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With a rich history spanning over 75 years, platinum terpyridine complexes are a diverse and versa-
tile family of coordination compounds. This review addresses the burgeoning field of research aimed at
exploring synthesis and characterization, structure and bonding, thermodynamics and kinetics of ligand
substitution, and stacking in solution and in the solid state.
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1. Introduction

In modern coordination chemistry, transition metal polypyridine
complexes[1] play a central role in the analytical detection of metal
ions [2], in experiments to understand inorganic reaction mecha-
nisms and kinetics [3], as biochemical electron-transfer reagents
[4] and metalloenzyme models [5]. Dyes based on transition metal
polypyridine complexes are extensively used in applications rang-
ing from luminescent sensors [6,7] in solar energy conversion
schemes [8,9] to molecular photonic devices [10,11], and employed
as building blocks for supramolecular [12] and nanoscale [13]
chemistry. In particular, metal complexes of the polypyridine ligand
2,2":6',2"-terpyridine (terpy), while not as extensively investigated
as complexes of bipyridine and other diimine ligands, have a rich
history extending back over three quarters of a century [14].

Following an initial report in 1934 of the syntheses of the
first platinum terpy complexes [15], over 25 years passed before
research continued on the chemistry of these coordination com-
pounds. In recent years, investigations into the synthesis and
reactivity of Pt(II) terpy systems have made significant contribu-
tions to our understanding of ligand substitution in square-planar
d8 complexes and on how electronic and steric factors within the
metal complex affect reactivity. Pt(Il) terpy complexes have become
important reagents for the study of biomolecules due to their
propensity to bind, often by selective modes, to DNA and proteins.
Investigations of biomolecular structure and reactivity are facili-
tated by the useful properties of Pt(II) terpy probes: the spin-active
195pt nucleus for NMR spectroscopy, the large Pt nucleus to serve
as a high-scattering atom for X-ray diffraction studies, and long-
wavelength light absorption and emission for identifying binding
modes and changes in microenvironment of the probe. Developing
concomitantly as an essentially separate field, investigations into
the redox and photophysical properties of platinum terpy systems
have yielded rich results and have provided a better understand-
ing of how to design reagents having tunable electron-transfer and
luminescent properties and excited-state reactivity.

In recent years, an explosion of interest in the platinum terpy
family of complexes has resulted in as many as 25 new papers
appearing annually in the primary literature. Rapid progress in the
three areas of structure/reactivity, interaction with biomolecules
and electronic properties offers great potential to expand the appli-
cations of this family of coordination compounds. For example,
common themes in the platinum terpy systems often emerge from
research teams in seemingly disparate areas of chemistry and bio-
chemistry: m—m stacking interactions in crystal structures often
share common traits with intercalation in DNA; tailoring lumines-
cent properties through ligand variation may allow for the design of
better probes of electron transfer in DNA or active sites of proteins;
observations of selective binding to particular amino acid residues
in proteins informs investigations of ligand substitution chemistry.

This review aims to present a comprehensive summary of 75
years of research on the synthesis, reactivity and structural char-
acterization of diverse members of the family of platinum terpy
complexes of the type [Pt(Yterpy)X]™*, where X represents ligands
occupying the fourth coordination site, Y represents substituents
on the terpy ligand and n is the charge of the complex (Fig. 1).
A review summarizing transition metal terpy complexes up to
1986 has been provided by Constable, but few papers involv-
ing platinum terpy complexes had been published at that point
[16]. Likewise, a recent monograph on terpyridine metal com-
plexes includes only brief mention of platinum complexes [14],
and a selective review of Pt(Il) pyridine complexes appeared in
1999 [17]. While no comprehensive review of this field has been
published, shorter accounts have appeared on the sub-topics of
protein binding [18,19], DNA binding [20], and photoluminescence
[21].

2. Synthesis

Over 100 different platinum terpy complexes have been pre-
pared, and this section summarizes how they can be assembled
from readily available precursors. The vast majority of systems
belong to the class of square-planar d® [Pt(terpy)X]™ complexes
having a tridentate terpy ligand with the fourth coordination site
occupied by a donor ligand X, but Pt(IV) systems and those having
other types of terpy coordination are also known.

2.1. Synthesis of [Pt(terpy )X]™* complexes

The first report on the preparation of a Pt(Il) terpy complex came
in 1934 from Morgan and Burstall, who described the synthesis
and reactivity of [Pt(terpy)CI]|Cl [15]. This chloro complex can be
regarded as the “parent” compound of a large and growing family
of Pt(II) terpy complexes. With high water solubility and a labile
chloride ligand, it is a useful reagent for the synthesis of a wide
range of other [Pt(terpy)X]™** complexes (see Section 3.2 for a review
of reactions involving displacement of C1~ by other X ligands). Four
synthetic methods (A-D) for preparing [Pt(terpy)X]™ complexes
differ in their starting materials, conditions and yield.

MethodA: K,PtCly(aq) + terpy(s)

— [Pt(terpy)Cl]Cl + 2KCl(aq) @)

The method first described by Morgan and Burstall involves
the reaction of K,PtCl4(aq) with a suspension of terpy in water
[15]. Upon heating, an insoluble red Magnus-type double salt
[Pt(terpy)Cl],[PtCl4] forms along with an orange solution of
[Pt(terpy)CI]Cl. Yield of the later product can be increased to 65%
with prolonged heating (1-4 days), but additional heating may
result in decomposition to Pt(0) [22]. The authors also describe the
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Fig. 1. [Pt(terpy)X]™ complex cation, showing atom numbering scheme.

preparation of a black form of [Pt(terpy)CIl]|Cl, but no other reports
of this observation have appeared.

The [Pt(terpy)Cl],[PtCl4] double salt, which is the favored kinetic
product due to a combination of favorable electrostatic attrac-
tion and stacking interactions between the square-planar ions,
can be isolated as either a dihydrate or trihydrate and extracted
into boiling HCl(aq). The red double salt product also forms
from the reaction of [Pt(terpy)Cl]Cl with KyPtCly [15]. Morgan
and Burstall identified a second yellow product, not extractable
with HCl(aq), to which they assigned the formula “[Pt3 2terpy
Clg]”. While this has the same empirical formula as the red dou-
ble salt but differs by its solubility, an isomorphic solid-state
structure seems likely (see Section 4.2.4). Reaction of the dou-
ble salt with pyridine yields additional [Pt(terpy)CI]|Cl along with
trans-Pt(py),Cl, [23].

Two interesting variations on this method have been reported.
First, the use of microwave dielectric loss heating in the prepara-
tion of [Pt(terpy)Cl]Cl from K,PtCl4 with terpy in water has been
reported to offer a 47% yield after two 30-s irradiations [24]. Also,
passing SO,(g) through a solution of K,PtCly in 4:1 EtOH/water
followed by the addition of terpy results in the formation of
[Pt(terpy)(SO3H)]Cl [25]. Addition of CO,(g) prior to the addition
of terpy yields a product identified as [Pt(terpy)(SO3H),], but the
coordination mode of the terpy ligand was not discussed.

MethodB :
L = dmso, NCPh (2)

[PtL,Cl] + terpy — [Pt(terpy)Cl]Cl + 2L,

The reaction of cis-[Pt(NCPh),Cl; ] with terpy in DMF also results in
the formation of a double salt [Pt(terpy)Cl],[PtCl4] as the major
product [26]. Similarly, using cis-[Pt(dmso),Cl,] in MeOH leads
to the formation of [Pt(terpy)Cl] [Pt(dmso)Cl3] precipitate (28%
yield) in addition to [Pt(terpy)Cl]Cl (30% yield) [26], but the same
reaction in acetone is reported to produce the double salt prod-
uct with 94% yield [27]. In contrast, the reaction of [Pt(dmso),Cl; |
with a cationic terpy derivative proceeds with good yield in CHCl3
to form the monometallic complex [28]. The use of PtCl, and
10% dmso in a 1:1 water/CH3CN solvent mixture was reported to
react quantitatively with terpy in a few hours [29]. The reaction of
trans-[Pt(dmso),(R)Cl] (R=Me, Ph) with terpy in methanol yields
[Pt(terpy)(R)]* [30,31], but using cis-[Pt(dmso),(CH3),] results
in completely different chemistry [32], as described in Section
2.5.2.

Alternatively, cis-[Pt(NCPh),Cl;] can be combined with 1 equiv.
AgA (A=SbFg~ or CF3SO3~) in CH3CN, the resulting AgCl solid
removed by filtration and terpy added to prepare [Pt(terpy)Cl]A
[33]. Similar chemistry using cis-[Pt(dmso),Cl, ] has been reported

[34].
Method C: cis-[Pt(COD)Xy] + terpy — [Pt(terpy)(X)]X + COD,
X=0a,I (3)

An efficient preparation has come from Annibale et al., who
reported rapid (15min) and nearly quantitative formation of
[Pt(terpy)Cl]* from the reaction of [Pt(COD)Cl,] (COD=1,5-
cyclooctadiene) with terpy in water [26]. The COD complex is first
prepared from K;PtCly in 95% yield [35]. The high trans-labilizing
effect of the COD ligand allows for easily displacement of chloride
by terpy. Addition of a few drops of HCl(aq) catalyzes the reaction
by protonation if an N atom of terpy to form water-soluble ter-
pyridinium cations. Importantly, at no point is an anionic complex
formed that is capable of precipitating as a double salt with the
cationic product.

A report by Lowe describes a similar approach, involving the
reaction of [Pt(COD)X;] (X=Cl or I) with 2 equiv. of AgBF, in ace-
tone, followed by removal of AgX(s) and addition of terpy in
CH3CN to prepare [Pt(terpy)(CH3CN)J?*, which they did not iso-
late but allowed to react with 4-picoline [29]. The starting material
[Pt(COD)X; | undergoes more rapid reaction for X =1 than for X =Cl.
Similar reactions using AgNOs3 in 20% aqueous acetone [36], AgSbFg
in dry acetone [37], or AgCF3S03 in dimethylacetamide [34] pro-
vide intermediates described as [Pt(terpy)(solvent)]%*, which then
reacts with a variety of nucleophilic ligands. One research group has
indicated that rigorously dry acetone be used to avoid the forma-
tion of substitutionally inert aqua complexes, and also suggested
that using AgPFg may result in fluoride abstraction by the cationic
platinum intermediate [38].

The organometallic complex cation [Pt(terpy)(CH,SiMe3)]* can
be prepared similarly using [Pt(COD)(CH,SiMe3)I] as a starting
material [39], and tritium-labeled terpyridine was used to prepare
3H-labeled [Pt(terpy)Cl]Cl by method C [40].

Method D :
— [Pt(terpy)Cl]Cl-2H,0 + 2SMe, (4)

cis/trans-[PtCl,(SMe; ), ] + terpy

Another efficient preparation utilizes cis/trans-[PtCl,(SMe5 ), ] [41],
dissolved in warm MeOH/H, 0 and combined with terpy and heated
for 30-40 min [35]. Removal of solvent and recrystallization from
MeOH]/Et, 0 affords [Pt(terpy)Cl]Cl-2H,0in 95% yield (83-87% over-
all). Interestingly, no double salt formation is observed.

The syntheses of all other [Pt(terpy)X]* complexes proceeds by
substitution of labile chloride from [Pt(terpy)Cl]* and are described
in Section 3.1.

2.2. Crystal structures of [Pt(terpy )X]™* complexes

Commonly, the diffusion of ether into solutions of a Pt(Il) terpy
complex (MeOH, acetone, DMF, or chloroform solvent) results in
crystallization. In other cases, crystals deposit from solutions by
slow evaporation of CH3CN, MeOH or acetone solvent.

The crystal structure of terpy, first reported in 1992, displays near
planarity of the three rings but trans,trans-configuration of the ter-
minal pyridyl rings with the central ring; a bite angle of 128° was
estimated for the cis,cis-configuration of the free ligand [42].

The first crystal structure of a platinum terpy complex was
reported by Lippard and co-workers for [Pt(terpy)(HET)]NOs,
where HET = hydroxyethanethiol [43], and the structure of the “par-
ent” complex cation [Pt(terpy)Cl]* has been determined for the
CF3S03~ salt [44], the ClO4~ salt [45], as a double salt with the
anion [Pt(dmso)Cl3]~ [27], as an adduct of AMP [46] and as an inter-
calation complex [47]. The structure of [Pt(terpy)Cl]ClOg4, shown in
Fig. 2, displays features common to nearly all other [Pt(terpy)X]|™*
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Fig. 2. ORTEP for [Pt(terpy)Cl|ClO4; from Ref. [45] (reproduced by permission of The
American Chemical Society).

systems that have been solved subsequently. The coordination
geometry about the Pt center is essentially square planar. Coordina-
tion of the terpy ligand results in a restricted bite angle as indicated
by: (1) a Pt-N2 distance that is smaller than the Pt-N! and the
Pt-N3 distances, (2) a N'-Pt-N2 angle that is smaller than the the-
oretical value of 90° and a corresponding N'-Pt-N3 angle that is
smaller than the theoretical value of 180° expected for a tridentate
ligand in a square-planar geometry. Otherwise, the geometry of
the terpy ligand changes little upon coordination, although there is
some slight ring puckering. This ring strain was postulated by these
authors to be a factor in the enhanced reactivity of [Pt(terpy)X]™
complexes toward X ligand substitution reactions, but the discus-
sion in Section 3.2 highlights other factors. Structures for other salts
of [Pt(terpy)Cl]* display very similar geometries for the cation, with
the nature of the anion only influencing how the cations pack in the
crystal (see Section 4.2.3).

Structures have been determined for numerous other
[Pt(terpy)X]™ complexes having X ligands of: OMe [48], 3,4-
dimethylphenoxide [49], pyridine-2-thiol [50], pyrimidine-2-thiol
[50], cysteine [51], 1-methylcytosine [52], 2-mercapto-5-methyl-
1,3,4-thiadiazolate [53], 2,5-dimercapto-1,3,4-thiadiazolate
[53], S-benzo-15-crown-5 [54], thiourea [55], N3 [56], N4CPh
[56], diphenyltriazene [57], CH3CN [33], guanosine [51], 1-
methyimidazole [58], N-methyl-4,4’-bipyridinium [59], CH3 [60],
CH,NO, [49,61], 1,3-bis(piperidylmethyl)benzene [62], C=CPh
[63,64], C=CC=CH [65], and Ph,P-benzo-15-crown-5 [66]. In some
cases, the solid-state structure contains two crystallographically
distinct cations having nearly identical structures.

Inspection of this body of crystallographic data for the complex
cation structures reveals that the Pt—-N2 bond is shorter (average is
1.951 A for 33 reported structures) than the Pt-N' and Pt-N3 bonds
(average is 2.028 A) in all but two cations [67,68], but the Pt—N2
bond length varies from 1.91 A when X = canavanine [67] to 2.04 A
for an acetylide complex [68]. In general, this bond length appears
to be slightly longer when the trans donor atom of the X ligand
is C, P or S than when it is Cl, N or O, but no obvious correlation
with the Pt-X bond length or other structural parameters emerges
from these data. Also, the Pt-N! and Pt-N3 bond lengths differ, on
average, by less than 0.014 A. Among nearly 40 reported structures,
the N1-Pt-N3 bite angle ranges from 158.7° to 163.5° and averages
161.5°. The bite angle does not appear to be specifically influenced
by the size or coordination geometry of the X ligand, being shortest
for complexes having a bulky PR3 ligand as well as a small CH3
ligand and being longest both for a complex with an atomic (CI~) X

Fig. 3. The crystal structure of [Pt(terpy)(MQ)]** displays an unusual bent terpy
ligand; from Ref. [59] (reproduced by permission of The International Union of
Crystallography).

ligand and a bulky 2,5-dimercapto-1,3,4-thiadiazolate ligand with
out-of-plane coordination.

The complex salt [Pt(terpy)(MQ)](ClO4)3 (MQ=N-methyl-4,4'-
bipyridinium) displays an unusual bent terpy ligand (Fig. 3). The
dihedral angles between the central pyridyl ring and the two ter-
minal pyridyl rings are 9.2° and 5.6° and between the two terminal
rings it is 14.2° [59].

The coordination geometry of the various X ligands fol-
low established patterns for other metal complexes, including
bent geometries for the N3 [56] and thiourea [55] ligands.
The complex salt [Pt(terpy)(cysteine)](ClO4),-0.5H,0 crystal-
lizes with 2 independent cations and the cysteine ligand
coordinates through the S-atom in both cases, but with dif-
ferent conformations [51]. A similar behavior was found for
[Pt(terpy)(guanosine)](ClO4),-0.5guanosine-1.5H, 0, for which the
guanosine ligand coordinates through the N7-atom in both cases
but with different conformations [51].

