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ABSTRACT: Metal complexes bearing N-heterocyclic carbene

R C-NHC or H-NHC N X

(NHC) ligands are .typi.cally considered the system'of cho.ice for \ne-pd.L RX 5“>(P ™, coupling g}))—R , L

homogeneous catalysis with well-defined molecular active species due N (Pd] N

to their stable metal—ligand framework. A detailed study involving 19 R" G( R e

different Pd-NHC complexes with imidazolium, benzimidazolium, ¢ Catalysis due to R [-F;(;]. -----

and triazolium ligands has been carried out in the present work and [ ponric stabilty .~ \ B

revealed a new mode of operation of metal-NHC systems. The C, Catalysis due to @ ArX +
v

catalytic activity of the studied Pd-NHC systems is predominantly
determined by the cleavage of the metal-NHC bond, while the
catalyst performance is strongly affected by the stabilization of in situ
formed metal clusters. In the present study, the formation of Pd
nanoparticles was observed from a broad range of metal complexes
with NHC ligands under standard Mizoroki—Heck reaction conditions. A mechanistic analysis revealed two different pathways to
connect Pd-NHC complexes to “cocktail”-type catalysis: (i) reductive elimination from a Pd(II) intermediate and the release of
NHC-containing byproducts and (ii) dissociation of NHC ligands from Pd intermediates. Metal-NHC systems are ubiquitously
applied in modern organic synthesis and catalysis, while the new mode of operation revealed in the present study guides catalyst
design and opens a variety of novel opportunities. As shown by experimental studies and theoretical calculations, metal clusters
and nanoparticles can be readily formed from M-NHC complexes after formation of new M—C or M—H bonds followed by C—
NHC or H-NHC coupling. Thus, a combination of a classical molecular mode of operation and a novel cocktail-type mode of
operation, described in the present study, may be anticipated as an intrinsic feature of M-NHC catalytic systems.

Pd-NHC lability 1 — A R
“‘ Pd-clusters Pd NPS
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H INTRODUCTION

Transition-metal-catalyzed transformations represent a major

practical utility, the development of Pd-PEPPSI complexes can
be mentioned (PEPPSI = pyridine-enhanced precatalyst
preparation, stabilization, and initiation) as readily available,
air- and moisture-stable, and easy to handle catalysts,'*"P%*
Currently, M-NHC complexes are ubiquitously utilized as
catalysts or precursors for homogeneous catalysis with well-
defined molecular active species. Nevertheless, despite the great
stability attributed to the M-NHC framework, recycling and

driving force in the development of the chemical industry and
of innovative science in recent decades. Truly notable
achievements in ligand design were accomplished with the
discovery and the widespread application of N-heterocyclic
carbene ligands (NHC ligands). Metal catalysts incorporating
NHC ligands (M-NHC) made outstanding contributions to the

advancement of cross-coupling reactions, C—H functionaliza-
tion, the Mizoroki—Heck reaction, metathesis, carbon—
heteroatom bond formation, atom-economical transformations,
the synthesis of biologically active molecules and pharmaceut-
icals, the preparation of new advanced materials, and many
other areas.' The unusual stability of M-NHC complexes
(caused by strong metal—ligand binding, shielding by sterically
demanding substituents on the carbene ring, and electronic
properties) governed the preparation of well-defined molecular
catalysts."”” The highly tunable nature of the NHC ligands
facilitated universal practical applications in various areas of
organic synthesis and catalysis. > As an example of efficient

v ACS Publications  © Xxxx American Chemical Society

reuse of M-NHC catalysts remains a demanding challenge,
since the complexes are typically of single use in a catalytic
transformation.' ™ Another approach for designing efficient
catalytic systems for fine organic synthesis recently emerged as
the concept of a “cocktail” of catalysts.” However, extensive
catalyst evolution and in situ transformations were revealed for
nanoparticle catalysis and leaching-driven systems,”® while
catalyst dynamics in the case of Pd-NHC systems has only
started to emerge.”
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In the present work, we have studied the mechanism of a Pd-
NHC catalyzed Mizoroki—Heck reaction utilizing a broad
range of metal complexes, and here we describe a new
operation mode for these well-known -catalysts. Molecular
catalysis employing a stable metal—ligand framework (typically
assumed for M-NHC catalysts) was found to play only a minor
role (Scheme 1A). Catalyst evolution leading to the cleavage of

Scheme 1. Usually Assumed (A) and New (B) Operation
Modes for Metal-NHC Catalytic Systems
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the M—NHC bond and the stabilization of metal nanoparticles
with nitrogen quaternary salts were revealed as the processes
responsible for catalytic activity in the studied system (Scheme
1B). The nature of the investigated system has shown a drastic
difference from the picture routinely assumed for NHC
complexes of transition metals.

Although a number of various in situ catalyst transformations
and nanoparticle formation reactions were reported for other
catalytic systems,'~” a unique mechanistic picture for NHC
complexes (including intrinsic reversal stabilization of metal
clusters by the released N*X salts) was not addressed in detail
for the Heck reaction. Undoubtedly, mechanistic studies of Pd-
NHC catalyst evolution during a reaction and the correct
determination of the catalytically active species open new,
fascinating opportunities in transition-metal catalysis.

B RESULTS AND DISCUSSION

Synthesis of the Pd-NHC Complexes. An overview of the
NHC ligand precursors used in this study is shown in Table 1.
The 1,2,4-triazolium and (benz)imidazolium salts were
prepared by the direct alkylation of N-substituted 1,2,4-
triazoles, imidazoles, and benzimidazoles.® 1-tert-Butyl-1,2,4-
triazole was prepared by alkylation of 1,2,4-triazole with tert-
butyl alcohol in 70% perchloric acid using a procedure for

Table 1. Overview of the Ligand Precursors Used for the
Preparation of Pd-PEPPSI Catalysts

R +R
N+ -N

. . N X
Qﬁ C>x T

~N__N<p N N
R™~\s"""R R R
1a-d 2a-d 3a-g
R R’ X
la "Bu "Bu Br
1b Bn Bn Cl
1c Bn Bn Br
1d Me Me I
2a Me Me I
2b Me "Bu Cl
2¢ Mes Mes Cl
2d DiPP DiPP Cl
3a Me Me 1
3b Me "Bu Br
3c "Bu "Bu Br
3d Bn Bn Cl
3e Bn Bn Br
3f ‘Bu "Bu Br
3g ‘Bu Bn Br

alkylation of amino- and mercapto-1,2,4-triazoles with t-
BuOH.”

The Pd-NHC complexes 4c, Sb,d,e,h, and 6d were
synthesized in 64—87% yields by heating PdCl,, K,CO;, and
the corresponding pyridine derivative at 80 °C (Scheme 2,
method A) . Dibromo and diiodo Pd-NHC complexes 4a,b,d,
Sa,cf,g, and 6a—c,e—g were synthesized in 67—92% yields
using a modified procedure (Scheme 2, method B).”
According to the 'H and “C{'H} NMR spectra, complexes
4—6 were all obtained in the form of trans isomers. Specific
shifts in the "*C{'H} NMR resonances at § 147—164 ppm of
metal-bonded C atoms were observed for all of the complexes.
The structures of complexes 4a,c, Sb, and 6d were confirmed
by single-crystal X-ray diffraction analyses.

Pd-NHC Complexes in a Mizoroki—Heck Reaction. As a
representative model system, we have chosen the reactions of
iodobenzene (7a) and bromobenzene (7b) with n-butyl
acrylate (8a) in N,N-dimethylformamide (DMF), which is a
commonly used solvent. Triethylamine (TEA) and K,CO,
were taken as often-used bases, and tetra-n-butylammonium
bromide (TBAB) was used as an additive. Monitoring of the
reaction progress was performed by GC-MS and NMR. In all of
the cases, (E)-butyl cinnamate (9a) was the only product of the
reaction between the compounds 7a,b and 8a.

