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ABSTRACT: The behavior of ubiquitously used nickel, palladium, Catalyst precursor Molecular reservoir

and platinum complexes containing N-heterocyclic carbene ligands R R R\
was studied in solution in the presence of aliphatic amines. in situ
Transformation of M(NHC)X,L complexes readily occurred i >_ M- N Z >_ M_< E

according to the following reactions: (i) release of the NHC ligand

in the form of azolium salt and formation of metal clusters or
nanoparticles and (ii) isomerization of mono-NHC complexes ol
M(NHC)X,L to bis-NHC derivatives M(NHC),X,. Facile cleavage o

of the M—NHC bond was observed and provided the possibility for
fast release of catalytically active NHC-free metal species. Bis-NHC

Amine base R'

{ slow @@v
release @
ST

+\>

metal complexes M(NHC),X, were found to be significantly more MNPs + H

stable and represented a molecular reservoir of catalytically active Cocktail of metal species N .
and nanopartilces R

species. Slow decomposition of the bis-NHC complexes by removal
of the NHC ligands (also in the form of azolium salts) occurred,
generating metal clusters or nanoparticles. The observed combination of dual fast- and slow-release channels is an intrinsic latent
opportunity of M/NHC complexes, which balances the activity and durability of a catalytic system. The fast release of
catalytically active species from M(NHC)X,L complexes can rapidly initiate catalytic transformation, while the slow release of
catalytically active species from M(NHC),X, complexes can compensate for degradation of catalytically active species and help to
maintain a reliable amount of catalyst. The study clearly shows an outstanding potential of dynamic catalytic systems, where the
key roles are played by the lability of the M—NHC framework rather than its stability.

Bl INTRODUCTION

N-heterocyclic carbenes (NHC) are universally applied as
ligands in coordination chemistry and metal catalysis."

and also as reducing agents and hydride sources for the M/
NHC-catalyzed reactions."’
Despite the wide application of aliphatic amine bases in M/

NHC catalysis®” or synthesis of various M/NHC com-

Transition metal complexes with NHC ligands (M/NHC)
have been established as the systems of choice for catalysis of a
variety of C—C and C—heteroatom cross-coupling reactions,
C—H functionalization, the Mizoroki—Heck reaction, etc."” It
is generally assumed that the superior catalytic properties of M/
NHC complexes are facilitated by the noticeable stability of
M—-NHC bonds and fine-tunability of steric and electronic
properties of NHC ligands.' ™

A variety of metal-catalyzed reactions including M/NHC
catalysis require a base, and the nature of this base can
significantly affect the catalytic process.””>” Aliphatic amines
such as triethylamine (Et;N) are widely applied as rnild bases
for numerous M/NHC-catalyzed transformations.”” However,
in addition to their role as Bronsted bases,” aliphatic amines can
act as Lewis bases participating in coordination with metals’
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plexes,

the mechanistic impact of aliphatic amines on M/
NHC systems in solution has not been thoroughly studied.
Previously, reversible reduction of Pd"~NHC to Pd’~NHC
with aliphatic amines as hydride sources has been demonstrated
experimentally.'°“® This reduction is postulated to proceed via
M(NHC)H hydride intermediates.'”® On the other hand,
M(NHC)H complexes have been proposed to decompose via
coupling of H and NHC ligands to form “NHC-free” metal
species (H-NHC coupling).” Similarly to H-NHC coupling,
R—-NHC coupling”'? may also take place and generate

“cocktail-type systems."’

Received: March 1, 2018

DOI: 10.1021/acs.organomet.8b00124
Organometallics XXXX, XXX, XXX—XXX


http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.organomet.8b00124
http://dx.doi.org/10.1021/acs.organomet.8b00124

Organometallics

In the present work we provide a detailed study of the
reactions of M/NHC complexes (M = Ni, Pd, Pt) with
aliphatic amines under regular conditions of catalytic processes.
Transformations of M/NHC complexes accompanied by the
removal of NHC ligands and generation of NHC-free metal
species are revealed, and their influence on catalytic activity is
demonstrated using an example of the Pd-catalyzed Mizoroki—
Heck reaction.

Bl RESULTS AND DISCUSSION

Synthesis of the Complexes. An overview of the azolium
salts 1a—f (proligands) and the metal complexes 2—6 used in
this study is presented in Chart 1. The nickel, palladium, and

Chart 1. Overview of the Ligand Precursors 1 and M/NHC
Complexes 2—6 Used in This Study

Azolium salts (proligands):
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platinum complexes 2—6 were synthesized by known
procedures starting from the corresponding metal salts and
proligands (see the Experimental Section for details).

Stability of M(NHC)X,L Complexes in Solution (M =
Pd, Pt). First, we addressed the question of stability of metal
complexes in solution. The typical experimental conditions
applied in a number of catalytic C—C bond formation reactions
were utilized (DMF, Et;N, 140 °C).

Under the studied conditions the palladium and platinum
complexes readily decomposed, which resulted in formation of
precipitates. A detailed analysis of the reaction mixtures

revealed that heating of the M(NHC)X,L complexes 2a—e
and 3 resulted in formation of the M(NHC),X, complexes 5a—
e and 6 with two NHC ligands coordinated to the metal center
(Table 1). The corresponding azolium salts lac—e (ie,

Table 1. Decomposition of M/NHC Complexes in DMF in
the Presence of Et;N

R

R R
N = Et;N {N !
) 5 >
M—N — +
ZN)_; \_7/ DMF, 140°C $N
i \
R

R R
N ON

z )%I\I/I—( :% + M clusters/NPs
N | N

R R R
2a-e (M = Pd) 1 5a-e (M = Pd)
3 (M=Pt) 6 (M= Pt)
isolated yield (%)
starting heating azolium bis-NHC
entry complex time salt 1¢ complexb M NPs®

1 2a S min 48 10
20 h 65 22 18
2 2b S min S1 7
20 h 32 49 37
3 2c S min 41 58
1h 23 76
20 h 100 0 90
4 2d 20 h 54 24 b}
S 2e S min 72 28
20 h 0° 30 52
6 3 20h 15 46 49

“The isolated yield after 20 h. *Yield of bis-NHC = {[n(bis-NHC)]/
[0.5 X ny(starting complex)]} X 100%, where n(bis-NHC) denotes
the isolated quantity of the corresponding bis-NHC complex (mol)
and ny(starting complex) is the initial molar quantity of the
corresponding  starting complex 2 or 3. “The isolated yield of
precipitated metal nanoparticles.'® dComplex 7 with Pd-coordinated
N,N-diethylamine was formed as one of the main products; see
discussion in Stability of the M(NHC),X, Complexes in Solution (M
= Nij, Pd, Pt). “The anticipated product 1f was not detected in the
reaction mixture by NMR or HPLC."*

proligands) were also formed (Table 1). The only exception
was the 1,2,4-triazolium complex, for which no formation of 1f
was observed.'*