The dihedral angle between the Pt(terpy) plane and the plane of
X ligand can have an important influence on packing in the crystal
and, in the case of aromatic X ligands, the electronic conjugation
between ligands. Crystal structures for phenylacetylide complexes
with X=C=CPhC=CH [69], C=CPhNCS-4 [70], and C=CPh [63,64]
all display phenyl rings that are nearly co-planar with the Pt(terpy)
plane (dihedral angles of 9.4°, 4.06° and 5.6°, respectively).
Likewise, the tetrazole ligand in [Pt(terpy)N4CPh](BF,) is nearly
co-planar with the Pt(terpy) plane, suggested to be due to weak H-
bonding interactions between the tetrazole ligand N! and N3 atoms
and the terpy ligand H56 atoms [56]. In contrast, other planar X
ligands coordinate out of the Pt(terpy) plane, and include pyridine
(64.12-69.4° dihedral angle) [34,71,72], 3,4-dimethylphenoxide
(~72°) [49], N-methyl-4,4'-bipyridinium  (81.7°) [59],
1-methylcytosine (84.4°) [52], and 2,5-dimercapto-1,3,4-
thiadiazolate and 2-mercapto-5-methyl-1,3,4-thiadiazolate [53].

2.3. [Pt(terpy)X3] complexes

The only reported example of Pt(IV) complexes having tridentate
terpy is [Pt(terpy)Cl3]*, prepared from the addition of Cl, to solu-
tions of [Pt(terpy)Cl]* [15,23]. Anumber of Pt(IV) complexes having
bidentate terpy coordination are described in Section 2.5.1.

2.4. Synthesis and structures of platinum complexes of terpy
derivatives

Numerous derivatives of 2,2’:6’,2”-terpyridine have been pre-
pared in recent years, and reviews of synthetic approaches have
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been presented by Heller and Schubert [73] and Thompson [74].
Substituents on the terpy ligand of Pt(Il) complexes offer a means
to systematically alter solubility, rates of X ligand substitution,
intermolecular stacking interactions, photochemical and electro-
chemical properties, and binding affinities to biomolecules.

The vast majority of functionalized terpy ligands possess a single
substituent at the 4’ position, or three substituents at the 4,4 and
4" positions. For simplicity, abbreviations for terpy derivates will
assume these substitution patterns, unless otherwise noted. There-
fore, 4'-chloro-2,2':6’,2"-terpyridine will be referred to as Clterpy,
and 4,4',4"-tri-tert-butyl-2,2":6',2”-terpyridine will be referred to
as 'Busterpy.

Substituents on the terpy ligand can alter its reactivity in the for-
mation of Pt(Il) complexes. For example, whereas terpy reacts with
PtCl, in a H,O/CH3CN/dmso solvent mixture, the corresponding
ligands Clterpy and 4-BrPhterpy lead to low yield and no conver-
sion, respectively [29]. A reduction in the basicity of the immine
nitrogen atoms by the chloro and bromophenyl substituents could
account for this difference in reactivity, as could decrease water sol-
ubility. Synthetic method C, using [Pt(COD)X;] (X =Cl, I), appears to
work well for Yterpy derivatives with Y = halogen [29,75-77],amine
[78], alkoxy [29,78], and aryl derivatives [29,78-80]; using K, PtCl,
(method A) has also been demonstrated [44,81,82]. The complexes
[Pt(Phterpy)X]Cl with X=Cl, Me and Ph have been prepared by
method B using cis-[Pt(dmso),(X)Cl][31], and [Pt(Yterpy)CI]A com-
plexes with Y =phenyl derivatives have been prepared by method
B using cis-[Pt(NCPh),Cl,] with AgA (A=SbFg~, CF3SO3~, BF; ) in
CH3CN [83-85]. Notably, the synthesis of [Pt(Clsterpy)Cl]" could
not be achieved using method A or C, and not with method B using
[Pt(CNPh),Cl,] starting material; only [Pt(dmso),Cl; ] was reactive
towards the weaker base Clsterpy [75].

Numerous Pt(II) complexes of terpy derivatives have been
characterized by X-ray crystallography. Comparisons of eight
crystal structures for members of the family [Pt(Yterpy)Cl]*
(Y="%Bus [81], Ph [83], 0-CH3Ph [84], 0-CFsPh [84], o-CIPh
[31], PAN=NPh [34], and Yterpy=4,7-Me,php [86], and btpyxa
[87]) with those of [Pt(terpy)Cl]* reveal very similar structural
parameters. Likewise, congruent structures have been reported
for 11 Pt(ll) ‘Busterpy complexes, ranging from monomers
of the type [Pt(*‘Busterpy)X]* (with X=Cl [81], CH,C(O)Ph
[81], C=CC=CH [65], C=CPhC=CH [69] and C=CPhNCS-4 [70])

together with a series of unstacked dinuclear complex cations
including [{Pt(*Busterpy)}C=CCcH4N{Pt(‘Busterpy)}](PFg)3
[71] and [Pt(*Busterpy)(C=C),Pt(‘Busterpy)](CF3S03),
(with n=1, 2 and 4) [88], and two bimetallic complexes
[Pt(*Busterpy)(C=C-CgH4-C=C)Re(bpy)(CO)3](CF3S03) [89] and
[Pt(tBusterpy)(C=C-CgH4—C=C)Re(NO, phen)(CO)3](CF3S03) [89].

The dihedral angle between the terpy plane and that of 4’-aryl
substituents is an important parameter for understanding elec-
tronic conjugation between the Pt(terpy)** unit and the aryl group.
For [Pt(Phterpy)Cl|BF4-CH3CN, the interannular bond (C8-C16)
between the Y=phenyl substituent and the terpy plane has a
dihedral of 33.4°, whereas the dihedral angle in uncoordinated
Phterpy is 10.9° [83]. This angle increases for substituted aryl
groups, as shown for [Pt(o-CIPh-terpy)CI|SbF, (54.5°) [85] and
[Pt(o-CH3Ph-terpy)Cl|SbF, (65.2°) [84]. Interestingly, the dihedral
increases to 69.9° for the latter cation when the anion is changed
to BF4 but decreases to 62.1° when the ortho-CH3 group is replaced
with a larger CF; group [84]. The azobenzene substituent in
[Pt(PhN=NPh-terpy)CI|PFg-DMA is co-planar with the terpy ligand
while for [Pt(PhN=NPh-terpy)py](BPhy), it is not, suggesting the
configuration of substituents can be sensitive to factors influencing
solid-state packing [34].

A chromophore triad reported by Schmehl and Eisenberg and
co-workers involves a [Pt(Phterpy)C=CPh]* core with a pendant
methylpyridinium electron acceptor group on the Phterpy lig-
and and a trimethoxybenzamide electron donor group on the
phenylacetylide ligand [28]. Other variations on the terpy struc-
ture are seen in a series of six Pt(Il) complexes of “U-shaped”
terpy derivatives (Fig. 4) prepared by Risch and co-workers,
in which ethylene bridges connect the pyridine rings [80],
and a “Me,php” ligand having an ethyne bridge [86]. It is
interesting to note that the crystal structures for these com-
plexes display very similar coordination geometries to the terpy
complexes, as well as to another picoline complex, [Pt{bis-
hydroxyethyl(amino)-terpy}(4-picoline)](BF4), [90]. The ligand
2-(8-quinolinyl)-1,10-phenanthroline coordinates to form Pt(II)
complexes having very similar bonding geometry as for terpy com-
plexes but with slightly less ring strain [91].

Quaterpyridine (qtpy=2,2':6',2":6”,2""-quaterpyridine) reacts
with K,PtCly to afford [Pt(qtpy)]?*, which provides an interest-
ing comparison to the complex cation [Pt(terpy)(pyridine)]?*.

Fig. 4. Pt(II) complex with a U-shaped terpyridine derivative; from Ref. [80] (reproduced by permission of The Royal Society of Chemistry).
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Fig. 5. Crystal structure of a Pt(Il) quaterpyridine complex cation; from Ref. [95]
(reproduced by permission of The American Chemical Society).

The synthesis was first reported by Burstall in 1938, and
a study by Lip and Plowman in 1975 extended the inves-
tigations to salts having other anions [92,93]. Results are
consistent with four-coordinate qtpy ligand. Constable et al.
[94] further characterized this complex using IR and 'H NMR
spectroscopies. Substantially different structural parameters
are found for the crystal structures of [Pt(qtpy)](ClO4), (Fig. 5)
and [Pt(Me4qtpy)](ClO4),  (Meyqtpy=3",5,5,5"-tetramethyl-
2,2/:6/,2":6",2""-quaterpyridine), for which the Pt-N [1,4] bonds
are longer than Pt-N [2,3] bonds [95]. Constable notes that the
reaction of qtpy with [Pt(CH3CN),Cl,] leads to the formation of the
double-salt product [Pt(qtpy)] [PtCl4], and that using [Pt(COD)Cl; |
as the starting material yields only protonated qtpy [94].

A Pt(Il) complex of a chiral bis-pinene-terpy ligand was men-
tioned by von Zelewsky, but without any supporting information
[96]. Finally, numerous other chelating polypyridines ligands
resemble the structure of terpy, but are beyond the scope of this
review. Of special relationship are a group of ligands in which one
or two pyridyl rings are replaced by phenyl rings. Several Pt(II)
complexes of 1,3-di(2-pyridyl)benzene or 4-phenyl-2,2’-bipyridine
have been prepared in recent years, and they can serve as interest-
ing organometallic analogs to Pt(Il) terpy complexes.

2.5. Unusual binding modes to terpy

While terpy nearly always coordinates as a tridentate ligand to
metal ions via its three N atoms, other binding modes have been
discovered and designed for platinum complexes.

2.5.1. Bidentate coordination

Although bidentate coordination of terpy is not expected
due to the well-established “chelate effect”, some Pt(II) and
Pt(IV) complexes do exhibit this coordination. Clark and Manzer
described a Pt(IV) complex cation [Pt(terpy)(Me),(PMe,Ph),]%
as being six-coordinate, with bidentate terpy coordi-
nation implied but not addressed specifically by the
authors [97]. Stronger evidence is found in the X-ray
crystallographic structure for the Pt(Il) complex cation
[Pt(terpy)(PNCHP)]?*, where PNCHP =2-(diphenylphosphino)-
N-[2-(diphenylphosphino)benzylidene|benzeneamine (Fig. 6)

Fig. 6. Structure of [Pt(terpy)(PNCHP)]?* cation, having bidentate terpy coordina-
tion; from Ref. [98].

[98]; in the five-coordinate square-pyramidal structure, the terpy
ligand adopts an unusual bidentate coordination.

A series of papers by Orrell and co-workers explored the role of
terpy as a fluxional, bidentate ligand in Pt(IV) complexes [99-101].
The reaction of [(PtCIMe3)4] with terpy in benzene affords fac-
[Pt(terpy)CIMe3] in 71% yield [100]. When dissolved in CDCls,
changes in the "H NMR spectrum with temperature indicated a
fluxional process. Cooling to 253K yielded a spectrum having 11
non-equivalent aromatic resonances, consistent with a static struc-
ture having bidentate terpy coordination [99]. Warming the sample
solutionresults in line broadening of all but the signal for the central
H?, followed by the emergence at 373 K of a spectrum having only
six resonances, consistent with a fast fluxional process giving an
averaged structure having tridentate terpy coordination. Fluxional
behavior is also evident from the resonances for the two equa-
torial Me ligands (trans to the terpy N atoms), which show large
exchange broadening upon warming to 333 K while that for the
axial Me ligand (trans to Cl) does not. Therefore, a mechanism of
total Me scrambling (as is known for PtXMes systems) was ruled
out. Instead a “tick-tock” mechanism was proposed, involving oscil-
lation between two different bidentate structures (enantiomers)
through a seven-coordinate transition state with elongated Pt-N
bonds (Fig. 7). Related [Pt(terpy)XMes3] complexes with X=Br or I
behave similarly [100]. An Eyring analysis of the fluxional terpy
binding mode yielded activation parameters of AH!=58Kk]/mol,
ASt=-14]/(Kmol)and AG! =62 k]/mol at 298 K for the chloro com-
plex, with similar values for X=Br and I. In the low-T regime, the
TH NMR spectrum indicates another fluxional process is occurring
that involves rotation of the uncoordinated pyridyl ring, with a
rotational barrier of AG*=50k]/mol at 298 K.

The complex [Pt(terpy)IMes] is the only Pt(IV) terpy complex that
has been structurally characterized by X-ray crystallography [100].
The crystal structure shows the pendant pyridine ring adopting an
orientation of 52° out of the PtNN plane and with the N atom cis
to the iodine ligand. Of interest with respect to the discussion of
ring strain in tridentate terpy complexes of Pt(II) are the elongated
Pt-N! and even longer Pt-N2 distances but short N'-Pt-N2 angle
in this structure.

The reaction of [Pt(terpy)Cl]* with PPhs in CDCl3/CD30D
(1:4, v/v) results in rapid chloride substitution followed by
a slower partial de-chelation of the terpy ligand to yield
[Pt(m?-terpy)(PPhs);]%*, which was characterized by 3! P NMR spec-
troscopy [102].
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Fig. 7. A “tick-tock” mechanism for fluxional bidentate coordination of terpy.

Orrell and co-workers also have reported on bidentate terpy com-
plexes of Pt(Il). The reaction of trans-[Pt(CgF5),(1,4-dioxane)] with
terpy in Et, O-CH,Cl, yields the complex cis-[ Pt(terpy)(CgFs )2 ], iso-
lated in 33% yield [101]. The 'H NMR spectrum for this complex
displays 11 non-equivalent aromatic resonances consistent with
static structure having bidentate terpy coordination. Broadening of
the aromatic signals for solutions at 373 < T < 413 Kindicated a flux-
ional process, but a coalescence temperature could not be reached
in the solvent used in their study. Their reported activation param-
eters AH'=93Kk]/mol, ASt=-3]/(Kmol) and AG'=94Kk]/mol at
298K are moderately higher than those for the Pt(IV) systems.
Bidentate terpy coordination is clearly identified in the crystal
structure of the related Pd(II) complex cis-[Pd(terpy)(CgFs)>][101].
While concentration-dependent changes in 'H NMR spectra are
also common for [Pt(terpy)X]™ complexes, these effects can be
separated from those due to fluxional coordination geometry [30].

While Orrell and co-workers assigned the fluxional terpy coor-
dination mode to an associative “tick-tock” mechanism involving a
1,4-metallotropic shift proceeding through a five-coordinate (tri-
dentate terpy) intermediate, Rotondo et al proposed a dissociative
mechanism proceeding through a three-coordinate “T-shaped”
intermediate having terpy coordinated only through the central
pyridyl ring [103]. However, the dissociative mechanism is not sup-
ported due to: (1) the lack of significant effect on the rate constant
with protonation of the pendant pyridyl ring, (2) a lack of a large
positive ASt expected for a monodentate terpy, and (3) the pre-
sumed weaker Pt-N2 bond [104].

Follow-up studies using unsymmetrical 4-methyl-4'-(4-
chlorophenyl)-terpy (mcpt) supported the associative mechanism
for both [Pt(L)IMes] and cis-[Pt(L)(CgFs),], where L=terpy or

Cl

mcpt, as evidenced by the effect of fluxional terpy coordina-
tion on the TH NMR resonances for the Me and CgF5 groups,
respectively [105,106]. Both the Pt(IV) complex [Pt(mcpt)IMes]
and the Pt(II) complex cis-[Pt(mcpt)(CgFs5);] form as a set of two
bidentate products in a 2:1 ratio (Fig. 8) [106]. The major and
minor products interconvert via the “tick-tock” mechanism, with
an activation barrier of AG! =66 kJ/mol at 298 K for [Pt(mcpt)IMes]
and AG!=101kJ/mol at 298K for cis-[Pt(mcpt)(CgFs),]. Inter-
estingly these values differ from those for the analogous terpy
complexes (above) but in different ways for the Pt(I) and Pt(IV)
complexes. The authors point out that the intermediates, having
a near-planar five-coordinate geometry for the Pt(II) system and
having a stereochemically rigid seven-coordinate geometry for the
Pt(IV) system, are worthy of further theoretical consideration.

The work of Orrell and co-workers has been extended to larger
systems. Three types of ligands (L!, L2 and L3) having “back-to-
back” terpy units (Fig. 9) were prepared along with their mono-
and bi-metallic Pt(II) and Pt(IV) complexes [107]. The Pt(II) com-
plexes [PtL(CgF4CF3),], [{Pt(CgF4CF3)2},L] (where L=L!' or L2),
[PtL3(CgFs),], along with the Pt(IV) complexes [(PtCIMes),L!],
[(PtIMes),L2], and [(PtIMes),L3] all display bidentate and fluxional
terpy coordination. A mixed-metal complex [PtIMesL!ReBr(CO)s]
was also investigated [107]. As with the systems described above,
the activation barrier AG! strongly depends on the Pt oxidation
state, but electronic interaction between metal centers in the
bimetallic complexes is negligible. The dinuclear Pt(IV) quaterpyri-
dine complex [(PtIMes),qtpy] has been prepared and "H NMR data
indicate a structure of bidentate coordination (Fig. 10) [108]. This
result is in contrast with tridentate coordination found for Pt(II)
qtpy complexes [92-95].

