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Abstract: A tetranuclear N-heterocyclic palladium carbene acetate, characterised by a [Pd]/[NHC] =2/1 ra-
tio, was synthesised and shown to be catalytically active in Suzuki coupling. Single crystal XRD
studies of the complex revealed its unprecedented geometry, with the presence of three coordinated
palladium centres. The catalytic activity of the complex is significantly higher than that of analogues
containing the same N-heterocyclic carbene ligand. Preliminary studies have been carried out to
determine the catalytic properties of the complex.
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1. Introduction

N-heterocyclic carbenes (NHCs) have become versatile ligands for catalysis with metal
complexes due to their strong o-donor nature and steric bulk [1-5]. Since their first use [6],
significant progress has been made in the design of NHC-based active Pd precatalysts
for catalytic organic synthesis, particularly in cross-coupling reactions to form C-C and
C-heteroatom bonds [7-10]. A number of complexes with high selectivity, productivity, and
activity have been described in the literature. These well-defined, pre-formed complexes
should efficiently generate [(NHC)Pd(0)] complexes, which are generally considered to be
active catalysts [11]. The development of palladium precatalysts that efficiently generate
Pd(0) active species has recently been reviewed by Shaughnessy [12].

The state of the art of NHC palladium acetates was described by Nolan in 2008 [13].
NHC complexes of palladium with acetate ligands have been successfully used as cat-
alysts for a variety of transformations, such as aerobic oxidation of alcohols [14], hy-
droarylation of alkynes [15,16], c-arylation of ketones [17], polycondensation of haloaryl
ketones [18], direct C5-arylation of imidazoles with aryl chlorides [19], direct arylation
of pentafluorobenzene with aryl bromides [20], direct C2-arylation of indoles with aryl
sulfonyl hydrazides [21], intramolecular direct arylation [22], oxidative coupling of ter-
minal alkynes [23], and intramolecular amination of alkenes [24,25]. Applications of the
NHC palladium acetates in Suzuki coupling were reported by Nolan [26], who demon-
strated their high activity towards a wide range of aryl chlorides and aryl and alkyl boronic
acids. Efficient examples of the Heck reaction have been described [27-29], tandem Heck
alkynylation/cyclisation between 2-iodophenol and phenylacetylene [30], desulphinative
Sonogashira coupling of arylsulphonyl hydrazides with arylalkynes [31], and sterically
hindered C-N coupling reactions [32]. Recently, efficient Suzuki-Miyaura coupling of
arylamides with boronic acids in the presence of [[NHC)Pd(OAc),] was proposed by
Szostak [33].

Within the family of heterocyclic carbene complexes, dimeric complexes of the type
[{PA(NHC)CI(u-CD)},] (1, Figure 1) [34] have attracted much attention due to their catalytic
activity in coupling reactions. Our contribution to this field is the development of hydroxo-
bridged palladium dimers of the type [{Pd(NHC)CI(u-OH)},] (2, Figure 1) [35-38], which
exhibit attractive catalytic properties in coupling reactions.
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Figure 1. NHC palladium dimeric precatalysts (1, 2) and a hypothetical acetate analogue (3).

Here, we report on our efforts in the synthesis of acetate-bridged NHC—palladium
complexes (e.g., 3, Figure 1) or similar complexes and the investigation of their cat-
alytic properties.

2. Results and Discussion

The dimeric complex (1) was considered a convenient starting material for this study.
Treatment of a toluene solution of the chloride dimer [{Pd(IMes)Cl(u-Cl)},] (1a) with a
20-fold molar excess of Ag(OAc) in toluene, at room temperature, resulted in a gradual
colour change of the solution from pale yellow to colourless within 2 h, indicating the
formation of a new complex. The complex was successfully isolated. However, its 'H
NMR spectrum was difficult to interpret due to the broadening of all signals (see ESI).
Fortunately, using passive diffusion between dichloromethane, in which the complex was
dissolved, and n-hexane, it was possible to obtain a single crystal. Its XRD analysis made
it possible to determine the crystal structure (Figure 2). Instead of the target complex 3
(Figure 1), a tetranuclear complex 4 (Scheme 1) was obtained. The geometry of the resulting
complex is unprecedented. No similar case could be found in the Cambridge database.
In principle, it is a four-centred symmetrical (C;) complex, built of two two-centred units
connected by two acetate anions. In each of the subunits’ two Pd ions are again connected
by two acetates (Pd---Pd distance is quite short, 2.914 A), and one of this ions is additionally
bound through a Pd-C bond (1.936 A) to the NHC ligand. So, one of the Pd centres in the
subunit is three-coordinated, by three oxygen atoms from acetate anions, and the other
is four coordinated, in a distorted square-planar manner. The Pd-O distances are within
typical values (mean value from the CSD for acetate Pd complexes is 2.06(5) A). Due to the
disorder, a detailed analysis of the geometry of the complex cannot be performed.