The structures of the reaction products 1, S, and 6 were
confirmed by "H and "*C NMR and ESI-MS spectra. Molecular
structures of the representative palladium and platinum
complexes Sb and 6 were established by X-ray analysis (Figure
1). For unambiguous confirmation, the products were
individually isolated after 20 h of the reaction for the palladium
complexes (entries 1—5, Table 1) and for the platinum complex
(entry 6, Table 1). Removal of the NHC ligands led to
decomposition of the complexes and formation of insoluble
metal-containing particles. Scanning electron microscopy
(SEM) clearly identified the formation of agglomerated metal
particles (Figure 2). X-ray fluorescence spectrometry (XRF)
and energy dispersive X-ray (EDX) analyses of the metal-
containing precipitates unambiguously indicated formation of
Pd and Pt nanoparticles upon heating of the corresponding
complexes (see the Supporting Information).

Outcomes of the decomposition process strongly depended
on the type of NHC ligand. Benzimidazolium ligands stabilized
the complexes in solution, thereby decreasing the formation of
bis-NHC derivatives to 40—50% yields (entries 1, 2, and 6,
Table 1). The dimethylimidazolium ligand provided the most
labile metal complex with complete decomposition under the
studied conditions (entry 3, Table 1), while the triazolium
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Figure 1. Molecular structures of compounds Sb (top) and 6
(bottom) determined by X-ray analysis. Thermal ellipsoids are shown
at the 50% probability level.

Figure 2. Scanning electron microscopy (SEM) characterization of
isolated metal particles after heating compound 2a with Et;N (DMF,
140 °C, 20 h).

ligand gave rise to a considerably more stable complex (entry S,
Table 1). The presence of sterically bulky substituents within
the NHC ligand hampered the decomposition to metal
nanoparticles (entry 4, Table 1). We also measured the yields
of isolated metal nanoparticles in each case (Table 1)."

The transformation of mono-NHC to bis-NHC derivatives
was clearly observed for the palladium and platinum complexes
upon heating. Our attempts to prepare mono-NHC nickel
complexes of similar structure via procedures used for the
synthesis of compounds 2 and 3 were unsuccessful. Thus, only
bis-NHC nickel complexes could be obtained. The experiments
have shown that mono-NHC to bis-NHC rearrangement is a
common transformation for all evaluated metal complexes
under the studied conditions (M = Ni, Pd, Pt).

The presence of Et;N was found crucial to mediate the
decomposition of M/NHC complexes in solution. Indeed, the
2a complex heated at 140 °C for 20 h in the absence of amine
suffered only minor decomposition, apparently induced by
trace amounts of N,N-dimethylamine forming due to the slow
thermolysis of DME'"" (entry 1, Table 2). However, addition of

Et;N facilitated transformation of the studied M(NHC)X,L
complexes and afforded the M(NHC),X, species formation
(Tables 1 and 2).

Table 2. Effect of Base on Stability of Complex 2a in DMF

NMR vyield (%)

entry base azolium salt 1a complex Sa
Control Experiment
1 trace 10
Aliphatic Amines
2 EtN 68 32
3 DIPEA” 53 47
4 DABCO” trace 66
s Bu;N 40 60
6 TEEDA" 58 42
7 morpholine 2 57
8 diethylamine 30 67
9 benzylamine 37 63
10 cyclopropanamine ~100 trace

“DIPEA = diisopropylethylamine. *DABCO = 1,4-diazabicyclo[2.2.2]-
octane. “TEEDA = N,N,N’,N'-tetraethylethylenediamine.

To confirm the crucial role of amine base, the stability of M/
NHC complexes was evaluated in the presence of various
amines (entries 2—10, Table 2). According to NMR spectros-
copy, heating of the 2a complex with primary, secondary, or
tertiary amine for 20 h in DMF-d, invariably afforded
compounds 1a, 5a, and Pd black as the main products (entries
2—10, Table 2).

Stability of the M(NHC),X, Complexes in Solution (M
= Ni, Pd, Pt). As described in the previous section,
decomposition of mono-NHC complexes was accompanied
by formation of metal nanoparticles. Bis-NHC complexes were
found to be more stable in comparison to the corresponding
mono-NHC derivatives. Important questions, therefore, con-
cern the stability of bis-NHC complexes and whether the
formation of metal nanoparticles can also take place. To answer
these questions, a series of bis-NHC complexes of Ni, Pd, and
Pt were synthesized (Chart 1) and their relative stability was
evaluated.

It turned out that the outcome of the decomposition process
also depended on the types of metal and NHC ligand. Heating
of the nickel complexes 4a,b did not result in the formation of
metal nanoparticles. According to NMR spectroscopy, these
complexes remained unchanged in solution. In contrast, heating
of the bis-NHC complexes of palladium and platinum (Table
3) resulted in a slow release of metal nanoparticles (as
confirmed by XRF and SEM-EDX) and formation of the
proligands 1 (as confirmed by NMR and MS).

The studied palladium complexes Sa-c,e (entries 1—4, Table
3) decomposed more quickly than the platinum complex 6,
which showed only trace decomposition within 20 h (entry S,
Table 3).

For the Pd complexes Sa—c,e, the influence of NHC ligands
on decomposition rates was similar to that for the mono-NHC
complexes (Table 1). Thus, the bis-benzimidazolium complexes
Sa,b and the bis-1,2,4-triazolium complex Se showed relatively
slow decomposition (entries 1, 2, and 4 in Table 3), with 11—
19% vyields of the corresponding benzimidazolium salts (entries
1 and 2, Table 3). The bis-dimethylimidazolium complex Sc
showed the fastest decomposition (entry 3, Table 3), which is
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Table 3. Reaction of Bis-NHC Complexes with Et;N“

R R R
N | N DMF, EtN N
é: )>—l\lll%( :zg e Z S + Mclusters/NPs
N1 N3 140°C, 20h
\ I ! N
R R R
5a-c,e (M = Pd) 1a,c,d
6 (M = Pt)
isolated yield (%)
entry starting complex azolium salt 1 M NPs
1 Sa 11 7
2 Sb 19 13
3 Sc 80 72
4 Se 0’ 21
S 6 S S

“Conditions: DMF solution, 20 h, 140 °C. The anticipated product
1f was not detected in the reaction mixture by NMR or HPLC."*

in agreement with the data on decomposition of its mono-
NHC precursor 2c (Table 1).

To summarize the previous section and this section, we can
point out that both M(NHC)X,L and M(NHC),X, complexes
undergo decomposition in solution in the presence of aliphatic
amines, resulting in the formation of metal nanoparticles.
However, these decomposition processes have different
reactivity: the facile transformation in the case of mono-NHC
complexes and the slow reaction in the case of bis-NHC
derivatives.