The catalytic performance of the Pd-NHC complexes 4—6 in
the reaction of iodobenzene 7a and acrylate 8a in the presence
of TBAB and TEA is presented in Table 2, and the
corresponding results for 7b are provided in Tables S2—S4 in
the Supporting Information. First, it is necessary to note the
common trends observed in the studied system. At 140 °C,
most of the complexes revealed high catalytic activity at
loadings of 0.005 mol %; however, when the reaction
temperature was decreased to 120 and 60 °C, a larger amount
of catalyst (0.05 and 0.5 mol %, respectively) was employed to
accomplish the reaction within a reasonable time (Table 2).

A comparison of the results obtained for the complexes
comprising similar NHC ligands but different halogens (4a,c,d,
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Scheme 2. Synthesis of the Pd-NHC Complexes with Various NHC Ligands 4—6
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Sef,g, or 6a,d,e) showed that the catalytic activity is dependent
on the nature of coordinated halogen, changing in the order I >
Br = Cl. Interestingly, the addition of I” anions to the reaction
mixtures catalyzed by the complexes Sef containing Cl™ and
Br~ as ligands (Table S1 in the Supporting Information)
resulted in a similar enhancement of catalytic activities.

The dependence of the catalytic activity of Pd-NHC
complexes 4—6 on the structure of the NHC ligands is more
complicated. Thus, variation of the heterocycle class
(benzimidazole, imidazole, triazole) has no pronounced effect
on the activity (for example, compare the results in the series
4a, Sa, 62, 4c, 6d, S5c, and 6b). Bulky N-alkyl groups decrease
the catalytic activity at lower temperatures, as observed from

the comparison of the lines for 4b and 4d, for 6b and 6f, and
for 6e and 6g at 60 or 120 °C. Interestingly, in the imidazole
series complexes Sd—fh with bulky N-aryl substituents, Mes
and DiPP, containing CI™ or Br~ as ligands revealed
pronouncedly decreased activity; however, complex 5g (R =
R’ = DiPP) with iodide ligands demonstrated the highest
activity at 60 °C and an average activity at other temperatures
in comparison with complexes 4—6.

It is important to note that the catalytic activities of all the
studied Pd-NHC complexes 4—6 did not exceed the catalytic
activity of Pd(OAc), and PdCL,Py,, which afforded quantitative
yields of 9a under the same conditions at all studied
temperatures (Table 2, entries 20 and 21).
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Table 2. Model Mizoroki—Heck Reaction of Iodobenzene (7a) and n-butyl Acrylate (8a)”

[Pd], TBAB

O"Bu

@ R /WO"BU
O

7a 8a

DMF, TEA, 60-140 °C

%

9a
yield of 9a (%)”

[Pd] 0.5 mol %,° 60 °C

[Pd] 0.05 mol %,° 120 °C [Pd] 0.005 mol %, 140 °C

entry catalyst Sh 10 h
1 4a 2 19
2 4b 0 0
3 4c 0 S
4 4d 0 4
S Sa 0 14
6 Sb 0 9
7 Sc 0 3
8 sd 0 0
9 Se 0 0
10 St 0 0
11 sg 30 92
12 Sh 0 0
13 6a 0 9
14 6b 0 S
15 6¢ 0 2
16 6d 0 2
17 Ge 0 3
18 6f 0 0
19 6g 0 1
20 Pd(OAc), >99 >99
21 PdCL,Py, >99 >99

15h 1h Sh 1h Sh
83 >99 >99 66 >99
44 6 >99 11 >99
56 23 >99 47 >99
63 61 >99 41 >99
86 >99 >99 78 >99
86 >99 >99 84 >99
70 >99 >99 84 >99
0 S >99 65 >99

4 >99 75 >99

S 12 >99 73 >99
>99 13 >99 62 >99
0 3 >99 69 >99
84 54 >99 52 >99
63 S1 >99 53 >99
52 42 >99 60 >99
61 49 >99 41 >99
58 95 >99 56 >99
0 8 >99 66 >99

8 32 >99 59 >99
>99 >99 >99 >99 >99
>99 >99 >99 >99 >99

“Conditions: 0.5 mmol of Phl, 0.75 mmol of butyl acrylate, 0.5 mmol of TBAB, 1 mmol of TEA, 1 mL of DMF. bGc-MsS yield of 9a averaged over

two runs. “Pd loadings (mol %) relative to Phl.

Similar trends were observed for the reaction of bromo-
benzene 7b with acrylate 8a, while acceptable reaction rates
were distinguished only at higher temperature (140 °C). The
observed catalytic activities of Pd-NHC complexes 4—6 and
Pd(OAc), or PACL,Py, in the presence of TBAB and TEA were
comparable (Table S2 in the Supporting Information).
Remarkably, the reaction of bromobenzene 7b with acrylate
8a was highly affected by TBAB: in the absence of TBAB only
trace levels of product 9a were observed under the same
conditions for all of the Pd-NHC catalysts as well as for
Pd(OAc), and PdCL,Py, (Table S2). It is noteworthy that the
precipitation of palladium black was detected in the experi-
ments without TBAB. It should be mentioned that the addition
of TBAB to prevent catalyst deactivation and the precipitation
of palladium black is well documented.*”*"°

We also tested the catalytic activities of complexes 4—6,
Pd(OAc),, and PdCL,Py, for reactions between compounds
7ab and 8a in the presence of TBAB at 140 °C, but using
K,COj as base (Table S3 in the Supporting Information). In
comparison with TEA, the reactions proceeded more rapidly,
allowing the application of relatively low palladium loadings
(0.01 mol %) for both substrates 7a and 7b. Considering
statistical averaging, we can propose that the catalytic activity of
complexes 4—6 at high temperatures is weakly dependent upon
their structures and is very close to that of Pd(OAc), and
PdCL,Py,. To study a larger substrate scope, we compared the
catalytic activity of complex Sh, which is a commercially
available and widely applied catalyst, with the activity of
Pd(OAc), in the reaction of various bromobenzenes with

different alkenes (Table S4 in the Supporting Information).
The activities of Sh and Pd(OAc), were found to be rather
similar.

Next, we performed a series of mechanistic studies to reveal
the nature of the active species.

Transmission electron microscopy (TEM) of samples of the
reaction mixtures after reaction of iodobenzene with acrylate 8a
at 60 °C within S h revealed the presence of small palladium
nanoparticles only in that mixture, where an appreciable yield
of product 9a was detected. Thus, small nanoparticles of ~2 nm
size were observed in the mixtures with complex 5g (30% yield
of 9a) and Pd(OAc), (>99% yield of 9a) (Figure 1).

A mercury test was applied to the reaction of aryl halides 7a,b
with acrylate 8a under catalysis with complexes 4a, 5d,g, 6a,
and Pd(OAc),. No product yields were obtained with any of
the catalysts in the temperature range 60—140 °C even after 20
h, when a sufficiently large excess of elemental mercury (Hg(0):
[Pd] ~ 2100:1 mol/mol) was charged to the reaction mixtures
at the beginning of the reaction. Applicability of the mercury
test for inhibition of Mizoroki—Heck and cross-coupling
reactions due to deactivation of Pd nanoparticles is well-
known (see, for example refs 6a, 7ij,q, 10a, and 11).

