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ABSTRACT 

Bulatov, Evgeny 
Synthetic and structural studies of covalent and non-covalent interactions of 
ligands and metal center in platinum(II) complexes containing 2,2′-
dipyridylamine or oxime ligands 
Jyväskylä: University of Jyväskylä, 2019, 58 p. 
(JYU Dissertations 
ISSN 2489-9003; 70) 
ISBN 978-951-39-7707-8 (PDF) 
 
 
Coordination compounds of platinum(II) have played an important role in the 
development of coordination chemistry, and even nowadays new aspects of 
their structural diversity and reactivity continue to emerge. Applications of 
platinum(II) complexes span across various fields of modern technology and 
medicine. For this reason, the chemistry of platinum(II) complexes remains an 
important area of modern research. This dissertation aims to advance the 
knowledge of chemistry of this class of coordination compounds by classifying 
their chemical interactions in two domains: strength and location. 

The first chapter provides a short introduction into concepts of covalent 
and non-covalent interactions and coordination compounds. Next, platinum(II) 
complexes are introduced, and their key structural and electronic features are 
discussed utilizing very simple models. 

In the second chapter, the classification of various interactions of 
platinum(II) complexes into covalent and non-covalent by strength, and into 
those affecting ligands and the metal center by location is introduced. The 
resulting four types of interactions are discussed in more detail. 

The third chapter presents new contributions to each of the four fields. 
Benzylation of 2,2′-dipyridylamine (dpa) coordinated to platinum(II) involves 
covalent interactions of the ligands. Formation of hydrogen bonded 
supramolecular ensembles from oxime platinum(II) complexes and crown ether 
18-crown-6 involves non-covalent interactions of the ligands. Oxidative 
chlorination of oxime platinum(II) complexes using N,N-dichlorotosylamide 
(dichloramine T) represents an example of covalent interactions of the metal 
center. Finally, unusual intramolecular Pt···I interactions in a platinum(II) 
complex with 2-iodobenzyldi(2-pyridyl)amine ligands involve non-covalent 
interactions of the metal center. 

The last chapter summarizes the key findings and conclusions of this work. 
Overall, the reported results demonstrate that the proposed classification of 
chemical interactions of platinum(II) complexes can be useful in development 
of novel reactivity and applications of these compounds. 
 
Keywords: coordination chemistry, platinum, non-covalent interactions, 2,2′-
dipyridylamine, crown ether, N,N-dichlorotosylamide, dichloramine T 
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1 INTRODUCTION 

Before diving into the diverse chemistry of coordination compounds, key 
definitions and models need to be established. In this chapter, main concepts 
used in this dissertation are defined at very basic levels. More in-depth 
discussions focused on coordination chemistry of platinum(II) are presented in 
chapter 2. 

1.1 Chemical bond, covalent and non-covalent interactions 

According to the International Union of Pure and Applied Chemistry (IUPAC),1 
a chemical bond is an attractive interaction between two or more atoms. For-
mation of a covalent chemical bond is usually understood as sharing of an elec-
tron pair between two or more atoms. True covalent interaction implies sharing 
the electrons equally between the atoms, whereas in reality, the electron density 
is usually shifted more to one of the bonded atoms, and the extent of that shift 
defines how much covalent and ionic characters the given bond possesses. 

On the other hand, atoms and molecules also interact with each other 
without sharing their electrons. Such non-covalent interactions include electro-
static interactions between charged and/or polarized entities and dispersive 
interactions. Ion-ion, dipole-dipole, and ion-dipole interactions are examples of 
electrostatic non-covalent interactions, which are due to Coulomb interactions 
of charged particles. Dispersion is, in principle, a kind of polarization, and dis-
persive interactions are in fact also due to Coulomb interactions of polarizable 
moieties.2 

Non-covalent interactions are sometimes considered to involve both non-
covalent (electrostatic and dispersive) and electron sharing (charge transfer or 
covalent) components to different extents. However, the amount of electron 
sharing in weak interactions is not only practically impossible to observe exper-
imentally but is also principally indistinguishable from the polarization of elec-
tron density.3 Therefore, experimentally observed energetic and geometry crite-
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ria are better suited to describe and compare various non-covalent and covalent 
interactions. 

Covalent bonds are typically of a short range (less than 2 Å) and high en-
ergy (over 200 kJ/mol), whereas non-covalent interactions act within longer 
distances (typically 2–5 Å) and are less energetic (typically under a few tens of 
kJ/mol).4 Naturally, there is no sharp line between the two types of interactions, 
and borderline cases (for example, very strong hydrogen bonds)5 can be consid-
ered as either strong non-covalent or weak covalent interactions, as depicted in 
Fig. 1. 

 

FIGURE 1  Differentiation of non-covalent and covalent interactions by strength and 
length. 

Interaction energies can be estimated computationally or obtained exper-
imentally, using methods of physical chemistry and thermodynamics. Intera-
tomic distances are observed with help of X-ray diffraction methods in crystal-
line materials; various spectroscopy methods can also be used. The values pre-
sented in Fig. 1 are only illustrative; interaction strengths and lengths depend 
on types of atoms involved. 

In addition to drawing a line between covalent and non-covalent interac-
tions (middle region of the scale in Fig. 1), the problem also exists in determin-
ing the very existence of extremely weak chemical interactions between given 
entities (leftmost region of the scale). It makes practical sense to associate exist-
ence of a chemical interaction with an observation of its impact on some macro-
scopic properties of materials.6 One of the most common primary criteria of an 
interaction between two atoms is a structural one: two atoms may interact with 
each other when distance between them is less than sum of their Van der Waals 
radii.7,8 Due to the fact that atoms are generally not spherical, and that Van der 
Waals radii are in turn determined by averaging observed non-bonding dis-
tances, this criterion, despite its practicality, is insufficient. Therefore, in order 
to verify presence or absence of weak non-covalent interactions, further spec-
troscopic or computational studies should be employed. 
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1.2 Coordination compounds 

1.2.1 Definition and structure 

According to the Red Book of IUPAC,9 a coordination compound is any com-
pound that contains a coordination entity. A coordination entity, or complex, is 
an ion or neutral molecule that is composed of a central atom (metal), to which 
other atoms or groups of atoms (ligands) are attached. A coordination entity is 
schematically presented in Fig. 2, where M is the central atom and La-d are lig-
ands. 

 

FIGURE 2  Schematic representation of a coordination entity (complex). 

Diversity of coordination chemistry comes, first of all, from a great variety 
of metal atoms and practically an infinite number of possible ligands. Moreover, 
Fig. 2 represents only one type of complexes (ML4). The number of both central 
atoms and ligands can be in principle any (more or equal to one), and multiple 
metal centers and ligands may or may not be the same. A ligand may have sin-
gle (monodentate) or multiple (polydentate) metal binding sites, and may be 
bound to one (terminal in case of one bond and chelating in case of multiple 
bonds) or more (bridging) central atoms. Moreover, multiple metal centers may 
form bonds with each other. This thesis focuses on mononuclear coordination 
compounds containing platinum as a single central atom. 

Bonding between ligands and the metal center, represented by solid lines 
in Fig. 2, is typically referred to as dative covalent bonding, meaning that lig-
ands serve as donors and the central atom as the acceptor of electron pairs.1 In 
other words, ligands and the metal center typically act as Lewis bases and acid 
accordingly. In some instances, however, the roles can be interchanged, and 
some ligands (referred to as Z-type ligands, for example, compounds of 
boron)10 can act as Lewis acids. Even though this concept is normally used to 
classify covalent bonding between the central atom and ligands in coordination 
compounds, the Lewis acid-base approach can also be used to describe their 
weaker non-covalent interactions, as discussed later in chapter 2. 

Various modes of reactivity of coordination compounds further contribute 
to diversity of coordination chemistry. Just like any other entities, coordination 
compounds can participate in covalent and non-covalent interactions. Addi-
tionally, division by location can be made: chemical interactions may take place 



14 
 
on either ligand or central atom sites, or both. Reactions located on ligands may 
involve destruction and/or formation of chemical bonds within the ligand 
structure. Reactions located on the central atom may involve destruction 
and/or formation of chemical bonds with ligands (reactions of coordination, 
decoordination, and ligand exchange), change of coordination geometry around 
central atom, and change in oxidation state. In most of real chemical processes, 
the mentioned reactions are elementary stages of more complex reaction mech-
anisms, such as metal-catalyzed or metal-promoted reactions. Moreover, 
changes in structure of ligands can affect coordination geometry and electron 
density on metal center and vice versa. Therefore, such separation of chemical 
interactions by location is not absolute, and not every reaction can be classified 
into either of the two categories. This dissertation focuses on reactions affecting 
selectively ligands or the metal center. 

1.2.2 Coordination compounds of platinum  

The history of platinum begins from as far as ancient Egypt; however, it has 
been recognized as an individual element only since the middle of the XVIII 
century after careful separation from other platinum group metals.11 Platinum 
is known as a noble metal due to its rarity and high resistance towards corro-
sion. Nevertheless, its chemistry is very broad and diverse, and its exploration 
has led to milestone discoveries, such as Zeise’s salt as one of the first known 
organometallic compounds,12 Magnus’ green salt and metal wires derived from 
it,13,14 cis- and trans-effects of ligands in metal complexes.15 More recently, de-
velopment of platinum chemistry made significant contribution to the field of 
cross-coupling reactions,16 anticancer treatment,17 and to the technology of 
phosphorescent organic light emitting devices (POLEDs).18 

The most common oxidation states for platinum mononuclear coordina-
tion compounds are +2 and +4, whereas odd oxidation states +1 and +3 are 
usually stable in polynuclear complexes only.19 The great variety of platinum(0) 
mono and polynuclear complexes has been discovered in the last half century,20 
and experimental evidence on negative oxidation states in platinides has only 
been acquired relatively recently.21 This dissertation mostly focuses on coordi-
nation compounds of platinum in oxidation state +2 (in part also including +4); 
thus, the key features of these compounds are considered below from the elec-
tronic point of view. A simple model of the electronic structure of the metal cen-
ter includes its electronic configuration and its interaction with surrounding lig-
ands, the latter treated using crystal field theory. 

1.2.2.1 Electronic configuration of central atom 
Electronic configuration includes number of electrons formally residing on 

a metal center, taking into account its oxidation state, and their distribution on 
atomic orbitals. Normally, for d-block metals only electrons of the outmost elec-
tron shell and d-electrons from the previous shell are considered, whereas the 
rest of electrons are deemed as the electronic core with configuration of preced-
ing noble gas atom. For platinum, the number of electrons on the outmost shell 
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is 8 and 6, and electronic configurations of the metal are 5d8 and 5d6 in coordi-
nation compounds of platinum(II) and platinum(IV), accordingly.22 

1.2.2.2 Crystal field theory 
Unlike a free atom in vacuum, in which all five d-orbitals, presented in Fig. 

3a, are degenerate in energy, the metal center in a coordination compound is 
surrounded by ligands, and differently oriented d-orbitals interact with ligands 
to different extents, leading to the removal of degeneracy. The model obtained 
from crystal field theory23 allows analysis of this energy separation by treating 
ligands as negative point charges located around a positively charged metal 
center, thus assuming ionic ligand-metal interactions. Splitting of d-orbital en-
ergies ultimately depends on location of the ligands around the metal center. 
The two geometries most relevant for this thesis are octahedral (coordination 
number 6, with ligands located on the three axes) and square-planar (coordina-
tion number 4, with ligands located on axes Ox and Oy), typical for platinum in 
oxidation states +4 and +2 accordingly. The splitting presented in Fig. 3b is ob-
tained by considering repulsive interaction between electrons on d-orbitals and 
the negatively charged ligands, resulting in destabilization of the orbitals, and 
the extent of destabilization depends on orbital orientation. The orbitals are 
then filled with electrons according to electron count on the metal starting from 
lowest in energy, thus leaving empty dz2 and dx2-z2 orbitals in octahedral d6 
complexes and single empty dx2-z2 orbitals in square-planar d8 complexes. 

It must be noted that the diagrams presented in Fig. 3b assume identical 
ligands and ligand-metal distances, which is not often encountered in practice. 
Even then, these diagrams are strictly derived for d1 or d6 configurations, 
whereas for d6 and d8, these are only an approximation, as they do not account 
for repulsion between d-electrons.24 
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FIGURE 3  Spatial orientation of d-orbitals (a) and their splitting in energy in octahedral 
and square-planar environments according to crystal field theory (b). 

In addition, relative positions of all orbitals (except dx2-z2) in square planar 
environment can be different, and the dz2 orbital can appear the second or third 
highest or even the lowest among them, depending on the properties of metal-
ligand bonding.25–27 In order to describe bonding between ligands and the metal 
center in more detail, ligand field theory28 may be used, which combines crystal 
field and molecular orbital theories. However, the presented basic model of 
crystal field orbital splitting is sufficient for this dissertation. It can be just men-
tioned that the relative energy of dz2 orbital depends on the σ- and π-bonding 
properties of ligands: it is relatively destabilized with ligands acting as strong σ-
donors and π-acceptors, and is stabilized in cases of weak σ-donor but π-
donating ligands.27 

The location above and below the coordination plane makes dz2 orbital 
sterically available and thus very important for covalent and non-covalent in-
teractions located on the metal center, such as oxidative addition reactions,29 
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axial bonding with Lewis acids and bases,30 hydrogen31 and halogen32 bonding, 
and metallophilic interactions.33 

1.2.2.3 Key features of platinum(II) complexes 
Pronounced ability of coordination compounds of platinum(II) to partici-

pate in various interactions involving the metal center (described later in chap-
ter 2) is largely due to their square-planar geometry, which allows access to the 
central atom without significant steric hindrance. In addition, platinum com-
pounds are known to possess high kinetic stability towards ligand exchange,34 
attributed to high electron density on the platinum center and consequent de-
stabilization of 5-coordinate transition state. This kinetic inertness allowed dis-
coveries of cis-trans isomerism35 and cis- and trans-effects of ligands15 on plati-
num(II) coordination compounds in the past and their use as anti-tumor drugs 
in the present.36 The rigid and well-defined structure of these compounds al-
lows their use in design of supramolecular synthons.37 On the other hand, such 
kinetic inertness limits catalytic applicability of platinum complexes compared, 
for example, with their palladium congeners,38,39 even though platinum based 
catalysts have been developed as well.16 

Two particular complexes of platinum(II), presented in Fig. 4, have played 
central roles in two major discoveries of the last century: transition metal based 
anticancer drugs and transition metal doped POLEDs. Since the discovery of 
the anticancer activity of cis-[PtCl2(NH3)2] 1, also known as cisplatin, numerous 
platinum(II) based drugs have been developed, and currently about 50% of all 
cancer treatments are based on platinum(II) drugs.17 The first successful prepa-
ration of POLED has been achieved by introduction of [Pt(OEP)] (OEP = octae-
thylporphyrin) 2 as a doping material into conventional dye based electrolumi-
nescent device, and has consequently led to the development of other transition 
metal based POLEDs.18 These two examples demonstrate that studies on syn-
thesis and properties of platinum(II) complexes remain an important area of 
coordination chemistry, medicine, and materials science. 

 

FIGURE 4  Structures of cisplatin 1 and platinum(II) octaethylporphyrin 2. 
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2 CHEMISTRY OF COORDINATION COMPOUNDS 
OF PLATINUM(II) 

One possible way to classify the diverse chemistry of square-planar coordina-
tion compounds of platinum(II) is by considering their reactivity in two dimen-
sions: location and strength of chemical interactions. Location-wise, coordina-
tion compounds may participate in chemical interactions via the central atom or 
ligands. Possible interactions on those sites, in turn, can range from weak non-
covalent to strong covalent. Accordingly, chemistry of coordination compounds 
can be virtually broken down to four separate fields, as presented in Fig. 5. 

 

FIGURE 5  Classification of interactions of platinum(II) coordination compounds used in 
this work. 

The color gradients in Fig. 5 further illustrate the classification approach 
used in this dissertation: a smooth transition from non-covalent to covalent in-
teractions in the strength dimension, but an abrupt change from the central at-
om to ligands in the location dimension. The continuous scale of strength was 
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introduced in the previous chapter, and the ambiguous borderline examples are 
presented later in this chapter. However, the discrete separation of interactions 
by location does not correspond well to the majority of coordination chemistry, 
which relies on interplay between ligands and central atoms. Nevertheless, it is 
used in this dissertation for the purpose of clarity in discussion of reactivity of 
coordination compounds. Accordingly, the selection of presented in this chap-
ter examples of reactivity of coordination compounds is limited to those where 
only ligands or only the central atom is affected. While the majority of the 
chemistry of square-planar platinum(II) complexes involves participation of 
both ligands and the metal, and thus can not be assigned to either of the two 
groups, these processes can often be considered as sequences of elementary 
stages, involving either the central atom or ligands. 

The following sections in this chapter focus on relevant literature regard-
ing each of the four fields of chemistry of square-planar platinum(II) complexes 
from Fig. 5. Other metals are considered only when relevant information relat-
ed to platinum is scarce or unavailable. Each section includes discussions of 
general principles of corresponding reactivity and its existing or potential ap-
plications. Due to the vast amount of literature available on non-covalent inter-
actions of coordinated ligands in platinum(II) complexes (including hydrogen 
and halogen bonding, π-stacking and hydrophobic interactions), section 2.2 is 
limited to discussion of hydrogen bonding interactions, which are relevant for 
the experimental part of the work. The field of non-covalent interactions on the 
metal center receives particular attention and is discussed more comprehensive-
ly in section 2.4, since it possesses very recent discoveries in some aspects. 

