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Abstract: Ni(II), Pd(II), and Pt(II) complexes [M(Y-terpy)X] (X = Cl or Br) containing the tridentate
NˆCˆN-cyclometalating 2,3′:5′,2′ ′and 2,2′:4′,2′ ′ stereoisomers of the well-known tridentate NˆNˆN
ligand 2,2′:6′,2′ ′-terpyridine (terpy) were synthesised in moderate to good yields through C–H ac-
tivation. For the Pt complexes, the phenyl ethynide derivatives [Pt(Y-terpy)(C≡CPh)] were also
obtained under Sonogashira conditions. In contrast to this, CˆNˆN cyclometalated complexes using
the 2,2′:6′,3′ ′- and 2,2′:6′4′ ′-terpy isomers were not obtained. Comparison of the NˆCˆN complexes of
the cyclometalated 2,3′:5′,2′ ′- and 2,2′:4′,2′ ′-terpy ligands with complexes [M(dpb)Cl] of the prototyp-
ical NˆCˆN cyclometalating ligand dpb− (Hdpb = 2,6-diphenyl-pyridine) showed higher potentials
for the terpy complexes for the ligand-centred reductions in line with the superior π-accepting prop-
erties of the terpy ligands compared with dpb. Metal-centred oxidations were facilitated by the dpb
ligand carrying a central σ-donating phenyl group instead of a metalated pyridine moiety. The same
trends were found for the long-wavelength absorptions and the derived electrochemical and optical
band gaps. The lower σ-donating capacities of the cyclometalated terpy derivatives is also con-
firmed by a reduced trans influence in the structure of [Ni(2,3′:5′,2′ ′-terpy)Br0.14/OAc0.86]. Attempts
to re-crystallise some poorly soluble Pd(II) and Pt(II) complexes of this series under solvother-
mal conditions (HOAc) gave two structures with N-protonated cyclometalated pyridine moieties,
[Pt(2,3′:5′,2′ ′-terpyH)Cl].Cl and [Pd(2,3′:5′,2′ ′-terpyH)Cl2].

Keywords: nickel; palladium; platinum; cyclometalation; C–H activation; terpyridine

1. Introduction

C–H activation and metalation is the starting step in transition metal-catalysed C–H
functionalisation reactions [1–7]. The directing group (DG) approach shows that C–H
metalation is often one of the key steps of such a reaction [1–3,5,6]. The well-known
tridentate NˆNˆN-coordinating ligand 2,2′:6′,2′ ′-terpyridine (terpy, Scheme 1A) and sub-
stituted derivatives have been reported in literally hundreds of Ni(II), Pd(II), or Pt(II)
complexes or coordination polymers with applications in C–H or C–X functionalisation
catalysis [8–12]. At the same time, they have been studied as supramolecular units [13–20],
luminescent [15–23], photoreactive [21–23], or redox-active materials [10,24,25], and as
biomedical probes [15–20,26].

In contrast to this, the potential cyclometalation of this ligand to transition metals
has been attempted only in very few cases [27–29]. The only examples of terpy being
metalated are the Ru(II) complex [Ru(MeNterpy)(napy)(dmso)] (napy = 8-naphthyridine)
containing a Me-N4 alkylated zwitterionic MeN(+)terpy(−) NˆCˆN cyclometalated lig-
and [27] (Scheme 1B) and the Ru(II) complex [Ru(terpy)(terpy*)]2+ containing the N4′ ′

protonated CˆNˆN metalated 2,2′:6′:4′ ′terpy ligand (Scheme 1C) [28]. Previously, we found
CˆNˆN cyclometalated dipyridyl-triazines in Pd(II) complexes [Pd(L–H)Cl] (L = 5-aryl-3-
(2′-pyridiyl)-1,2,4-triazine) in an EI-MS(+) experiment (Scheme 1D) but could not isolate
this species [29].
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terpy derivatives. (B) [Ru(MeNterpy)(napy)(dmso)] (napy = 8-naphthyridine) ligand from ref. [27]. 
(C) [Ru(terpy)(terpy*)]2+ (terpy* = N4″ protonated C^N^N 2,2′:6′:4″terpy) from ref. [28]. (D) [Pd(L)Cl] 
(L = 5-aryl-3-(2′-pyridiyl)-1,2,4-triazine) from ref. [29]. 

Basically, a so-called “rollover cyclometalation” starting from the N^N^N-coordi-
nated [M(terpy)X]+ complexes (Scheme 2A) could yield C^N^N-coordinated neutral com-
plexes [M(κ3-C^N^N-terpy)X] (Scheme 2E). Such reactions have been intensely studied 
for the N^N bidentate ligand 2,2′-bipyridine (bpy) and its derivatives with M = Pt(II), 
Pd(II) [4,31–34], and Ir(III) [11]. However, rollover metalation has never been observed for 
either terpy or bpy coordinated to Ni(II). Alternatively, a N^C coordination in mononu-
clear complexes of the type [M(κ2-N^C-terpy)X(L)] (Scheme 2F) or dinuclear species con-
taining a bridging κ2-C^N-µ-κ2-N^N-terpy ligand are possible with the terpy ligand but 
have also never been reported. 

 
Scheme 2. (A) Cationic N^N^N-coordinated cationic Pt(II) and Pd(II) complexes of 2,2′:6′,2″-terpyr-
idine; potential (E) C^N^N- or (F) N^C-coordinated terpy derivatives in neutral M–X complexes; 
M–X complexes of the prototypical C^N^N and N^C^N coordinating ligands −phbpy (G) and −dpb 
(H). 

This is remarkable in view of the broad use of the very similar C^N^N or N^C^N-
type cyclometalating ligands −phbpy (Hphbpy = 6-phenyl-2,2′-bipyridine, Scheme 2G) 
and dpb− (dpbH = 1,3-di(2-pyridyl)benzene, Scheme 2H) in complexes of nickel group el-
ements [4,19,21,35–53]. Pt(II) and Pd(II) complexes of these two ligands and their deriva-
tives have been reported as efficient triplet emiTers [36–45], and some Pd(II) and Ni(II) 
complexes have found application in catalysis [47–49,52]. Very recently, we studied com-
plexes [M(phbpy)(CN)] of the Ni-Pd-Pt triad with the C^N^N binding −phbpy ligand 
(Scheme 2G) [44] and the N^C^N binding 4,6-dimethylated dpb derivative −Me2dpb 
([M(Me2dpb)Cl], Scheme 2H) [43], and found interesting electrochemical and photophys-
ical properties through the series of varied metals. 

Scheme 1. (A) Cationic [M(terpy)Cl]+ [Pt: ref. [20]; Pd: refs. [29,30]] and examples of cyclometalated
terpy derivatives. (B) [Ru(MeNterpy)(napy)(dmso)] (napy = 8-naphthyridine) ligand from ref. [27].
(C) [Ru(terpy)(terpy*)]2+ (terpy* = N4′ ′ protonated CˆNˆN 2,2′:6′:4′ ′terpy) from ref. [28]. (D) [Pd(L)Cl]
(L = 5-aryl-3-(2′-pyridiyl)-1,2,4-triazine) from ref. [29].

Basically, a so-called “rollover cyclometalation” starting from the NˆNˆN-coordinated
[M(terpy)X]+ complexes (Scheme 2A) could yield CˆNˆN-coordinated neutral complexes
[M(κ3-CˆNˆN-terpy)X] (Scheme 2E). Such reactions have been intensely studied for the NˆN
bidentate ligand 2,2′-bipyridine (bpy) and its derivatives with M = Pt(II), Pd(II) [4,31–34],
and Ir(III) [11]. However, rollover metalation has never been observed for either terpy or
bpy coordinated to Ni(II). Alternatively, a NˆC coordination in mononuclear complexes
of the type [M(κ2-NˆC-terpy)X(L)] (Scheme 2F) or dinuclear species containing a bridging
κ2-CˆN-µ-κ2-NˆN-terpy ligand are possible with the terpy ligand but have also never
been reported.
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terpyridine; potential (E) CˆNˆN- or (F) NˆC-coordinated terpy derivatives in neutral M–X com-
plexes; M–X complexes of the prototypical CˆNˆN and NˆCˆN coordinating ligands −phbpy (G) and
−dpb (H).