Important evidence of a key role of the cleavage of metal—
NHC bonds on the catalytic process was obtained from
comparative kinetics of P&-NHC and Pd(OAc), catalysis in
combination with experiments for successive runs with
reloading of the reaction media with fresh substrates. As
shown in Figure 2a, in the first reaction run, palladium acetate
revealed the highest activity, affording almost quantitative yields
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Figure 1. TEM images of palladium nanoparticles isolated from the
reaction mixtures after heating 0.5 mmol of 7a, 0.75 mmol of 8a, 0.5
mmol of TBAB, and 1 mmol of TEA in 1 mL of DMF: (a) complex 5g
(0.5 mol %) as the catalyst, 60 °C, S h; (b) Pd(OAc), (0.5 mol %) as
the catalyst, 60 °C, 1 h.

of 9a within ~40 min. Remarkably, the kinetic curve for
precatalyst Sg demonstrates a sigmoid plot that indicates a
significant delay for catalyst activation. Complex Sh revealed
very low activity during the course of the first run. However, for
precatalysts Sg,h, the kinetics changed dramatically after several
successive runs. At the fourth run, the observed kinetic curves
are almost identical and demonstrate high activity for
precatalysts Sgh as well as Pd(OAc), (Figure 2b). We also
performed similar comparative experiments with reloading runs
for all the precatalysts 4—6, Pd(OAc),, and PdCl,Py, at 60 °C
(Table SS in the Supporting Information). Representative
examples of successive reaction runs for the precatalysts 6b,f
and Pd(OAc), are shown in Figure 3. As is observed from
Figure 3, complex 6f with a bulky N-tert-butyl substituent
afforded only a 3% yield of 9a within the first reaction run,
while complex 6b with an N-methyl substituent afforded
quantitative yield within the same run.

On the third and successive runs, all of the catalytic systems
afforded the same yields of reaction product 9a. Equal yields
(~85%) were measured for the sixth run after 6 h of heating,

100 - u
80 - --Pd(OAc),
3 =59
S 60 —-5h
E E
[ J
> 40 -
20 -
0 e —— T
0.0 4.0 8.0 12.0 16.0 20.0
Time (h)
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80 -
1 -e-Pd(OAc),
s 60 -=-5¢g
et 1 -+5h
] 40
>
20
0.0 4.0 8.0 12.0 16.0 20.0
Time (h)
b)

Figure 2. Kinetic curves for the formation of product 9a in the
Mizoroki—Heck reaction between 7a and 8a at 60 °C under catalysis
with Pd(OAc), (blue lines), complex Sg (red lines), and complex Sh
(green lines): (a) first run; (b) after three successive reloadings with
fresh portions of the substrates 7a and 8a (i.e., fourth run). See the
Experimental Section and Table SS in the Supporting Information for
details.

N/Br Br
N~ 1 - N/N 1 —
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Figure 3. Yields of the product 9a in the Mizoroki—Heck reaction at
60 °C within 20 h (the yields after 6 h for the sixth run are shown in
parentheses) in successive cycles after reloading the reaction media
with fresh substrates. See the Experimental Section and Table SS in
the Supporting Information for details.

which demonstrated similar kinetic profiles for the studied
catalytic systems.

Electron microscopy, a mercury test, kinetic studies, and
reloading experiments have undoubtedly highlighted the key
role of Pd clusters and “cocktail’-type behavior. These
observations are in total agreement with the studies on the
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catalytic reactions (Table 2) and prompted us to investigate the
process of breaking the PdA—NHC bond.

We attempted to determine the products formed during the
degradation of Pd-NHC complexes over the course of the
Mizoroki—Heck reaction. A dedicated study of the reaction
between compounds 7a and 8a was performed with using 1
mol % of catalyst precursor 4a in the presence of TEA. After
separation of Pd black and evaporation of DMF and TEA in
vacuo, the organic residue obtained was analyzed by NMR. In
addition to product 9a, new compounds with characteristic
signals of a 1,3-dimethylbenzimidazolium fragment were
revealed in the residue, while starting complex 4a was not
detected. Subsequent treatment of the residue with Et,O and
water (see the Experimental Section for details) allowed us to
obtain compound 11 (5% yield) and initial proligand 1d (69%
yield). Isolation of compounds 11 and 1d clearly corroborates
the degradation of Pd-NHC complexes through the cleavage of
the Pd—C_pene bond. Apparently, compound 11 is formed
through C—C reductive elimination of the 1,3-dimethyl-2-
phenylbenzimidazolium cation from intermediate 10, which is a
product of the oxidative addition of iodobenzene to Pd°-NHC
(Scheme 3). This assumption was corroborated by heating

Scheme 3. Plausible Pathway of Formation of Compound 11

[ pn
|2
4a —= D—Pd*—L|—~
N
\
10
/]
N +
@: S>—Ph +Pd(0) + L
\

complex 4a and iodobenzene 7a under analogous conditions to
afford the compound 11 in 50% isolated yield. Such reactivity
can be compared with the literature precedents.””'* Obviously,
the reaction affording 2-substituted azolium salts (such as the
compound 11) represents an important pathway of deterio-
ration of NHC ligands and, consequently, the release of “NHC-
free” metal species from Pd-NHC catalyst precursors.
Analogous cross-coupling reactions of NHC ligands with
alkenes or solvent molecules also should not be ruled out.'”

Compound 1d may also be formed via C—H coupling of the
NHC and hydrogen ligands bound to palladium (ie., the
intermediate in the Mizoroki—Heck reaction formed after f-
hydrogen elimination; see Scheme 4) or, alternatively, by
dissociation of Pd-NHC complexes with subsequent proto-
nation of the released N-heterocyclic carbene. A similar
pathway including the dissociation of the Pd—NHC bond
and subsequent insertion of the NHC into the C—halogen
bond of the aryl halide can also be considered for formation of
compound 11.

To estimate energetic parameters of the proposed C—C
reductive elimination pathway, we have carried out theoretical
calculations at the PBE1PBE//6-311+G(d)&SDD level includ-
ing solvent effects at the SMD level (Figure 4). Oxidative
addition of Ph-Br to the Pd’ complex proceeded via transition
state II-TS, which required overcoming an activation barrier of
AG¥ =252 kcal/mol (I — II-TS). The process was found to
be energetically favorable with AG = —25.6 kcal/mol relative to

Scheme 4. Catalyst Evolution and Nitrogen-Salt-Stabilized
“Cocktail”-Type Mode of Mizoroki—Heck Reaction with a
Pd-NHC Catalyst Precursor”
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Figure 4. Calculated free energy surface of the C—Br oxidative
addition and C—C reductive elimination steps involving the Pd-NHC
complex: PBE1PBE//6-311+G(d)&SDD level and solvent effects at
SMD level (see the Supporting Information for a model system
description and computational details).

initial point I. C—C reductive elimination of the Ph group and
NHC ligand g}roceeded through IV-TS with an activation
barrier of AG¥ = 25.3 kcal/mol (IIl — IV-TS). The process
was also energetically favorable with AG = —17.6 kcal/mol
relative to initial point I. Thus, C—C coupling involving the
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NHC ligand may take place with a similar activation barrier in
comparison to the oxidative addition of the substrate. Of
course, theoretical calculations on a model system may have
some limitations in accuracy. Nevertheless, the computational
study clearly confirms the possibility of Pd—NHC bond
cleavage, which is in total agreement with experimental findings
(Scheme 3).

Theoretical calculations carried out in the present study have
shown that dissociation of NHC ligands may also occur,
although reductive elimination is the more accessible pathway
(see section S4 in the Supporting Information).

It should also be noted that the initial NHC proligands
(azolium salts), formed during decomposition of Pd-NHC, can
undergo Pd-catalyzed arylation by aryl halides. We have
confirmed this possibility in a separate experiment. Heating
1d and 7a in DMF in the presence of TEA and Pd(OAc),
afforded compound 11 in 40% yield (Scheme S1 in the
Supporting Information). Therefore, under the studied catalytic
conditions in the presence of a large excess of aryl halide
relative to Pd catalyst, the NHC ligands are transformed into 2-
arylated azolium salts (for example, such as compound 11).

Opverall, it is evident that the studied Pd-NHC complexes, 4—
6, decompose during the Mizoroki—Heck reaction through the
cleavage of the Pd—C_ 4. bond to form a mixture of multiple
species of palladium, a so-called “cocktail” of catalysts,
containing nanoparticles and small metal clusters.

It is important to note that the catalytic performance of the
studied systems strongly depended on the stability of the Pd
nanoparticles against aggregation to inactive Pd black. Under
the harsh reaction conditions (140 °C) used for coupling
between bromobenzene 7b and acrylate 8a, all of the tested Pd-
NHC catalysts precursors were inactive in the absence of TBAB
(Pd(OAC), and PACL,Py, were also inactive). Indeed, the rapid
aggregation of palladium nanoparticles and the formation of
inactive Pd black did take place without a stabilizer (Table S2 in
the Supporting Information). In the presence of a TBAB
stabilizer, all of the studied precatalysts have shown high
activity (Table S2).