2.1 Covalent interactions on ligands 

In coordination chemistry, central atoms of coordination compounds are often 
directly involved in chemical transformations, and properties of the metal cen-
ter and its interactions with other reaction partners have a major impact on re-
action outcomes. However, chemistry of coordinated ligands can be significant-
ly altered even without participation of the metal center in chemical interactions. 
In other words, the central atom can have an impact on chemical interactions of 
ligands in remote sites, not directly connected with the metal. In some cases, 
coordination of an organic molecule to metal may allow reactions, which would 
be very difficult or impossible to perform by means of pure organic chemistry. 

For example, the templating effect of metal atoms allows spatial pre-
orientation of organic molecules by coordination on a metal center, and conse-
quent reactions of the ligands can be used, for example, in synthesis of macro-
cyclic natural products.40 Synthesis of interlocked structures, such as rotaxanes, 
catenanes, and molecular knots, initiated by J.P. Sauvage and coworkers,41 also 
relies heavily on the templating effect.42 

Another example of reactions on coordinated ligands is post synthetic 
modification of metal-organic frameworks (MOFs). Harsh conditions, often 



20 
 
employed in their solvothermal synthesis, may not be compatible with various 
organic functional groups, which thus need to be introduced after formation of 
MOFs by chemical modification of coordinated and immobilized organic lig-
ands.43 

Yet, examples of modification of coordinated ligands in synthesis of coor-
dination compounds are quite limited, and small complexes are usually ob-
tained by organic synthesis of ligands followed by their coordination on the 
metal center as the last step. Particularly, reactions on remote from the metal 
centers sites of ligands are much less exploited, even though benefits of such an 
approach have been demonstrated for complexes of osmium(II) and rutheni-
um(II), probably due to their applicability as photoactive materials. Such reac-
tions have been termed as “organic chemistry of coordination compounds,”44 
“metal-directed synthesis,”45 or “chemistry-on-the-complex.”46 The same ap-
proach has been utilized for modification of N-heterocyclic carbene complexes 
of some other metals.47,48 

Surprisingly, this approach is almost unexplored in synthesis of plati-
num(II) compounds. Two of the rare examples of organic chemistry on ligands 
of platinum(II) complexes are presented in Fig. 6. Reaction of 
bis(imidoylamidinate)platinum(II) complex 3 with methyl trifluoromethanesul-
fonate furnishes the methylated derivative 4.49 Chlorination of 
bis(salicylaldoximato)platinum(II) complex 5 with molecular chlorine results in 
oxidation of the metal center and chlorination of the aromatic rings, thus afford-
ing platinum(IV) product 6.50 
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FIGURE 6  Examples of modification of ligands coordinated to platinum(II): a) methyla-
tion of bis(imidoylamidinate)platinum(II) 3;49 b) chlorination of 
bis(salicylaldoximato)platinum(II) 5.50 

The latter example involves reactions of both ligands and the metal center, 
but its importance is to demonstrate the potential to perform organic reactions 
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on molecules coordinated to platinum(II). Chlorination of salicylaldoxime in 
free form proceeds with partial deoximation, whereas coordination to plati-
num(II) results in protection of the oxime moiety, and the chlorination proceeds 
selectively in the phenyl ring in good yield.50,51 

Since modification of ligands after coordination appeared useful in syn-
thesis of ruthenium(II) complexes,46 the same approach could be borrowed and 
developed for efficient synthesis of coordination compounds of platinum(II). 
The latter could be advantageous, for instance, in preparation of luminescent 
materials, catalysts, or antitumor drugs. 

2.2 Hydrogen bonding interactions on ligands 

With the development of coordination chemistry into branches of coordination 
polymers, MOFs, and finite supramolecular coordination complexes, it has be-
come apparent that including transition metal atoms in supramolecular struc-
tures can provide novel materials with a wide range of properties and applica-
tions.52 Metal containing supramolecular structures, formed by non-covalent 
interactions, are also of great potential, as such systems can possess well-
defined and yet flexible structures.53 Among the non-covalent interactions, hy-
drogen bonding is usually the strongest one, and its use has been well estab-
lished in the field of supramolecular organic chemistry.37 Upon coordination to 
the metal center, hydrogen bonding properties of ligands may be altered to dif-
ferent extents, depending on the metal center and how remote the coordinating 
and hydrogen bonding moieties are.54 In particular, hydrogen bond donor and 
acceptor abilities (acidity and basicity) of ligands are affected by electronic in-
teractions with metal, whereas their spatial orientation is determined by coor-
dination geometry of the central atom. 

Rigidity and stability of platinum(II) complexes favors their use in con-
struction of hydrogen-bonded supramolecular structures. Examples include 
isomeric linear chains [H2bipy][PtCl4] (bipy = 2,2′-, 3,3′-, or 4,4′-bipyridine, 7-9 
accordingly), in which chloride atoms of [PtCl4]2- form hydrogen bonds with 
the organic cations, as presented in Fig. 7a.55,56 Further studies on the combina-
tion of the tetrachloroplatinate anion with other organic cations illustrated ap-
plicability of [PtCl4]2- as a tecton for synthesis of hydrogen bonded supramolec-
ular networks.57 

Directional hydrogen bonding between the ligands and rigid coordination 
geometry are responsible for formation of he square net structure of Pt(4-py-
COO)2(4-py-COOH)2·2H2O 10, presented in Fig. 7b. Therefore, 10 represents an 
example of platinum(II) based hydrogen bonded supramolecular structure with 
voids, capable of accommodation of guest molecules.58 
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FIGURE 7  Crystal structures of hydrogen bonded associates of platinum(II) complexes: a)
linear chains of [H2bipy][PtCl4] 7-9 (CSD ref. codes: MADGEE, MADGAA,
JITYEQ);55,56 b) square net of Pt(4-py-COO)2(4-py-COOH)2∙2H2O 10 (water
molecules are omitted for clarity, CSD ref. code: GOKMOI).58

Inclusion of additional neutral components can further push the bounda-
ries of potential applications of metal-containing supramolecular structures, but
it may also be challenging.59 Crown ethers are among the molecules, which are
likely to form multi-component supramolecular systems. Synthesized by C.
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Pedersen in 1967, crown ethers have become famous for their property to form 
stable complexes with alkali and rare-earth metal cations.60,61 Despite Peder-
sen’s observation of crown ethers forming complexes with neutral molecules,62 
their potential to bind neutral hydrogen bond donors has been realized signifi-
cantly later.63,64  

Some co-crystals of neutral platinum(II) complexes with 18-crown-6 have 
been reported, including discrete associates 2[trans-PtCl2(PMe3)(NH3)]·(18-
crown-6) 11 presented on Fig. 8. In these associates, the components are held 
together in crystal structure by hydrogen bonds between ammonia ligands and 
oxygen atoms of 18-crown-6.65 

 

FIGURE 8  Crystal structure of hydrogen bonded discrete associates 2[trans-
PtCl2(PMe3)(NH3)]·(18-crown-6) 11 (CSD ref. code: BAHWEM). Positions of the 
amino hydrogen atoms are not specified in the crystal structure.65 

Relatively recently, new supramolecular 1D chain associates trans-
[PtCln{HN=C(OMe)Et}2]·(18-crown-6) 12 (n = 2) and 13 (n = 4), presented in Fig. 
9, were obtained, in which the components are held together in crystal structure 
by N-H···O and additional C-H···O hydrogen bonds.66 



24

FIGURE 9  Crystal structures of hydrogen bonded chains trans-
[PtCln{HN=C(OMe)Et}2]∙(18-crown-6): a) n = 2, 12, b) n = 4, 13. C-H∙∙∙O hydro-
gen bonds are not drawn for clarity (CSD ref. codes: YUXZOH, YUXZUN).66

2.3 Covalent interactions on metal center

A significant part of coordination chemistry focuses on the central atoms of co-
ordination compounds. As mentioned in chapter 1, reactions on the central at-
oms may involve destruction and/or formation of chemical bonds with ligands,
change of coordination geometry around the central atoms, and change in oxi-
dation states. Among these reactions, only the latter may in principle proceed
without substantial changes in ligand environment, for example, in hexaam-
mine ruthenium(II/III)67 or cobalt (II/III)68 complexes. However, change in oxi-
dation state is usually accompanied by change in preferred coordination num-
ber and/or geometry, and clear isolation of interactions on metal from interac-
tions from ligands is not easy. Platinum in oxidation states +2 and +4 strongly
favors 4-coordinate square-planar and 6-coordinate octahedral geometries ac-
cordingly, and oxidation of platinum(II) to platinum(IV) is usually accompa-
nied by the addition of two new ligands, hence the name of the reactions—
oxidative addition. Reactions of oxidative addition to platinum(II) complexes,
in which ligands of the starting complexes remain intact in the products, are
considered in this section.

In fact, such reactions are becoming very important in production of anti-
cancer drugs. Since the discovery of the antitumor activity of cisplatin 1, the
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search for alternative antitumor drugs has been heavily focused on platinum(II) 
coordination compounds.17 However, more recently, attention has been shifting 
towards platinum(IV) based prodrugs, typically synthesized by oxidation of the 
corresponding platinum(II) precursors using simple oxidants, such as molecu-
lar halogens or hydrogen peroxide.69,70 

The mechanism of oxidative addition may be different depending on the 
reagents, and its elucidation requires thorough studies. Thus, oxidation with 
peroxide is likely to proceed via a concerted three-centered transition state (Fig. 
10a), as supported by the observation that oxidation of [(6,6′-diamino-
bipy)PtMe2] 14 with hydrogen peroxide affords corresponding cis-dihydroxo 
platinum(IV) product 15 due to the interligand hydrogen bond, in absence of 
which the product would quickly isomerize into corresponding trans-isomer.71 
On the other hand, reaction with halogens is usually considered as an SN2-type 
reaction, involving end-on coordination of halogen molecules in the transition 
state (Fig. 10b). Such a mechanism is supported by the reaction of [PtI(NCN)] 
(NCN = C6H3{CH2NMe2}2-2,6) 16 with iodine leading to the five-coordinate 
product [PtI(NCN)(η1-I2)] 17 with an axial η1-coorinated iodine molecule.72 

 

FIGURE 10  Two possible transition states in oxidative addition to platinum(II) complexes 
and reactions supporting the mechanisms: a) three-centered transition state in 
reaction with H2O2;71 b) end-on coordinated transition state in reaction with 
halogens.72 

Chlorine and hydrogen peroxide are effective, but harmful oxidizing 
agents. Moreover, oxidation using these reagents is not always selective and 
may affect not only the metal center but also ligands. For example, in the previ-
ously mentioned chlorination of bis(salicylaldoximato)platinum(II) 5, the reac-
tion proceeds on both metal center and ligands, resulting in the oxidized prod-
uct 6 with chlorine substituted aromatic rings (Fig. 6).50 New methods of oxida-
tion of platinum(II) complexes under milder conditions and using more con-
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venient oxidizing agents are, therefore, desired particularly in production of 
antitumor platinum(IV) based prodrugs.73 

2.4 Non-covalent interactions on metal center 

The central atom in a coordination compound can participate not only in strong 
interactions, such as coordinate bonding, but also in weaker non-covalent ones. 
These include metallophilic interactions, as well as other σ-hole type non-
covalent interactions, such as hydrogen and halogen bonding, and π-hole type 
interactions with aromatic systems, observed also in organic compounds. 

Coordination compounds of platinum(II) are known to participate in vari-
ous weak interactions via the metal atom, majorly due to the geometrically ex-
posed filled dz2 orbital, as mentioned in chapter 1. One of the most famous and 
historically important examples of non-covalent interactions, involving plati-
num(II), is stacking of planar cations and anions in the crystal structure of 
Magnus’ green salt (18, Fig. 11a).74,75 This and the following discoveries of stack-
ing of anionic (for example, [Pt(CN)4]2-)76 and cationic (for example, 
[Pt(tpy)Cl]+)77 species, accompanied with substantial changes in photophysical 
properties of the materials, ignited great interest in metallophilic interactions of 
platinum(II).33 

Another aspect of non-covalent interactions in platinum(II) compounds, 
namely, hydrogen bonding, in which platinum(II) acts as hydrogen bond accep-
tor. Such interaction has been structurally evidenced by means of neutron dif-
fraction crystallography almost 30 years ago78 but became a popular topic of 
research and discussions mainly after the demonstration of “inverse hydration” 
of neutral platinum(II) complex 19 in 2010 (Fig. 11b).79 

Even more recently, halogen bonding capabilities of platinum(II) have 
been realized from crystal structures of co-crystals of [PtCl2(Me2NCN)2] 20 and 
analogous platinum(II) complexes with iodoform (Fig. 11c).80,81 Perhaps, the 
first example of halogen bonded platinum(II) was the aforementioned five-
coordinate compound 17 with an axial η1-coorinated iodine molecule, but in 
that case Pt-I bond length of 2.89 Å suggests a rather strong interaction.72 
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FIGURE 11  Crystal structures of platinum(II) compounds possessing metal-centered non-
covalent interactions: a) metallophilic interactions in Magnus’ green salt 18 
(ICSD coll. code: 26615);75 b) hydrogen bonding in 19·H2O (CSD ref. code: 
CCAPGC11);79 c) halogen bonding in 20·2CHI3 (CSD ref. code: UKEKIG).80 

The common feature of all three of these interactions is that they are al-
ways located above and below the square plane of the platinum(II) complex. 
Such orientation suggests involvement of the dz2 orbital of the metal center in 
all of these interactions, whereas electronic structures of the partners vary. In 
order to rationally classify these and other non-covalent interactions on plati-
num(II), the model of Lewis bases and acids can be used. In fact, the ability of 
platinum(II) complexes to act as Lewis bases and acids (which has been at-
tributed to the filled 5dz2 and co-axial vacant 6pz orbitals accordingly), has been 
realized with substantial data accumulated. Moreover, the cooperative effect of 
the two interactions has been noticed: interaction with a Lewis acid from one 
side of the square plane enhances ability of platinum(II) complexes to interact 
with a base from the other side of the plane, and vice versa.30 

In terms of the Lewis acid and base formalism, platinum(II) can be consid-
ered as a Lewis base in both hydrogen and halogen bonding interactions, do-
nating electron pair from the 5dz2 orbital to a proton or a halogen atom, acting, 
in turn, as Lewis acids. While such interactions of a single platinum(II) complex 
with two Lewis acids are well established by now, examples of interactions 
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with two Lewis bases are virtually limited to [Pt(diars)2]I2 (diars = o-
phenylenebis(dimethylarsine)) 21, in crystal structure of which two iodides oc-
cupy apical positions above and below the square plane with Pt-I distances of 
3.50 Å (Fig. 12).82 

 

FIGURE 12  Crystal structure of [Pt(diars)2]I2 21 (CSD ref. code: IPASPT). 

Examples of strong cooperative Lewis acid and base interactions on plati-
num(II) include octahedral compounds [PtI(dpme)(η1-I2)]I3 [22]I3 (dpme = 1,2-
bis(dimethylphosphino)ethane) 83 and [PtI2B(mt)3] 23 (mt = methimazolyl).84 In 
both of these complexes, the base ligand is iodide anion, and the acid ligands 
are iodine molecule in [22]+ and boron atom in 23 (Fig. 13). In the case of com-
pound 23, the oxidation state of the metal center is a matter of debate, since the 
donation of an electron pair from platinum to boron in high extent must natu-
rally lead to oxidation of the metal.85,86 This illustrates well that oxidation state 
is only a formality, not necessarily reflecting the electron density on the metal 
center,29 and that there is no abrupt change from weak non-covalent to strong 
covalent interactions, as discussed in chapter 1. 

 

FIGURE 13  Crystal structures of platinum(II) complexes interacting with a Lewis acid from 
one side and a Lewis base from the other side of square plane: a) cation of 
[PtI(dpme)(η1-I2)]I3 [22]I3 (CSD ref. code: QUMFIN),83 b) [PtI2B(mt)3] 23 (CSD 
ref. code: GIXMOQ).84 
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Metallophilic interactions of platinum(II) are not easy to perceive from the 
point of view of Lewis acid-base interactions because, in this case, platinum at-
oms simultaneously donate their own dz2 electrons and accept dz2 electrons 
from neighboring metal atoms. Such interactions can be thought of as a super-
position of resonance structures, as presented in Fig. 14. Since a single platinum 
is a very weak Lewis acid, both resonance structures in a dimer (Fig. 14a) are 
unfavorable, but the resonance stabilization can still account for a weak attrac-
tive interaction. In a polymeric chain (Fig. 14b), the ability of each platinum to 
interact with a Lewis base on one side is enhanced by interaction with a Lewis 
acid on the other side; thus, both resonance structures become more favorable, 
in agreement with the tendency of metallophilic interactions to facilitate for-
mation of chain structures. Moreover, comparison of these two structures with 
a double iodide adduct (model for 21, Fig. 14c) disfavors the latter due to its 
lack of resonance stabilization, in agreement with the rarity of such interactions. 

