fig. 2 and Table S1). This appreciable decrease
means that the pores of ZIF-8 are embedded with MNPs
or/and covered by MNPs loading on the surface.

Catalytic activity



In order to optimize the reaction conditions, iodobenzene was
first chosen as the model substrate for the classical Ullmann
C-C homocoupling reaction, Au@ZIF-8 (with various Au
loadings) as catalyst, K,CO3 as a base and dimethyl formamide
(DMF) as solvent at 130°C under N, atmosphere for 2 days.
behavior analogous to Au@ZIF-8 with twice more metal
loading (Table 1, entries 3). In addition, the nanocatalyst
Pd@ZIF-8 with 1.35 and 5.4 wt% of Pd loading (Table 1, entries
4,5) was used to optimize the metal loading rate. The 'H NMR
results indicate that 2.7 wt% of Pd is good enough to get an
excellent conversion to iodobenzene.

Then different catalysts were applied in the above model
reaction, and the MOF-based catalysts Au@ZIF-8 and Pd@ZIF-
8 with the same metal loading showed an excellent catalytic
performance under the same conditions. Interestingly, the
catalytic activity of MOF-derived catalysts with larger sizes
considerably decreased (Table 1, entries 7,8) after calcination
of M@ZIF-8 at 900 °C under N,, which may be due to the
aggregation of MNPs. In control experiments, no reaction
occurred using the support ZIF-8 or CN as the only catalyst
(Table 1, entries 6,9). In light of the above results, Au@ZIF-8
and Pd@ZIF-8 were chosen as catalysts to further investigate
and optimize catalytic performances and screen out the
reaction conditions. With Au@ZIF-8 the investigation of the
optimal reaction temperature in this Ullmann homocoupling
reaction included conducting the model reaction at 110°C and
140°C (Table S2, entry 2-3), and it was found that Au@ZIF-8
worked best at 140°C. Two other solvents with high boiling
point (xylene and PEG-400) were probed for the reaction
(Table S2, entries 4-5), but they were not as satisfactory as
DMF (Table S2, entry 3). In particular, the reactions using
toluene produced poor vyields. Indeed, the reaction
stoichiometry required the consumption of two electrons, and
DMF and alcohols are good electron donors at such high
temperature, whereas toluene is not. Thus, DMF that
contributes to the stabilization of the NPs also acts as a
reductant. Among the different bases that were probed in this
system including K,CO;3; and K3;PO, (Table S2, entries 3, 6), the
catalyst Au@ZIF-8 showed the best conversion efficiency (83%)
with K5PO,4. Analogous studies were also conducted with

Table 3. Homocoupling of aryl iodides by PA@ZIF-8 (Au@ZIF-8).

According to the 'H NMR results, the conversion of
iodobenzene increased slightly from 76% to 83% with the
amount of Au changing from 6 mmol% to 12 mmol% (Table 1,
entries 1-2). Under the same conditions, Pd@ZIF-8 even with 6
mmol% of Pd exhibits a

Table 2. Effects of base and temperature on the homocoupling

of iodobenzene catalyzed by Pd@ZIF-8.

Pd@ZIF-8, base
DMF, Temp. °c, Time

2©_|

Time Temp.
Entry Base . Conversion (%) °
(h) (°c)
1 K,COs 24 130 33
2 K,COs 48 130 86
3 KsPO4 48 130 92
4 KsPO4 48 140 100

Reaction conditions: 0.2 mmol iodobenzene, 0.6 mmol base, 1 mL solvent, 50 mg

PA@ZIF-8 (6 mmol% Pd), N,. > *H NMR conversion.

Pd@ZIF-8. It was shown that Pd@ZIF-8 best cooperated with
K3PO, to catalyze the model reaction at 140°C for 2 days (Table
2, entries 1-4).

Finally, the scope of the substrates was extended under these
optimized reaction conditions. As shown in table 3, 100% of 4-
iodo-toluene, 100% of 4-iodo-anisole and 67% of 4-chloro-
iodobenzene are consumed to form the final product 4,4’-
dimethoxy-1,1’-biphenyl, 4,4’-dimethyl-1,1’-biphenyl and 4,4’-
dichloro-1,1’-biphenyl (Table 3). With Au@ZIF-8 as the
catalyst, however, in comparison with the conversions above,
a lower yield for each electron-rich substrate than with
Pd@ZIF-8 was obtained (Table 3), which further demonstrated
that Pd@ZIF-8 was the best catalyst. For the electron-deficient
substrates, however, AU@ZIF-8 and Pd@ZIF-8 show a similar
performance. The case of 1-iodo-4-nitrobenzene was found to
be special. The substrate was totally consumed at 140°C, but
the yield of coupled product was only 50% with 50% of the
side product