It would be expected that the heterocyclic products (i.e.,
azolium salts) formed through decomposition of the Pd-NHC
complexes can also contribute to stabilization of the palladium
nanoparticles. To confirm the possibility of nanoparticle
stabilization by azolium salts derived from NHC ligands, we
carried out an experiment using compound 2d instead of TBAB
(equimolar amount relative to aryl halide; Table S2 in the
Supporting Information). The yield of the cross-coupling
product in the presence of 2d was comparable to the yield in
the presence of TBAB. Thus, for the studied reaction, the
presence of an equimolar amount (~1 equiv of nitrogen-salt-
based stabilizer relative to aryl halide or olefin) is necessary for
high performance of the catalytic system.

B CONCLUSIONS

To summarize, in a typical Mizoroki—Heck reaction NHC
complexes decomposed through the cleavage of the Pd—C_ pene
bond and led to the formation of Pd clusters. A mechanism of
the chemical transformation of the NHC ligands via C—H or
C—C coupling and formation of corresponding azolium salts is
proposed here (Scheme 4). Under the studied conditions, a
variety of imidazolium, benzimidazolium, and triazolium
complexes acted as a source of Pd active species. The stabilizing
effect of nitrogen salts prevented agglomeration of the Pd

particles and initiated a catalytic reaction involving a “cocktail”-
type catalytic system (Scheme 4).

The new mode of operation of the Pd-NHC complexes
described in the present study changes the principles of catalyst
design. In the studied reaction, the catalytic activity of the Pd-
NHC complexes is defined mainly by their ability to undergo
decomposition involving breakage of the metal—ligand frame-
work and the formation of metal clusters or nanoparticles. The
ability to form a “cocktail”-type catalytic system depended on
the nature of the coordinated halogen and on the type of NHC
core. Variation of the heterocycle class revealed a common
nature of this transformation, with nanoparticle generation
possible for benzimidazole, imidazole, and triazole NHC
ligands. Bulky N-alkyl(aryl) groups, in most cases, retarded
the decomposition of the complexes, especially at low
temperatures. Thus, the substituents at NHC ligands can be
varied to affect the rate of release of the Pd species: bulky
substituents and strongly bound ligands give rise to “slow-
release” catalysts, while small substituents and weakly bound
ligands facilitate “fast-release” behavior.

Metal complexes bearing either M—C or M—H bonds are
typical intermediates in a number of cross-coupling, C—H
functionalization, Heck, and other reactions. The joint
experimental and theoretical study carried out in the present
article suggests plausible catalyst evolution in such systems
leading to generation of NHC-ligand-free metal centers, metal
clusters, or nanoparticles (Scheme 5). H-NHC coupling can

Scheme S. Plausible Catalyst Evolution in M/NHC Systems
Involving Intermediate Complexes with M—C and M—H
Bonds
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be a reversible step, as demonstrated here by the arylation
reaction (see above and Scheme S1 in the Supporting
Information), and C—NHC coupling can also be a reversible
step (Figure 4 and corresponding discussion). This gives rise to
dynamic catalytic systems with a possibility of adaptive
tuning.14

Variation of the structure of the Pd-NHC complexes offers a
very useful opportunity to regulate the rate of the release of the
palladium active species and possibly to control the nature of
the stabilizing effect. The findings described in the present
study could be of paramount importance for a variety of
catalytic systems, as meta-lNHC complexes have found
widespread applications in modern chemistry. More studies
on the subject are anticipated in the near future to evaluate the
roles of the molecular mode and the cocktail-type mode of
operation within metal-NHC catalytic systems.
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B EXPERIMENTAL SECTION

General Information. 'H and “C{'H} NMR spectra were
recorded on a Bruker DRX 500 instrument at 500 and 125 MHz,
respectively, in CDClL;. '"H and “C{'H} chemical shifts are given in
ppm relative to the residual peak of the solvent (8 7.26 for CDCL;) for
the proton spectra and the *C{'H} CDCI, signal (6 77.16) for the
carbon spectra. GC-MS measurements were carried out with an
Agilent 7890A GC system, equipped with an Agilent 5975C mass-
selective detector (electron impact, 70 eV) and a HP-SMS column (30
m X 0.25 mm X 0.25 ym film) using He as carrier gas at a flow of 1.0
mL/min. The following temperature program was used in all GC-MS
measurements: initial temperature 40 °C, hold for 3 min, then 25 °C
min~! to 90 °C and hold for 4 min, then 25 °C min™! to 190 °C and
hold for 1 min, and then 10 °C min™" to 260 °C and hold for 2 min.
GC-MS spectra were compared to authentic samples and the NIST
mass spectral library to confirm identification. Retention times of
compounds were 6.1 min for 8a, 6.7 min for 7b, 9.0 min for 7a, 15.4
min for 9a, and 17.9 min for dibutyl phthalate (internal standard).
High-resolution mass spectra (HRMS) were obtained on a TOF MS
instrument using electrospray ionization (ESI) in positive ion mode
(interface capillary voltage —4500 V). TEM images were recorded on a
Hitachi HT7700 transmission electron microscope (TEM). Elemental
analyses were performed using a PerkinElmer 2400 elemental analyzer.
Melting points were determined in open capillary tubes in a Thiele
apparatus and are uncorrected.

All synthetic manipulations were conducted under an argon or
nitrogen atmosphere using standard Schlenk techniques. Dry solvents
were used for all manipulations.'”> DMF was degassed by bubbling
argon for 15 min and was stored over activated 3 A molecular sieves.
Column chromatography was conducted on silica gel 60 (230—400
mesh, Merck). Glassware was dried at 120 °C in an oven for at least 3
h.

1-Butyl-1,2,4-triazole," l-benzyl-l,2,4-triazole,15 1-methylbenzimi-
dazole,"? 1-butylbenzimidazole, 16 1,3-dibutyl-1H-benzimidazol-3-ium
bromide (1a),* 1,3-dibenzyl-1H-benzimidazol-3-ium chloride (1b),"”
1,3-dimethyl-1H-benzimidazol-3-ium iodide (1d),'® 1,3-dimethyl-1H-
imidazol-3-ium iodide (2a),*" 1,3-bis(2,4,6-trimethylphenyl)-1H-imi-
dazol-3-ium chloride (2¢),* 1,3-bis[2,6-bis(propan-2-yl)phenyl]-1H-
imidazol-3-ium chloride (Zd),gb 1,4-dimethyl-4H-1,2,4-triazol-1-ium
iodide (3a),** 1,4-dibutyl-4H-1,2,4-triazol-1-tum bromide (3¢),** and
1,4-dibenzyl-4H-1,2,4-triazol-1-ium chloride (3d),** were synthesized
as described in the literature. All other chemicals were purchased from
Aldrich.

1-tert-Butyl-1H-1,2,4-triazole. A mixture of tert-butyl alcohol
(1.10 mL, 11.6 mmol), 1,2,4-triazole (0.82 g, 11.9 mmol), and 65%
aqueous perchloric acid (S mL) was stirred at 20 °C for 3 h and then
neutralized with aqueous sodium hydroxide (1 N) to pH 6—7 and
extracted with chloroform (3 X 10 mL). The combined extract was
dried with anhydrous sodium sulfate and evaporated to dryness (rotary
evaporator). The residue obtained was recrystallized from hexane at
—20 °C to give 1-fert-butyl-12,4-triazole (1.12 g, 77% vyield) as a
colorless solid, mp 58—60 °C. '"H NMR (CDCl;, 500 MHz): § 1.57 (s,
9H, 3CH,), 7.87 (m, 1H, CH of triazole), 8.11 (s, 1H, CH of triazole).
3C{'H} NMR (CDCl,, 125 MHz): § 29.5, 58.4, 139.8, 151.3. HRMS
(ESD): caled for C¢H,,N; [M + H]* 126.1026, found 126.1030.