This is remarkable in view of the broad use of the very similar CˆNˆN or NˆCˆN-
type cyclometalating ligands −phbpy (Hphbpy = 6-phenyl-2,2′-bipyridine, Scheme 2G)
and dpb− (dpbH = 1,3-di(2-pyridyl)benzene, Scheme 2H) in complexes of nickel group
elements [4,19,21,35–53]. Pt(II) and Pd(II) complexes of these two ligands and their deriva-
tives have been reported as efficient triplet emitters [36–45], and some Pd(II) and Ni(II)
complexes have found application in catalysis [47–49,52]. Very recently, we studied com-
plexes [M(phbpy)(CN)] of the Ni-Pd-Pt triad with the CˆNˆN binding −phbpy ligand
(Scheme 2G) [44] and the NˆCˆN binding 4,6-dimethylated dpb derivative −Me2dpb
([M(Me2dpb)Cl], Scheme 2H) [43], and found interesting electrochemical and photophysical
properties through the series of varied metals.
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When looking at the complete list of stereoisomers of terpy, we count 21 isomers
(Scheme 3) [13,14,54,55]. The parent 2,2′:6′,2′ ′ isomer is potentially able to undergo double-
cyclometalation, forming a CˆNˆC chelate in addition to the common NˆNˆN coordination
(Scheme 3I). At the same time, the parent isomer is able to undergo single cyclometalation
leading to a CˆNˆN coordination (Scheme 3K), which is also true for the 2,2′:6′,3′ ′ and
the 2,2′:6′,4′ ′ isomers. The 2,2′:4′,2′ ′ and 2,3′:5′,2′ ′ isomers are capable of performing
cyclometalation resulting in a NˆCˆN coordination (Scheme 3L).
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mers (with numbering). (I) NˆNˆN and potential CˆNˆC binding mode of the parent 2,2′:6′,2′ ′

derivative; (K) potentially NˆNˆC (CˆNˆN) binding isomers; (L) potentially NˆCˆN binding isomers;
and (M) further isomers. The derivatives studied in this work are marked in bold in (K,L) Note that
there is only one 2,2′:6,3′ ′ derivative, but this has two different options for cyclometalation.
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For the further 16 terpy isomers (Scheme 3M), NˆCˆC, CˆNˆC, or CˆCˆC cyclometa-
lations are potentially possible. Double NˆCˆC cyclometalation with dianionic NˆCˆC2−

ligands based on diphenyl-2-pyridine (Hdphpy) was never observed for Pt(II), while
for Pd(II) and Ni(II), the complexes [M(dphpy)(PPh3)] (M = Pd and Ni) were recently
reported [56]. In contrast to this, −CˆNˆC− coordination with the prototypical 2,6-diphenyl-
pyridine system (Hdpp) to Pt(II) is quite frequent [57–62], while for Pd(II) the first example
was only very recently reported [Pd(dpp)(PPh3)] [63], and no Ni(II) derivatives have been
found. Triple CˆCˆC cyclometalation is not known for any of these metals.

Being interested in comparative studies of isoleptic Pt(II), Pd(II), and Ni(II) com-
plexes [39,43,44,64,65], we started to explore the capacity of the 2,2′:6′,3′ ′ and 2,2′:6′,4′ ′-terpy
isomers for CˆNˆN cyclometalation (Scheme 3K), as well as the capacity of the 2,2′:4′,2′ ′

and 2,3′:5′,2′ ′ isomers for NˆCˆN cyclometalation (Scheme 3L).
We herein report on attempts to NˆCˆN cyclometalate the 2,2′:4′,2′ ′ and 2,3′:5′,2′ ′ deriva-

tives forming the chlorido complexes [M(NˆCˆN)Cl] (M = Ni, Pd, or Pt) and the derivatisation
of Pt–Cl complexes into the alkynyl derivatives [Pt(NˆCˆN)(C≡CPh)] (Scheme 4N,O). We
report on the details of the synthesis procedures, which were different for the chlorido
Pt and Pd complexes compared with the Ni derivatives. Additionally, we studied in
detail the impact of the electron-withdrawing N moieties in the cyclometalated terpy
ligands on the electronics of the Pt(II), Pd(II), and Ni(II) complexes in comparison with
the prototypical NˆCˆN coordinating dpb− (Scheme 2H) and the CˆNˆN coordinating
phbpy− ligand (Scheme 2G). Comparative UV-vis absorption and electrochemical data
are available for the series [M(Me2dpb)Cl] [43], [M(dpb)Cl] [43,48–50], and [M(phbpy)X]
(M = Pt, Pd, Ni, X = Cl or Br) [51,52].

Table 1. Overview of attempted complex syntheses using 2,2′:6′,3′ ′- and 2,2′:6′,4′ ′-terpy ligands.

Terpy Ligand Precursor Conditions Product

2,2′:6′,3′ ′ NiBr2 KOAc/K2CO3, p-xylene, reflux, 67 h no conversion, ligand re-isolated

2,2′:6′,3′ ′ [Ni(DME)Br2] NEt3, THF, reflux, 16 h no conversion, ligand re-isolated

2,2′:6′,4′ ′ NiBr2 KOAc/K2CO3, p-xylene, reflux, 69 h red–brown powder c

2,2′:6′,3′ ′ K2PdCl4 MeCN/H2O, reflux, 18 h brown powder (12%) a

2,2′:6′,4′ ′ K2PdCl4 MeCN/H2O, reflux, 19 h no conversion, ligand re-isolated

2,2′:6′,4′ ′ K2PdCl4 DMF, reflux, 65 h brown powder (7%) a,b

2,2′:6′,3′ ′ K2PtCl4 Glacial HOAc, reflux, 19 h red–brown powder (24%) a

2,2′:6′,4′ ′ K2PtCl4 Glacial HOAc, reflux, 67 h red–brown powder (33%) a

a Identified by (+)-HR-ESI-MS; b identified by (+)-HR-EI-MS; c decomposed under ambient conditions.
KOAc = potassium acetate; DME = dimethoxy-ethane; THF = tetrahydrofurane; MeCN = acetonitrile;
DMF = dimethyl formamide; HOAc = acetic acid.

Unfortunately, for the CˆNˆN cyclometalated complexes attempted from the 2,2′:6′,3′ ′

and 2,2′:6′,4′ ′ isomers (Scheme 4P,Q), we either did not isolate any reasonable product
(M = Ni) or obtained materials which were virtually insoluble, thus massively hampering
characterisation (M = Pd and Pt). We included these results for the sake of completeness
and to encourage others to report negative results.

In this contribution, we discuss the successful and the failed synthesis attempts in
view of the different structural patterns of the ligands. We will also try to draw conclusions
for the use of cyclometalated Pt(II), Pd(II), and Ni(II) complexes of terpy derivatives in C–H
functionalisation reactions as catalysts or models for catalyst intermediates.
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Scheme 4. The Ni, Pd, and Pt complexes synthesised in this study. Green labels = successful synthesis
and characterisation; red labels = obtained material was virtually insoluble, only partially characterised;
red strike-through = no products isolated. For the complexes labelled M-L-X in (N,O), to the right,
electrochemical and UV-vis absorption data were recorded. (P,Q) represent not further characterised
products (see also Table 1).

2. Results and Discussion
2.1. Preparation and Analytical Characterisation

The terpy stereoisomers 2,2′:6′,3′ ′-terpy and 2,2′:6′,4′ ′-terpy (Scheme 3K) were synthe-
sised via modified Kröhnke synthesis [66] from 2-acetylpyridine and either 3-acetylpyridine
or 4-acetylpyridine, respectively (see Supplementary Materials). 2,2′:4′,2′ ′-terpy and
2,3′:5′,2′ ′-terpy (Scheme 3L) were obtained from Negishi cross-couplings of 2-bromopyridine
with either 3,5-dibromopyridine or 2,4-dibromopyridine, respectively. The ligands were
characterised by nuclear magnetic resonance (NMR) spectroscopy (data in the Supplemen-
tary Materials).

The NˆCˆN cyclometalated Ni(II) complexes [Ni(2,3′:5′,2′ ′-terpy)Br] (Ni-1-Br) and
[Ni(2,2′:4′,2′ ′-terpy)Br] (Ni-2-Br) were synthesised from NiBr2 and the terpy derivatives at
60 and 55% yield, respectively, using the previously reported base-assisted C–H deproto-
nation/metalation method (potassium acetate (KOAc), potassium carbonate (K2CO3) in
p-xylene as solvent, under reflux) [43,50]. For more details, see Section 3. The two com-
plexes were analysed and further characterised by 1H NMR, electrospray ionisation mass
spectrometry (ESI-MS) in the positive mode (+), and electron ionisation mass spectrome-
try (EI-MS(+)). Recently, we obtained the NˆCˆN-coordinated complexes [Ni(Me2dpb)Cl]
(Me2dpbH = 1,5-di(2-pyridyl)-2,4-dimethylbenzene) [43] and [Ni(dpb)X] (Hdpb = 1,3-di(2-
pyridyl)-benzene, X = Cl, Br, I) [50] using the same base-assisted C–H activation method
(KOAc/K2CO3, p-xylene), and obtained excellent (94%, Me2dpb) or good (73–81%, dpb)
yields. The success in metalating the 2,3′:5′,2′ ′ and 2,2′:4′,2′ ′-terpy derivatives underlines
the versatility of this method.

Attempts to react NiBr2 in the same way with the potentially CˆNˆN coordinating
2,2′:6′,3′ ′-terpy and 2,2′:6′,4′ ′-terpy led to orange–red solutions from which we could not
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isolate any material with the expected elemental composition, NMR spectrum, or MS
pattern. Further attempts using [Ni(DMF)Br2] as precursor also failed (more details in the
Materials and Methods section). This is remarkable as we previously reacted the protoli-
gand Hphbpy (Scheme 2G) with NiBr2 in the same way and obtained [Ni(phbpy)Br] with
excellent yield [51]. In this previous study, we also showed that the NˆN pre-coordination
of Hphbpy plays an important role in the cyclometalation reaction (Scheme 5).
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[Ni(Hphbpy)Br2]2. From ref. [51].

