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ABSTRACT: The composition and structure of catalytic intermedi-
ates in the context of the Suzuki–Miyaura cross-coupling reaction 
catalyzed by Pd@MIL-101-NH2(Cr) has been investigated. Trimeric 
and tetrameric palladium species with formula [Br-Pd-Ar]nBr- (n = 
3–4) have been identified by electrospray ionization mass spectrom-
etry (ESI-MS) and density-functional theory (DFT) calculations, and 
their role in the transmetalation step has been studied. The weak na-
ture of the bonds between Pd and the bridging halides in these spe-
cies enables a very easy transmetalation step, with an estimated ac-
tivation free energy of only 10 kcal/mol. Further experimental sup-
port for Pd speciation was obtained using scanning transmission 
electron microscopy (STEM), inductively coupled plasma-optical 
emission spectroscopy (ICP-OES), and fluorine-19 nuclear mag-
netic resonance spectroscopy (19F NMR). 

The Suzuki–Miyaura cross-coupling reaction is one of the 
most efficient methods for the construction of C-C bonds, 
and it is widely used in industry for the synthesis of building 
blocks and pharmaceuticals.1–4 A wide range of palladium 
catalysts may be used, including palladium nanoparticles 
(NP) and palladium complexes with or without strong donor 
ligands.  

Catalysts with P-, N-, or NHC-based ligands have been 
very important for studying the mechanism of Suzuki-
Miyaura cross-coupling reactions.5–14 For example, com-
plexes with ligands bearing NMR-active nuclei (i.e., 19F) 
have been used to monitor the reactions by NMR spectros-
copy.15 Ligandless systems, i.e., those lacking strong donor 
ligands, have proved to be highly active catalysts when used 
at very low catalyst loadings (e.g., parts per million or bil-
lion), resulting in turnover numbers (TON) of up to 107.16–25 
Often, these palladium species are stabilized by a support 
(e.g., carbon, polymers, dendrimers, metal-organic frame-
works (MOFs),26–28 quaternary ammonium salts (e.g., 

NBu4X, Jeffery system),29,30 or other additives (i.e., N,N-di-
methylglycine).31 

Identifying the composition and morphology of the cata-
lytically active species in ligandless systems, which are gen-
erated from Pd salts or from Pd NPs, is a very challenging 
task. To a large extent, this is due to their low concentration 
and their dynamic character.17,32–40 Numerous studies indi-
cate that a “cocktail” of Pd(0) species is involved, and when 
Pd NPs are used, these species are produced by Pd leaching 
from the NPs (Figure 1). Despite intense research in this 
field, very little is known about the structure of the specific 
intermediates that may be involved in the catalytic cycle, 
more specifically, in the turnover-limiting step, which for 
aryl bromides and iodides is usually the transmetalation 
step.41 It is has been proposed that the oxidative addition step 
in the catalytic cycle may involve atomic Pd species in solu-
tion (Figure 1).42,43 Palladium dimers have also been identi-
fied and isolated from the reaction mixtures, but these kinet-
ically stable species were considered to be off-cycle 
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intermediates that enter the catalytic cycle upon cleavage 
into monomers.44,45 

 

Figure 1. Generally proposed catalytic cycle for the ligand-free Su-
zuki-Miyaura reaction and intermediacy of oxidative-addition pal-
ladium tetramers (this work). Some charges and/or counterions 
were omitted for clarity. 

MOFs have been used as supports for various Pd species, 
most often NPs, and used as very efficient catalysts in dif-
ferent cross-coupling reactions.26,46–49 In some instances, 
spectacular reactivity under very mild conditions has been 
achieved. This is the case for the Suzuki–Miyaura cross-cou-
pling reaction, where Pd@MOFs such as MOF-253,50 MOF-
5,51 IRMOF-3,52 MIL-53-NH2,53 and MIL-10154 have been 
extensively investigated as catalysts. In particular, we re-
ported the use of Pd@MIL-101-NH2(Cr) as a catalyst for the 
coupling of highly functionalized arylboronic acids and aryl 
halides.55 The catalyst consisted of evently distributed Pd 
NPs, with an average size of 2.6 nm.56 Loadings of palla-
dium as low as 0.01 mol% could be used, under very mild 
conditions (20 °C) with H2O/EtOH mixtures as the solvent, 
resulting in TONs of up to 10000. In contrast, similar palla-
dium nanoparticles immobilized on other supports require 
very harsh reaction conditions.17,57–61 With the aim of under-
standing the distinctive reactivity in all these system, we 
have now investigated the structure of the Pd species formed 
in the Suzuki–Miyaura cross-coupling reactions mediated by 
Pd@MIL-101-NH2(Cr) by means of electrospray ionization 
mass spectrometry, ESI(-)-MS, density functional theory 
(DFT) calculations, and 19F NMR spectroscopy. In this re-
port, we have identified trimeric and tetrameric palladium 
oxidative addition species as key intermediates in Suzuki-
Miyaura cross-couplings catalyzed by Pd@MOF. Im-
portantly, it was found that these intermediates undergo a 
very facile transmetallation. These species, which have 
never been proposed before, have also been identified when 
using other ligandless systems, such as Pd(OAc)2 in absence 
of strong donor ligands.  

