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Abstract: A series of PEPPSI-type pal-
ladium(II) complexes was synthesized
that contain 3-chloropyridine as an
easily removable ligand and a triazolyli-
dene as a strongly donating mesoionic
spectator ligand. Catalytic tests in
Suzuki-Miyaura cross-coupling re-
actions revealed the activity of these
complexes towards aryl bromides and
aryl chlorides at moderate tempera-
tures (50°C). However, the impact of

heterocyclic carbenes (imidazol-2-yli-
denes) and sterically congested mesityl
substituents induced lower activity than
small alkyl groups. Mechanistic investi-
gations, including mercury poisoning
experiments, TEM analyses, and ESI
mass spectrometry, provide evidence
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for ligand dissociation and the forma-
tion of nanoparticles as a catalyst rest-
ing state. These heterogeneous parti-
cles provide a reservoir for soluble pal-
ladium atoms or clusters as operation-
ally homogeneous catalysts for the ary-
lation of aryl halides. Clearly, the
substitution of a normal N-heterocyclic
carbene for a more basic triazolylidene
ligand in the precatalyst has a profound
impact on the mode of action of the

steric shielding was the inverse of that
observed with related normal N-

ladium

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-forming
reactions."! Typically, a C—X bond (X=halide or pseudo-
halide) is required in the carbon precursor, although sub-
stantial progress has also recently been made in the direct
functionalization of C—H bonds.?”! Cross-coupling of cheap
and readily available chlorocarbons (X=CIl) generally in-
volves oxidative addition of the C—Cl bond to a low-valent
and coordinatively unsaturated palladium species as the
rate-limiting step.”) Appropriate balancing of the stability of
the critical palladium(0) species is thus an essential aspect in
designing better catalysts. This 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 increased
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catalytic system.

steric demand have been developed over the last few years
that have indeed boosted the catalytic activity of the palladi-
um center, including P(o-tol); (tol=tolyl),*! P(Bu),,”! PCy,-
(biaryl) (Cy=cyclohexyl,” and 1,3-dimesitylimidazol-2-yli-
dene (IMes)."! In particular, the combination of IMes, as
a strongly electron-donating and bulky N-heterocyclic car-
bene (NHC), and 3-chloropyridine, as an easily removable
ligand, with PdCl, gave a highly active catalyst precursor for
cross-coupling reactions (A, Figure 1).! Because of the ben-
eficial role of the pyridine ligand, the term PEPPSI
(pyridineenhanced precatalyst preparation, stabilization, and
initiation) was coined.

Recent work has shown that the electron-donor proper-
ties of N-heterocyclic carbene ligands® substantially in-
crease when the heteroatoms of the ring are positioned at
remote positions."”! For example, mesoionic'! 1,2,3-triazol-
S-ylidenes (B, Figure 1) bear only one nitrogen adjacent to
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Figure 1. PEPPSI-type IMes palladium(II) complex A and its triazolyli-
dene congener B (PEPPSI=pyridine-enhanced precatalyst preparation,
stabilization, and initiation).
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the carbene bonding site and are more basic than classical
imidazol-2-ylidene NHCs."”! This type of triazolylidene!™
has recently been applied in the development of a variety of
catalytic systems.['""! The triazolium ligand precursor is readi-
ly available through versatile copper-catalyzed [2+3] cyclo-
addition (click chemistry)™ and subsequent N-alkylation.
This synthetic flexibility paired with the stronger electron-
donor properties suggests that these ligands will facilitate
C—Cl oxidative addition in cross-coupling chemistry. Based
on these considerations, we became interested in synthesiz-
ing a set of PEPPSI-type palladium complexes B with differ-
ent triazolylidene ligands, as well as in evaluating their cata-
lytic activity. Remarkably, the modification of the heterocy-
clic carbene ligand has a profound impact on the working
mode of the catalyst, which may be rationalized by a de-
creased Pd—C... bond stability in the triazolylidene
system.["®!