Figure 2. Perspective view of complex 4. Ellipsoids are drawn at the 50% probability level, and
hydrogen atoms are shown as spheres of arbitrary radii. The disorder is not shown; the unlabelled
part is related to the labelled one by symmetry operation 1-x,1-y,1-z. Selected bond distances (A):
Pd1-O11 2.04(1), Pd1-02 1.99(1), Pd1-O1 1.94(1), Pd2-O12 2.34(1), CCDC 2382539.
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Scheme 1. Synthesis of tetranuclear complex 4.

The complex was found to be unstable in solution, transforming nearly quantitatively
to mononuclear complex [Pd(IMes)(OAc),(H>0)] (5a) within 48 h. On the other hand, when
stored as a solid for a week, in an inert atmosphere, it showed no signs of decomposition.

Detailed analysis of the reaction mixture showed the formation of complex 4 in fairly
high yields, the formation of small amounts of mononuclear complex 5a, and trace amounts
of NHC silver acetate (Scheme 1). [39] The silver complex was unstable, so it was not
possible to record its 1*C NMR spectrum. Under the conditions and scale described
(see experiment), the synthesis of complex 4 is reproducible. Compared to the synthesis
of complex 5a reported in the literature [22], a larger excess of silver acetate was used
in the synthesis of 4 (20-fold vs. 4-fold) and the reaction was carried out in toluene
(instead of methylene chloride). Attempts to obtain analogues of complex 4 with other
commonly used NHC ligands (SIMes, IPr, and SIPr) and to obtain dimeric complexes of
type 3 (Figure 1) were unsuccessful. The syntheses led in each case to the corresponding
monomeric complexes, i.e., [PA(INHC)(OAc),(H,0)] (5).

Since, in complex 4, there are two coordinationally unsaturated palladium atoms
and, as a result of dimer cleavage, the release of coordination sites at palladium atoms
bonded to NHC is to be expected, it was reasonable to investigate the catalytic activity
of the complex. Suzuki cross-coupling was chosen as the test reaction. The activity of
NHC palladium acetate in Suzuki-Miyaura coupling was reported by Nolan [30], who
demonstrated its high activity towards a wide range of aryl (as well as alkyl) chlorides
and arylboronic acids. Using the conditions reported in Nolan’s publication, reactions
of 4-chlorotoluene with phenylboronic acid were carried out in the presence of complex
4. Chromatographic (GC) analysis performed after the reaction had proceeded for two
hours revealed complete conversion of the aryl halide. The selective course of the reaction
towards the cross-coupling product was confirmed by GC/MS and 'H NMR spectroscopy
(Scheme 2).

4 (1 mol%)
. (HO)ZB@ base (1.2 equiv.)
25°C, i-PrOH, 2 h
1.1 equiv.
7a 8a

Scheme 2. Coupling of 4-chlorotoluene with phenylboronic acid in the presence of 4.

In search of the optimum conditions, a number of catalytic tests were performed. The
results are shown in Table 1.

To test the possibility of running the reaction in air, KOH was used as the base. This
modification did not lead to a decrease in reaction yield. The results showed that the
Suzuki coupling carried out in the presence of precursor 4 is efficient in isopropanol, in
the presence of KOt-Bu or KOH as the base. Under base-free conditions, no conversion
was observed. Further investigations showed that complex 4 at a loading of 0.5 mol%
and 0.25 mol% (per palladium atom) allows yields of the product exceeding 90%. Further
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reduction in the catalyst loading to 0.125 mol% results in a significant decrease in the yield.
The reaction can be carried out successfully in ethanol. An efficient course of the reaction
was obtained by carrying out the process in an air atmosphere.

Table 1. Suzuki coupling; selection of optimal conditions.

4
(Or-or+ wow<_)— -
solvent, base

Entry Lo?:llor;gc,]Cat. Solvent Base Temp. [°C] Time [h] COIE:Z!]rjwn

1 1 i-PrOH KO'Bu 25 2 >99

2 1 i-PrOH KOH 25 2 >99

3 0.5 i-PrOH KOH 25 2 >99

4 0.25 i-PrOH KOH 25 2 91

5 0.125 i-PrOH KOH 25 2(24) 46(50)

6 0.125 i-PrOH KOH 50 2 55

7 0.5 EtOH KOH 25 2 95

8 0.5 MeOH KOH 25 2 32

9 0.5 H,O KOH 25 24 NR

Reaction conditions: chlorobenzene (0.5 mmol); 4-tolylboronic acid (0.55 mmol;); 25 °C, 2 h, [ArCl]/
[Ar'B(OH),] = 1/1.1; [KOH]/[Ar’'B(OH),] = 1.2/1; air; cat. Pd (4); solvent (2.0 mL);  GC yield, dodecane
as internal standard; NR—no reaction.