For both 2,2′:6′,3′ ′- and 2,2′:6′,4′ ′-terpy isomers, such a pre-coordination is possible.
However, no such species were observed by either colour change of the reaction mixture or
formation of precipitates. Slight colour changes towards a red colour typically associated
with Ni-phbpy-type complexes were observed; however, for both ligands, no complexes
were isolated. Either we did not achieve any conversion or the isolated crude product
decomposed under ambient conditions (Table 1).

When compared with the prototypical Hphbpy ligand, the failure to cyclonickelate
these terpy ligands cannot lie in the electron deficiency of the pending 2-, 3-, or 4-pyridyl
groups compared with the phenyl group in Hphbpy because the lower electron density of
a pyridine should facilitate rather than hamper proton abstraction. Thus, we assume that
the rollover nickelation of these pyridyl groups is hampered (Scheme 2). Future quantum
chemical calculations will seek to gain insight into the details, especially the energetics of
the assumed reaction mechanism.

Synthesis of the NˆCˆN-coordinated Pd(II) complexes of the 2,2′:4′,2′ ′- and 2,3′:5′,2′ ′-terpy
ligands was attempted using a method established for the cyclometalation of Hphbpy [67].
Reacting K2[PdCl4] and the terpy derivatives in MeCN/H2O) [67] allowed [Pd(2,2′:4′,2′ ′-
terpy)Cl] (Pd-1-Cl) to be obtained as a red powder and [Pd(2,3′:5′,2′ ′-terpy)Cl] (Pd-2-Cl)
to be obtained as a yellow powder with isolated yields of 84% and 57%, respectively. The
products were characterised by high-resolution electrospray ionisation mass spectrometry
(HR-ESI-MS), UV-vis absorption spectroscopy, and cyclic voltammetry, while NMR spec-
troscopic characterisation was prevented by very low solubility. Even measurements in hot
(40 ◦C) deuterated dimethylsulfoxide (DMSO-d6), recorded on the 600 MHz NMR instru-
ment using 256 scans, did not provide any meaningful signals. We tried to re-crystallise
the powders using solvothermal methods to receive single crystals for X-ray diffraction
but failed to do so. Instead, we obtained the crystal structure of the complex [Pd(2,3′:5′,2′ ′-
terpyH)Cl2] (Pd-H2-Cl2), featuring a bidentate CˆN cyclometalation of the central pyridine
ring and a N–H protonation close to the metalated C atom (see later for structure details)
instead of the desired NˆCˆN-type coordination. This product was likely formed under
the solvothermal conditions applied for crystalisation, since no traces of this species were
found in any of the other analytical methods used for characterisation.



Inorganics 2023, 11, 174 7 of 19

Attempts to react K2[PdCl4] in the same way with the potentially CˆNˆN coordinating
2,2′:6′,3′ ′-terpy and 2,2′:6′,4′ ′-terpy led to the isolation of brown powders at 12% and
7% yield after the typical workup. Virtual insolubility prevented any characterisation
in solution, and the formation of the desired compounds was thus only confirmed in
HR-ESI-MS experiments. Further attempts using Pd(OAc)2 or [Pd(COD)Br2] (COD = 1,5-
cyclooctadiene) as Pd precursors, using either acidic conditions (HOAc or trifluoromethyl
acetic acid) or the addition of bases such as NEt3 or n-BuLi, were not successful (Table 1).

We recently found that [Pd(terpy)Cl]Cl (C15H11N3PdCl2) showed EI-MS(+) signals
at m/z = 375, indicating the cyclometalated species [Pd(terpy–H)Cl]+ (C15H10N3PdCl)
formed under the harsh conditions of the MS experiment [29]. However, attempts to
produce a cyclometalated complex starting from [Pd(terpy)Cl]Cl in a chemical reaction
failed [29]. This is fully in line with the herein reported difficulties in obtaining a Pd(CˆNˆN)
coordination through rollover palladation.

The Pt(II) NˆCˆN complexes [Pt(2,2′:4′,2′ ′-terpy)Cl] (Pt-1-Cl) and [Pt(2,3′:5′,2′ ′-terpy)Cl]
(Pt-2-Cl) were obtained as red (2,2′:6′,4′ ′, 40% yield) or yellow (2,3′:5′,2′ ′, 63% yield) pow-
ders, respectively, using an established method by heating K2[PtCl4] and the terpy deriva-
tives in glacial HOAc [46]. The products were characterised by HR-ESI-MS, UV-vis absorp-
tion spectroscopy, and cyclic voltammetry, while NMR spectroscopy was prevented by very
poor solubility. We obtained single crystals of the compound [Pt(2,3′:5′,2′ ′-terpyH)Cl].Cl
(Pt-H2-ClCl) by heating the yellow product in a glass ampule containing acetic acid under
solvothermal conditions.

The same reaction protocol applied to the potentially CˆNˆN coordinating 2,2′:6′,3′ ′-
and 2,2′:6′,4′ ′-terpy derivatives led to the isolation of red–brown powders at 24% and 33%
yield after the typical workup. These materials are completely insoluble, which prevented
any characterisation (Table 1). For comparison, synthesis of the prototypical CˆNˆN-
coordinated complexes [M(phbpy)X] (Hphbpy = 6-phenyl-2,2′-bipyridine, Scheme 2G) has
previously been achieved using several methods, including base-assisted C–H activation
(M = Ni, Pd), [43,50] other base-assisted methods (Ni) [53], the boiling HOAc method (Pt,
Pd) [48,49], and milder electrophilic substitution reactions such as reactions in MeCN/H2O
mixtures (Pd) [67], starting from various metal precursors. At the moment, we are not sure
if the isolated materials correspond to the targeted complexes or were just decomposition
products. In a future study, we will use substituted ligand derivatives to render potential
products more soluble. On the other hand, the low yields and comparison with the results
from the reactions with Pd(II) let us suspect that our attempts to obtain cyclometalated
Pt(CˆNˆN) complexes through rollover metalation of the 2,2′:6′,3′ ′- and 2,2′:6′,4′ ′-terpy
derivatives failed with both Pt(II) and Pd(II).

Reactions of [Pt(2,2′:4′,2′ ′-terpy)Cl] (Pt-1-Cl) and [Pt(2,3′:5′,2′′-terpy)Cl] (Pt-2-Cl) with
phenylacetylene, CuI, and dry Et3N in degassed CH2Cl2 under argon (Sonogashira conditions)
provided the alkynyl complexes [Pt(2,2′:4′,2′′-terpy)(C≡CPh)] (Pt-1-CC) and [Pt(2,3′:5′,2′′-
terpy)(C≡CPh)] (Pt-2-CC) at 14 and 87% yield, respectively.

These alkynyl complexes, together with the two Ni complexes, were the only prod-
ucts for which 1H NMR characterisation was possible, while 13C NMR measurements
were hampered by limited solubility in all organic solvents. For all other complexes, as
outlined above, the poor, very poor, or completely lacking solubility of solvents such as
non-polar benzene or toluene, fairly polar CH2Cl2 or tetrahydrofuran (THF), highly polar
dimethylformamide (DMF) or dimethyl sulfoxide (DMSO), or even the protic MeOH or
EtOH massively impeded characterisation and thus also potential applications in catalysis.

2.2. Crystal Structures

Single crystals of [Ni(2,3′:5′,2′ ′-terpy)Br0.14/OAc0.86].H2O were obtained from the re-
action mixture of the synthesis of [Ni(2,3′:5′,2′ ′-terpy)Br] (Ni-1-Br). The acetate stems from
the reaction medium (KOAc/K2CO3) and occupies the position of the ancillary ligand (coli-
gand) together with B in a split position (Figure 1, data in Tables 2, S1 and S2; further views
on the crystal structure are presented in Figures S2–S4 in the Supplementary Materials).
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While this makes the Ni–Br/Ni–O distances meaningless, the other bonding parameters
around Ni are very similar to the previously reported [Ni(dpb)Br] and [Ni(dpb)(OAc)] [50]
(Table 2). The Ni–C1 bond is slightly shorter for the terpy complex, in line with the slightly
reduced size of the carbanionic C atom through the influence of the electron-demanding
N atom in the central ring. The crystal structure shows the typical head-to-tail π stacking
(Figure 1a) [40–43,50–52], observed also for [Ni(dpb)Br] and [Ni(dpb)(OAc)] [50].

Inorganics 2023, 11, x FOR PEER REVIEW 8 of 20 
 

 

head-to-tail π stacking (Figure 1a) [40–43,50–52], observed also for [Ni(dpb)Br] and 
[Ni(dpb)(OAc)] [50]. 

