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Abstract: A series of PEPPSI-type 
palladium(II) complexes were 
synthesized that contain 3-
chloropyridine as an easily removable 
ligand and a triazolylidene as a strongly 
donating mesoionic spectator ligand. 
Catalytic tests in Suzuki-Miyaura cross-
coupling reactions revealed activity of 
these complexes towards aryl bromides 
and aryl chlorides at moderate 
temperatures (50 °C). However, the 
impact of steric shielding was inverse 
to that observed with related normal N-

heterocyclic carbenes (imidazol-2-
ylidenes) and sterically congested 
mesityl substituents induced lower 
activity than small alkyl groups. 
Mechanistic investigations including 
mercury poisoning experiments, TEM 
analyses, and ESI mass spectrometry 
provide evidence for ligand dissociation 
and the formation of nanoparticles as a 
catalyst resting state. These 
heterogeneous particles provide a 
reservoir for soluble palladium atoms 
or clusters as operationally 

homogeneous catalysts for the arylation 
of aryl halides. Obviously, the 
substitution of a normal N-heterocyclic 
carbene for a more basic triazolylidene 
ligand in the pre-catalyst has a profund 
impact on the mode of action of the 
catalytic system. 
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Introduction 

Palladium complexes have found widespread academic and 
industrial application as catalyst precursors for carbon-carbon cross-
coupling, and for C–N and C–O bond formation reactions.[1] 
Typically, a C–X bond (X = halide or pseudohalide) is required in 
the carbon precursor, though recently, also substantial progress has 
been accomplished for the direct functionalization of C–H bonds.[2] 
Cross-coupling of cheap and readily available chlorocarbons (X = 
Cl) generally involves oxidative addition of the C–Cl bond to a low-
valent and coordinatively unsaturated palladium species as rate-
limiting step.[3] Appropriate balancing of the stability of the critical 
palladium(0) species is thus an essential aspect for designing better  

 
catalysts. The stability should be high enough to prevent 
decomposition, yet sufficiently low to favor oxidative C–Cl addition. 
Following these generic guidelines, ligands with enhanced basicity 
and steric demand were developed over the last years that indeed 
spurred the catalytic activity of the palladium center, including P(o-
tol)3,[4] P(tBu)3,[5] PCy2(biaryl),[6] and IMes (IMes = 1,3-dimesityl-
imidazol-2-ylidene).[7] In particular, the combination of IMes as a 
strongly electron-donating and bulky N-heterocyclic carbene (NHC) 
with 3-chloropyridine as easily removable ligand at PdCl2 gave a 
highly active catalyst precursor for cross-coupling reactions (A, Fig. 
1).[8] Because of the beneficial role of the pyridine ligand, the term 
PEPPSI (pyridine-enhanced precatalyst preparation, stabilization, 
and initiation) was coined. 
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Figure 1. PEPPSI-type IMes palladium(II) complex A and its triazolylidene congener B 
(PEPPSI = pyridine-enhanced precatalyst preparation, stabilization, and initiation). 
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Recent work has shown that the electron donor properties of N-
heterocyclic carbene ligands[9] substantially increase when the 
heteroatoms of the cycle are positioned at remote positions.[10] For 
example, mesoionic[11] 1,2,3-triazol-5-ylidenes (B, Fig. 1) bear only 
one nitrogen adjacent to the carbene bonding site and are more basic 
than classical imidazol-2-ylidene NHCs.[12] Such triazolylidenes[13] 
have recently been applied for the development of a variety of 
different catalytic systems.[14] The preparation of these ligands is 
highly versatile since the triazolium ligand precursor is readily 
available through copper-catalyzed [2+3] cycloaddition (‘click 
chemistry’)[15] and subsequent N-alkylation. The synthetic flexibility 
paired with the stronger electron donor properties suggests that these 
ligands facilitate C–Cl oxidative addition in cross-coupling 
chemistry. Based on these considerations, we became interested in 
synthesizing a set of PEPPSI-type palladium complexes B with 
different triazolylidene ligands, and in evaluating their catalytic 
activity. Remarkably, the modification of the heterocyclic carbene 
ligand has a profound impact on the working mode of the catalyst, 
which may be rationalized by a decreased Pd–Ccarbene bond stability 
in the triazolylidene system.[16] 

Results 

Synthesis of the complexes. The triazolium salts 1a–e were 
convenienly accessible via conventional and versatile Cu-catalyzed 
‘click’ cycloaddition of the appropriate azide and alkyne, followed 
by chemoselective methylation of the N3 position using MeI 
(Scheme 1).[17] Metalation of the triazolium salts with Ag2O and 
subsequent transpalladation in 3-chloropyridine as solvent afforded 
the PEPPSI-type palladium complexes 3a–e as air- and moisture-
stable solids. Yields of pure material ranged between 20% and 60% 
only, partially because of the formation of an insoluble pale yellow 
side product, and partially because product fractions were washed 
off during purification. The complexes are well-soluble in 
chlorinated solvents, and also dissolve substantially in Et2O and 
similar low-polarity solvents that are typically used for precipitation 
of organometallic compounds. 
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Scheme 1. Synthesis of complexes 3.  

Successful palladation was indicated spectroscopically by the 
absence of the low-field triazolium proton resonance in the 1H NMR 
spectrum, and by the presence of the diagnostic set of four 
resonances due to the 3-chloropyridine ligand in stoichiometric 
quantities. In addition the resonance of the N3-bound CH3 group is 
shifted upfield by 0.3–0.4 ppm while the α-protons of the N1-bound 

alkyl group become more shielded (complexes 3a-c). In contrast, the 
13C NMR resonances are barely affected by the palladation. The 
chemical shift difference of the C5 nucleus shifts between 0.2 and 8 
ppm upon changing its substituent from hydrogen (in 1) to 
palladium (in 3), and the C4 frequency did not vary by more than 1 
ppm. The absolute chemical shift of the C5 nucleus does not 
correlate with the electronic impact of the ortho substituents at N1 
and C4,[18] suggesting that the resonance frequency is governed by a 
combination of steric and electronic factors.  