General Procedure for the Preparation of 1,4-Dialkyl-1,2,4-
triazolium or 1,3-Dialkylbenzimidazolium Halides. A mixture of
the corresponding 1-alkyl-1,2,4-triazole or 1-alkylbenzimidazole (0.01
mol), alkyl halide (0.02 mol), and acetonitrile (15 mL) was heated
under reflux for 36 h (S h in the case of Mel or BnBr). Then volatiles
were removed in vacuo and the residue obtained was washed with
anhydrous diethyl ether (10 mL) and recrystallized from a
acetonitrile/acetone mixture (1/10).

1,3-Dibenzyl-1H-benzimidazol-3-ium Bromide (1c). Yield 349 g
(92%) of colorless crystals, mp 221—-223 °C. 'H NMR (CDCl,;, 500
MHz): § 5.87 (s, 4H, 2CH,), 7.34—7.40 (m, 6H, Ar), 7.50—7.52 (m,
6H, Ar), 7.55—7.57 (m, 2H, Ar), 11.82 (s, 1H, H2). 'H NMR
(DMSO-d,, 500 MHz): 5.86 (s, 4H, 2CH,), 7.35—7.43 (m, 6H, Ar),
7.57—7.62 (m, 6H, Ar), 7.99—8.01 (m, 2H, Ar), 10.55 (s, 1H, H-2).

BC{'H} NMR (DMSO-d,, 125 MHz): § 49.9, 114.0, 126.7, 128.3,
128.6, 128.9, 131.0, 134.0, 142.9. HRMS (ESI): caled for CyH,oN,*
[M — Br]* 299.1543, found 299.1542.

4-Butyl-1-methyl-4H-1,2,4-triazol-1-ium Bromide (3b). Yield 2.11
g (96%) of colorless crystals, mp 37—39 °C. 'H NMR (CDCl,, 500
MHz): § 0.86—0.89 (m, 3H, CH,), 1.29—1.37 (m, 2H, CH,), 1.87—
1.93 (m, 2H, CH,), 4.18 (s, 3H, CH;), 4.46—4.49 (m, 2H, CH,), 9.27
(s, 1H, H-3), 11.28 (s, 1H, H-3). *C{'H} NMR (CDCl,, 125 MHz):
8 13.3, 19.3, 31.9, 39.5, 48.5, 143.0, 144.3. HRMS (ESI): calcd for
C,H,,N;* [M — Br]* 140.1182, found 140.1186.

1,4-Dibenzyl-4H-1,2,4-triazol-1-ium Bromide (3e). Yield 3.10 g
(94%) of colorless crystals, mp 167—169 °C. '"H NMR (CDCl,;, 500
MHz): 6 5.61 (s, 2H, CH,), 5.76 (s, 2H, CH,), 7.27—7.30 (m, 6H,
Ar), 7.46—7.47 (m, 2H, Ar), 7.59—7.60 (m, 2H, Ar), 9.11 (s, 1H, H-3),
11.76 (s, 1H, H-5). *C{'"H} NMR (CDCl,, 125 MHz): § 52.0, 56.3,
129.3, 1294, 129.5, 129.65, 129.67, 129.9, 131.8, 132.1, 142.6, 144.0.
HRMS (ESI): caled for C¢H;gN;* [M — Br]* 250.1339, found
250.1338.

4-Butyl-1-tert-butyl-4H-1,2,4-triazol-1-ium Bromide (3f). Yield
241 g (92%) of colorless crystals, mp 199—201 °C. 'H NMR
(CDCl,;, 500 MHz): § 0.89—0.92 (m, 3H, CH;). 1.33—1.40 (m, 2H,
CH,), 1.68 (s, 9H, CH;), 1.95-2.01 (m, 2H, CH,), 4.59—4.62 (m,
2H, CH,), 9.31 (s, 1H, H-3), 11.55 (s, 1H, H-5). ¥C{'H} NMR
(CDCL,, 125 MHz): 8 13.5, 19.5, 29.0, 32.3, 484, 64.1, 141.1, 144.1.
HRMS (ESI): caled for C,gHyN;" [M — Br]* 182.1652, found
182.1653.

4-Benzyl-1-tert-butyl-4H-1,2,4-triazol-1-ium Bromide (3g). Yield
2.64 g (89%) of colorless crystals, mp 160—162 °C. '"H NMR (CDCl,,
500 MHz): § 1.68 (s, 9H, 3CH,), 5.90 (s, 2H, CH,), 7.33—7.34 (m,
3H, Ar), 7.72—7.73 (m, 2H, Ar), 8.95 (s, 1H, H-3), 11.68 (s, 1H, H-5).
BC{'H} NMR (CDCl;, 125 MHz): § 29.0. 51.6, 64.2, 129.6, 129.7,
129.8, 132.7, 140.9, 143.5. HRMS (ESI): calcd for C;;H;{N;* [M —
BrT]* 216.1495, found 216.1492.

General Procedure for the Synthesis of Compounds 4—6.
Method A. The azolium salt 1a,b, 2b—d, 3b,d (0.55 mmol), anhydrous
K,CO; (345 mg, 2.5 mmol), and PdCl, (89 mg, 0.5 mmol) were
charged in a glass tube. Dry pyridine was added (4 mL), the tube was
capped with a screw cap, and the mixture was heated with vigorous
stirring for 16 h at 80 °C. After it was cooled to 20 °C, the reaction
mixture was diluted with CH,Cl, (5§ mL) and passed through a short
pad of silica gel with CH,Cl, as eluent until the product was
completely recovered. The solvent was removed under vacuum (rotary
evaporator) at room temperature. The residue that formed was treated
with a small volume of hexane (~5 mL); the precipitate that formed
was separated by filtration, washed with hexane (S mL), and dried
under vacuum at 20 °C.

Method B. The azolium salt 1a,c,d, 2a, 3a—c,e—g (0.55 mmol), KBr
or KI (3.5 mmol), anhydrous K,CO; (345 mg, 2.5 mmol), and PdCl,
(89 mg, 0.5 mmol) were charged in a glass tube. Dry pyridine was
added (4 mL), the tube was capped with a screw cap, and the mixture
was heated with vigorous stirring for 16 h at 80 °C. After it was cooled
to room temperature, the reaction mixture was diluted with CH,Cl,
and passed through a short pad of silica gel with CH,Cl, as eluent until
the product was completely recovered. The solvent was removed
under vacuum (rotary evaporator) at room temperature. The residue
obtained was treated with a small volume of hexane (~5 mL); the
precipitate that formed was separated by filtration, washed with hexane
(5 mL), and dried under vacuum at 20 °C.

(1,3-Dimethyl-1,3-dihydro-2H-benzimidazol-2-ylidene)diiodo-
(pyridine)palladium (4a). Yield 0.096 g (33%, method A), 0.231 ¢
(79%, method B), yellow prismatic crystals, mp 235—237 °C. 'H
NMR (CDCl,, 500 MHz): § 4.19 (s, 6H, 2CH;). 7.27—7.31 (m, 2H,
Ar), 7.34-7.39 (m, 4H, Ar), 7.74—7.78 (m, 1H, Ar), 9.09—9.10 (m,
2H, Ar). BC{'H} NMR (CDCl;, 125 MHz): § 35.9, 109.9, 123.0,
1247, 1353, 137.9, 154.0, 161.5. Anal. Caled for C,,H, LN,Pd: C,
28.72; H, 2.58; N, 7.18. Found: C, 28.91; H, 2.72; N, 7.01.