It should be noted that several reactions of metal compounds
involving reduction by aliphatic amines are well represented in
the literature.'®'® It is shown also that aliphatic amines can
reduce Pd"/NHC complexes into Pd’/NHC complexes.
Possibilities of interconversion between mono- and bis-NHC
Pd° complexes were reported.'” However, to the best of our
knowledge, the transformations of mono-NHC to bis-NHC
complexes of M" induced by aliphatic amines, with the bis-
NHC complexes being a potential molecular reservoir of active
species in catalysis, were not addressed.

Mechanistic Study of the Amine-Mediated Trans-
formation of M/NHC Complexes Leading to the
Formation of Metal Nanoparticles. Formation of the
proligands 1 in a combination with the metallic palladium or
platinum indicates that the observed transformations involve
reduction of M" into M. This idea is additionally supported by
the fact that the complexes are quite stable in solution in the
absence of potential reductants at high temperatures. It is
therefore important to prove that Et;N rather than DMF plays
a key role in reducing M" centers in the observed reactions.
Although good evidence for this point is provided by the
experimental data (Tables 1—3), we additionally did a series of
dedicated experiments in a comparative manner (Scheme 1).

In neat DMF, the conversion of complex 2a was of only 12%
(reaction i, Scheme 1) Probably, some amine formed by
decomposition of DMF'” could play the role of a reductant in
this case. As described above, the addition of Et;N to DMF
solution efficiently mediated the transformation (Table 1), and
the process was much more facile in the neat Et;N (reaction ii,
Scheme 1). Vice versa, addition of pyridine retarded the
complex decomposition in Et;N (reaction iii, Scheme 1) and
completely stabilized the complex in DMF (reaction iv, Scheme
1). These results suggest that pyridine dissociation from the 2a
complex represents the first step of the observed decom-

Scheme 1. Transformation of Complex 2a under Various

Conditions
) Pd ( +
@E )-re— D P

neat DMF
140°C, 20 h
12% conversion of 2a 5a (10%)
| @ | sa@1%) + Pqo)
neat Et;N (43%)

140°C, 20 h
95% conversion of 2a

/
N = (i)
@: YPo-N_ ) ————— 5a@r%) * PdO)
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\ 140°C, 20 h
43% conversion of 2a
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140°C, 20 h

no reaction

V)

lL——————— no reaction

neat Py
140°C, 20 h

position. In agreement with this suggestion, no reaction took
place in neat pyridine (reaction v, Scheme 1).

The observed formation of azolium salts 1 and bis-NHC
complexes 5 can be explained by various mechanisms. A
plausible mechanism of the azolium salt 1 generation involves
Et;N coordination to form complex 8 followed by elimination
of H—X and formation of intermediate complex 9 (Scheme 2).

Scheme 2. Plausible Pathways Leading to Azolium Salts 1
H-NHC Coupling

oy T i P
N Et;N N ¢ H N X
Pd-L —— —
Lt = é)}PdN e —— L | g L
Lo X Bt Nepx [N X N
R R R R
,,,,, 1 [
NHC dissociation EtsN
EtNH]*X-
L
R R
» [
: - Pd L
y PdL N
R R
1 10
l[EthH]*X'
EtN
R
N X
%
N
R

1

Starting from this intermediate complex, the azolium salt can be
formed according to the NHC—H coupling step (9 — 1). The
possibility of an NHC—H coupling process has been proposed
and discussed in the literature.”

Another possible option is represented by elimination of HX
by the second molecule of base and formation of a Pd° species
(10). It should be noted that the reduction of palladium
complexes by amines (8 — 10) is a well-known process'**® and
that the elimination of iminium cations [R—CH=NAIk,]* has
been reported.'”® Formation of carbene species 11 may be
hypothesized through dissociation of the NHC ligand from the
reduced palladium complex or from the initial M(NHC)X,L
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complex. The possibility of M—NHC bond dissociation in Pd"
and Pd’ complexes has been supported both by experiments
and by calculations.”'”“"® Given that the carbene species 11 are
accessible, the azolium salt formation should be an easy option
due to the reaction with HX (i.e., with [Et;NH]*X™ formed in
the previous step).

From a mechanistic point of view, both pathways, H-NHC
coupling and NHC dissociation (Scheme 2), should be
considered. However, the first of them, involving H-NHC
coupling, looks more probable. The second option, direct
dissociation of the carbene ligand, can be initiated due to
heating at high temperature.

Plausible mechanisms of reduction of bis-NHC complexes
may involve similar pathways (Scheme S1 in the Supporting
Information). The absence of an easily dissociated pyridine
ligand (L) would require dissociation of a more strongly bound
halogen ligand (X) prior to amine coordination in bis-NHC
complexes. This may account for a slower reaction of bis-NHC
complexes in comparison to mono-NHC complexes.

As mentioned above, sterically bulky substituents in the
NHC ligand slow down the reaction. This feature lends a good
possibility for confirmation of the role of amine base in the
studied system. Closer examination of the reaction involving
complex 2d showed the formation of already mentioned
products (le, 5d, and Pd NPs) as well as the additional
complex 7 (Scheme 3). The structure of complex 7 was
confirmed by X-ray analysis (Supporting Information) and was
found to be similar to the previously described structure.”

Scheme 3. Reaction of Complex 2d with Et;N in DMF

DIPP DiPP  DIPP DPP  DPP
NS = ewnome —Noor N ¢ N O N
L )-Ren ) =22 [ 7 [ )-pa-niet + [ )—pa—( ) + Panes
N & 140°C,20h N N & NG (42%)
DiPP DiPP  DIiPP DiPP  DiPP
2d (91%) 1e (54%) 7 (38%) 5d (~2%)

In the studied reaction diethylamine is trapped in complex 7
by coordination to the metal center. Indeed, the appearance of
diethylamine, which is accessible after decomposition'® of
[Me—CH=NE,]*Cl", confirms the involvement of amine in
the reduction process. As found in a separate experiment,
heating of the isolated complex 7 in a DMF/Et;N system
similarly leads to 1e, Pd black, and trace amounts of 5d, but at
slower rates than for the compounds 2a—c and 3.

Influence of the M/NHC Complex Transformation on
the Catalytic Activity. Undoubtedly, such transformations of
M/NHC complexes should significantly affect the catalytic
activity, and a dedicated series of experiments was carried out to
address this point.

For a catalytic process, it is important to consider
concentration of metal complexes in the solution. Stoichio-
metric reactions discussed above (Synthesis of the Complexes,
Stability of M(NHC)X,L Complexes in Solution (M = Pd, Pt),
and Stability of the M(NHC),X, Complexes in Solution (M =
Ni, Pd, Pt)) were carried out at relatively high concentrations of
metal species in the solution. To check whether similar
transformations take place at lower concentrations of metal
species, we carried out a dedicated study using the highly
sensitive ESI-MS monitoring.