Results and Discussion

Synthesis of the complexes: The triazolium salts 1a—e were
conveniently accessible through conventional and versatile
Cu-catalyzed click cycloaddition of the appropriate azide
and alkyne, followed by chemoselective methylation of the
N3 position by using Mel (Scheme 1).'”! Metalation of the
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Scheme 1. Synthesis of complexes 3.

triazolium salts with Ag,O and subsequent transpalladation
in 3-chloropyridine as the solvent afforded the PEPPSI-type
palladium complexes 3a—e as air- and moisture-stable solids.
Yields of the pure materials ranged between only 20 and
60 %, partially because of the formation of an insoluble
pale-yellow side product, and partially because product frac-
tions were washed away during purification. The complexes
are highly soluble in chlorinated solvents, and also dissolve
substantially in Et,0O and similar low-polarity solvents that
are typically used for precipitation of organometallic com-
pounds.

Successful palladation was indicated spectroscopically by
the absence of the low-field triazolium proton resonance in
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the '"H NMR spectrum, and by the presence of stoichiomet-
ric quantities of the diagnostic set of four resonances due to
the 3-chloropyridine ligand. In addition, the resonance of
the N3-bound CH; group is shifted upfield by 0.3-0.4 ppm,
and the a-protons of the Nl1-bound alkyl group become
more shielded (complexes 3a—c). In contrast, the *C NMR
resonances are barely affected by the palladation reaction.
The chemical shift of the C5 nucleus moves by 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 nu-
cleus does not correlate with the electronic impact of the
ortho substituents at N1 and C4,'¥ suggesting that the reso-
nance frequency is governed by a combination of steric and
electronic factors.

Complexes 3b, 3¢, and 3d were analyzed by single-crystal
X-ray diffraction (Figure 2). In all three complexes, the li-
gands around the square-planar palladium center adopt the
expected trans arrangement. The Pd—C,, (trz=triazolyli-
dene) bond length in all complexes is 1.96(1) A, which is in
line with those of related triazolylidene—palladium com-
plexes (Table 1).1%#¥l The Pd—N, . (pyr=pyridine) bond

pyr

Table 1. Selected bond lengths [A] and angles [°] in complexes 3b, 3c¢,
and 3d.

3b 3¢ 3d
molecule 1  molecule 2!

Pd—C(1) 19601(16)  1.9650(13)  1.957(3)  1.967(3)
Pd-N(4) 21105(13)  2.1192(11)  2.1293)  2.126(3)
Pd-CI(1) 23028(4)  23103(3)  231158)  22961(9)
PA-CI(2) 23051(4)  2.3054(3)  23046(9)  2.2969(9)
C(1)-PAN@)  17887(6)  177.70(4)  17581(11)  178.71(12)
C(1)-Pd-CI(1)  88.63(5)  8927(4)  88.18(10)  89.63(9)
N@)-Pd-CI(1) 9045(4)  9183(3)  92.12(8)  89.76(9)
C(1)-Pd-CI(2)  88.68(5) 88.67(4) 88.76(10)  90.23(9)
N@4)-Pd-CI2)  92.25(4) 90.36(3) 90.75(8)  90.48(9)
C(4)-Pd-CI(2)  88.68(5) 88.67(4) 88.76(10)  90.23(9)
CI(1)-PA-CI2)  176.732(16) 175.849(12) 176.04(3)  174.89(4)

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

length is weakly affected by the substitution pattern on the
triazolylidene ligand and increases slightly in the series 3b <
3¢ <3d. The effect is very small and may indicate enhanced
steric congestion in this series. The most pronounced distinc-
tion between the three complexes pertains to the different
twist angle of the heterocycles out of the palladium coordi-
nation plane. The dihedral angle of the two heterocycles is
nearly identical in 3b and 3¢, 30.6(2)° and 27.57(16)°, re-
spectively, and yet it is significantly larger in 3d, 68.2(3)°.
This almost perpendicular arrangement is probably a direct
consequence 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 angle of the pyri-
dine ligand out of the metal plane is smallest for 3d
(29.3(3)°), and increases for 3¢ (36.54(11)°) and 3b
(45.55(13)°). In all three complexes, the dihedral angle be-
tween the palladium square plane and the triazolylidene

Chem. Eur. J. 2012, 18, 60556062
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Figure 2. ORTEP diagrams of complex a) 3b, b) 3¢, and c) one of the two crystallographically independent
molecules of complex 3d (50% probability level; co-crystallized solvent molecules and hydrogen atoms omit-

ted for clarity).

ligand is significantly larger (68-79°) than the 29-46° be-
tween the palladium coordination plane and the pyridine
heterocycle.