Complexes 3b, 3c, and 3d were analyzed by single crystal X-ray 
diffraction (Fig. 2). In all three complexes, the ligands around the 
square-planar palladium center adopt the expected trans 
arrangement. The Pd–Ctrz bond length in all complexes is 1.96(1) Å, 
which is in line with related triazolylidene palladium 
complexes.[14e,f,19] The Pd–Npyr bond distance is weakly affected by 
the substitution pattern on the triazolylidene ligand and increases 
slightly along the series 3b < 3c < 3d. The effect is very small and 
may indicate an enhanced steric congestion along this series. The 
most pronounced distinction between the three complexes pertains 
to the different twist of the heterocycles out of the palladium 
coordination plane. The dihedral angle of the two heterocycles is 
nearly identical in 3b and 3c, 30.6(2)° and 27.57(16)°, respectively, 
yet significantly larger for 3d, 68.2(3)°. The almost perpendicular 
arrangement is probably a direct conseqeuence of the shielding 
properties of the ortho methyl groups of the mesityl substituent in 
3d. This shielding factor may also explain the fact that the torsion of 
the pyridine ligand out of the metal plane is smallest for 3d 
(29.3(3)°), and increases for 3c (36.54(11)°) and 3b (45.55(13)°). In 
all three complexes, the dihedral angle between the palladium 
square plane and the triazolylidene ligand is significantly larger (68–
79°) than the 29–46° between the palladium coordination plane and 
the pyridine heterocycle. 

 

Figure 2. ORTEP plots of complex 3b (a), 3c (b), and one of the two 
crystallographically independent molecules of complex 3d (c) (50% probablility level; 
co-crystallized solvent molecules and hydrogen atoms omitted for clarity). 
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Table 1. Selected bond lengths (Å) and angles (°) for complexes 3b, 3c, and 3d.  

 3b  3c  3d  
   molecule 1  molecule 2[a] 
Pd–C(1)  1.9601(16) 1.9650(13) 1.957(3) 1.967(3) 
Pd–N(4)  2.1105(13) 2.1192(11) 2.129(3) 2.126(3) 
Pd–Cl(1)  2.3028(4) 2.3103(3) 2.3115(8) 2.2961(9) 
Pd–Cl(2)  2.3051(4) 2.3054(3) 2.3046(9) 2.2969(9) 
C(1)–Pd–N(4) 178.87(6) 177.70(4) 175.81(11) 178.71(12) 
C(1)–Pd–Cl(1) 88.63(5) 89.27(4) 88.18(10) 89.63(9) 
N(4)–Pd–Cl(1) 90.45(4) 91.83(3) 92.12(8) 89.76(9) 
C(1)–Pd–Cl(2) 88.68(5) 88.67(4) 88.76(10) 90.23(9) 
N(4)–Pd–Cl(2) 92.25(4) 90.36(3) 90.75(8) 90.48(9) 
Cl(1)–Pd–Cl(2) 176.732(16) 175.849(12) 176.04(3) 174.89(4) 

[a] second independent molecule in the unit cell, atom labeling adapted. 

Catalytic application. The PEPPSI-type complexes were tested 
as catalyst precursors in Suzuki-Miyaura cross-coupling reactions 
using m-bromoanisole and phenylboronic acid as model substrates. 
A first set of experiments aimed at identifying most suitable reaction 
conditions to achieve this coupling at mild reaction temperatures (50 
°C). The activity of complex 3b was evaluated by determining the 
conversion after 2 h. Initial variation included the solvent (DMA, 
dioxane, and iPrOH), and the base (K2CO3, NaOAc, tBuOK, and 
Bu4NF; Table 2). These experiments indicated best performance 
with Bu4NF in iPrOH, and further catalytic evaluations were thus 
carried out using this combination only. The reaction is sensitive to 
thermal variations. At 50 °C, catalytic the solution remained 
transparent over extended periods of time. When heated to 80 °C, 
however, the catalytic reaction mixture became turbid within the 
first 10 min, and a black precipitate started to gradually appear. In 
contrast, reducing the temperature to 30 °C preserved the 
transparent appearance yet compromised the conversion 
significantly (33% after 2 h, 58% after 4 h). 

Table 2. Conversion (%) of 3-bromoanisole in the Suzuki-Miyaura cross-coupling 
catalyzed by 3b.[a] 

Br

OCH3

+

B(OH)2 3b (1 mol %)
base (1.5 eq), solvent

50 °C, 2 h

OCH3  
                    base 
solvent 

K2CO3 NaOAc tBuOK Bu4NF 

DMA 30 9 4 3 
dioxane 8 2 2 4 
iPrOH 64 10 14 80 

[a] general conditions: bromoanisole (1.0 mmol), PhB(OH)2 (1.2 mmol), base (1.5 
mmol), and complex 3b (5 µmol, 0.5 mol%) in appropriate solvent (3.0 mL) at 50 °C 
for 2 h. 

The role of the pyridine ligand as activator was investigated by 
comparing the activity of 3b to related complexes 4 and 5 (see 
chart). Complex 4 is a dimeric version of 3b that may split into two 
coordinatively unsaturated [Pd(trz)X2] fragments akin to the 
intermediate expected upon pyridine dissociation from complex 3b. 
Under the optimized reaction conditions, complex 4 exhibits a lower 
catalytic activity and reaches only 60% conversion.[17] Complex 5 
comprising two triazolylidene ligands gave an appreciable 75% 
conversion, only marginally lower than the conversions achieved 
with complex 3b.[20] The high activity of complex 5 is in agreement 
with earlier studies on an analoguous complex derived from 1e[14b]  
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and may be related to that observed for a mixed C2-/C4-bound 
bis(imidazolylidene) system,[21] in which the C4-bound imidazol-
ylidene is supposed to be less strongly bound to the palladium center 
than the C2-bound analogue.[22] In complex 5, one triazolylidene 
ligand may thus mimic the activating role of 3-chloropyridine in 3b, 
thus generating a [Pd(trz)X2] species as well. 