We began our study by investigating the coupling reac-
tions of 1-bromo-4-(trifluoromethyl)benzene (1a) or 1-iodo-
4-(trifluoromethyl)benzene (1a’) with phenylboronic acid 
(2a). We compared the catalytic performance of Pd@MIL-

101-NH2(Cr) (2.4 nm average NP size, 7.25 wt% Pd content 
in the MOF, 3 mol% Pd loading in the catalytic reaction, 
Figure 2a and Figure S1) with that of the filtrates obtained 
from these same reactions. The reaction profiles (Figure 2a) 
show that starting from 1a, a yield of 94% of 3a was ob-
tained after only 60 min with the MOF catalyst, which agrees 
with our previous results.62 Interestingly, the yield was much 
lower when the iodide substrate 1a’ was used (35% yield of 
3a after 60 min). The catalytic activity of the filtrates from 
both reactions was analyzed after 60 min (Figure 2b). After 
filtration, the filtrate was added to a new load of reactants 
without additional Pd@MIL-101-NH2(Cr) (i.e., 1a or 1a’, 
2a, and KF) and the mixture was left to react for a further 60 
min. For aryl bromide 1a (filtrate A), an accumulated yield 
of 90% was obtained, which is similar to the yield obtained 
by using only Pd@MIL-101-NH2(Cr) (i.e., 94%, Figure 2a). 
Filtrate A, obtained from a parallel experiment, was ana-
lyzed by inductively coupled plasma optical emission spec-
troscopy (ICP-OES). This revealed the concentration of pal-
ladium to be very low, only 0.1 ppm. Therefore, with this 
low catalyst loading, a TON of ca 5 ´104 can be estimated. 
The presence of Pd in filtrate A was also confirmed by scan-
ning transmission electron microscopy (STEM), which 
showed the presence of crystalline Pd NPs of 4.8 nm average 
size together with Pd clusters (<1 nm); MOF crystals where 
not observed (Figure 2c and Figure S2). In contrast, the ac-
cumulated yield of 3a when using aryl iodide 1a’ (18%) in-
dicated that filtrate B was inactive, as the second load of re-
actants were barely consumed. This result is in contrast with 
the usual reactivity of aryl iodides vs aryl bromides in cross-
coupling reactions; the lower bond-dissociation energy 
(BDE) of C-I vs. C-Br bonds is a major factor controlling 
their oxidative addition to Pd(0) (BDE C–I = 67.2, C–Br = 
82.6 kcal/mol).63 To further assess the nature of the species 
in filtrate A, we turned into electrospray ionization mass 
spectrometry (ESI-MS).40,64–71 Filtrate A obtained after 30 
min of t1 was analyzed by ESI-MS in positive-ion mode, and 
palladium species were not found (Figure S3). However, a 
series of substrate-bound palladium adducts were observed 
in negative-ion mode, specifically in the m/z region between 
400 and 1450 (Figure 2d). Adducts 4a–7a were identified as 
oxidative-addition clusters (Pd = 1–4), with anionic tetramer 
4a as the base peak of the spectrum (Figure 2d). The struc-
ture of oxidative-addition tetramer 4a was calculated using 
density functional theory (DFT) at the B3LYP-D3 level 
(Figure 2d). Related tetramers, lacking the central bromide, 
have been computationally proposed,40 but not observed ex-
perimentally.  
 

