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Abstract

Owing to their activity, versatility and ease of synthesis, N*N*N complexes with a central pyridine unit are of
significance in organic synthesis. However, these complexes are relatively uncommon in comparison to their
benzene analogues. In addition, neutral complexes of this pincer type ligand that consists of a pyridine core
are rare. In view of this, a series of cationic palladium(ll) NAN~N pincer complexes derived from neutral ligands
that are based on a rigid pyridine backbone were synthesized, characterized and then evaluated as pre-
catalysts in the Suzuki-Miyaura cross coupling reaction. At a catalyst loading of 0.1 mol %, the complexes were
found to be effective pre-catalysts in the cross-coupling reactions under aqueous conditions. The scope,
structure-activity relationships and limitations of these complexes are discussed.
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Introduction

The Suzuki-Miyaura reactions are significant in the formation of new C-C bonds through the cross-coupling
reaction of alkyl/phenyl halides with an organoboron compounds under basic conditions. It is the most
common cross-coupling reaction since it has higher catalytic capabilities and it is not only limited to the
synthesis of biaryl systems, but conjugated dienes and high polyene systems can also be accessed. In addition,
the coupling of deactivated alkyl/phenyl halides has also added value to the applications of this reaction.'™
Furthermore, this coupling procedure generally uses mild reaction conditions, produces non-toxic products
and the organoboronic acids used in this reaction are easily accessible, thermally stable and do not react with
moisture or oxygen.* Due to the presence of biaryls in natural/synthetic products, the Suzuki-Miyaura reaction
has been widely used in medicinal chemistry and other applications (Figure 1).°"® In this regard, many pre-
catalysts, some of which contain the biaryl moiety such as pincer complexes have been developed for this
reaction.’

Boscalid® (1) Dragamacidin F® (2) (+)-Dynemicin A® (3)

Figure 1. Examples of some commercially available drugs whose synthesis involve the Suzuki reaction as a
major step.’

Pincers are a class of monoanionic tridentate ligands that prefer to conform to a meridional geometry
upon complexation to a metal.’® Pincer complexes have amassed a considerable amount of interest as
alternative catalysts due to their unique balance between stability and reactivity.'* Unsurprisingly, pincer
complexes of certain transition metals have gained favor as catalysts in certain reactions i.e. palladium pincer
complexes in cross-coupling reactions.'?™'* Phosphine based palladium pincer complexes of the type PACAP
are the most commonly encountered palladium-based pincer complexes. However, the methods that are used
to access these complexes are at times prone to degradation via oxidation or cleavage of the phosphorus-
carbon bond.'**> This, combined with the fact that seemingly small modifications that are done to pincer
complexes bring about noticeable changes in activity, led to our exploration of alternative donor atoms. New
classes of pincer complexes such as NACAN, SACAS, Se”C”Se and other DACAD type complexes were then
developed. Unfortunately, the lack of a universal method to synthesize these DACAD pincer complexes,
especially those of the NACAN type, due to regioselectivity led to the use of alternative central donors such as
nitrogen.'>1® Pincer complexes with a nitrogen atom as an anchor instead of the commonly employed carbon
atom have also been synthesized giving rise to, for example, N*NAN, CANAC, PANAP, SANAS, and OANAO type
of complexes.

Nitrogen donors differ from phosphorus donors, in several ways. Tolman’s cone angles, which gauge steric
bulkiness indicated that their steric effects are different.!” Moreover, nitrogen donors generally form strong
bonds with metals. This interaction is largely due to o-donation since the m-back-donation is small or
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insignificant in these donors. Due to this, the ionic character of a nitrogen-metal bond is greater in comparison
to that of a phosphorus-metal bond.’

Complexes that consist of nitrogen donating ligands typically display high reactivities. As such, they have
gained much attention in homogenous catalysis over the years. Depending on the nature of the backbone
utilized, a pincer complex having a covalent bond between an anionic nitrogen and the metal center or a
chelation between the anchoring neutral nitrogen atom and the metal center can be achieved, thus tailoring
the electronic nature around the metal center. In accordance, a few of pincer complexes of the NAN~N type,
particularly, those prepared from the corresponding anionic ligands have been developed and are well
studied. Some of the well-known classes of NANAN pincer ligands, which give rise to complexes that exhibit
great potential in catalysis include 2,6-bis(oxazolinyl)pyridines or Pybox (4), 2,6-bis(imino)pyridines (5) and
terpyridines (6). (Figure 2).1820

® ® ®
O N0 N NN
N N . < N
<f f R R # Z
R Pybox (4) R 2,6-bis(imino)pyridine (5) Terpyridine (6)

Figure 2. General examples of some well-known NANAN pincer ligands.

Owing to their activity, versatility and ease of synthesis, N*NAN complexes with a central pyridine unit are
of some significance in synthesis.'®?! However, these complexes are relatively uncommon in comparison to
their benzene analogues. In addition, neutral complexes of this pincer type are even more rare with one of the
earliest neutral complexes being reported by Spivak and co-workers in 2002.1® Hence, inspired by our recent
report on the successful synthesis of simple SANAS pincer palladium(ll) complexes 7a-d and their catalytic
applications in the Suzuki-Miyaura cross-coupling reaction,?> we herein report the two-step-synthesis and
characterization of a series of NAN~N palladium(ll) complexes 8 (Figure 3) and their catalytic evaluation in the
Suzuki-Miyaura cross-coupling reaction. These complexes were synthesized from the corresponding neutral
palindromic ligands possessing a rigid pyridine backbone.

. —

a) Cl b) Cl Cl
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_S—Pd—5S_ _N—Pd—N_ @—Pd—D
| R R | R |
Cl R Cl R Cl
7aR =Ph 8 R = alkyl

7bR = p-Br-C6H4
7cR = 4-t—CeH4
7d R =s-Bu

Figure 3. (a) Our previously reported SAN”S palladium(ll) pincer complexes 7 as pre-catalysts in the Suzuki-
Miyaura cross-coupling;?? b) Proposed NANAN palladium(ll) pincer complexes 8.
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Results and Discussion

The preparation of the NAN~AN pincer ligands 10a-10d was carried out through the use of protocols from
existing literature.?®> The formation of these NANAN pincer ligands 10a-10d was through an Sn2 reaction of 2,6-
bis(bromomethyl)pyridine (9) with the appropriate secondary amine in the presence of K,COs3 as shown in
Scheme 1. Ligands 10a, 10b, 10c and 10d were isolated in yields of 78%, 80%, 98% and 88%, respectively.