Formation of M(NHC), complexes was evaluated under the
conditions of typical catalytic reactions (concentration of metal
complexes ~107°—10"° M). A reaction between the complex
2a and Et;N in DMF was chosen as a suitable model system for

the experimental online ESI-MS monitoring based on
continuous squeezing of the reaction mixture from reactor
into an ESI instrument (see the Experimental Section and the
Supporting Information for details). This approach is generally
accepted for the detection of ionizable reactants, intermediates,
and products directly in the course of a reaction."”

The ESI-MS online monitoring revealed that the addition of
Et;N to the reaction mixture initiates the following processes:
(a) reduction of Pd" to Pd° indicated by the appearance of a
[(NHC)Pd + H]" signal and (b) formation of the bis-NHC
complex Sa indicated by the signal of [(NHC),PdI]" ion
(Figure 3). These results agree well with the findings obtained

Intens.| [(NHC)Pd + HJ*, MS trace

— [(NHC),PdI]*, MS trace

Et,N
addition

0 5 10 15 20 25 30 35 40 45 Time [min]

Figure 3. Real-time records of abundances of the [(NHC),PdI]* and
[(NHC)Pd + HJ]* cations (NHC = 1,3-dimethyl-1,3-dihydro-2H-
benzimidazol-2-ylidene) in the reaction of complex 2a (3.9 X 107> M
concentration) with Et;N (1.2 X 107* M concentration) in DMF
solution at 100 °C (Et;N was added after 3.0 min). Gray traces
correspond to experimental data, and colored curves are Gauss
smoothed (3 s, 10 cycles).

from the preparative experiments at higher concentrations of
the complex 5a in solution (Tables 1 and 2 and Schemes 1-3).
Therefore, the ESI-MS experiment confirmed formation of the
M(NHC), derivatives under the action of aliphatic amines on
the M/NHC complexes even at the low concentrations (107>
M) typical for catalytic reactions. Formation of individual
azolium cations ((NHC — H]*) and NHC-free [PdL;]™ metal
species was also detected by the ESI-MS monitoring in
solution.

To highlight the role of slow release of catalytically active
species from molecular metal precursors the reactions were
performed using two different precatalysts: Pd(OAc), and
complex 2a. Operation of complex 2a should combine fast and
slow release pathways under catalytic conditions. Palladium
acetate was involved as a well-known “NHC-free” fast-release
precatalyst.” For a reliable comparison with the experiments
described above, catalytic reactions were carried out in the
absence of any additional components/additives or stabilizers.
The reaction between compounds 12 and 13 with filtration of
the reaction mixtures through Celite after each successive run
and reloading the reaction with fresh substrates was performed
(Figure 4).

In the first run both catalytic systems have shown
quantitative product yields (Figure 4). The next runs
demonstrated a significant decrease in catalytic activity after
each cycle for the system based on Pd(OAc),, while stable
performance and high catalytic activity was observed for the
system based on the precatalyst 2a (Figure 4). The observed
decrease of the catalytic activity of the system based on
Pd(OAc), precatalyst can be explained by the absence of a
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| O"Bu 0.5 mol% [Pd]
+ /\n/ _ _~_O"Bu
o DMF, Et3N, 60 °C
o
12 13 20h 14

uPd(OAc), =2a
100% 100%

run 1 run 2 run 3

Product yield, %

Figure 4. Precatalysts 2a and Pd(OAc), in the catalytic Mizoroki—
Heck reaction between compounds 12 and 13 in successive cycles of
filtration of the reaction mixture and reloading with fresh substrates.

source of new Pd species (catalyst degradation products and
metal nanoparticles are removed by filtration after each cycle).
The high performance and remaining activity of the catalytic
system based on 2a, apparently, is due to the rapid release of
“NHC-free” Pd active species accompanied by formation of
complex Sa in the first run and continuous generation of new
catalytic centers by slow release of “NHC-free” Pd species via
decomposition of the in situ formed Sa.

It was also of interest to estimate the catalytic activity of
complex Sa itself, which should demonstrate slow release of
catalytic species. Complex Sa was isolated in a pure form and
used as a catalyst precursor in the Mizoroki—Heck reaction
between compounds 12 and 13 in the presence of Et;N.
Indeed, only 2% conversion was observed after 20 h at 60 °C
(cf. 98% with 2a under the same conditions after the first run;
Figure 4). Longer heating for 40 and 60 h (corresponding to
the time intervals of two and three successive cycles) resulted in
an increase in product yields to 28% and 42%, respectively. The
experiments showed that Sa is indeed capable of initiating a
slow release of catalytically active species. It is also important to
mention that decomposition of complexes Sa and 2a releases
not only metal clusters but also azolium salts formed from the
NHC ligands (Tables 1 and 3). The azolium salts may provide
stabilization effect for Pd clusters/nanoparticles in solution.

As shown in Table 2, decomposition of Pd/NHC complexes
depends on the type of amine base. To evaluate the possible
influence on the catalytic reaction, a series of experiments were
carried out using different bases: cyclopropanamine, Et;N,
benzylamine, and morpholine. A correlation of product yields
in the Mizoroki—Heck reaction with the activity of amines in
the decomposition of the Pd/NHC complex was observed.
Higher product yields were found with those amines, which
were more efficient in elimination of NHC ligands (Table S1 in
the Supporting Information).

Overall, the investigation of catalytic activity, evaluation of
fast/slow release pathways, and study of base effect are in
agreement with the proposed concept. Nevertheless, these data
should be considered as preliminary observations and more

detailed mechanistic studies should be performed to get full
details on these rather complicated catalytic processes.

B CONCLUSION

Amine bases are ubiquitously used in metal-catalyzed reactions
(Mizoroki—Heck reaction, cross-coupling, functionalizations,
etc.) for H—X capture. Here, we reveal a new role of the amine
bases to induce the transformation of mono-NHC metal
complexes to the corresponding bis-NHC derivatives. An
additional role of the amine bases is to initiate formation of
metal clusters and nanoparticles from the soluble M"
complexes, including both mono- and bis-NHC complexes.

It is important to emphasize that the studied aliphatic amine
induced transformations of M/NHC complexes took place over
a wide range of concentrations, including low concentrations of
metal complexes (~107° M) characteristic of catalytic systems.
The effect of these transformations on the catalytic process
deserves a special comment (Scheme 4). At the beginning of a

Scheme 4. Dynamic Catalytic System Involving the Fast
Release, Molecular Reservoir Storage, and Slow Release of
Catalytically Active Species

Reagents
Product
M(NHC) fast-release
in situ l [Mlactive | catalytic cycle
(NHC)M(NHC) slow-release
molecular reservoir
catalyst
degradation
[Mlinactive

catalytic process, the amine base promoted reduction of mono-
NHC complexes affords rapid formation of highly active metal
species. At the same time, a significant amount of the metal is
stored in the form of bis-NHC complex as a temporary
molecular reservoir.