These calculations indicated that each palladium(II) center 
in 4a retains a geometry close to square planar, and that the 
central bromide is slightly outside of the plane of the four 
palladium atoms (27°) (Figure 2b). The Gibbs free energy 
was also calculated to assess the stability of the species, and 
we found that there is a significant driving force for each 
step, from monomer to tetramer, at standard state (Figure 
3a). Since all intermediates (4a–7a) are negatively charged, 
and the reactions are run in aqueous media, [ArPdBr2(OH2)]- 
(7a) and three neutral [ArPdBr(OH2)2] species were chosen 
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as the references. As Pd-OH2 bonds will be broken in every 
step and replaced by Pd-Br bridges, which are essentially 
half bonds, it appears that the driving force for the formation 
of the higher oligomers (4a, 5a) cannot be the bonding en-
thalpy. We therefore split the Gibbs free-energy change into 

the entropic contribution (-TDS) and the enthalpic contribu-
tion (DH). We found that for every step there is an unfavor-
able enthalpic change, except from trimer 5a to tetramer 4a, 
which is minimally exothermic. On the other hand, the en-
tropic contribution favors every step significantly due to the 

a) 

 
b) 

 
c) 

 
d) 

 
Figure 2. (a) Model Suzuki–Miyaura reaction used in this work (left), and reaction profiles for aryl bromide 1a and aryl iodide 1a’ 
(right); (b) Filtration experiments with aryl bromide 1a and aryl iodide 1a’. Yields were determined by 1H NMR spectroscopy using 
1,3,5-trimethoxybenzene as an internal standard; yields after filtration are expressed as accumulated yield (based on the total amount 
of ArX added); (c) HAADF-STEM image of Pd NPs and clusters in filtrate A (left) and EDX elemental mapping of Pd overlaid of 
HAADF image (right). Some Pd clusters are indicated with white arrows; (d) Identified adducts in Filtrate A (reaction time = 30 
min), indicating measured mass (monoisotopic), formula, and error. Inset shows obtained (grey) and simulated (black) isotopic 
patterns for each adduct. On the right, 3D structure of 4a from DFT calculations. 
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release of bound water molecules. The stability of the com-
plexes therefore arises from entropy (released molecules) ra-
ther than from enthalpy (released heat). This may have a sig-
nificant impact on the reactivity, as described below. The 
calculations showed that the most stable oxidative-addition 
adduct was tetramer 4a, and this same adduct was also the 
one found with the highest relative abundance by ESI-MS. 

Analysis by ESI(-)-MS of filtrate B (t = 15 min) from the 
reaction of iodide 1a’ also indicated the formation of tetram-
eric (4a’) and trimeric (5a’) iodide adducts, but monomer 
7a’ was found to be the major species (Figure 4a). Analysis 
of filtrate B after 120 min revealed that tetramer 4a’ and tri-
mer 5a’ had been consumed, and a series of palladium iodide 
salts with formulas [Pd2I4]n- (n = 1 or 2) and [Pd2In]- (n = 3 
or 5) were detected (Figure S4). These palladium iodide salts 
have been previously detected and isolated in other studies, 
and due to their high stability they were considered off-cycle 
species.44,72,73 Their formation may explain the slower kinet-
ics in the reaction of 1b, as the concentration of active palla-
dium species leading to product is diminished (Figure 2b). 
This is also in agreement with the findings by Ananikov and 
coworkers, who determined that in dynamic systems there 
are factors other than ease of oxidative addition (iodides > 
bromides) that can affect the efficiency of a process, e.g., the 
stabilization of Pd(II) and Pd(0) intermediates by halides.74 
Although aryl iodides undergo faster oxidative addition than 
aryl bromides, iodide anions exert a greater stabilization on 
Pd(II) than bromide anions, thereby “trapping” these palla-
dium species as kinetically stable salts. 

 
Figure 4b shows the kinetic profile of the reaction (i.e., 

yield of 3a over time) catalyzed by Pd@MIL-101-NH2(Cr) 