 

FIGURE 14  Interpretation of metallophilic interactions of platinum(II) complexes within 
the concept of Lewis acid-base interactions by resonance structures: a) dimer 
with metallophilic interaction, b) chain of metallophilic interactions, and c) 
double iodide adduct as a model of 21. 

Thus, application of the simple Lewis acid-base concept allows considera-
tion of all types of covalent and non-covalent interactions of platinum(II), men-
tioned in this section, within a single framework, without referring to their 
physical origin. The nature of metallophilic and other non-covalent interactions 
involving platinum is better described in terms of electrostatic interactions, po-
larization, and dispersion,3 whereas models of molecular orbitals33 and atoms in 
molecules87 are commonly used in practice to identify and consistently analyze 
those interactions. 

The importance of non-covalent interactions on the metal center in plati-
num complexes is in their impact on macroscopic properties of materials rather 
than their nature or classification. Such interactions can be used as tools in de-
sign of supramolecular assemblies.88 Metallophilic interactions in crystals have 
been long recognized to induce anisotropic conducting properties, especially 
upon partial oxidation.14 In solution, such interactions can promote aggregation 
and formation of metallogels as well as determine their photophysical proper-
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ties.89 Quenching of fluorescence of dinuclear platinum(II) complexes in solu-
tion has been attributed to hydrogen bonding between solvent molecules and 
metal centers.90 Other properties attributed to non-covalent interactions on the 
metal centers will probably be discovered in the near future. 

2.5 Aim of the study 

The aim of this dissertation was to classify the diverse chemistry of square-
planar coordination compounds of platinum(II) by location and strength of 
chemical interactions, as discussed above, and to make new contributions in the 
four fields within this framework using platinum(II) complexes with substitut-
ed 2,2′-dipyridylamine (dpa) and oxime ligands. The latter were chosen as rep-
resentatives of N-donor ligands capable of covalent and non-covalent chemical 
interactions. Accordingly, the following four goals were established to study 
the four types of chemical interactions: 

1) To investigate the reactions of benzylation of dpa coordinated to plati-
num(II) center, as an example of covalent interactions of ligands, sometimes 
also referred to as “chemistry on the complex”. The applicability of such ap-
proach in synthesis of benzyldi(2-pyridyl)amine platinum(II) complexes was 
then evaluated by comparison with the conventional organic synthesis of the 
ligands, i. e. benzylation of uncoordinated dpa.I 

2) To obtain and study the structures of hydrogen bonded supramolecular 
associates of platinum(II) complexes with oxime ligands and crown ether 18-
crown-6 in solid state, as an example of non-covalent interactions of ligands. 
Further, the possibility of using such platinum(II) complexes as supramolecular 
tectons in hydrogen bonded assemblies was evaluated.II,III 

3) To develop a method for oxidative chlorination of platinum(II) com-
plexes with oxime ligands using oxidizing agent N,N-dichlorotosylamide (di-
chloramine T) as an example of covalent interactions of the metal center. Selec-
tivity of the new method was then compared to that of the conventional chlo-
rination using molecular chlorine.IV 

4) One of the complexes with benzylated dpa ligands possessed short in-
tramolecular Pt···I contact in its crystal structure, which was studied as an ex-
ample of non-covalent interactions of the metal center. The impact of this inter-
action on conformational equilibria and photophysical properties of the com-
plexes was investigated.V 
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3 RESULTS AND DISCUSSION 

This chapter presents findings from separate research projects dealing with co-
ordination chemistry of platinum(II) and described in papers I–V, in a logical 
sequence, corresponding to the classification of chemical interactions of plati-
num(II) complexes and the goals of the study, established in chapter 2. 

Benzylation of coordinated dpa, described in paper I, represents an exam-
ple of the formation of a covalent bond on a ligand site. Hydrogen bonding in-
teractions of coordinated oximes, described in papers II and III, demonstrate 
non-covalent interactions of coordinated ligands. Paper IV describes applica-
tion of N,N-dichlorotosylamide for chlorination of platinum(II) complexes as an 
example of strong covalent bonding on the metal center. Finally, paper V de-
scribes structural, photophysical, and computational studies on weak intramo-
lecular platinum···iodine interaction, which appears to be an unusual example 
of non-covalent interactions on the platinum(II) center. 

3.1 Synthesis of starting platinum(II) complexesI-IV 

Chemical structures of oxime containing platinum(II) complexes used in this 
work are presented in Fig. 15a. Complexes trans-[PtCl2(acetaldoxime)2] 24,91 cis-
[PtCl2(acetoxime)2] 25,92 cis-[PtBr2(acetoxime)2] 26,93 trans-[PtCl2(cyclopentanone 
oxime)2] 27,93 and trans-[Pt(o-OC6H4CH=NOH)2] 2894 were obtained directly 
from the reaction of K2PtCl4 with corresponding oximes in water (in case of 26, 
excess KBr was also added to the reaction mixture). Compounds trans-
[PtCl2(acetoxime)2] 2992 and trans-[PtBr2(acetoxime)2] 3093 were obtained by 
thermal isomerization of corresponding cis-complexes 25 and 26 in solid state at 
140 °C. All of the synthetic procedures have been published previously. 
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FIGURE 15  Chemical structures of oxime containing platinum(II) complexes 24-30 (a) and 
general principle of their synthesis (apart from 28) through reactions of ligand 
exchange and cis/trans-isomerization (b). 

The ligand exchange on tetrahaloplatinate anion [PtX4]2-, in which two 
halogenide ligands X- are replaced with oximes L (Fig. 15b), results initially in 
kinetic cis-products, which can then undergo thermal isomerization into more 
thermodynamically stable trans-products in accordance with the trans-effects of 
the ligands.35 While some of the cis-complexes can be isolated selectively (by 
controlling reaction time and temperature), in other cases, the isomerization 
takes place to a significant extent already during the ligand exchange reaction. 
In particular, cis-[PtCl2(acetaldoxime)2] could not be isolated, as a mixture of cis- 
and trans-isomers results from the ligand exchange reaction at room tempera-
ture.91 

Coordination of two equivalents of dpa 31 to platinum by reacting it with 
K2PtCl4 in two steps, followed by deprotonation of the amino groups, afforded 
the bis(2,2′-dipyridylamide)platinum(II) complex 32. The three-step synthetic 
procedure, published previously,95 is presented in Fig. 16. 

 

FIGURE 16  Synthesis of bis(2,2′-dipyridylamide)platinum(II) complex 32.95 
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3.2 Synthesis of methylene bridged 2,2′-dipyridylamine deriva-

tivesI 

In continuation of study on luminescent properties of dpa salts,96 methylene 
bridged dpa derivatives with benzyl substituents at the amino nitrogen atom of 
dpa were investigated, due to the substituent’s bulkiness and flexibility. Deriva-
tives with hydrogen, iodine, nitro, and cyano group in the ortho-position of the 
phenyl ring (compounds 33-36, Fig. 17) were chosen as simple representatives 
with various steric and electronic properties. However, organic synthesis of de-
rivatives 33-36 using known procedure97 from dpa and corresponding benzyl 
bromides appeared to be problematic, especially for derivatives with electron 
withdrawing substituents. 

 

FIGURE 17  Chemical structures of methylene bridged dpa derivatives 33-36 studied in this 
work. 

3.2.1 Organic synthesis 

Compounds 33 and 34 were obtained with 26 and 44% yields accordingly using 
published procedure by reacting dpa with corresponding benzyl bromides in 
DMSO in the presence of potassium hydroxide (Fig. 18a).97 However, this 
method proved unsuitable for synthesis of 35, and identification of side prod-
ucts in this case allowed to conclude what side processes reduce the yield of the 
target derivatives. Benzyl bromide, apart from the target reaction with dpa on 
the amino nitrogen atom, can also react with pyridine nitrogen atoms of dpa, 
affording bis-pyridine-substituted derivative 37, and with the base, affording 
corresponding stilbene 38 (Fig. 18b,c). The latter reaction is particularly signifi-
cant, when the substituent in phenyl ring possesses strong electron withdraw-
ing properties, leading to enhanced acidity of the methylene moiety. 
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FIGURE 18  Target reaction (a) and undesired side processes (b, c) in synthesis of 33-36 
using organic synthetic approach. 

3.2.2  “Chemistry on the complex” 

In light of these observations, no attempts to synthesize the cyano-substituted 
derivative 36 using the organic approach were made, and an alternative synthe-
sis of the derivatives based on implication of the “chemistry on the complex” 
approach46 was undertaken. In this case, platinum(II) was used as a metal cen-
ter, since preparation of the corresponding starting complex 32 has been reported 
previously.95 In addition, analysis of literature on platinum(II) complexes with 
methylene bridged dpa derivatives revealed that some of those works could 
take advantage of such a synthetic approach.98,99 

Complex 32 was successfully subjected to benzylation reactions using two 
equivalents of corresponding benzyl bromides, as presented in Fig. 19. The tar-
get complexes [39-42]Br2 were obtained in 64–97% yields by evaporating the 
reaction mixtures and recrystallizing the obtained precipitates. 
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FIGURE 19  Synthesis of methylene bridged dpa derivatives using “chemistry on the com-
plex” approach by benzylation of 32. 

3.2.3 Comparison of the two approaches 

Coordination of dpa 31 on platinum(II) protects the pyridine nitrogen atoms 
from benzylation, thus preventing formation of pyridine-substituted side prod-
ucts like 37. Synthesis of stable 32 with deprotonated dpa ligands allows to 
avoid contact between benzyl bromides and a base, thus preventing formation 
of stilbenes like 38. As a result, coordination on platinum(II) greatly improves 
yield of the benzylation reaction (Table 1), even though the reaction site on dpa 
is not directly connected with the metal center. 

TABLE 1  Yields of reactions of benzylation of dpa in free and coordinated forms 

R 
Yields of benzylation in two approaches, % 

Organic On the complex 
H 26 97 
I 44 64 

NO2 0 85 

CN – 79 

 
If synthesis of a series of platinum(II) complexes with methylene bridged 

dpa derivatives is considered as the primary objective, modification of the or-
ganic ligand after coordination on metal center represents a much more efficient 
synthetic strategy, compared to the conventional “organic synthesis → coordi-
nation chemistry” sequence. Indeed, a strategy involving derivatization at the 
last stage of synthesis decreases the number of steps compared to a strategy 
employing derivatization in the first step, and the efficiency difference is pro-
portional to the number of intermediate steps and complexes in the series (Fig. 
20). 
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FIGURE 20  Comparison of two synthetic strategies for multiple derivatives: conventional 
“organic synthesis → coordination chemistry” sequence (a) and non-
conventional “chemistry on the complex” approach (b). In this work, L0 = dpa 
31, and L1, L2, …Ln = methylene bridged dpa derivatives 33-36. 

To conclude, benzylation of dpa after coordination to a platinum(II) center 
results in improved reaction yields and functional group tolerance, and allows a 
more efficient strategy for synthesis of platinum(II) complexes with methylene 
bridged dpa ligands. While the proposed alternative synthetic approach is not 
truly innovative, since the reactions of this type and even the term “chemistry 
on the complex” are known, it is often overlooked in routine coordination 
chemistry synthesis. 

3.3 Hydrogen bonded supramolecular ensembles based on oxime 
platinum(II) complexes and 18-crown-6II,III 

The reported supramolecular associates of platinum(II) complexes and crown 
ether 18-crown-6 presented in chapter 2 (Fig. 8 and 9)65,66 evoke our interest in 
potential use of coordinated on platinum(II) oximes, which have been the sub-
ject of long-going studies,100 as hydrogen bond donors for supramolecular en-
sembles. Indeed, it has been shown that acidity of oxime OH groups increases 
dramatically upon coordination to the platinum(II) center,101 and accordingly 
platinum(II) acetoxime complexes have been found to form various hydrogen 
bonded structures.102 On the other hand, rigidness and cis-trans isomerism of 
square-planar platinum(II) complexes may allow their use as supramolecular 
tectons similarly to organic ones. Thus, crown ether 18-crown-6, a well-
established hydrogen bond acceptor to bind neutral molecules,63,64 and oxime 
containing platinum(II) complexes were used for construction of hydrogen 
bonded supramolecular ensembles. 
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3.3.1 Crystallizations and crystal structures 

Complexes 24-26 and 30 were co-crystallized with crown ether 18-crown-6 by 
slow evaporation of their solutions in 2:1 or 1:1 molar ratio in ace-
tone/chloroform or acetone/p-xylene solvent mixtures under ambient condi-
tions. Crystallization of 24 with 18-crown-6 afforded triple 1D associate 24·(18-
crown-6)·2H2O, presented in Fig. 21. In this associate, water molecules play role 
of hydrogen bonding linkers between the complex and crown ether molecules. 

 

FIGURE 21  Infinite 1D chain in crystal structure of 24·(18-crown-6)·2H2O (CSD ref. code: 
SOHSEP). 

When complexes 25 and 26 in cis-configuration were used, isostructural 
discrete triple associates 2(25)·(18-crown-6)·2H2O and 2(26)·(18-crown-6)·2H2O 
were formed, which also include water molecules as linkers (Fig. 22). 

 

FIGURE 22  Discrete associates in crystal structures of 2(25)·(18-crown-6)·2H2O (a) and 
2(26)·(18-crown-6)·2H2O (b) (CSD ref. codes: SOHSAL, SOHRUE). 
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Surprisingly, in the case of 30 in trans-configuration, a 2D network of 1:1 
associate 30·(18-crown-6) was obtained, in which molecules of platinum(II) 
complex and crown ether are directly hydrogen bound through not only OH, 
but also CH3 groups of the ligands (Fig. 23). 

 

FIGURE 23  Crystal structure of 30·(18-crown-6): a) infinite 2D sheet (C-H···O contacts are 
not drawn for clarity); b) single molecule of 18-crown-6 and four molecules of 
30 connected via O-H···O and C-H···O contacts (CSD ref. code: DAVGOY). 

3.3.2 General observations 

The inclusion of water molecules in the first three structures is attributed to the 
use of undried solvents for crystallizations. The average energy of hydrogen 
bonds in these associates was estimated by means of DFT calculations to be in 
the range 31–35 kJ/mol. Such relatively strong hydrogen bonding interactions 
can explain inclusion of water molecules within these structures. However, the 
structure of 30·(18-crown-6) does not contain water molecules, even though the 
same solvents were used in that case, and more hydrophobic CH3···O interac-
tions are present instead. 

Platinum(II) complexes with two hydrogen bond donor groups in cis- and 
trans-positions can be expected to form hydrogen bonded discrete and infinite 
chain structures, accordingly. This is indeed observed in the first three struc-
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tures, obtained in this work, as well as in 12 and 13 (Fig. 9).66 In addition, the 
change of chloride ligands in 25 to bromides in 26 results in isostructural asso-
ciates. These observations indicate the possibility to use these complexes to de-
sign hydrogen bonded supramolecular structures. However, the example of 
30·(18-crown-6) demonstrates how difficult it may be to predict the resulting 
architectures based on structures of the components, due to the large variety of 
possible weak interactions within the structures. Trans-orientation of the hy-
drogen bond donors would otherwise warrant formation of 1D chains in 30·(18-
crown-6), but additional weak CH3···O hydrogen bonding interaction appeared 
sufficient for creating additional dimensionality in the co-crystal. 

Another striking difference of associate 30·(18-crown-6) is the confor-
mation of the crown ether molecules. In all of the other associates of 18-crown-6, 
mentioned in this dissertation, namely 11 (Fig. 8),65 12 and 13 (Fig. 9),66 24·(18-
crown-6)·2H2O (Fig. 21), 2(25)·(18-crown-6)·2H2O and 2(26)·(18-crown-6)·2H2O 
(Fig. 22), the crown ether possesses “classical” crown shape, in which all the 
methylene groups are oriented outwards from the ring. In 30·(18-crown-6), the 
crown ether molecules are “stretched” in one direction by inward orientation of 
two of the methylene groups, similarly to conformation of pure 18-crown-6 in 
crystalline state.103 

To conclude, the use of crown ether 18-crown-6 provides great possibili-
ties for construction of hydrogen bonded self-assembled supramolecular struc-
tures, containing neutral platinum(II) complexes with hydrogen bond donor 
groups. In the oxime complexes 24-26 and 30, the presence of the metal center 
increases hydrogen bond donor abilities of the ligands and controls their spatial 
orientation. Nevertheless, flexibility of 18-crown-6 and possibilities of addition-
al weak interactions make design of supramolecular motifs using these compo-
nents a challenging task. Possibly, more research is this area will allow devel-
opment of new platinum(II) containing supramolecular tectons. 

3.4 Selective chlorination of oxime platinum(II) complexes using 
N,N-dichlorotosylamideIV 

As mentioned in chapter 2, development of convenient methods for conversion 
of platinum(II) species into platinum(IV) analogues is important, in particular, 
in search for efficient platinum(IV) based anticancer prodrugs.69 While use of 
conventional reagents—chlorine and hydrogen peroxide—provides great atom 
efficiency, it may also be associated with difficulties due to hazardous proper-
ties and low selectivity of the oxidants. In the aforementioned work, describing 
synthesis of supramolecular chains of imino ester platinum complexes and 18-
crown-6, N,N-dichlorobenzenesulfonamide 43 (also known as dichloramine B) 
was used to oxidize platinum(II) complex 44 to its platinum(IV) analog 45 (Fig. 
24).66 Since N,N-dichlorosulfonamides are easily available and are well-known 
reagents, used in a variety of organic reactions,104 it was of interest to test them 
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further as chlorinating agents for platinum(II) complexes. In this work, N,N-
dichlorotosylamide 46, also known as dichloramine T, was chosen as the rea-
gent for chlorination of platinum(II) complexes bearing oxime ligands. 