  
(a) (b) 

Figure 1. View of the crystal structure of [Ni(2,3′:5′,2″-terpy)Br0.14/OAc0.86].H2O along the a-axis (a) 
and ORTEP plot of the molecular structure with displacement ellipsoids at 50% probability; H atoms 
and the co-crystallised H2O were omiTed for clarity (b). In both views, only the OAc coligand is 
shown, which makes 86% of the OAc/Br disorder. 

Table 2. Selected bond lengths (Å) and angles (o) a. 

 

[Ni(2,3′:5′,2″-

terpy)Br0.13/OAc0.87].

H2O 

[Ni(dpb)Br] b [Ni(dpb)(OAc)] b 

[Pt(2,3′:5′,2″-ter-

pyH)Cl].Cl 

(Pt-H2-ClCl) 

[Pt(terpy)Cl]Cl.

H2O c 
[Pt(dpb)Cl] d 

Distances/Å       
M1–C1 1.805(2) 1.8298(2) 1.8136(7) 1.896(8) 1.941(4) (N) e 1.907(8) 
M1–N1 1.923(2) 1.9489(1) 1.9203(2) 2.039(8) 2.033(5) 2.033(6) 
M1–N2 1.923(2) 1.9536(1) 1.9232(2) 2.025(8) 2.035(4) 2.041(6) 
M1–O1 1.929(2) - 1.9794(2) - - - 
M1–O2 2.962(3) - 3.0331(2) - - - 
M1–X1 2.487(8) 2.3963(3) - 2.382(2) 2.303(2) 2.417(2) 

Angles/°       
C7–M1–N1 82.37(9) 81.94(7) 82.59(8) 81.2(4) 81.32(2) (N) e 80.1(3) 
C7–M1–N2 82.24(9) 81.85(7) 82.48(8) 80.9(4) 80.97(2) (N) e 80.9(3) 
N1–M1–O2 99.28(8) - 98.31(7) - - - 
N2–M1–O2 96.05(8) - 96.61(7) - - - 
N1–M1–X1 93.49(2) 97.83(4) - 99.1(2) 98.63(2) 99.1(2) 
N2–M1–X1 101.08(2) 98.39(4) - 98.8(2) 99.09(2) 99.8(2) 
N1–M1–N2 164.43(8) 163.78(6) 165.00(7) 162.1(3) 162.29(2) 161.1(2) 
C7–M1–X1 160.03(2) 179.48(5) - 179.6(3) 179.9(2) (N) e 179.0(2) 

Sum/° f 359.94(2) 360.01 359.99 360.00 360.01 359.90 
a From single crystal X-ray diffraction at 100 K, λ = 0.71073 Å. b From ref. [50]. c From ref. [68]. d From 
ref. [46]. e Not cyclometalated; therefore, N instead of C atoms. f Sum of angles around the central 
metal atom. 

Single crystals of the compound [Pt(2,3′:5′,2″-terpyH)Cl].Cl (Pt-H2-ClCl) were ob-
tained by heating the yellow reaction product in a glass ampule containing acetic acid 
under solvothermal conditions (Figure 2, data in Tables 2, S1 and S2; further views on the 
crystal structure are presented in Figures S10–S12 in the Supplementary Materials). 

Figure 1. View of the crystal structure of [Ni(2,3′:5′,2′ ′-terpy)Br0.14/OAc0.86].H2O along the a-axis
(a) and ORTEP plot of the molecular structure with displacement ellipsoids at 50% probability; H
atoms and the co-crystallised H2O were omitted for clarity (b). In both views, only the OAc coligand
is shown, which makes 86% of the OAc/Br disorder.

Table 2. Selected bond lengths (Å) and angles (o) a.

[Ni(2,3′:5′,2′ ′-
terpy)Br0.13/OAc0.87].H2O [Ni(dpb)Br] b [Ni(dpb)(OAc)] b

[Pt(2,3′:5′,2′ ′-
terpyH)Cl].Cl
(Pt-H2-ClCl)

[Pt(terpy)Cl]Cl.H2O c [Pt(dpb)Cl] d

Distances/Å

M1–C1 1.805(2) 1.8298(2) 1.8136(7) 1.896(8) 1.941(4) (N) e 1.907(8)

M1–N1 1.923(2) 1.9489(1) 1.9203(2) 2.039(8) 2.033(5) 2.033(6)

M1–N2 1.923(2) 1.9536(1) 1.9232(2) 2.025(8) 2.035(4) 2.041(6)

M1–O1 1.929(2) - 1.9794(2) - - -

M1–O2 2.962(3) - 3.0331(2) - - -

M1–X1 2.487(8) 2.3963(3) - 2.382(2) 2.303(2) 2.417(2)

Angles/◦

C7–M1–N1 82.37(9) 81.94(7) 82.59(8) 81.2(4) 81.32(2) (N) e 80.1(3)

C7–M1–N2 82.24(9) 81.85(7) 82.48(8) 80.9(4) 80.97(2) (N) e 80.9(3)

N1–M1–O2 99.28(8) - 98.31(7) - - -

N2–M1–O2 96.05(8) - 96.61(7) - - -

N1–M1–X1 93.49(2) 97.83(4) - 99.1(2) 98.63(2) 99.1(2)

N2–M1–X1 101.08(2) 98.39(4) - 98.8(2) 99.09(2) 99.8(2)

N1–M1–N2 164.43(8) 163.78(6) 165.00(7) 162.1(3) 162.29(2) 161.1(2)

C7–M1–X1 160.03(2) 179.48(5) - 179.6(3) 179.9(2) (N) e 179.0(2)

Sum/◦ f 359.94(2) 360.01 359.99 360.00 360.01 359.90

a From single crystal X-ray diffraction at 100 K, λ = 0.71073 Å. b From ref. [50]. c From ref. [68]. d From ref. [46].
e Not cyclometalated; therefore, N instead of C atoms. f Sum of angles around the central metal atom.

Single crystals of the compound [Pt(2,3′:5′,2′ ′-terpyH)Cl].Cl (Pt-H2-ClCl) were ob-
tained by heating the yellow reaction product in a glass ampule containing acetic acid



Inorganics 2023, 11, 174 9 of 19

under solvothermal conditions (Figure 2, data in Table 2, Tables S1 and S2; further views
on the crystal structure are presented in Figures S10–S12 in the Supplementary Materials).
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clear neutral [Pd(phpy)Cl(L)] complexes with neutral ligands such as NH3, pyridines, or 

Figure 2. View of the crystal structure of [Pt(2,3′:5′,2′ ′-terpyH)Cl].Cl (Pt-H2-ClCl) along the b-axis
(a) and ORTEP plot of the molecular structure with displacement ellipsoids at 50% probability; H
atoms other than the N–H and the Cl− counterion were omitted for clarity (b).

The central pyridine-N function is protonated in the cationic complex [Pt(2,3′:5′,2′ ′-
terpyH)Cl]+ (Pt-H2-ClCl), which is due to the presence of the conc. HOAc. The highly polar
solution together with the superior crystallisation properties of this salt-like compound
over the neutral starting material [Pt(2,3′:5′,2′ ′-terpy)Cl] (Pt-2-Cl) probably lead to the
crystallisation of this unusual product. The central Pt–C bond of 1.896(8) Å in the cation
[Pt(2,3′:5′,2′ ′-terpyH)Cl]+ is shorter than the central Pt–N bond in the prototypical cation
[Pt(terpy)Cl]+ (1.941(4) Å) [68], while the Pt–Cl bond is far longer (2.382(2) vs. 2.303(2)
Å, Table 2). This is in line with the stronger trans influence of the central ring with its
C1 carbanion bound to Pt. This is confirmed by the short Pt–C and the long Pt–Cl bond
in [Pt(dpb)Cl] [46] (Table 1). In the crystal structure, [Pt(2,3′:5′,2′ ′-terpyH)Cl]+ shows
the same head-to-tail π stacking discussed above. For [Pt(dpb)Cl], such stacking was
previously reported [46].

When trying to crystallise the material obtained for the targeted complex [Pd(2,3′:5′,2′ ′-
terpy)Cl] (Pd-2-Cl), we obtained the CˆN bidentate cyclometalated complex [Pd(2,3′:5′,2′ ′-
terpy)Cl2] (Pd-H2-Cl2) (Figure 3, data in Tables S1 and S2; further views on the crystal
structure are presented in Figures S6–S8 in the Supplementary Materials).
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The cyclometalated [Pd(C^N)Cl2] structural motif in [Pd(2,3′:5′,2″-terpyH)Cl2] (Pd-

H2-Cl2) is quite unique. A similar motif was found in the [Pd(phpy)Cl2]− (Hphpy = 2-phe-
nyl-pyridine) anion structurally characterised along with the cation [Te(phpy)Cl]+ [69], as 
well as in the dimer [Pd(phpy)(µ-Cl)2Pd(phpy)] [70], while many examples of mononu-
clear neutral [Pd(phpy)Cl(L)] complexes with neutral ligands such as NH3, pyridines, or 

Figure 3. View of the crystal structure of [Pd(2,3′:5′,2′ ′-terpyH)Cl2] (Pd-H2-Cl2) along the c-axis
(a) and ORTEP plot of the molecular structure with displacement ellipsoids at 50% probability; H
atoms were omitted for clarity (b).