A reaction profile of the coupling of 4-chlorotoluene with phenylboronic acid in
the presence of precatalyst 4 was determined and compared with profiles obtained for
other precatalysts containing the IMes ligand, namely, [{Pd(IMes)Cl(u-Cl)},] (1a) [34],
[Pd(IMes)(OAc)2(H,O)] (5a) [22], and [Pd(IMes)(allyl)Cl] (9) [40]. The results (Figure 3)
showed no significant differences in the activity of the complexes 1a, 5a, and 9. In contrast,
particularly high activity was observed for complex 4. In this case, complete conversion of
4-chlorotoluene occurred after 10 min.

100 . N . ‘ ‘
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v
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g 44 —=5a
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s 40 r i N
§ I ;
£ .
5§20 [ = - .
E P & - . i
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0 = , ) ‘ ‘ | | | |
0 . 2
Time [h]

Figure 3. Reaction profiles for the coupling of 4-chlorotoluene with phenylboronic acid in the
presence of [{Pd(u-Cl)Cl(IMes)},] (1a), [Pd(IMes)(OAc),(H,0)] (5a), [{Pd,(IMes)(OAc)s}>] (4), and
[Pd(IMes)(allyl)CI] (9). Reaction conditions: [Pd] (0.5 mol%), i-PrOH, 25 °C, [4-chlorotoluene]/
[PhB(OH),] = 1/1.1, [KOH]/[PhB(OH),] = 1.2/1, air, dodecane (internal standard); conversion
monitored by GC.

Since, assuming a homogeneous reaction, similar transition states are to be expected
for all catalysts used, differences in activity must be due to the rate of the catalyst initiation
pathway [41]. To obtain additional information indicating the homogeneous nature of the
reactions studied in the presence of all the catalysts tested, mercury tests (Figure S1) and
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tetramethylaminothiourea (TMTU) poisoning tests were performed. The TMTU poisoning
test was originally proposed by Elsevier, C.J. et al. [42]. The mercury tests carried out show
no change in reaction performance for any of the catalysts tested (Figure S1). In contrast,
the catalyst poisoning tests indicate that the addition of 2 equivalents of TMTU relative to
1 equivalent of palladium results in suppression of the reaction for all precatalysts tested.
The results suggest a homogeneous reaction pathway for all the complexes tested.

To gain a better understanding of the mechanism of catalyst initiation, a quantitative
Suzuki poisoning test was carried out by cross-coupling 4-chlorotoluene with phenyl-
boronic acid using 0 to 2 TMTU equivalents relative to palladium. The conversion of
4-chlorotoluene over time was measured for different amounts of TMTU added (Figure 4).

£ 100 S o
g e
g / —=e— no TMTU —=— 0.5 equiv. TMTU
% 80 | ¢ —— 1 equiv. TMTU —— 2 equiv. TMTU
§ —o— 4 equiv. TMTU
2 =
= 60 - A
: N
: /lm'""""’"’”"” ””””””””””W‘
S 40 -
2 o ‘
5 A -
Y —
g o
8 e
0 _o—o0— - Q
0 1 2
Time [h]

Figure 4. Cross-coupling of 4-chlorotoluene with phenylboronic acid in the presence of 4. Conversion
of 4-chlorotoluene over time for different amounts of TMTU added. The legend gives the numbers of
TMTU equivalents per 1 equiv. of Pd.

The results presented in Figure 4 demonstrate that the addition of 0.5 equiv. of TMTU
causes a significant decrease in the catalytic activity of complex 4, while the addition of
1-2 equiv. of TMTU allows us to obtain results comparable to those obtained for complexes
1a, 5a, and 9 (see Figure 3). Such results indicate that the reason for the high activity of
catalyst 4 may be the coordinational unsaturation of the palladium atoms in the complex.

To learn more about the mechanism of reduction of complex 4 under Suzuki reaction
conditions, a solution of 4 in isopropanol was treated with an excess of phenylboronic
acid at room temperature. After two hours, GC/MS analysis of the mixture showed
the presence of biphenyl (Scheme 3), suggesting a mechanism involving the transfer of
two phenyl groups to a palladium atom via transmetallation and subsequent reductive
elimination of the biaryl.