Fig. 8. Favored bidentate coordination for an unsymmetrical terpy.
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Fig.9. “Back-to-back” terpy ligands coordinate as fluxional bidentate ligands in Pt(II)
and Pt(IV) complexes.

Fig. 10. Bidentate coordination in a quaterpyridine complex.

2.5.2. C-H activation

While coordination to Pt(Il) and other metal ions nearly always
occurs via the N atoms of terpy, novel cyclometallated prod-
ucts have been reported recently by Minghetti and co-workers
(Fig. 11) [32]. The reaction of terpy with cis-[Pt(dmso),Me;]
results in C-H activation by Pt(Il) and elimination of methane
to form a dinuclear complex [(terpy){Pt(dmso)(CHs3)},] in near
quantitative yield; no monometallated products or N-coordinated
[Pt(terpy)Me]* were detected. In contrast, Arena et al. report
that the use of cis-[Pt(dmso),;(CH3)CI] as the starting material
results in the formation of [Pt(terpy)(CH3)]" in high yield [30].
Coordinated dmso in the dinuclear complex can be displaced
easily by CH3CN, CO, PPh3 and PCys, and a crystal structure of
[(terpy){Pt(CO)(CH3)},] displays co-planar pyridine rings for terpy
with some distortion of the bond angles in the central pyridine ring
[32].

7t\DMSO
HyC

CHs

Fig. 11. C-H activation of terpyridine.

2.5.3. Ligands having pendant terpy groups

Terpy derivatives containing reactive substituents can be used
to prepare Pt(II) complexes having pendant terpy units. For exam-
ple, the reaction of 4’-ethynyl-terpy or 4’-butadiynyl-terpy with cis-
or trans-[Pt(PBu”3),Cl;] in the presence of Cul catalyst produces
cis- or trans-[Pt(PBu"3), {-(C=C),-terpy},] (n=1or 2) in high yield
(Fig. 12) [109]. Subsequent platination of the terpy units appears
feasible, but has not yet been reported. Related dimers of the
type trans-[{Pt(PEt3),(Ph)},(C=CRC=C)] and oligomers of the type
trans-[-Pt(PEt3 ),(C=CRC=C)-], (for which R=terpy or Ph-terpy)
also have been prepared [110].

The ligand 4’-PPh;,-terpy reacts slowly with trans-[Pt(NCPh),Cl, ]
to yield cis-[Pt(PPh,-terpy),Cl;], and crystal structures (Fig. 13)
show the pendant terpy units adopting a transoid arrangement
of pyridyl rings (as does free terpy) [111]. The pendant terpy
ligands can be metallated, and the complex cations cis- and
trans-[Pt{(PPh,-terpy)Ru(terpy)},Cl,|** have been prepared [111];
platination of the terpy groups has not yet been reported.

3. Reactivity

Because platinum (II) complexes are generally thermodynami-
cally stable and kinetically inert, ligand substitution reactions tend
to be slow and easily monitored. The reactivity of [Pt(Yterpy)X]™*
complexes is almost always determined by the ease of displacement
of the X ligand by other donor ligands, and the chemistry and kinet-
ics of these X ligand substitution reactions are reviewed first. In a
small number of cases, other types of reactivity have been found,
including: reactivity within a coordinated X ligand, displacement
or reactivity of the terpy ligand, or oxidative addition at the Pt(II)
center.

3.1. X ligand substitution reactions

Ligand substitution chemistry can be understood in terms of a
combination of thermodynamic factors (relative stability of the
bonding between the Pt center and X ligands in reactant and prod-
uct) and kinetic factors (rate of X ligand displacement by another
nucleophile). Many such reactions reach equilibrium, while others
are shifted to completion using an excess concentration of enter-
ing ligand. Known coordinating X ligands have halogen, O, S, N,
P, or C donor atoms, and trends in reactivity inform methods for
preparing new types of [Pt(terpy)X]™ complexes and anticipat-
ing their reactivity in the presence of potential ligands. Additional
examples of reactions of [Pt(terpy)CI|Cl with biochemically rele-
vant ligands containing heteroatom donors will be presented in a
separate review.

3.1.1. Direct displacement of chloride

The chloro complex [Pt(terpy)Cl|Cl is a useful reagent for the
synthesis of other [Pt(terpy)X]™ complexes because of its high
solubility in water and labile chloride ligand. The addition of nucle-
ophilic molecules or anions in stoichiometric or excess amounts can
lead to direct substitution of the chloride ligand. Excess anionic lig-
and may also replace chloride as the counter ion; larger anions such
as Cl04—, BF4~ or PFg~ are often employed for the precipitation of
complex cation products.

The chloride ligand of [Pt(terpy)Cl]* can be displaced by other
halide and pseudo-halides. The halide complexes [Pt(terpy)X]*
with X=Br~ and I~ can be prepared from reaction of the chloro
complex with 1 equiv. of LiX followed by heating and precipitation
of the product using excess LiClO4 [112]. These halide complexes
can all be inter-converted by the addition of an excess of a second
halide salt to a solution of [Pt(terpy)X]* with (X=Cl—, Br~ and ")
[44,112-114]. Similarly, addition of excess salts of pseudo-halides
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Fig. 12. Pt(Il) acetylide complexes having pendant terpy groups.

CN-, SCN—, NO,~, N3~ or S,032~ displaces the chloride ligand
[23,44,48,56,113,114]. The thiocyanate complex [Pt(terpy)SCN]* has
been characterized as either coordinating through the S atom
[23,114] or N atom [48].

Water, hydroxide and alkoxides are also capable of direct
displacement of the chloride ligand in [Pt(terpy)Cl]*. While
[Pt(terpy)Cl]Cl is soluble in water, it slowly hydrolyzes to form
the aqua complex [Pt(terpy)(OH,)]Cl, [115,116]. The hydroxide
complex cation [Pt(terpy)(OH)]* can be prepared by direct dis-
placement of the chloride ligand using excess OH~(aq) [48,117].
Changes in the UV-vis spectrum of [Pt(terpy)Cl]* upon adsorption
on an acidic Nafion membrane (pH 0) suggested acid hydrolysis
to form [Pt(terpy)(OH;)]%* [118]. Reaction of [Pt(terpy)CI]* with
triflic acid [117] leads to the formation of an O-bound triflate com-
plex [Pt(terpy)(0SO,CF3)](0SO,CF3), which upon reaction with
HClO4(aq) yielded crystals of a hydrolysis product presumed to be
either [Pt(terpy)(OH;)](ClOg4); or [Pt(terpy)ClO4](ClO4) [119].

Numerous thiols are found to react directly with [Pt(terpy)CI]*
in water or MeOH. The synthesis of thiolato complex cations
[Pt(terpy)(SR)]* by this method have been reported using
2-mercaptoethanol (or HET=hydroxyethanethiol) [22,120]; n-

c64
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PrSH, i-PrSH, HOOCCH,SH, HOCH,CH,SH, HCI-H,NCH,CH,SH,
and PhSH [116]; cysteine, thioglycolic acid and p-penicillamine
[121]; N,N-bis(aminoethyl)aminoethanethiol [122]; pyridine-2-
thiol, pyrimidine-2-thiol and quinoline-2-thiol [50]; and 4'-
mercaptomonobenzo-15-crown-5 and 3,4-dimethoxythiophenol
[54]. Fazlur-Rahman and Verkade investigated the reaction of
[Pt(terpy)Cl]* with seven different thiols by using °°Pt NMR
spectroscopy to monitor the rate of loss of the —2694 ppm res-
onance for the chloro complex and growth of the resonance at
~—3150 ppm for the thiol complexes [123]. Displacement of chlo-
ride by a thiol is proposed to involve a five-coordinate transition
state involving hydrogen bonding between the thiol proton and the
chloride-leaving group, leading to release of HCI. Thus, thioethers
are generally unreactive toward [Pt(terpy)Cl]* presumably due to
the instability of the dication [Pt(terpy)(SRy)]%* [116]. However,
one paper does refer to the preparation of a thioether complex
[Pt(terpy)(1,4-thioxane)] [121], and Mureinik and Bidani mention
direct displacement of chloride by both thiourea and tetrahy-
drothiophen [23]. Likewise, solvolysis of [Pt(terpy)Cl]* by dmso
is very slow at room temperature [78]. Similar substitution reac-
tions using thiolate salts are also known. For example, the reaction

C3

Fig. 13. Crystal structure of Pt(II) phosphine complexes having pendant terpy ligands; from Ref. [111].
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of [Pt(terpy)CI]* with NaSMe in MeOH to form [Pt(terpy)(SMe)]*
is driven by precipitation of NaCl(s) [124]. Also, a suspension of
[Pt(terpy)Cl]Cl in EtOH/water reacts with a mixture of thiophenols
and base [125].

Morgan and Burstall prepared [Pt(terpy)(NH3)]Cl, from the direct
displacement of the chloride ligand in [Pt(terpy)Cl]* by ammo-
nia [15]. Subsequent investigations [44,126] have confirmed this
reactivity, while others have established direct chloride ligand
displacement by pyridines [113,126,127], and aliphatic amines n-
propylamine and a-picoline [23]. Displacement of chloride by
1-methylimidazole (Melm) yields [Pt(terpy)(Melm)]?* [58], while
the reaction with 1,3-diphenyltriazene (dpt) in the presence of NEt;
leads to the formation of [Pt(terpy)(dpt)]?* [57].

Mureinik and Bidani first reported the direct displacement of
chloride ligand of [Pt(terpy)Cl]* by PPhs [23], but a more recent
study indicates that the reaction in CDCl3/CD30D (1:4 v/v) results
in rapid chloride substitution followed by a slower de-chelation
of the terpy ligand to yield [Pt(n?-terpy)(PPhs),]** and eventually
[Pt(PPh3)3Cl]* and free terpy [102].

Finally, the chloride ligand of [Pt(terpy)Cl]* can be displaced by
ketones and acetylides. Che and co-workers reported that the reac-
tion of [Pt(*Busterpy)CI]* with excess NaOH(aq), which would pre-
sumably form the hydroxo complex cation [Pt(*Busterpy)(OH)]*,
instead yields the ketonyl products [Pt(‘Busterpy){CH,C(O)R}]*
(R=Me, Ph) when either acetone or acetophenone is added and
the solution stirred for 12h [81]. The reaction of [Pt(Yterpy)CI]*
with acetylenes HC=CR in DMF/triethylamine in the presence of
Cul catalyst or in MeOH with KOH and Cul catalyst yields acetylide
complex cations [Pt(Yterpy)C=CR]* [28,89,128,129].

3.1.2. Removing chloride ligand using Ag(l) reagents

A second approach for the preparation of [Pt(terpy)X]™* complex
cations involves the use of Ag(I) salts to abstract the chloride lig-
and from [Pt(terpy)Cl]*, forming AgCl(s) precipitate and the aqua
(or other solvent) complex [Pt(terpy)(OH;)]?*. This method has
been described for the preparation of numerous thiolate complexes
of the general type [Pt(terpy)(SR)]JA (A=NOs~, PFs~, or CF35037)
using 2equiv. of AgNO3 in water [43], 10-fold excess of AgPFg
in water [123], or 2 equiv. of AgCF3SO3 in DMF [130,131], respec-
tively. Similarly, the reaction of [Pt(terpy)Cl]Cl with Ag,0 (molar
ratio unreported) affords the hydroxo complex [Pt(terpy)(OH)]JOH
[15]. Continuous extraction of solid [Pt(terpy)Cl|SbFg into refluxing
CH3CN having an excess of AgSbFg has been reported as a means of
preparing [Pt(terpy)(CH3CN)](SbFg),, with subsequent addition of
anucleophilicligand X resulting in rapid formation of [ Pt(terpy)X]"*
complexes in high yield [33]. In contrast, thioethers, disulfides and
sterically bulky thiols are unreactive under these conditions [123].

A large number of pyridyl complex cations of the type
[Pt(terpy)(py)]®* (py = pyridine, substituted pyridines, ammonia)
have also been prepared from [Pt(terpy)Cl]ClO4 using 1equiv. of
AgBF,4 in DMF [126,132] and from [Pt(terpy)Cl]|Cl using 2 equiv. of
AgClO4 in water [59] or excess AgBF, in MeOH [127]. However,
Pitteri et al. have reported that this general procedure does not
work for nucleophiles such as aniline, morpholine, methylamine or
piperidine, which act as bases to deprotonate the [Pt(terpy)(OH>)]*
intermediate to give [Pt(terpy)(OH)]* [126]. Lowe et al. corrobo-
rated this observation, also noting that it is not possible to form
complexes with X=secondary or tertiary amines, presumably due
to steric hindrance between the R groups of the tetrahedral N atom
of the amine ligand and the 6 and 6” H atoms of the terpy ligand
[133].

The reaction of [Pt(terpy)CI]Cl with 1equiv. of AgCF3SO3 is
reported to produce [Pt(terpy)Cl] [O3SCFs], indicating the selec-
tivity of precipitating the chloride counter ion before removing
the coordinated chloride ligand [44]. However, van Eldik and co-

workers reported that the reaction of [Pt(terpy)Cl]Cl with “an
equivalent” of AgClO4 (but which appears to be 1.7 equiv. according
to the amounts listed) in 95% MeOH results in formation of the aqua
complex, which was not isolated but rather underwent rapid reac-
tion with added thiourea, cysteine or guanosine [51,55]. Mureinik
and Bidani asserted that they could not completely remove chloride
using AgNOs3 [23]. However, Lippard and co-workers characterized
the product of the reaction between [Pt(terpy)CI]Cl and 2 equiv. of
AgNOs3 as “platinum terpyridine nitrate” and tentatively assign the
formula [Pt(terpy)(OH,)]NOj3 [43]. Conversion of [Pt(terpy)Cl]Cl to
the corresponding nitrate salt results in a product that is iden-
tified as [Pt(terpy)CI]NOs, but the formula [Pt(terpy)NOs3]|Cl may
also apply and the presence of small amounts of the related aqua
or hydroxo complexes (with either anion) are difficult to rule out
[40]. Clarifying this ambiguity is the recently reported crystal struc-
ture of [Pt(terpy)(ONO;)] [H(ONO,),], prepared from the reaction
of [Pt(terpy)Cl]Cl with 2 equiv. of AgNO3 followed by precipitation
from a solution of HNO3/NaNOs [129].

3.1.3. Displacing hydroxide and alkoxide ligands

The equilibrium between [Pt(terpy)(OH)]* and [Pt(terpy)
(OH,)]?* plays an important role in the substitution chemistry
because the hydroxo complex is thought to be relatively inert
towards substitution compared to the aqua species [ 134]. For exam-
ple, the measurement of solution pH for [Pt(terpy)(OH,)]**(aq)
resulted in formation of [Pt(terpy)Cl]*(aq) from the NaCl elec-
trolyte in the electrode [134]. The pK, value of ~4.5 for
[Pt(terpy)(OH,)]%*(aq) [135] indicates that the hydroxo complex
[Pt(terpy)(OH)]* is expected to be the dominant species when
solution pH is much above 3. With this in mind, the reaction of
[Pt(terpy)(OH)]* with HCl(aq), HBr(aq) or HI(aq) is reported to
yield [Pt(terpy)X]* (X=Cl, Br, 1) [15,23]. In MeOH, [Pt(terpy)(OH)]*
is converted to the methoxide complex [Pt(terpy)(OMe)]*, which
can revert to the hydroxide complex in acetonitrile (presumably
from trace water) [48]. Phenolate complexes can be prepared from
the slow reaction of [Pt(terpy)(OH)]* with phenols in CH,Cl,, but
the authors note that similar reactions using [Pt(terpy)Cl]* did not
yield clean products [49]. McMillin and co-workers observed that
[Pt(terpy)(OH)]* is stable for days in EPPS buffer but unstable in
organic solvents such as dmso and CH3CN over the course of hours;
no products of this reaction were identified [136].

Thiols can also displace the hydroxide ligand [53,124], as in
the reaction of [Pt(terpy)(OH)]* with excess PhSH in MeOH
to yield [Pt(terpy)(SPh)]* [116]. The effect of pH on this sub-
stitution chemistry is highlighted by a study by Annibale et
al. who observed that the reaction of [Pt(terpy)(OH)]* with
S-methyl-3-acyl-2-methyldithiocarbazate derivatives results in
the formation of the complex cation [Pt(terpy)(SMe)]* whereas
using [Pt(terpy)(OH;)]?* yields a SMe-bridged dinuclear complex
[{(terpy)Pt},SMe]?* [124]. More on this chemistry is presented
in Section 4.1.1. Finally, nitromethane was reported to displace
hydroxide or phenoxide ligand of [Pt(terpy)(OR)]* during a recrys-
tallization procedure to yield [Pt(terpy)(CH,NO;)]* suggesting that
perhaps other weak acids could also displace alkoxide ligands
[49,61].