 

FIGURE 24  Chlorination of imino ester platinum(II) complex 44 using N,N-
dichlorobenzenesulfonamide 43.66 

Dichloramine T is a commercially available solid reagent for synthesis, al-
so used as an antiseptic, which is relatively easy to store and handle. This may 
allow its use as a stoichiometric equivalent of chlorine for oxidation of plati-
num(II) compounds. Reactivity of 46 towards oxime containing platinum(II) 
complexes represents particular interest, since it has been found to effectively 
convert free oximes into corresponding carbonyl compounds.105 

3.4.1 Chlorination of oxime platinum(II) complexes 

Starting platinum(II) complexes trans-[PtCl2(oxime)2] 24, 27, and 29 were re-
fluxed with 46 in 1:1 molar ratio in chloroform for 2 hours (Fig. 25). Resulting 
platinum(IV) complexes trans-[PtCl4(oxime)2] 47-49 were isolated from the reac-
tion mixture in good yields (71–83%) using column chromatography. 

 

FIGURE 25 Chlorination of oxime platinum(II) complexes using N,N-dichlorotosylamide 46. 

In order to test selectivity of the chlorinating agent, chlorination of 
bis(salicylaldoximato)platinum(II) complex 28 was performed. Refluxing of 28 
with 46 in chloroform afforded mixture of products, which, according to mass-
spectrometry analysis, contained platinum(IV) complexes with chlorinated lig-
ands. However, when the reaction was performed at ambient temperature 
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overnight, the desired selective chlorination of platinum center was achieved, 
and compound 50 was isolated in 60% yield (Fig. 26). 
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FIGURE 26  Influence of reaction temperature on selectivity of chlorination of 28 using 46. 

3.4.2 Structures of the products and perspectives 

Configurations of obtained complexes 47 and 48 were verified by examining 
their crystal structures, presented in Fig. 27. However, crystals of sufficient 
quality could not be obtained for 49 and 50. Trans-configuration of 49 was veri-
fied by comparison of melting point of the obtained product (189–191 °C) with 
the reported values (trans: 187–190 °C, cis: 148–153 °C).92 In case of 50, trans-
orientation of the chloride ligands was verified by inspecting the IR spectrum in 
the 400 – 300 cm-1 region, which revealed a single peak at 346 cm-1, attributed to 
asymmetric stretching vibrations of the linear Cl-Pt-Cl group (in the case of cis-
configuration, doublet corresponding to symmetric and antisymmetric stretch-
ing vibrations of angular cis-PtCl2 moiety would be expected).106 

 

FIGURE 27  Crystal structures of products of chlorination 47 (a) and 48 (b) (CSD ref. codes: 
EHISOF, EHISIZ). 

Therefore, dichloramine T 46 was shown to be a suitable chlorinating 
agent for oxidizing oxime platinum(II) complexes. Preservation of the oxime 
ligands, including the easily subjected to electrophilic substitution salicylaldox-
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ime, in the course of the reaction demonstrates high selectivity of the reagent. 
Analyses of the reaction mixtures revealed formation of tosylamide as the side 
product, which, however, was not isolated. For further potential usability of 46 
on large scales, following the principles of atom economy, the resulting tosyla-
mide can be recovered and converted back into dichloramine T 46 using exist-
ing methods.104 Additional studies on oxidation of oxime containing plati-
num(II) complexes in cis-configuration are required in order to verify its ap-
plicability in development of platinum(IV) based anticancer prodrugs. 

3.5 Unusual non-covalent Pt···I interactions in platinum(II) com-
plexV 

Complex [40]Br2, obtained in the previous work,I displayed an interesting fea-
ture in the solid state, as it could be crystallized in two different conformations, 
depending on crystallization conditions. The two conformations, referred to as 
“in” and “out”, are presented in Fig. 28. Crystals of [in-40]Br2·3.5H2O are the 
most common outcome of crystallizations by slow evaporation of solutions of 
[40]Br2 in various solvents under ambient conditions. Crystals of [out-
40]Br2·4CH3CN were obtained once from acetonitrile solution with an equimo-
lar amount of pyrazine added. However, consequent recrystallizations always 
resulted in the “in”-conformation, and crystallization of [out-40]Br2·4CH3CN 
could not be reproduced. Nevertheless, the obtained structure was of sufficient 
quality for further investigations. 

 

FIGURE 28  Two conformations of [40]2+: a) “in” in crystal structure of [in-40]Br2·3.5H2O, b) 
“out” in crystal structure of [out-40]Br2·4CH3CN.  Solvent molecules are omit-
ted for clarity. 

In the structure of [in-40]Br2·3.5H2O, short Pt···I distances (3.65 and 3.66 Å) 
are observed, which are slightly shorter than the sum of Bondi’s Van-der-Waals 
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radii of the atoms (3.73 Å).7,8 This observation suggested that there may be a 
weak attractive interaction between platinum and iodine atoms. On the other 
hand, in the crystal structure of [out-40]Br2·4CH3CN the Pt···I contacts are ab-
sent. In addition, crystal structures of [40]I2 and [40](NO3)2 in both confor-
mations were obtained, but the “in”-form was again more common outcome of 
crystallizations. Finally, crystallization of [40](CF3SO3)2 afforded a disordered 
structure, with the “out”-conformation being dominant. These observations 
indicate that the weak, if any, attractive Pt···I interaction is comparable in 
strength with other packing effects. In order to confirm the attractive Pt···I in-
teraction, careful analysis of the crystal structures was conducted in cooperation 
with computational and spectroscopic studies of [40]2+. 

3.5.1 Structural considerations on the Pt···I contact 

In order to make conclusions about the Pt···I contact from the geometry point of 
view, crystal structures of the two conformations, presented in Fig. 28, were 
carefully compared. Noticeably, both structures possess close Br···I contacts, 
indicating halogen bonding between iodine atoms and bromide anions, where-
as only “in” conformation possesses close Pt···I contact. Essential structural pa-
rameters of the complex were examined in order to find any significant changes 
associated with the close Pt···I contact. 

Among such essential parameters are Pt-N(py) bond lengths and angles, re-
flecting a square-planar coordination mode of the dpa ligands; bond lengths 
and angles within C(py)-N(amino)-C(py) fragment, reflecting the degree of conjuga-
tion between the pyridine rings; and bond lengths and angles within Br···I-C 
fragment, reflecting the strength of the halogen bond. Values of these parame-
ters, extracted from the crystal structures, are presented in Table 2, columns 1 
and 2. 

TABLE 2  Selected bond lengths and angles extracted from the experimental and 
computationally optimized structures of in/out-40. 

parameter 
[in-40]Br2·3.5H2O 
(X-ray)  

[out-40]Br2·4CH3CN 
(X-ray) 

[in-40]2+ 
(PBE0-D3)  

[out-40]2+ 
 (PBE0-D3) 

bond lengths, Å 
Pt-N(py) 2.006(4)–2.034(4) 2.008(2), 2.016(2) 2.014, 2.027 2.019, 2.020 

C(py)-N(am) 1.392(7)–1.402(7) 1.406(3) 1.395, 1.398 1.393, 1.399 

I···Br 3.5117(8), 3.6065(10) 3.4313(5) xxx xxx 

I···Pt 3.6523(5), 3.6615(5) xxx 3.753 xxx 

I-C 2.109(6), 2.112(6) 2.120(3) 2.097 2.095 

bond angles, ° 
N(py)-Pt-N(py) 85.59(17)–95.91(17) 85.97(9), 94.03(9) 85.9–94.7 86.1, 93.9 

C(py)-N(am)-C(py) 118.5(4), 120.3(4) 118.5(2) 118.7 119.2 

I···Pt-N(py) 85.02(12)–97.35(13) xxx 84.7, 95.1 xxx 

C-I···Pt 90.46(16), 96.90(15) xxx 95.8 xxx 

Br···I-C 155.08(16), 160.91(16) 173.25(8) xxx xxx 
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From the presented values, it can be concluded that close Pt···I contact in 
in-40 is not associated with any significant structural changes in the complex 
other than orientation of the phenyl ring. The only other noticeable difference is 
slight weakening of the Br···I halogen bond, as observed from longer Br···I and 
shorter I-C distances and more bent Br-I-C angle in [in-40]Br2·3.5H2O. This 
change can be, in principle, directly associated with electronic effects of the Pt···I 
interaction, but at the same time, it may be a result of increased steric hindrance 
of the iodine atoms, or involvement of the bromide anions in hydrogen bonding 
network with water molecules. This indicates the necessity of computational 
analysis of the observed halogen bond. 

Regarding structural analysis of the Pt···I contact, the observed C-I···Pt and 
I···Pt-N(py) angle values close to 90° indicate that the iodine atoms are located 
above and below the square plane, approximately where the electrons of filled 
dz2 orbital of the platinum center reside. Unlike in metal-involving halogen 
bonding interactions (in which case the C-I···Pt angle would be close to 
180°),32,72,80,81 the iodine atoms in this case seem to be oriented with their elec-
tron rich areas (“electron belts”)107 towards the platinum center. Therefore, the 
observed interaction (if present) can be classified as an interaction of plati-
num(II) with two Lewis bases, similarly to 21 (Fig. 12 and 14c). On the whole, 
the geometric considerations indicate rather weak non-covalent Pt···I interaction, 
which was, therefore, subjected to computational studies. 

3.5.2 Computational studies 

All structural optimizations and single point calculations were conducted with-
in the density functional theory (DFT) approach using PBE0-D3 functional108 
with dispersion correction109 and def2-TZVPPD110 (Pt, I) and 6-31G(d) (other 
atoms) basis sets. Topological analysis of the calculated electron density was 
performed using quantum theory of atoms in molecules (QTAIM) approach. 

First, single point calculations were performed on the non-optimized crys-
tal structures of [in-40]Br2·3.5H2O and [out-40]Br2·4CH3CN with and without 
inclusion of bromide anions (solvent molecules were always omitted). Conse-
quent QTAIM analysis revealed the presence of bond critical points (BCPs) be-
tween bromine and iodine atoms in both structures, as well as between plati-
num and iodine atoms in [in-40] with and without bromide anions. It must be 
noted that existence of BCPs does not necessarily mean attractive chemical in-
teraction;111 the important point at this stage was to observe any changes in 
electron density distribution, particularly at the BCP (Pt···I), associated with in-
clusion of Br···I short contact. The results displayed negligible differences; there-
fore, the bromide anions were omitted in the following calculations. 

Next, full optimizations of [in-40]2+ and [out-40]2+ were performed in the 
ground (S0) and the lowest triplet (T1) electronic states using the corresponding 
crystal structures as starting points. Structural parameters of the optimized 
structures in S0 state, presented in columns 3 and 4 of Table 2, are close to the 
experimental values. According to calculations, [in-40]2+ in vacuum is energeti-
cally 33.5 kJ/mol more favorable than [out-40]2+. Therefore, the calculated ener-
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gy difference supported relative stability of the “in”-conformation, observed in 
the crystallization experiments. 

Topological analysis of the calculated electron density distribution re-
vealed numerous BCPs, including those on Pt···I, I···N(amino), and I···H bond 
paths. The optimized structures and located BCPs are presented in Fig. 29. 

 

FIGURE 29  Optimized structures with located BCPs (green dots) and bond paths (solid 
and dotted lines) of a) [in-40]2+, b) [out-40]2+. 

As mentioned above, BCPs and bond paths do not always correspond to 
chemically meaningful interactions. Common sense of chemistry can be used to 
select BCPs of particular interest, and analysis of properties of electron density 
in these points can provide some information about corresponding interactions. 
In this case, Pt···I contacts and the corresponding BCPs were considered. Both 
the interatomic distance and the observed values of selected parameters, pre-
sented in Table 3, row 1 (positive Laplacian, positive total energy, very small 
interaction energy and delocalization index), indicate that Pt···I interactions are 
of closed-shell nature. 

TABLE 3  Lengths of Pt···I contacts and selected properties of electron density at 
the corresponding BCPs in optimized [in-40]2+ in S0 and T1 states. 

State d(Pt···I), Å ρ, e/Å³ ∇2ρ, e/Å5 |V/G| H, a.u. E, kJ/mol δ 
S0 3.75 0.078 0.593 0.98 0.0001 -7.7 0.13 
T1 2.91 0.311 1.793 1.3 -0.0081 -45.7 0.57 

ρ = local electron density; V/G = ratio of potential energy density and kinetic energy densi-
ty; H = V + G = total energy; E = V/2 =interaction energy;112 δ = delocalization index. 

 
Non-covalent character and low energy of the Pt···I interactions are in 

agreement with the interpretation of platinum(II) interacting with two Lewis 
bases. Moreover, presented in Table 3, row 2 properties of electron density at 
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BCPs (Pt···I) in the T1 electronic state indicate strengthening of the Pt···I interac-
tion and appearance of partial covalent character upon promotion to the higher 
electron configuration (structurally, significant contraction of Pt···I contacts 
from 3.75 to 2.91 Å was also observed). Such strengthening in the excited elec-
tronic state is known for metallophilic interactions.113 In order to gain better 
understanding of the Pt···I interaction and its strengthening upon excitation, the 
generated from DFT calculations Kohn-Sham molecular orbitals of [in-40]2+ in 
S0 state were analyzed. In particular, molecular orbitals HOMO-13 and HOMO 
were found to be essentially bonding and antibonding orbitals of the I···Pt···I 
fragment accordingly, formed primarily from pz atomic orbitals of the iodine 
atoms and dz2 atomic orbital of the platinum atom (Fig. 30) 

 

FIGURE 30  Isosurface plots of Kohn-Sham molecular orbitals of optimized [in-40]2+: a) 
HOMO-13, b) HOMO. 

A similar picture is observed in metallophilic interactions, where filled dz2 
atomic orbitals of closely located platinum(II) atoms overlap to form filled 
bonding and antibonding MOs. The attractive nature of such metallophilic in-
teraction, which otherwise would be non-bonding, is usually explained in terms 
of strong dispersion interactions, or mixing of the higher lying empty pz orbitals, 
leading to stabilization of both filled orbitals.33 While iodine does not possess 
empty orbitals sufficiently close in energy to stabilize the orbital interaction, it is 
known to participate in dispersive interactions.114,115 

The large significance of dispersion in the Pt···I interactions was demon-
strated by optimization of [in-40]2+ using PBE0 functional without dispersion 
correction, or using PBE0-D3 with inclusion of methanol solvent using the con-
ductor-like polarizable continuum solvent model (C-PCM).116 Both optimiza-
tions resulted in elongation of Pt···I contact from 3.75 to 3.90 Å and decrease in 
energy difference between the two conformations from 33.5 to 13 and 18.6 
kJ/mol respectively. The latter result agrees with the generally observed atten-
uation of dispersion interactions in polarizable solvents.117 

Qualitative analysis of the MOs presented on Fig. 30 also provides expla-
nation for the predicted strengthening of Pt···I interactions upon photoexcita-
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tion. Indeed, if an electron were removed from the HOMO, the antibonding 
orbital I···Pt···I interaction would be weakened, whereas the bonding one would 
be preserved. In order to support the obtained results experimentally, optical 
studies were conducted. 

3.5.3 Optical spectroscopy studies 

Absorption spectrum of [40]Br2 in methanol is presented in Fig. 31a. Absorption 
spectra, calculated for [in-40]2+ and [out-40]2+ in methanol using time-dependent 
DFT calculations and C-PCM solvent model,116 appear to be very similar to the 
experimental one and between each other. Therefore, according to calculations, 
absorption spectroscopy cannot be used to distinguish the two conformations in 
solution. The lowest energy absorptions at λabs ≈ 300–330 nm can be attributed 
to metal to ligand charge transfer and π→π* transitions within dpa moieties in 
“in” and “out” conformations accordingly. 

 

FIGURE 31  Optical spectra of [40]Br2 in solution: a) absorption in methanol at room tem-
perature, b) phosphorescence excitation (dashed lines) and emission (solid 
lines) spectra in methanol/ethanol mixture (1:4, v/v) at 77 K at different timing 
parameters (d = delay, g = gate). 

Solution of [40]Br2 in methanol is not emissive at room temperature, 
which is an often encountered feature for platinum(II) complexes.118 In order to 
observe photoluminescence, a solution of [40]Br2 in 1:4 (v/v) mixture of metha-
nol and ethanol was cooled to 77 K to form semi-rigid transparent glass. No 
emission was observed in fluorescence mode, but emission peak at λem = 417 
nm and a shoulder at λem ≈ 475 nm were observed in phosphorescence mode. 
The spectrum appeared to be time-dependent, and the two peaks were resolved 
by varying delay and gate timing parameters (Fig. 31b). Close similarity of the 
excitation spectra, measured for the two peaks, with the absorption spectrum of 
[40]Br2 suggests dual emission of the complex. Additional time resolved meas-
urements revealed lifetimes of the two peaks being τ1 = 37 μs (λem = 417 nm) 
and τ2 = 3.5 ms (λem = 500 nm) at 80 K (λex = 320 nm), supporting assignment of 
the observed emission to phosphorescence. 