M@ZIF-8, KsPO, — —

2 \ | \\ / \ 2
RS DMF, 140 °c, 48 h RE IR
Conversion (%)°
Substrate Product
Au@ZIF-8 Pd@ZIF-8
1

o .
HSCO_O_I H3COOCH3 68 100
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OZNNOZ

62 67

100 (47° +539) 100 (50° +50°9)

Reaction conditions: 0.2 mmol substrate, 0.6 mmol K3PO,4, 1 mL DMF, 50 mg M@ZIF-8 (6 mmol% metal), 140 °C, N,, 48 h. ® "H NMR conversion. ineId of C-C homocoupling. “Yield

of dehydrohalogenation.
Table 4. Sizes and catalytic efficiencies of the nanocatalysts®

Catalyst, K;PO,
(- - OO
DMF, 140 °c, 48 h

Size® Size* Conversion Conversion-1*
Catalyst 4

(nm) (nm) (%) Cycle (%)°
Au@ZIF-8 3.20 23.14 83 54
Au@CN’ 439 / 40 20
Pd@ZIF-8 2.31 3.16 100 75
Pd@CN’ 5.64 / 13 9

Reaction conditions: 0.2 mmol iodobenzene, 0.6 mmol KsPO,, 1 mL DMF, 50 mg
M@ZIF-8 (6 mmol% metal), 140°C, N,, 48 h. TEM size before reaction (size b) and after
reaction (sizec).d 'H NMR conversion. ¢ Conversion after the 1rst cycle. 20 mgM@CN

(6.5 mmol% metal).

nitrobenzene resulting from dehydrohalogenation that was
not found with the other p-substituted iodoarenes examined.
This result is similar to the case of Au@ZIF-8.

Recyclability of Au@ZIF-8 and Pd@ZIF-8

The conversion of iodobenzene decreased from 100% to 75%
after the recycling of Pd@ZIF-8 for the model reaction, which
can probably be ascribed to the loss of some Pd species (Fig.
S7a) It was found by TEM, however, that after the reaction
PdNPs became larger (Table 4 and Fig.S4). For Au@ZIF-8, the
conversion decreased a lot from 83% to be 43% after the 1st
cycle, which is due to the size of AuNPs with a remarkable
increase and serious aggregation (Table 4 and Fig.S5). Besides,
the signal of Au(0) of Au@ZIF-8 decreased in the XPS spectrum
(Fig. S7b). Moreover, both Au@ ZIF-8 and Pd@ZIF-8 suffer
from leaching as observed by the yellow color of the solution
after the reaction. For the ZIF-8 derived nanocatalyst, the
recycling yield is very low, 20% for Au@CN and 9% for Pd@CN
(Table 4).

Discussion

Mechanistic discussions on Ullmann coupling catalyzed by
inorganic complexes have been reviewed by de Vries and van
Koten.” Here the specificity of the metal (0) NP catalysts is
discussed. The rather high temperature needed for the
Ullmann reaction results from the absence of transmetalation
step46 that renders C-C coupling facile in other cross coupling
reaction of aryl halides with organoboron and other
organometallic reagents. The difficulty in Ullmann coupling is
the double oxidative addition of the aryl halide that requires
the intermediacy of high oxidation states with monometallic

catalysts.47 Another crucial problem is that this oxidative
addition requires the presence of classic reductant of the
metal intermediate species to the starting zero oxidation
state.”® With PdNPs, it is well known that the leaching
mechanism observed here is most often encountered in
carbon-carbon coupling reaction, even when they are much
more facile.”® Here the high temperature needed for the
reaction renders the integrity of the NP doubtful, and the
considerable structural change of the NP sizes along the
reaction as well as the observed leaching of the PANPs show
that atoms and small clusters of atoms are formed along the
reaction pathways.