Variation of the substituents at the triazolylidene ligand revealed 
a moderate dependence on steric factors (Fig. 3). The smallest 
substituents (3a and 3b) induced the highest active whereas the 
di(mesityl)-substituted triazolylidene palladium complex 3e 
displayed comparably slow conversion. For example, 35% 
conversion were reached with complex 3a after 15 min, while 60 
min were required with 3e to accomplish the same turnover. The 
low performance of 3e is remarkable when considering the excellent 
catalytic activity of its imidazol-2-ylidene analogue (cf A, Fig. 
1).[8,23] Complexes 3c and 3d comprised of moderately demanding 
triazolylidene substituents display activities that are intermediate 
compared to 3a and 3e. These results suggest that the bulkiness 
around the palladium center matters, either for catalyst activation, or 
for substrate conversion. 

 

Figure 3. Time-conversion profile for the coupling of bromoanisole (1.0 mmol) and 
phenylboronic acid (1.2 mmol) catalyzed by complex 3 (0.5 mol%) with Bu4NF (1.5 
mmol) in iPrOH (3 mL) at 50 °C; inset shows approximate turnover frequencies at 50% 
conversion (TOF50). 

The most active complexes 3a and 3b were subsequently tested 
for the conversion of more demanding aryl chlorides. With p-
chlorobenzaldehyde as substrate, the activity of 3a containing a 
small Me substituent at the triazolylidene ligand was distinctly 
higher than that of 3b. At 50 °C and at a 2 mol% loading of 
palladium complex vs aryl chloride, 3a gave appreciable catalytic 
activity with a turnover frequency at 50% conversion, TOF50 = 53 h–1. 
In contrast, complex 3b comprising an ethyl ortho substituent at the 
triazolylidene was markedly less active (TOF50 17 h–1). With both 
complexes, conversion ceased at about 60% conversion, which 
suggests a limited lifetime of the catalytically active species. No 
improvement was achieved when increasing the loading of the 
catalyst precursor from 2 mol% to 5 mol%. 
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Mechanistic insights. Aryl chloride conversion under relatively 
mild conditions as applied here typically suggests homogeneous 
catalysis.[24] However, the delicate impact of the temperature as well 
as the trend observed in the steric demand of the triazolylidene 
ligand, which is inverse to the trend observed for normal NHC 
palladium complexes,[8] suggest a catalytic mechanis that differs 
from classical PEPPSI-type systems. In order to further elucidate the 
mode of action, a set of analyses was performed including 
microscopy, mass spectrometry, and mercury poisoning 
experiments.[25] In a representative experiment using complex 3b 
under standard conditions (bromoanisole as substrate, cf Fig. 3), a 
large excess elemental mercury (ca. 7 g, 35 mmol, ca. 7,000 
molequiv vs palladium) was added after 5 min (14% conversion). 
This addition efficiently stalled the catalytic activity, and the same 
14% conversion were determined after 120 min. In contrast, a 
parallel mercury-free reaction reached 80% over the same period. 
The outcome was qualitatively identical when the substrate was 
replaced with chlorobenzaldehyde. Addition of mercury after 5 min 
(4% conversion) inhibited further catalytic coupling and no biaryl 
product was formed during the subsequent 120 min (cf 47% yield in 
a parallel unpoisoned run over the same time span). These results 
indicate that the catalytic working mode is not fundamentally 
different when changing the substrate from aryl bromides to aryl 
chlorides. Moreover, the well-known capability of mercury to 
poison heterogeneous but not homogeneous catalysts[26] is in 
apparent contradiction with the assumption that palladium-catalyzed 
cross-coupling of aryl chlorides under mild conditions requires 
molecular palladium.[1,24] 

Analysis of catalytic reaction mixtures by transmission electron 
microscopy (TEM) revealed further details. A micrograph of a 
sample taken from the cross-coupling of bromoanisole using 3b 
after 35 min (Fig. 4a) is representatitive for all complexes 3a–e and 
indicates the formation of palladium nanoparticles with an average 
size of 2–3 nm. Slightly larger particles formed in the conversion of 
chlorobenzaldehyde (3–5 nm when using 3a, Fig. 4b). Nanoparticle 
formation was also observed when either of the two coupling 
partners was omitted. In the absence of phenylboronic acid, the 
particles were consistently larger (4–8 nm). In addition, some 
redispersion was noted by the presence of larger crystallites, 
suggesting Ostwald ripening under these conditions. In the absence 
of the aryl halide, the particle size does not differ significantly from 
that of the original catalytic mixture, which suggests that the 
phenylboronic acid may play a role in stabilizing the nanoparticles 
and in controlling their size. The observed Ostwald ripening may 
provide an explanation for the catalytic activity of the system, as the 
particle size redistribution requires a partial dissolution of particles, 
thus generating a dissolved palladium(0) species[27] that either 
undergoes oxidative addition with an aryl halide and thus enters the  

 

Figure 4. TEM micrographs of post-reaction mixtures after Suzuki-Miyaura reaction 
with a) 3b and bromoanisole, b) 3a and chlorobenzaldehyde. 

catalytic cycle, or aggregates with a nanoparticle to contribute to the 
Ostwald ripening process.[28] 

Electron-spray ionization mass spectrometry (ESI-MS) 
measurements were performed to validate the mechanistic 
hypothesis. In agreement with the TEM data and with the formation 
of colloidal palladium(0), ESI-MS spectra of the catalytic reaction 
mixture did not show any signals in the low molecular range that 
would indicate the presence of defined molecular species. 
Irrespective of the sampling time (after 10, 20, and 35 min), only 
signals in the 900–1600 m/z range were detected. The spectra were 
almost identical for all complexes 3a-e and do not indicate a 
correlation to the observed catalytic conversions. For example when 
using complex 3b, signals at 1020, 1443, 1490, and 1534 m/z were 
measured. Their isotopic distribution pattern indicates the presence 
of up to 4 palladium atoms per species. Moreover, the 1443 and 
1490 m/z signals were also observed when using different 
triazolylidene palladium complexes as catalyst precursors, which 
suggests that these species do not contain a triazolylidene ligand. In 
contrast, ESI-MS measurements on iPrOH solutions containing only 
the complex and neither cross-coupling substrates nor Bu4NF 
revealed signals for various low-molecular weight species resulting 
from loss of chloride, and from triazolylidene ligand transfer. For 
example, a solution of 3b gave signals at 479.1 m/z, attributed to 
[Pd(trz)(py-Cl)Cl]+ and at 517.1 m/z, assigned to [Pd(trz)2Cl]+. The 
latter species again underlines the activating role of the 
chloropyridine ligand. Transfer of the triazolylidene ligand may be a 
consequence of the sample ionization in the mass spectrometer, 
since no indications for ligand transfer were obtained from NMR 
solution measurements. Similar effects were observed previously 
with imidazolylidene palladium complexes.[29] Warming of a iPrOH 
solution of 3b to 50 °C, i.e. to the catalytic reaction temperature, 
resulted in substantially more signals in the ESI-MS spectra, 
including dimeric species such as [Pd2(trz)3Cl3]+ (880.1 m/z) and 
[Pd2(trz)3(py-Cl)2Cl3 + 3H]4+ (1109.2 m/z). The increased number of 
species and the presence of dimetallic systems that were not 
detected when keeping the solution at room temperature suggests 
that the complexes are thermally unstable. Indeed, 1H NMR 
monitoring of the stability of 3b in iPrOD–d8 at 50°C using 
hexamethylbenzene as internal standard revealed a drop of the 
concentration of 3b to 57 (±1)% after 2 h. In addition, a yellow 
precipitate was formed, but no palladium black. No further decrease 
was observed upon prolonged heating. 