and by Pd(OAc)2 (3 mol% of Pd in both instances). The 
relative intensity of tetramer 4a over time is also presented 
for these two catalytic systems (see also Figure S5 for a rep-
resentation including trimer 5a). Importantly, the similarity 
of the plots indicates that the catalytically active species pro-
duced from Pd@MIL-101-NH2(Cr) are essentially the 
same as those formed from Pd(OAc)2. Tetramer 4a builds 
up quickly at the start of the reaction, reaching a maximum 
concentration at t = 30 min when the yield of 3a is already 
close to 80%. After this time, the concentration of these ox-
idative-addition Pd species quickly diminishes as the con-
centration of bromide 1a depletes, and the yield of 3a 
reaches 94% (t = 55 min). From this point, the yield of 3a 
remains essentially constant, and the oxidative-addition in-
termediates reach a steady state. The fact that the yield of 3a 
does not progress further to >99%, and that the relative in-
tensity of 4a remains constant, indicates a lack of boronic 
acid available to use in the transmetalation step. To test this 
hypothesis, additional boronic acid 2a (1 equiv.) and potas-
sium fluoride (2 equiv.) were added to the reaction mixture 
at t = 125 min, and the reaction was monitored until t = 135 
min. We observed then that oxidative-addition intermediate 
4a was fully consumed, and at the same time the yield of 3a 
increased to >99%. Although this indicates that the oxida-
tive-addition tetramers are consumed upon reaction with bo-
ronic acid 2a, at this point we could not distinguish whether 
a direct transmetalation from 4a occurs or, alternatively, a 
breakdown into an oxidative-addition monomer is promoted 
upon reaction with the boronic acid. We therefore turned to 
density functional theory (DFT) calculations to try to under-
stand the reactivity of 4a and 7a. 

 

 

 

 
Figure 3. (a) Oligomerization of oxidative-addition intermediates and Gibbs free-energy change for the equilibrium species involved in the 
formation of tetramer 4a. Optimized structures for monomeric and dimeric oxidative-addition intermediates found by MS (note that for both 
monomer and dimer, H2O has been considered for coordinatively saturated Pd centers). Ar = C6H4CF3. 
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a) 
 

 
b) 

 

 
Figure 4. (a) Identified adducts in filtrate B, indicating measured 
mass (monoisotopic), formula, and error; (b) Monitoring of the in-
tensity of 4a by ESI(-)-MS and yield of 3a over time. Yields were 
determined by 1H NMR spectroscopy using 1,3,5-trimethoxyben-
zene as an internal standard. 

 
The computational study of the transmetalation step 

started by studying the reaction of tetramer 4a with fluorodi-
hydroxy(phenyl)borate (8a) (Figure 6). Fluoroborates are 

formed under the reaction conditions when fluoride salts are 
used as the base.75 In the initial step of the transmetalation, 
borate 8a enters from below the plane of the four palladium 
atoms and coordinates to one of the four Pd centers, forming 
a Pd-O bond, with concomitant breaking of Pd-Br bond to 
the central bromide. Since this central bromide in 4a was co-
ordinated to three additional Pd centers, the bond-breaking 
step is very easy, and has a low activation free energy of 7.9 
kcal/mol, and a reaction free energy of -1.0 kcal/mol (Int1). 
Next, a p-phenyl interaction replaces the second Pd-Br 
bond, through another very easy process with an activation 
free energy of only 1.9 kcal/mol, and a reaction free energy 
of -2.0 kcal/mol (Int2). Now the tetramer is set for the actual 
transmetalation step, where the Pd-C s bond is formed 
(Int3). The barrier is very low, only 10.0 kcal/mol relative 
to the reacting intermediate. The very low trans influence of 
the bridging bromide is probably facilitating the formation 
of the Pd-C bond, and the reaction is very exergonic, leading 
to a tetramer with one of the Pd(II) species bearing two aryl 
groups. In this same step, BF(OH)2 spontaneously decoordi-
nates from Pd, and is replaced by a Pd-Br bond. Overall, all 
the steps involved in the transmetalation process were found 
to be very easy. This might be because no strong bonds in 
the palladium cluster need to be broken. As the Pd-Br inter-
action decreases at the reacting palladium center, the remain-
ing Pd-Br interactions are strengthened at the spectator Pd 
sites, leading to very low activation energies. As tetramer 4a 
has an unfavorable enthalpy of formation (Figure 3b), it is 
very susceptible to react, but it still forms in substantial 
amounts due to the entropic increase in its formation. The 
fact that it is possible for this tetramer to form relies on the 
coordination features of halides, and the absence of other 
stronger donor ligands (vide infra). Phosphines and carbenes 
interact strongly with palladium, and thus minimize its ag-
gregation. However, the formation of reactive palladium in-
termediates from complexes bearing these ligands requires 
ligand-dissociation steps that in some cases can be rate de-
termining.76,77 Reductive elimination of two aryl groups 
from Pd(II) is usually a straightforward process, and also 
here we find low activation energies of only 11.6 kcal/mol 
leading to a Pd(0) species with the product coordinated 
(Int4).  