The dual emission of [40]Br2 can be associated with the different confor-
mations in the excited state. In semi-rigid environment of frozen metha-
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nol/ethanol mixture, [40]2+ can be considered to exists as a mixture of “in”- and 
“out”-forms (more details on the conformational equilibrium in solution are 
discussed in NMR studies section below), which can form the excited states of 
different nature. Optimization of T1 state for both “in”- and “out”-forms of 
[40]2+ yielded essentially metal centered excited states, which are known to be 
dark (non-emissive) due to proximity of the crossing point with the ground 
state.118 Therefore, [40]2+ is suggested to possess non-Kasha emissive behavior, 
when phosphorescence takes place from an energetically higher lying excited 
state owing to relatively high activation barrier towards the non-emissive metal 
centered T1 state. Such suggestion is in line with the observation that [40]Br2 is 
not emissive in fluid methanol solution at room temperature, since thermal en-
ergy allows to overcome the barrier and populate the non-emissive T1 state, 
thus quenching phosphorescence. The proposed relations between the ground 
and excited electronic states are illustrated in Fig. 32. 

 

FIGURE 32  Schematic potential energy diagram illustrating the non-Kasha emissive behav-
ior of [40]2+: E = potential energy, Q = combined geometry coordinate, Tn = the 
emissive excited triplet state. Green arrow denotes phosphorescence emission 
and dashed black arrows denote thermally activated radiativeless transitions. 

As an approximation of the emissive excited state, the HOMO and LUMO 
of [40]2+ in the ground state can be considered, which indicate ligand centered 
π→π* state for [out-40]2+ and metal to ligand charge transfer σ*(I-Pt-I)→π* state 
for [in-40]2+. Thus, the two experimentally observed emission bands were tenta-
tively attributed to emissions of [out-40]2+ (λem = 417 nm) and [in-40]2+ (λem = 
470/500 nm). 

For comparison, phosphorescence emission properties of complexes 
[39,41,42]Br2 were studied, and their overlaid emission spectra are presented in 
Fig. 33. Generally, all of the complexes possess the blue emission band with λem 
= 407–425 nm and τ = 37–200 μs. In the case of [42]Br2, broader band was ob-
served with additional peaks at λem = 448 and 480 nm, but their lifetime value 
was very close to that of the first peak.  
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FIGURE 33  Absorption (room temperature, solid lines) and emission (80 K, dashed lines) 
spectra of [39-42]·Br2 in methanol/ethanol solution (C = 20 μM). Emission 
spectra were measured under excitation at λex = 320 nm, delay 20 ns, gate 10 μs 
(30 μs for [40]·Br2). 

Excitation state lifetimes of microsecond order are typical for complexes of 
platinum(II),118 whereas the long lifetime of the green emission of [40]Br2 (3.5 
ms) is quite unusual. Together with the uniqueness of this emission among the 
series [39-42]Br2, these observations further support its origin as being associat-
ed with the Pt···I interaction. 

3.5.4 Other studies and perspectives 

In order to observe influence of the intramolecular Pt···I interactions in complex 
[40]Br2 on its conformational behavior in solution, variable temperature 1H and 
195Pt NMR measurements were performed. The obtained spectra displayed 
temperature dependence; however, very similar behavior was also observed for 
the non-substituted complex [39]Br2. Therefore, the observed temperature de-
pendences were attributed to the equilibrium between “symmetric” and 
“asymmetric” conformations of the complexes, associated with flipping of one 
of the benzyl groups, as presented in Fig. 34.  

 

FIGURE 34  Equilibrium between the “symmetric” and “asymmetric” conformations of 
[39]2+ (R = H) and [40]2+ (R = I), presumably observed in variable temperature 
1H and 195Pt NMR experiments. 
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According to computational results, the energetic barrier for transition be-
tween “symmetric” and “asymmetric” conformations is 30 and 20 kJ/mol in [in-
40]2+ and [out-40]2+ respectively. On the other hand, rotational barriers of the 
benzyl groups are calculated to be negligibly low. Therefore, [40]2+ is assumed 
to exist in solution in four conformations with approximately equal populations, 
namely, “symmetric” and “asymmetric” “in”- and “out”-conformations. Due to 
fast transformations, the “in”-and “out”-forms are predicted to be averaged in 
the NMR timescale at any accessible temperature. Combination of NMR spec-
troscopy with pulsed UV irradiation could be of potential interest to observe 
conformation changes in solution upon excitation.119 

Ion mobility mass spectrometry (IMMS) measurements were performed in 
an attempt to observe different forms of [40]2+ in gas phase. Once again, the ex-
periment was not able to resolve conformations, and a single peak in the mobili-
ty dimension of IMMS spectrum was observed. Combination of IMMS with 
pulsed UV irradiation could also be worth trying, as the greater stability of 
“in”-conformations in the excited electronic state may be observed through 
changes in ion mobilities.120 

To conclude, all the obtained experimental and computational results in-
dicate that there are weak intramolecular attractive Pt···I interactions in complex 
[40]Br2, which are observed in crystal structures, but too weak to be observed in 
solution or gas phase. Upon photoexcitation, these interactions strengthen sub-
stantially, resulting in dual time-dependent phosphorescence emission of 
[40]Br2 in frozen solution. Therefore, [40]Br2 seems to be the first experimentally 
and computationally verified example of weak non-covalent interaction of plat-
inum(II) with two Lewis bases. 
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4 SUMMARY AND CONCLUSIONS 

This dissertation describes four research projects centered on the chemistry of 
square-planar platinum(II) complexes containing dpa or oxime ligands. Each 
project focuses on one of the four types of chemical interactions, classified by 
strength and location in the coordination compound. 

The first project,I focusing on covalent interactions of ligands, demon-
strates great potential of the “chemistry on the complex” approach applied to 
coordination compounds of platinum(II). Benzylation of dpa coordinated to 
platinum(II) proceeds with higher yields and tolerance to functional groups, 
compared to the purely organic approach. In synthesis of platinum(II) complex-
es with various dpa-based ligands, such an approach allows significantly more 
efficient synthetic strategies compared to the conventional procedure of organic 
synthesis of ligands, followed by their coordination on the metal center. 

The second project,II,III focusing on non-covalent interactions of ligands, 
demonstrates applicability of platinum(II) complexes with oxime ligands as 
neutral hydrogen bond donors in supramolecular chemistry. Enhanced ability 
of the ligands to form hydrogen bonds together with their pre-defined spatial 
orientation allow design and synthesis of supramolecular ensembles with 
crown ether 18-crown-6. The resulting structural motifs, defined by hydrogen 
bonding interactions, may, however, be interfered by additional weak interac-
tions, making reliable predictions of the resulting structures difficult. 

The third project,IV focusing on covalent interactions of the metal center, 
describes new method of oxidative chlorination of platinum(II) complexes with 
oxime ligands into their platinum(IV) analogues using N,N-dichlorotosylamide 
(dichloramine T). The oxidation reaction proceeds selectively on the metal cen-
ter, leaving ligands intact. Further studies may prove the employed oxidizing 
agent useful in the production of anticancer prodrugs based on platinum(IV). 

Finally, the last project,V focusing on non-covalent interactions of the met-
al center, discusses weak non-covalent intramolecular Pt···I interactions in one 
of the platinum(II) dpa complexes, obtained in the first project. In terms of the 
Lewis acid-base classification of non-covalent interactions of platinum(II), this 
is the first verified example of platinum(II) interacting with two Lewis bases. 
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The interactions are observed in crystal structure and confirmed computational-
ly, but are too weak to be observed in solution or in gas phase. Upon photoexci-
tation, the Pt···I interactions strengthen substantially, affecting phosphorescence 
properties of the complex in solution. 

4.1 The “big picture” 

The chemistry of square-planar coordination compounds of platinum(II) is very 
diverse and complex, and their practical applications span across various fields 
of modern technology and medicine. On the other hand, relatively high struc-
tural rigidity and kinetic inertness of the platinum(II) compounds not only 
promote their applicability in functional materials and drugs, but also allow 
thorough studies of their structures and reactivity. Historically, many im-
portant discoveries have been made by studying square-planar platinum(II) 
complexes, and nowadays new aspects of their structural diversity and reactivi-
ty continue to emerge. 

The main objective of this dissertation was to survey and classify known 
to date chemical interactions involving square-planar platinum(II) coordination 
compounds, based on their strength and location in the complexes, and to con-
tribute to the knowledge of platinum(II) chemistry in various fields within this 
framework. Location-wise, the interactions were divided into those involving 
only ligands or only the metal center. In terms of strength, weak non-covalent 
and strong covalent interactions were separated. Corresponding examples of 
each type of interaction, known from literature, were described in chapter 2, 
and new contributions to each of those fields, constituting the work behind this 
dissertation, were presented in chapter 3. 

Clearly, the proposed classification by location and strength has its limita-
tions, and, while being well-suited for distinguishing some interactions, it can 
be less appropriate for borderline cases. Particularly, the discrete separation of 
interactions by location in the complexes denies the true wealth of coordination 
chemistry, which relies on interplay between chemical interactions of ligands 
and central atoms. In other words, the majority of chemistry of square-planar 
platinum(II) complexes involves participation of both ligands and the metal, 
and thus cannot be assigned to either of the two groups. Nevertheless, the pro-
posed separation remains useful, for example, in elucidation of reaction mecha-
nisms, or in designing synthons for supramolecular chemistry. 

Classifying the interactions by strength, on the other hand, is presented in 
a more continuous fashion, particularly for the interactions involving metal cen-
ters. Transition from strong covalent bonding to weak non-covalent interactions 
naturally implies an intermediate state of weak covalent or strong non-covalent 
bonding. Attempts to draw a sharp borderline between the two categories may 
result in ambiguities in assignment of electron configurations or oxidation 
states, which, in the light of emerging new metal-involving chemical interac-
tions, become a matter of continuous needless debates. On the other hand, the 
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borderline between weak non-covalent bonding and absence of bonding in 
chemical sense is not easy to define either. Perhaps, the best criterion for exist-
ence of any bonding is an observation of its impact on some macroscopic prop-
erties of materials. 

Overall, this dissertation contributed to the field of coordination chemistry 
of square-planar platinum(II) coordination compounds in its various aspects. 
The presented results demonstrate how separate approaches to chemistry of 
ligands and central atoms within coordination compounds, implying strong or 
weak interactions, can provide novel reactivity and structures. Hopefully, the 
rest of platinum chemistry, combining these aspects to various extents, can take 
advantage of the knowledge presented herein. 
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Non-conventional synthesis and photophysical
studies of platinum(II) complexes with methylene
bridged 2,2’-dipyridylamine derivatives†

Evgeny Bulatov and Matti Haukka *

Methylene bridged 2,2’-dipyridylamine (dpa) derivatives and their metal complexes possess outstanding

properties due to their inherent structural flexibility. Synthesis of such complexes typically involves deriva-

tization of dpa followed by coordination on metals, and may not always be very efficient. In this work, an

alternative synthetic approach, involving the derivatization step after – rather than prior to – coordination

of dpa on metal center, is proposed and applied to synthesis of a number of platinum(II) complexes with

substituted benzyldi(2-pyridyl)amines. Comparison with the more conventional synthetic route reveals

greater efficiency and versatility of the proposed approach. The obtained complexes are not luminescent

in solution at room temperature, but display blue phosphorescence emission (ca. 415 nm) with the life-

times of μs order in glassy matrix at 77 K, with additional green (ca. 485 nm) and relatively long living (τ =

3.7 ms) emission in the case of iodine substituted derivative.

Introduction

Profound flexibility and chelating capabilities of 2,2′-dipyridy-
lamine (di(2-pyridyl)amine, dpa) have stimulated excessive
studies of its coordination chemistry,1 as well as incorporation
of this moiety as a metal binding center into more complex
organic materials.2 The latter is usually achieved by connecting
dpa with an organic fragment via the amino nitrogen atom,
and the resulting derivatives can be conjugated or non-conju-
gated (Scheme 1). Such organic molecules can be applicable in
organic light emitting devices,3–6 while their ability to bind
various transition metals through the dpa moiety allows their
use as various luminescent sensors.7,8 Since dpa complexes of
platinum(II) and palladium(II) have been found to possess cyto-
toxic activities comparable to or higher than cisplatin,9–11 com-
plexes with dpa derivatives have been considered as potential
antitumor agents.12–15

Variety of conjugated derivatives and their metal complexes,
in which the amino nitrogen atom of dpa is directly connected
with an aromatic system, have been synthesized and studied
by the group of S. Wang6,16–18 and more recently by K.-J. Wei

et al.19–21 Despite their attractive luminescent properties, real
life application of such materials can be hindered by the com-
plicated synthesis, which often involves transition metal cata-
lyzed cross-coupling reactions (Scheme 1, left).

Non-conjugated derivatives, in which dpa moiety is con-
nected with an aliphatic carbon atom, represent another
family of dpa based materials. The number of studies on alkyl-
substituted di(2-pyridyl)amines is rather limited,12,13 whereas
methylene bridged aromatic derivatives receive more attention
recently (Scheme 1, right). Inherent flexibility provided by the
methylene linker not only expands the range of possibilities
for various supramolecular motifs in solid state, as studied by
L. Lindoy et al.,22–24 but also allows for non-trivial reactivity25

and luminescent properties26,27 of these compounds and their
metal complexes. Compared to their conjugated counterparts,
methylene bridged dpa derivatives are much easier to syn-
thesize from dpa and corresponding halides via nucleophilic
substitution reaction in presence of a base. Corresponding

Scheme 1 Conjugated and non-conjugated dpa derivatives and their
syntheses.

†Electronic supplementary information (ESI) available: Additional details and
discussion on syntheses and side products, photocyclization of 1, phosphor-
escence excitation and variable temperature time resolved emission spectra of
[7–10]·Br2,

1H NMR spectra of all compounds, and crystallographic data. CCDC
1868987–1868999. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c8dt03912g
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Finland. E-mail: matti.o.haukka@jyu.fi
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metal complexes can be then obtained by coordinating the
dpa fragment on metals using conventional methods of
coordination chemistry.

In this work we demonstrated, that the aforementioned
conventional synthesis of methylene bridged dpa derivatives
from dpa and corresponding halides does not always provide
sufficient yields, and proposed an alternative synthetic
approach, which involves the derivatization step after – rather
than prior to – coordination of dpa on metal center. This
approach makes the nucleophilic substitution reaction easier
and more tolerant to various substituents in the halides, and
allows more efficient synthesis of series of dpa based metal
complexes with various organic backbones. Efficiency and ver-
satility of the proposed synthetic approach were demonstrated
on synthesis of series of substituted benzyldi(2-pyridyl)amines
and their platinum(II) complexes. In addition, the products
were structurally characterized and their photophysical pro-
perties were investigated.

Results and discussion
Synthesis

As mentioned above, the methylene bridged dpa derivatives
are usually obtained by nucleophilic attack of the amino nitro-
gen atom of dpa on benzyl halides in presence of a base
(Scheme 2a). However, several side processes can diminish the
reaction yield; for example, the reported yields of benzyldi(2-
pyridyl)amine vary from as high as 82% 28 to as low as 16%.22

As we demonstrated in this work, the reaction becomes par-
ticularly problematic, when an electron withdrawing group is
introduced in the phenyl ring (the same trend can also be
found in another recent publication29). In such case, the
methylene group can be easier deprotonated by the base due
to stabilization of the resulting anion, leading to undesired
side reactions. Additionally, benzylation of the pyridine nitro-
gen atoms instead of the amino nitrogen atom may take place
(Scheme 2b).

Inspired by reports of various transition metal complexes
containing deprotonated di(2-pyridyl)amide (dpa-H)−

ligands,30–33 we suggested that use of such complexes in the
benzylation reaction (Scheme 2c) could suppress the aforemen-
tioned undesired side processes. Thus, use of a base would be
unnecessary in the reaction since the amino nitrogen atom of
dpa is already deprotonated. Therefore, deprotonation of the
methylene group of the benzyl halide would be avoided. The
pyridine nitrogen atoms would be protected from benzylation
by metal center. Moreover, such approach would allow more
efficient synthesis of complexes of a particular metal with
various non-conjugated dpa-derived ligands, which is a
common research practice (for examples, see ref. 22, 23, 25, 27
and 29). Using the proposed method, such series of complexes
could be easily obtained in one step from the (dpa-H)− con-
taining complex and corresponding halides. The approach of
derivatization of coordinated ligands has been applied, for
example, to synthesis of various bipyridine and terpyridine
complexes of ruthenium(II) and named as “Organic chemistry
of coordination compounds”34 or “Chemistry on the
complex”.35

We decided to test the proposed approach on synthesis of
substituted benzyldi(2-pyridyl)amines 1–3 with substituents
R = H, I, and NO2 in ortho-position of the phenyl ring as repre-
sentatives of methylene bridged dpa derivatives with various
electronic properties of the substituents. Metal center was
chosen to be platinum(II), which is often used in development
of phosphorescent materials due to its strong spin–orbit coup-
ling;36 complexes of platinum(II) with dpa-based ligands are
also considered as potential anticancer agents.12–15 In
addition, synthesis of [Pt(dpa-H)2]

33 and methylation of a
structurally related bis(imidoylamidinate)platinum(II) complex
[Pt{NHvC(Ph)–NC(Ph)vNPh}2],

37 which can be seen as proto-
type for the dpa benzylation reaction, have been published pre-
viously (Scheme 3).