Catalyst degradation can occur during the catalytic process,
and metal species are transformed to an inactive form.
However, the overall activity of the catalytic system does not
drop as long as fresh active centers are continuously generated
through decomposition of the bis-NHC complex (Scheme 4).
The combined involvement of fast- and slow-release pathways
in the generation of catalytically active species is probably
representing a key factor responsible for the high overall
catalytic performance of M/NHC complexes.

Most likely, the studied transformations of M/NHC
complexes generated cocktail-type catalytic systems. After
removal of the NHC ligand, three different types of NHC-
free metal species can be formed: monometallic metal species,
metal clusters, and nanoparticles. Of these, monometallic metal
species and metal nanoparticles have been detected by ESI-MS
and SEM, respectively. Although no metal clusters have been
detected experimentally, their participation cannot be ruled out
since their facile generation in cocktail-type systems is well-
known."?

The present study clearly highlights the importance of the
dynamic nature of M/NHC systems. The high performance of
M/NHC systems is typically attributed to stability of the
metal—ligand framework; in contrast, the present study shows
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that it is the lability of M—NHC binding that boosts the
catalytic performance. These findings open new opportunities
in the development of novel catalysts based on M/NHC
complexes by revealing the advantages of dynamic catalytic
systems.

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 DMSO-dg or DMF-d, or CDCl,. 'H and *C chemical
shifts are given in ppm relative to the residual peak of the solvent
signal (8 2.50 for DMSO, § 2.75 for DMF, or 7.26 for CDCI, for 'H
and 6 39.5 for DMSO-dy, 6 29.8 for DMF-d,, or 6 77.2 CDCl; for
13c).

High-resolution mass spectra were recorded on a Bruker maXis Q-
TOF instrument (Bruker Daltonik GmbH, Bremen, Germany)
equipped with an electrospray ionization (ESI) ion source. The
measurements were performed in positive (+) MS ion mode (HV
capillary, 4500 V; spray shield offset, —S00 V) and in negative (—) MS
ion mode (HV capillary, 3000 V; spray shield offset, —500 V) with a
scan range of m/z S50—1500. External calibration of the mass
spectrometer was performed using a low-concentration tuning mix
solution (Agilent Technologies). Direct syringe injection was applied
for the analyzed solutions at a flow rate of 3 yL min~". Nitrogen was
used as the nebulizer gas (0.4 bar) and dry gas (4.0 L min™"). The dry
temperature was set at 250 °C. All of the spectra were recorded with 1
Hz frequency and processed using the Bruker Data Analysis 4.0
software package.

HPLC analyses were performed using an Agilent 1260 Infinity LC
system equipped with a reversed-phase Zorbax SB-C18 column (50 X
4.6 mm) thermostated at 35 °C at a detection wavelength of 280 nm.
Gradient elution with a flow rate of 1 mL min~" was applied. The
mobile phase A contained 10% MeCN in water, phase B was neat
MeCN, and phase C was 0.02 M NaClO, aqueous solution. The
gradient conditions were as follows: ramp over 3 min from 80% A and
20% C to 80% B and 20% C, then hold 5 min.

GC-MS experiments were carried out with an Agilent 7890A GC
system, furnished with an Agilent 5975C mass-selective detector
(electron ionization, 70 eV) and an 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 total metal contents in Ni, Pd, and Pt precipitates were
determined by energy dispersive X-ray fluorescence spectroscopy
(ARL Quant'’X EDXRF Analyzer, Thermo Scientific). Samples of the
solids were introduced into the device in the form of solutions in
aqueous aqua regia.

For the FE-SEM measurements, powder samples were studied
directly. The observations were carried out using a Hitachi SU8000
field-emission scanning electron microscope. Images were acquired in
secondary electron mode with an accelerating voltage of 10 kV and a
working distance of 4—5 mm. EDX-SEM studies were carried out
using an Oxford Instruments X-max EDS system.

All synthetic manipulations were performed under an argon
atmosphere using standard Schlenk techniques. Solvents were
degassed by bubbling argon for 15 min and were 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.

1,3-Dimethyl-1 H-benzimidazol-3-ium iodide (1a),° 1,3-di-n-butyl-
1H-benzimidazol-3-ium bromide (1b),”' 1,3-dimethyl-1H-imidazol-3-
ium iodide (1d),*' 1,3-bis[2,6-bis(propan-2-yl)phenyl]-1H-imidazol-3-
ium chloride (1e),** 1,4-dimethyl-4H-1,2,4-triazol-1-ium iodide (1F),”
(1,3-dimethyl-1,3-dihydro-2H-benzimidazol-2-ylidene)diiodo-
(pyridine)palladium (2a),” (1,3-dimethyl-1,3-dihydro-2H-imidazol-2-
ylidene)diiodo(pyridine)palladium (2c),” {1,3-bis[2,6-bis(propan-2-
yl)phenyl]-1,3-dihydro-2H-imidazol-2-ylidene }dichloro(pyridine ) pal-
ladium (2d),” (2,4-dimethyl-2,4-dihydro-3H-1,2,4-triazol-3-ylidene)-
diiodo(pyridine)palladium (2e),” (1,3-dimethyl-1,3-dihydro-2H-benzi-
midazol-2-ylidene)diiodo(pyridine platinum (3),”* bis(1,3-dimethyl-
1,3-dihydro-2H-benzimidazol-2-ylidene)diiodonickel(1I) (4a),**

dibromobis(1,3-dibutyl-1,3-dihydro-2H-benzimidazol-2-ylidene)-
nickel(II) (4b),”" bis(1,3-dimethyl-1,3-dihydro-2H-benzimidazol-2-
ylidene)diiodopalladium (5a),> bis(1,3-dimethyl-1,3-dihydro-2H-imi-
dazol-2-ylidene)diiodopalladium (5¢),*° and bis(2,4-dimethyl-2,4-
dihydro-3H-1,2,4-triazol-3-ylidene)diiodopalladium (Se)*” were syn-
thesized as described in the literature. Other chemicals were obtained
from commercial sources.