The oxidative addition of 1-bromo-4-(trifluorome-
thyl)benzene (1a) to Int4, regenerating tetramer 4a, was 
then investigated. Replacing the p-coordinated biaryl 3a by 
aryl bromide 1a was found to be slightly exergonic (6.5 
kcal/mol). Oxidative addition then proceeds with a very low 
activation free energy of 0.5 kcal/mol to regenerate tetramer 
4a. The very low oxidative-addition barrier is probably due 
to the very bare Pd atom, where the only two ligands other 
than 1a are the bridging bromides. This limited stabilization 
of the Pd(0) leads to very high reactivity towards the reac-
tant, but could also lead to rapid aggregation and the for-
mation of larger Pd(0) clusters. We also calculated the 
transmetalation from a monomeric palladium species (7a), 
which resulted in an activation energy of 25.8 kcal/mol. This 
result indicates that it is significantly more favorable for te-
tramer 4a to undergo transmetalation than for monomer 7a 
(Figure S6). 
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Oxidative-addition tetramer 4a was also observed by 
ESI(-)-MS when p-fluorophenylboronic acid (2b) was used. 
On the other hand, the nature of the aryl bromide 1a signifi-
cantly influences the formation of tetrameric intermediates 
4. Only aryl bromides with electron-withdrawing groups 
(EWG), such as 1a (R = CF3), 1b (R = F), 1c (R = SF5), 1d 
(R = OCF3), 1e (R = SCF3), and 1f (R = SO2CF3) led to the 
formation of tetramers (4a–4f), as observed by ESI(-)-MS 
(Figures 7 and Figure S7). With non-electron-poor aryl bro-
mides, such as 1g (R = H), 1h (R = Me), and 1i (R = OMe), 
species 4 were not detected (Figure 7). The stability of te-
trameric oxidative-addition intermediates containing elec-
tron-donating groups (EDGs) was assessed by DFT calcula-
tions. The results showed that the formation of these species 
is still thermodynamically favored, however they are less 
stable than those containing EWGs. Replacement of the CF3 
groups on the aryl group with CH3 led to a change from 
-22.6 kcal/mol for the formation of the tetramer (as shown 
in Figure 3) to -15.7 kcal/mol. Note that the free-energy cal-
culation assumes the reference state to be one 
[PdBr2Ar(OH2)]- and three PdBrAr(OH2)2, but the reaction 
mixture may actually contain more species that affect the 
equilibria. However, the difference between the aryl groups 
with EWG or EDG is probably due to the difference in sta-
bility of the respective tetramers. This difference in stability 
may explain why the adducts containing EDGs could not be 
detected by ESI(-)-MS.  

 

 
Figure 7. Pd(II) anionic oxidative-addition tetramers from diverse 

aryl bromides. 

We carried out in situ 19F NMR spectroscopy studies78,79 
with Pd(OAc)2 as the catalyst to avoid the use of the insolu-
ble MOF (Figures 8 and Figure S8). We used a Pd loading 
of 10 mol% in these experiments so that we would be able 
to detect palladium intermediates. Besides the expected sig-
nals for aryl halide 1a (-62.72 ppm) and product 3a (-62.36 
ppm), three signals for CF3-containing species were ob-
served: I (singlet, -61.45 ppm), II (broad singlet, -61.11 
ppm), and III (transient broad singlet, -60.41 ® -60.94 
ppm) (Figure 8a). The transient band III showed a rather 
constant intensity over time, reaching a steady state at ca. 93 
min (Figure S9) when the yield of 3a was 76%. Bands I and 
II showed significantly higher intensities than band III, both 

Br
B OH

HO

+
Pd@MIL-101-NH2(Cr) or

 Pd(OAc)2 (3 mol%)

EtOH/H2O (v/v = 1:1)
KF, rt

1a-1i               2a

4a-1i

Pd

Br Pd

Br

PdBr

Pd

Br

Br

Ar

Ar

Ar

Ar

Detected when R = 

CF3 (4a), F (4b), SF5 (4c), OCF3 (4d), 
SCF3 (4e), SO2CF3 (4f)

Not detected when R =

H (4g), Me (4h), OMe (4i)

ESI(-)-MS
analysis

R

 
Figure 6. Free energy profile for the transmetalation and reductive elimination steps from 4a. 