The cyclometalated [Pd(CˆN)Cl2] structural motif in [Pd(2,3′:5′,2′ ′-terpyH)Cl2] (Pd-
H2-Cl2) is quite unique. A similar motif was found in the [Pd(phpy)Cl2]− (Hphpy = 2-
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phenyl-pyridine) anion structurally characterised along with the cation [Te(phpy)Cl]+ [69],
as well as in the dimer [Pd(phpy)(µ-Cl)2Pd(phpy)] [70], while many examples of mononu-
clear neutral [Pd(phpy)Cl(L)] complexes with neutral ligands such as NH3, pyridines, or
phosphines have also been reported [70–72]. Despite the specific Pd–C–NH–C structural
unit Pd-H2-Cl2, the essential bond parameters in these Pd(phpy) complexes and in the
[Pd(phpy)Cl2]− anion are very similar. The Pd–Cl bonds’ trans to the stronger donor C
atom are markedly longer than the Pd–Cl bonds’ trans to N, with 2.285(1) vs. 2.377(1) Å for
Pd-H2-Cl2 and 2.37(1) vs. 2.49(1) Å for [Pd(phpy)Cl2]− [69]. The same is reported for the
dimer [Pd(phpy)(µ-Cl)2Pd(phpy)] [70].

2.3. Electrochemistry

At first glance, all complexes show two reduction waves in the range of −1.5 to −3.0 V
vs. ferrocene/ferrocenium (Figure 4, full data in Table S3; further cyclic voltammograms
are presented in Figures S13–S18 in the Supplementary Materials). For the Pd and Pt
complexes, the first reduction potentials lie around −1.5 V (Figure 4B, red and green
bars), while for the Ni derivatives, far lower (more negative) values <−2.0 V were found
(Figure 4B, blue bars). In view of similar complexes, these processes can be assigned to
ligand (π*)-centred reductions [10,25,43,50,52,73]. Compared with the ligands, the first
reduction in the complexes is massively shifted to higher potentials by about 1 V for the
Pt and Pd complexes and by about 0.5 V for the Ni derivatives. At the same time, while
the Ni(II) complexes’ oxidation waves assignable to a M(II)/M(III) redox pair were found
at around 0.3 V, the same processes for the Pd(II) and Pt(II) derivatives are shifted to far
higher potentials and could not be detected in THF solution due to solvent discharge at
around 1.5 V. Nevertheless, assuming the solvent discharge limit as the minimal oxidation
potential (Figure 4B), the experimental electrochemical gaps between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) lie higher
than 3 V for the Pd(II) and Pt(II) complexes, while they can be unequivocally determined
as 2.37 and 2.62 eV for the Ni(II) complexes. The lowest reduction potential and the lowest
gap was found for [Ni(2,3′:5′,2′ ′-terpy)Br] (Ni-2-Br), which is the symmetrical variant of
the two Ni(II) complexes.
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Figure 4. (A) Cyclic voltammograms of [Pt(2,2′:4′,2′ ′-terpy)Cl] (Pt-1-Cl) (black trace) and 2,2′:4′,2′ ′-
terpy (red trace) in 0.1 M n-Bu4NPF6/THF solution at 298 K and a scan rate of 100 mV/s. (B) Sum-
marised selected redox potentials (full data in Table S3).

The first reduction potentials for the Pd(II) and Pt(II) complexes of the NˆCˆN-coordinated
2,3′:5′,2′ ′- and 2,2′:4′,2′ ′-terpy ligands are massively anodically shifted compared with the
[Pt(dpb)Cl] (−2.17 V) [43,73] and the [Pd(Me2dpb)Cl] (−2.34 V) [43] complexes (Table S3).
This is fully in line with the central ligand core being a pyridine for the terpy derivatives;
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thus, regardless of the metalation, the electron-accepting moiety is still a terpyridine, in
contrast to the two pyridines separated by a phenyl unit in the dpb ligand [43,50]. For the
Ni(II) derivatives, this is less pronounced, with [Ni(dpb)Cl] showing a reduction wave at
−2.30 V [50].

The electrochemical gaps of the dpb Ni(II) and Pd(II) complexes lie in the same range
as those found for the 2,3′:5′,2′ ′- and 2,2′:4′,2′ ′-terpy derivatives. It seems that the central
pyridine in these ligands facilitates both ligand-centred reduction (superior π-accepting
properties) and metal-centred oxidation (poorer σ-donating abilities) compared with the
central phenyl in the dpb complexes to approximately the same extent. In contrast to this,
for the Pt(II) complex [Pt(dpb)Cl], this gap lies at 2.58 eV [43], much smaller than that found
for the terpy derivatives. This is due to the massively lowered oxidation potential of the
dpb complex, which is decreased by about 0.5 V compared with the terpy complexes. This
can be explained by the markedly higher stabilisation of the Pt 5d orbital compared with
the Pd 4d and Ni 3d orbitals through the weaker σ donor capacity of the central pyridine
unit in the terpy complexes, which is in line with the structural results discussed above.

2.4. UV-Vis Absorption Spectroscopy

The UV-vis absorption spectra of the Ni(II) complexes show several intense bands in
the UV range up to 300 nm (Figure 5A). Since they also occur for the ligands (Table S4,
Figure S19 in the Supplementary Material), we can assign them to transitions into π–π*
states. It is interesting to note that while the spectra of the ligands (including all derivatives
in Scheme 3K,L) are pretty similar (Figure S19 in the Supplementary Material), the UV part
for the complexes of the 2,3′:5′,2′ ′ and 2,2′:4′,2′ ′ ligands are markedly different (Figures 5
and S20–S22). We explain this through the different impact of planarisation through
coordination, especially coinciding with the higher symmetry for the 2,3′:5′,2′ ′ complexes.
The UV bands are followed by broad, partially structured absorptions in the range of
300 to 500 nm, which can be assigned to transitions into metal-to-ligand charge transfer
(MLCT) states, similar to what has been found for the NˆCˆN cyclometalated complexes
[Ni(dpb)X] (X = Cl or Br) [50] and their derivatives [43]. Very similar long-wavelength
MLCT bands are also found for the Pd and Pt complexes (Figure 5B, Table 3). The energies
of the long-wavelength absorption bands decrease along the series Ni > Pt > Pd, as has also
been observed for the [M(Me2dpb)Cl] (M = Pt, Pd, Ni) complexes [43] and other series of
complexes of the nickel group [44,64,65,74].

Inorganics 2023, 11, x FOR PEER REVIEW 11 of 20 
 

 

[43,50]. For the Ni(II) derivatives, this is less pronounced, with [Ni(dpb)Cl] showing a re-
duction wave at −2.30 V [50]. 

The electrochemical gaps of the dpb Ni(II) and Pd(II) complexes lie in the same range 
as those found for the 2,3′:5′,2″- and 2,2′:4′,2″-terpy derivatives. It seems that the central 
pyridine in these ligands facilitates both ligand-centred reduction (superior π-accepting 
properties) and metal-centred oxidation (poorer σ-donating abilities) compared with the 
central phenyl in the dpb complexes to approximately the same extent. In contrast to this, 
for the Pt(II) complex [Pt(dpb)Cl], this gap lies at 2.58 eV [43], much smaller than that 
found for the terpy derivatives. This is due to the massively lowered oxidation potential 
of the dpb complex, which is decreased by about 0.5 V compared with the terpy com-
plexes. This can be explained by the markedly higher stabilisation of the Pt 5d orbital 
compared with the Pd 4d and Ni 3d orbitals through the weaker σ donor capacity of the 
central pyridine unit in the terpy complexes, which is in line with the structural results 
discussed above. 

2.4. UV-Vis Absorption Spectroscopy 

The UV-vis absorption spectra of the Ni(II) complexes show several intense bands in 
the UV range up to 300 nm (Figure 5A). Since they also occur for the ligands (Table S4, 
Figure S19 in the Supplementary Material), we can assign them to transitions into π–π* 
states. It is interesting to note that while the spectra of the ligands (including all deriva-
tives in Scheme 3K,L) are preTy similar (Figure S19 in the Supplementary Material), the 
UV part for the complexes of the 2,3′:5′,2″ and 2,2′:4′,2″ ligands are markedly different 
(Figures 5 and S20–S22). We explain this through the different impact of planarisation 
through coordination, especially coinciding with the higher symmetry for the 2,3′:5′,2″ 
complexes. The UV bands are followed by broad, partially structured absorptions in the 
range of 300 to 500 nm, which can be assigned to transitions into metal-to-ligand charge 
transfer (MLCT) states, similar to what has been found for the N^C^N cyclometalated 
complexes [Ni(dpb)X] (X = Cl or Br) [50] and their derivatives [43]. Very similar long-
wavelength MLCT bands are also found for the Pd and Pt complexes (Figure 5B, Table 3). 
The energies of the long-wavelength absorption bands decrease along the series Ni > Pt > 
Pd, as has also been observed for the [M(Me2dpb)Cl] (M = Pt, Pd, Ni) complexes [43] and 
other series of complexes of the nickel group [44,64,65,74]. 