Thus, it is difficult to claim the actual NP or cluster size during the
catalytic events. Under the reaction conditions, the surface Au and
Pd atoms are shown by XPS to be in the zero-oxidation state, which
is expected given the full reduction of the cationic precursors and
the L (2-electron)-ligand nature of the DMF ligands. It is well known
that oxidative addition of aryl iodides is easy on Pd(0) to start the
catalytic cycles, and that the Pd oxidation states involved are 0 and
I, i.e. that inner-sphere two-electron transfers are involved in the
catalytic steps. Such is not the case for the starting Au(0) that can
only undergo single- electron transfer to Au(l), eventually before
further oxidative addition to Au(lll). Thus, we suggest that the AuNP
first acts as reductant of Ar-X in the initial step. Such a step is
endergonic, but it becomes possible at high temperature, single-
electron transfers being favored at high temperature, especially
given the irreversibility of the follow-up step. The redox step
generates X, Ar and [Au,]’, and it is followed by cage coupling
between the above radical cage followed by hydrogen atom
abstraction from the solvent. Indeed the life time of the nitrophenyl
radical is considerably prolonged compared to the phenyl radical
and other aryl radicals due to the pelectronic delocalization
provided by the nitro group. This observation of the dehydro-
halogenation in this particular case somewhat confirms the
proposal of aryl iodide reduction producing
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Scheme 2. Proposed catalytic cycles for the Ullmann homocoupling reaction
catalyzed by Au@ZIF-8(a) and Pd@ZIF-8(b). The small colored spheres represent
a NP, not a single atom (except if single leached atoms are involved).
Coordination of ligands in the catalytic cycle may involve several surface atoms
of the NP or cluster, and the aryl ligands may “walk” on the surfaces towards
gathering for reductive elimination.
the radical cage in this first step. The overall stoichiometry of
the Ullmann coupling requires two electrons (equation 1),
which means that the only possible stoichiometric electron
donor is the solvent (DMF and alcohols).

2Arl+2e 2> Ar-Ar+ 21 (equation 1)

The solvents DMF (that is oxidized in situ to Me,NH and C02)49
and PEG are known to be good electron donors, and they are
indeed presently suitable and favorable contrary to toluene.
Note that DMF plays multiple roles as solvent, stabilizing 2-
electron L ligand and reducing agent. DMF has even been used
to serve as reducing agent of transition metal cations for the
formation of NPs, in particular Ag® to Ago,49 which shows its

ability to serve in single-electron transfer steps.

We suggest that with PdNPs this reducing function is used in
the last step of the catalytic cycle (most probably decomposed
in two successive single-electron transfer steps) and in the
steps involving reduction of cationic AuNP to neutral species in
the cycle with AuNP. These endergonic redox steps of the
cycles are most probably the rate-limiting steps of the overall
reactions and responsible for the high temperatures required
for these Ullmann coupling with both the AuNP and PdNP
catalysts. It is interesting that dehydroiodination of 4-nitro-
iodobenzene also intervenes in the PdNP-catalyzed reaction,

as in the case of AuNP, although to a lower extent. This
indicates that reduction of this easily reducible substrate
(because of the strongly electron withdrawing nitro group)
occurs in competition with oxidative addition onto Pd(0) at this
high reaction temperature. The optimization of the base used
in the reactions ended up in the finding that K3PO, was the
best base in terms of performance. In fact, the so-called “base”
does not function as a base but as a salt in which the
electrostatic bonding between the anion and the cation plays
the key role in the iodide removal from the metal creating new
ion pairs as shown in scheme 2. Thus, it is the relative ion
pairing strengths among the distinct ion pairs involved in the
catalytic cycle that play the decisive role in the rate of the
reaction.””>"

The comparison between ZIF-8-based catalysts and ZIF-8-
derived that had to our knowledge not been recorded earlier
provides, under the same conditions, yields that are almost
quantitative with ZIF-8 based catalysts and significantly or
sharply lower with ZIF-8-derived catalysts. It is possible that
the confinement in ZIF-8-based catalysts provides a better
stability and efficiency of the NPs than the ZIF-8 derived
catalyst for reaction that requires harsh
conditions. the ZIF-8-based and ZIF-8-derived
nanocatalysts have been examined for both Au and Pd.

the Ullmann
Therefore,

In comparison with PdA@CN, Pd@ZIF-8 shows a much better
performance in the same conditions, but with Pd@ZIF-8
leaching prevents efficient recycling. However, both Au@ZIF-8
and Au@CN display a similar conversion.

Experimental

General data
Preparation of ZIF-8. 2

2-Methylimidazole (75 mmol, 6.16 g) was dissolved in 150 mL
methanol at room temperature (R.T.) forming a clear solution in
flask A. Zn(NO3),-6H,0 (20 mmol, 6.02 g) was dissolved in 150 mL
methanol in the flask B. Then the solution in the flask B was added
into flask A. After 1 day, the white suspension was collected by
centrifugation and washed by methanol three times. ZIF-8 was
dried at 60 °C overnight.