The structural elucidation of the synthesized ligands was then done using NMR as well as FT-IR
spectroscopy. In the *H NMR spectrum of 10a, the appearance of the pyridyl and the benzylic protons as a
triplet, doublet and singlet in a 1:2:4 ratio, resonating at du 7.61, 7.29 and 3.61, respectively, confirmed the
palindromic and symmetrical nature of the ligand. The signals belonging to the methylene and methyl protons
of the ethyl fragment appearing as a quartet (8H) and a triplet (12H) which resonated at o4 2.50 and 0.99,
respectively, confirmed that the diethylamine moiety had been incorporated into the ligand. Similarly, the 13C
NMR also supported the proposed structure by exhibiting the signals of the pyridyl and the benzyl linker
carbons at 6¢ 159.6, 136.5, 120.6 and 59.6, respectively, while the carbons of the ethyl groups resonated at dc
47.3 and 11.8, effectively confirming their incorporation into the ligand. The infrared spectrum of 10a showed
strong bands in the range of 1589.3 cm™to 1575.8 cm™ which are characteristic of (C=N) stretching vibrations
of the pyridyl moiety. The C-H functional groups belonging to any alkyl fragments in the ligand were found
between 2802.5 cm™ and 2966.5 cm™ as this region is commonly associated with the asymmetrical and
symmetrical stretching vibrations belonging to this functional group. Furthermore, the C-C stretches belonging
to the pyridyl group in the ligand appeared around 1454.3 cm™. In the same fashion, ligands 10b-10d were
prepared and characterized in order to investigate the effect of steric and electronic factors of the ligands in
the catalytic application of the corresponding complexes (vide infra).

| D i | N i | N
|
—  — >
N N/ N/

RN N-R Br Br @ N

R R

10a R = Ethyl (78%) 9 10c Piperidine (98"{3)

10b R = Isopropyl (80%) 10d Pyrrolidine (88%)

Scheme 1. The synthesis of the symmetrical pincer ligands 10a-10d. (i) Secondary amine (2.2 equiv.), K2CO3
(2.5 equiv.), CH3CN, rt, 15 h.

Having the ligands in hand, our attention turned to the synthesis of the corresponding Pd(ll) pincer
complexes. All the corresponding complexes 8a-8d were synthesized by treating the appropriate ligands 10a-
10d with 1 equivalent of a pre-formed metal precursor, [PdCl,(MeCN).], in dry DCM for 24 h at room
temperature.’® The resulting complexes usually precipitated out of the solution and were easily isolated by
centrifugation. These NANAN Pd(ll) pincer complexes were formed with ease, probably due to the high affinity
of the ligand’s nitrogen donor atoms for the palladium metal, which allowed for the effortless displacement of
the labile acetonitrile groups from the [PdCl2(MeCN)z] precursor.”?4 This afforded all the desired complexes in
moderate to high yields as demonstrated in Scheme 2. The successful synthesis of these complexes was then
determined by various analytical techniques such as NMR, FT-IR, HRMS and single crystal X-ray diffraction for
8a.
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Scheme 2. Synthesis of the NANAN complexes 8a-8d from the corresponding ligands 10a-10d. Reaction
conditions: [PdCl;(MeCN);] (1 equiv.), DCM, rt, 24 h.

When the *H NMR spectra of the ligands were compared with those of their corresponding complexes,
downfield shifts were observed for all the protons of the ligands upon complexation. The protons had shifted
by Adu 0.4-0.8 and this shift was attributed to the deshielding effect of the palladium metal center. For ligand
103, the pattern and integration of all the signals apart from those of the methylene protons belonging to the
alkyl amine, was retained in the complex. These methylene protons formed an AB-system due to restricted
rotation which resulted from the formation of the palladacycles, confirming that complexation had occurred.
The B3C{*H} NMR spectrum also supported the proposed structure of 8a by exhibiting the same number of
signals shown in ligand 10a, which had now shifted slightly downfield due to the same deshielding effect of
the palladium center. This retention in the arrangement of the signals in both the proton and carbon NMR
spectra suggested that the palindromic and symmetrical nature had also been retained in the complex.
Furthermore, IR studies revealed that bands in the range of 1572.0 cm™ to 1589.0 cm™ which are
characteristic of (C=N) stretching vibrations of the pyridyl moiety in the ligands had shifted to 1577.8 cm™ and
1602.9 cm™ in the complexes. Moreover, the mass spectra of the complexes were recorded in the positive
mode. Only the m/z ratios of the cationic fragments were expressed with high accuracy since the experimental
values were closely correlated with the calculated ones. The chloride counter ions were not observed as they
had combined with H* from the instrument to form neutral HCI molecules that could not be detected.

Figure 4. The crystal structure of 8a. Pd(light blue), N(dark blue), Cl(yellow), O(red), C(grey), H(light
grey).Selected bond lengths and angles Pd1---N2(1.9409 A), Pd1---N1(2.0824 A), Pd1---N3(2.0848 A), Pd1--
C1(2.3026 A), N1---Pd1---N2(83.31°), N2---Pd1---N3(83.77°), N1---Pd1---Cl1(95.94°), N3---Pd1---C|1(96.98°).
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The successful synthesis of complex 8a was also confirmed using single crystal X-ray diffraction (SCD) as
shown in Figure 4. Single crystals were grown using slow evaporation of a saturated solution of 8a in
acetonitrile. The complex 8a crystallizes in the monoclinic crystal system with space group P21/n. The
coordination sphere around Pd(ll) adopts a square planar geometry with marginally distortion. It is also
revealed that the palladium center was coordinated to a neutral N*N~N tridentate with a pyridyl core, two
identical amine groups that were trans to each other in both terminal arms and a chloride atom that was trans
to the core. Using mercury, the calculated contact surface is 9.6% (probe radius 1.5) which is occupied by the
uncoordinated chloride anion and two water molecules which contribute to stabilize the complex. The N1---
Pd1---N2 bond angle of 83.31° as well as the N2---Pd1---N3 bond angle of 83.77°slightly deviate from the
optimal angle of 90° and are quite similar to those reported by Markies et al. for a related complex.?> The
bond angles of N1---Pd1---CI1 (95.94°) and N3---Pd1---CI1 (96.98°) are also fairly similar. This suggested the
symmetry equivalent of the two pincer arms. The difference in bond lengths between the central Pd1---N2
(1.9409 A), Pd1---N1 (2.0824 A) and Pd1---N3 (2.0848 A) is lower than 0.15 A, which is unique for NANAN
pincer architectures. It clearly confirms that geometric constrains of complex 8a could be considered rather
than electronic effects.

After the successful synthesis of the complexes, they were evaluated for their catalytic activity in the
Suzuki-Miyaura cross-coupling reaction. Here, 4-bromoanisole (11a) and phenyl boronic acid (12a) were used
as the model substrates. Complex 8a was used as the pre-catalyst to establish the optimum reaction
conditions. The results obtained for the optimization reactions are summarized in Table 1. Preliminary solvent
variation studies with 1 mol % of 8a at 140 °C, with K,CO3 as the base revealed that the desired biphenyl
product 13a was formed in high yields of 91% and 92% in toluene and H;O, respectively (Table 1, entries 1 and
2). Other solvents resulted in inferior yields, hence, H,O was selected as the optimum solvent over toluene as
it is safer (non-toxic and non-flammable), easily accessible, cheap and boronic acids are known to be stable in
aqueous medium.?%?” Three inorganic and two organic bases were screened in this reaction (Table 1, entries
6-9). When the inorganic bases were used, the reaction formed some insoluble black residue. This was not the
case with the organic bases as the reactions remained homogenous throughout. No obvious trends were
observed in terms of yield. Pyridine, the weakest base, gave the lowest yield of 62% (Table 1, entries 6) and
the highest yield of 98% was observed with NEts (Table 1, entries 7). Comparable results were observed with
the inorganic bases, however, KsPOs was the exception (Table 1, entries 1,8-9). According to Amatore et al.?8~
30 the high conversions observed with these inorganic bases was due to the formation of the hydroxide anion
in the presence of water, which plays a crucial role in the transmetalation and reductive elimination steps of
the catalytic cycle. Although, palladium black was observed with potassium hydroxide, this base was selected
over NEt; as it was the cheaper alternative.
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Table 1. Establishment of the optimum reaction conditions for the Suzuki-Miyaura cross-coupling reaction
using 8a as the pre-catalyst