 
 

Figure 5. (A) UV-vis absorption spectra, wavelength (λ) against molar extinction coefficient (ε), of 
[Ni(Y-terpy)Br] (Y = 2,3′:5′,2″ (Ni-1-Br) and 2,2′:4′,2″ (Ni-2-Br)) and (B) [Pt(Y-terpy)(X)] (Y = 2,3′:5′,2″ 
and 2,2′:4′,2″; X = Cl (Pt-1- or -2-Cl) or C≡CPh (Pt-1- or -2-CC)) in THF solution. 

  

Figure 5. (A) UV-vis absorption spectra, wavelength (λ) against molar extinction coefficient (ε),
of [Ni(Y-terpy)Br] (Y = 2,3′:5′,2′ ′ (Ni-1-Br) and 2,2′:4′,2′ ′ (Ni-2-Br)) and (B) [Pt(Y-terpy)(X)]
(Y = 2,3′:5′,2′ ′ and 2,2′:4′,2′ ′; X = Cl (Pt-1- or -2-Cl) or C≡CPh (Pt-1- or -2-CC)) in THF solution.
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Table 3. Long-wavelength UV-vis absorption maxima and the optical and electrochemical gaps of
complexes [M(Y-terpy)X] and related complexes a.

[M(Y-terpy)X] λ (ε) ∆Eopt (eV) ∆Eredox (eV) ∆∆

M = Ni, X = Br

Y = 2,3′:5′,2′ ′ (Ni-1-Br) 466 (1.7) 2.48 2.37 0.11

Y = 2,2′:4′,2′ ′ (Ni-2-Br) 431 (6.4) 2.87 2.62 0.25

[Ni(dpb)Br] b 433 (5.6) 2.86 2.37 0.49

M = Pd, X = Cl

Y =2,3′:5′,2′ ′(Pd-1-Cl) 389 (2.6) 3.19 3.13 0.06

Y = 2,2′:4′,2′ ′(Pd-2-Cl) 355 (6.6) 3.49 3.04 0.45

[Pd(Me2dpb)Cl] c 375 (1.2) 3.31 3.08 0.23

M = Pt, X = Cl

Y = 2,3′:5′,2′ ′ (Pt-1-Cl) 396 (0.8) 3.13 3.02 0.11

Y = 2,2′:4′,2′ ′ (Pt-2-Cl) 427 (0.4) 2.90 3.10 0.20

[Pt(dpb)Cl] d 402 (7.0) 3.08 2.49 0.59

M = Pt, X = C≡CPh

Y = 2,3′:5′,2′ ′ (Pt-1-CC) 395 (1.9) 3.14

Y = 2,2′:4′,2′ ′ (Pt-2-CC) 424 (4.6) 2.92

[Pt(dpb)(C≡CPh)] e 391 (9.3) 3.17
a Absorption maxima λ in nm in THF solution at rt; molar absorption coefficient ε in 1000 L mol−1 cm−1. b From
ref. [50]. c From ref. [43]. d From refs. [73,75]. e From ref. [76], measured in CH2Cl2. Optical band gap ∆Eopt was
obtained from the long-wavelength absorptions.

When replacing the Cl ligands in the Pt complexes with phenyl–ethynyl, a general
increase in intensities was recorded (Figure 5B). For the symmetric 2,3′:5′,2′ ′ complexes
(Pt-2-Cl to Pt-2-CC), we found a blue shift for the long-wavelength absorptions from 420
to 380 nm, while for the 2,2′:4′,2′ ′ derivatives, replacement of Cl with C≡CPh (Pt-2-Cl to
Pt-2-CC) resulted in a red shift from 380 to 430 nm. We assign this remarkable difference
to the different symmetry of the two pairs of complexes, as discussed already for the
comparison between ligand spectra and the spectra of the Ni, Pd, and Pt complexes. The
broad π–π* absorptions of the Pt phenyl–ethynyl complexes Pt-1-CC and Pt-2-CC are very
similar in energy.

For the long-wavelength maxima, we calculated the optical gaps (∆Eopt) (Table 3).
They range from 2.48 to 3.49 eV along the series of metals Ni < Pt < Pd and they are
markedly smaller than the electrochemical gaps (∆Eredox), which is in line with the Franck–
Condon excitation leading into higher vibronic states, while the redox gap represents
relaxed molecule geometries for both reduced and oxidised states. The difference represents
reorganisation energy and is generally smaller for the 2,3′:5′,2′ ′-terpy complexes than for
the 2,2′:4′,2′ ′ derivatives and the dpb complexes.

3. Materials and Methods
3.1. Instrumentation

1H, 13C, and correlation spectra were recorded either on a Bruker Avance II 300 MHz
(1H: 300 MHz, 13C: 75 MHz) equipped with a double resonance (BBFO) 5 mm observe probe
head with a z-gradient coil or on a Bruker Avance III 499 (1H: 499 MHz, 13C: 125 MHz) using
a TCI Prodigy 5 mm probe head with a z-gradient coil (Bruker, Rheinhausen, Germany).
Chemical shifts were relative to TMS (1H, 13C). UV–vis absorption spectra were recorded
on a Varian Cary 05E spectrophotometer (Varian Medical Systems, Darmstadt, Germany).
Elemental analyses were conducted using an HEKAtech CHNS EuroEA 3000 analysr
(HEKAtech, Wegberg, Germany). EI-MS spectra in the positive mode were measured
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using a Finnigan MAT 95 mass spectrometer at 70 eV (Thermo Finnigan Mat, Bremen,
Germany). HR-ESI-MS spectra in the positive mode were measured using a Thermo
Scientific LTW Orbitrap XL mass spectrometer at 70 eV (ThermoFisher Scientific, Waltham,
MA, USA). Simulations were performed using ISOPRO 3.0 (Mike Senko, Sunnyvale, CA,
USA). Electrochemical measurements were carried out in 0.1 M n-Bu4NPF6 solution in
THF (tetrahydrofuran) using a three-electrode configuration (glassy carbon electrode, Pt
counter electrode, Ag/AgCl reference) and a Metrohm Autolab PGSTAT30 or µStat400
potentiostat (Metrohm, Filderstadt, Germany). The potentials were referenced against the
ferrocene/ferrocenium redox couple as an internal standard.

3.2. Single Crystal Structure Analysis by X-ray Diffractometry (XRD)

Crystals of [Ni(2:3′,5′:2′ ′-terpy)Br0.14/OAc0.86].H2O were obtained by isothermal evap-
oration of the complex dissolved in CH2Cl2. [Pd(2,3′:5′,2′ ′-terpyH)Cl2] and [Pt(2,3′:5′,2′ ′-
terpyH)Cl].Cl were obtained by heating the complexes in acetic acid in glass ampules,
ramping to 200 ◦C over 12 h, and then cooling to room temperature over the course of 48 h.
X-ray diffraction experiments were performed at 100(2) K, employing a Bruker D8 Ven-
ture including a Bruker Photon 100 CMOS detector using Mo-Kα radiation (λ = 0.71073 Å)
(Bruker, Rheinhausen, Germany). The crystal data were collected using APEX3 v2015.5-
2 [77]. The structures were solved by dual space methods using SHELXT (Sheldrick
2015) [78] and the refinement was carried out with SHELXL 2017, employing the full-
matrix least-squares methods on F02 ≥ 2σ(F02) [79]. The non-hydrogen atoms were
refined with anisotropic displacement parameters without any constraints. The hydrogen
atoms were included through the use of appropriate riding models. The presence of the
N–H proton in the [Pt(2,3′:5′,2′ ′-terpyH)Cl].Cl complex was attributed to the observed
residual electron density and the necessity of balancing the charge of the chloride an-
ion found in the crystal structure. The same is true for the N–H proton in the complex
[Pd(2,3′:5′,2′ ′-terpyH)Cl2]. Data concerning the structure solutions and refinements can
be obtained for [Ni(2,3′:5′,2′ ′-terpy)Br0.14/OAc0.86].H2O (CCDC 2250815), [Pd(2,3′:5′,2′ ′-
terpyH)Cl2] (CCDC 2250813), and [Pt(2,3′:5′,2′ ′-terpyH)Cl].Cl (CCDC 2250812) free of
charge at https://summary.ccdc.cam.ac.uk/structure-summary-form or from the Cam-
bridge Crystallographic Data Centre, Cambridge, UK (e-mail: deposit@ccdc.cam.ac.uk).

3.3. Materials

All chemicals were used as purchased without any further purification. Reactions
sensitive to oxygen or water were carried out under argon gas atmosphere (99.998%, Linde,
Pullach, Germany) using the Schlenk technique. Dry THF was distilled over Na/K (alloy 3:7)
before use. Dry p-xylene was freshly distilled over sodium. Other dry solvents were dried
using the solvent purification system MRBAUN MB SPS-800 (MBraun, Garching, Germany).

3.4. Syntheses
3.4.1. Syntheses of Ligand Precursors and Terpy Ligands

The synthesis of ligand precursors and terpy ligands is described in the Supplementary
Materials.