Preparation of the nanocatalysts M@ZIF-8.

100 mg of ZIF-8 was dispersed in 5 mL methanol under ultrasound
for 5 min, then 1 mL aqueous solution with 5 mg metal
(HAuCl,;-3H,0 or Na,PdCl;) and 4 mL deionized water were added
respectively, and the mixture was submitted to ultrasound for
another 5 min. Then stirring was continued for 30 min at room
temperature (rt). Then, 1 mL aqueous solution of fresh NaBH, (10
equiv. per metal) was rapidly injected under vigorous stirring. After
30 min, the final product was collected by centrifugation at 10000
r.p.m. for 10 min. and washed three times with deionized water,
then dried at 60°C in vacuo overnight. The metal content was

quantified by inductively coupled plasma atomic emission



spectroscopy (ICP-AES). The ICP result showed that there was 4.5
wt % Au in Au@ZIF-8 and 2.3 wt% Pd in Pd@ZIF-8.

Preparation of Au@CN and Pd@CN.

The powder of Au@ZIF-8 (or PA@ZIF-8) sample was placed in a tube
furnace, then heated to 900°C for 2 h with a heating rate of 5°C
min™ under a flow of N, before cooling to rt providing Au@CN (or
Pd@CN).

Application in catalysis

A 10-mL Schlenk tube was charged with a magnetic bar, 50 mg
M@ZIF-8 or 20 mg M@CN, 0.6 mmol K3PO,, 0.2 mmol aryl iodides
and 1mL DMF and purged with N, for 10 minutes. Then the mixture
was heated at 140°C for 48 h, and after cooling down to rt, the
reaction mixture was filtered. The liquid was extracted several
times with dichloromethane and water in order to remove DMF.
The organic phase was dried over Na,SO,, then CH,Cl, was removed
under reduced pressure at the rotary evaporator providing the
crude product. Finally, the result of the homocoupling Ullmann
reaction was monitored via *H NMR (300 MHz, CDCl5).

Conclusion

The carbon-carbon homocoupling of various aryl iodides is
efficiently catalyzed by MOF-based metal NPs and MOF-
derived metal NPs, but the MOF-based nanocatalysts perform
better than the related MOF-derived catalysts (MOF = ZIF-8).
Both PdNPs and AuNPs are efficient, although the ZIF-8-based
PdNPs are slightly better than their nanogold analogues. With
these results in hand, mechanisms are proposed for both the
Pd(0) and Au(0) nanocatalysts. Since the stoichiometry of the
Ullmann reaction requires two electrons, these electrons are
provided by the DMF and PEG-400 that are good reductants,
whereas poor reductants such as toluene give bad coupling
yields. The difference between the catalytic cycles of the
Pd(0)-catalyzed and Au(0)-catalyzed reactions must take into
account the fact that Pd(0) readily give rise to oxidative
addition with increase of two units of the metal oxidation
state, whereas Au(0) does not. Thus, double oxidative addition
occurs at the beginning of the cycle with Pd(0), whereas the
Au(0) cycle must start by reduction of the aryl iodide providing
an Au(l)-aryl bond. The double oxidative addition on Pd(0)
probably does not reach Pd(IV), but may more easily and
successively occur on two distinct Pd(0) atoms of the PdNP
surface to give rise to two Pd(ll)-aryl species from which aryl-
aryl reductive elimination occurs (eventually following some
“walk” of the aryl ligands on the Pd surface until reaching each
other to reductively eliminate). In both the Pd and Au catalytic
cycles, the two electrons are transferred stepwise (see Scheme
2). Finally, these results with NPs may be compared with the
remarkable results obtained by lJin’s group with Auys
nanoclusters that were obtained under slightly milder
One major difference is that with the Auys
nanoclusters, the sulfide-bonded Au atoms are in the oxidation
state Au(l), thus in principle the difficult Au(0) = (Au(l) step of

conditions.

Scheme 2 is not required in the case of the nanocluster
catalysts. This may represent one of the significant advantages
of the use of the Au,s nanoclusters. Note that a similar
situation was reached by Rodionov et al in their use of
thiolate-stabilized AuNPs. In conclusion the excellent coupling
results and comparison between ZIF-8 based and ZIF-8 derived
templates of AuNPs and PdNPs and the comparison between
the AuNP and PdNP catalysts together with the scrutiny of the
optimized temperature, base and solvent allow a better
understanding of the optimization and mechanisms of the
Ullmann coupling reactions and their potential applications.
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