3.1.4. Displacing nitrogen ligands

Pyridine (py) ligands in complex cations of the type
[Pt(terpy)(py)]?* can be displaced by other nucleophilic ligands.
Reports indicate that chloride displaces picoline in [Pt(terpy)(4-
picoline)]?* when [CI~]> 150 mM in water [127], and that chloride
(but not water) slowly displaces pyridines in [Pt(terpy)(Rpy)]%*
(R=H, 2-CHs, 4-CHs3) [137,138]. Nucleobases can also substi-
tute for picoline [139], and cyanide displace pyridines [140].
Most facile appear to be the displacement of pyridine ligands
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by thiols [140], such as in the rapid displacement of the 4-
picoline ligand in [Pt(terpy)(4-picoline)]%* by 2-mercaptoethanol
or dithiothreitol [127]. The pyridine ligand in the complex
cation [Pt(Clterpy)(pyridine-4-thione)]%* is completely displaced
upon addition of 1equiv. of glutathione, but the reverse reac-
tion (displacement of glutathione ligand by pyridine-4-thione)
does not occur even with excess of the pyridine [36]. Sulfur
nucleophiles L-cysteine, glutathione, thiourea, thiosulfate, and
diethyldithiocarbamate can displace N’-bound guanosine ligand
in [Pt(terpy)(guanosine)]2* at pH 6 [51].

Amine complexes [Pt(terpy)(NH,R)]?>* (R=H, nPr) are reported to
come into equilibrium with the aqua complex in water [133], but
are stable with respect to solvolysis in dmso [78].

The labile acetonitrile ligand makes [Pt(terpy)(CH3CN)]?* a ver-
satile precursor for the formation of acetylide complex cations
of the type [Pt(terpy)(C=CR)]PFg [63,68-70], diynyl complexes
[Pt(terpy)(C=CC=CH)]* [65], thiolate [141,142], phosphine [66], and
pyridine complexes [66,71,72].

3.1.5. Displacing thiolate ligands

In the [Pt(terpy)X]™* family, complexes having X = thiolate appear
to be the most substitutionally inert, but some examples of dis-
placement reactions have been found. Basolo et al. observed that
the thiocyanate ligand of [Pt(terpy )(SCN)]* can be displaced by pyri-
dine in water [113]. For the complex cation in [Pt(terpy)(SPh)]*, the
displacement of the phenylthiolate ligand by excess chloride is very
slow even at low pH, while non-coordinating acids such as HClO4
and MeSOsH quickly react to release PhSH [116].

Thiolate substitution reactions for complexes of the type
[Pt(Clterpy)(SR)]* (where SR are aliphatic thiolates ~SCH,CH,OH,
~SCH,CH,CH,0H, or glutathione) were investigated by Lowe
and co-workers [36]. Reactions of each of these three com-
plex cations with either of the other two free thiols results in
a rapid reaction to produce a 1:1 equilibrium mixture when
up to 1equiv. of thiol is added. With excess thiol, decompo-
sition and the release of free Clterpy is observed. The results
of this study indicate that thiolate exchange reactions may
occur for S-bound Pt(Il) terpy complexes of proteins in vivo.
The strong nucleophiles diethyldithiocarbamate, thiosulfate and
thiourea are capable of slowly (k=1-9 M~ s~1) displacing cysteine
from [Pt(terpy)(cysteine-S)]2* (at pH 6) [51].

Cheng and Lu reported that the cleavage of Pt-S bonds in
[Pt(terpy)SR]" complexes, with SR =2-aminoethanethiol (AET) and
N,N-bis(aminoethyl)aminoethanethiol (BAT), is facilitated by Zn2*,
Cu?* and Ni2* [122]. The reaction of the BAT complex with 1 equiv.
of ZnCl; is complete in 10 min to yield [Pt(terpy)Cl]*, but slower
rates were observed using Cu?* and Ni%*. Slower rates for the AET
complex and pH-dependence of the rates for the BAT complex sug-
gested a mechanism involving metal ion coordination to the amino
group of the thiolate ligand.

3.1.6. Displacing alkyl or aryl ligands

The only example of displacement of a carbon donor X ligand
comes from Romeo et al., who noted that [Pt(terpy)Me]* is sta-
ble toward hydrolysis for weeks at room temperature, but addition
of HCl(aq) results in the clean formation of [Pt(terpy)Cl]* with
k=010M-1s-1[60].

3.2. Kinetics of X ligand substitution

Among these numerous examples of X ligand substitution reac-
tions, a select group of studies have addressed the kinetics and
mechanism for the displacement of ligand X by an incoming
nucleophilic ligand Z, with most studies focusing on examples of

X =chloride or water:
[Pt(Yterpy)X]|™ +Z = [Pt(Yterpy)Z]™* +X (5)

Kinetic investigations have established that the rates of X ligand
substitution reaction are influenced by: (1) the nucleophilicity and
steric bulk of the entering ligand Z, (2) the nucleophilicity and steric
bulk of the leaving group X, and (3) on a combination of steric effects
and electronic effects of terpy ligand that can be modulated by the
Y substituent.

3.2.1. Kinetics of halide ligand substitution

The first kinetic study of ligand substitution reactions of Pt(II)
terpy complexes came from Basolo et al. [113]. By measuring
changes in electrical conductivity of aqueous reaction solutions,
they determined pseudo-first order rate constants, ks, for the
reaction of [Pt(terpy)Cl]*(aq) with excess pyridine. The group also
reported that chloride substitution by pyridine occurs 103 to 104
times faster for [Pt(terpy)Cl]* than for the related complex cation
[Pt(dien)CI]* having a saturated diethylenetriamine (dien) ligand,
and that substitution for the analogous [Pd(terpy)Cl]* complex
cation is much faster than for the Pt(Il) systems. This work rep-
resents one of the major contributions to understand the ligand
substitution kinetics of coordination compounds and presented the
two-term rate law now frequently encountered for square-planar
d8 complexes:

rate =kops[Pt] with kgps = k1 +k2[Z] (6)

Under conditions of excess concentration of entering ligand Z,
substitution of X follows a kinetic rate law that is first-order in
[Pt(terpy)X]* (“[Pt]”) but with a overall rate constant kgp,s that
depends on [Z], so that plots of ks vs. [Z] are used to obtain k;
(intercept) and k; (slope). A mechanism of two parallel substitu-
tion pathways (Scheme 1) is consistent with this observed rate
law. A solvolysis path, in which solvent (S) displaces the leaving
group X but does not involve the entering ligand Z, gives rise to
the unimolecular rate constant kq, which are often small and less
certain. An associative path involving direct displacement of X by
the entering ligand Z gives rise to the bimolecular rate constant
k, and typically dominates the kinetics (except at very small [Z],
for which k,,s approaches kq). The overall rate constant derived
from this mechanism is kops = k1 k3[Z]/(k_1[X] + k3[Z]) + k2[Z], which
reduces to kgps = k1 +ka[Z] when k_1[X] « k3[Z] (e.g. low [X]).
Using UV-vis spectroscopy, Mureinik and Bidani followed
changes in absorption for solutions containing [Pt(terpy)Cl]*(aq)
and excess halide or pseudo-halide anion Z (Z=Br—, SCN—, NO,~ or
N3~) to obtain the pseudo-first order rate constants, ks, for the
complete displacement of chloride by these nucleophilic ligands
[114]. In the absence of excess chloride, the reactions follow the
standard two-term rate law (above), but the authors highlight some
“unusual substitution behavior” of the [Pt(terpy)CI]* cation. First,
k1 was found to depend on the nature of Z, in contrast to the pre-
diction of the mechanism in Scheme 1. Addition of excess chloride

ki
[(terpy)Pt-X] + S =<=== [(terpy)Pt-S] + X
Ky
+7 |-X +Z|-S
[(terpy)Pt-Z]
2 3

Scheme 1. A mechanism for ligand substitution reactions of Pt(Il) terpy complexes
showing an associative path involving direct displacement of X by incoming ligand
Z, and a solvolysis path involving solvent coordination prior to ligand substitution.
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Table 1
Relative substitution lability for [Pt(terpy)X]* +Z~ — [Pt(terpy)Z]* +X~; from Ref.
[112]

X Z=Cl Z=Br Z=1
Cl 1 1 1

Br 7.8 34 14
I 106 22 3.7

(leaving group) decreases the value of ki according to the equation
ki=(a[Cl=]+b)~1, where a and b are empirical fitting parameters,
while k; is unaffected. A suggestion of pre-association of Z in the
solvent path was postulated to explain this chloride dependence. A
second unusual result was that the values for k; follow a different
relative ordering for the Z anions than had been found for other
Pt(II) systems, highlighting the importance of the terpy ligand or
complex charge in modulating X ligand substitution rates.

Investigations by Pitteri et al. using UV-vis spectroscopy showed
that halide exchange for [Pt(terpy)X]" with (X,Z=Cl-, Br~ and
[7) in MeOH also follows the standard two-term rate law [112].
Relative rates depend on the nature of the entering group Z,
increasing in the order Z=Cl- <Br~ <I~ (Table 1). Using second
order rate constants and nucleophilicity index values for Pt with
each of the halides, the researchers calculated the discrimina-
tion parameters (s), which indicate the ability of [Pt(terpy)X]*
to discriminate kinetically among each of the halide entering
group. Their data indicate that s increases along the series
X=Cl~ <Br~<I7, suggesting an increasing effect of the halide
leaving group in determining the transition state energy and
a substitution mechanism that has some associative character.
Using second order rate constants for forward and reverse halide
exchange [Pt(terpy)X]*+Z~ = [Pt(terpy)Z]* +X~, they calculated
equilibrium constants and Gibbs energies of reaction. The effect
of the halide on the ground state energies, while correlating well
with the polarizabilities of the halide atoms, are smaller for the
[Pt(terpy)X]* system than for other Pt(II) complexes—an effect
attributed to the importance of the ortho H atoms of the terpy
ligand in destabilizing the larger halide ligands. Ground state and
transition state Gibbs energies (relative to G =0 for [Pt(terpy)Cl]*")
are summarized in Fig. 14. Noteworthy is that the energy dif-
ference between [Pt(terpy)Cl]* and [Pt(terpy)I]* four-coordinate
ground states is much smaller than the energy difference between
[Pt(terpy)Cl,Cl] and [Pt(terpy)LI] transition states, highlighting the
importance of the halides in controlling AG* and the reactions rates
for substitution.

80
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Fig. 14. Free energy levels for ground states of [Pt(terpy)X]* and transition states
{[Pt(terpy)X,Z]} (X,Z=Cl, Br, 1), relative to that for [Pt(terpy)Cl]*; data from Ref.[112]
(reproduced by permission of The Royal Society of Chemistry).

A subsequent study by Pitteri et al. explored the Kkinet-
ics of chloride substitution in [Pt(terpy)Cl]* by excess
pyridines (Z=pyridine; 3-methylpyridine; 4-methylpyridine;
4-cyanopyridine; 4-aminopyridine; 4-acetylpyridine; methylison-
icotinate; 2-methylpyridine; 2,4-dimethylpyridine and ammonia)
in MeOH, and their work revealed additional factors controlling
ligand substitution rates [126]. The second-order rate constant k;
increases with the basicity of the pyridine, following the linear free
energy relationship for all of the pyridines lacking substituents at
the 2 and 4 positions:

log k = apK, + constant (7)

Steric hindrance in these positions slows the reaction, as expected.
This reaction between a monocationic complex and a neutral Z
entering group is not influenced by ionic strength (u). Pseudo-
first order rate constant for chloride substitution by imidazole and
histidine have also been reported [143].

Several studies have explored the kinetics of displacement of
chloride in [Pt(terpy)Cl]* by thiols. Brothers and Kostic reported
pseudo-first order rate constant for chloride substitution by excess
~SCH,CH,0H, cysteine and two cysteine-containing tripeptides
[143]. Using 'H NMR spectroscopy, Bugarcic et al. measured
bimolecular rate constants for the reaction of [Pt(terpy)Cl]* with
equimolar amounts of the thiols L-cysteine, thioglycolic acid and
D-penicillamine (Table 2); the thioether L-methionine was found
to be unreactive, even when in excess concentration [115,121]. In a
series of related studies, the researchers used UV-vis spectroscopy
to monitor the reactions in MeOH solutions of excess thiol (n-
PrSH, i-PrSH, HOOCCH,SH, HOCH,CH,SH, HCl-H,NCH,CH,SH, or
PhSH [116]; L-cysteine, thioglycolic acid or p-penicillamine [115];
and thiourea [144], 1,3-dimethyl-2-thiourea, 1,1,3,3-tetramethyl-
2-thiourea [145]). In each case, kinetics are a pseudo-first order
with the standard two-term rate law (Eq. (6)) dominated by the
k, terms. Not discussed was why the rate constants obtained
by the two methods differ significantly for some of the thi-
ols (Table 2). Substitution rates are slowed by steric bulk of
the entering thiol (slowest for p-penicillamine), and enhanced
by an anchimeric effect by which certain thiols (such as glu-
tathione) stabilize the transition state via hydrogen bonding to the
chloride-leaving group. While chloride substitution by halides and
pseudo-halides occurs 103 to 104 times faster with [Pt(terpy)CI]*
than with [Pt(dien)Cl]*, thiol displacement rates are enhanced only
10-fold, suggesting that thiols may have lower nucleophilicity or
larger steric hindrance with the terpy systems. Activation parame-
ters of AHf =34+ 4kJmol~! and AS!=—144]JK~1 mol~!, calculated
from the temperature-dependence of the k; value for reaction with
1-propanethiol [116], are consistent with an associative substitu-
tion mechanism; similar results were found for other thiols [115].
The reverse reaction was also investigated, but excess chloride was
not capable of displacing thiolate ligands. However, PhSH could be
released by reacting [Pt(terpy)(SPh)]* with HCIO4 or MeSO3H.

3.2.2. Kinetics of aqua ligand substitution

Related studies on the substitution of the aqua ligand in
[Pt(terpy)(OH>)]?* by thiols and thiourea, I~ and SCN-, and nucle-
obases have been conducted to obtain rates constants (Table 3) and
activation parameters [51,55,134,146]. In general, substitution of
the aqua ligand is 103 to 10* times faster than displacement of chlo-
ride ligand. Butin both cases rates are enhanced for entering ligands
that are stronger o-donors and less sterically hindered. Negative
volumes of activation (AVf ~ —10 cm3/mol) and entropies of acti-
vation (AStf~—75]K-1mol-1) are consistent with an associative
mechanism.