Catalytic application: The PEPPSI-type complexes were
tested as catalyst precursors in Suzuki-Miyaura cross-cou-
pling reactions by using meta-bromoanisole and phenylbor-
onic acid as model substrates. A first set of experiments was
aimed at identifying the 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 variations included the sol-
vent (dimethylacetamide (DMA), dioxane, and iPrOH) and
the base (K,CO; NaOAc, tBuOK, and Bu,/NF; Table 2).
These experiments indicated that the best performance oc-
curred with Bu,NF in /PrOH, and further catalytic evalua-
tions were thus carried out by using this combination. The
reaction is sensitive to thermal variations. At 50°C, the cata-
lytic solution remained transparent over extended periods of
time. When heated to 80°C, however, the catalytic reaction
mixture became cloudy within the first 10 min, and a black
precipitate gradually started to appear. In contrast, reducing
the temperature to 30°C preserved the transparent appear-
ance, yet significantly compromised the conversion (33 %
after 2 h, 58 % after 4 h).
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The role of the pyridine
ligand as an activator was inves-
tigated by comparing the activi-
ty of 3b to related complexes 4
and 5. Complex 4 is a dimeric
version of 3b that may split
into two coordinatively unsatu-
rated [Pd(trz)X,] fragments
akin to the intermediate expect-
ed upon pyridine dissociation
from complex 3b. Under the
optimized reaction conditions,
complex 4 exhibits a lower cata-
lytic activity and reaches only
60% conversion.'”? Complex 5,
comprising two triazolylidene
ligands, gave an appreciable
75% conversion, only marginal-
ly lower than the conversions
achieved with complex 3b.*!
The high activity of complex §
is in agreement with earlier
studies on an analogous com-
plex derived from 1e!! and
may be related to that observed
for a mixed C2-/C4-bound bis-
(imidazolylidene) system, in
which the C4-bound imidazoly-
lidene is supposed to be less
strongly bound to the palladium
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Table 2. Conversion [%] of 3-bromoanisole in the Suzuki-Miyaura cross-
coupling catalyzed by 3b.!

Br B(OH), 3b (1 mol %) O
@\ base (1.5 equiv), solvent
¥
OCH3 50°C,2h ‘
OCHj3
Base
Solvent K,CO, NaOAc BuOK Bu,NF
DMA 30 9 4 3
dioxane 8 2 2 4
iPrOH 64 10 14 80

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

center than the C2-bound analogue.? In complex 5, one tri-
azolylidene ligand may thus mimic the activating role of 3-
chloropyridine in 3b, thus also generating a [Pd(trz)X,] spe-
cies.
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Variation of the substituents at the triazolylidene ligand
revealed a moderate dependence on steric factors
(Figure 3). The smallest substituents (3a and 3b) induced

conversion (%)
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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 Bu,NF (1.5 mmol) in /PrOH (3 mL) at 50°C. The inset
shows approximate turnover frequencies at 50 % conversion (TOFs).

the highest activity, whereas the di(mesityl)-substituted tri-
azolylidene palladium complex 3e displayed comparably
slow conversion. For example, 35% conversion was reached
with complex 3a after 15 min, whereas 60 min were required
with 3e to accomplish the same conversion. The low perfor-
mance of 3e is remarkable when considering the excellent
catalytic activity of its imidazol-2-ylidene analogue (com-
pare with A, Figure 1).%%) Complexes 3¢ and 3d, comprised
of moderately demanding triazolylidene substituents, display
activities that are between those of 3a and 3e. These results
suggest that the bulkiness around the palladium center mat-
ters, either for catalyst activation, or for substrate conver-
sion.