Dibromo(1,3-dibutyl-1,3-dihydro-2H-benzimidazol-2-ylidene)-
(pyridine)palladium (4b). Yield 0.265 g (92%, method B), yellow
prismatic crystals, mp 285—287 °C dec. 'H NMR (CDCl,, 500 MHz):
§ 1.07—1.10 (m, 6H, 2CHj;), 1.54—1.62 (m, 4H, 2CH,), 2.20—2.24
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(m, 4H, 2CH,), 4.80—4.84 (m, 4H, 2CH,), 7.26—7.28 (m, 2H, Ar),
7.36—7.40 (m, 4H, Ar), 7.76—7.80 (m, 1H, Ar), 9.06—9.08 (m, 2H,
Ar). BC{"H} NMR (CDCl,, 125 MHz): § 14.0, 20.5, 31.3, 48.8, 110.5,
123.0, 124.7, 134.8, 138.1, 152.7, 161.6. Anal. Calcd for
CyH,,Br,N,Pd: C, 41.73; H, 4.73; N, 7.30. Found: C, 41.39; H,
4.56; N, 7.51.
Dichloro(1,3-dibenzyl-1,3-dihydro-2H-benzimidazol-2-ylidene)-
(pyridine)palladium (4c). Yield 0.175 g (63%, method A), yellow
prismatic crystals, mp 268—270 °C dec. 'H NMR (CDCl,, 500 MHz):
5 6.27 (s, 4H, 2CH,). 7.06—7.12 (m, 4H, 2CH,), 7.31-7.39 (m, 8H,
Ar), 7.61-7.63 (m, 4H, Ar), 7.75—7.78 (m, 1H, Ar), 8.99—9.00 (m,
2H, Ar), BC{'H} NMR (CDCl,, 125 MHz): § 53.3, 111.6, 123.4,
124.7, 128.1, 128.4, 129.1, 134.7, 135.2, 138.3, 151.4, 164.9. Anal.
Caled for C,H,;CL,N;Pd: 56.29; H, 4.18; N, 7.57. Found: C, 56.26;
H, 4.36; N, 7.28.
Dibromo(1,3-dibenzyl-1,3-dihydro-2H-benzimidazol-2-ylidene)-
(pyridine)palladium (4d). Yield 0.288 g (91%, method B), yellow
prismatic crystals, mp 285—287 °C dec. The physical and spectral
characteristics of the product obtained are identical with those
described in the literature."®
(1,3-Dimethyl-1,3-dihydro-2H-imidazol-2-ylidene)diiodo-
(pyridine)palladium (5a). Yield 0.095 g (35%, method A), 0.242 ¢
(90%, method B), yellow prismatic crystals. The physical and spectral
characteristics of the product obtained are identical with those
described in the literature.”®
(1-Butyl-3-methyl-1,3-dihydro-2H-imidazol-2-ylidene)dichloro-
(pyridine)palladium (5b). Yield 0.132 g (67%, method A), yellow
prismatic crystals, mp 118—120 °C. '"H NMR (CDCl,, 500 MHz): §
1.02 (t, J = 7.5 Hz, 3H, CH;), 1.44—1.52 (m, 2H, CH,), 2.03—2.08
(m, 2H, CH,), 4.15 (s, 3H, CH,), 4.54 (t,] = 7.4 Hz, 2H, CH,), 6.89—
6.90 (m, 2H, 2CH of imidazole), 7.33—7.36 (m, 2H, Ar), 7.74—7.78
(m, 1H, Ar), 8.98—9.00 (m, 2H, Ar). BC{'H} NMR (CDCl,, 125
MHz): § 13.9, 20.0, 32.8, 38.1, 50.8, 121.7, 123.0, 124.6, 138.1, 148.7,
151.4. Anal. Caled for C,3H,oCLN,Pd: C, 39.57; H, 4.85; N, 10.65.
Found: C, 39.29; H, 5.01; N, 10.38.
Dibromo(1-butyl-3-methyl-1,3-dihydro-2H-imidazol-2-ylidene)-
(pyridine)palladium (5¢). Yield 0.191 g (79%, method B), yellow
prismatic crystals, mp 135—137 °C. '"H NMR (CDCl,, 500 MHz): §
1.03 (t, J = 7.5 Hz, 3H, CH,), 1.46—1.50 (m, 2H, CH,), 2.05—2.08
(m, 2H, CH,), 4.09 (s, 3H, CH,), 4.48—4.51 (m, 2H, CH,), 6.90—
6.91 (m, 2H, 2CH of imidazole), 7.32—7.35 (m, 2H, Ar), 7.73—7.77
(m, 1H, Ar), 9.03—9.05 (m, 2H, Ar). ®*C{'H} NMR (CDCl,, 125
MHz): § 13.9, 20.1, 32.3, 38.6, 51.1, 121.7, 123.2, 124.6, 137.9, 147.5,
152.7. Anal. Caled for C3H,¢Br,N;Pd: C, 32.29; H, 3.96; N, 8.69.
Found: C, 32.05; H, 4.12; N, 8.45.
[1,3-Bis(2,4,6-trimethylphenyl)-1,3-dihydro-2H-imidazol-2-
ylidene]dichloro(3-chloropyridine)palladium (5d). Yield 0.189 g
(64%, method A), yellow prismatic crystals. The physical and spectral
characteristics of the product obtained are identical with those
described in the literature.*
{1,3-Bis[2,6-bis(propan-2-yl)phenyl]-1,3-dihydro-2H-imidazol-2-
ylidene}dichloro(pyridine)palladium (5e). Yield 0.235 g (73%,
method A), yellow prismatic crystals. The physical and spectral
characteristics of the product obtained are identical with those
described in the literature.*"
{1,3-Bis[2,6-bis(propan-2-yl)phenyl]-1,3-dihydro-2H-imidazol-2-
ylidenejdibromo(pyridine)palladium (5f). Yield 0272 g (74%,
method B), yellow prismatic crystals, mp 246 °C dec. 'H NMR
(CDCl,;, 500 MHz): § 1.12 (d, ] = 6.8 Hz, 12H, 4CH,), 1.50 (d, ] =
6.8 Hz, 12H, 4CH,), 3.25-3.31 (m, 4H, 4CH), 7.06—7.09 (m, 2H,
Ar), 7.16 (s, 2H, 2CH of imidazole), 7.36—7.37 (m, 4H, Ar), 7.49—
7.53 (m, 3H, Ar), 8.51-8.53 (m, 2H, Ar). *C{'H} NMR (CDCl,, 125
MHz): § 23.6, 26.5, 29.1, 124.16, 124.21, 125.4, 130.4, 135.6, 137.3,
146.8, 152.6, 155.3. Anal. Calcd for C5,H,,Br,N,Pd: C, 52.37; H, 5.63;
N, 5.73. Found: C, 52.23; H, 5.60; N, 5.52.
{1,3-Bis[2,6-bis(propan-2-yl)phenyl]-1,3-dihydro-2H-imidazol-2-
ylidene}diiodo(pyridine)palladium (5g). Yield 0.363 g (88%, method
B), yellow prismatic crystals, mp 210 °C dec. "H NMR (CDCl,, 500
MHz): § 1.11 (d, ] = 6.8 Hz, 12H, 4CH;), 1.52 (d, ] = 6.8 Hz, 12H,
4CH,) 3.38—3.45 (m, 4H, 4CH), 7.07—7.09 (m, 2H, Ar), 7.21 (s, 2H,
2CH of imidazole), 7.36—7.38 (m, 4H, Ar), 7.50—7.53 (m, 3H, Ar),