In contrast, kinetic studies by van Eldik and co-workers
using stopped flow UV-vis methods to investigate aqua lig-
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Table 2
Rate constants for chloride ligand substitution in [Pt(terpy)Cl]* by nucleophilic ligands Z at 298 K
Z Solvent ko (M~'s1) Ref.
[Pt(terpy)Cl]" +Z~ — [Pt(terpy)Z]* +Cl~
Br- 4.5 x 1073 M NaNOs(aq) 10.2 [114,112]
0.1 M MeSO3Na in MeOH 8.10 (+0.50) [148]
0.1 M LiSO3CF; in MeOH 6.5 (+0.1)
I- 0.1 M MeSOsNa in MeOH 303.00 (+11.00) [112,148]
0.1 M LiSO3CF; in MeOH 267 (£1)
SCN- 4.5 x 10~ M NaClO4(aq) 2.69 (+£0.16) [114]
NO,~ 4.5 x 1073 M NaClO4(aq) 2.66 (£0.12) [114]
N3~ 4.5 x 10~3 M NaNOs(aq) 18.73 (+0.70) [114]
OH- Water, pH> 10 0.7 [117]
[Pt(terpy)Cl]* +Z~ — [Pt(terpy)Z]?* +Cl-
Pyridines
4-Cyanopyridine 0.1 M MeSOsNa in MeOH 0.069 (£+0.002) [126]
Methylisonicotinate 0.1 M MeSO3;Na in MeOH 0.200 (+0.020) [126]
4-Acetylpyridine 0.1 M MeSOsNa in MeOH 0.202 (£0.007) [126]
Pyridine 0.1 M MeSOsNa in MeOH 0.432 (£+0.008) [126]
3-Methylpyridine 0.1 M MeSO3Na in MeOH 0.597 (+0.006) [126]
4-Methylpyridine 0.1 M MeSO3Na in MeOH 0.654 (+0.003) [126]
4-Aminopyridine 0.1 M MeSO3Na in MeOH 4.900 (+£0.200) [126]
2-Methylpyridine 0.1 M MeSO3Na in MeOH 0.0247 (+£0.006) [126]
2,4-Dimethylpyridine 0.1 M MeSO3Na in MeOH 0.038 (+0.001) [126]
NH3 0.1 M MeSO3Na in MeOH 4.100 (+0.100) [126]
Imidazole 85 mM phosphate (pH 7) 0.125 (£0.005)? [143]
Histidine 85 mM phosphate (pH 7) 0.0425 (+0.005)? [143]
Thiols
Cysteine MeOH 0.049 (+0.003) [121,115]
0.1 M MeSO3H in MeOH (5% H,0) 0.0106 (+0.002) [143]
85 mM phosphate (pH 7) 6.5 (£1.5)2
Thioglycolic acid MeOH 0.052 (+0.002) [121]
n-PrSH 0.1 M MeSO3H in MeOH (5% H,0) 0.220 (+0.002) [116]
i-PrSH 0.1 M MeSO3H in MeOH (5% H,0) 0.225 (+0.003) [116]
PhSH 0.1 M MeSOsH in MeOH (5% H,0) 0.0488 (+0.0008) [116]
0.1 M MeSO3H in MeOH (5% H,0) 0.188 (+£0.006) [116,143]
HOCH, CHzSH 85mM phosphate (pH 7) 12.5 (+1.5)°
MeOH 0.052 (+0.004) [115]
HOOCCH,SH 0.1 M MeSO3H in MeOH (5% H20) 0.057 (+0.002) [116]
HCl-H,NCH,CH,SH 0.1 M MeSO3H in MeOH (5% H,0) 0.0263 (+0.0008) [116]
Glutathione 0.1 M MeSO3H in MeOH (5% H,0) 0.0777 (+0.008) [115]
D-Penicillamine MeOH 0.0018 (+0.0001) [115]
0.1 M MeSO3H in MeOH (5% H,0) 0.0061 (+0.0001)
Thiourea 0.1 M LiSO3CF; in MeOH 1494 (+10) [145]
1,3-Dimethyl-2-thiourea 0.1 M LiSO3CF3 in MeOH 448 (+10) [145]
1,1,3,3-Tetramethyl-2-thiourea 0.1 M LiSO3CF5 in MeOH 82 (+4) [145]
2 Calculated from pseudo-first order rate constants.
Table 3
Rate constants for aqua ligand substitution in [Pt(terpy)(OH;)]?* by nucleophilic ligands Z at 298 K
z Solvent k(M 1s1) Ref.
Halides/pseudohalides
I- 0.10 M NaClO4(aq) pH 2-3 224,000 (+4000) [134]
SCN- 0.10 M NaClO4(aq) pH 2-3 119,400 (+1000) [134]
Thiols
L-Cysteine 0.10 M HClO4(aq) pH 1 37.8 (+0.1) [55,146]
HCl04(aq) 29.7 (+£0.2)
L-Glutathione 0.10 M HClO4(aq) pH 1 580 (+10) [55,146]
HClO4(aq) 711.9 (£18.3)
DL-Penicillamine 0.10 M HClO4(aq) pH 1 12.8 (+£0.1) [55,146]
HCl04(aq) 10.7 (+£0.7)
Thiourea 0.10 M HClO4(aq) 172,000 (+£200) [55,135,134]
0.10 M NaClO4(aq) pH 2-3 163,400 (+£2230)
1,3-Dimethyl-2-thiourea 0.10M NaClO4(aq) pH 2-3 216,970 (+2980) [135,134]
1,1,3,3-Tetramethyl-2-thiourea 0.10M NaClOg4(aq) pH 2-3 152,900 (£2700) [135,134]
Nucleobases
Guanosine-5'-monophosphate 0.10M NaClO4(aq) pH 2.5 616 (+9) [51]
Inosine-5’-monophosphate 0.10 M NaClO4(aq) pH 2.5 564 (+8) [51]
Inosine 0.10M NaClO4(aq) pH 2.5 402 (£7) [51]
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and substitution in [Pt(terpy)(OH;)]?* by excess thiourea (TU),
1,3-dimethyl-2-thiourea (DMTU), 1,1,3,3-tetramethyl-2-thiourea
(TMTU), I~ and SCN—, found that rates do not vary significantly with
the nature of the entering nucleophile Z [134,135].

3.2.3. Kinetics of pyridine ligand substitution

Pitteri et al. found that the kinetics for displacement of pyridine
ligands in [Pt(terpy)(py)]?* by excess chloride also follow a two-
term rate law with a second order rate constant that depends on
the nature of the pyridine ligand leaving group [126]. Comparing
kinetics among a series of isosteric leaving groups (pyridine, 3-
methylpyridine, 4-methylpyridine, or 4-aminopyridine) indicates
rates decrease with increased pyridine basicity, following a linear
free energy correlation seen for the forward reaction (above). The
systems with 4-cyanopyridine, 4-acetylpyridine, and methylison-
icotinate, display slower rates presumably due to an effect of
increased conjugation of the 1 system, and the sterically hindered
2-methylpyridine and 2,4-dimethylpyridine again display slower
rates. In contrast to the forward reaction, this reaction between
a dicationic complex and an anionic Z entering group is influ-
enced by ionic strength. An analysis of these rate constants along
with discrimination parameters among isosteric pyridines led the
authors to conclude that the rate-determining transition state for
this reversible substitution reaction involves a partial formation of
a Pt-N bond with little change in the Pt-Cl bond.

A report by Cusumano et al. illustrates the separate effect
of X and Z groups on ligand substitution kinetics [138]. Using
stopped-flow UV-vis spectroscopy, the researchers determined
that the reaction [Pt(Yterpy)X]2* (Y=H or o-tolyl; X=pyridine
or 2-picoline) with excess nucleophile (Z=1~ or thiourea) fol-
lows pseudo-first order kinetics. Plots of ks vs. [Z] were linear
with an intercept of zero, indicating that there is no contribution
from a solvolysis path (independent of [Z]). Thiourea is a bet-
ter nucleophile than iodide, while the displacement of pyridine
is faster than that of 2-picoline. Intercalation of the metal com-
plex cation into calf thymus DNA inhibits the reaction rate due
to both steric shielding of the metal center from incoming nucle-
ophiles, and (in the case of =) an electronic repulsion from the
anionic DNA backbone. Whether or not other types of host-guest
supramolecular interactions can affect ligand substitution kinetics
of [Pt(Yterpy)X]™ systems remains unanswered. In this study, the Y
substituents on terpy had no effect on the 2-picoline displacement
rate.

Kinetic studies of other X ligand displacement reac-
tions are less common, but the S-bound cysteine ligand in
[Pt(terpy)(cysteine)]%* can be slowly substituted by diethyldithio-
carbamate (k=8.884M~1s~1), thiosulfate (k=5.997 M~1s~1), and
thiourea (k=0.936 M~1s~1) at pH 6, and the N'-bound guanosine
ligand in [Pt(terpy)(guanosine)]?* can be slowly substituted by
sulfur nucleophiles L-cysteine (k=1.843M-'s-1), glutathione
(k=4.724M-1s-1), thiourea (k=4.871M~1s-1), and more rapidly
by thiosulfate (k=121M-'s-!), and diethyldithiocarbamate
(k=595M~1s~1) at pH 6 [51]. Hydrolysis of [Pt(terpy)(0SO,CF3)]*
in HClO4(aq) occurs with a pseudo-first order rate constant of
0.10s~ 1 [119].

3.2.4. Influence of the terpy ligand on kinetics of X ligand
substitution

A kinetic study of propylamine hydrolysis in dmso/water (1:1,
v/v) solutions of complex cations of the type [Pt(Yterpy)(NH,-
nPr)]%* (Y=H, NH,, NHN=CMe,, OEt, 4-BrCgHg) provided impor-
tant insight into the role of electronic effects of the terpy ligand
in controlling ligand substitution rates [78]. In this study, the leav-
ing group X=propylamine was the same through the series and

the terpy substituents Y were all in the 4’ position and should
introduce no steric effects on the reaction. Pseudo first-order rate
constants ranged from 2-125 x 1076 s~1 and were larger for com-
plexes having electron-withdrawing Y substituents and lower for
those having electron-donating Y substituents. A linear correla-
tion of the log k values with the Hammet o}, parameters for the Y
group indicates that the ligand substitution reactions share a com-
mon rate-limiting step; a five-coordinate transition state having
an increase in electron density is consistent with an associative
mechanism.

In a study by van Eldik and co-workers, the rates of displacement
of chloride in [Pt(Yterpy)Cl]* systems (with Y =H, Ph, or 2-CFsPh) by
thiourea derivatives depended only slightly on the Y substituents of
the terpy ligand (enhanced by the 2-CF3Ph group and inhibited by
the Ph group) [145]. The authors attributed this effect to changes
in o-donicity of the terpy ligand but ruled out any m electronic
effect of the phenyl substituents because the crystal structures
for these systems show an out-of-plane phenyl ring; electronic
communication in solution may be facilitated by thermally acces-
sible phenyl ring rotation, however. In contrast, Cusumano et al.
found no difference between the terpy complex and one having
o-tolyl-terpy in their study of the kinetics for displacement of
X =pyridine or 2-picoline by Z=1~ or thiourea [ 138]. Together, these
three studies suggest that the influence of terpy Y substituents on
ligand substitution kinetics may depend on a combination of fac-
tors, including: (1) the magnitude of the electronic effect of the Y
substituent, (2) the nature of X ligand, and (3) the charge of the
complex. No study has systematically investigated all three fac-
tors.

In several studies, researchers have observed and commented
on the enhanced ligand substitution reactivity of [Pt(terpy)Cl]*
compared to that of [Pt(dien)Cl]*, containing the saturated ana-
log diethylenetriamine (dien); the terpy complex displays reaction
rates that are up to 103 to 10 times faster [78,114,115,123]. Chloride
substitution rates are also faster than other Pt(II) tris-chelate sys-
tems [147]. This difference has been attributed to the trans effect, a
combination of a ground-state labilization (o-trans influence) and
a transition-state labilization (m-trans influence) by which empty
7" molecular orbitals of the terpy ligand can accept electron den-
sity from platinum d orbitals of appropriate symmetry (5dx, and
5dy;). An early study posited the lack of significant differences
between the Pt-Cl vibrational energy for the terpy and dien sys-
tems as evidence against differences in ground-state labilization
[114]. Some authors [123,133] have suggested that ring strain of
the terpy ligand enhances the lability of the chloride ligand in
[Pt(terpy)Cl]*; ring strain is supported by crystallographic data (see
Section 2.2), which reveal a shorter bond between the Pt cen-
ter and the central nitrogen atom of terpy and a long Pt-Cl bond
[43].

More recently, the dominant effect has been attributed to the role
of the terpy ligand in effectively delocalizing the increased electron
density present in the five-coordinate transition state structure of
an associative ligand substitution mechanism [147]. Studies by van
Eldik and co-workers highlight the unique ability of the delocal-
ized terpy 7 system to markedly increase ligand substitution rates
compared to other tris-chelating ligands [ 134,135]. The group inves-
tigated a series of six aqua complexes of the type [Pt(NNN)(OH,)]%*,
where NNN are chelating ligands having various combinations of
pyridine and donors in cis and trans positions (ranging from terpy
to dien). Aqua ligand substitution follows pseudo-first-order rate
laws that depended on the entering Z nucleophile concentration
(kobs =k2[Z]). The terpy system has the fastest ligand substitution
rates (k, ~2 x 10° M~1s~1), which do not vary significantly with
the nature of the nucleophile Z. In contrast, rates for the dien com-
plex were a factor of 10* slower and decreased significantly with
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increasing steric bulk of the Z ligand. Systematic variation in the
position of pyridyl or amine donors in the cis and trans positions
highlighted the larger importance of cis w-acceptors on enhancing
ligand substitution rates. The pK, values of the aqua ligands can
serve as an indication of electron density at the metal center (more
electron withdrawing NNN ligands resulting in a more electrophilic
Pt center and increased acidity of the aqua ligand). For the series of
NNN systems, k, values were found to increase with decreasing pK,
values, but with the terpy system having an enhancement beyond
that predicted by the trend - shown by the other four members
of the series — for the sum of three pyridyl rings. This “unusual”
reactivity, therefore, was attributed to the delocalized 7 system in
the terpy ligand, and frontier orbital energy calculations suggest
that charge stabilization in the transition state by the terpy lig-
and may involve the Pt 6p, orbital [134]. The authors refute the
notion that labilization of the leaving group is due to ground state
effects of ring strain or a trans o-donor effect. The second-order rate
constant was also found to be affected by solvent, increasing with
increasing carbon chain length of a series of alcohols [144]. Studies
involving related systems having cyclometallated phenylpyridine
ligandsin place of terpy further explored the role of the o-donor and
m-acceptor effects in the cis and trans positions of the tris chelate
[148].

3.3. Reactions involving the X ligand

In addition to displacement of the X ligand by other nucleophiles,
unique reactivity of the coordinated X ligand has been found in sev-
eral cases. Perhaps the simplest example of this is the decrease in
pK, of water from 15.7 to 4.5 when coordinated to Pt(terpy)%* [135].
Due to this, the aqua complex [Pt(terpy)(OH,)]?* is converted to the
hydroxo complex [Pt(terpy)(OH)]* unless solution pH is kept below
~3. Annibale et al. reported that protonation of [Pt(terpy)(OH)]*
using HBF, gives [Pt(terpy)(OH,)]?*, which was isolated from solu-
tion and fully characterized [ 124]. A pK, value of about 5.2 has been
found for water ligand in [Pt(Clterpy)(OH;)]?* [149] although an
electron-withdrawing substituent on the central terpy ring would
be expected to increase the acidity of the aqua ligand. The equi-
librium between [Pt(terpy)(OH)]* and [Pt(terpy)(OH,)]®* plays an
important role in ligand substitution chemistry, as described above
[116,124,134].

The carboxaldehyde group of the coordinated ligand 2-
pyridinecarboxaldehyde (pyCHO) in the pyridine complex
[Pt(terpy)(pyCHO)]?* is observed to react with water to quantita-
tively form a 2-pyridinemethanediol [ 132]. During the preparation
of [Pt(terpy)(NH2R)]** complexes from the reaction of the ace-
tonitrile complex starting material [Pt(terpy)(NCCH3)]?* with
alkylamines or ammonia, Lowe and co-workers observed interest-
ing reactivity of the ammine ligand to yield coordinated amidines
(Scheme 2) [78].

While stable in refluxing toluene or DMF, the azido ligand in
the complex cation [Pt(terpy)N3]* reacts in refluxing MeCN (or
more slowly at room temperature) to form a tetrazole coordi-
nated to Pt as N2-bound (major) and N'-bound (minor) isomers
of [Pt(terpy)N4CMe]* (Scheme 3) [56]. Heating the azido complex
in PhCN results in the formation of only the N2-bound phenyl-
tetrazole complex [Pt(terpy)N4CPh]*, as steric effects prevent NI
coordination [56]. In addition to these solution phase reactions,
Wee et al. also reported on gas phase collision-induced dissoci-
ation (CID) reactions of the ligands. Upon CID, [Pt(terpy)N3]*(g)
fragments to form the nitride complex cation [Pt(terpy)N]*(g) and
N>(g), but is not reactive with MeCN, Me,CO or MeOH. The nitride
complex cation does reacts with these to form [Pt(terpy)N+L]*(g)
(L=MeCN, Me,CO or MeOH) adducts. The tetrazole complex cations
[Pt(terpy)N4CR]* (R=Me, Ph) undergo a complex sequence of

fragmentation under CID that, depending on the R group, yields
acetylide or carbyne products as shown in Scheme 3.

3.4. Reactions involving the terpy ligand

Tridentate coordination of terpy to Pt(II) leaves this ligand inert
to displacement due to the well-established chelate effect, while
aromatic stability limits its reactivity. And yet, a few examples of
terpy ligand reactivity have been discovered.

Displacement of the terpy ligand can be accomplished by the
addition of excess NaCN [23,150] or PPh3 [23,102] to [Pt(terpy)Cl]*,
yielding [Pt(CN)4]?>~ and [Pt(PPh3),Cl,], respectively. Similarly,
dithioethane (DTE) displaces terpy in [Pt(terpy)(4-picoline)]?* to
yield Pt(DTE),, and thiols 2-mercaptoethanol and trypanothione do
the same [76]. Excess thiolate added to a solution of [Pt(Clterpy)SR]*
results in release of free Clterpy [36]. The reaction of [Pt(terpy)Cl]*
with 1equiv. of 8-quinolinethiolate (8-QNS) in CH,Cl,/MeOH
involves terpy displacement to yield [Pt(QNS),] [Pt(terpy)Cl],2*
[47].