Br B(OH),
/©/ ©/ Reaction Conditions
* > (0]
\O \

11a 12a 13a
Entry  Solvent Base Cat. Cat. Temp. Time  Yield?®
Load (°Q)
(mol %)
Solvent effects
1 H20 K2CO3 8a 1 140 6 92%
2 Toluene KyCO3 8a 1 140 6 91%
3 DMF K2CO3 8a 1 140 6 33%
4 DMA K2CO3 8a 1 140 6 33%
5 CHsCN K2CO3 8a 1 140 6 25%
Optimization of base
6 H20 Pyridine  8a 1 140 6 62%
7 H20 NEt3 8a 1 140 6 98%
8 H20 K3POa 8a 1 140 6 73%
9 H20 KOH 8a 1 140 6 92%
Temperature effects
10 H.O KOH 8a 1 120 6 94%
11 H20 KOH 8a 1 110 6 94%
12 H20 KOH 8a 1 100 6 86%
13 H.O KOH 8a 1 80 6 76%
Conversion as a function of time
14 H20 KOH 8a 1 110 4 96%
15 H.O KOH 8a 1 110 2 84%
16 H20 KOH 8a 1 110 1 83%
17 H20 KOH 8a 1 110 0.5 73%
Catalyst Loading
18 H.O KOH 8a 0.5 110 4 95%
19 H.O KOH 8a 0.25 110 4 93%
20 H.O KOH 8a 0.1 110 4 92%
21 H.O KOH 8a 0.05 110 4 78%
22 H.O KOH 8a 0 110 4 0%
Catalyst Screening
23 H.O KOH 8b 0.1 110 4 95%
24 H.O KOH 8c 0.1 110 4 97%
25 H.O KOH 8d 0.1 110 4 97%
Mercury Drop Test
26 HO + KOH 8b 0.1 110 4 52%
Hg

Page 7 ©AUTHOR(S)



Arkivoc 2020, iii, 0-0 Yafele, R. S. et al.

Table 1. Continued
Conditions: Catalyst loading (0.05-1 mol%), 11a (0.703 mmol), 12a (1.11 mmol),
base (1.41 mmol), solvent (4 mL), 80-140 °C, 0.5-6 h, n-decane internal standard.
All reactions were monitored by GC and vyield of biphenyl is an average of two
experiments. [a] GC yield.

In pursuit of a milder reaction condition, the reaction was performed at temperatures below 140 °C. Upon
decreasing the temperature to 120 °C, the yield of the biphenyl slightly increased to 94%, and this yield was
maintained when the temperature was further decreased to 110 °C (Table 1, entries 10 and 11). An
appreciable decrease of the yield was only observed when the temperature was decreased to 100 °C and
below as the GC chromatogram revealed that the aryl halide was not completely consumed (Table 1, entries
12 and 13). This trend could be attributed to the decrease in the solubility of 8a in water as the temperature
decreased. Therefore, the optimum temperature was chosen to be 110 °C. At a reaction time of 6 h, the GC
chromatograms showed that all the aryl halide substrate had been consumed. Furthermore, to observe if the
reaction had completed earlier than this time, reactions were performed for 4 h, 2 h, 1 h and 0.5 h (Table 1,
entries 14-17). After 4 h, the 4-bromoanisole (11a) had been completely converted into 4-methoxy biphenyl
(13a). However, a gradual decline in conversion was observed when the reaction times were decreased from 2
h all the way to 0.5 h, thus all the experiments that followed were carried out for 4 h.

Employing a catalyst load of 1 mol % of 8a was sufficient to achieve the complete conversion of the aryl
halide 11a to the desired biphenyl product 13a. In order to be more economic, the coupling reaction was
performed with 8a at lower catalyst loads. As the catalyst load was decreased from 1 to 0.1 mol %, substrate
conversion barely decreased (Table 1, entries 18-20). A noticeable decline in conversion was only observed
when the catalyst load was dropped to 0.05 mol % (Table 1, entries 21).

Table 2. Screening of the best complex for the Suzuki-Miyaura cross-coupling reaction were 1-bromo-2-
isopropylbenzene (11f) was used as the aryl halide

Br B(OH).
. ©/ Catalyst (0.1 mol%), KOH_ O O
H,0, 110 °C, 4 h

1f 12a 13f
Entry  Solvent Base Cat. Cat. Temp. Time Yield?
Load (°C)
(mol %)
1 H,O KOH 8a 0.1 110 4 11%
2 H.O KOH 8b 0.1 110 4 38%
3 H,O KOH 8c 0.1 110 4 23%
4 H,O KOH 8d 0.1 110 4 22%

Conditions: Catalyst loading (0.1 mol%), 11f (0.703 mmol), 12a (1.11 mmol), KOH
(1.41 mmol), H,O (4 mL), 80-140 °C, 0.5-6 h, n-decane internal standard. All
reactions were monitored by GC and yield of biphenyl is

an average of two experiments. [a] GC yield.
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Once the optimum conditions were established with 8a, the other complexes 8b, 8c and 8d were then
evaluated as pre-catalysts in the cross-coupling reaction, to observe the effect of varying the alkylamine
groups. Initially, all the complexes gave nearly identical conversions when 4-bromo anisole (11a) was used as
the aryl halide. Therefore, a more challenging substrate 11f was used to effectively differentiate the
proficiency of each complex in this reaction (Table 2). Complex 8b, was found to be almost twice as active as
the other complexes. This indicated that having bulky groups on the nitrogen donors of the pincer complex
resulted in an enhanced catalytic activity. A similar observation where a bulkier catalyst resulted in a higher
activity had been made by Szilvdsi and Veszprémi.3! Their results showed that steric attraction and other
favorable m-interactions occurred between the bulky groups of the catalyst and the aryl halide substrate. This
indicated that bulkiness not only played an essential role in the reductive elimination step, but also in the
oxidative addition in the catalytic cycle of the reaction. Hence, both these steps are accelerated when bulky
catalysts are used.