Discussion  

The interplay of NHC metal complexes and nanoparticles has 
received much attention recently. Potentially related to our 
observations, degradation of NHC ruthenium complexes to 
nanoparticles in the presence of N-heterocyclic carbenes has been 
reported.[30] Moreover, it was shown that solid metal can be used as 
a precursor to generate a variety of molecular carbene metal 
complexes.[31] Whilst imidazolium and ammonium salts effectively 
stabilize palladium nanoparticles and prevent their aggregation,[32] 
ammonium salts were also demonstrated to facilitate the formation 
of soluble palladium species from palladium(0) nanoparticles in the 
presence of aryl halides.[33] Taking these precedents into account, it 
seems plausible that colloidal palladium is the resting state of the 
catalyst derived from complex 3,[34] though the catalytically active 
species ensues from dissociation of a cluster or single palladium 
atoms, either as a solvated palladium(0) species, or as a 
triazolylidene adduct. 
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Heterogenization of the molecular pre-catalyst to palladium 
nanoparticles and subsequent dissolution of palladium atoms from 
these nanoparticles constitutes a model that accounts for all the 
observations detailed above. Such a model has been suggested, 
though only rarely underpinned with experimental evidence.[35] The 
dissociated ‘naked’ or triazolylidene-bound palladium atoms are 
expected to be sufficiently activated to oxidatively add both aryl 
bromides and aryl chlorides under mild conditions.[36] Elemental 
mercury poisons the reaction by preventing dissociation of a 
palladium atom from the colloidal reservoir and thus shuts down the 
activation step from the catalyst resting state. In addition, iPrOH 
may be the solvent of choice because of its potentially reducing 
character,[37] thus providing a smooth access to low-valent 
palladium. Formation of colloidal palladium may further explain the 
delicate role of the temperature, as elevated temperatures accelerate 
colloid formation and eventually lead to aggregation of the colloids 
to large particles that cannot easily expel a palladium atom. Too low 
temperatures in contrast appear to compromise the decomposition of 
the precursor complex 3, leading to low activity. Likewise, the 
substituents of the triazolylidene system may fulfill a role that is 
different from the steric protection of the metal center as in PEPPSI-
type imidazol-2-ylidene palladium catalysts A.[8] In the catalytic 
system described here, a low steric impact of the carbene ligand 
facilitates palladium dissociation, and little steric congestion also 
provides triazolium salts that may assist in stabilizing the palladium 
colloids. In addition to this effect on the catalytic reaction rate,[26e] 
such stabilization is supposed to be essential to keep the 
nanoparticles small and to enhance the propensity of a palladium 
atom to dissociate from the particle and hence to enter the catalytic 
cycle. 

Conclusion 

We developed a straightforward synthetic methodology to obtain a 
series of C5-bound 1,2,3-triazolylidene palladium complexes 
comprising a 3-chloropyridine ligand as easily cleavable ligand. The 
activity of these complexes in Suzuki-Miyaura cross coupling can 
be tailored by varying the substituents of the triazolylidene ring. 
Steric effects govern the catalytic activity and less bulky 
substituents induce better catalytic activity than bulkier IMes-type 
analogues comprising two mesityl groups in ortho position, which 
contrasts the trends observed with the imidazol-2-ylidene congeners. 
Mechanistic work has demonstrated that the opposite trend 
originates from a fundamentally different mode of action of the 
triazolylidene complexes. In contrast to the homogeneous catalysis 
observed with the original PEPPSI system, all experimental 
evidence indicates that the triazolylidene complexes undergo a 
heterogenization process that generates palladium nanoparticles as 
the catalyst resting state. Leaching of palladium atoms from such 
nanoparticles provides a molecular, catalytically active species that 
is able to convert aryl chlorides under relatively mild conditions. 
Such a mechanism may be relevant for a range of catalyst precursors 
and care should be taken when using aryl chloride conversion as a 
probe, since spectator ligands may not be preserved but may be 
involved in a heterogenization-homogenization pathway and may or 
may not assist in reconstituting a dissolved active species from a 
colloidal reservoir. Moreover, this work highlights substantial 
differences between abnormal triazolylidenes and classical NHCs 
such as imidazol-2-ylidenes in metal bonding. 

Experimental Section 

General. 1-methyl-4-phenyl-1,2,3-triazole, 1-mesityl-4-phenyl-1,2,3-triazole, the 
triazolium salt 1c, and the silver carbenes 2b and 2e were described previously.[12,14b,38] 
All other reagents are commercially available were used as received. Microwave 
reactions were carried out using a Biotage Initiator 2.5, operating at 100 W irradiation 
power. Unless specified otherwise, NMR spectra were recorded at 25 °C on Varian 
Innova spectrometers operating at 300, 400 or 500 MHz (1H NMR) and 75, 100 or 125 
MHz (13C{1H} NMR), respectively. Chemical shifts (δ in ppm, coupling constants J in 
Hz) were referenced to residual solvent resonances. Assignments are based on homo- 
and heteronuclear shift correlation spectroscopy. Elemental analyses were performed by 
the Microanalytical Laboratory at University College Dublin, Ireland, using a Exter 
Analytical CE-440 Elemental Analyzer.  