4 (1 equiv.
Osome — =
i-PrOH, 25°C, 2h

7a 8 equiv. 8b

Scheme 3. Reduction of 4 in the presence of boronic acid.

To determine the reagent scope, selected coupling reactions of 4-tolylboronic acid
with aryl chlorides were performed in the presence of complex 4. Analysis of the results
revealed satisfactory catalytic activity for the challenging reactants (i.e., chloropyridines
and 2-chloro-1,3-dimethylbenzene) (Figure 5).
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Figure 5. Yields of Suzuki cross-coupling products of 4-tolylboronic acid with aryl chlorides in the pres-
ence of complex 4. Reaction conditions: [Pd] (0.5 mol%), i-PrOH, 25 °C, 2 h, [ArCl]/[Ar'B(OH),] = 1/1.1;
[KOH]/[Ar'B(OH),] = 1.2/1; air; isolated yields.

3. Materials and Methods
3.1. General Methods and Chemicals

'H and '*C NMR spectra were recorded on a Varian 400 operating at 402.6 and
101.2 MHz or Bruker Avance 600 MHz operating at 600.1 and 151.2 MHz, respectively.
GC/MS analyses were performed on a Varian Saturn 2100T equipped with a DB-5, 30 m
capillary column and Ion Trap Detector. The HRMS spectrum was recorded on a Mald-
iSYNAPT G2-S HDMS (Waters, Milford, MA, USA). GC analyses were performed using a
Varian CP-3800 (column: RTX-5 30 m, ID 0.53 mm), equipped with TCD. The chemicals were
obtained from the following sources: Pd(OAc), from Angene, Ag(OAc) from Merck, potas-
sium hydroxide, aryl halides, boronic acids, and toluene, were purchased from Aldrich.
Isopropanol, dichloromethane, hexane, and ethyl acetate were purchased from Fisher Scien-
tific. [{Pd(IMes)(u-C1)Cl},] [34], [Pd(IMes)(OAc),(H,0)] [22], and [Pd(IMes)(allyl)Cl] [40]
were prepared according to the published procedures.

3.2. Methods
3.2.1. Synthesis of [{Pd(IMes)CI(u-Cl)},] (1a)

In a 15 mL vial equipped with a magnetic stirrer and a stopper, [Pd(IMes)(allyl)Cl]
(0.4 g, 0.63 mmol), dichloromethane (2 mL), and 2 M hydrogen chloride in diethyl ether
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(2 mL) were placed in air. The mixture was stirred at room temperature for 2 h. The mixture
was then evaporated to dryness and washed several times with small portions of n-hexane
(4 x 1mL). The residue was evaporated and dried in vacuo to give the product as an
orange solid with a yield of 98%.

'H NMR: (600 MHz, CDCl3, ppm) &: 7.04 (broad s, 2H), 6.94 (s, 1H), 2.4 (s, 3H),
2.23 (broad s, 3H), 2.08 (broad s, 3H); 13C NMR: (151 MHz, CDCls, ppm) §: 145.23, 139.33,
135.82,134.62, 129.54, 124.62, 21.45, 19.01. Spectrum is consistent with literature data [34].

3.2.2. Synthesis of Complex [{Pd,(IMes)(OAc)s}2] (4)

In a 10 mL Schlenk flask equipped with a magnetic stirrer and a glass stopper under
an inert atmosphere, we placed 0.009 g (0.00932 mmol) [{Pd(IMes)Cl(u-Cl)},], silver acetate
(0.0064 g, 0.17 mmol), and 2 mL deoxygenated and dried toluene. The reaction mixture
was vigorously stirred at room temperature for 2 h. Then, the mixture was filtered through
Celite, and the light-yellow filtrate was evaporated to dryness in a vacuum to give the
complex, a pale-yellow solid in an 82% yield. The single crystal was obtained by passive
diffusion between dichloromethane, in which the complex was dissolved, and n-hexane.
'H NMR (600 MHz, CDCls, ppm) &: 7.16 (s, 4H), 7.08(bs, 4H), 7.07 (bs, 2H), 7.04 (s, 2H),
2.44 (s, 6H), 2.41 (s, 6H), 2.16 ((partially covered) s, 6H), 2.15 (s, 12H), 2.07 (s, 12H), 1.78 (s,
6H), 1.67 (s, 6H). 3C NMR (151 MHz, CDCl3, ppm) &: 180.63, 178.09, 148.49, 139.39, 138.83,
135.12,134.78, 133.62, 133.56, 128.53, 128.35, 122.98, 122.62, 22.47, 22.06, 20.40, 17.29, 16.77.
ATR/FT-IR (cm™~1): 3139, 2966, 2921, 2866, 1588, 1487, 1367, 1322, 1236, 1018, 929, 850, 684.
HRMS calculated for Cs4HggN4O1oPdy (M*): 1386.0809; found: 1386.0817.