The insoluble black residues that were being formed under the optimum reaction conditions were
suspected to be palladium black. Consequently, a homogeneity test of 8b was performed with mercury to
verify if this was the case (Table 1, entry 26). The cross-coupling reaction was performed with 8b in the
presence of excess mercury (>400 equiv.) under the optimum conditions using the model substrates 11a and
12a. The conversion was almost halved when mercury was present. This partial inhibition of the catalytic
activity in the presence of mercury suggested that this catalytic process involved both homogenous and
heterogenous routes with Pd(Il) and Pd(0) species, respectively.3? This is plausible as mercury forms an
amalgamate with metal-particle heterogeneous catalysts such as Pd(0) species, which effectively poisons any
processes arising from these metal-particles. If Pd(0) species were the sole catalysts in this reaction, then the
presence of mercury should have completely suppressed the reaction. Hence, other homogenous species that
could not be poisoned by the mercury must have been present as well.3%33

To evaluate the sustainability of this catalytic system, the reusability of the catalyst was investigated by
coupling 4-bromoanisole (11a) with phenyl boronic acid (12a) under the established optimum reaction
conditions with 8b. After reaction completion, toluene was used to extract the unreacted organic substrates
and the biphenyl product 13a from the aqueous layer where the active catalyst is expected to remain.
Thereafter, fresh coupling substrates were added to the aqueous phase to perform the next cycle. The
aqueous layer showed that it could still catalyze the reaction for only one more cycle. Furthermore, a
significant decline in activity was observed for the second cycle. This revealed that the catalyst could not be
effectively reused. It is probable that the catalyst, while in its active form, was leaching away into the organic
phase during extraction. Hence, the catalyst system could not preserve its activity for the following batch.3*

The substrate scope of the reaction with 8b as the pre-catalyst, was expanded to study its functional
group tolerance. Both the aryl bromides and aryl boronic acids were varied as outlined in Table 3. Generally
good yields were observed when para-substituted substrates were reacted. The vyield also improved when
electron donating substituents were present on the aryl boronic acids. This is demonstrated in Table 3 (entries
2-4) were the vyield increased by 9% when 4-methylphenyl boronic acid (12b) was exchanged for 4-t-
butylphenyl boronic acid (12c). In contrast to this, the yield decreases by 12% when 4-chlorophenyl boronic
acid (12d) is used in place of 12b. Additionally, there was no conversion when 3-nitrophenyl boronic acid was
used. Boronic acids are the nucleophilic components in this reaction, thus, an increase in the nucleophilicity of
the boronic acid gives rise to faster transmetalation rates.*3> This supports the observation made for entries 2-
4 in Table 3 since t-butyl groups are more nucleophilic than methyl groups and the chloride and the nitro
moieties are electron-withdrawing.
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Entry 1 as well as entries 5-9 in Table 3 show the effect of having electron-donating substituents on the
aryl bromides. Generally, electron-donating substituents deactivate the aryl halide by strengthening the C-Br
bond, which makes oxidative addition across this bond more challenging. The more donating effects of the
substituents on the aryl halide, resulted in less activity in the coupling reactions. 3¢ Hence, 4-bromoanisole
(11a) and 4-bromophenol (11b) were expected to result in lower product yields than 4-bromotoluene (11c),
but the inverse was observed. This unusual observation could be attributed to the inferior solubility of 11c in
water when compared to 11a and 11b. Changing the position of the electron-donating group and moving it
closer to the C-Br bond did not significantly affect the product yield (Table 3, entries 6-8). However, when the
electron-donating group was bulkier and ortho to the C-Br bond, the product yield decreased drastically since
sterically hindered substrates restrict access to the active site of the catalyst (Table 3, entry 9).3’

When electron-withdrawing groups are present on the aryl bromides, the bond dissociation energy of the
C-Br bond is lowered and the oxidative addition of these substrates becomes less challenging.?® The effect of
these substituents on the aryl bromides is also presented in Table 3 (entries 10-15). Conversions that were in
the higher nineties were observed for all the aryl bromides bearing electron-withdrawing groups. However,
the product yields of these substrates still differed due to the differences in their selectivity for the desired
product. Moreover, an attempt to couple 1-chloro-4-nitrobenzene with phenylboronic acid did not yield any
product. This indicated that our catalysts system was not capable of coupling aryl chlorides even when they
are activated.

Table 3. Investigation of the functional group tolerance of the Suzuki-Miyaura cross coupling reaction
with 8b as a pre-catalyst

Br B(OH), R
[ [ e TEN (5
H,0, 110 °C, 4h R"

R R
1 12 13
Entry Aryl Halide Boronic Acid Product Yield %: GC
(Isolated)
Lo o O e
MeO 12a O
Ma MeO 13a
N ool v S < gl
MeO O
11a 12b
MeO 13b

3 : Br : _B(OH), Bu 97 (67)
MeO Bu C
1a 12c O

MeO

13c

Page 10 ©AUTHOR(S)



Arkivoc 2020, iii, 0-0 Yafele, R. S. et al.

Table 3. Continued

11j

Entry Aryl Halide Boronic Acid Product Yield %: GC
(Isolated)
4 Br : _B(OH), Cl 76 (74)
MeO” i cl gl
11a 12d
MeO 13d
B oS- P T
HO 12a O
11b HO 130
6 : Br : _B(OH), O 77 (74)
11c 12a O
13f
7 N : Br : _B(OH), O 84 (69)
11d 12a O
139
3 :Br : _B(OH), O 85 (76)
1e 12a O
13h
9 @Br O/B(OH)z 38 (15)
.
1f 12a .
Pr 13i
© oo o
Ac 12a O
1
9 Ac 13j
Ot o O
®
11h OHC 13k
S oo v e P O B
F f 12a O
1i F 131
S e a U s B
=N 12a O
O2N 13m
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Table 3. Continued

Entry Aryl Halide Boronic Acid Product Yield %: GC
(Isolated)
o o o
FsC 12a O
1k F3C 13n
ot g O
NC 12a O
111 NG 130

Conditions: 8b (0.1 mol %), ArX (0.703 mmol), Ar(B(OH)2) (1.11 mmol), KOH (1.41 mmol), H,0
(4 mL), 110 °C, 4 h, n-decane internal standard. All reactions were monitored by GC and yield
of biphenyl is average of two experiments.

Conclusions

Four NANAN pincer ligands and their corresponding new cationic palladium(ll) pincer complexes were
successfully synthesized. The structures of the ligands and complexes were confirmed through the use of
characterization techniques such as NMR, IR, HRMS and single crystal XRD. The cationic palladium pincer
complexes 8a-8d were evaluated as pre-catalysts in the Suzuki-Miyaura cross-coupling reaction on water. All
the complexes exhibited excellent activity under the optimum conditions. At a low catalyst loading of 0.1 mol
%, the reaction had completed in 4 h and required a temperature of 110 °C with KOH as a base. Moreover, this
catalyst system did not require TBAB, as an additive as it is generally required in this reaction as a phase-
transfer catalyst when aqueous conditions are used. The complex bearing the most sterically hindered ligand
8b displayed improved conversions especially with sterically hindered substrates.

However, the catalyst system could not be effectively reused after aqueous work-up. Pincer complex 8b
could tolerate both electron-donating and electron-withdrawing substituents on the aryl bromides and aryl
boronic acids. Slightly improved conversions were observed with electron-withdrawing substituents on the
aryl bromides and electron-donating substituents on the aryl boronic acids. However, a poor conversion was
observed with a sterically hindered aryl bromide and no conversion was observed with aryl chlorides
suggesting a further improvement in the electronic and steric factors of the complexes. Partial inhibition in the
presence of excess of mercury implied that the catalytic process occurred through a combination of a
heterogenous Pd(0)/Pd(ll) pathway and a homogenous Pd(ll)/P(IV) pathway.