Mureinik and Bidani posited some unusual reaction of the terpy
ligand in their early report on ligand substitution chemistry, report-
ing that addition of concentrated NaSCN(aq) to [Pt(terpy)Cl]*(aq)
results in cleavage of the C2-C2’ bond to form [Pt(bpy)(SCN),] [23].
This remarkable transformation has been unsubstantiated by any
other study. They also suggested that C-H bond activation in the C®
positions of the terpy ligand upon reaction of [Pt(terpy)Cl]* with
AgNOs. Reaction with OH~ is described as reversible upon acidi-
fication, and the authors postulated that hydroxide attacks the C8
position of the terpy ligand, which is activated by coordination to
Pt(II). A recent paper by Gameiro et al. [151] provides 'H NMR and
CD spectroscopic data to support this interpretation, but others
attribute the reaction of [Pt(terpy)Cl]* with hydroxide as involv-
ing chloride displacement to yield [Pt(terpy)(OH)]* (Section 3.1)
[48,117].

A gas-phase reaction of a Pt(II) terpy complex having a deoxygua-
nine ligand involves a fluxional terpy ligand that undergoes C-H
activation in a so-called “roll-over 3-metallation” mechanism, as
supported by electrospray ionization and collision-induced mass
spectrometry data [152].

3.5. Oxidative addition

Reaction of Cly(aq) with [Pt(terpy)Cl]Cl(aq) results in oxidative
addition to yield the Pt(IV) product [Pt(terpy)Cl3]Cl, which can
be isolated as a colorless dihydrate or trihydrate solid [15] or as
[Pt(terpy)Cls|PFg [23]. The Pt(IV) complex slowly converts back to
the Pt(II) starting material upon standing. No other oxidative addi-
tion reactions have been reported.

4. Bimolecular complexes and interactions

One of the central themes in the chemistry of the Pt(Il) terpy
family of compounds is the propensity for these square-planar com-
plexes to “stack” with other [Pt(Yterpy)X]™* cations or with other
planar molecules. Numerous [Pt(Yterpy)X]™ systems are found to
bind with planar organic 1 systems, the prototypical example being
intercalation between DNA bases. In concentrated solutions, Pt(II)
terpy homo-dimers can spontaneously form, and this is believed
to preclude subsequent intercalation in DNA [153]. Similarly, Pt(II)
terpy complex cations often pack in the solid state into homo-
dimers or extended chains. Related to these non-covalent bimolec-
ular interactions are dinuclear complexes having covalently linked
Pt(Il) terpy units (commonly called “dimers”), which can offer
insight into how specific stacking interactions affect electronic
properties.
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Scheme 2. Formation of amidine complex; adapted from Ref. [78].

4.1. Covalently linked dinuclear complexes

While not all covalently linked Pt(II) terpy dimers involve
stacking interactions between metal centers, a diverse family
of dinuclear systems is reviewed in this section. Linking two
[Pt(Yterpy)X]™ units can be accomplished using a bridging lig-
and in the X position or using terpy derivatives that are covalently
linked. No examples of using bridging ligands in the axial positions
of Pt(IV) terpy complexes have been reported.

4.1.1. Dimers linked through bridging X ligands

The geometry of a bridging X ligand determines if [Pt(terpy)X]*
units in a dimer adopt a stacked or un-stacked relative orienta-
tion. Characteristics of stacked dimers include: long-wavelength
visible absorption, upfield shifts for the terpy resonances in 'H
NMR spectra, and downfield shift of 19°Pt resonances relative to
related monomers [52]. Although !] coupling between two Pt atoms
is diagnostic for Pt- - -Pt distances, values have not been reported for
dinuclear Pt(II) terpy complexes.

Crystal structures have been solved for numerous dinuclear com-
plexes in which Pt(terpy) units are held in a stacked orientation
by a bridging X ligand. These systems provide a most interest-

ing opportunity to model the spontaneous stacking of monomeric
Pt(terpy) cations in the solid state and in solution (Section 4.2).
The coordination geometry of the bridging ligand can be used to
tune the separation and torsion angle between the Pt(terpy) planes
and the Pt - -Pt distance, as indicated in Table 4. This spacing plays
an important role in controlling color and luminescence proper-
ties.

Gray and co-worker investigated a series of [{Pt(terpy)},X]™*
dimers having bidentate N-donor X bridging ligands. For example,
the reaction of [Pt(terpy)Cl]* with 0.5 equiv. of pyrazole (pz) at pH9
for 5 days at 348 Kyields [{Pt(terpy)}2(-pz)](ClO4)3-CH3CN [154].
The crystal structure displays the small two-atom pz bridge holding
together two Pt(terpy) units that are eclipsed but inclined by a 48°
dihedral angle, which results in a Pt. - -Pt separation of 3.432(1)A
(Fig. 15). Pt- - -Pt distances below 3.5 A are considered indicative of
weak bonding [38].

The Gray lab also reported on dimers having X = n-azaindole, .-
N,N-diphenylformamide and p-arginine [155,156] while reactions
involving the potentially bridging ligand 1,3-diphenyltriazene (dpt)
formed only the mononuclear complex [Pt(terpy)(dpt)]?* [57].
Kostic and co-workers also investigated the dimer having X= -
arginine, along with X = p.-canavanine and p.-methylguanidine [67].
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Scheme 3. Pt(Il) terpy methyltetrazole and phenyltetrazole complexes and subsequent gas-phase reactivity; adapted from Ref. [56].

Fig. 15. Two views of the crystal structure of the dinuclear complex [{Pt(terpy)}.(pz)](ClO4)3-CH3CN; from Ref. [154] (reproduced by permission of The International Union
of Crystallography).
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Table 4
Selected structural parameters for dinuclear [{Pt(Yterpy)}.(X)]™ cations (X =bridging ligand)
Complex dpept (A) Dihedral Torsion Ref.
[{Pt(terpy)}2 (.- 2.9872(8) 9 21 [67]
can)](Cl04)s-5.5H,0 2.9884(7)
[{Pt(terpy)}2(j-dpf)](Cl04)3-H,0 3.049(1) 16.8,9.7 7.4 [155]
[{Pt(terpy)}>(-mcty-N3,N4)|(CI04 )3 3.0350(10) 17.1(4) 18 [52]
[{Pt(terpy)}2(j-dtc)](PFs)s 3.052(1) 9.0(1) 339 [159]
[{Pt(terpy)}2(p-guanidine)](Cl04); 3.090(1) 12 28.6 [158]
3.071(1) 9 22.1
[{Pt(terpy)}2(n-pz)](Cl04)3-CH3CN 3.432(1) 47.7(12) ~0 [154]
[{(terpy)PtSCH, CH,NH, } Pt](BE4 )4 4.420 [161]
[{Pt(terpy)}2(p-dithiouracil)](ClO4)3 4.501 14.0 ~0 [50]
{Pt2(p.-dppm),(C=CCsH4N)[Pt(terpy)]s }(CF3503)s 5.079 [72]
[{Pt(Clterpy)}.(2-mercaptoimidazole)](PFg )3 3.2903 7.5(5) [153]
[(btpyxa){PtCl},]PFs 4.38 [87]

Dihedral angles describe the inclination between the two Pt(terpy) planes, and the torsion angle describes the twist of the coordination planes along the Pt. . .Pt axis away
from an eclipsed orientation. Complexes are arranged in order of increasing Pt. - -Pt distance (dpt_pt ).

Similarly, guanidine can serve as a bridging ligand [157,158]. 19°Pt
chemical shifts for [{Pt(terpy)},X]3* dimers with X = guanidine lig-
ands are found in the —975 to —994 ppm range, which is more
than 200 ppm lower than the chemical shift for the corresponding
[Pt(terpy)X]?* monomer complexes, indicating that the guanidine
ligand is more weakly coordinated as a bridging ligand in the dimer
complex than as a terminal ligand in the monomer complex [67].

In contrast to the pyrazole complex, the crystal struc-
tures of dinuclear complexes having three-atom bridges reveal
more closely stacked Pt(terpy) units with significant Pt...Pt
interaction. The crystal structure for the dinuclear complex
[{Pt(terpy)}2(canavanine)](ClO4)3-5.5H,0 displays two indepen-
dent cations differing slightly in the torsion angle within the
canavanine ligand [67]. For both, the Pt(terpy) units are very close
to being co-planar and eclipsed, giving a short Pt. - -Pt distance of
2.99 A. An unusual aspect of the terpy coordination not addressed
by the authors is a longer Pt-N3 distance relative to nearly equal
Pt-N! and Pt-N2 distances. Two years later, the crystallographic
data for the related complex [{Pt(terpy)},(guanidine)](ClO4)3 were
reported, revealing a nearly identical dimer structure [158].

Nucleosides adenosine (A), 2’-deoxyadenosine (dA), and 2’-
deoxycytidine (dC) can serve as bridging ligands in reactions to
form [{Pt(terpy)},X]3*, where X=A, dA or dC as shown in Fig. 16
[139].

Crystal structures for similar stacked dinuclear complexes with
short Pt.--.Pt separation have been found for systems having

Fig. 16. The proposed conformation of a Pt(II) terpy dinuclear complex bridged by
2'-deoxyadenosine; from Ref. [139] (reproduced by permission of The Royal Society
of Chemistry).

three-atom N-C-N bridging units 1-methylcytosine [52] and N,N'-
diphenylformamide [155], and S-C-S bridge of a diethyldithio-
carbamate (dtc) ligand in [{Pt(terpy)},(dtc)](PFg)s [159]. A longer
Pt - -Ptseparation (3.2903 A)is present in the crystal structure of the
dinuclear complex [{Pt(Clterpy)},(2-mercaptoimidazole)](PFg)s,
which also possesses a three-atom bridge (Fig. 17) [153,160]. How-
ever, using thioacetimine as a bridging ligand results in a bridged
[{Pt(terpy)}(-N,S-thioacetimine)]** dimer that is unstable in
solution, reacting with water to release acetamide and a sulfide-
bridged trimer [{Pt(terpy)}3-S]**, the “propeller-like” structure
of which has been characterized by X-ray crystallography [153].

Larger bridging ligands can be used to assemble stacked
but more widely spaced Pt(terpy) units. The dinuclear com-
plex [{Pt(terpy)},(dithiouracil)](ClO4); has been prepared from
[Pt(terpy)Cl]* and 0.5 equiv. of the corresponding dithiol [50]. In the
structure (Fig. 18), Pt(terpy) units are eclipsed but non-interacting
due to the large distance (4.5 A) they are held apart by the 5-atom
bridging unit of the dithiouracil ligand.

The trinuclear complex [{(terpy)PtSCH,CH,;NH; }, |Pt(BF4)4 was
prepared by addition of 1 equiv. of K,PtCl4 to a mixture of 2 equiv.
each of [Pt(terpy)Cl]* and 2-aminoethanethio (AET) hydrochloride
in NaOH(aq) [161]. A crystal structure (Fig. 19) shows a square-
planar [Pt(SCH,CH;NH;),] complex serving as a bridging unit
of two [Pt(terpy)]?* units that are nearly co-planar but twisted
by ca. 90° torsion angle (resulting in a long Pt..-Pt distance of
4.420A). This complex cation also spontaneously formed from a
solution of [Pt(terpy)(AET)]* and crystallized as an adduct with
deoxymethoxy-pTpA. The structure shows A-T base pairs stacked
on either side of the platinum complex cation and [Pt(terpy)]%*
units that are nearly eclipsed, indicating how stacking can be
affected by microenvironment [162].

Fig. 17. The X-ray crystal structure of [{Pt(Clterpy)},(2-mercaptoimidazole)](PFg)s3;
from Ref. [153] (reproduced by permission of The Royal Society of Chemistry).
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Fig. 18. A dithiouracil-bridged Pt(II) terpy dimer complex.

With the goal of developing synthetic routes to supramolecular
Pt(Il) complexes, Yam and co-workers have recently pre-
pared a hexanuclear Pt(II) complex {[Pty(p-dppm),(C=CCsH4N)]
[Pt(terpy)]4}(CF3S03)g [72]. Two pair of face-to-face [Pt(terpy)]?*
units are parallel with a close inter-plane distance indicative of

4 -
£43)c(aa)py e

Fig. 21. A Pt(Il) terpy dimer having a lanthanide complex spacer.

T-stacking, but a long Pt.--Pt distance precludes inter-metallic
interaction (Fig. 20).

A seven-coordinate luminescent lanthanide complex serves
as a large spacer between two [Pt(terpy)(SPh)]* units in a
trimetallic complex cation (Fig. 21) prepared using the flexible
synthetic strategy of Pikramenou and co-workers [163]. Molec-
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Fig. 20. Crystal structure of the complex cation of [Pty (-dppm),(C=CCsH4N)4{Pt(trpy)}4](CF3S03)s, with H and C atoms of phenyl rings of dppm omitted for clarity; from

Ref. [72] (reproduced by permission of The American Chemical Society).
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Fig. 23. A Pt(Il) terpy dimer having a peptide dithiols spacer.

ular modeling suggests that the two [Pt(terpy)(SPh)]* units are
co-planar.

Bridging ligands having well-separated donor atoms form
dimers with unstacked [Pt(terpy)X]* units. Pyridyl bridging
ligands have been used to prepare the dinuclear complex
[{Pt(terpy)},-N,N-4,4'-vinylenedipyridine]** [133,152] and a series
of five [{Pt(Nsterpy)},;L]** complexes for which the bridg-
ing L ligand contains pyridine endcaps with either diethynyl
(Fig. 22), para-phenylenediethynyl, para-biphenyldiethynyl or
trans-[Pt(pyridine),(NH3),]>* spacer groups [140]. The thal-
lium salt of the 2,5-dimethyl-1,4-dicyanamidebenzene anion
(Me,dicyd?~) slowly reacts with [Pt(terpy)Cl](PFs), to yield the
dinuclear complex cation [{Pt(terpy)},(-Mepdicyd)]?* [164].

Alkane dithiols allow for the formation of un-stacked dimers of
the type [(terpy)PtS(CH;),SPt(terpy)]?* having n=4-10, but those
for n=2 and 3 were not isolable [165]. Dimers constructed using
bridging dithiols with peptide chain spacers (Fig. 23) [166] and sev-
eral different carborane dithiols (Fig. 24) [142] have been reported.
The ligand 2,5-dimercapto-1,3,4-thiadiazole (DMcTH,) can serve
as either a monodentate or bridging ligand in the preparation of
[Pt(terpy)(DMcTH)]* and [{Pt(terpy)}>(DMcT)]?*, while the related
2-mercapto-5-methyl-1,3,4-thiadiazole (McMTH) yields only the
mononuclear complex cation [Pt(terpy)(McMT)]* [53]. The crys-
tal structure of [{Pt(terpy)}>(DMCcTH)](PFg), reveals two Pt(terpy)

units parallel to each other but on opposite ends of a perpen-
dicular bridging DMcTH ligand [53]. The reaction of 2 equiv. of
[Pt(terpy)(OH,)]%* with S-methyl-3-acyl-2-methyldithiocarbazate
derivatives results in the formation of the complex cation
[{(terpy)Pt},SMe]?*, the crystal structure of which shows the sin-
gle S atom of the methanethiolate ligand serving as a bridge of two
nearly orthogonal Pt(terpy) units (Fig. 25) [124]. The use of the
1,3,4-oxadiazoline-5-thione bi-products for pharmaceutical and
biological applications highlights the importance of the ability of
[Pt(terpy)(OH,)]?* to facilitate in this cyclization reaction.

A series of alkynyl-bridged dinuclear cations of the
type [Pt('Busterpy)(C=C),Pt(‘Busterpy)]** (n=1, 2, 4) have
been prepared by Yam et al. [88], as has a dinuclear
complex having a 4-ethynylpyridine ligand bridging two
[Pt(*Busterpy)]?* units [71]. Bimetallic complexes of the
type [Pt(*Busterpy)(C=C-CgH4-C=C)Re(NN)(CO)s]*, where
NN =bipyridine and phenanthroline derivatives, have been
prepared by similar methods [89].

A tetranuclear complex cation [3,6-{Pt(‘Busterpy)(C=CPhC=C)
Pt(PEt3),(C=C)},-9-butylcarbazole]** prepared by Yam and co-
workers contains two [Pt(‘Busterpy)]?* units with pheny-
lacetylide ligands in the fourth coordination site that connect to
[Pt(PEt3),(C=C), ] units which in turn bridge to a carbazole core
(Fig. 26) [69].

Fig. 24. A Pt(Il) terpy dimer having a carborane dithiols spacer; from Ref. [142] (reproduced by permission of The Royal Society of Chemistry).
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Fig. 25. A Pt(II) terpy dimer having a SMe complex spacer; from Ref. [124] (reproduced by permission of The Royal Society of Chemistry).

4.1.2. Dinuclear complexes linked via the terpy substituent

New synthetic strategies for preparing terpy derivatives have
opened the door for the design and synthesis of covalently linked
terpy ligands and the preparation of dinuclear Pt(Il) terpy com-
plexes.