General procedure for the synthesis of the triazolium iodides 1. To a MeCN solution 
of triazole was added MeI and the mixture was stirred under microwave irradiation at 
90 °C for 5 h. All volatiles were then removed in vacuo. The residue was washed with 
copious amounts of Et2O several times and dried in vacuo to afford the crude triazolium 
salt 1. Microanalytically pure samples were obtained by recrystallization from hot 
acetone. Analytical data for the new triazolium salts are compiled in the Supporting 
Information. 

General procedure for the synthesis of the carbene silver complexes 2. To a solution 
of the triazolium salt 1 (1.0 eq) in CH2Cl2 was added Ag2O (0.5 eq). The mixture was 
stirred in the absence of light at room temperature for 2 h and filtered through Celite. 
The solvent was removed in vacuo at room temperature and the residue was washed 
with pentane (3 × 25 mL) and dried in vacuo. Analytical data for the new triazolium 
salts are compiled in the Supporting Information.  

General procedure for the synthesis of the carbene palladium complexes 3. The 
carbene silver complex 2 and PdCl2 were suspended in 3-chloropyridine (7 mL) and 
stirred at 100 °C for 16 h. The reaction mixture was cooled to RT, diluted with CH2Cl2 
(7 mL) and passed through a short column of SiO2 covered with a pad of Celite. After 
product elution with CH2Cl2 was complete (TLC) were all volatiles evaporated under 
reduced pressure. The product was precipitated from pentane, collected by filtration, 
and dried in vacuo. The residue was dissolved in a minimum amount of CH2Cl2 and 
added into Et2O (50 mL). The precipitate was removed by filtration and the filtrate was 
evaporated to dryness, thus affording pure complex 3.  

Complex 3a. The title product was obtained from 2a (500 mg, 0.61 mmol) of PdCl2 
(217 mg, 1.23 mmol) according to the general procedure as a yellow solid (200 mg, 
35%). 1H NMR (CDCl3 500 MHz): δ 9.00 (d, 4JHH = 2.3 Hz, 1H, HPy), 8.89 (dd, 3JHH = 
5.5 Hz, 4JHH = 1.2 Hz, 1H, HPy), 7.93 (dd, 3JHH = 8.1 Hz, 4JHH = 1.4 Hz, 2H, HAr), 7.72 
(ddd, 3JHH = 8.2 Hz, 4JHH = 2.3 Hz, 4JHH = 1.2 Hz, 1H, HPy), 7.56 (m, 3H, HAr), 7.28 
(ddd, 3JHH = 8.2 Hz, 3JHH = 5.5 Hz, 5JHH = 0.4 Hz, 1H, HPy), 4.59 (s, 3H, NCH3), 3.98 (s, 
3H, NCH3). 13C{1H} NMR (CDCl3, 125 MHz): δ 150.6 (CPy), 149.5 (CPy), 144.2 (Ctrz–
Ph), 139.0 (CPy), 138.0 (Ctrz–Pd), 132.7 (CPy), 131.3 (m–CAr), 130.9 (p–CAr), 129.8 (o–
CAr), 128.3 (i–CAr), 126.6 (CPy), 41.8 (NCH3), 37.5 (NCH3). Anal. Calcd for 
C15H17Cl3N4Pd (466.10): C, 38.65; H, 3.68; N, 12.02. Found: C, 38.16; H, 3.49; N, 
11.64. 

Complex 3b. Reaction of 2b (500 mg, 0.59 mmol) and PdCl2 (217 mg, 1.23 mmol) 
according to the general procedure afforded 3b as a yellow solid (226 mg, 40%). 1H 
NMR (CDCl3 500 MHz): δ 9.00 (d, 4JHH = 2.2 Hz, 1H, HPy), 8.89 (dd, 3JHH = 5.5 Hz, 
4JHH = 1.2 Hz, 1H, HPy), 7.93 (dd, 3JHH = 8.1 Hz, 4JHH = 1.4 Hz, 2H, HAr), 7.72 (ddd, 
3JHH = 8.2 Hz, 4JHH = 2.2 Hz, 4JHH = 1.2 Hz, 1H, HPy), 7.56 (m, 3H, HAr), 7.28 (ddd, 3JHH 
= 8.2 Hz, 3JHH = 5.5 Hz, 5JHH = 0.4 Hz, 1H, HPy), 5.03 (q, 3JHH = 7.3 Hz, 2H, NCH2Me), 
3.99 (s, 3H, NCH3), 1.86 (t, 3JHH = 7.3 Hz, 3H, NCH2CH3). 13C{1H} NMR (CDCl3, 125 
MHz): δ 150.5 (CPy), 149.5 (CPy), 143.8 (Ctrz–Ph), 138.0 (CPy), 136.6 (Ctrz–Pd), 133.0 
(CPy), 131.3 (m–CAr), 130.9 (p–CAr), 129.1 (o–CAr), 126.7 (i–CAr), 124.7 (CPy), 50.6 
(NCH2Me), 37.6 (NCH3), 15.4 (NCH2CH3). Anal. Calcd for C16H19Cl3N4Pd (480.13): C, 
40.03; H, 3.99; N, 11.67. Found: C, 40.25.16; H, 3.91; N, 11.54. 