Experimental Section

Crystallographic aata

CCDC 1991901 (8a) contain the supplementary crystallographic data for this paper. The data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/getstructures.
General procedure for the synthesis of ligands 10a-10d. K,COs3 (3.40 mmol) was suspended in dry acetonitrile
(5 mL) in a two-necked round bottom flask and the appropriate dialkylamine (2.49 mmol) was added to the
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stirring suspension. After the mixture was stirred for a further 10-15 min, 2,6-Bis(bromomethyl)pyridine (1.13
mmol) was added to the suspension and the reaction was stirred at room temperature for 15 hours. Once the
reaction had completed, it was quenched with H,0 and extracted with ethyl acetate (3 x 15 mL), concentrated
in vacuo and analyzed without the need for any further purification.
N,N'-[Pyridine-2,6-diylbis(methylene)]bis(N-ethylethanamine) (10a). Light yellow oil, Yield: 78%; H NMR
(500 MHz, CD3sCN): & = 7.61 (t, J 7.5 Hz, 1H), 7.29 (d, J 7.6 Hz, 2H), 3.61 (s, 4H), 2.50 (g, J 7.0 Hz, 8H), 0.99 (t, J
7.1 Hz, 12H); 13C {*H} NMR (101 MHz, CDCls): § 159.6, 136.5, 120.6, 59.6, 47.3, 11.8; FTIR (Umax /cm™): 1589.3-
1575.8 (C=N, stretch), 1068.6 (C-N, stretch). Spectroscopic data was in agreement with the reported data.3®
2,6-Bis(piperidin-1-ylmethyl)pyridine (10b). Light yellow oil, Yield: 98%; *H NMR (400 MHz, CDCl3) 6 = 7.52 (t, J
7.7 Hz, 1H), 7.21 (d, J 7.6 Hz, 2H), 3.53 (s, 4H), 2.36 (s, 8H), 1.58 — 1.47 (m, 8H), 1.45 — 1.35 (m, 4H); 13C {*H}
NMR (101 MHz, CDCl3): § 158.4, 136.4, 120.9, 65.3, 54.7, 25.9, 24.2; FTIR (Umax /cml): 1589.3-1573.9 (C=N,
stretch), 1066.6 (C-N, stretch). Spectroscopic data was in agreement with the reported data.?33%40
2,6-Bis(pyrrolidin-1-ylmethyl)pyridine (10c). Light yellow oil, Yield: 88%; 'H NMR (400 MHz, CDCls): 6 7.50 (t, J
7.7 Hz, 1H), 7.16 (d, J 7.7 Hz, 2H), 3.68 (s, 4H), 2.47 (t, J 5.5 Hz, 8H), 1.75 — 1.63 (m, 8H); 13C {*H} NMR (101
MHz, CDCl5): 6 = 158.5, 136.5, 120.7, 62.1, 54.1, 24.2; FTIR (Umax /cm™): 1589.3-1573.9 (C=N, stretch), 1124.5
(C-N, stretch). Spectroscopic data was in agreement with the reported data.?338
N,N'-[Pyridine-2,6-diylbis(methylene)]bis(N-isopropylpropan-2-amine) (10d). Light vyellow oil (latter
solidifies), mp 45-50 °C. Yield: 80%; *H NMR (500 MHz, DMSO): § 7.67 (t, J 7.7 Hz, 1H), 7.34 (d, J 7.7 Hz, 2H),
3.68 (s, 4H), 3.10 - 2.90 (m, 4H), 0.99 (d, J 6.6 Hz, 24H); 13C {*H} NMR (101 MHz, CDCl3): & 162.7, 136.4, 119.0,
51.5, 48.8, 20.8; FTIR (Umax /cm™): 1589.3-1573.9 (C=N, stretch), 1124. (C-N, stretch). Spectroscopic data was in
agreement with the reported data.3%4!

General procedure for the synthesis of Pd(ll) NAN~AN pincer complexes 8a-8d. To a 50 mL round bottom flask
containing a solution of [PdCl(MeCN);] (0.44 mmol) in dry DCM (10 mL), the appropriate ligand (0.44 mmol)
was added. The reaction mixture was stirred for 24 h at room temperature under an nitrogen atmosphere.
The solvent was then removed by vacuum to afford the corresponding cationic palladium pincer complexes.
Chloro-2,6-bis[(diethylamino)methyl]pyridine palladium(ll) chloride (8a). Yellow solid, mp 198-208 °C
(Thermal decomposition observed at this temperature). Yield: 75%; *H NMR (500 MHz, CD3CN): 6 8.03 (td, J
1.5,9.5,17.5 Hz, 1H), 7.44 (dd, J 1.0, 9.0 Hz, 2H), 4.40 (s, 4H), 3.25 - 3.13 (m, 4H), 2.70 - 2.60 (m, 4H), 1.61 (td, J
1.0, 8.5, 15.5 Hz, 12H); 13C {*H} NMR (126 MHz, CD3CN): 6 = 160.6, 140.9, 120.3, 66.6, 57.9, 12.5; FTIR (Umax/cm
1): 1602.9- 1577.8 (C=N, stretch), 1082.1 (C-N, stretch); HR-ESI-MS: C1sH27CIN3Pd* calcd. m/z 390.0923 [M-CI] *,
found m/z = 390.0927 [M-CI]*.

Chloro-2,6-bis(piperidin-1-ylmethyl)pyridine palladium(ll) chloride (8b). Yellow solid, mp 195-205 °C
(Thermal decomposition observed at this temperature). Yield: 99%; *H NMR (400 MHz, CDCl5): 6 8.04 (t, J 7.7
Hz, 1H), 7.88 (d, J 7.9 Hz, 2H), 4.88 (s, 4H), 3.73 (t, J 11.6 Hz, 4H), 3.36 (d, J 12.3 Hz, 4H), 1.94 (d, J 12.7 Hz, 4H),
1.73 (s, 2H), 1.51 (d, J 10.0 Hz, 6H); 13C {*H} NMR (101 MHz, CDCls): & = 158.8, 141.2, 122.3, 66.3, 60.1, 22.9,
20.7; FTIR (Umax /cm™): 1602.9- 1579.7 (C=N, stretch), 1099.4 (C-N, stretch); HR-ESI-MS: CisH27CIN3Pd* calcd.
m/z 416.0927 [M-CI]*, found m/z = 416.0923 [M-CI]*. Spectroscopic data was in agreement with the reported
data.394?