 

 

0
-1.0

0.9

-2.0

8.07.9

-17.0

-5.4

-29.2

Pd

Br Pd

Br

PdBr

Pd

Br

Br

CF3

F3C

CF3

CF3

B
OH

HO F

Pd

Br Pd

Br

PdBr

Pd

Br

Br

Ar

Ar

Ar

CF3

B OH
O
H

F

2

Pd

Br Pd

Br

PdBr

Pd

Br

Br

Ar

Ar

Ar

CF3

B OH
O
H

F

2

Pd

Br
Pd

Br

PdBr

Pd

Br

Br

Ar

Ar

Ar

CF3

B OHO
H F

2

Pd
Br

Pd

Br

PdBr

Pd

Br

Br
Ar

Ar

Ar

F3C

B
OH

OH
F

2

Pd
Br

Pd

Br

PdBr

Pd

Br

Br
Ar

Ar

Ar

F3C

B
OH

OH
F

2

Pd

Br
Pd

Br

PdBr

Pd

Br

Br

Ar

Ar

Ar

F3C

2

Pd

Br
Pd

Br

PdBr

Pd

Br

Br

Ar

Ar

Ar

F3C

2

Pd

Br
Pd

Br

PdBr

Pd

Br

Br

Ar

Ar

Ar

2

F3C

4a

8a’

TS1

TS2

TS3

TS4

Int1
Int2

Int3

Int4

+ B
F

HO OH

kcal/mol



 7 

reaching their maximum intensities at ca. 93 min (I/II/III = 
0.9/1/0.1, Figure 8a and Figure S9). The intensity of band I 
over time is rather similar to that of band II over time (Figure 
S9). At t = 373 min, further boronic acid 2a (1 equiv.) and 
base (1 equiv.) were added to the NMR tube. This resulted 
in a rapid fading of bands I and II, while the chemical shift 
of band III moved from -60.94 to -60.41 ppm (Figure 8b, 
black solid arrows). From the ESI(-)-MS analysis (Figure 
5), we determined that tetramer 4a was consumed when bo-
ronic acid 2a and base were added. As bands I and II also 
faded away when these reagents were added, this indicates 
that these bands may correspond to oxidative-addition inter-
mediates. To test this idea, we compared the reaction profile 
of tetramer 4a as determined in Figure 4b (black squares, cat 
= Pd(OAc)2) with the combined intensities of bands I and II 
over time, obtained from the 19F NMR experiments, also us-
ing Pd(OAc)2.  As the conditions were different in these two 
experiments (i.e., reaction flask vs NMR tube, stirring rate, 
and catalyst loading), we have plotted the normalized inten-
sities of 4a (ESI) and that of bands I + II (NMR) vs a nor-
malized time-scale (t/tmax) for each experiment (Figure 8c). 
The correlation of the intensities along the reaction profile is 
excellent, and thus we can assign bands I and II as oxidative-
addition intermediates. The correlation is also excellent 
when the intensities of band I and band II are considered 
separately (Figure S10). Note that the evolution of the yield 
of 3a in the NMR and ESI experiments correspond very well 
with each other across the normalized timescale (Figure 8a). 
The structures of the species responsible for bands I and II 
cannot be fully elucidated, but probably these bands corre-
spond to tetramer 4a and a related oxidative-addition spe-
cies. The latter might be a species where a bromide bond has 
been substituted by a water ligand, which may well occur 
under the conditions of the NMR experiment. This assign-
ment is also supported by the rapid fading of the two bands 
after the addition of boronic acid (min 373, Figure 8b). 
When 1 equiv. of aryl bromide 1a was added (t = 418 min), 
bands I and II reappeared (Figure 8b, blue arrows), which 
further reinforces the assignment. Elucidation of the identity 
of the species responsible for band III is more difficult, as 
this band is probably due to a number of interconverting pal-
ladium species.  