The most active complexes 3a and 3b were subsequently
tested for the conversion of more demanding aryl chlorides.
With para-chlorobenzaldehyde as the substrate, the activity
of 3a, containing a small Me substituent at the triazolyli-
dene ligand, was distinctly higher than that of 3b. At 50°C
and a 2 mol % loading of palladium complex (vs. aryl chlo-
ride), 3a gave appreciable catalytic activity with a turnover
frequency at 50% conversion (TOFsy) of 53 h™'. In contrast,
complex 3b, comprising an ethyl ortho substituent at the tri-
azolylidene, was markedly less active (TOFs,=17 h™"). With
both complexes, conversion ceased at about 60%, which
suggests a limited lifetime of the catalytically active species.
No improvement in conversion was achieved when increas-
ing the loading of the catalyst precursor from 2 to 5 mol %.

Mechanistic insights: Aryl chloride conversion under rela-
tively mild conditions, as applied herein, typically suggests
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homogeneous catalysis.”! However, the delicate impact of
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,®
suggest a catalytic mechanism that differs from classical
PEPPSI-type systems. To further elucidate the mode of
action, a set of analyses was performed, including microsco-
py, mass spectrometry, and mercury-poisoning experi-
ments.>!

In a representative experiment by using complex 3b
under the standard conditions (bromoanisole as the sub-
strate, see Figure 3), a large excess of elemental mercury
(about 7 g, 35 mmol, ca. 7000 molequiv vs. palladium) was
added after 5 min (14 % conversion). This addition efficient-
ly stalled the catalytic activity, and the same 14 % conver-
sion was 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. In this case, addition
of mercury after 5min (4% conversion) inhibited further
catalytic coupling and no biaryl product was formed during
the subsequent 120 min (compare with the 47% yield in
a parallel unpoisoned reaction run over the same time
span). These results indicate that the catalytic working
mode is not fundamentally different when changing the sub-
strate from an aryl bromide to an aryl chloride. Moreover,
the well-known capability of mercury to poison heterogene-
ous, but not homogeneous catalysts®®! is in apparent contra-
diction with the assumption that palladium-catalyzed cross-
coupling of aryl chlorides under mild conditions requires
molecular palladium.!?!

Analysis of catalytic reaction mixtures by transmission
electron microscopy (TEM) revealed further details. A mi-
crograph of a sample taken from the cross-coupling of bro-
moanisole by using 3b after 35 min (Figure 4a) is represen-

a)

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

tative of all of the complexes (3a—e) and indicates the for-
mation of palladium nanoparticles with an average size of
2-3 nm. Slightly larger particles were formed in the conver-
sion of chlorobenzaldehyde (3-5nm when using 3a, Fig-
ure 4b). Nanoparticle formation was also observed when
either of the two coupling partners was omitted. In the ab-
sence of phenylboronic acid, the particles were consistently
larger (4-8 nm). In addition, some redispersion was noted

Chem. Eur. J. 2012, 18, 60556062
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by the presence of larger crystallites, suggesting Ostwald rip-
ening 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 nano-
particles and in controlling their size. The observed Ostwald
ripening may provide an explanation for the catalytic activi-
ty of the system because the particle size redistribution re-
quires partial dissolution of particles, thus generating a dis-
solved palladium(0) species™ that either undergoes oxida-
tive addition with an aryl halide and thus enters the catalytic
cycle, or aggregates with a nanoparticle to contribute to the
Ostwald ripening process.*!

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 de-
fined molecular species. Irrespective of the sampling time
(after 10, 20, and 35 min), only signals in the m/z 900-1600
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 m/z 1020, 1443, 1490, and 1534 were
measured. Their isotopic distribution pattern indicates the
presence of up to four palladium atoms per species. More-
over, the m/z 1443 and 1490 signals were observed when
using different triazolylidene palladium complexes as cata-
lyst precursors, suggesting that these species do not contain
a triazolylidene ligand.

In contrast, ESI-MS measurements on solutions, in
iPrOH, containing only the complex and neither cross-cou-
pling substrates nor Bu,NF, 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 m/z 479.1, attributed to [Pd(trz)(py-
CIHCI]* and at m/z 517.1, assigned to [Pd(trz),Cl]*. 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 of ligand transfer were
obtained from NMR measurements in solution. Similar ef-
fects have been observed previously with imidazolylidene—
palladium complexes.””) Warming of a solution of 3b in
iPrOH to 50°C, that is, to the catalytic reaction temperature,
resulted in substantially more signals in the ESI-MS spectra,
including dimeric species, such as [Pd,(trz);Cl;]* (m/z 880.1)
and [Pdy(trz);(py-C1),Cl+3H]** (m/z 1109.2). The in-
creased number of species and the presence of dimetallic
systems that were not detected when keeping the solution at
room temperature suggest that the complexes are thermally
unstable. Indeed, '"H NMR spectrum monitoring of the sta-
bility of 3b in [Dg]-iPrOD at 50°C by using hexamethylben-
zene as the internal standard revealed a drop in the concen-
tration of 3b to 57(+1)% after 2 h. In addition, a yellow
precipitate was formed, but no palladium black. No further
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decrease in concentration was observed upon prolonged
heating.