Chloro-2,6-bis(pyrrolidin-1-ylmethyl)pyridine palladium(ll) chloride (8c)

Dark brown solid, mp 194-202 °C (Thermal decomposition observed at this temperature). Yield: 98%; *H NMR
(500 MHz, DMSO): & 8.17 (t, J 20.0 Hz, 1H), 7.60 (d, J 10.0 Hz, 2H), 4.54 (s, 4H), 3.59 — 3.43 (m, 4H), 3.18 — 2.99
(m, 4H), 2.0 — 1.85 (m, 8H); 3C {*H} NMR (101 MHz, DMSO0): 6 158.9, 141.0, 121.8, 69.6, 60.1, 21.5; FTIR (Umax
/cm?): 1600.9-1577.8 (C=N, stretch), 1101.4 (C-N, stretch). HR-ESI-MS: C1sH23CIN3Pd* calcd. m/z 388.0614 [M-
ClJ*, found m/z = 388.0610 [M-CI]".
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Chloro-2,6-bis[(diisopropylamino)methyl]pyridine palladium(ll) chloride (8d). Pale sandy solid, mp 217-222
°C (Thermal decomposition observed at this temperature). Yield: 69%; *H NMR (500 MHz, DMSO): & 8.16 (t, J
16.0 Hz, 1H), 7.52 (d, J 8.0 Hz, 2H), 4.56 (s, 4H), 3.45 — 3.37 (m, 4H), 1.80 (d, J 6.5 Hz, 12H), 1.29 (d, J 6.5 Hz,
12H); 13C {*H} NMR (101 MHz, DMSO): 6 = 162.4, 141.2, 119.1, 62.8, 59.7, 21.6, 18.5; FTIR (Umax /cm™): 1604.8-
1583.6 (C=N, stretch), 1105.2 (C-N, stretch); HR-ESI-MS: C19H35CINsPd* calcd. m/z 448.1553 [M-CI]*, found m/z
=448.1551 [M-CI]*.

General experimental procedure of the Suzuki-Miyaura cross-coupling reaction. A suitable aryl halide (0.703
mmol), aryl boronic acid (1.11 mmol), KOH (1.41 mmol), 8b (0.1-1 mol %), internal standard (n-decane, 0.703
mmol) and H,O (4 mL) were charged in a carousel tube (24 X 150 mm quick-thread glass). The reaction
mixture was sealed and stirred at 110 °C for 4 h. After reaction completion, the mixture was cooled in an ice
bath and extracted with DCM. The organic extract was then dried over anhydrous MgSQy, filtered and
analysed with Gas Chromatography (GC). Isolation of the desired biphenyls products was achieved via column
chromatography using silica gel and 5-10% EtOAc in hexane as an eluent. Further confirmation of the isolated
products was performed via *H and *3*C NMR characterisation as well as melting point determination for the
solids.

4-Methoxy-1,1'-biphenyl (13a). White solid, mp 86-88 °C; Yield: 88%; *H NMR (500 MHz, CDCls): § 7.64 — 7.52
(m, 4H), 7.45 (t, J 7.6 Hz, 2H), 7.33 (t, J 7.6 Hz, 1H), 7.01 (d, J 8.6 Hz, 2H), 3.88 (s, 3H); 13C {*H} NMR (126 MHz,
CDCl3): 6 159.1, 140.8, 133.8, 128.7, 128.1, 126.7, 126.6, 114.2, 55.3. Spectroscopic data was in agreement
with the reported data.?>4344

4-Methoxy-4'-methyl-1,1'-biphenyl (13b). White solid, mp 105-108 °C; Yield: 55%; *H NMR (500 MHz, CDCls):
6 7.55 (d, J 8.5 Hz, 2H), 7.49 (d, J 8.0 Hz, 2H), 7.26 (d, J 8.0 Hz, 2H), 7.00 (d, J 8.5 Hz, 2H), 3.88 (s, 3H), 2.42 (s,
3H); 3C {*H} NMR (126 MHz, CDCls3): § 158.9, 138.0, 136.3, 133.8, 129.4, 127.9, 126.5, 114.1, 55.3, 21.0.
Spectroscopic data was in agreement with the reported data.*

4-(tert-Butyl)-4'-methoxy-1,1'-biphenyl (13c). White solid, mp 134-137 °C; Yield: 67%; 'H NMR (400 MHz,
CDCls): 6 =7.58 — 7.36 (m, 6H), 6.99 — 6.92 (m, 2H), 3.83 (s, 3H), 1.35 (s, 9H); 3C {*H} NMR (101 MHz, CDCl5): 6
158.9, 149.5, 137.9, 133.6, 127.9, 126.3, 125.6, 114.1, 55.3, 34.4, 31.3. Spectroscopic data was in agreement
with the reported data.*®

4-Chloro-4'-methoxy-1,1'-biphenyl (13d). White solid, mp 109-112 °C; Yield: 74%; 'H NMR (400 MHz, CDCls): &
7.46 (dd, J 6.3, 8.4 Hz, 4H), 7.36 (d, J 8.4 Hz, 2H), 6.96 (d, J 8.6 Hz, 2H), 3.83 (s, 3H); '3C {*H} NMR (101 MHz,
CDCl3): 6 159.3, 139.2, 132.6, 132.4, 128.8, 128.0, 127.9, 114.2, 55.3. Spectroscopic data was in agreement
with the reported data.*’

[1,1'-Biphenyl]-4-ol (13e). White solid, mp 160-163 °C; Yield: 89%; *H NMR (400 MHz, CDCls): 6 7.52 (d, J 7.7
Hz, 2H), 7.47 (d, J 8.5 Hz, 2H), 7.40 (t, J 7.6 Hz, 2H), 7.29 (t, J 7.3 Hz, 1H), 6.89 (d, J 8.5 Hz, 2H), 4.70 (s, 1H);

13C {*H} NMR (126 MHz, CDCl5): 6 155.0, 140.7, 134.1, 128.7, 128.4, 126.7, 115.6. Spectroscopic data was in
agreement with the reported data.*®

4-Methyl-1,1'-biphenyl (13f). Clear solid, mp 42-44 °C; Yield: 74%; 'H NMR (400 MHz, CDCls): 6 7.62 — 7.58 (m,
2H), 7.51 (d, J 8.2 Hz, 2H), 7.43 (t, J 7.6 Hz, 2H), 7.38 = 7.30 (m, 1H), 7.26 (d, J 8.0 Hz, 2H), 2.41 (s, 3H); 13C {*H}
NMR (101 MHz, CDCls3): 6 141.1, 138.3, 136.9, 129.4, 128.6, 126.9, 126.9, 21.0. Spectroscopic data was in
agreement with the reported data.*®

3-Methyl-1,1'-biphenyl (13g). Clear oil. Yield: 69%; *H NMR (400 MHz, CDCl3): 6 = 7.62 — 7.54 (m, 2H), 7.47 —
7.37 (m, 4H), 7.36 — 7.29 (m, 2H), 7.16 (d, J 7.3 Hz, 1H), 2.42 (s, 3H); 13C {*H} NMR (101 MHz, CDCl5): § 141.3,
141.1, 138.3, 128.6, 128.6, 127.9, 127.1, 124.2, 21.0. Spectroscopic data was in agreement with the reported
data.?’
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2-Methyl-1,1'-biphenyl (13h). Clear oil. Yield: 76%; 'H NMR (400 MHz, CDCls): 6 = 7.35 — 7.15 (m, 9H), 2.19 (s,
3H); 3C {*H} NMR (101 MHz, CDCls): 6 139.5, 138.5, 130.9, 130.74, 129.5, 128.6, 128.0, 126.9, 125.4, 120.9,
20.1. Spectroscopic data was in agreement with the reported data.*’