8.44—8.45 (m, 2H, Ar). ®C{'H} NMR (CDCl,, 125 MHz): § 24.1,
26.6,29.4, 124.1, 124.5, 125.5, 130.4, 136.4, 137.1, 146.6, 153.5, 156.7.
Anal. Caled for C;5,H, LN;Pd: C, 46.42; H, 4.99; N, 5.08. Found: C,
46.61; H, 4.78; N, 5.29.
{1,3-Bis[2,6-bis(propan-2-yl)phenyl]-1,3-dihydro-2H-imidazol-2-
ylidenejdichloro(3-chloropyridine)palladium (5h). Yield 0235 g
(69%, method A), yellow prismatic crystals, mp 238—240 °C (lit.
mp 240 °C).** The physical and spectral characteristics of the product
obtained are identical with those described in the literature.**
(2,4-Dimethyl-2,4-dihydro-3H-1,2,4-triazol-3-ylidene)diiodo-
(pyridine)palladium (6a). Yield 0.102 g (38%, method A), 0.188 g
(70%, method B), yellow prismatic crystals, mp 163—165 °C. 'H
NMR (CDCl;, 500 MHz): § 4.00 (s, 3H, CH;), 4.16 (s, 3H, CH,),
7.34—7.37 (m, 2H, Ar), 7.75—7.78 (m, 1H, Ar), 7.94 (s, 1H, CH of
triazole), 9.02—9.03 (m, 2H, Ar). *C{'"H} NMR (CDCl,, 125 MHz):
6 364, 409, 1248, 138.0, 143.3, 153.2, 154.0. Anal. Calcd for
CoH,,LLN,Pd: C, 20.15; H, 2.25; N, 10.44. Found: C, 20.25; H, 2.50;
N, 10.21.
Dibromo(4-butyl-2-methyl-2,4-dihydro-3H-1,2,4-triazol-3-
ylidene)(pyridine)palladium (6b). Yield 0.179 g (74%, method B),
yellow prismatic crystals, mp 144—146 °C. '"H NMR (CDCl;, 500
MHz): § 1.04 (t, ] = 7.5 Hz, 3H, CH,), 1.44—1.51 (m, 2H, CH,),
2.12—2.18 (m, 2H, CH,), 4.28 (s, 3H, CH,), 4.49—4.52 (m, 2H,
CH,), 7.35—7.37 (m, 2H, Ar), 7.77—7.80 (m, 1H, Ar), 7.93 (s, 1H,
CH of triazole), 9.01-9.02 (m, 2H, Ar). *C{'H} NMR (CDCl,, 125
MHz): § 13.8, 19.9, 32.0, 40.6, 49.1, 124.8, 138.2, 142.5, 152.8, 155.1.
Anal. Calced for C,H,¢Br,N,Pd: C, 29.75; H, 3.74; N, 11.56. Found:
C, 29.48; H, 3.55; N, 11.84.
Dibromo(2,4-dibutyl-2,4-dihydro-3H-1,2,4-triazol-3-ylidene)-
(pyridine)palladium (6¢). Yield 0.234 ¢ (89%, method B), yellow
prismatic crystals, mp 106—108 °C. '"H NMR (CDCl,, 500 MHz): &
1.01-1.05 (m, 6H, 2CH,), 1.46—1.52 (m, 4H, CH,), 2.09—2.17 (m,
4H, 2CH,), 4.50—4.53 (m, 2H, CH,), 4.64—4.67 (m, 2H, CH,),
7.34—7.37 (m, 2H, Ar), 7.76—7.79 (m, 1H, Ar), 7.94 (s, 1H, CH of
triazole), 9.01—9.02 (m, 2H, Ar). *C{'"H} NMR (CDCl,, 125 MHz):
6 13.8, 13.9, 19.96, 20.0, 31.4, 31.9, 49.2, 53.2, 124.8, 138.2, 1424,
152.8, 154.4. Anal. Calcd for C,sH,,Br,N,Pd: C, 34.21; H, 4.59; N,
10.64. Found: C, 34.42; H, 4.85; N, 10.69.
Dichloro(2,4-dibenzyl-2,4-dihydro-3H-1,2,4-triazol-3-ylidene)-
(pyridine)palladium (6d). Yield 0.220 g (87%, method A), yellow
prismatic crystals, mp 142—144 °C. '"H NMR (CDCl,, 500 MHz): &
5.85 (s, 2H, CH,), 5.94 (s, 2H, CH,), 7.34—7.43 (m, 8H, Ar), 7.51—
7.53 (m, 2H, Ar), 7.62—7.64 (m, 2H, Ar), 7.72 (s, 1H, CH of triazole),
7.78=7.81 (m, 1H, Ar), 8.95-8.96 (m, 2H, Ar). *C{'H} NMR
(CDCl,;, 125 MHz): § 53.1, 56.9, 124.8, 128.7, 128.9, 129.31 (2C),
129.33, 129.5, 133.8, 134.7, 138.5, 142.8, 151.5, 157.1. Anal. Calcd for
C,H,,CLN,Pd: C, 49.87; H, 3.99; N, 11.08. Found: C, 49.52; H,
4.02; N, 11.29.
Dibromo(2,4-dibenzyl-2,4-dihydro-3H-1,2,4-triazol-3-ylidene)-
(pyridine)palladium (6e). Yield 0.264 g (89%, method B), yellow
prismatic crystals, mp 133—135 °C. 'H NMR (CDCl,, 500 MHz): &
5.80 (s, 2H, CH,), 5.90 (s, 2H, CH,), 7.34—7.44 (m, 8H, Ar), 7.52—
7.53 (m, 2H, Ar), 7.62—7.63 (m, 2H, Ar), 7.70 (s, 1H, CH of triazole),
7.76=7.79 (m, 1H, Ar), 8.98—899 (m, 2H, Ar). *C{'H} NMR
(CDCl,, 125 MHz): & 53.4, 57.1, 124.8, 128.7, 1289, 129.3, 129.44,
129.47, 129.52, 133.6, 134.5, 138.2, 142.8, 152.8, 156.5. Anal. Calcd for
C,,H,Br,N,Pd: C, 42.42; H, 3.39; N, 9.42. Found: C, 42.54; H, 3.45;
N, 9.62.
Dibromo(4-butyl-2-tert-butyl-2,4-dihydro-3H-1,2,4-triazol-3-
ylidene)(pyridine)palladium (6f). Yield 0.200 g (76%, method B),
yellow prismatic crystals, mp 99—101 °C. 'H NMR (CDCl,;, 500
MHz): § 1.07 (t, ] = 7.5 Hz, 3H, CH,), 1.49—1.57 (m, 2H, CH,), 2.07
(s, 9H, 3CH,), 2.13—2.19 (m, 2H, CH,), 4.69—4.72 (m, 2H, CH,),
7.33—=7.36 (m, 2H, Ar), 7.75—7.78 (m, 1H, Ar), 7.98 (s, 1H, CH of
triazole), 8.99—9.00 (m, 2H, Ar). *C{'H} NMR (CDCl,, 125 MHz):
5 13.8, 20.1, 31.3, 31.5, 50.2, 62.6, 124.8, 138.1, 1414, 151.6, 152.9.
Anal. Calced for C;H,,Br,N,Pd: C, 34.21; H, 4.59; N, 10.64. Found:
C, 34.26; H, 4.67; N, 10.35.
(4-Benzyl-2-tert-butyl-2,4-dihydro-3H-1,2,4-triazol-3-ylidene)-
dibromo(pyridine)palladium (6g). Yield 0.191 g (68%, method B),
yellow prismatic crystals, mp 119—121 °C. 'H NMR (CDCl,;, 500
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MHz): § 2.08 (s, 9H, 3CH,), 5.99 (s, 2H, CH,), 7.34—7.44 (m, SH,
Ar), 7.53—7.55 (m, 2H, Ar), 7.63 (s, 1H, CH of triazole), 7.76—7.79
(m, 1H, Ar), 9.02-9.03 (m, 2H, Ar). *C{'H} NMR (CDCl,, 125
MHz): § 31.3, 54.5, 62.6, 124.8, 129.3, 129.4, 129.8, 133.6, 138.1,
1412, 152.3, 152.9. Anal. Calcd for C,gH,,Br,N,Pd: C, 38.56; H, 3.96;
N, 9.99. Found: C, 38.75; H, 4.05; N, 9.68.