Complex 3c. According to the general procedure, a mixture of PdCl2 (276 mg, 1.56 
mmol) and 2c (670 mg, 0.78 mmol) afforded 3c as a yellow powder (400 mg, 53%). 1H 
NMR (CDCl3 500 MHz): δ 9.10 (d, 4JHH = 2.0 Hz, 1H, HPy), 8.98 (dd, 3JHH = 5.4 Hz, 
4JHH = 1.2 Hz, 1H, HPy), 7.75 (ddd, 3JHH = 8.1 Hz, 4JHH = 2.0 Hz, 4JHH = 1.2 Hz, 1H, 
HPy), 7.31 (ddd, 3JHH = 8.1 Hz, 3JHH = 5.4 Hz, 5JHH = 0.4 Hz, 1H, HPy), 4.82 (m, 2H, 
NCH2), 3.95 (s, 3H, NCH3), 3.04 (t, 3JHH = 7.8 Hz, 2H, Ctrz–CH2), 2.27 (quint, 3JHH = 
7.5 Hz, 2H, NCH2CH2), 2.00 (quint, 3JHH = 7.8 Hz, 2H, Ctrz–CH2CH2) 1.50 (m, 4H, 
NCH2CH2CH2 + Ctrz–CH2CH2CH2), 1.03, 1.02 (2 × t, 3JHH = 7.3 Hz, 3H, 
NCH2CH2CH2CH3 + Ctrz–CH2CH2CH2CH3). 13C{1H} NMR (CDCl3, 125 MHz): δ 150.6 
(CPy), 149.5 (CPy), 144.2 (Ctrz–Bu), 138.0, 134.9, 132.8 (3 × CPy), 129.2 (Ctrz–Pd), 54.6 
(NCH2), 36.3 (NCH3), 32.0 (NCH2CH2), 31.4 (Ctrz–CH2), 25.0 (Ctrz–CH2CH2), 22.8, 
20.1 (Ctrz–CH2CH2CH2 + NCH2CH2CH2), 14.0, 13.8 (Ctrz–CH2CH2CH2CH3 + 
NCH2CH2CH2CH3). Anal. Calcd for C16H25Cl3N4Pd (480.13): C, 39.53; H, 5.18; N, 
11.52. Found: C, 39.46.16; H, 5.09; N, 11.36. 

Complex 3d. The title product was obtained according to the general procedure from 
PdCl2 (338 mg, 1.90 mmol) and complex 2d (975 mg, 0.95 mmol) as a light yellow 
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powder (184 mg, 18%). 1H NMR (CDCl3 500 MHz): δ 8.80 (d, 4JHH = 2.2 Hz, 1H, HPy), 
8.68 (dd, 3JHH = 5.5 Hz, 3JHH = 1.1 Hz, 1H, HPy), 8.11 (d, 3JHH = 7.0 Hz, 2H, HAr), 7.59 
(m, 3H, HAr), 7.56 (m, 1H, HPy), 7.11 (m, 1H, HPy), 7.06 (m, 2H, HMes), 4.13 (s, 3H, 
NCH3), 2.39 (s, 3H, ArCH3), 2.30 (s, 6H, ArCH3). 13C{1H} NMR (CDCl3, 125 MHz): δ 
150.6 (CPy), 149.6 (CPy), 144.3 (Ctrz–Mes), 140.6 (CAr), 140.4(CAr), 137.7 (CPy), 136.1 
(CPy), 135.3 (CAr), 132.3 (Ctrz–Pd), 130.8 (CAr), 130.4 (CAr), 129.5 (CAr), 129.1 (CAr), 
127.10 (CPy), 124.6 (CAr), 37.9 (NCH3), 21.5 (Ar–CH3), 19.0 (Ar–CH3). Anal. Calcd for 
C23H23Cl3N4Pd (568.23) × H2O: C, 47.12; H, 4.30; N, 9.56. Found: C, 46.96; H, 4.21; N, 
9.10. 

Complex 3e. Reaction of complex 2e (200 mg, 0.18 mmol) and PdCl2 (64 mg, 0.36 
mmol) according to the general procedure yielded 3e as a yellow powder (125 mg, 
57%). 1H NMR (CDCl3 500 MHz): δ 8.75 (d, 4JHH = 2.2 Hz, 1H, HPy), 8.65 (dd, 3JHH = 
5.5 Hz, 4JHH = 1.1 Hz, 1H, HPy), 7.56 (ddd, 3JHH = 8.1 Hz, 4JHH = 2.2 Hz, 4JHH = 1.1 Hz, 
1H, HPy), 7.08 (m, 1H, HPy), 7.07 (s, 2H, HMes), 7.05 (s, 2H, HMes), 3.82 (s, 3H, NCH3), 
2.39, 2.38 ( 2 × s, 3H, ArCH3), 2.32 (s, 12H, ArCH3). 13C{1H} NMR (CDCl3, 125 
MHz): δ 150.7 (CPy), 149.8 (CPy), 143.6 (Ctrz–Mes), 140.8 (CAr), 140.6 (CAr), 140.5 (CAr), 
139.5 (CAr), 137.5 (CPy), 136.1 (CPy), 135.6 (CAr), 132.1 (Ctrz–Pd), 129.5 (CAr), 129.1 
(CAr), 124.4 (CPy), 122.9 (CAr), 36.6 (NCH3), 21.6 (Ar–CH3), 21.5 (Ar–CH3), 21.2 (Ar–
CH3), 19.0 (Ar–CH3). Anal. Calcd for C26H29Cl3N4Pd (610.30) × H2O: C, 49.70; H, 
4.97; N, 8.92. Found: C, 50.12; H, 4.61; N, 8.85.  

General procedures for Suzuki-Miyaura Cross Coupling. Phenyllboronic acid (147 
mg, 1.2 mmol), base (1.5 mmol), 3-bromoanisole (127 µL, 1.0 mmol), and 2-propanol 
(3.0 mL) were added to a Schlenk tube charged with complex 3 (0.5 mol % or 1.0 mol 
%) and a magnetic stirring bar. The Schlenk tube was placed in an oil bath pre-heated to 
50 °C and stirred for the time indicated. The mixture was quenched with water, 
extracted with CH2Cl2, dried over MgSO4, and filtered through a pad of Celite. The 
solvent was removed under reduced pressure and the residue was analysed by 1H NMR 
spectroscopy. Chemical shifts of the starting materials and products were compared 
with data reported previously.[39]  

ESI-MS analyses. Complex 3 (1 mg) was dissolved in iPrOH (3 mL) at 50 °C and 
phenylboronic acid (7 mg), Bu4NF (50 µL) and 3-bromoanisole (7 mg) were added. MS 
spectra were recorded after 5, 20, and 35 min for samples (10 µL) diluted with iPrOH 
(1.5 mL) on an Apex-Qe Ultra 7T instrument (Bruker Daltonics, Germany) equipped 
with an ESI source. The potential between the spray needle and the orifice was set to 
4.5 kV, the source accumulation time was 0.5 s and the ion accumulation time 0.5 s. 