The interplay between NHC metal complexes and nano-
particles has received considerable attention recently. Poten-
tially in relation to our observations, the degradation of
NHC ruthenium complexes into nanoparticles in the pres-
ence of N-heterocyclic carbenes has been reported.*”) More-
over, it was shown that solid metals can be used as a precur-
sor to generate a variety of molecular carbene-metal com-
plexes.”!! Whilst imidazolium and ammonium salts effective-
ly stabilize palladium nanoparticles and prevent their aggre-
gation,”™ ammonium salts have also been shown to facilitate
the formation of soluble palladium species from palladi-
um(0) nanoparticles in the presence of aryl halides.
Taking these precedents into account, it seems plausible that
colloidal palladium is the resting state of the catalyst derived
from complex 3, although the catalytically active species
results from dissociation of a palladium cluster or of single
palladium atoms, either as a solvated palladium(0) species,
or as triazolylidene adducts.

Heterogenization of the molecular precatalyst to palladi-
um nanoparticles and subsequent dissolution of palladium
atoms from these nanoparticles constitutes a model that ac-
counts for all of the observations detailed above. Such
a model has been suggested, although only rarely underpin-
ned with experimental evidence.® 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.*® Elemental mer-
cury poisons the reaction by preventing dissociation of a pal-
ladium 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,’” thus providing smooth
access to low-valent palladium. Formation of colloidal palla-
dium may further explain the delicate role of the tempera-
ture, since elevated temperatures accelerate colloid forma-
tion and eventually lead to aggregation of the colloids into
large particles that cannot easily expel a palladium atom. In
contrast, too low a temperature appears to compromise the
decomposition of the precursor complex 3, leading to low
activity. Likewise, the substituents on the triazolylidene
system may fulfill a role that is different from the steric pro-
tection of the metal center, as in PEPPSI-type imidazol-2-yl-
idene palladium catalysts A.®l In the catalytic system de-
scribed herein, a low steric impact of the carbene ligand fa-
cilitates 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 cata-
lytic reaction rate,”*! this type of stabilization is supposed to
be essential to keep the nanoparticles small and to enhance
the propensity for a palladium atom to dissociate from the
particle and hence enter the catalytic cycle.
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Conclusion

We have developed a straightforward synthetic methodology
to obtain a series of C5-bound 1,2,3-triazolylidene palladium
complexes containing a 3-chloropyridine ligand as an easily
cleavable ligand. The activity of these complexes in Suzuki—
Miyaura cross-coupling can be tailored by varying the sub-
stituents on the triazolylidene ring. Steric effects govern the
catalytic activity and less bulky substituents induce better
catalytic activity than bulkier IMes-type analogues compris-
ing two mesityl groups in the ortho positions, which is in
contrast to the trends observed with the imidazol-2-ylidene
congeners. Mechanistic work has demonstrated that this op-
posite 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 triazoly-
lidene complexes undergo a heterogenization process that
generates palladium nanoparticles as the resting state of the
catalyst. Leaching of palladium atoms from these nanoparti-
cles provides a molecular, catalytically active species that is
able to convert aryl chlorides under relatively mild condi-
tions. This type of mechanism may be relevant for a range
of catalyst precursors, and care should be taken when using
aryl chloride conversion as a probe because spectator li-
gands may not be preserved, but may instead be involved in
a heterogenization-homogenization pathway, and could also
assist in reconstituting a dissolved active species from a col-
loidal reservoir. Moreover, this work highlights substantial
differences between abnormal triazolylidenes and classical
NHGCs, 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-tria-
zole, the triazolium salt 1¢, and the silver carbenes 2b and 2e have been
described previously."!*3! All other reagents are commercially avail-
able and were used as received. Microwave reactions were carried out by
using a Biotage Initiator 2.5, operating at 100 W irradiation power.
Unless otherwise specified, NMR spectra were recorded at 25°C on
Varian Innova spectrometers operating at 300, 400, or 500 MHz
("HNMR) and 75, 100, or 125 MHz (“C{1H} NMR). Chemical shifts (6
in ppm and coupling constants J in Hz) were referenced to residual sol-
vent resonances. Assignments are based on homo- and heteronuclear
shift correlation spectroscopy. Elemental analyses were performed by the
Microanalytical Laboratory at University College Dublin, Ireland, by
using an Exeter Analytical CE-440 Elemental Analyzer.