The target benzyldi(2-pyridyl)amines 1–3 and platinum(II)
complexes 4–10 were synthesized using both conventional
(benzylation prior to coordination) and alternative (benzylation
after coordination) approaches (Scheme 4). Below particular
details of syntheses are discussed in detail and comparison
between the two approaches is presented.

Conventional synthetic route. Benzyldi(2-pyridyl)amines 1
and 2 were synthesized by adapting published procedure22 via
nucleophilic attack of dpa on corresponding benzyl bromides
in presence of sodium hydroxide. However, synthesis of 3
using the same technique failed due to enhanced methylene
group reactivity (for discussion and identification of side pro-

Scheme 2 Reaction between dpa and benzyl halides: (a) target reac-
tion, (b) undesired side reactions, (c) proposed reaction with (dpa-H)−

complexes.
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ducts, see section S1 in the ESI†), and consequently two step
synthesis38 implying water-free conditions and sodium
hydride as a base was performed.

The obtained compounds were then coordinated on plati-
num(II) by adapting known procedures33 in two steps. First,
diiodide complexes 4–6 were obtained by reacting K2PtCl4 with
one equivalent of 1–3 and excess of KI in water. The homolep-
tic complexes [7–9]·(OTf)2 were then obtained by reacting the
diiodide complexes with another equivalent of the corres-
ponding ligand 1–3 in acetonitrile in presence of silver(I) tri-
flate (Scheme 4 top).

Alternative synthetic route. Neutral complex [Pt(dpa-H)2]
was synthesized using published procedure.33 Reaction of this

complex with corresponding benzyl bromides afforded target
homoleptic complexes [7–9]·Br2. Additionally, complex [10]·Br2
containing 2-cyanobenzyldi(2-pyridyl)amine ligands was syn-
thesized with ease using this method (Scheme 4 bottom).

Yields of the two syntheses are compared in Table 1.
Clearly, the alternative synthetic route provides higher overall
yields of the homoleptic complexes 7–10 due to lower number
and higher yields of the individual steps. In addition, intro-
duction of the electron withdrawing groups in the benzyl
moiety does not drastically affect the yields, in contrast with
the conventional synthesis. Lesser reaction steps are also
important for a practical synthesis. The conventional method
required 9 steps to synthesize complexes [7–9]·(OTf)2 (3 reac-
tion steps per complex), and many of them required individual
approach due to variable properties (such as solubility and
crystallizability) of the derivatives. On the other hand, starting
from [Pt(dpa-H)2], the alternative method took only 3 steps to
synthesize these complexes as bromides using very similarScheme 3 Known reactions of platinum(II) complexes, which inspired

this work: (a) synthesis of [Pt(dpa-H)2],
23 (b) methylation of [Pt{NHvC

(Ph)–NC(Ph)vNPh}2].
26

Table 1 Yields of complexes 7–10 in the two synthetic approaches

Complex

Overall yield (yields of individual stages), %

Conventional synthesisa Alternative synthesisb

7 3 (26 × 82 × 14) 37 (38 × 97)
8 13 (44 × 48 × 61) 24 (38 × 64)
9 0.3 (9 × 20 × 15) 32 (38 × 85)
10 — 30 (38 × 79)

aOverall yields were obtained by multiplication of the individual yields
of the corresponding stages in the following order: dpa → ligands
(1–3), ligands (1–3) → diiodide complexes (4–6), and diiodide com-
plexes (4–6) → homoleptic complexes ([7–9]·(OTf)2).

bOverall yields
were obtained by multiplication of the yields of the corresponding
individual stages in the following order: dpa → [Pt(dpa-H)2], [Pt(dpa-
H)2] → homoleptic complexes ([7–10]·Br2).

Scheme 4 Synthesis of benzyldi(2-pyridyl)amines 1–3 and their platinum(II) complexes 4–10: the conventional (top) and alternative (bottom)
approaches.
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reaction conditions and workup. Moreover, any other deriva-
tive could be obtained just in one simple step using this
method, as demonstrated by synthesis of [10]·Br2.

These results demonstrate, that the alternative approach
can be very convenient in synthesis of platinum(II) complexes
with various methylene bridged dpa ligands. Moreover, even
though separate tests were not performed, we believe that this
approach can also be utilized for synthesis of platinum(II) com-
plexes with only one methylene bridged dpa ligand. This
suggestion is supported by the obtained side product
dibromo(2-cyanobenzyldi(2-pyridyl)amine)platinum(II) (S4) in
synthesis of [10]·Br2 (see section S2 in the ESI† for details).

Characterization of the products

In this section, crystal structures and general 1H NMR spectral
features of all the obtained benzyldi(2-pyridyl)amines 1–3 and
platinum(II) complexes 4–10 are discussed.

Benzyldi(2-pyridyl)amines 1 and 2 crystallize in monoclinic
space group P21/n, and 3 crystallizes in triclinic P1̄ space
group. In crystal structure of 1 pyridyl rings are in cis–trans
conformation, whereas substituted derivatives 2 and 3 possess
cis–cis conformation (using notation from ref. 1), and orien-
tation of the phenyl ring in 2 and 3 is such that the substitu-
ents are turned outward from the pyridyl rings (Fig. 1).
Halogen bond Npy⋯I (d(Npy⋯I) = 3.29 Å, ∠(Npy⋯I–C) = 166°)
in crystal structure of 2 accounts for formation of the halogen
bonded dimers (Fig. 2).

1H NMR spectra of 1–3 possess a number of multiplet
signals in aromatic area (8.3–6.8 ppm) corresponding to the
hydrogen atoms of pyridyl and phenyl rings, and one singlet
signal at 5.8–5.4 ppm corresponding to the methylene hydro-
gen atoms.

Diiodide complexes 4 and 6 crystallize in triclinic P1̄ space
group, whereas 5 crystallizes in monoclinic space group P21/n.
In all complexes, the metal center is coordinated by the dpa
derived ligands via pyridine nitrogen atoms (d(Pt–N) =
2.03–2.06 Å, ∠(N–Pt–N) = 84.9–85.3°), forming six-membered
chelate rings in boat conformation, with 50.6–53.5° dihedral
angles between the pyridine planes. Such coordination is

common for platinum(II) complexes with methylene bridged
dpa derivatives.12,13 Two iodide ligands complete slightly dis-
torted square planar configuration of the platinum metal
centers with Pt–I bond lengths 2.58–2.60 Å and I–Pt–I angles
91.0–91.9°. In crystal structure of 5, the phenyl iodine atom I3
is oriented towards platinum center, with Pt⋯I distance of
3.94 Å. In 6, however, the nitro group is oriented away from
platinum center (Fig. 3).

1H NMR spectra of 4–6 show downfielded (9.4–9.5 ppm)
aromatic signal possessing characteristic broadened satellites
due to splitting from 195Pt nucleus (3JH–Pt = 48–64 Hz), which
can therefore be assigned to pyridine hydrogen atoms in 6th

position. The other aromatic and methylene proton signals of
the complexes resemble those of the corresponding ligands.

Homoleptic complexes 7–10 form crystals of different mor-
phologies depending on counter ion. In order to obtain high
quality crystals, 7, 8, 10 were crystallized as triflates, whereas 9
was crystallized as a bromide. [7,8]·(OTf)2 and [9]·Br2 crystal-
lize in monoclinic space group C2/c ([9]·Br2 was crystallized as
tetrahydrate), and [10]·(OTf)2 crystallizes in triclinic P1̄ space
group as dihydrate. Complexes 7–10 are centrosymmetric in
solid state with platinum atoms at the inversion centers. Thus,
asymmetric units in 7–10 contain platinum center with one

Fig. 1 Crystal structures of 1–3.

Fig. 2 Halogen bonded dimers of 2.
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ligand and one counter ion (and two and one water molecule in
[9]·Br2 and [10]·(OTf)2 accordingly). Platinum centers possess
square planar configuration with Pt–N bond lengths 2.01–2.02 Å
and chelate N1–Pt–N2 angles 85.4–86.4°, and the six-membered
chelate rings adopt boat conformation (dihedral angles between
the pyridine planes 46.0–55.7°). Orientation of the phenyl ring
in [8]·(OTf)2 is disordered between two positions: with iodine
atom directed towards and away from platinum center. Nitro
group in [9]·Br2 and cyano group in [10]·(OTf)2 are oriented
towards platinum center with d(O2⋯Pt) = 3.27 Å in the former
and d(N4⋯Pt) = 3.39 Å in the latter (Fig. 4).

1H NMR spectra of 7–10 show that hydrogen atoms of the
two ligands are pairwise magnetically equivalent in all com-
plexes. Signals of the pyridine hydrogen atoms in 6th position
are shifted upfield compared with the precursor diiodide com-
plexes, and the satellites due to splitting from 195Pt can barely
be observed among the other aromatic signals.

Optical spectroscopy

Absorption spectra of 1–3 in methanol are presented in Fig. 5,
and their features are summarized in Table S1 in the ESI.† The
lowest energy absorption bands of the ligands can be assigned
to the π–π* transitions within dpa moiety.27 Studies of photo-
physical properties of benzyldi(2-pyridyl)amines 1–3 are com-
plicated due to their ability to undergo photocyclization in
solution.39,40 While this process is slow enough to allow the
measurement of absorption spectra, strong luminescence of
the products and intermediates of the photocyclization inter-
feres with the emission spectra of 1–3 in solution (for details,
see section S3 in the ESI†). For this reason, studies of lumines-
cent properties of the ligands were not included in this work.
We have previously studied luminescent behavior of dpa
hydrochloride, in which protonation of the pyridine nitrogen
atoms suppresses the reaction of photocyclization in solu-
tion.41 Analogous studies on luminescence of ligands 1–3 and
other methylene bridged dpa derivatives are underway in our
research group.

Absorption and photoluminescence emission spectra of
[7–10]·Br2 are presented in Fig. 6 and summarized in Table 2.

The lowest energy absorption bands of the complexes and the
ligands possess similar wavelengths (λmax ≈ 310 nm and
305 nm accordingly) and extinction coefficients (ε ≈ (13–16) ×
103 l mol−1 cm−1). The latter observation may indicate change
in the nature of the lowest electronic transition upon coordi-
nation of the ligands to the platinum center. Complexes
[7–10]·Br2 contain two ligands per molecule, and in the case of
pure intraligand π–π* transitions approximately twice higher
absorptivity would be expected for the complexes compared to
the ligands.42 In addition, previously published computational
studies on platinum(II) complexes with dpa derived ligands
revealed a significant contribution of the metal center in the
frontier molecular orbitals.15 Therefore, the low energy absorp-
tions in [7–10]·Br2 are assigned to π–π* transitions within dpa
moiety with an additional metal-to ligand charge transfer
contribution.‡

Solutions of [7–10]·Br2 are not luminescent in methanol at
room temperature. Quenching of luminescence of platinum(II)
complexes is usually attributed to thermal population of rela-
tively low lying metal centred excited states, leading to distor-
tion of coordination geometry and consequent non-radiative
relaxation.43 In order to observe the emission, solutions of the
complexes in methanol/ethanol mixture (1 : 4, v/v)44 were
cooled down to 80 K to form semi-rigid transparent glasses.

Emission properties of complexes [7–10]·Br2 share some
common features. Thus, all complexes display emission bands
with λmax = 407–425 nm, and a good match was observed
between the absorption (Fig. 6) and excitation (Fig. S6 in the
ESI†) spectra. Analysis of the time-resolved spectra (see section
S4 in the ESI†) reveals biexponential decays of these emission
bands. In all cases, the initial fast decay is followed by the
slower one, characterized by lifetimes τ1 and τ2 accordingly in
Table 2. The obtained values allow assignment of the observed
emission to phosphorescence.

However, significant differences are apparent from the
emission spectra of [8]·Br2, possessing additional shoulder at

Fig. 3 Crystal structures of 4–6.

‡This assignment is also supported by the preliminary computational DFT
studies on [8]·Br2 (to be presented in the follow-up publication).
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λmax ≈ 475 nm, and [10]·Br2, possessing additional peaks at
λmax = 448 and 480 nm. While in the latter case the emission
spectrum only slightly changes with time at 80 K (Fig. S7 in
the ESI†), the two emission bands of [8]·Br2 at λmax = 417 and

470/500 nm possess strikingly different lifetimes of 39 μs
and 3.7 ms accordingly. Time dependence of emission
spectrum of [8]·Br2 is illustrated on Fig. 7 and Fig. S8 in the
ESI.†

At higher temperatures small red shift of all of the emission
peaks is accompanied by decrease of lifetimes and emission
intensity until complete disappearance at 140–150 K.
Temperature dependencies of the observed rate constants
reveal plateaus in most of cases at temperatures close to 80 K,
indicating that the temperature-dependent non-radiative pro-
cesses are suppressed at this point.45

In addition, [7,9]·Br2 display an additional longer wave-
length emission band (λmax ≈ 500 nm) at temperatures of 120 K
and higher, which strengthens upon continuous irradiation of
the samples (Fig. S23 in the ESI†). Similar spectral changes
may also take place for [8,10]·Br2, being less apparent due to
the broad emission bands of these complexes. The appearance
of the new emission bands can be tentatively attributed to the

Fig. 5 Absorption spectra of ligands 1–3 (C = 50 μM) in methanol.

Fig. 4 Crystal structures of 7–10. Anions and solvent molecules are omitted for clarity.
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formation of excimers in viscous methanol/ethanol solution at
higher temperatures, which is a common feature of platinum(II)
complexes.43

Summarizing, the obtained complexes [7–10]·Br2 demon-
strate generally similar absorption and phosphorescence
spectra with excited state lifetimes of microsecond order,
typical for platinum(II) complexes.43 On the other hand, the
exceptionally long lifetime of the second emission band of
[8]·Br2 – a unique feature of among the obtained complexes –

is quite intriguing. This emission does not seem to originate
either from excimer formation or from aggregation, since it is
present in frozen matrix at 77 K, and does not depend on con-
centration (Fig. S11–18 in the ESI†). Thus, the additional green
emission of [8]·Br2 can be supposedly associated with a
specific conformation of the complex in the excited state,
stabilized by an intramolecular interaction involving iodine
atoms. Further studies of conformational flexibility and its
impact on photophysical properties of 8 are currently being
conducted in our research group.

Conclusions

Reaction between substituted benzyl bromides and [Pt(dpa-
H)2] is demonstrated to be an efficient synthetic route towards
benzyldi(2-pyridyl)amine complexes of platinum(II), which can
serve as an example of the proposed non-conventional
approach towards synthesis of metal complexes with methyl-
ene bridged dpa derivatives. This approach involves derivatiza-
tion as the last step, when the dpa moiety is already co-
ordinated on metal center, therefore allowing efficient one-
step synthesis of multiple complexes and at the same time pre-
venting undesired side reactions. The compounds obtained in
this work possess conformational flexibility due to the methyl-
ene bridge, which results in various orientations of the substi-
tuents in solid state. The complexes are not emissive in solu-
tion at room temperature, but display blue and green phos-
phorescence in frozen methanol/ethanol matrix at 77 K with
the lifetimes of μs order. The iodine substituted complex 8
possesses additional green emission with the lifetime of about
3.7 ms. Further studies on complex 8 and origin of its dual
emission are underway.

Experimental

All reagents and solvents for syntheses were purchased from
Sigma-Aldrich, except for K2PtCl4 (Strem Chemicals and Alfa
Aesar), and used as received without further purification. 1H
NMR spectra were recorded using Bruker Avance III HD
300 MHz and Bruker Avance 400 MHz spectrometers.
Chemical shifts are expressed in ppm using residual solvent
peak as internal standard. All the obtained 1H NMR spectra
are presented in section S5 in the ESI.† Elemental analyses (C,
H, N) were preformed using Elementar Vario EL III elemental
analyzer. Electrospray ionization mass spectra (ESI MS) were
obtained with a Bruker micrOTOF or Agilent 6560 LC-IMMS
TOF spectrometers equipped with an ESI source using metha-
nol or acetonitrile as solvents.

Table 2 Absorption (methanol solution, RT) and phosphorescence
emission (methanol/ethanol matrix, 80 K, λex = 320 nm) properties of
[7–10]·Br2

Complex λabs, nm ε 10−3, l mol−1 cm−1 λem, nm τ1, μs τ2, μs

[7]·Br2 244 31.0 407 78 ± 4 200 ± 3
313 13.4

[8]·Br2 244 30.6 417 ≤6b 39 ± 1
312 13.3 470/500a ≤90b 3700 ± 60c

[9]·Br2 243 35.8 425 ≤5b 45 ± 1
308 13.8

[10]·Br2 240 37.6 422/448/480a 21 ± 1 160 ± 20
310 14.9

a Bands with multiple local maxima. b Lifetimes too short for reliable
determination using the applied gate times. cMeasured at an equili-
brium state, since the sample was excited by the laser at 100 Hz pulse
repetition rate. Therefore, the real value may be slightly lower.