Transmission electron microscopy. Complex 3 (1 mg), phenylboronic acid (7 mg) and 
3-bromoanisole (7 mg) were placed in a test tube and subsequently iPrOH (3 mL) and 
Bu4NF (50 µL) were added. The tube was sealed with a plastic stopper and heated at 
50 °C for 35 minutes with magnetic stirring. A droplet of the reaction mixture was 
placed on a carbon-coated microscope grid and dried for 40 min. TEM measurements 
were carried out using a FEI Tecnai G2 20 X-TWIN electron microscope (TEM) 
operating at 200 kV . 

Crystallographic details. Crystal data for complexes 3b, 3c, and 3d were collected 
using an Agilent Technologies SuperNova A diffractometer fitted with an Atlas detector 
using monochromated Mo-Kα radiation (0.71073 Å). An at least complete dataset was 
collected, assuming that the Friedel pairs are not equivalent. An analytical numeric 
absorption correction was performed.[40] The structures were solved by direct methods 
using SHELXS-97 and refined by full matrix least-squares on F2 for all data using 
SHELXL-97.[41] Hydrogen atoms were added at calculated positions and refined using a 
riding model. Anisotropic thermal displacement parameters were used for all non-
hydrogen atoms. Further crystallographic details are compiled in the supporting 
information (Tables S1–S3). CCDC 855567–855569 contain the supplementary 
crystallographic data for this paper. These data can be obtained free of charge from the 
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.  
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PEPPSI Cross-Coupling 
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Szulmanowicz, H. Müller-Bunz, A. M. 
Trzeciak,* M. Albrecht* 

PEPPSI-type palladium complexes 
containing basic 1,2,3-triazolylidene 
ligands and their role in Suzuki-
Miyaura catalysis 

 

Triazolylidene palladium complexes 
comprising a easily removable ligand 
were synthesized and evaluated in 
aryl-aryl cross-coupling catalysis. 
Mechanistic investigations revealed an 
operationally homogeneous catalyst 
that originates from heterogenized 
nanoparticles as catalyst resting state.  
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1. Experimental procedures for the new triazolium salts 1a and 1d 

 

1,3-dimethyl-4-phenyl-1,2,3-triazolium iodide 1a. 1-methyl-4-phenyl-1,2,3-triazole[S1]  (800 

mg, 5.0 mmol) and MeI (3.5 g, 25 mmol) in MeCN (20 mL) were stirred under microwave 

irradiation at 90 °C for 5 h. All volatiles were then removed in vacuo. The residue was washed 

with copious amounts of Et2O and dried in vacuo to afford the crude triazolium salt 1a as a white 

solid (1.0 g, 75%). Microanalytically pure samples were obtained by recrystallization from hot 

acetone. 1H NMR (CDCl3, 500 MHz): δ 9.36 (s, 1H, Htrz), 7.69 (m, 2H, HAr), 7.52 (m, 3H, HAr), 

4.47 (s, 3H, NCH3), 4.26 (s, 3H, NCH3). 13C{1H} NMR (CDCl3, 125 MHz): δ 142.9 (Ctrz–Ph), 

131.9 (p–CAr), 130.5 (m–CAr), 130.5 (o–CAr), 129.7 (Ctrz–H), 121.7 (i–CAr) 41.3 (NCH3), 39.3 

(NCH3). M/z: 174.4 [M–I]+. Anal. Calcd for C10H12IN3 (301.13): C, 39.89; H, 4.02; N, 13.95. 

Found: C, 39.82; H, 4.06; N, 13.92. 

 

 1-mesityl-3-methyl-4-phenyl-1,2,3-triazolium iodide 1d. Reaction of 1-mesityl-4-phenyl-

1,2,3-triazole[S2] (1.00 g, 3.8 mmol) and CH3I (5.4 g, 38 mmol) in MeCN (12 mL) according to 

the procedure described for 1a gave 1d as a white solid (1.40 g, 91%). 1H NMR (CDCl3, 500 

MHz): δ 8.88 (s, 1H, Htrz), 8.04 (d, 3JHH = 7.6 Hz, 2H, HAr), 7.58 (m, 3H, HAr), 7.05 (s, 2H, HMes), 

4.58 (s, 3H, NCH3), 2.37 (s, 3H, ArCH3), 2.23 (s, 6H, ArCH3). 13C{1H} NMR (CDCl3, 125 

MHz): δ 144.4 (Ctrz–Mes), 142.8, 134.7, 132.4, 131.4, 130.7 (5 × CAr/Mes), 130.4 (Ctrz–H), 130.2, 

129.9, 121.5 (3 × CAr/Mes), 41.0 (NCH3), 21.4 (ArCH3), 18.8 (ArCH3). Anal. Calcd for C18H20IN3 

(405.28): C, 53.34; H, 4.97; N, 10.37. Found: C, 53.29; H, 4.94; N, 10.25 
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2. Experimental procedures for the new silver triazolylidenes 2a, 2c, and 2d 

 

General procedure. To a solution of the triazolium salt 1 (1.0 eq) in CH2Cl2 was added Ag2O 

(0.5 eq). The mixture was stirred in the absence of light at room temperature for 2 h and filtered 

through Celite. The solvent was removed in vacuo at room temperature and the residue was 

washed with pentane (3 × 25 mL) and dried in vacuo.  

 

Complex 2a. According to the general procedure, a solution of 1a (300 mg, 1.0 mmol) in CH2Cl2 

(30 mL) was reacted with Ag2O (116 mg, 0.49 mmol) to yield the silver carbene intermediate as a 

white solid (189 mg, 46%). 1H NMR (DMSO–D6, 300 MHz): δ 7.71 (m, 2H, HAr), 7.53 (m, 3H, 

HAr), 4.25 (s, 3H, NCH3), 4.13 (s, 3H, NCH3).  

 

Complex 2c. Reaction of 1c [S3] (520 mg, 1.6 mmol) and Ag2O (187 mg, 0.80 mmol) in CH2Cl2 

(30 mL) according to the general procedure yielded 2c as a yellow oil (692 mg, 93%). The 

compound was used immediately as obtained for the next step, no 1H NMR was recorded. 