The Bosnich group has prepared a dinuclear system
[L{(terpy)PtCl},]?* (Fig. 27) using a spacer (L) connecting two
terpy ligands via the 4’ positions from the reaction of Pt(COD)I,
with AgSbFg in acetone followed by addition of 0.5equiv. of
L(terpy), [38]. Further descriptions of binding of other metal
complexes to this “molecular cleft” receptor is described in Section
4.2. Lowe has reported on cytotoxicity studies involving the dimer
[L{(terpy)Pt(NCgHsMe-4)},]%* having a spacer L=butanediamide
(Fig. 28) [133].

Tanaka and co-workers have built a L(terpy),-type ligand
“btpyxa” with L being a planar xanthene unit bridging two
terpy rings capable of single or double platination [87]. In
the crystal structure of the [(btpyxa)PtCl|PFs, a bridging pla-
nar and perpendicular xanthene unit holds a [Pt(terpy)Cl]*
cation co-planar to a second terpy unit but too apart (>4.1A)
for m-stacking. The crystal structure for the dinuclear complex
[(btpyxa){PtCl}, |PFg (Fig. 29) shows a large Pt..-Pt separation
(4.38A). Reaction of the former with RuCly(dmso),; produces
[(dmso)ClRu(btpyxa)PtCl]* which, in turn, can react with 3,5-
tBu,catechol to yield [(dmso)(‘Buycatechol)Ru(btpyxa)PtCl]2*.

Alinear non-stacked dinuclear Pt(II) terpy complex has been pre-
pared by Risch and co-workers using a terphenyl linkage between
terpyridine ligands [167].

4.2. Non-covalent intermolecular interactions

The examples of face-to-face stacking of [Pt(terpy)X]™ units
described in the last section rely on bridging ligands to secure
the metal complexes in a co-planar orientation. Similar stacking
is now considered for non-covalent interactions to form dimers
and aggregates of [Pt(terpy)X]™ complex cations in solution and
the solid state. Also considered are bimolecular pairing involv-
ing [Pt(terpy)X]™ complex cations with other planar molecules.

This latter effect is of special importance to understanding how
[Pt(terpy)X]™ systems intercalate between base pairs of DNA.

Stacking of square-planar d® platinum complexes is well known
for a wide variety of ligand systems, including polypyridines such
as terpy. The stability of these dimer or aggregate structures is com-
monly attributed to a combination of favorable orbital interactions
between the Pt d orbitals and between terpy T orbitals. Specifically,
the interaction between adjacent Pt centers split the occupied 5d,»
orbitals into a do bonding and do* antibonding MOs, while the
unoccupied 6p; orbitals split into a po bonding and po* antibond-
ing MOs. Stability from Pt. - .Pt interactions is thought to occur for
systems having Pt- - -Pt distances <3.5 A [38]. Likewise, the 7 sys-
tems of aromatic ligands such as terpy can interact and split to
yield a bonding and anti-bonding combination. In addition, inter-
actions between Pt d and ligand 7 orbitals have been considered.
For some systems, hydrophobic interactions and hydrogen bonding
may also stabilize dimers and aggregates. The net effect of these
combinations of interactions determines the stability of the dimers
or aggregates relative to the monomer complexes.

4.2.1. Solution-phase stacking of [Pt(Yterpy)X]"* cations

Many (but not all) [Pt(Yterpy)X]™ systems display dimer or
aggregate formation in solution, and a survey of this growing body
of literature offer insight into how various properties of the com-
plex cation or solution medium can influence the magnitude of the
dimerization constant or dimer structure. Dimers and aggregates
are often in equilibrium with monomers, and are less favored at
higher T as w-stacking interactions are weakened [30].

Jennette and Lippard reported on the concentration-dependence
of the UV-vis absorption spectra for [Pt(terpy)Cl]* and
[Pt(terpy)HET]*, for which linear Beer's Law plots are observed
only for solution concentrations below 15 M [43]. Molar absorp-
tivity data were used to calculate dimerization constants of
Kq=(4+2)x103M~1 and Kg=(7 +5) x 103 M1, respectively [43].
The authors note that these values depend somewhat on the
wavelength used, suggesting that more than one type of aggregate
may exist in solution. Conductivity measurements for 10-2 M
solutions were consistent with dimer formation.



470 S.D. Cummings / Coordination Chemistry Reviews 253 (2009) 449-478

2+

\\ PEt,
/

/
EtsP

N\

N—"Bu

Fig. 26. A supramolecular Pt(II) terpy dimer.

Fig. 27. A Pt(Il) terpy dimer having an aromatic organic bridge spacer.

Fig. 28. A Pt(Il) terpy dimer having butanediamide spacer.

Gray and co-workers characterized dimer formation from obser-
vations of a new absorption band at ~470 nm for 10 mM aqueous
samples of the reduced complex [Pt(terpy)Cl]* and at ~570 nm for
0.15mM solutions in frozen solvent at 77 K and reported a dimer-
ization constant of Kq=(3+2)x 103 M~! [45]. They propose two
types of dimers: one assembled through Pt- - -Pt interaction and the
other through -7 interaction of terpy ligands. The medium has
a strong effect on dimerization, with K4 dropping to only 80 M~
in 0.1 M (BuyN)PFg/DMF [168]. The Gray group investigated the
role of charge of the complex on dimerization, finding that Ky
increases 10-fold for the neutral complex [Pt(terpy)Cl] in 0.1 M
(BuygN)PFg/DMF [168]. In addition, they spectroscopically identified
a mixed-valence dimer [Pt(terpy)Cl]-[Pt(terpy)Cl]*.

Does increasing the hydrophobicity of the X ligand favor dimer-
ization? The Ky value for the complex cation [Pt(terpy)(SPh)]*,
having a more hydrophobic SPh ligand, is 6.3 x103M-! (pH
7 aqueous buffer; 20°C; n=0.01), nearly the same as that for
[Pt(terpy)HET]* [169]. The dimerization constant increases with
increasing ionic strength (at constant T=20°C), and decreases with
increasing temperatures (at constant ionic strength of ©=0.01).
van’t Hoff plots reveal a small negative AH and a positive AS for
dimerization, but AS becomes negative at higher ionic strength.
The phenyl ring of the thiol X ligand may have a minor de-stabilizing
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Fig. 29. A Pt(Il) terpy dimer having a xanthene spacer.
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Fig. 30. Two types of head-to-tail stacking orientation proposed for dimers and
aggregates.

influence on dimer formation, as indicated by Kq=1.0 x 104 M~1
(0 =0.01) for [Pt(terpy)SC4Hg]* in KFH(aq) buffer [165,170]. Aggre-
gation is also disrupted by organic solvents such as EtOH, dmso and
DMF or the addition of a surfactant.

At concentrations below 0.25 mM, the organometallic complex
cation [Pt(terpy)Me]* dimerizes with K4 =1.0+ 0.8 x 10* M~ (from
UV-vis data) or 2.6 + 0.1 x 104 M~! (from NMR data), but at higher
concentrations (or higher ionic strength) evidence for aggregation
comes from resonance light scattering and changes to the NMR
spectrum [30,60,171]. Specifically, observations of large changes
in the 'H chemical shift of the methyl group were used to pos-
tulate a head-to-tail structure for dimer and aggregate formation
(Fig. 30) [171]. Comparing the results for the methyl complex with
those for the thiol systems described above suggests that greater
planarity of the methyl complex may be the dominant effect in
favoring aggregate formation rather than differences in hydropho-
bicity of the various ligands as was originally hypothesized [30].
Again, solvent has a large influence, with the extent of aggregation
in CH3CN found to be significantly less (K4 =180+52 M) than in
water [60].

A comparative study on aggregate formation for [Pt(terpy)Me]*,
[Pt(Phterpy)Me]*, [Pt(terpy)Ph]*, and [Pt(Phterpy)Ph]* indicated
that while only the two methyl complexes display evidence of both
dimer and aggregate formation, the two phenyl complexes do not
dimerize but do aggregate highly in aqueous solution [172]. A per-
pendicular orientation of Pt(Phterpy) units was postulated. For all
of these systems, aggregate formation was enhanced by alcohols
but inhibited by dmso and dioxane.

In the "H NMR spectra of several [Pt(Yterpy)X]* cations (Y=H or
Ph and X = Cl or Me; but not for X =Ph) dissolved in methanol, chem-
ical shifts move upfield with increasing complex concentration
and decreasing T, indicative of stacking [31]. However, absorp-
tion spectra obey Beer’s Law up to 3 x 104 M. Differential pulse
voltammograms of complexes [Pt(PhCH,CH,CH,Oterpy)Cl|BF,
and [Pt(CH3CH,CH,Oterpy)Cl]|BF,4 display splitting attributed to an
equilibrium mixture of monomer and dimer in solutions [82].

Even the steric bulk of the complex cation [Pt(terpy)(SCH,»
C3B1oH11)]* (and two other related complex cations having a
carborane-derivatized thiol ligand) does not prevent aggregation,
which was detected for solutions of greater than 13 wM concentra-
tion [130].

A dramatic demonstration of the effect of solvent on aggregation
has been reported for [Pt(terpy)(C=CC=CH)]* [65]. The addition of
ether to acetonitrile solutions results in significant color changes
due to large red-shift in the absorption bands, attributed to the
formation of aggregates in the less polar solvent. Interestingly, the
color of the solutions containing aggregates also depends on the
nature of the anion, ranging from blue for the triflate salt to orange
for the BF,4~ salt [64]. This important observation suggests that the
structure of aggregates can be controlled by anion size or shape, and
effect on absorption may lead to colorimetric anion sensor. A simi-
lar aggregation is induced by a polyelectrolyte anion, deprotonated
poly(acrylic acid) [173].

Dimerization is not evident for [Pt(‘Busterpy)Cl]* [81],
[Pt(terpy)(OH)]* [136] or for a family of [Pt(terpy)C=CR]" [63]
complex cations, as UV-vis spectra follow Beer’s Law up to
concentrations of 10-2 M.

Covalently linked dinuclear complexes of the type
[(terpy)PtS(CH,),SPt(terpy)]2*, having flexible aliphatic dithi-
olate bridging ligands, also display concentration-dependent UV
absorbance, indicative of either intra- or inter-unit aggregation
[165,166]. Dimerization constants have been determined for the
n=4 (K4=44x103M~1) and n=6 (K;=6.2 x 103 M~1) complexes
in KFH(aq) buffer [165]. The much lower dimerization constant
(K4=7.0x102M-1) found for a related Pt(Il) terpy dinuclear
complex, having an aromatic 1,4-benzenedimethanethiol bridging
ligand, may reflect the effect that the rigidity of the bridging
ligand has on the self-association process [174]. Interestingly, the
analogous 1,3-benzenedimethanethiol complex does not display
evidence of dimerization for concentrations up to 104 M.

4.2.2. Solution-phase bimolecular stacking interactions

While intercalation of [Pt(terpy)X]™ complexes between base
pairs of DNA has been recognized for many years, non-covalent
interactions between [Pt(terpy)X]™ and other types of 1 systems
have been explored only recently.

Identification of the contributions of Pt.--Pt and m-m interac-
tions in assembling stacked structures led Bosnich and co-workers
to design and investigate “molecular cleft” receptors of type
[L{(terpy)MCl},]?* (Fig. 27) where L=spacer and M=Pd(Il) and
Pt(I) [38]. While [Pt(terpy)Cl]* does not bind to either the M = Pd(II)
or Pt(Il) receptors due to unfavorable electrostatic repulsion
between the cationic guest and the dicationic receptor, the addition
of the neutral square-planar complex [Pt(salap)NH3] to the Pt terpy
receptor in CH3CN results in immediate color change due to new
absorption bands with A > 500 nm. Data from variable-temperature
TH NMR spectroscopy established a 1:1 host-guest binding stoi-
chiometry with a 51,000 (+8400)M~! association constant. This
association constant is significantly higher than ones found for
similar receptors with organic aromatic guests, suggesting appre-
ciable stabilization via Pt - -Pt- - -Pt interactions in addition to -
interactions between terpy and salap ligands and charge-induced
dipole interactions between guest and host. Results of 'H NOESY
experiments were consistent with the [Pt(salap)NH3] guest bind-
ing only in the molecular cleft between the [Pt(terpy)Cl]* units, and
with an orientation having the ammine ligand of the guest point-
ing along the same direction as the chloride ligands of the host,
a structure confirmed using X-ray crystallography (Fig. 31). Near-
linear alignment of Pt(Il) centers with Pt- - -Pt distances of 3.303 and
3.262 A suggest that Pt. - -Ptinteractions are more significant for sta-
bility than -7 interactions. The importance of the charge of the
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Fig. 31. Crystal structure of a host-guest complex formed between [Pt(salap)NH;]?* and a Pt(ll) terpy dimer; from Ref. [38] (reproduced by permission of The American

Chemical Society).

guest and the resulting net charge of the host-guest complex was
highlighted by investigations using anionic guests [Pt(salap)CN]~
and [Pt(salap)Cl]~. In addition to guest binding within the host
cleft, aggregation between monocationic host—-guest units was evi-
dent from concentration-dependent absorption spectra and was
not observed for the dicationic host-guest complex. The addition
of dianionic complexes [Pt(CN)4]2~ or [Pt(oxalate); ]2~ to the dica-
tionic receptors results in the immediate formation of an insoluble
precipitate indicative of binding due to favorable electrostatics.
These results emphasize the importance of overall complex charge
in controlling inter-complex aggregation. Also, two of these “molec-
ular clefts” can be connected through bridging dipyridyl ligands to
form “molecular rectangles” capable of binding other Pt(Il) com-
plexes [37]. Interestingly, pairs of molecular clefts interlock to form
chains of [Pt(terpy)Cl]* units in the solid-state structure [175], and
this common solid-state stacking phenomenon is reviewed in the
next section.

4.2.3. Solid-state stacking of [Pt(Yterpy)X]"* cations

Stacking of [Pt(Yterpy)X]™ cations in the crystal structure can
have a large influence on color and luminescence properties of
solids and relate to the propensity for dimerization in solution.
As with the covalently linked dinuclear systems described above,
interaction between [Pt(Yterpy)X]"™* cations in the crystal packing
structure is characterized by three important parameters: the dihe-
dral angle, torsion angle and the distance between cation planes
(which together determine Pt..-Pt separation). Cations almost
always pack in a face-to-face arrangement, with deviation from
co-planarity described by the dihedral angle between the cation
planes. In addition, cation stacks most often have a torsion angle
close to 180°, giving a “head-to-tail” relative orientation in which
the Pt-X bonds of adjacent cations point in opposite directions
about a center of inversion; importantly, this is the opposite ori-
entation from the majority of the covalently bridged dinuclear
complexes having syn orientation (above). These two parameters
along with the inter-plane separation of cations planes determine
the Pt atom spacing, which is typically either extended chains of
evenly spaced and co-linear Pt atoms or groupings of dimers hav-
ing alternating short and long Pt- - -Pt spacing; for the later, cations
planes may still be evenly spaced due to a zigzag arrangement of Pt
atoms. In general, Pt. - -Pt distances less than 3.5 A are considered
indicative of direct overlap of Pt d,» orbitals [38]. In addition to
Pt - -Pt interactions, 7 orbitals of adjacent terpy ligands can overlap
to stabilize cation stacking, and some solid-state structures reveal
that mr-stacking is the dominant interaction. This m-stacking is gen-
erally regarded as occurring when inter-plane distances are less
than 3.8 A [57]. These solid-state stacking parameters can depend

on four factors: (1) the nature of the X ligand, (2) Y substituents
on the terpy ligand, (3) the nature of the anion, and (4) the solvent
used in recrystallization. Some examples of these effects follow.

The crystal structures of salts of the complex cation [Pt(terpy)CI]*
consist of chains of dimers, arranged in a head-to-tail orientation
with short Pt- - -Pt distances (Fig. 32), stacked along one axis result-
ing in chains having longer Pt- - -Pt distances between dimers but
nearly constant terpy- - -terpy inter-plane distances. Differences in
the stacking arrangements for the CF3SO3~ [44], ClO4~ [45] and
[Pt(dmso)Cl3 ]|~ salts [27] are summarized in Table 5. The later salt
also displays anion—-cation interactions.

The importance of the anion is also illustrated by differ-
ences between [Pt(terpy)(CH,NO,)|BPh4, which is a red solid

Fig. 32. The solid-state dimer structure for [Pt(terpy)CI][CF3SOs]; from Ref. [44]
(reproduced by permission of The Royal Society of Chemistry).
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Table 5
X-ray crystallographic data for stacking between [Pt(terpy)Cl]*" cations

Anion Cl-Pt. - -Pt—Cl torsion angle (°) dpy..pt (intra-dimer) (A) dpy..pt (inter-dimer) (A) terpy- - -terpy (A) Pt!...Pt2...Pt! angle (°) Ref.
CF3505- 180 3.329(1) 3.575(1) ~35 169 [44]
Clos- 160 3.269(1) 4197(1) ~3.4 143 [45]
[Pt(dmso)Cls]- 180 3.338(1) 3.419(1) [27]

having dimers stacked in head-to-tail orientation [61], and
[Pt(terpy)(CH,NO;)|BF,4, which is a yellow solid having co-parallel
dimers offset from each other [49].