Fig. 7 Phosphorescence excitation (dashed lines, monitored at emis-
sion maximum) and emission (solid lines, monitored at excitation
maximum) spectra of [8]·Br2 in methanol/ethanol glass under two sets
of timing parameters (77 K, C = 20 μM, d = delay, g = gate).

Fig. 6 Absorption (methanol solution, RT, solid lines) and phos-
phorescence emission (methanol/ethanol matrix, 80 K, dashed lines)
spectra of [7–10]·Br2 (C = 20 μM). Emission spectra were measured
under excitation at λex = 320 nm, delay 20 ns, gate 10 μs (30 μs for
[8]·Br2).
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Crystallography

The crystals of 1–10 and S2–4 were immersed in cryo-oil,
mounted in a MiTeGen loop and measured at 120 K on a
Rigaku Oxford Diffraction Supernova diffractometer or at
170 K on a Bruker Axs KappaApexII diffractometer using Mo
Kα (λ = 0.71073) radiation. The CrysAlisPro46 or Denzo-
Scalepack47 program packages were used for cell refinements
and data reductions. Multi-scan/Gaussian/Analytical absorp-
tion correction (CrysAlisPro,46 SADABS48) was applied to the
intensities before structure solution. The structures were
solved by intrinsic phasing method using the SHELXT49 soft-
ware. Structural refinements were carried out using Olex2 50

graphical user interface. Intrinsic disorder was modelled over
two positions for one of the nitro groups in 3 and for 2-iodo-
benzyl moiety in 5 and [8]·(OTf)2. C–H and O–H hydrogen
atoms were positioned geometrically and constrained to ride
on their parent atoms, with C–H = 0.95–1.00 Å, O–H = 0.85 Å,
and Uiso = 1.2–1.5Ueq (parent atom), except for [10]·(OTf)2, in
which the H2O hydrogen atoms were located from the differ-
ence Fourier and refined isotropically. The crystallographic
details are summarized in section S6 in the ESI.†

Optical spectroscopy

HPLC grade methanol (J.T. Baker) and Uvasolv grade ethanol
(Sigma-Aldrich) were used as solvents for optical measure-
ments. Absorption spectra of 1–3 and [7–10]·Br2 were
measured at ambient temperature in MeOH solution on
Varian Cary 100 UV-visible spectrophotometer using quartz
cuvettes with 1 cm path length in range of 220–700 nm. Steady
state phosphorescence excitation and emission spectra of
[7–10]·Br2 at 77 K in MeOH/EtOH (1 : 4, v/v) solution (pre-
sented in Fig. 7 and S6†) were measured on Varian Cary
Eclipse Fluorescence spectrophotometer equipped with Oxford
Optistat cryostat using cryogenic 1 cm quartz luminescence
cuvette (FireflySci). Delay and gate times were adjusted in
ranges of 0.1–1 ms and 0.6–5 ms accordingly using functions
implemented in the spectrophotometer.

Phosphorescence emission decays were measured using the
stroboscopic time resolution technique.51 Samples were
excited at λex = 320 nm with 5 ns pulses (100 Hz repetition
rate) using the diode pumped Q-switched Nd:YAG laser Ekspla
NL230-100 with integrated optical parametric oscillator. The
phosphorescence emission was detected at 90° angle using
Oriel InstaSpec V ICCD detector with Acton SpectraPro sp-150i
Spectrograph equipped with 300 grooves per mm grating
blazed at 500 nm. Stanford Research Systems digital delay gen-
erator DG535 was used for controlling delay and gate timing
parameters. Temperature of the samples was controlled within
80–150 K range using Oxford Optistat cryostat with nitrogen as
static heat exchange gas. Sample solutions were placed in cryo-
genic 1 cm quartz luminescence cuvette (FireflySci) and deaer-
ated by bubbling nitrogen gas for 10 minutes prior to measure-
ments. A mechanical shutter was used to block the excitation
beam between measurements to avoid photoinduced changes
in the samples. The obtained spectra were processed using

OriginPro software. The lifetime values were determined from
the slopes of the fitted linear ln(I) vs. delay functions (see
section S4 in the ESI†).

Synthetic procedures

Synthesis of benzyldi(2-pyridyl)amine (1). The product was
synthesized according to published procedure.22 Solution of
benzyl bromide (190 mg, 1.1 mmol) in DMF (3 ml) was added
to suspension of dpa (171 mg, 1 mmol) and sodium hydroxide
(160 mg, 4 mmol) in DMF (5 ml) at room temperature. The
mixture was stirred at 75 °C for 24 h to change color from yel-
lowish to brown-orange. The solvent was evaporated on rotary
evaporator and the residue was dissolved in mixture of water
(15 ml) and chloroform (15 ml). Water phase was separated
and extracted with chloroform (2 × 15 ml). The combined
organic extract was dried over Na2SO4, filtered and evaporated.
The residue was subjected to column chromatography purifi-
cation on silica gel using chloroform/methanol (5 : 1, v/v)
mixture as eluent. Product containing fractions were combined
and evaporated to give yellow powder, which was recrystallized
from acetone to obtain colorless crystals of the product
(68 mg, 26%). Elemental analysis (%): C, 77.6; H, 5.4; N, 16.1.
Calc. for C17H15N3: C, 78.1; H, 5.8; N, 16.1. 1H NMR (acetone-
d6, 400 MHz): δ 8.29–8.25 (m, 2H), 7.63–7.57 (m, 2H),
7.38–7.34 (m, 2H), 7.27–7.20 (m, 4H), 7.16–7.12 (m, 1H),
6.92–6.87 (m, 2H), 5.53 (s, 2H, CH2). ESI MS (m/z): 262.14
(calcd for [M + H]+ 262.13), 545.26 (calcd for [2M + Na]+

545.24). Crystals suitable for X-ray diffraction analysis were
obtained by slow evaporation of solution in acetone.

Synthesis of 2-iodobenzyldi(2-pyridyl)amine (2). Solution of
2-iodobenzyl bromide (600 mg, 2 mmol) in DMF (3 ml) was
added to suspension of dpa (342 mg, 2 mmol) and sodium
hydroxide (240 mg, 6 mmol) in DMF (5 ml). The resulted
mixture was stirred at room temperature for 24 h to change
color from yellowish to dark-yellow. Remaining solids of
sodium hydroxide were filtered and solvent was evaporated on
rotary evaporator. Brown residue was dissolved in mixture of
water (20 ml) and chloroform (20 ml). Water phase was separ-
ated and extracted with chloroform (3 × 20 ml). Combined
organic extracts were dried over Na2SO4, filtered and evapor-
ated to volume of 20 ml. Acetone (20 ml) was added and the
solution was left overnight at 5 °C for crystallization. Obtained
yellowish crystals were filtered, washed with acetone (2 × 2 ml),
and recrystallized from acetone/chloroform (1 : 1, v/v) solution
to obtain the product as colorless crystals (345 mg, 44%).
Elemental analysis (%): C, 52.6; H, 3.4; N, 10.9. Calcd for
C17H14N3I: C, 52.7; H, 3.6; N, 10.9. 1H NMR (CDCl3, 300 MHz):
δ 8.31–8.29 (m, 2H), 7.83 (dd, 1H, J = 1.0, 7.9 Hz), 7.58–7.50
(m, 2H), 7.25–7.15 (m, 4H), 6.93–6.83 (m, 3H), 5.41 (s, 2H,
CH2). ESI MS (m/z): 387.99 (calcd for [M + H]+ 388.03). Crystals
suitable for X-ray diffraction analysis were obtained by slow
evaporation of solution in chloroform.

Synthesis of 2-nitrobenzyldi(2-pyridyl)amine (3). Synthesis
was conducted under nitrogen atmosphere using standard
Schlenk techniques similarly to published procedure.38

Sodium hydride (290 mg, 60% in mineral oil, 7.25 mmol) was
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mixed with pentane (20 ml) and resulted suspension stirred
for 3 min. When solids settled down most of the solvent was
decanted to remove the oil. The procedure was repeated once
more and remaining pentane was dried out under vacuum.
Toluene (5 ml) was added with stirring at −78 °C followed by
solution of dpa (860 mg, 5.03 mmol) in toluene (20 ml). The
reaction mixture was allowed to heat up to room temperature.
During this time formation of gas bubbles and cream colored
precipitate was observed. The mixture was stirred for 1 h at
room temperature (stirring was hampered due to formation of
precipitate) and 18 h at 100 °C. After cooling to room tempera-
ture, solution of 2-nitrobenzyl bromide (1.3 g, 6.02 mmol) in
toluene (20 ml) was added to the resulted gray suspension.
The mixture was stirred at room temperature for 30 min and
then at 100 °C overnight. After cooling to room temperature
formed light brown precipitate was filtered; brown filtrate was
concentrated on rotary evaporator. The obtained brown oil was
dissolved in chloroform, filtered from formed white precipitate
(side product S3, see section S1 in the ESI†), and solution sub-
jected to column chromatography purification using chloro-
form/diethyl ether (1 : 1, v/v) mixture as eluent. Product con-
taining fractions were combined and subjected to second
column chromatography purification using ethyl acetate/
hexane (1 : 5 → 3 : 5, v/v) mixture as eluent. Product containing
fractions were combined and slowly evaporated at room tem-
perature to produce yellow crystals, which were recrystallized
from ethyl acetate/pentane/diethyl ether (1 : 2 : 1, v/v) solution
to get the product as yellowish crystals (137 mg, 9%).
Elemental analysis (%): C, 66.3; H, 4.3; N, 18.05. Calcd for
C17H14N4O2: C, 66.7; H, 4.6; N, 18.3. 1H NMR (CDCl3,
300 MHz): δ 8.29–8.27 (m, 2H), 8.04 (dd, 1H, J = 1.3, 8.0 Hz),
7.60–7.50 (m, 3H), 7.48–7.41 (m, 1H), 7.36–7.29 (m, 1H),
7.24–7.19 (m, 2H), 6.89–6.84 (m, 2H), 5.83 (s, 2H, CH2). ESI MS
(m/z): 307.11 (calcd for [M + H]+ 307.12). Crystals suitable for
X-ray diffraction analysis were obtained by slow evaporation of
solution in ethyl acetate/pentane/diethyl ether (1 : 2 : 1, v/v).

Synthesis of diiodo(benzyldi(2-pyridyl)amine)platinum(II) (4).
Solution of K2PtCl4 (62 mg, 0.15 mmol) and KI (620 mg,
3.73 mmol) in water (10 ml) was stirred for 20 min. Solid 1
(45 mg, 0.17 mmol) was added to the obtained dark-red solu-
tion and the resulting suspension was stirred for 19 h at room
temperature and then 30 min at 85 °C. Yellow precipitate was
filtered out and washed with chloroform (5 × 1 ml) to give the
product as yellow powder (87.3 mg, 82%). Elemental analysis
(%): C, 28.6; H, 2.2; N, 6.1. Calcd for C17H15N3I2Pt: C, 28.8; H,
2.1; N, 5.9. 1H NMR (THF-d8, 400 MHz): δ 9.45–9.29 (m, 2H,
broad sidebands due to 3JPt,H = 45.0 Hz), 7.93–7.87 (m, 2H),
7.84–7.79 (m, 2H), 7.38–7.27 (m, 4H), 7.18 (m, 1H), 7.11–7.06
(m, 2H), 5.37 (s, 2H, CH2). ESI MS (m/z): 624.00 (calcd for
[M − I + CH3CN]

+ 624.02), 262.12 (calcd for [M − PtI2 + H]+

262.13). Crystals suitable for X-ray diffraction analysis were
obtained by slow evaporation of solution in THF.

Synthesis of diiodo(2-iodobenzyldi(2-pyridyl)amine)platinum(II)
(5). Solution of K2PtCl4 (124 mg, 0.30 mmol) and KI (1.25 g,
7.5 mmol) in water/THF mixture (10 ml, 1 : 1, v/v) was stirred
for 20 min. Solid 2 (120 mg, 0.31 mmol) was added to the

obtained dark-red solution and the resulting suspension was
refluxed for 16 h at 85 °C. The solvent was partly evaporated
on rotary evaporator and yellow-orange powder was filtered
and washed with chloroform (5 × 3 ml) and THF (5 × 3 ml) to
give the product as yellow powder (120.4 mg, 48%). Elemental
analysis (%): C, 24.3; H, 1.7; N, 4.9. Calcd for C17H14N3I3Pt: C,
24.4; H, 1.7; N, 5.0. 1H NMR (THF-d8, 300 MHz): δ 9.49–9.29
(m, 2H, broad sidebands due to 3JPt,H = 46.3 Hz), 8.40 (d, 1H,
J = 7.9 Hz), 7.99–7.92 (m, 2H), 7.84 (dd, 1H, J = 1.4, 7.9 Hz),
7.70–7.30 (m, 3H), 7.16–7.08 (m, 2H), 6.99–6.91 (m, 1H), 5.43
(s, 2H, CH2). ESI MS (m/z): 749.89 (calcd for [M − I + CH3CN]

+

749.91). Crystals suitable for X-ray diffraction analysis were
obtained by slow evaporation of solution in THF.

Synthesis of diiodo(2-nitrobenzyldi(2-pyridyl)amine)plati-
num(II) (6). Solution of K2PtCl4 (61 mg, 0.15 mmol) and KI
(610 mg, 3.67 mmol) in water (10 ml) was stirred for 20 min.
Solution of 3 (45 mg, 0.15 mmol) in THF (4 ml) was added to
the obtained dark-red solution and the resulting suspension
was stirred for 20 h at 70 °C. The solvent was partly evaporated
on rotary evaporator and brown precipitate was filtered and
washed with water (3 ml). Resulting solids were suspended
in boiling chloroform (7 ml) and yellow solution was dec-
anted. The procedure was repeated 5 times, the obtained
solutions were combined and evaporated. The residue was
washed with chloroform (2 × 2 ml) and suspended in THF
(3 ml). Dark solution was decanted and brown-yellow solids
were washed with THF (3 × 1 ml) and chloroform (2 × 1 ml)
to give the product as yellow powder (23 mg, 20%). Elemental
analysis (%): C, 26.8; H, 1.8; N, 7.4. Calcd for
C17H14N4O2I2Pt: C, 27.0; H, 1.8; N, 7.4. 1H NMR (THF-d8,
300 MHz): δ 9.48–9.29 (m, 2H, broad sidebands due to
3JPt,H = 44.4 Hz), 9.02 (d, 1H, J = 7.7 Hz), 8.04 (dd, 1H, J = 1.1,
8.1 Hz), 8.00–7.90 (m, 2H), 7.71–7.62 (m, 1H), 7.56–7.40 (m,
2H), 7.19–7.10 (m, 1H), 5.81 (s, 2H, CH2). ESI MS (m/z):
668.78 (calcd for [M − I + CH3CN]

+ 669.00). Crystals suitable
for X-ray diffraction analysis were obtained by slow evapor-
ation of solution in THF.

General procedure for conventional synthesis of bis(benzyldi
(2-pyridyl)amine)platinum(II) triflate complexes [7–9]·(OTf )2

Suspension of precursor complex 4–6 (0.1 mmol) and corres-
ponding ligand 1–3 (0.1 mmol) in acetonitrile (10 ml) was
stirred at 60 °C for 10 min. Solution of silver triflate (55 mg,
0.21 mmol) in acetonitrile (5 ml) was added dropwise at this
temperature within 5–7 min. Resulted mixture was stirred in
darkness at 75 °C for 16 h. Yellow precipitate of silver iodide
was filtered off and the filtrate was partially evaporated on
rotary evaporator to volume of 2 ml and allowed to evaporate
slowly at room temperature overnight. Resulted crystals were
washed with THF (2 × 2 ml), recrystallized from methanol/
acetonitrile mixture (1 : 1, v/v), and washed again with THF
(3 × 2 ml) to give product as colorless crystals. Crystals of
[7,8]·(OTf)2 suitable for X-ray diffraction analysis were obtained
by slow evaporation of solution in methanol. No high quality
crystals could be obtained for [9]·(OTf)2, and crystals of [9]·Br2
were measured instead.
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Bis(benzyldi(2-pyridyl)amine)platinum(II) triflate ([7]·(OTf)2).
Yield: 14 mg, 14%. Elemental analysis (%): C, 42.0; H, 2.7; N,
8.0. Calcd for C36H30N6O6F6S2Pt: C, 42.6; H, 3.0; N, 8.3. 1H
NMR (CD3CN, 400 MHz): δ 8.14–8.08 (m, 4H), 7.85 (d, 4H, J =
7.1 Hz), 7.78–7.68 (m, 8H), 7.44–7.37 (m, 4H), 7.36–7.30 (m,
2H), 7.22–7.17 (m, 4H), 5.51 (s, 4H, CH2). ESI MS (m/z): 866.13
(calcd for [M − OTf]+ 866.17).

Bis(2-iodobenzyldi(2-pyridyl)amine)platinum(II) triflate
([8]·(OTf)2). Yield: 83 mg, 61%. Elemental analysis (%): C,
34.1; H, 2.1; N, 6.75. Calcd for C36H28N6O6F6S2I2Pt: C, 34.1; H,
2.2; N, 6.6. 1H NMR (CD3OD, 300 MHz): δ 8.28–8.20 (m, 4H),
7.98–7.88 (m, 8H), 7.77 (m, 4H), 7.50–7.42 (m, 2H), 7.32–7.25
(m, 4H), 7.15–7.08 (m, 2H), 5.57 (s, 4H, CH2). ESI MS (m/z):
1117.92 (calcd for [M − OTf]+ 1117.96).