 

Complex 2d. Reaction of 1d (1012 mg, 2.6 mmol) and Ag2O (290 mg, 1.3 mmol) in CH2Cl2 (30 

mL) according to the general procedure gave 2d as a white solid (1018 mg, 77%). 1H NMR 

(DMSO–D6, 300 MHz): δ 7.67–7.49 (m, 5H, HAr), 7.07 (s, 2H, HMes), 4.23 (s, 3H, NCH3), 2.39 

(s, 3H, ArCH3), 1.86 (s, 6H, ArCH3).  
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3. Time-Conversion profiles for complexes 4 and 5  

 

Time-conversion profile for the coupling of bromoanisole (1.0 mmol) and phenylboronic acid 

(1.2 mmol) catalyzed by complex 4 (0.5 mol%, blue diamonds) or 5 (red squares; 1 mol%) with 

Bu4NF (1.5 mmol) in iPrOH (3 mL) at 50 °C. 
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4. TEM micrographs  

 

 

3a + Bu4NF + 4-chlorobenzaldehyde   4 – 7 nm 

  
 
 
 
3a + Bu4NF + PhB(OH)2 + 4-chlorobenzaldehyde 3 – 5 nm 
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3b + Bu4NF + 3-bromoanisole    4 – 7 nm 

  
 
 
 
3b + Bu4NF + PhB(OH)2 + 3-bromoanisole  2 – 3 nm 
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3c + Bu4NF + PhB(OH)2     4.5 – 5.5 nm 

  
 
3c + Bu4NF + 3-bromoanisole    5.5 – 6 nm 

  
 
3c + Bu4NF + PhB(OH)2 + 3-bromoanisole  3.5 – 5 nm 
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3d + Bu4NF + PhB(OH)2    4 – 5 nm 

  
 
 
 
3d + Bu4NF + 3-bromoanisole    3.5 – 5.5 nm 

  



- S9 - 

3e + Bu4NF + PhB(OH)2    4 – 5 nm 

  
 
 
 
3e + Bu4NF + 3-bromoanisole   5 – 8 nm 
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5. Tables of  Crystallographic details 

 

Table S1. Crystal data and structure refinement for 3b. 

CCDC No.  855568 
Empirical formula  C16H17N4Cl3Pd 
Formula weight  478.09 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/n (#14) 
Unit cell dimensions a = 9.5092(1) Å α = 90° 
 b = 15.4731(2) Å β = 90.474(1)° 
 c = 12.6443(2) Å γ = 90° 
Volume 1860.38(4) Å3 
Z 4 
Density (calculated) 1.707 Mg m–3 
Absorption coefficient 1.433 mm–1 
F(000) 952 
Crystal size 0.2728 × 0.2184 × 0.1121 mm3 
Theta range for data collection 3.39 to 29.75°. 
Index ranges –12<=h<=13, –21<=k<=21, –17<=l<=17 
Reflections collected 39959 
Independent reflections 4931 [R(int) = 0.0356] 
Completeness to theta = 28.00° 99.3 %  
Absorption correction Analytical 
Max. and min. transmission 0.888 and 0.767 
Refinement method Full–matrix least–squares on F2 
Data / restraints / parameters 4931 / 0 / 219 
Goodness–of–fit on F2 1.059 
Final R indices [I>2sigma(I)] R1 = 0.0225, wR2 = 0.0446 
R indices (all data) R1 = 0.0304, wR2 = 0.0480 
Largest diff. peak and hole 0.457 and –0.582 e Å–3 
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Table S2. Crystal data and structure refinement for 3c. 

CCDC No.  855569 
Empirical formula  C16H25N4Cl3Pd 
Formula weight  486.15 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/c (#14) 
Unit cell dimensions a = 11.8457(1) Å α = 90° 
 b = 9.02698(7) Å β = 106.0668(8)° 
 c = 19.7347(2) Å γ = 90° 
Volume 2027.82(3) Å3 
Z 4 
Density (calculated) 1.592 Mg m–3 
Absorption coefficient 1.316 mm–1 
F(000) 984 
Crystal size 0.2170 × 0.1338 × 0.1227 mm3 
Theta range for data collection 3.24 to 30.99° 
Index ranges –17<=h<=17, –13<=k<=13, –28<=l<=28 
Reflections collected 61720 
Independent reflections 6454 [R(int) = 0.0314] 
Completeness to theta = 30.99° 99.8 %  
Absorption correction Analytical 
Max. and min. transmission 0.884 and 0.807 
Refinement method Full–matrix least–squares on F2 
Data / restraints / parameters 6454 / 0 / 220 
Goodness–of–fit on F2 1.067 
Final R indices [I>2sigma(I)] R1 = 0.0193, wR2 = 0.0451 
R indices (all data) R1 = 0.0252, wR2 = 0.0489 
Largest diff. peak and hole 0.569 and –0.528 e Å–3 
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Table S3. Crystal data and structure refinement for 3d. 

CCDC No.  855567 
Empirical formula  C23.32H23.68N4O0.18Cl3.97Pd 
Molecular formula C23H23N4Cl3Pd × 0.32 (CHCl3) × 0.18 (H2O) a) 

Formula weight  609.90 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P–1 (#2) 
Unit cell dimensions a = 12.3460(1) Å α = 69.0950(8)° 
 b = 15.1768(1) Å β = 72.0493(8)° 
 c = 15.6626(2) Å γ = 83.6232(6)° 
Volume 2608.11(4) Å3 
Z 4 
Density (calculated) 1.553 Mg m–3 
Absorption coefficient 1.138 mm–1 
F(000) 1226.4 
Crystal size 0.2800 × 0.2492 × 0.1607 mm3 
Theta range for data collection 3.35 to 26.38° 
Index ranges –15<=h<=15, –18<=k<=18, –19<=l<=19 
Reflections collected 47073 
Independent reflections 10652 [R(int) = 0.0374] 
Completeness to theta = 26.38° 99.8 %  
Absorption correction Analytical 
Max. and min. transmission 0.868 and 0.768 
Refinement method Full–matrix least–squares on F2 
Data / restraints / parameters 10652 / 0 / 613 
Goodness–of–fit on F2 1.044 
Final R indices [I>2sigma(I)] R1 = 0.0362, wR2 = 0.0841 
R indices (all data) R1 = 0.0474, wR2 = 0.0913 
Largest diff. peak and hole 1.840 and –0.868 e Å–3 
a) The hydrogen atoms of the water molecule could not be detected. 
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