Two types of stacking interactions were found in the crystal struc-
ture of [Pt(terpy)(HET)](NOs3) (Fig. 33) [43]. Within the unit cell,
complex cations stack in a head-to-tail fashion, with inter-plane
separation of 3.43 Aand Pt- - -Ptdistance of 3.5721 A. Cations in adja-
cent unit cells display - stacking via partial overlap of the terpy
ligands, with inter-plane separation of 3.42 A but a longer Pt. - -Pt
distance (>3.65 A). In the crystal lattice, the cations pack in sheets
(not columns) with Pt centers that are laterally displaced due to the
influence of the HET “tail”. Other examples of head-to-tail stacking

Fig. 33. Two different stacking interactions found for the crystal structure of
[Pt(terpy)(HET)](NOs); from Ref. [43] (reproduced by permission of The American
Chemical Society).

of dimers are found for [Pt(terpy)(pyridine-2-thiol)]ClO4 [50] and
[Pt(terpy)(C=CPh)|PF¢ [63].

The sensitivity of solid-state packing to subtle changes in
molecular structure is quite striking. Cations in crystals of [Pt(o-
CH3Ph-terpy)Cl|SbF, stack with evenly spaced (3.368 A) Pt atoms
in head-to-tail orientation, while in crystals of the BF,~ salt the
same cations display only m-stacking with uneven and larger Pt- - -Pt
spacing(3.573 and 3.827 A) [84]. Crystals of arelated complex [Pt(o-
CF3Ph-terpy)Cl]|SbF, displays head-to-tail cations with uneven and
large Pt. - -Pt spacing (3.629 and 3.685 A) [84], while that for [Pt(o-
CIPh-terpy)CIl|SbF, displays close but uneven Pt. - -Pt spacing (3.374
and 3.513 A) so as to be intermediate between dimers and extended
linear chains [85]. In contrast, cations in [Pt(Phterpy)CI|BF4-CH3CN
stack in extended chains of tetramers, having - stacking and
Pt -Pt interactions (3.303 A) [83].

Stacking between complex cations of the type [Pt(terpy)(SR)]*
displays an interesting sensitivity to the nature of the thiol lig-
and. When SR = pyridine-2-thiol, the cations stack in a standard
head-to-tail fashion, but the cations exist as discreet monomers
when SR =pyrimidine-2-thiol; in both cases the aromatic ring is
perpendicular to the terpy plane [50].

Solid-state structures having long (>3.5A) Pt..-Pt separa-
tion but close (<3.8A) terpy-terpy distances are considered
to be m-stacked. Examples include [Pt(terpy)(CH3)]BH4 [60],
[Pt(Clterpy){SP(O)(OEt), }|BPhy4 [77], [Pt(terpy)Ns](PFg) [56], and
[Pt(terpy)(N4CPh)|(BF4) [56]. Parallel head-to-head dimers of
[Pt(terpy)OPh(Me),-3,4]BF4 m-stack with close 3.3-3.4A inter-
plane distance, but the out-of-plane phenoxide ligand causes
adjacent cations to be offset so as to have long Pt - -Pt distances
(5.3 A) [49]. For [Pt(terpy)(Melm)]* cations, the out-of-plane coor-
dination of the 1-methyimidazole (Melm) ligand (66.5° torsion
angle) results in only partial -stacking of the terpy ligands, which
are close (~3.5A) but offset to accommodate the Melm ligand
[58]. Two different types of 1r-stacking interactions in the solid
state are observed for [Pt(terpy)(MQ)](ClO4)3 (MQ=N-methyl-4,4'-
bipyridinium): stacks with 3.43(2)A separation between terpy
planes, and no Pt- - -Pt interaction (7.6 A) (Fig. 34) [59].

In some cases, additional interactions can facilitate -stacking
in solids. For [Pt(terpy)(McMT)]"* (where McMT=2-mercapto-
5-methyl-1,3,4-thiadiazolate), m-stacking is accompanied by H-
bonding between DMCcTH ligands [53], while H-bonding between
the two thioamide ligands accompanies r-stacking between
dimers in [Pt(terpy)(DMcTH)](PFg) [53]. Cations in [Pt{bis-
hydroxyethyl(amino)-terpy }(4-picoline)](BF4), are assembled via
m-stacking as well as H-bonding between ethanolamine sub-
stituents [90]. In the solid state, [Pt(terpy)(dpt)](ClO4) units
assemble into tetramers showing m-stacking both between the
terpy rings and between terpy and the phenyl rings of the 1,3-
diphenyl-2-triazeno (dpt) ligand [57].

Finally, some crystal structures involve discreet [Pt(Yterpy)X]™*
cation monomers, without Pt- - .Pt or terpy- - -terpy stacking. Exam-
ples include [Pt(terpy)(CH3CN)](SbFg); which contains parallel
sheets of cations and anions [33], [Pt(terpy)(thiourea)](ClO4); [55],
and [Pt(4,7-Me, php)CI|BPh(CF3), [86]. Cations in [Pt(terpy)(Ph,P-
benzo-15-crown-5)](CF3S03), [66] and [Pt(terpy)(S-benzo-15-
crown-5)]|PFg [54] do not stack due to large out-of-plane crown
ether groups on the X ligands.



474 S.D. Cummings / Coordination Chemistry Reviews 253 (2009) 449-478

@E‘?—e-‘:@@@
Tp

Fig. 34. Solid-state m-stacking for [Pt(terpy)(MQ)]?* cation; from Ref. [59] (reproduced by permission of The International Union of Crystallography).

In addition to ligand bulk, H-bonding with anions can stabilize
non-stacked crystal structures. The cations of [Pt(terpy)(Hmcyt)]
[NO3]-5H;0 stack in columns with a head-to-head geom-
etry, but having a separation of over 75A and assembled
through hydrogen bonding interactions between nitrate, water
and the methyl cytosine (Hmcyt) ligand [52] (Fig. 35) while
[Pt(terpy)(cysteine)](ClO4);-0.5H,0 packs with a 3D network
involving several H-bonding interactions between the amine group
of the cysteine ligand and the ClO4~ anion [51].

Likewise, bulky Y substituents of the terpy ligand can prevent
stacking. For example, unlike the related terpy complex, the tri-
tbutylterpyridine complexes of the type [Pt(‘Busterpy)X]* (R=Cl
[81], C=CC=CHj5 [65], C=CPhC=CH [69], C=CPhNCS-4 [70]) and the
dinuclear complex [Pt(‘Busterpy)(C=C),Pt(‘Busterpy)](CF3S03);
(n=1,2,4)[88] display no stacking of cations, and yet cations of the
related acetonyl complex [Pt(*Busterpy)CH,C(0)Me]ClO4-Co;HsOH
are mw-stacked with an inter-plane distance of 3.5A and a
close Pt---Pt distance of 3.584A [81]. The azostilbene group in
[Pt(PhN=NPh-terpy)py](BPh4); results in large separation between
cations and a Pt- - -Pt distance of 10.9 A [34].

The structures of [Pt(qtpy)](ClO4), (qtpy=2,2":6',2":6"2"-
quaterpyridine) and [Pt(Me4qtpy)](ClO4), (Mesqtpy=3",5,5,5"-
tetramethyl-2,2":6/,2”:6",2'"-quaterpyridine) have a long Pt.-.Pt
distance of 5.904 A. While this is much longer than expected for
Pt. . -Pt interactions, it is also shorter than the inter-plane separa-
tion in the crystal structure of uncoordinated qtpy, suggesting some
inter-metallic interaction [95].

4.2.4. Dimorphism

Adding to the complexity of understanding how molecular struc-
ture affects solid-state packing is the observation of dimorphism for
several Pt(Il) terpy systems. The complex [Pt(terpy)CI|CI crystal-

lizes in both red and yellow forms. Slow evaporation of a solution
prepared by dissolving the red form in 1:1 H,O-EtOH results in
the formation of yellow crystals [176]. Repeatedly heating the red
solid to 150 °C and cooling to RT also causes conversion to the yel-
low form, suggesting that the later is the more stable form. The
two forms differ from each other only in the solid state. Gillard
postulates that they are either dimorphs, having the same molec-
ular structure but packing in different crystal lattices, or that the
red form consists of twinning [176]. Occasionally, the solid is iso-
lated as a brown solid, presumably a mixture of the red and yellow
forms [151]. Red and yellow forms of the organometallic complex
[Pt(terpy)CH3]Cl have been noted [30], and the diynyl complex
[Pt(terpy)(C=CC=CH)]CF3SO03 crystallizes in two forms: as a green
solid having a linear chain of evenly spaced Pt atoms separated by
3.388A, and as a red solid having dimers with short Pt---Pt sep-
aration of 3.394 A and a 49.7° torsion angle which stack along an
axis forming a zigzag Pt chain [65]. Significant Pt. - .Pt interactions
are expected to red-shift the lowest-energy absorption band, so the
red solids are anticipated to involve closer stacking than the yellow
solids [44].

4.2.5. Solid-state bimolecular stacking interactions

As noted in Section 2.1, the reaction of terpy with cer-
tain platinum reagents produces insoluble products of the type
[Pt(terpy)Cl]>[PtCly] and [Pt(terpy)Cl] [Pt(dmso)Cl3]. Double-salt
formation is certainly driven by highly favorable electrostatic
interactions between cations and anion and possibly stabilized
by Pt.--Pt interactions, similar to those found for Magnus’s salt
[Pt(NH3)4]2[PtCly].

The crystal structure of a 2:2 intercalation complex, formed upon
mixing [Pt(terpy)Cl]* and adenosine-5'-monophosphate (AMP),
was the first structure of “parent” chloro complex characterized

Fig. 35. Hydrogen bonding interactions control solid-state stacking of [Pt(terpy)(Hmcyt)][NOs],-5H,0; from Ref. [52] (reproduced by permission of The Royal Society of

Chemistry).
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Fig.36. Crystal structure of the 2:2 [Pt(terpy)Cl]*~AMP intercalation complex, omit-
ting the water molecules in the lattice and showing hydrogen bonding. Translation
of this unit in the vertical direction produces additional head-to-head stacking of
the [Pt(terpy)Cl]* species; from Ref. [46] (reproduced by permission of The Royal
Society of Chemistry).

(Fig. 36) [46]. Although stacking in the unit cell is certainly influ-
enced by the AMP pair, it is interesting to note that the [Pt(terpy)Cl]*
units orient in a head-to-head arrangement with overlapping terpy
ligands.

The crystal structure for a 2:2 complex formed between
[Pt(terpy)(HET)]* and the base-paired DNA fragment deoxycytidyl-
(3',5")-deoxyguanosine (dCpG) reveals both intercalation
of [Pt(terpy)(HET)]* between base-pairs and mr-stacking of
[Pt(terpy)(HET)]* on each ends of the base pairs [177]. The authors
postulate that stability of this intercalation complex results from
m-interactions between the central pyridyl group of the terpy
and bases pairs, interaction between the O atoms of guanines and
the Pt center, and H-bonding between the HET ligand “tail” and a
cytosine O atom.

Tzeng et al. have reported that when [Pt(terpy)Cl]* reacts with
1 equiv. of 8-quinolinethiolate (8-QNS) in CH,Cl;/MeOH an unusual
rearrangement occurs to produce [Pt(QNS),] [Pt(terpy)Cl],2*,
which crystallizes in stacked “sandwich” chains of [Pt(terpy)CI]*
cation pairs with an intercalated neutral [Pt(QNS);] unit [47].
The [Pt(terpy)Cl]* pairs stack in head-to-tail orientation, sug-
gesting minimal terpy-terpy 7-m interaction, but with short
Pt -Pt distances (3.353A) indicating substantial d-orbital inter-
action (Fig. 37). The intercalated [Pt(QNS),] complex appears to
interact with adjacent [Pt(terpy)Cl]* units by Pt-S interactions and
terpy-QNS -7 interaction.

5. Characterization
5.1. H, 3C, 19°Pt NMR spectroscopy

Reports by Lippard and co-workers on [Pt(terpy)SR]* complexes
[43] and by Romeo and co-workers on [Pt(terpy)Me]" [30,171]
note that '"H NMR chemical shifts are dependent on solvent, ionic
strength, solute concentration and temperature, typically moving
upfield with increasing concentration and lower T due to staking in
solution [176]. Therefore, consideration of these conditions should
accompany comparisons of chemical shift values.

For [Pt(terpy)X]* complex cations having symmetric X ligands,
six TH resonances typically lie between 7.8 and 9.0 ppm as three
doublets and three multiplets, though not all are resolved. The
chemical shift of the terpy H%®" resonance moves downfield upon
coordination to platinum and is particularly sensitive to the nature
of the X ligand. For example, a large downfield shift of H5¢" res-

Fig. 37. Solid-state “sandwich” structure [Pt(QNS); |[Pt(terpy)Cl]2*; from Ref. [47].

onance is observed upon displacement of chloride by nitrogen
[178] and thiolate [179] donors. Asymmetric X ligands may make
H® and H® inequivalent enough to observe two resonances. Even
between complexes having ligands having the same donor atoms
in the fourth coordination site, more subtle differences in the
nature or conformation of the X ligand can be elucidated from the
H66" chemical shift. For example, N2-bound and N'-bound isomers
of [Pt(terpy)(N4sCMe)]* display large difference due differences in
coordination geometry of tetrazole ligand [56]. For the N2-bound
(major) isomer, for which the tetrazole ligand is co-planar with the
terpy ligand, the H6 resonance is found at § 9.96 ppm; while for the
N1-bound (minor) isomer steric effects cause the tetrazole to coor-
dinate perpendicular to the terpy plane and ring current shielding
of the HO proton results in a chemical shift of § 7.74 ppm. Browlee,
Rook and co-workers published a full study on the effects of sub-
stituents on the thiol ligand of [Pt(terpy)(SPh)]" complex cations
have on 13C and '9°Pt NMR spectra [180].

The spin-active (I=1/2) 19°Pt isotope, present in 33.8% natu-
ral abundance, can result in '95Pt satellites for the terpy H®®
resonance and provide useful characterization of terpy coordi-
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nation to the Pt ion [31,43,56,81,130,174,181]. Systems for which
these satellites are resolved show coupling constants rang-
ing from Jp._y=35Hz for [Pt(terpy)CI]* [31] to Jpr_y=56Hz for
[Pt(terpy)(pip,NCN)]* [62]. 19°Pt satellites have also been observed
for resonances corresponding to protons on the X ligand, such as the
o protons of coordinated picoline [127]. The TH NMR spectrum of
the dinuclear complex cation [{(terpy)Pt},SMe]** displays a unique
1:8:18:18:8:1 coupling pattern due to methyl protons coupled to
two 195Pt centers [124].

195pt NMR spectroscopy has been conducted on some systems
[131,180], with 195Pt chemical shifts found between —2500 and
—3200 ppm [38,52,56,130,142] relative to K3[PtCl4] in D,0. The
195pt chemical shift is sensitive to the nature of the X ligand, shifting
from —2694 to —3150 ppm upon displacement of X =Cl~ by a thio-
late ligand [141] and shifting ~70 ppm upfield upon displacement
by nitrogen donor, but not changing significantly among guanidine
vs. imidazole ligands [178].

5.2. Infrared spectroscopy

Ring mode vibrations of the terpy ligand are affected by coor-
dination to Pt(II), corresponding to shift in energy for bands in
the 1100-1600cm™! region of IR spectra [23]. In IR spectra of
[Pt(terpy)X]™ complexes, these bands are also slightly sensitive
to the nature of the X ligand [67]. In addition, a band near
520cm~! due to the N'-Pt-N3 asymmetric stretch and another
near 460cm~! due to the Pt-N? stretch have been reported
[23,26,176]. Bands corresponding to a Pt—Cl stretch (~345cm™1)
[23,26,176] and Pt-S stretch (~355cm~1) [43,182] have also been
assigned.

5.3. Electrospray ionization mass spectrometry

Electrospray ionization of a dilute solution of [Pt(terpy)Cl]|Cl(aq)
results in the formation of several ions, including [Pt(terpy)Cl]*
(base peak), [Pt(terpy)(OH)J*, [Pt(terpy)(OH,)]* and a number of
other minor ions, possibly including [Pt(terpy)N, %+ [183].

6. Conclusions

An explosion of interest in platinum terpyridine complexes has
produced a large and growing family of coordination compounds
with interesting properties and a wide range of potential applica-
tions. Fertile research in this burgeoning field has revealed versatile
methods of preparation, and characterized important details of
complex structure and bonding. Investigations of the thermody-
namics and kinetics of ligand-substitution reactions and the factors
affecting stacking in the solid state and in solution can inform and
guide studies to employ platinum terpyridine complexes as probes
of biomolecular structure and activity or as luminescent and redox-
active materials.
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