1,3-Di-n-propyl-1H-benzimidazol-3-ium lodide (1c¢). A mix-
ture of benzimidazole (1.18 g, 0.01 mol), n-propyl iodide (3.90 mL,
0.04 mol), and acetonitrile (15 mL) was heated under reflux for 36 h.
Then the reaction mixture was evaporated to dryness in vacuo. The
residue obtained was recrystallized from a MeCN/acetone 1/2
mixture, washed with acetone, and dried in vacuo: yield 2.94 g
(89%), colorless crystals, mp 103—105 °C. 'H NMR (DMSO-d, 500
MHz): § 0.92 (t, ] = 7.4 Hz, 6H, 2CH,), 1.91-1.98 (m, 4H, 2CH,),
4.49 (t, ] = 7.2 Hz, 4H, 2CH,), 7.67—7.71 (m, 2H, Ar), 8.11—8.15 (m,
2H, Ar), 9.89 (s, 1H, H-2). *C{'"H} NMR (DMSO-d,, 125 MHz): §
107, 22.0, 48.1, 1137, 126.5, 131.1, 142.0. ESL-MS: caled for
CsHN," [M — I]* 203.1543, found 203.1544. Anal. Caled for
C,HoIN,: C, 47.29; H, 5.80; N, 8.48. Found: C, 47.20; H, 5.82; N,
8.48.

(1,3-Dipropyl-1,3-dihydro-2H-benzimidazol-2-ylidene)-
diiodo(pyridine)palladium (2b). A mixture of compound 1c (347
mg, 1.05 mmol), KI (830 mg, S mmol), anhydrous K,CO; (690 mg, S
mmol), PdCl, (177 mg, 1 mmol), and dry pyridine (S mL) was heated
with vigorous stirring for 16 h at 80 °C in a sealed glass vial. After it
was cooled to room temperature, the reaction mixture was diluted with
CH,Cl, (20 mL) and passed through a short pad of silica gel with
CH,Cl, as eluent until the yellow product was completely recovered.
The solvent was removed under vacuum (rotary evaporator) at room
temperature. The residue obtained was treated with hexane (~10 mL),
and the precipitate formed was separated by filtration and recrystal-
lized from a CH,Cl,/hexane 1/3 mixture: yield 533 mg (83%), orange
prismatic crystals. '"H NMR (CDCl;, 500 MHz): 6 1.14 (t, ] = 7.4 Hz,
6H, 2CH,), 2.22—2.30 (m, 4H, 2CH,), 4.66—4.69 (m, 4H, 2CH,),
7.24—7.27 (m, 2H, Ar), 7.35-7.39 (m, 4H, Ar), 7.73—7.78 (m, 1H,
Ar), 9.06—9.08 (m, 2H, Ar). BC{*H} NMR (CDCl,, 125 MHz): §
11.9, 22.1, 51.2, 110.5, 122.8, 124.7, 135.0, 137.8, 154.0, 159.5. Anal.
Calcd for C;sH,;L,N;Pd: C, 33.70; H, 3.61; N, 6.55. Found: C, 33.58;
H, 3.56; N, 6.72.

Reaction of Compounds 2a—c,e, 3, 5a—c,e, and 6 with Et;N
in DMF. A mixture of the corresponding complex 2a—c,e, 3, Sa—c,e,
or 6 (0.2 mmol), Et;N (404 mg, 4 mmol), and DMF (4 mL) in a
screw-cap tube was stirred at 140 °C for the appropriate time (Tables
1 and 3). The precipitate that formed was collected by filtration and
washed with hot DMF (2 X 3 mL) to give the corresponding metal
powder (Tables 1 and 3). The filtrate and washings were combined
and evaporated to dryness in vacuo to give an oily residue. The residue
was treated with hot 1,4-dioxane (8 mL), the solvent was evaporated
in vacuo, and the procedure was repeated to completely remove DMF
and Et;N. Then the residue was extracted with boiling water (5 X 6
mL). The aqueous extract was treated with charcoal (50 mg) and then
evaporated to dryness in vacuo to give corresponding azolium salt
1a,¢,d,f, which was purified by crystallization from MeCN/acetone 1/5
mixture.

The residue obtained after water extraction was recrystallized from
the appropriate solvent to give the corresponding complex Sa—c,e or 6
(Table 1).

1,3-Dimethyl-1H-benzimidazol-3-ium lodide (1a). Yield 35 mg
(65%) from 2a after heating for 20 h (Table 1), 6 mg (11%) from Sa
after heating for 20 h (Table 3), mp 215—217 °C (from H,0). The
physical and spectral characteristics of the compound 1a are identical
with those described in the literature.”

1,3-Di-n-propyl-1H-benzimidazol-3-ium lodide (1c). Yield 21 mg
(32%) from 2b after heating for 20 h (Table 1), 13 mg (19%) from Sb
(Table 3) , The physical and spectral characteristics of the product are
identical with those of an authentic sample of Ic.

1,3-Dimethyl-1H-imidazol-3-ium lodide (1d). Yield 44 mg
(~100%) from 2c after heating for 20 h (Table 1), 36 mg (80%)
from Sc (Table 3), mp 78—80 °C (from acetone). The physical and
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spectral characteristics of compound 1d are identical with those
described in the literature.”!

Bis(1,3-dimethyl-1,3-dihydro-2H-benzimidazol-2-ylidene)-
diiodopalladium (5a). Yield 31 mg (48%) from 2a after heating
within S min, 14 mg (22%) after heating for 20 h (Table 1), yellow
prismatic crystals (from DMF/MeCN 1/3). The physical and spectral
characteristics of the product obtained are identical with those
described in the literature.”

Bis(1,3-dipropyl-1,3-dihydro-2H-benzimidazol-2-ylidene)-
diiodopalladium (5b). Yield 39 mg (51%) from 2b after heating for §
min, 37 mg (49%) after heating for 20 h (Table 1), yellow prisms
(from MeCN). 'H NMR (DMSO-d,, 500 MHz): 6 1.05 (t, ] = 7.4 Hz,
12H, 4CH;), 2.13—2.20 (m, 8H, 4CH,), 4.65—4.68 (m, 8H, 4CH,),
7.34—7.36 (m, 4H, Ar), 7.73—7.75 (m, 4H, Ar). '"H NMR (CDCl,,
500 MHz): § 1.14 (t, ] = 7.4 Hz, 12H, 4CHj,), 2.24—2.31 (m, 8H,
4CH,), 4.66—4.70 (m, 8H, 4CH,), 7.25—7.28 (m, 4H, Ar), 7.38—7.41
(m, 4H, Ar). BC{'H} NMR (CDCl,, 125 MHz): § 12.0, 22.7, 50.7,
110.5, 122.6, 135.2, 179.9. Anal. Caled for C,gHy,N,Pd: C, 40.83; H,
4.74; N, 7.33. Found: C, 40.72; H, 4.76; N, 7.44. Single crystals
suitable for X-ray analysis were obtained from a CHCl;/hexane 1/5
mixture.