Representative Procedure for the Heck Reaction. Before use,
all glassware and materials in contact with the catalytic mixtures were
treated with aqua regia to remove any possible palladium residue.
Reaction blanks, without added catalyst, were performed to rule out
false positives owing to possible contamination by palladium from the
reactants. A 7 mL screw-capped glass tube equipped with a magnetic
stirring bar was charged with a base (TEA or K,CO;, 1 mmol), aryl
halide (0.5 mmol), n-butyl acrylate (96 mg, 0.75 mmol), and, if
necessary, the corresponding tetrabutylammonium salt or compound
2d (0.5 mmol). A solution of an appropriate amount of Pd catalyst and
dibutyl phthalate (14 mg, 0.05 mmol) as an internal standard in DMF
(1 mL) was placed in the reaction tube. For the mercury poisoning
experiments, the corresponding amount of mercury (Hg(0):[Pd] =~
2100:1 mol/mol) was added to the reaction mixture before running.
The tube was sealed with a screw cap, fitted with a septum, and placed
immediately in a thermostated oil bath with vigorous stirring, and that
instant was taken as the starting time of the reaction.

For the catalyst reuse experiments, once the reaction time reached
an end, the tubes were reloaded at room temperature with a solution
of butyl acrylate (64 mg, 0.5 mmol), iodobenzene (102 mg, 0.5
mmol), TEA (51 mg, 0.5 mmol), and dibutyl phthalate (14 mg, 0.05
mmol) in DMF (1 mL). The tubes were then again placed in the oil
bath at 60 °C, taking that instant as the new starting time.

Kinetics of the Mizoroki—Heck Reaction. Kinetic experiments
were performed in 7 mL glass tubes equipped with a magnetic stirring
bar. TEA (101 mg, 1 mmol), TBAB (161 mg, 0.5 mmol), iodobenzene
(102 mg, 0.5 mmol), butyl acrylate (96 mg, 0.7S mmol), and dibutyl
phthalate (14 mg, 0.05 mmol) were loaded into a reaction tube. Then
a solution of Pd catalyst (2.5 ymol, 0.5 mol %) in DMF (1 mL) was
added, and the tube was sealed with a screw cap, fitted with a septum,
and placed immediately in a thermostated oil bath with vigorous
stirring at 60 °C; that instant was taken as the starting time of the
reaction. For the reaction times (data points) indicated in the Figure 2,
samples of reaction mixtures (S uL) were taken from the tubes, diluted
with acetonitrile (1 mL), and then subjected to analysis.

Conversions (%) were determined by GC-MS using dibutyl
phthalate as an internal standard, and the corresponding calibration
curve was used.

1,3-Dimethyl-2-phenyl-1H-benzoimidazol-3-ium lodide
(11). Method A: Isolation from the Mizoroki—Heck Reaction. A
mixture of TEA (4.04 g 40 mmol), iodobenzene 7a (4.08 g, 20
mmol), n-butyl acrylate 8a (3.84 g, 30 mmol), and complex 4a (0.117
g, 0.2 mmol) in DMF (40 mL) was stirred at 140 °C for 20 h. Then
the reaction mixture was filtered through a short pad of Celite from Pd
black and the filtrate was concentrated in vacuo by rotary evaporation
to give a dark brown oily residue. The residue was treated with Et,O
(3 X 30 mL) and then extracted with hot water (3 X 10 mL). The
aqueous extract was evaporated in vacuo to a volume of ~5 mL and
cooled to 10 °C overnight. The precipitate that formed was collected
by filtration, recrystallized from water, and dried under vacuum to give
3.5 mg (5% yield) of compound 11 as colorless crystals, mp 272—273
°C (lit. mp 273.5 °C).”* 'H NMR (DMSO-d,, 500 MHz): § 3.90 (s,
6H, 2CH,), 7.76—7.85 (m, SH, Ar), 7.91-7.93 (m, 2H, Ar), 8.13—
8.16 (m, 2H, Ar). *C{'H} NMR (DMSO-d, 125 MHz): § 32.9,
1134, 121.0, 126.6, 129.5, 130.8, 131.7, 132.9, 150.3. HRMS (ESI):
caled for C;H N, [M-I7]* 223.1230, found 223.1234.

The aqueous filtrate was evaporated in vacuo to a small volume
(~0.5 mL) and cooled to 10 °C overnight. The precipitate that formed
was collected by filtration and dried in vacuo to give 38 mg (69%
yield) of compound 1d.

Method B: Synthesis by the Reaction of Compound 4a,
lodobenzene, and TEA. A mixture of complex 4a (117 mg, 0.2
mmol), iodobenzene 7a (408 mg, 2 mmol), TEA (404 mg, 4 mmol),
and DMF (4 mL) was stirred at 140 °C for 20 h and then filtered

through a short pad of Celite to remove Pd black. The filtrate was
evaporated to dryness in vacuo to give an oily residue. Water (10 mL)
was added to the residue and evaporated in vacuo to dryness; the
operation was repeated twice to remove residual DMF and TEA. Then
the residue was extracted with hot water (3 X 10 mL), and the extract
was evaporated in vacuo to a small volume (~S mL) and cooled to 10
°C overnight. The precipitate that formed was collected by filtration
and dried in vacuo to give 35 mg (50% yield) of compound 11 as
colorless crystals.

Method C: Synthesis by the Pd-Catalyzed Reaction of
Compound 1d, lodobenzene, and TEA. A mixture of Pd(OAc),
(45 mg, 0.2 mmol), TEA (404 mg, 4 mmol), and DMF (4 mL) was
stirred at 140 °C for 30 min. Then compound 1d (55 mg, 0.2 mmol),
iodobenzene 7a (408 mg, 2 mmol), TEA (404 mg, 4 mmol), and
DMF (4 mL) were added to the reaction mixture. The mixture was
stirred at 140 °C for 20 h and then filtered through a short pad of
Celite to remove Pd black. The filtrate was evaporated to dryness in
vacuo to give an oily residue. Water (10 mL) was added to the residue
and evaporated in vacuo to dryness; the operation was repeated twice
to remove residual DMF and TEA. Then the residue was dissolved in
hot water (~5 mL) and the solution was cooled to 10 °C overnight.
The precipitate that formed was collected by filtration and dried in
vacuo to give 28 mg (40% yield) of compound 11 as colorless crystals.

Electron Microscopy (TEM) Study. For the TEM measurements,
a droplet of the analyzed solution (diluted 10 times with pure DMF)
was placed on the surface of a carbon-coated copper TEM grid (200
mesh); the solvent was removed under reduced pressure (S—10 mbar)
at room temperature, and subsequently the grid was sequentially
washed with water (0.5 mL) and isopropyl alcohol (0.5 mL) followed
by drying in an air flow. The observations were carried out using a
Hitachi HT7700 transmission electron microscope (TEM). Images
were acquired in bright-field mode at 100 kV accelerating voltage.

X-ray Crystal Structure Determination of Compounds 4a,c,
5b, and 6d. X-ray diffraction data were collected on the “Belok”
beamline of the National Research Center “Kurchatov Institute”
(Moscow, Russian Federation) using a Rayonix SX165 CCD detector.
All images were collected using an oscillation range of 1.0° and
corrected for absorption using the Scala program.”® The data were
indexed, integrated, and scaled using the utility iMOSFLM in the
CCP4 program.”* For details, see the Supporting Information. The
structures were determined by direct methods and refined by full-
matrix least-squares techniques on F* with anisotropic displacement
parameters for non-hydrogen atoms. All hydrogen atoms were placed
in calculated positions and refined within the riding model with fixed
isotropic displacement parameters (Uy,(H) = 1.5U,,(C) for the CH,
groups and U,,,(H) = 1.2Ueq(C) for the other groups). All calculations
were carried out using the SHELXTL program.”® Crystallographic data
for 4a,, Sb, and 6d have been deposited with the Cambridge
Crystallographic Data Center. CCDC 1515061 (4a), CCDC 1515062
(4c), CCDC 1515063 (5b), and CCDC 1515064 (6d) contain
supplementary crystallographic data for this paper. These data can be
obtained free of charge from the Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK. (fax, + 44 1223 336033; e-mail, deposit@
ccdc.cam.ac.uk; web, www.ccde.cam.ac.uk).
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