2-1sopropyl-1,1'-biphenyl (13i). Clear oil. Yield: 15%; 'H NMR (500 MHz, CDCl5): 6 7.47 — 7.25 (m, 7H), 7.18
(dtd, J 1.4, 7.6, 9.0 Hz, 2H), 3.12 — 2.90 (m, 1H), 1.14 (d, J 6.9 Hz, 6H); 13C {*H} NMR (126 MHz, CDCl3): 6 146.3,
142.1,141.1, 129.9,129.3, 127.9, 127.6, 126.67, 125.5, 125.2, 29.3, 24.2. Spectroscopic data was in agreement
with the reported data.*

1-([1,1'-Biphenyl]-4-yl)ethan-1-one (13j). White solid, mp 115-118 °C; Yield: 84%: 'H NMR (400 MHz, CDCls): &
=8.02 (d, J 8.2 Hz, 2H), 7.64 (dd, J 7.8, 23.2 Hz, 4H), 7.42 (dt, J 7.2, 28.3 Hz, 3H), 2.62 (s, 3H); 13C {*H} NMR (126
MHz, CDCls): 6 197.6, 145.8, 139.9, 135.9, 128.9, 128.8, 128.2, 127.2, 127.2, 26.5. Spectroscopic data was in
agreement with the reported data.*®

[1,1'-Biphenyl]-4-carbaldehyde (13k). White solid, mp 55-58 °C; Yield: 80%; *H NMR (400 MHz, CDCls): 6 10.04
(s, 1H), 7.94 (d, J 8.0 Hz, 2H), 7.68 (d, J 7.6 Hz, 4H), 7.53 — 7.28 (m, 3H); 13C {*H} NMR (101 MHz, CDCl3): § 191.8,
147.1, 139.6, 135.2, 130.2, 128.9, 128.4, 127.6, 127.3. Spectroscopic data was in agreement with the reported
data.*

4-Fluoro-1,1'-biphenyl (13l). White solid, mp 69-72 °C; Yield: 79%; 'H NMR (500 MHz, CDCl3): 6 7.61 — 7.57 (m,
1H), 7.53 (ddd, J 1.8, 4.3, 6.5 Hz, 3H), 7.47 — 7.39 (m, 3H), 7.37 — 7.29 (m, 1H), 7.11 (t, J 8.7 Hz, 1H); 13C {*H}
NMR (126 MHz, CDCls): & = 162.5 (d, J 246.3 Hz), 140.7 (d, J 123.7 Hz), 137.3 (d, J 3.2 Hz), 128.7 (d, J 8.7 Hz),
128.6 (d, J 8.0 Hz), 127.2 (d, J 1.2 Hz), 127.1 (d, J 18.0 Hz), 115.6 (d, J 21.4 Hz). Spectroscopic data was in
agreement with the reported data.*

4-Nitro-1,1'-biphenyl (13m). Cream white/Beige solid, mp 107-112 °C; Yield: 95%; 1H NMR (400 MHz, CDCI3):
5=8.28 (d, ) 8.7 Hz, 2H), 7.72 (d, ) 8.7 Hz, 2H), 7.61 (d, J 7.1 Hz, 2H), 7.46 (dt, J 7.0, 21.6 Hz, 3H); 13C {1H} NMR
(101 MHz, CDCI3): 6 147.6, 147.0, 138.7, 129.1, 128.9, 127.8, 127.3, 124.0. Spectroscopic data was in
agreement with the reported data.44

4-Methoxy-4'-(trifluoromethyl)-1,1'-biphenyl (13n). White solid. mp 66-70 °C. Yield: 83%; *H NMR (400 MHz,
CDCl3) & 7.68 (s, 3H), 7.58 (d, J 8.0 Hz, 2H), 7.50 — 7.29 (m, 4H); 3C {*H} NMR (126 MHz, CDCl3) 6 144.7, 139.8,
129.5, 129.1, 128.9, 128.8, 128.7, 128.1, 127.4, 127.2, 127.1, 125.7, 125.6, 122.9. Spectroscopic data was in
agreement with the reported data.*’

4'-Methoxy-[1,1'-biphenyl]-4-carbonitrile (130). White solid, mp 84-87 °C; Yield: 86%; *H NMR (400 MHz,
CDCls): § = 7.77 — 7.62 (m, 4H), 7.62 — 7.52 (m, 2H), 7.52 — 7.37 (m, 3H); 13C {H} NMR (101 MHz, CDCl3): &
144.7, 139.7, 129.4 (q, J 32.3 Hz), 128.9, 128.1, 127.4, 127.2, 125.7 (q, J 3.7 Hz), 122.9 (q, J 269.8 Hz).
Spectroscopic data was in agreement with the reported data.**

Acknowledgements
The University of Johannesburg (UJ), the Research Centre for Synthesis and Catalysis of the Department of

Chemical Sciences at UJ, and the National Research Foundation (NRF) are all acknowledged for financial
support. The University of Johannesburg (UJ) is also acknowledged for its research facilities.

Page 15 ©AUTHOR(S)



Arkivoc 2020, iii, 0-0 Yafele, R. S. et al.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Zhou, J.; Fu, G. J. Am. Chem. Soc. 2004, 126, 1340.

https://doi.org/10.1021/ja039889k

Frisch, A. C.; Beller, M. Angew. Chemie Int. Ed. 2005, 44, 674.
https://doi.org/10.1002/anie.200461432

Serrano-Becerra, J. M.; Morales-Morales, D. Curr. Org. Synth. 2009, 6, 169.
https://doi.org/10.2174/157017909788167293

Lennox, A.; Lloyd-Jones, G. RSC Catalysis Series 2015, 322.

Frech, C. M. Pincer and Pincer-Type Complexes: Applications in Organic Synthesis and Catalysis 2014, 249.
https://doi.org/10.1002/9783527681303.ch10

Hooshmand, S. E.; Heidari, B.; Sedghi, R.; Varma, R. S. Green Chem. 2019, 21, 381.
https://doi.org/10.1039/C8GC02860E

Taheri Kal Koshvandi, A.; Heravi, M. M.; Momeni, T. Appl. Organomet. Chem. 2018, 32, e4210.
https://doi.org/10.1002/a0c.4210

Willemse, T.; Schepens, W.; Vlijmen, H.; Maes, B.; Ballet, S. Catalysts 2017, 7, 74.
https://doi.org/10.3390/catal7030074

Morales-Morales, D. Pincer Compounds: Chemistry and Application. Morales-Morales, D. Eds.; Elsevier,
2018.