Bis(1,3-dimethyl-1,3-dihydro-2H-imidazol-2-ylidene)-
diiodopalladium (5c). Yield 23 mg (41%) from 2c after heating for §
min, 13 mg (23%) after heating for 1 h (Table 1), yellow prismatic
crystals (DMF/MeCN 1/3). The physical and spectral characteristics
of the product obtained are similar to those described in the
literature.*

Bis(2,4-dimethyl-2,4-dihydro-3H-1,2,4-triazol-3-ylidene)-
diiodopalladium (5e). Yield 40 mg (72%) from 2e after heating for §
min, 17 mg (30%) after heating for 20 h (Table 1), yellow prismatic
crystals (from DMF/MeCN 1/3). The physical and spectral
characteristics of the product obtained are similar to those described
in the literature.””

Bis(1,3-dimethyl-1,3-dihydro-2H-benzimidazol-2-ylidene)-
diiodoplatinum (6). Yield 34 mg (46%) from 3 after heating for 20 h,
yellow prismatic crystals (from DMF). "H NMR (DMF-d,, 400 MHz):
5 427 (s, 12H, 4CH,), 7.40—7.42 (m, 4H, Ar), 7.74—7.77 (m, 4H,
Ar). BC{'H} NMR (DMF-d,, 100 MHz): § 34.2, 110.7, 123.3, 135.3,
177.3. Anal. Calcd for C;H, L,N,Pt: C 29.17, H 2.72, N 7.56. Found:
C 29.45, H 2.69, N 7.44. ESI-MS: calcd for C,gH,0IN,Pt* [M — I]*
614.0376, found 614.0373.

Reaction of Compound 2d with Et;N in DMF. A mixture of
complex 2d (645 mg, 1 mmol), Et;N (2.02 g, 20 mmol), and DMF
(20 mL) in a screw-cap tube was stirred at 140 °C for 20 h. The
precipitate that formed was collected by filtration and washed with hot
DMF (3 X 10 mL) to give palladium black powder, yield 45 mg
(42%). The filtrate and washings were combined and evaporated to
dryness in vacuo to give an oily residue. The residue was treated with
hot MeCN (25 mL), the solvent was evaporated in vacuo, and the
procedure was repeated to completely remove DMF and Et;N. Then
the residue was extracted with boiling water (S X 15 mL). The
aqueous extract was treated with charcoal (100 mg) and then
evaporated to dryness in vacuo to give 1,3-bis[2,6-bis(propan-2-
yl)phenyl]-1H-imidazol-3-ium chloride (1e). Yield 229 mg (54%), mp
237-240 °C (from MeCN/EtOAc 1/3). The physical and spectral
characteristics of the product obtained are identical with those
described in the literature.”>>

The residue obtained after water extraction was subjected to flash
column chromatography (silica, CH,Cl,) to give a white powder of
complex 5d (R; = 0.6) and yellow crystals of compound 7 (R; = 0.4).

Bis{1,3-bis[2,6-bis(propan-2-yl)phenyl]-1,3-dihydro-2H-imidazol-
2-ylidenejdichloropalladium (5d). Yield 10 mg (2%), colorless
prismatic crystals (from CH,Cl,/hexane 1/3). The physical and
spectral characteristics of the product obtained are similar to those
described in the literature.”’

{1,3-Bis[2,6-bis(propan-2-yl)phenyl]-1,3-dihydro-2H-imidazol-2-
ylidenejdichloro(N-ethylethanamine)palladium (7). Yield 243 mg
(38%), yellow prismatic crystals (from MeCN). The physical and
spectral characteristics of the product obtained are identical with those
described in the literature.”

Attempts to React Compounds 4a,b with Et;N. A mixture of
compound 4a,b (0.2 mmol), Et;N (404 mg, 4 mmol), and DMF (4
mL) in a screw-cap tube was stirred at 140 °C for 20 h. The clear
solution was evaporated to dryness in vacuo to give a dark red
crystalline residue, which was dried in vacuo, and then CHCl; (10 mL)
was added. The volatiles were evaporated in vacuo again to give a
crystalline red residue. On the basis of the 'H and *C NMR spectra
the residue was identified as almost pure starting compound 4a,b
(~100% yield). The physical and spectral characteristics of the
products obtained are similar to those described in the literature.*"**

NMR Study of the Reaction of Compound 2a with Aliphatic
Amines in DMF-d;. A mixture of the corresponding aliphatic amine
(1 mmol), complex 2a (29 mg, 0.05 mmol), and DMF-d, (1 mL) in a
screw-cap tube was stirred at 140 °C for 20 h. Then the mixture was
cooled to room temperature, Pd black was removed by centrifugation,
and the yields of compounds 1a and Sa were determined by NMR 'H
NMR (Table 2).

Reaction of Compound 7 with Et;N in DMF. A mixture of
complex 7 (128 mg, 0.2 mmol), Et;N (404 mg, 4 mmol), and DMF (4
mL) in a screw-cap tube was stirred at 140 °C for 20 h. The precipitate
that formed was collected by filtration and washed with hot DMF (2 X
3 mL) to give palladium black powder, yield 2 mg (~8%). The filtrate
and washings were combined and evaporated to dryness in vacuo to
give an oily residue. The residue was treated with hot MeCN (8 mL),
the solvent was evaporated in vacuo, and the procedure was repeated
to completely remove DMF and Et;N. Next, the residue obtained was
extracted with boiling water (5 X 8 mL). The aqueous extract was
treated with charcoal (30 mg) and then evaporated to dryness in vacuo
to give 12 mg (14%) of compound le, which was purified by
crystallization from an MeCN/EtOAc 1/3 mixture. The residue
obtained after water extraction was analyzed by 'H NMR. The NMR
analysis revealed the presence of starting compound 7 as the major
component and trace amounts of compound Sd. The residue was
recrystallized from MeCN to give 45 mg (35% recovery) of pure
starting compound 7. Attempts to isolate pure compound 5d from the
mother liquor were unsuccessful.