3.4.2. Synthesis of the Ni(II) Complexes [Ni(2,3′:5′,2′ ′-terpy)Br] and
[Ni(2,2′:4′,2′ ′-terpy)Br]—General Description

In an inert flask equipped with a water trap filled with a molecular sieve (3 Å),
anhydrous NiBr2 (1.3 eq.), KOAc (1.0 eq.), K2CO3 (1.0 eq.), and the terpy ligand (1.0 eq.)
were added. Distilled dry p-xylene (200 mL) was added and the mixture heated to reflux
for 72 h. After cooling to room temperature, the precipitated solid was filtered off and
washed once with p-xylene, and the product was extracted using THF before being washed
with CH2Cl2 over a syringe filter (PTFE, 0.45 µm pore size). The solvent was evaporated
and the product isolated as a microcrystalline powder.

https://summary.ccdc.cam.ac.uk/structure-summary-form
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[Ni(2,2′:4′,2′′-terpyridine)Br] (Ni-1-Br): Obtained from 110 mg (0.50 mmol) NiBr2,
49.1 mg (0.50 mmol) KOAc, 69.0 mg (0.50 mmol) K2CO3, and 117 mg (0.50 mmol) 2,2′:4′,2′ ′-
terpyridine. Yield: 102 mg (0.28 mmol, 55%), red powder. Elemental analysis found (calcd.
for C15H10N3NiBr, M = 370.86 g mol−1) C, 48.52 (48.58); H, 2.70 (2.72); N, 11.31 (11.33). 1H
NMR (CDCl3, 300 Mhz): δ/ppm = 9.37 (d, 3J = 5.7 Hz, 1H, H1); 9.28 (d, 3J = 5.6 Hz, 1H,
H15); 8.35 (d, 3J = 5.0 Hz, 1H, H7); 7.95–7.88 (m, 3H, H3, H8, H13); 7.70 (d, 3J = 7.8 Hz, 1H
H4); 7.26 (q, 3J = 7.8 Hz, 2H, H2, H14); 7.19 (d, 3J = 5.0 Hz, 1H, H12). HR-ESI-MS (70 eV):
m/z = 403; 21 [M+MeOH+H]+; 393.22 [M+Na]+; 290.02 [M−Br]+.

[Ni(2,3′:5′,2′′-terpyridine)Br] (Ni-2-Br): Obtained from 110 mg (0.50 mmol) NiBr2,
49.1 mg (0.50 mmol) KOAc, 69.0 mg (0.50 mmol) K2CO3, and 117 mg (0.50 mmol) 2,2′:4′,2′ ′-
terpyridine. Yield: 111 mg (0.30 mmol, 60%), orange powder. Elemental analysis found
(calcd. for C15H10N3NiBr, M = 370.86 g mol−1) C, 48.55 (48.58); H, 2.73 (2.72); N, 11.35
(11.33). 1H NMR (CDCl3, 300 Mhz): δ/ppm = 8.44 (s, 2H, H1, H1′); 8.15 (s, 2H, H7, H7′);
8.00 (t, 3J = 7.7 Hz, 2H, H3, H3′); 7.88 (d, 3J = 7.8 Hz, 2H, H4, H4′); 7.24 (t, 3J = 6.6 Hz, 2H,
H2, H2′). EI-MS (70 eV): m/z = 370.94 [M+H]+; 324.99 [M−Br+MeOH]+; 290.02 [M−Br]+;
234.09 [Ligand+H]+.

3.4.3. Synthesis of the Pd(II) Complexes [Pd(2,3′:5′,2′ ′-terpy)Cl] and
[Pd(2,2′:4′,2′ ′-terpy)Cl]—General Description

The ligands (1.00 eq.) and K2PdCl4 (1.00 eq.) were added to glacial acetic acid and
heated to reflux overnight under exclusion of light. After cooling to room temperature, the
formed precipitates were filtered off over a silica filter pad and washed with acetic acid,
MeOH, and diethyl ether. The products were obtained as red or yellow powders.

[Pd(2,2′:4′,2′′-terpyridine)Cl] (Pd-1-Cl): Obtained from 97.9 mg (0.30 mmol) K2PdCl4
and 69.9 mg (0.30 mmol) 2,2′:4′,2′ ′-terpyridine in 10 mL of glacial acetic acid, reflux for
21 h. Yield: 94.3 mg (0.25 mmol, 84%), red powder. Elemental analysis found (calcd. for
C15H10N3PdCl, M = 374.14 g mol−1) C, 48.17 (48.15); H, 2.61 (2.69); N, 11.21 (11.23). HR-
ESI-MS (70 eV): m/z = 453.98 [M+DMSO+H]+; 407.99 [M+MeOH+H]+; 393.98 [M+Na]+;
372.97 [M+H]+, 338.99 [M−Cl]+.

[Pd(2,3′:5′,2′′-terpyridine)Cl] (Pd-2-Cl): Obtained from 97.9 mg (0.30 mmol) of K2PdCl4
and 69.9 mg (0.30 mmol) of 2,3′:4′,2′ ′-terpyridine in 10 mL of glacial acetic acid heated
under reflux for 17 h under exclusion of light. Yield: 62.3 mg (0.17 mmol, 57%), yellow
powder. Elemental analysis found (calcd. for C15H10N3PdCl, M = 374.14 g mol−1) C, 48.24
(48.15); H, 2.64 (2.69); N, 11.17 (11.23). HR-ESI-MS (70 eV): m/z = 372.97 [M+H]+; 234.10
[ligand+H]+. EI-MS: (70 eV) 233.09 [ligand]+.

3.4.4. Synthesis of the Pt(II) Complexes [Pt(2,3′:5′,2′ ′-terpy)Cl] and
[Pt(2,2′:4′,2′ ′-terpy)Cl]—General Description

The ligand (1.20 eq.) and K2PtCl4 (1.00 eq.) were added to glacial acetic acid and
heated under reflux for 3 days. After cooling to room temperature, the formed precipitate
was filtered off over a silica filter pad and washed with acetic acid, MeOH, and Et2O. The
product was obtained as a yellow or red powder.

[Pt(2,2′:4′,2′′-terpyridine)Cl] (Pt-1-Cl): Obtained from 208 mg (0.50 mmol, 1.00 eq.)
K2PtCl4 and 140 mg (0.60 mmol, 1.20 eq.) 2,2′:4′,2′ ′-terpyridine in 10 mL of glacial acetic
acid heated under reflux for 114 h. Yield: 111 mg (0.24 mmol, 40%), red powder. Elemental
analysis found (calcd. for C15H10N3PtCl, M = 462.80 g mol−1) C, 38.99 (38.93); H, 2.15 (2.18);
N, 9.09 (9.08). HR-ESI-MS (70 eV): m/z = 541.04 [M+DMSO+H]+; 494.03 [M+MeOH+H]+;
463.02 [M+H]+; 427.04 [M−Cl]+.

[Pt(2,3′:5′,2′′-terpyridine)Cl] (Pt-2-Cl): Obtained from 33.6 mg (144 µmol, 1.20 eq.)
2,3′:5′,2′ ′-terpyridine and 49.8 mg (0.12 mmol, 1.00 eq.) K2PtCl4 added to 10 mL of glacial
acetic acid. The mixture was heated to reflux for 64 h. Yield: 35.0 mg (76.0 µmol, 63%), yel-
low powder. Elemental analysis found (calculated for C15H10N3PtCl, M = 462.80 g mol−1)
C, 39.14 (38.93); H, 2.33 (2.18); N, 8.92 (9.08). HR-ESI-MS (70 eV): m/z = 463.02 [M+H]+.
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3.4.5. Synthesis of the Pt(II) Complexes [Pt(2,3′:5′,2′ ′-terpy)(C≡CPh)] and
[Pt(2,2′:4′,2′ ′-terpy)(C≡CPh)]—General Description

The chloride complex (1.00 eq.) was added to phenylacetylene (3.00 eq.), CuI (8 mol%),
and dry Et3N (65.0 eq.) in degassed CH2Cl2 under argon. The mixture was stirred at room
temperature under exclusion of light for 18 h. Et2O was added and the formed precipitate
was filtered off and washed with Et2O and n-pentane. The residue was redissolved in
CH2Cl2 and washed with distilled water. The organic phase was separated and the solvent
evaporated off to yield the product as an orange powder.