General procedure for the synthesis of the triazolium iodides 1: Mel was
added to a solution of triazole in MeCN and the mixture was stirred
under microwave irradiation at 90°C for 5 h. All volatiles were then re-
moved in vacuo. The residue was washed several times with copious
amounts of Et,O 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:
Ag,0 (0.5equiv) was added to a solution of the triazolium salt
1 (1.0 equiv) in CH,Cl,. The mixture was stirred in the absence of light at
room temperature for 2 h and then filtered through Celite. The solvent
was removed in vacuo at room temperature and the residue was washed
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with pentane (3x25mL) 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 PdCl, were suspended in 3-chloro-
pyridine (7 mL) and stirred at 100°C for 16 h. The reaction mixture was
cooled to RT, diluted with CH,Cl, (7mL) and passed through a short
column of SiO, covered with a pad of Celite. After product elution with
CH,Cl, was complete (TLC), all volatiles were evaporated under reduced
pressure. The product was precipitated from pentane, collected by filtra-
tion, and dried in vacuo. The residue was dissolved in a minimum
amount of CH,Cl, and poured into Et,0 (50 mL). The precipitate was re-
moved by filtration and the filtrate was evaporated to dryness, affording
pure complex 3.

Complex 3a: The reaction of 2a (500 mg, 0.61 mmol) and PdCl, (217 mg,
1.23 mmol) according to the general procedure afforded 3a as a yellow
solid (200 mg, 35%). 'HNMR (CDCl; 500 MHz): 6=9.00 (d, “/yu=
23 Hz, 1H; Hp,), 8.89 (dd, *Jyy=5.5, YJuy=1.2Hz, 1H; H,,), 7.93 (dd,
Tan=8.1, “Yyu=14Hz, 2H; H,,), 7.72 (ddd, ¥Jyy=82, Yyy=2.3,
12 Hz, 1H; Hyy), 7.56 (m, 3H; H,,), 7.28 (ddd, *Juu=82, 5.5, Jyu=
04 Hz, 1H; Hy,), 459 (s, 3H; NCH;), 3.98ppm (s, 3H; NCH;);
BC{'H}NMR (CDCL, 125MHz): 6=150.6 (Cp,), 149.5 (Cyp,), 1442
(Cy,Ph), 139.0 (Cpy), 138.0 (Cy,Pd), 132.7 (Cyy), 131.3 (m-Cy,), 130.9 (p-
Car)s 129.8 (0-Cy,), 1283 (i-Cy,), 126.6 (Cpy), 41.8 (NCH,;), 37.5 ppm
(NCH,;); elemental analysis caled for C,sH;;C;N,Pd (466.10): C 38.65, H
3.68, N 12.02; found: C 38.16, H 3.49, N 11.64.