Transformations of Compound 2a in Various Solvents. In
Neat DMF. A solution of compound 2a (117 mg, 0.2 mmol) in DMF
(4.5 mL) was stirred in a screw-cap tube at 140 °C for 20 h. The
precipitate that formed was collected by centrifugation and washed
with hot DMF (2 X 3 mL) to give 1.1 mg (~5%) of Pd black
(according to XRF analysis). The DMF solution combined with
washings was analyzed by HPLC to determine the conversion of 2a
(Scheme 1) and then evaporated to dryness in vacuo to give an oily
residue. The residue was treated with MeCN (S mL). The precipitate
that formed was collected by filtration and dried in vacuo to give 7 mg
(10%) of compound Sa. The acetonitrile solution was then evaporated
to dryness in vacuo, the residue obtained was recrystallized from a
CH,Cl,/hexane mixture (1/2) to give 80 mg (68%) of starting
compound 2a. The physical and spectral characteristics of compounds
2a and 5a were identical with those described in the literature.>®

In Neat Et;N. A mixture of compound 2a (117 mg, 0.2 mmol) and
Et;N (3.3 g, 73 mmol) in a screw-cap tube was stirred at 140 °C for 20
h. The precipitate that formed was collected by centrifugation and
washed with hot DMF (2 X 3 mL) to give 9.1 mg (43%) of Pd black
(according to XRF analysis). The organic solution combined with
washings was analyzed by HPLC to determine the conversion of 2a
(Scheme 1) and then evaporated to dryness in vacuo to give an oily
residue. The residue was treated with MeCN (S mL). The precipitate
that formed was collected by filtration and dried in vacuo to give 52
mg (81%) of compound Sa. The physical and spectral characteristics
of the compound Sa are identical with those described in the
literature.>

In Pyridine—Et;N Mixture. A mixture of compound 2a (117 mg, 0.2
mmol), Et;N (404 mg, 4 mmol), and pyridine (4 mL) was stirred in a
screw-cap tube at 140 °C for 20 h. The precipitate that formed was
collected by centrifugation and washed with hot DMF (2 X 3 mL) to
give 4.0 mg (19%) of Pd black (according to XRF analysis). The
organic solution combined with washings was analyzed by HPLC to
determine the conversion of 2a (Scheme 1) and then evaporated to
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dryness in vacuo to give an oily residue. The residue was treated as
described for neat DMF to give 18 mg (27%) of compound Sa and 57
mg (49%) of starting compound 2a.

In Pyridine—DMF Mixture. A solution of compound 2a (117 mg,
0.2 mmol) in a mixture of pyridine (2.25 mL) and DMF (2.25 mL)
was stirred in a screw-cap tube at 140 °C for 20 h. According to HPLC
analysis, no conversion of 2a was observed. The only slightly darkened
solution was evaporated to dryness in vacuo, and the crystalline
residue obtained was treated with hexane (2 X S mL) and dried in
vacuo to give 102 mg (87% isolated yield) of starting compound 2a.

In Neat Pyridine. A solution of compound 2a (117 mg, 0.2 mmol)
in pyridine (4.5 mL) was stirred in a screw-cap tube at 140 °C for 20 h.
According to HPLC analysis, no conversion of 2a was observed. The
clear solution was evaporated to dryness in vacuo, and the crystalline
residue obtained was treated with hexane (2 X S mL) and dried in
vacuo to give 110 mg (94% isolated yield) of starting compound 2a.

Online MS Monitoring of the Reaction. Online monitoring of
ions during the reaction was performed according to the following
procedure. A two-necked flask equipped with a magnetic stir bar was
filled with DMF (4 mL) and thoroughly flushed with Ar. Then, 100 uL
of a 1.58 X 107> M solution of Pd/NHC complex 2a was placed in the
flask under argon backflush. One flask neck was closed with a septum,
and the second neck was attached to a “double” argon balloon.” The
flask was placed into a hot glycerol bath. A red PEEK capillary (72 cm)
was pulled into the flask through the septum and immersed into the
reaction mixture. Then, the flask was heated at 100 °C with
continuous magnetic stirring. After the mixture was heated for 3
min, a 5.04 X 107 M solution of Et;N (100 L) was injected into the
flask via a syringe through the septum, and the reaction was monitored
for 50 min.

General Procedure for the Heck Reaction. All stirrers and
glassware in contact with the studied catalytic mixtures were treated
with aqua regia before use to remove any possible palladium residue.
Reaction blanks (i.e., without added catalyst) were executed to rule out
wrong positives due to plausible contamination by palladium from the
reactants. Pd precatalysts, 2a, Sa, and Pd(OAc),, were introduced to
reaction mixtures as 0.02 M solutions in DMF in appropriate aliquots.
Yields (%) of products were determined by GC-MS using naphthalene
as an internal standard and corresponding calibration curves.

Reaction between lodobenzene (12) and n-Butyl Acrylate
(13). A 15 mL screw-cap glass tube equipped with a magnetic stir bar
was charged with a solution of Et;N (101 mg, 1 mmol), PhI (102 mg,
0.5 mmol), n-butyl acrylate (96 mg, 0.75S mmol), and naphthalene (13
mg, 0.1 mmol) as an internal standard in DMF (1 mL). A solution of
the corresponding Pd precatalyst (2.5 gmol, 0.5 mol %) was placed in
the reaction tube. The tube was sealed with a screw cap, fitted with a
septum, and placed immediately in a thermostated oil bath (60 °C).
Once the reaction time reached 20 h, the tube was reloaded at room
temperature through the septum with a solution of butyl acrylate (96
mg, 0.75 mmol), PhI (102 mg, 0.5 mmol), Et;N (51 mg, 0.5 mmol),
and naphthalene (13 mg, 0.1 mmol). The tube was again placed in the
oil bath, taking that time point as the new starting time.

In the experiments with the filtration of reaction mixtures, before
addition of new portions of reagents, the hot reaction mixture was
passed through a syringe (1 cm X S cm) containing Celite 545 (0.5 g).
Then Celite was washed by passing fresh DMF (0.5 mL). The filtrate
of the reaction mixture combined with DMF washings was collected in
a new glass tube equipped with a magnetic stir bar and loaded with
fresh portions of reagents. Then, the tube was again sealed and placed
in the oil bath, taking that time point as the new starting time.

X-ray Crystal Structure Determination of Compounds 5b, 6,
and 7. X-ray diffraction data were obtained on the “Belok” beamline
of the Kurchatov Synchrotron Radiation Source (National Research
Center “Kurchatov Institute”, Moscow, Russian Federation) using a
Rayonix SX165 CCD detector. All images were obtained using an
oscillation range of 1.0° and corrected for absorption using the Scala
program.®’ The data were indexed, integrated, and scaled by means of
the utility iMOSFLM in the CCP4 program.”> The structures were
aquired by direct methods and refined by full-matrix least-squares
technique on F* with anisotropic displacement parameters for non-

hydrogen atoms. The amino H atom in 7 was objectively localized in
the difference Fourier map and refined isotropically. The other
hydrogen atoms were placed in calculated positions and refined within
the riding model with fixed isotropic displacement parameters
(Uso(H) = 1.5U((C) for the CH; groups and Uj,,(H) = 1.2U,(C)
for the other groups). All calculations were carried out using the
SHELXTL program.* Crystallographic data for 5b, 6, and 7 have been
deposited with the Cambridge Crystallographic Data Center. CCDC
1579220 (5b), CCDC 1587373 (6), and CCDC 1579221 (7) contain
supplementary crystallographic data for this paper.
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