Peris, E.; Crabtree, R. H. Chem. Soc. Rev. 2018, 47, 1959.
https://doi.org/10.1039/C7CS00693D

Valdés, H.; Garcia-Eleno, M. A.; Canseco-Gonzalez, D.; Morales-Morales, D. ChemCatChem 2018, 3136.
https://doi.org/10.1002/cctc.201702019

Gonzalez-Sebastian, L.; Morales-Morales, D. Journal of Organometallic Chemistry 2019, 893, 39.
https://doi.org/10.1016/j.jorganchem.2019.04.021

Roy, D.; Uozumi, Y. Adv. Synth. Catal. 2018, 360, 602.
https://doi.org/10.1002/adsc.201700810

Selander, N.; Szabd, K. J. Chem. Rev. 2011, 111, 2048.

https://doi.org/10.1021/cr1002112

Beach, N. J.; Spivak, G. J. Inorganica Chim. Acta 2003, 343, 244.
https://doi.org/10.1016/5S0020-1693(02)01173-8

Younus, H. A.; Ahmad, N.; Su, W.; Verpoort, F. Coord. Chem. Rev. 2014, 276, 112.
https://doi.org/10.1016/j.ccr.2014.06.016

Togni, A.; Venanzi, L. M. Angew. Chemie Int. Ed. English 1994, 33, 497.
https://doi.org/10.1002/anie.199404971

Fraile, J. M.; Garcia, J. |.; Mayoral, J. A. Coord. Chem. Rev. 2008, 252, 624.
https://doi.org/10.1016/j.ccr.2007.10.011

Campora, J.; Rodriguez-Delgado, A.; Palma, P. Pincer Compounds 2018, 539.
https://doi.org/10.1016/B978-0-12-812931-9.00026-8

Cummings, S. D. Coord. Chem. Rev. 2009, 253, 449,

https://doi.org/10.1016/j.ccr.2008.04.013

Dupont, J.; Consorti, C. S.; Spencer, J. The Chemistry of Pincer Compounds 2007, 1.
https://doi.org/10.1016/B978-044453138-4/50002-7

Fiebor, A.; Tia, R.; Makhubela, B. C. E.; Kinfe, H. H. Beilstein J. Org. Chem. 2018, 14, 1859.

Page 16 ©AUTHOR(S)



Arkivoc 2020, iii, 0-0 Yafele, R. S. et al.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

https://doi.org/10.3762/bjoc.14.160

Bai, R.; Liang, Z.; Yoon, Y.; Liu, S.; Gaines, T.; Oum, Y.; Shi, Q.; Mooring, S. R.; Shim, H.; Eur. J. Med. Chem.
2016, 118, 340.

https://doi.org/10.1016/j.ejmech.2016.04.040

Davies, J. A.; Hartley, F. R. Chem. Rev. 1981, 81, 79.

https://doi.org/10.1021/cr00041a004

Markies, B. A.; Wijkens, P.; Boersma, J.; Kooijman, H.; Veldman, N.; Spek, A. L.; van Koten, G.
Organometallics 1994, 13, 3244.

https://doi.org/10.1021/0m00020a043

Leadbeater, N. E. Chem. Commun. 2005, 2881.

https://doi.org/10.1039/b500952a

Maluenda, I.; Navarro, O. Molecules 2015, 20, 7528.

https://doi.org/10.3390/molecules20057528

Amatore, C.; Jutand, A.; Le Duc, G. Chem. - A Eur. J. 2011, 17, 2492.
https://doi.org/10.1002/chem.201001911

Amatore, C.; Le Duc, G.; Jutand, A. Chem. - A Eur. J. 2013, 19, 10082.
https://doi.org/10.1002/chem.201300177

Amatore, C.; Jutand, A.; Le Duc, G. Chem. - A Eur. J. 2012, 18, 6616.
https://doi.org/10.1002/chem.201200516

Szilvasi, T.; Veszprémi, T. ACS Catal. 2013, 3, 1984.

https://doi.org/10.1021/cs400429j

Gorunova, O. N.; Novitskiy, I. M.; Grishin, Y. K.; Gloriozov, I. P.; Roznyatovsky, V. A.; Khrustalev, V. N.;
Kochetkov, K. A.; Dunina, V. V. Organometallics 2018, 37, 2842.
https://doi.org/10.1021/acs.organomet.8b00363

Widegren, J. A.; Finke, R. G. J. Mol. Catal. A Chem. 2003, 198, 317.
https://doi.org/10.1016/5S1381-1169(02)00728-8

Arai, M.; Zhao, F. Catalysts 2015, 5, 868.

https://doi.org/10.3390/catal5020868

Lennox, A. J. J.; Lloyd-Jones, G. C. Chem. Soc. Rev. 2014, 43, 412.
https://doi.org/10.1039/C3CS60197H

Johansson Seechurn, C. C. C.; Deangelis, A.; Colacot, T. J. RSC Catal. Ser. 2015-Janua, 1.

Okuda, Y. Natural Product Synthesis. In Applied Cross-Coupling Reactions; Nishihara, Y. Eds.; Heidelberg:
Springer, 2013; vol. 80, 43-83.

https://doi.org/10.1007/978-3-642-32368-3 3

Gawali, S. S.; Gunanathan, C. J. Organomet. Chem. 2019, 881, 139.
https://doi.org/10.1016/j.jorganchem.2018.12.007

Tastan, S.; Krause, J. A.; Connick, W. B. Inorganica Chim. Acta 2006, 359, 1889.
https://doi.org/10.1016/].ica.2005.07.035

Landge, V. G.; Pitchaimani, J.; Midya, S. P.; Subaramanian, M.; Madhu, V.; Balaraman, E. Catal. Sci. Technol.
2018, 8, 428.

https://doi.org/10.1039/C7CY01994G

Yang, Z.; Wei, X.; Liu, D.; Liu, Y.; Sugiya, M.; Imamoto, T.; Zhang, W. J. Organomet. Chem. 2015, 791, 41.
https://doi.org/10.1016/j.jorganchem.2015.05.002

Kuyuldar, S.; Burda, C.; Connick, W. B. RSC Adv. 2019, 9, 25703.

Page 17 ©AUTHOR(S)



Arkivoc 2020, iii, 0-0 Yafele, R. S. et al.

https://doi.org/10.1039/C9RA05423E

43. Alacid, E.; Najera, C. Org. Lett. 2008, 10, 5011.
https://doi.org/10.1021/01802024]

44. West, M. J.; Watson, A. J. B. Org. Biomol. Chem. 2019, 17, 5055.
https://doi.org/10.1039/C90B00561G

45, Cavalheiro, V. M. S.; Nobre, S. M.; Kessler, F. New J. Chem. 2019, 43, 7162.
https://doi.org/10.1039/C8NJO6066E

46. Pradhan, S.; John, R. P. RSC Adv. 2016, 6, 12453.
https://doi.org/10.1039/C6RA00055)

47.Yan, Q.; Zheng, L.; Li, M.; Chen, Y. J. Catal. 2019, 376, 101.
https://doi.org/10.1016/j.jcat.2019.07.004

48. lkeda, T.; Zhang, Z.; Motoyama, Y. Adv. Synth. Catal. 2018, 361, 673.

49. Vila, C.; Giannerini, M.; Hornillos, V.; Fafianas-Mastral, M.; Feringa, B. L. Chem. Sci. 2014, 5, 1361.
https://doi.org/10.1039/c3sc53047g

This paper is an open access article distributed under the terms of the Creative Commons Attribution (CC BY)
license (http://creativecommons.org/licenses/by/4.0/)

Page 18 ©AUTHOR(S)


https://doi.org/10.1039/c3sc53047g
http://creativecommons.org/licenses/by/4.0/