Complex 3b: The reaction of 2b (500 mg, 0.59 mmol) and PdCl, (217 mg,
1.23 mmol) according to the general procedure afforded 3b as a yellow
solid (226 mg, 40%). 'HNMR (CDCl; 500 MHz): 6=9.00 (d, “/yu=
22 Hz, 1H; Hp,), 8.89 (dd, *Jyy=5.5, Yuu=1.2Hz, 1H; H,,), 7.93 (dd,
Tam=8.1, “yu=14Hz, 2H; H,), 7.72 (ddd, *Jyz=82, “un=2.2,
12 Hz, 1H; Hyy), 7.56 (m, 3H; H,,), 7.28 (ddd, *Juu=82, 5.5, Jyu=
0.4 Hz, 1H; Hy,), 5.03 (q, *Jan=7.3Hz, 2H; NCH,Me), 3.99 (s, 3H;
NCH;), 1.86ppm (t, *Jyy=7.3Hz, 3H; NCH,CH;); "“C{'H}NMR
(CDClL;, 125 MHz): 6=150.5 (Cp,), 149.5 (GCp,), 1438 (C,,Ph), 138.0
(Cpy), 136.6 (C,,Pd), 133.0 (Cyy), 131.3 (m-Cy,), 130.9 (p-Cy,), 129.1 (0-
Car)s 126.7 (i-Cy,), 124.7 (Cypy), 50.6 (NCH,Me), 37.6 (NCHj;), 15.4 ppm
(NCH,CH,;); elemental analysis caled for C;H;yCl;N,Pd (480.13): C
40.03, H 3.99, N 11.67, found: C 40.25, H 3.91, N 11.54.

Complex 3c¢: The reaction of 2¢ (670 mg, 0.78 mmol) and PdCl, (276 mg,
1.56 mmol) according to the general procedure afforded 3¢ as a yellow
powder (400 mg, 53%). '"HNMR (CDCl; 500 MHz): 6=9.10 (d, */yy=
2.0 Hz, 1H; Hp,), 898 (dd, *Jyy =54, Juy=12Hz, 1H; Hy,), 7.75 (ddd,
Jun=8.1, Yuu=2.0, 12 Hz, 1H; H,,), 7.31 (ddd, Juuy=81, 54, Jyy=
0.4 Hz, 1H; Hy,), 482 (m, 2H; NCH,), 3.95 (s, 3H; NCH;), 3.04 (t,
=78 Hz, 2H; C,,CH,), 2.27 (quint, *J;y;=7.5 Hz, 2H; NCH,CH,),
2.00 (quint, *Jyy=7.8 Hz, 2H; C,,CH,CH,), 1.50 (m, 4H; NCH,CH,CH,,
C,,CH,CH,CH,), 1.03, 1.02ppm (2xt, *Jyy=73Hz, 3H;
NCH,CH,CH,CH,, C,,CH,CH,CH,CH;); U“C{'H}NMR (CDCl,,
125 MHz): 6=150.6 (Cyy), 149.5 (Cyp,), 144.2 (C,,Bu), 138.0, 134.9, 132.8
(3xCypy), 129.2 (C,,Pd), 54.6 (NCH,), 36.3 (NCHj;), 32.0 (NCH,CH,), 31.4
(C,CH,), 250 (C,CH,CH,), 228, 201 (C,CH,CH,CH,,
NCH,CH,CH,), 14.0, 13.8 ppm (C,CH,CH,CH,CH;,
NCH,CH,CH,CH,); elemental analysis calcd for C;sH,;Cl;N,Pd (480.13):
C 39.53, H 5.18, N 11.52; found: C 39.46, H 5.09, N 11.36.