3.2.3. Synthesis of [Pd(IMes)(OAc),(H,O)] (5a)

In a 5 mL round-bottomed flask equipped with a magnetic stirrer and a glass stopper, we
placed 19.3 mg (0.01 mmol; 1 equiv.) of di-p-chlorobis[chloro{1,3-bis(2,4,6-trimethylphenyl)
imidazol-2-ylidene}palladium(II)], 13.4 mg (0.04 mmol; 4 equiv.) of silver acetate, and 2 mL
of dichloromethane (DCM) (technical grade) in air. The reaction mixture was vigorously
stirred at room temperature for 2 h. The mixture was then filtered through Celite and the
light-yellow filtrate was evaporated to dryness in vacuo to give the complex as a light-
yellow solid. "H NMR (600 MHz, CDClg, ppm) &: 7.08 (s, 4H), 7.04 (s, 2H), 2.42 (s, 6H), 2.16
(s, 12H), 1.68 (s, 6H). 13C NMR (151 MHz, CDCl3, ppm) &: 181.64, 149.33, 139.81, 135.76,
134.55, 129.52, 123.63, 23.23, 21.37, 17.76; spectrum is consistent with literature data [22].

3.2.4. Synthesis of [Pd(IMes)(allyl)Cl] (9)

In a 10 mL Schlenk flask equipped with a magnetic stirrer and a glass stopper, we
placed 44.3 mg (0.0755 mmol, 2.1 equiv.) of the IMes Cl—salt, 131 mg (0.358 mmol, 1.0 equiv)
of [{Pd(allyl)Cl},], and 101 mg KO#-Bu (0.905 mmol, 2.5 equiv) under an argon atmosphere.
To this, 1.5 mL of THF was added, and the reaction was stirred at room temperature. After
5 h, a small amount of silica gel was added and the solvent removed in vacuo. The product
was loaded directly on a silica gel column and purified by flash chromatography (60%
ether /hexanes) to give an off-white solid with a yield of 83%.

'H NMR: (600 MHz, CDCl3, ppm) &: 7.08 (s, 2H), 6.96 (s, 4H), 4.90-4.77 (m, 1H), 3.86
(dd, ] =7.4Hz, 2.0Hz, 1H),3.19 (d,] =7.1 Hz, 1H), 2.80 (d, ] = 13.4 Hz, 1H), 2.32 (s, 6H),
2.21 (s, 6H), 2.19 (s, 6H), 1.79 (d, ] = 11.9 Hz, 1H); '3C NMR: (151 MHz, CDCl3, ppm) $:
183.82, 138.96, 136.00, 135.59, 129.20, 129.13, 123.06, 114.38, 77.21, 72.48, 49.30, 21.26, 18.42,
18.36. Spectrum is consistent with literature data [40].

3.2.5. Suzuki-Miyaura Coupling—Catalytic Tests

In the air, the 4 mL scintillation vial equipped with a magnetic stirring bar was
charged with phenylboronic acid (0.55 mmol; 1.1 equiv.) and isopropanol (2 mL). The
reaction mixture was stirred at 25 °C for 2 min. until complete acid dissolution. Then,
4-chlorotoluene (0.5 mmol; 1 equiv.), dodecane (10 pL) (internal standard), palladium
complex (0.5 mol%), and KOH (0.66 mmol; 1.3 equiv.) were added. The mixture was stirred
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at 25 °C for 2 h. The reaction course was monitored by gas chromatography and GC/MS.
The reaction products were identified by their mass spectra.

3.2.6. Mercury Poisoning Experiment

In the air, a scintillation vial (4 mL) equipped with a magnetic stirring bar was charged
with phenylboronic acid (0.55 mmol; 1.1 equiv.) and isopropanol (2 mL). The reaction mix-
ture was stirred at 25 °C for 2 min. until complete acid dissolution. Then, 4-chlorotoluene
(0.5 mmol; 1 equiv.), dodecane (10 uL) (internal standard), palladium complex (0.5 mol%),
and KOH (0.66 mmol; 1.3 equiv.) were added. The mixture was stirred at 25 °C for 0.5 h
(5 min. for [{(IMes)Pd,(OAc)3}2]). Then, Hg (500 equiv. in relation to catalyst) was added.
The reactions were carried out at 25 °C upon vigorous stirring for the next 1.5 h. The
reaction course was monitored by gas chromatography.