This study provides insights into the mechanism of the Su-
zuki–Miyaura cross-coupling reaction catalyzed by Pd na-
noparticles immobilized into MIL-101-NH2(Cr). The excel-
lent activity of this heterogeneous catalyst in the coupling of 
aryl bromides with boronic acids can be explained by the 
formation of tetrameric oxidative-addition palladium(II) in-
termediates. These species were observed by electrospray 
ionization high-resolution mass spectroscopy in the negative 
mode in the coupling of electron-poor aryl bromides with 
boronic acids. The weak bonding in the tetrameric oxidative-
addition species allows an easy transmetalation at room tem-
perature (activation energy 10.0 kcal/mol); in contrast, the 
activation energy for the corresponding reaction with an ox-
idative-addition monomer was significantly higher (25.8 
kcal/mol. Aryl iodides also give rise to tetrameric palladium 
adducts. However, the formation of stable off-cycle palla-
dium iodide salts, such as [Pd2I4]n–, results in much lower 
catalytic efficiencies than those obtained with aryl bromides. 

a) 

 

 
b) 

 
c) 

 
Figure 8. (a) Real-time 19F NMR spectra. Inset shows the signals 
for catalytic intermediates between -60.6 and -61.6 ppm, using 
1,4-difluorobenzene as an internal standard (-120.00 ppm); (b) 19F 
NMR addition experiments and monitoring of catalytic intermedi-
ates; (c) Correlation between the intensity of 4a (ESI-MS) and the 
intensity of bands I and II, plotted against reaction progress. 

The same tetrameric species have been observed in this 
work when using Pd(OAc)2, which leads us to conclude that 
Pd@MIL-101-NH2(Cr) behaves as a reservoir of very active 
ligandless catalytically active species. The advantage of us-
ing Pd@MIL-101-NH2(Cr) vs. Pd(OAc)2 is that in the for-
mer case, the catalyst can be filtered off and reused.56 When 
using Pd(OAc)2, the catalyst cannot be recycled, resulting in 

Br

F3C

B OH
HO

+ Pd(OAc)2 (10 mol%)

THF-d8 /D2O  (v/v = 10:1)
NBu4F, rt, 6 h

93%

CF3

1a                   2a                                                                  3a



 8 

a significantly higher consumption of palladium. Thus, the 
synthetic efforts needed to prepare Pd@MOF catalysts can 
be fully justified. In “cocktail”-type systems, multiple mech-
anistic pathways are possible, and the electronic properties 
of the substrates may determine which pathway is favored in 
any particular case. This work suggests that tetrameric oxi-
dative-addition palladium(II) species can provide a reaction 
pathway that proceeds via a very facile transmetallation step, 
usually the rate-limiting step in Suzuki-Miyaura cross-cou-
plings. 
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1. General information 
 

Reagents and solvents were used as obtained from commercial suppliers. ICP-OES analysis was carried 
out by MEDAC Ltd (UK). 

 

General Procedure for the Suzuki–Miyaura Reaction.  
Pd@MIL-101-NH2(Cr) (7.25 wt%; 4.4 mg, 0.009 mmol, 3 mol%), arylboronic acid (0.13 mmol, 1.4 equiv.), 
and KF (12 mg, 0.18 mmol, 2 equiv.) were added to a 4 mL glass vial. Then EtOH (50% aq. added 
together with the aryl halide (0.1 mmol), and the mixture was stirred (900 rpm) at room temperature. For 
kinetic profiles, the reactions were quenched at the desired times by the addition of HCl (1 M aq.; 300 
µL). 

 
General Procedure for Filtration Tests. 
Filtration tests were carried out by filtering the whole reaction mixture (prepared as described in the 
general procedure above) at t1 = 60 min using a filter (0.22 µm pore size). The filtrate was added to a 
new glass vial containing a second load of boronic acid, base, and aryl halide (no MOF was added). The 
mixture was stirred for a further 60 min (t2), and the reaction was quenched as described above. The 
product yield was determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal 
standard, and the total amount of aryl halide added (0.2 mmol) as the limiting reagent. 

 

ESI Mass Spectrometry 
High-resolution mass spectra (HRMS) were recorded with a Bruker micrOTOF ESI-TOF mass spectrom-
eter. Sample solutions were transferred into the ESI source with gastight syringes at flow rates of 180 
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µL/min, which was maintained by a syringe pump. The ESI source was operated with a voltage of +4000 
V (HV end plate offset: −500 V) using N2 as nebulizer (0.3 bar) and drying gas (4 L/min, temperature: 
453 K). The experiments were typically carried out in negative mode ESI(-)-MS, with a scan range of 
m/z = 200–2000. Accuracies of <10 ppm were obtained for the measured m/z ratios after external cali-
bration using a low concentration tuning mix solution (mixture of CF3COOH and phosphazenes in 
H2O/CH3CN, Agilent Technologies). Theoretical exact m/z ratios and isotope patterns were calculated 
with the DataAnalysis software package (Bruker Daltonics). 