[Pt(2,2′:4′,2′′-terpyridine)(C≡CPh)] (Pt-1-CC): Obtained from 50.0 mg (0.11 mmol,
1.00 eq.) of the chlorido complex, 36.0 µL (0.33 mmol, 3.00 eq.) phenylacetylene, 1.67 mg
(8.80 µmol, 8 mol%) CuI, and 1.00 mL (7.20 mmol, 65.0 eq.) dry Et3N in 20.0 mL degassed
and dried CH2Cl2. Yield: 7.90 mg (15.0 µmol, 14%), orange powder. Elemental analysis
found (calcd. for C23H15N3Pt, M = 528.48 g mol−1) C, 51.97 (52.27); H, 2.82 (2.82); N, 7.99
(7.95). 1H NMR (CDCl3, 300 Mhz): δ/ppm = 9.74 (dd, 3J = 10.7 Hz, 4J = 5.7 Hz, 2H); 8.91
(s, 1H); 8.79 (d, 3J = 3.5 Hz, 1H); 8.31 (d, 3J = 8.1 Hz, 1H); 8.19 (t, 3J = 7.8 Hz, 1H); 8.12
(d, 3J = 5.8 Hz, 1H); 8.04 (d, 3J = 7.9 Hz, 1H); 7.89 (t, 3J = 7.8 Hz, 1H); 7.62 (t, 3J = 6.1 Hz,
1H); 7.51–7.45 (m, 2H); 7.29 (q, 3J = 7.7 Hz, 1H); 7.21–7.15 (m, 2H). HR-ESI-MS (70 eV):
m/z = 529.12 [M+H]+; 505.06 [M−coligand+DMSO+H]+; 234.1 [ligand+H]+.

[Pt(2,3′:5′,2′′-terpyridine)(C≡CPh)] (Pt-2-CC): Obtained from 50.0 mg (0.11 mmol,
1.00 eq.) of the chloride complex, 36.0 µL (0.33 mmol, 3.00 eq.) phenylacetylene, 1.67 mg
(8.80 µmol, 8 mol%) CuI, and 1.00 mL (7.20 mmol, 65.0 eq.) dry Et3N in 20.0 mL degassed
and dried CH2Cl2. Yield: 50.5 mg (96.0 µmol, 87%), orange powder. Elemental analysis
found (calcd. for C23H15N3Pt, M = 528.48 g mol−1) C, 52.07 (52.27); H, 2.77 (2.82); N, 7.89
(7.95). 1H NMR (CDCl3, 300 MHz): δ/ppm = 9.91 (d, 3J = 2.0 Hz, 2H); 9.16 (s, 1H); 8.73
(d, 3J = 4.8 Hz, 2H); 7.94 (d, 3J = 7.9 Hz, 3H); 7.80 (t, 3J = 8.0 Hz, 2H); 7.37–7.28 (m, 3H);
7.19–7.10 (m, 2H). HR-ESI-MS (70 eV): m/z = 529.09 [M+H]+; 400.23 [M−coligand]+.

4. Conclusions

In this study, we attempted to cyclometalate stereoisomers of the well-known triden-
tate NˆNˆN ligand 2,2′:6′,2′ ′-terpyridine (terpy), the two 2,2′:6′,3′ ′ and 2,2′:6′,4′ ′ isomers
for potential rollover CˆNˆN cyclometalation and the 2,2′:4′,2′ ′ and 2,3′:5′,2′ ′ isomers for
potential NˆCˆN cyclometalation, using Ni(II), Pd(II), and Pt(II).

Applying established procedures, we obtained [M(NˆCˆN)X] complexes for the 2,3′:5′,2′ ′

and 2,2′:4′,2′ ′ isomers with M = Ni, X = Br; Pd, X = Cl, and Pt, X = Cl or C≡CPh. Attempts
to produce the [M(CˆNˆN)X] complexes with the 2,2′:6′,3′ ′- and 2,2′:6′4′ ′-terpy derivatives
failed. This is remarkable as the related 6-phenyl-2,2′-bipyridine (HPhbpy) ligand was
successfully cyclometalated in previous studies and the NˆN pre-coordination that has
been found beneficial for the cyclometalation of HPhbpy should also be available for the
2,2′:6′,3′ ′- and 2,2′:6′4′ ′-terpy isomers. As deprotonation of a pyridine moiety in the terpy
derivatives should be easier compared with the phenyl group of HPhbpy, we can rule out
electronic effects. Instead, we suspect that the required rollover mechanism, which is the
rotation of the pending pyridine unit to approach the C–H function to be activated into the
proximity of the metal, is hampered. For the successfully NˆCˆN cyclometalated 2,2′:4′,2′ ′-
and 2,3′:5′,2′ ′-terpy derivatives, such rollover metalation is not necessary. We will study the
possible mechanism for the cyclometalation of terpy derivatives in the near future using
density functional theory (DFT) calculations, with particular focus on comparing rollover
to non-rollover variants energetically.

When comparing the electronic properties of the [M(NˆCˆN)X] complexes of the
2,3′:5′,2′ ′ and 2,2′:4′,2′ ′ isomers as represented by their electrochemical potentials and their
long-wavelength absorptions, we found that the central pyridine moiety has superior
π-accepting and poorer σ-donating properties compared with the central phenyl unit of
the prototypical NˆCˆN cyclometalating dpb− ligand (Hdpb = 2,6,dipyridylbenzene), as
expected. For the Pd and Ni complexes, both effects have a similar magnitude, which
results in almost identical electrochemical gaps for the terpy complexes and the dpb
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derivatives and therefore very similar overall electrochemical stability. The markedly
less negative reduction potentials of these cyclometalated terpy Ni complexes might be
beneficial for Negishi-type C–C cross-coupling catalysis. The same might be true for
the Pd derivatives in Kumada-type coupling catalysis. However, the solubility of all the
herein reported complexes was very poor. This poor solubility partially or fully hampered
proper characterisation, and in some cases it is not even clear if the targeted products were
obtained at all. Thus, for future studies on the cyclometalation of terpy derivatives and
their potential applications, substituted terpy derivatives must be used to render the target
complexes soluble in the desired media.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics11040174/s1, Details on the syntheses. Supplementary
Figures—Figure S1: Molecular structure of [Ni(2,3′:5′,2′ ′-terpy)Br0.14/OAc0.86].H2O; Figure S2: View
of the crystal structure of [Ni(2,3′:5′,2′ ′-terpy)Br0.14/OAc0.86].H2O along the crystallographic a-axis;
Figure S3: View of the crystal structure of [Ni(2,3′:5′,2′ ′-terpy)Br0.14/acetate0.86].H2O along the crystallo-
graphic b-axis; Figure S4: View of the crystal structure of [Ni(2,3′:5′,2′ ′-terpy)Br0.14/acetate0.86].H2O
along the crystallographic c-axis; Figure S5: Molecular structure of [Pd(2,3′:5′,2′ ′-terpyH)Cl2];
Figure S6: View of the crystal structure of [Pd(2,3′:5′,2′ ′-terpyH)Cl2] along the crystallographic
a-axis; Figure S7: View of the crystal structure of [Pd(2,3′:5′,2′ ′-terpyH)Cl2] along the crystallographic
b-axis; Figure S8: View of the crystal structure of [Pd(2,3′:5′,2′ ′-terpyH)Cl2] along the crystallographic
c-axis; Figure S9: Molecular structure of [Pt(2,3′:5′,2′ ′-terpyH)Cl]Cl; Figure S10: View of the crystal
structure of [Pt(2,3′:5′,2′ ′-terpyH)Cl].Cl along the crystallographic a-axis; Figure S11: View of the
crystal structure of [Pt(2,3′:5′,2′ ′-terpyH)Cl].Cl along the crystallographic b-axis; Figure S12: View of
the crystal structure of [Pt(2,3′:5′,2′ ′-terpyH)Cl].Cl along the crystallographic c-axis; Figure S13: Cyclic
voltammograms of 2,2′:6′,3′ ′-terpy and 2,2′:6′,4′ ′-terpy; Figure S14: Cyclic voltammograms of
2,3′:5′,2′ ′-terpy and 2,2′:4′,2′ ′-terpy; Figure S15: Cyclic voltammograms of [Ni(2,3′:5′,2′ ′-terpy)Br]
and [Ni(2,2′:4′,2′ ′-terpy)Br]; Figure S16: Cyclic voltammograms of [Pd(2,3′:5′,2′ ′-terpy)Cl] and
[Pd(2,2′:4′,2′ ′-terpy)Cl]; Figure S17: Cyclic voltammograms of [Pt(2,3′:5′,2′ ′-terpy)Cl] and [Pt(2,2′:4′,2′ ′-
terpy)Cl]; Figure S18: Cyclic voltammograms of [Pt(2,2′:4′,2′ ′-terpy)(C≡CPh)]; Figure S19: UV-vis
absorption spectra of the terpyridine ligands in THF; Figure S20: UV-vis absorption spectra of the
[Pd(Y-terpy)Cl] complexes in THF; Figure S21: UV-vis absorption spectra of the [Pt(Y-terpy)Cl]
complexes in THF; Figure S22: UV-vis absorption spectra of the [Pt(Y-terpy)CCPh] complexes in THF.
Supplementary Tables—Table S1: Crystal data and structure refinement for [M(Y-terpy)X] complexes;
Table S2: Selected bond lengths (Å) and angles (o) for [M(Y-terpy)X] complexes; Table S3: Redox
potentials of the [M(Y-terpy)X] (M = Pt, Pd, Ni) complexes and related complexes; Table S4: Selected
UV-vis absorption maxima of Y-terpy ligands, [M(Y-terpy)X] complexes, and related complexes.
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