3.2.7. Tetramethylthiourea (TMTU) Poisoning Experiment

In the air, a scintillation vial (4 mL) equipped with a magnetic stirring bar was charged
with phenylboronic acid (0.55 mmol; 1.1 equiv.) and isopropanol (2 mL). The reaction mix-
ture was stirred at 25 °C for 2 min. until complete acid dissolution. Then, 4-chlorotoluene
(0.5 mmol; 1 equiv.), dodecane (10 uL) (internal standard), palladium complex (0.5 mol%),
KOH (0.66 mmol; 1.3 equiv.), and tetramethylthiourea (TMTU) (2 equiv. of TMTU per
1 equiv. of Pd) were added. The mixture was stirred at 25 °C for 2 h. The reaction course
was monitored by gas chromatography.

3.2.8. General Procedure for the Synthesis of Suzuki Coupling Products

Arylboronic acid (0.53 mmol) and i-PrOH (2 mL) were placed in the air in a 5 mL
glass reactor equipped with a magnetic stirrer. The reaction mixture was stirred at room
temperature until the acid was completely dissolved (approximately 5 min). Then, aryl
chloride ([Ar'B(OH),]:[ArCl] = 1:1.1), [{Pd(IMes)(OAc)3}2] complex (0.5 mol%), and KOH
([Ar'B(OH),]:[KOH] = 1:1.2) were added. The reaction mixture was stirred at room tem-
perature for 2 h. Gas chromatography (GC) and gas chromatography with mass detection
(GC-MS) monitored the reaction progress. The purity of all obtained biaryl products was
determined by comparing 'H and *C NMR spectroscopic data of the post-reaction mixture
with spectroscopic data obtained for previously isolated biaryls.

4-methyl-1,1"-biphenyl (8a)

'H NMR (400 MHz, CDCl3, ppm) &: 7.63-7.61 (m, 2H), 7.54 (d, | = 8.0 Hz, 2H),
7.49-7.44 (m, 2H), 7.38-7.34 (m, 1H), 7.30-7.28 (m, 2H), 2.44 (s, 3H). 13C NMR (101 MHz,
CDCls, ppm) 6: 141.29, 138.48, 137.14, 129.61, 128.84, 127.12, 127.10 (2C), 21.24. MS (EI) m/z
(%) =168 (M*, 100), 154 (47), 76 (21). Spectrum is consistent with literature data [43].

1,1’-biphenyl (8b)

'H NMR (600 MHz, CDCl3, ppm) &: 7.63 (dd, ] = 9.7, 1.7 Hz, 4H), 7.47 (t, ] = 7.7 Hz,
4H), 7.40-7.35 (m, 2H). 13C NMR (75 MHz, CDCl3, ppm) &: 141.38, 128.89, 127.38, 127.30.
MS (EI) m/z (%) = 154 (M+, 100), 76 (21). Spectrum is consistent with literature data [44].

4,4'-dimethyl-1,1"-biphenyl (8c)

'H NMR (400 MHz, CDCl3, ppm) &: 7.49 (d, ] = 8.1 Hz, 4H), 7.25 (d, ] = 8.1 Hz, 4H),
2.40 (s, 6H). 13C NMR (101 MHz, CDCl3, ppm) &: 138.41, 136.84, 129.57, 126.94, 21.23. MS
(EI) m/z (%) = 182 (M+, 100), 167 (54), 152 (15). Spectrum is consistent with literature
data [44].

4-methoxy-4'-methyl-1,1’-biphenyl (8d)

'H NMR (300 MHz, CDCl3, ppm) &: 7.54-7.50 (m, 2H), 7.46 (d, ] = 8.1 Hz, 2H), 7.24
(d, ] = 8,1 Hz, 2H), 7.00-6.96 (m, 2H), 3.85 (s, 3H), 2.39 (s, 3H). '*C NMR (75 MHz, CDCl3,
ppm) &: 159.07, 138.11, 136.49, 133.89, 129.57, 128.09, 126.72, 114.29, 55.48, 21.19. MS (EI)
m/z (%) =198 (M*, 100), 183 (47), 167 (50), 153 (24). Spectrum is consistent with literature
data [43].
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1-(4’-methyl-[1,1’-biphenyl]-4-yl)ethan-1-one (8e)

'H NMR (400 MHz, CDCl3, ppm) &: 8.02 (d, ] = 8.2 Hz, 2H), 7.67 (d, ] = 8.2 Hz, 2H),
7.54 (d, ] = 8.1 Hz, 2H), 7.30-7.27 (m, 2H), 2.64 (s, 3H), 2.42 (s, 3H). 3C NMR (101 MHz,
CDCl;, ppm) 4: 197.90, 145.86, 138.38, 137.09, 135.73, 129.82, 129.04, 127.24, 127.09, 26.80,
21.32. MS (EI) m/z (%) = 198 (M*, 100), 183 (47), 167 (50), 153 (24). Spectrum is consistent
with literature data [45].