 

Computational details  
All computations were performed with the Jaguar program package by Schrödinger LLC.1 All geometries 
were optimized using the dispersion corrected2 B3LYP-D3 functional3,4 with the LACVP** core potential5 
and basis set, which applies the 6-31G** basis set to all light elements. Solvation free energies were 
calculated using the PBF6 solvation model for all palladium species with standard parameters for water 
solvation. Solvation free energies for all organic compounds were calculated using the SM87 model with 
the B3LYP-D3 functional and 6-31+G* basis set, which generates CM4 charges. The solvation free en-
ergy for water was -2.05 kcal mol-1 corresponding to the hydration free energy. Harmonic vibrational 
frequencies were calculated to assure that intermediates contained no imaginary frequencies and that 
transition states contained only one. Gibbs free energies for each species were calculated as the sum G 
= E(B3LYP-D3/LACV3P**++) + Gsolv + ZPE + DH298 –TS, where a single point energy correction was 
made for each species with the larger LACV3P**++ basis set and core potential, and thermochemical 
parameters (ZPE = zero point vibrational energy, DH298 = contribution from excited vibrations at T = 298K 
and the pressure volume term pV, –TS = entropy at T = 298K). All solvation free energies were calculated 
at standard state at T = 298K. 

 

General Procedure for the NMR Spectroscopy Experiments 
19F NMR spectra were recorded with a Bruker Avance III HD 500 MHz spectrometer equipped with a 
helium-cooled probe. 19F chemical shifts (d) are reported in ppm using 1,4-difluorobenzene (–120.00 
ppm) as an internal standard. 32 scans per spectrum were collected at a scan rate of 1 second/scan. 
Typically, aryl halide (0.1 mmol), NBu4F·(H2O)3 (62 mg, 0.2 mmol, 2 equiv.) and the internal standard 
(0.1 mmol) were dissolved in the THF-d8/D2O mixture (10:1, v/v) in a 2 mL glass vial. The homogeneous 
solution was transferred into another vial containing the Pd(OAc)2 precatalyst (2 mg, 0.01 mmol) and the 
boronic acid (0.14 mmol, 1.4 equiv.). As the reaction starts at room temperature, to avoid the loss in 
information between sample preparation and the start of the measurements, the mixture was immediately 
transferred into an NMR tube and cooled at –78 ºC until it was frozen. After this, the tube was placed into 
the NMR spectrometer, and the acquisitions were started while the sample slowly returned to 25 ºC and 
the reaction proceeded.   

 

Transmission Electron Microscopy 
Scanning Transmission Electron Microscopy (STEM) and energy dispersive x-ray spectroscopy study 
were performed on a Thermo Fischer aberration-corrected Themis Z microscope equipped with SuperX 
EDX system. The instrument was operated at 300 kV with a probe corrector (CEOS DCOR) corrected 
up to the fifth order. The electron probe with a convergence angle of 21.4 mrad and current of 100 pA 
was used.  Bright-field (BF) and High-angle annular dark-field (HAADF) images and EDX spectra were 
acquired using Velox software (Thermo Fischer). MOF samples were placed on Cu TEM grids with holey 
carbon supporting films as dry powder. Reaction samples were dispersed on the TEM grids in the reac-
tion solvent. Nanoparticle size analysis was carried out using ImageJ software. The reported values 
correspond to the average value of ca. 100 samples. 
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2. Supplementary figures 

 

 

Figure S1. BF- and HAADF-STEM micrographs of Pd@MIL-101-NH2 
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Figure S2. STEM micrographs of filtrate A: HAADF- (a – d, f); BF- (e) and EDX elemental mapping 
showing Pd (g). 
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Figure S3. ESI(+) mass spectrum of the Suzuki reaction after 15 minutes.  
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Figure S4. ESI(-)-MS of the Suzuki reaction with 1a' after 120 min 

 

 

Figure S5. Relative abundance vs. time for tetramer 4a and trimer 5a using Pd@MOF (left) and 
Pd(OAc)2 (right). 
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Figure S6. Free-energy profile for the transmetallation and reductive elimination steps from monomer 
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Figure S7. Detection of tetramers 4b-4f. In grey experimental patterns, simulated in black. 
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Figure S8. ESI(-)-MS spectrum of the Suzuki reaction using Pd(OAc)2. 

 

 

Figure S9. Intensity vs. time for bands I, II and III 
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Figure S10. Correlation of the relative abundance of 4a with bands I (left) and II (right). 
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