Complex 3d: The reaction of complex 2d (975 mg, 0.95 mmol) and PdCl,
(338 mg, 1.90 mmol) according to the general procedure afforded 3d as
a light yellow powder (184 mg, 18%). 'HNMR (CDCl; 500 MHz): 6=
8.80 (d, “un=22Hz, 1H; Hy,), 8.68 (dd, *Juy=55, 1.1 Hz, 1H; H,),
8.11 (d, *Jyu=7.0Hz, 2H; H,,), 7.59 (m, 3H; H,,), 7.56 (m, 1H; Hy,),
7.11 (m, 1H; Hy,), 7.06 (m, 2H; Hy,), 4.13 (s, 3H; NCHj;), 2.39 (s, 3H;
ArCHj;), 2.30 ppm (s, 6H; ArCH,); *C{'"H} NMR (CDCls, 125 MHz): 6 =
150.6 (Cypy), 149.6 (Cpy), 144.3 (C,,Mes), 140.6 (C,,), 140.4 (C,,), 137.7
(Cpy), 136.1 (Cpy), 135.3 (Cy,), 132.3 (C,Pd), 130.8 (Cy,), 130.4 (Cy)),
129.5 (Cap), 129.1 (Cyy), 127.1 (Cyy), 124.6 (Cy), 379 (NCHy), 215
(ArCH;), 19.0ppm (ArCH;); elemental analysis caled for
C,;H;CLN,Pd-H,0 (568.23): C 47.12, H 4.30, N 9.56, found: C 46.96, H
4.21,N 9.10.
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Complex 3e: The reaction of complex 2e (200 mg, 0.18 mmol) and PdCl,
(64 mg, 0.36 mmol) according to the general procedure afforded 3e as
a yellow powder (125 mg, 57%). 'H NMR (CDCIl; 500 MHz): 6 =8.75 (d,
“Jun=2.2 Hz, 1H; Hy,), 8.65 (dd, Jyuuy=>5.5, Juu=1.1 Hz, 1H; Hy,), 7.56
(ddd, Jyy=8.1, Jyy=22, 1.1 Hz, 1H; H,,), 7.08 (m, 1H; Hy,), 7.07 (s,
2H; Hy), 7.05 (s, 2H; Hy), 3.82 (s, 3H; NCHs;), 2.39, 2.38 (2xs, 3H;
ArCH;), 2.32 ppm (s, 12H; ArCH;); “C{'H} NMR (CDCl,, 125 MHz):
0=150.7 (Cypy), 149.8 (Cpy), 143.6 (C,,Mes), 140.8 (C,,), 140.6 (C,,), 140.5
(Can)s 1395 (Cyy), 137.5 (Cypy), 136.1 (Cyy), 135.6 (Cy,), 132.1 (Cy,Pd),
129.5 (Cyp), 129.1 (Cy,), 1244 (Cypy), 122.9 (C,,), 36.6 (NCH;), 21.6
(ArCH;), 21.5 (ArCH;), 21.2 (ArCHj), 19.0 ppm (ArCH;); elemental
analysis calcd for C,sHyCL3N,Pd-H,O (610.30): 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: Phenylboronic
acid (147 mg, 1.2 mmol), base (1.5 mmol), 3-bromoanisole (127 uL,
1.0 mmol), and 2-propanol (3.0 mL) were added to a Schlenk tube con-
taining complex 3 (0.5 mol % or 1.0 mol %) and a magnetic stirring bar.
The Schlenk tube was placed in a preheated (50°C) oil bath and stirred
for the time indicated. The mixture was quenched with water, extracted
with CH,Cl,, dried over MgSO,, and filtered through a pad of Celite. The
solvent was removed under reduced pressure and the residue was ana-
lyzed by '"H NMR spectroscopy. Chemical shifts of the starting materials
and products were compared with data reported previously.®!

ESI-MS analyses: Complex 3 (1 mg) was dissolved in iPrOH (3mL) at
50°C and phenylboronic acid (7 mg), Bu,NF (50 pL), and 3-bromoanisole
(7 mg) were added. MS spectra were recorded after 5, 20, and 35 min for
samples (10 uL) diluted with iPrOH (1.5mL) 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 0.5s and the ion accumulation time
was 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 subse-
quently iPrOH (3 mL) and Bu,NF (50 uL) were added. The tube was
sealed with a plastic stopper and heated at 50°C for 35 min with magnet-
ic 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 by using a FEI Tecnai G* 20 X-TWIN electron microscope
(TEM) operating at 200 kV.

Crystallographic details: Crystal data for complexes 3b, 3¢, and 3d were
collected by using an Agilent Technologies SuperNova A diffractometer
fitted with an Atlas detector that uses monochromated Mog, radiation
(071073 A). A complete dataset was collected, assuming that the Friedel
pairs are not equivalent. An analytical numeric absorption correction
was performed.*”) The structures were solved by direct methods using
SHELXS-97 and refined by full-matrix least-squares fitting on F* for all
data using SHELXL-97.!l Hydrogen atoms were added at calculated po-
sitions and refined by using a riding model. Anisotropic thermal displace-
ment parameters were used for all nonhydrogen atoms. Further crystallo-
graphic details are compiled in the Supporting Information (Tables S1—
S3). CCDC-855567 (3d), CCDC-855568 (3b), and CCDC-855569 (3c¢)
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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