2,4’-dimethyl-1,1"-biphenyl (8f)

'H NMR (400 MHz, CDCl3, ppm) §: 7.16-7.12 (m, 8H), 2.30 (s, 3H), 2.18 (s, 3H). 13C
NMR (101 MHz, CDCls, ppm) 6: 142.01, 139.16, 136.49, 135.51, 130.41, 129.99, 129.20, 128.90,
127.20, 125.88, 21.30, 20.65. MS (EI) 11/z (%) = MS (EI) m/z (%) = 182 (M*, 100), 167 (44),
153 (23), 91 (52). Spectrum is consistent with literature data [43].

2-(p-tolyl)pyridine (8g)

'H NMR (400 MHz, CDCl3, ppm) 8: 8.74-8.56 (m, 1H), 7.91-7.87 (m, 2H), 7.76-7.68 (m,
2H), 7.32-7.27 (m, 2H), 7.22-7.18 (m, 1H), 2.41 (s, 3H). 13C NMR (101 MHz, CDCl3, ppm)
5: 157.58, 149.69, 139.11, 136.87, 136.69, 129.63, 126.91, 121.95, 120.43, 21.43. MS (EI) m/z
(%) =170 (M+H, 100), 171 (13), 169 (32), 168 (31), 167 (14). Spectrum is consistent with
literature data [46].

3-(p-tolyl)pyridine (8h)

'H NMR (400 MHz, CDCl;, ppm) &: 8.84 (d, ] = 1.7 Hz, 1H), 8.57 (dd, ] = 4.8, 1.6 Hz,
1H),7.86 (ddd, [ =7.9,2.4,1.6 Hz, 1H), 7.48 (d, ] = 8.1 Hz, 2H), 7.35 (ddd, ] = 7.9, 4.8, 0.9 Hz,
1H), 7.29 (d, ] = 7.9 Hz, 2H), 2.41 (s, 3H). 13C NMR (101 MHz, CDCl3, ppm) &: 148.24, 138.19,
136.72,135.02, 134.33, 129.94, 127.10, 123.67, 21.30. MS (EI) m/z (%) = 170 (M+H, 100), 169
(78), 168 (57), 167 (31), 115 (17). Spectrum is consistent with literature data [47].

2-(p-tolyl)thiophene (8i)

'H NMR (400 MHz, CDCl;, ppm) &: 7.53 (d, ] = 8.1 Hz, 2H), 7.29 (dd, ] = 3.5, 1.2 Hz,
1H), 7.26 (dd, | = 5.1, 1.2 Hz, 1H), 7.20-7.19 (m, 2H), 7.08 (dd, ] = 5.1, 3.6 Hz, 1H), 2.39
(s, 3H). 3C NMR (101 MHz, CDCl3, ppm) &: 144.70, 137.44, 131.77, 129.67, 129.56, 128.05,
126.93, 125.99, 124.39, 122.69, 21.30. MS (EI) m/z (%) = 174 (M*, 100), 159 (84), 91 (45), 83
(67),77 (42), 15 (31). Spectrum is consistent with literature data [48].

2,4’ 6-trimethyl-1,1"-bipheny] (8j)

'H NMR (400 MHz CDCl3, ppm) &: 7.26-7.23 (m, 2H), 7.18-7.10 (m, 3H), 7.05 (d,
] =7.9 Hz, 2H), 2.42 (s, 3H), 2.05 (s, 6H)."*C NMR (101 MHz, CDCl3, ppm) &: 141.98, 138.14,
136.37,136.20, 129.24, 129.01, 127.36, 127.00, 21.39, 21.04. MS (EI) m/z (%) = 196 (M™*, 100),
181 (72), 167 (51), 153 (34), 105 (21), 91 (17). Spectrum is consistent with literature data [49].

4-methoxy-1,1"-biphenyl (8k)

TH NMR (600 MHz, CDCl3, ppm) 8: 7.61-7.59 (m, 2H), 7.59-7.56 (m, 2H), 7.48-7.44 (m,
2H), 7.37-7.33 (m, 1H), 7.04-7.01 (m, 2H), 3.88 (s, 3H). 13C NMR (151 MHz, CDCl3, ppm) &:
159.28, 140.94, 133.89, 128.85, 128.27, 126.85, 126.78, 114.33, 55.43. MS (EI) m/z (%) = 184
(M*, 100), 153 (45), 141 (78), 107 (11). Spectrum is consistent with literature data [50].

ethyl [1,1"-biphenyl]-4-carboxylate (81)

'H NMR (600 MHz, CDCl3, ppm) &: 8.14-8.11 (m, 2H), 7.68-7.61 (m, 4H), 7.50-7.44 (m,
2H), 7.42-7.38 (m, 1H), 4.42 (q, ] = 7.1 Hz, 2H), 1.43 (t, ] = 7.2 Hz, 3H). '3C NMR (151 MHz,
CDCl3, ppm) b: 166.72, 145.68, 140.17, 130.19, 129.35, 129.04, 128.23, 127.40, 127.13, 61.13,
14.48. MS (EI) m/z (%) = 226 (M*, 100), 181 (33), 152 (10). Spectrum is consistent with
literature data [50].

3.2.9. X-Ray Crystallography

Diffraction data were collected by the w-scan technique, at 100(1) K, using graphite-
monochromated MoK radiation (A = 0.71073 A), on a Rigaku XCalibur four-circle diffrac-
tometer with an EOS CCD detector. The data were corrected for Lorentz polarisation
as well as for absorption effects [51]. Precise unit-cell parameters were determined by a
least-squares fit of the reflections of the highest intensity, chosen from the whole experiment.
The structures were solved with SHELXT [52] and refined with the full-matrix least-squares
procedure on F2 by SHELXL [53]. All non-hydrogen atoms were refined anisotropically.
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Hydrogen atoms were placed in idealised positions and refined as a ‘riding model” with
isotropic displacement parameters set at 1.2 times Ueq of appropriate carrier atoms. The
crystal structure appeared to be heavily disordered, and the disorder was successfully
modelled; however, some constraints were necessary (Table 2).

Table 2. Crystal data, data collection, and structural refinement.

Compound 4
Formula C54H66N4012Pd4
Formula weight 1388.71
Crystal system monoclinic
Space group P2;/n
a(A) 14.4381(3)
b (A) 16.2457(2)
c(A) 14.5752(2)
B(°) 107.948(2)
V(A3) 3252.35(10)
Z 2
Dy (g cm ) 1.418
F(000) 1396
pw(mm—1) 1.142
Reflections:

collected 45,626

unique (Rjnt) 5717 (0.0284)

with I > 20(I) 5153
R(F) [IT> 20()] 0.0408
wR(F?) [I > 20(I)] 0.0874
R(F) [all data] 0.0455
wR(F?) [all data] 0.0888
Goodness of fit 1.072
max/min Ap (e-A~3) 0.44/—-0.39
CCDC deposition number 2,382,539

4. Conclusions

The synthesis of an air-tolerant tetranuclear palladium precatalyst containing four
palladium atoms in its structure, two of which are directly linked to the IMes ligand, and
six acetate groups forming a network of bridging ligands between the individual palladium
atoms is presented. We show that one of the Pd centres in the subunit is tricoordinated,
via three oxygen atoms of the acetate anions, and the other is tetra-coordinated, in a
distorted square pattern. The developed precatalyst has been shown to exhibit high
catalytic activity (>90%) in the Suzuki coupling reaction at precatalyst loadings of up
to 0.25 mol%. An efficient protocol for the synthesis of various substituted biaryls with
low precatalyst loading (0.5 mol%) at room temperature in environmentally friendly iso-
propanol is developed. The investigated tetranuclear complex containing coordinationally
unsaturated palladium atoms shows high catalytic activity in the initial step of the Suzuki
coupling reaction, significantly higher than common precatalysts containing ligand IMes:
([{Pd(IMes)Cl(u-Cl)}2], [Pd(IMes)(OAc),(Ho0)], [Pd(IMes)(allyl)Cl], indicating a rapid
catalyst initiation process. The mechanism of palladium reduction was elucidated. The
results obtained, in particular, the high initiation rate of the active catalyst, may be useful
in the design of new generations of palladium catalysts.
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Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com /article/10.3390/catal14110836/s1, 'H and '3C NMR spectra of palladium complexes
and Suzuki coupling products and FI-IR spectra complexes (4); Figure S1: Reaction profiles for the
coupling of 4-chlorotoluene with phenylboronic acid in the presence of [{Pd(IMes)CI(u-Cl)},] (1a),
[Pd(IMes)(OAc),(H,0)] (5a), [{Pda(IMes)(OAc)3}2] (4), and [Pd(IMes)(allyl)Cl] (9). Reaction conditions:
[Pd] (0.5 mol%), i-PrOH, 25 °C, [4-chlorotoluene] /[PhB(OH),] = 1/1.1, [KOH]/[PhB(OH),] = 1.2/1, air,
Hg (500 equiv. added after 10 min. reaction), dodecane (internal standard); conversion monitored
by GC.
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