Bis(2-nitrobenzyldi(2-pyridyl)amine)platinum(II) triflate
([9]·(OTf)2). Yield: 17 mg, 15%. Elemental analysis (%): C,
39.1; H, 2.6; N, 9.7. Calcd for C36H28N8O10F6S2Pt: C, 39.1; H,
2.55; N, 10.1. 1H NMR (CD3OD, 300 MHz): δ 8.30–8.22 (m, 4H),
8.04–7.92 (m, 8H), 7.84–7.72 (m, 6H), 7.68–7.61 (m, 2H),
7.38–7.31 (m, 4H), 5.91 (s, 4H, CH2). ESI MS (m/z): 403.59
(calcd for [M − 2OTf]2+ 403.59).

General procedure for alternative synthesis of bis(benzyldi(2-
pyridyl)amine)platinum(II) bromide complexes [7–10]·Br2

[Pt(dpa-H)2] (53 mg, 0.1 mmol, prepared according to pre-
viously published procedure33 with 38% yield) and corres-
ponding benzyl bromide (0.2 mmol) were suspended in aceto-
nitrile (20 ml) and stirred at 75 °C for 24 h and refluxed for
2 h. Solvent was evaporated on rotary evaporator, and yellow
residue was washed with chloroform (2 × 2 ml) and diethyl
ether (2 × 2 ml). Resulting colorless solids were recrystallized
from methanol to afford product as colorless crystalline
material ([7]·Br2, 86 mg, 97%; [8]·Br2, 72 mg, 64%; [9]·Br2,
82 mg, 85%). 1H NMR spectra of [7–9]·Br2 matched those pre-
sented above. Crystals of [9]·Br2 suitable for X-ray diffraction
analysis were obtained by slow evaporation of solution in
methanol. In synthesis of [10]·Br2, additional side product S4
was isolated and identified (see section S2 in the ESI†).

Bis(2-cyanobenzyldi(2-pyridyl)amine)platinum(II) bromide
([10]·Br2). Yield: 78 mg, 79%. Elemental analysis (%): C, 46.2;
H, 3.2; N, 11.7. Calcd for C36H28N8Br2Pt: C, 46.6; H, 3.0; N,
12.1. 1H NMR (CD3OD, 300 MHz): δ 8.30–8.22 (m, 4H),
8.07–8.02 (m, 2H), 7.97–7.95 (m, 4H) 7.88–7.72 (m, 8H),
7.60–7.54 (m, 2H), 7.33–7.27 (m, 2H), 5.75 (s, 4H, CH2). ESI MS
(m/z): 846.12 (calcd for [M − Br]+ 846.13), 383.60 (calcd for
[M − 2Br]2+ 383.60). Since only poor quality thin needle
crystals could be obtained from [10]·Br2, the reaction of anion
exchange from bromide to triflate was performed using
silver(I) triflate in methanol. Crystals of [10]·(OTf)2 suitable for
X-ray diffraction analysis were obtained by slow evaporation of
the resulted filtered solution.
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A 2D network in co-crystal (1:1) based on trans-[PtBr2(acetoxime)2] and 18-crown-6

Evgeny Yu. Bulatov · Tatiana G. Chulkova · Matti Haukka ·
Vadim Yu. Kukushkin

Evgeny Yu. Bulatov · Tatiana G. Chulkova (*) · Vadim Yu. Kukushkin
Department of Chemistry, St. Petersburg State University, 198504 Stary Petergof, Russian Federation
e-mail: tgc@mail.ru

Matti Haukka
Department of Chemistry, University of Eastern Finland, P.O. Box 111, FI-80101, Joensuu, Finland

Abstract A 1:1 co-crystal of trans-[PtBr2(acetoxime)2] and 18-crown-6 has been obtained by a slow-evaporation of the
equimolar mixture of trans-[PtBr2(acetoxime)2] and the crown ether. The compound crystallizes in the triclinic space
group P-1, with unit cell parameters a = 7.4765(2) Å, b = 9.5044(2) Å, c = 10.1591(3) Å, a = 83.687(1)°, b =
70.847(1)°, g = 79.773(1)°, Z = 1. trans-[PtBr2(acetoxime)2] is assembled with 18-crown-6 into a 2D network structure
by interactions between the oxygen atoms of 18-crown-6 and the hydroxylic and methyl hydrogen atoms of the oxime
ligands.

Keywords Acetoxime • Co-crystal • 18-Crown-6 • Platinum • Supramolecular chemistry

Introduction

Association of heteroatom containing macrocyclic compounds such as crown ethers with metal complexes provides a
new approach for generation of supramolecular architecture. Intermolecular interactions between metal complexes and
crown ethers leading to the formation of associates offer the possibility for design of different metal-containing
supramolecular materials and selective extraction of coordination compounds into hydrophobic media [1]. A large
amount of crown ether associates have been produced and studied by different methods [2-7]. Most of these species
exhibit 1D array structure with the equimolar complex to crown ether stoichiometry. Supramolecular organization
determined by hydrogen bonding between an oxygen atom of the crown ether and acidic hydrogen(s) of a ligand. In
view of our interest in the oxime chemistry [8-11] and, in particular, in supramolecular aggregations involving metal-
bound oximes [12], we studied association of an (acetoxime)PtII complex and a crown ether providing an infinite 2D
network structure. In this study, a 2D supramolecular trans-[PtBr2(acetoxime)2]•(18-crown-6) associate has been
produced by co-crystallization of trans-[PtBr2(acetoxime)2] and 18-crown-6.

Experimental

General

All the reagents and solvents employed were commercially available and used as received without further purification.
FTIR spectrum (4000–400 cm–1) was recorded on a Shimadzu FTIR-8400S spectrometer in KBr pellets. 1H NMR
measurements were performed on a Bruker-DPX 300 instrument at ambient temperature. HRMS spectra are recorded on
a Bruker micrOTOF electrospray ionization mass spectrometer.

Preparation

trans-[PtBr2(acetoxime)2] was produced by the isomerization of cis-[PtBr2(acetoxime)2] [13] and co-crystallized with
18-crown-6 in a 1:1 molar ratio from an acetone:chloroform (2:3, v/v) solution at 20–25 °C.
trans-[PtBr2(acetoxime)2]•(18-crown-6) (1): greenish-yellow crystals, mp = 163‒167 °C (dec.). HRMS (ESI, m/z) =
500.9094 (100%), 499.9121 (75%), 498.9112 (98%) (M - 18-crown-6 - H)-, 265.1731 (2.4%) (M - [PtBr2(acetoxime)2]
+ H)+, 282.2000 (100%) (M - [PtBr2(acetoxime)2] + H2O)+, 287.1549 (12%) (M - [PtBr2(acetoxime)2] + Na)+, 303.1293
(24%) (M - [PtBr2(acetoxime)2] + K)+. IR data, cm–1: 3441 brn(O-H), 1664 m n(C=N), 1105 ms n(C-O), 962 m
n(N-O). 1H NMR in acetone-d6, d, ppm: 2.19 (s, 6H, CH3), 2.61 (s, 6H, CH3), 3.62 (s, 24H, CH2).



Single-crystal X-ray analysis

Structure Determination and Refinement of 1

X-ray structure determination was carried out on a Bruker Smart Apex II diffractometer using Mo Ka radiation (l =
0.71073 Å). The APEX2 [14] program package was used for cell refinements and data reductions. The structure was
solved by direct methods using SHELXS-97 [15] with the WinGX [16] graphical user interface. An empirical absorption
correction (SADABS [17]) was applied to the data. Structural refinements were carried out using SHELXL-97 [15]. The
OH hydrogen atom was located from the difference Fourier map but idealized with O–H 0.84 Å, and Uiso = 1.5
Ueq(parent atom). Other hydrogen atoms were positioned geometrically and were also constrained to ride on their parent
atoms, with C–H = 0.98–0.99 Å, and Uiso = 1.2–1.5 Ueq(parent atom). The displacement ellipsoid diagram and the
packing diagram were drawn with DIAMOND [18]. The largest difference electron density peak of 3.157 eA–3 is
located. Crystallographic data is shown in Table 1.

Table 1 Crystallographic data for 1.

Formula C18H38Br2N2O8Pt
Formula weight 765.41
Crystal system Triclinic
Space group P`1
Color Yellow
a (Å) 7.4765(2)
b (Å) 9.5044(2)
c (Å) 10.1591(3)
��(°) 83.687(1)
��(°) 70.847(1)
��(°) 79.773(1)
V/(Å3) 670.07(3)
Z 1
Dcalc/ Mg m–3 1.897
m (mm–1) 8.257
F(000) 372
Crystal size 0.41 ´ 0.22 ´ 0.13 mm3

Theta range for data collection 2.13 to 33.17°
Range of h, k, l –11£h£11, –14£k£14,

–15£l£15
Reflections collected 14008
Independent reflections 5061 [R(int) = 0.0303]
Completeness to theta = 33.17° 98.7%
Absorption correction Semi-empirical from

equivalents
Max. and min. transmission 0.4132 and 0.1324
Refinement method Full-matrix least-squares on

F2

Data / restraints / parameters 5061 / 0 / 144
GOF 1.096
R1 [I>2s(I)] 0.0284
wR2 (all data) 0.0732
Largest diff. peak and hole (e•Å–3) 3.157 and –2.745

Results and Discussion

The associate trans-[PtBr2(acetoxime)2]•(18-crown-6) (1) has been produced by a slow co-crystallization of the
equimolar mixture of trans-[PtBr2(acetoxime)2] and 18-crown-6 from an acetone:chloroform (2:3, v/v) solution at 20–
25 °C. A ratio of trans-[PtBr2(acetoxime)2] and the crown ether in the associate obtained is 1:1. Associate 1 crystallizes
in the triclinic space group P`1. The platinum center has a square-planar geometry. The bond angle Br(1)–Pt(1)–N(1) is
close to 90°. The bond lengths around Pt(1), i.e. Pt(1)–Br(1) and Pt(1)–N(1), are close to those observed for the trans-



[PtBr2(acetoxime)2] complex [13]. In 1, the bond length N(1)–C(1) is typical for the corresponding N–C bond in
platinum(II) complexes having oxime ligands [13].
An interesting feature is the conformation of the crown ether. As it was observed for the free 18-crown-6 [19], in 1, the
crown ether has two inward-turned CH2 groups and two oxygens with the electron pairs facing outward and away from
the center (see Fig. 1). The inward-turned CH2 groups interact with two inward-turned oxygens. The H(C4)•••O(6) and
H(C10)•••O(3) distances are 2.87 Å.

Fig. 1 Displacement ellipsoid plot of 1 at the 50% probability level.

Table 2 Selected bond lengths [Å] and angles [°] for 1.
_____________________________________________________
Pt(1)–N(1) 2.000(2)
Pt(1)–Br(1) 2.4190(3)
O(1)–N(1) 1.394(3)
N(1)–C(1) 1.284(3)

N(1)#1–Pt(1)–N(1) 180.0
N(1)–Pt(1)–Br(1) 89.98(7)
C(1)–N(1)–O(1) 113.6(2)
C(1)–N(1)–Pt(1) 129.6(2)
_____________________________________________________
Symmetry transformations used to generate equivalent atoms:
#1 –x + 1, –y + 1, –z + 2

Table 3 Hydrogen bonding for 1.
____________________________________________________________________________
D–H•••A d(D–H) d(H•••A) d(D•••A) <(DHA)
____________________________________________________________________________
O(1)–H(1O)•••O(2)#3 0.84 1.86 2.687(3) 167
____________________________________________________________________________
Symmetry transformations used to generate equivalent atoms:
#1 –x+1, –y+1, –z+2    #2 –x+1, –y, –z+1    #3 –x+1, –y, –z+2

In 1, the trans-[PtBr2(acetoxime)2] moiety is linked to four crown ether molecules through the H(O1) and H(C2) atoms
forming the infinite 2D network structure (see Fig. 2). The C(1)–N(1)–Pt(1) plane intersects 18-crown-6 ring plane at
the angle of 88.5(2)°. Each of the acetoxime ligands links to two crown ethers via the conventional H(O1)•••O bonding
(1.86 Å) and the non-conventional weak H(C2)•••O interaction (2.59 Å).



Fig. 2 View of a fragment of two-dimensional trans-[PtBr2(acetoxime)2]•(18-crown-6) network structure.

Conclusion

The complex trans-[PtBr2(acetoxime)2] co-crystallizes with 18-crown-6 forming 1:1 associate. A two-dimensional
supramolecular structure based on this associate was characterized by X-ray diffraction. The crystal structure
determination revealed the presence of the conventional O-H•••O and the non-conventional weak C–H•••O interactions
between the hydroxylic hydrogen atom and the methyl hydrogen atom, respectively, of acetoxime and the oxygens of
18-crown-6. Owing to these interactions, the trans-[PtBr2(acetoxime)2] moiety is linked to four crown ether molecules
forming a 2D network structure.
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Crystallographic data reported in this paper have been deposited with the Cambridge Data Centre (CCDC deposition
number 833243). The data can be obtained free of charge on application to CCDC, 12 Union Road, Cambridge, CB2
1EZ (email deposit@ccdc.cam.ac.uk).
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a b s t r a c t

The associates 2(cis-[PtCl2(acetoxime)2])�18-crown-6�2H2O (1), 2(cis-[PtBr2(acetoxime)2])�18-crown-
6�2H2O (2), and trans-[PtCl2(acetaldoxime)2]�(18-crown-6)�2H2O (3) were synthesized by co-crystalliza-
tion of free corresponding platinum species and 18-crown-6 from wet solvents and characterized by
1H NMR and IR spectroscopies, high-resolution mass-spectrometry (ESI), TG/DTA, and X-ray crystallogra-
phy. The (oxime)Pt(II) species are assembled with 18-crown-6 and water by hydrogen bonding between
the hydroxylic hydrogen atoms of the oxime ligands and the oxygen atom of water and between the
hydrogen atoms of water and the oxygen atoms of 18-crown-6. In 2(cis-[PtX2(acetoxime)2])�18-crown-
6�2H2O (where X = Cl (1), Br (2)), the molecule of the crown ether is located between the two cis-[PtX2

(acetoxime)2] species. The associate trans-[PtCl2(acetaldoxime)2]�(18-crown-6)�2H2O (3) crystallizes into
a 1D array structure. Water molecules play the role of linkers between the (oxime)Pt(II) species and the
crown ether molecules. The electronic structures and vibrational frequencies of the triple associates were
studied by density functional theory (DFT/B3LYP).

� 2014 Elsevier B.V. All rights reserved.

Introduction

During the past decades, the hybrid metal complex-organic
supramolecular systems have attracted significant interest owing

to their promising applications in catalysis, sensors, nonlinear
optics, and electronics [1–4]. A great number of such materials
include crown ethers. The latter species are widely used in supra-
molecular chemistry insofar as the hydrophilic cavity of macrocy-
cles can selectively recognize ions or molecules by intermolecular
interactions between the guest and the host cavities. Such interac-
tions may be formed between the acidic hydrogen of ligand and
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the oxygen atoms of crown ether [5]. At the same time, the crown
ether CH2 groups can also possess significant acidity and form
hydrogen bonds with basic atoms of ligands [6].

The hybrid supramolecular systems may contain two or more
different building blocks, e.g. the hybrid metal complex–organic
species may include the small molecules of solvents. Sometimes,
the small hydrophilic molecules play the important role in the
organization of supramolecular structure. It is well known, that
water molecules may produce the hydrogen bonds between the
hydrophilic ligands of complexes and the crown ether molecules
thus forming the supramolecular structures of different kinds such
as the discrete assemblies, infinite 1D arrays, 2D, or 3D architec-
tures [1].

We believe that the self-assembly of (oxime)PtII complexes with
crown ethers opens up a new route for the development of plati-
num-based nanomaterials with unique catalytic and physical
properties. Although assembly of Pt complexes with crown ethers
had a few precedents in the past [7,8], only one hybrid system
based on crown ethers and (oxime)Pt species has been produced
[8]. Thus, recently we reported, on the assembly of trans-[PtBr2
(acetoxime)2] with 18-crown-6 [8] providing the association of
these species to give a 2D net structure, which does not include
water molecules (Fig. 1a). We now observed that the more polar
isomeric cis-[PtX2(acetoxime)2] complexes (X = Cl, Br) and the
one with more hydrophilic aldoximes ligand, viz. trans-[PtCl2(acet-
aldoxime)2], under the same conditions form triple associates with
18-crown-6 and water molecules. The latter plays the role of a lin-
ker between the assembling units (Fig. 1b and c).

Experimental

Materials and methods

All the reagents and solvents employed were commercially
available and used as received without further purification. FTIR
spectrum (4000–400 cm�1) was recorded on a Shimadzu FTIR-
8400S spectrometer in KBr pellets. 1H NMR measurements were
performed on a Bruker-DPX 300 instrument at ambient tempera-
ture. Electrospray ionization mass spectra were obtained on a Bru-
ker micrOTOF spectrometer equipped with electrospray ionization

(ESI) source and MeOH was used as the solvent. The instrument
was operated both at positive and negative ion modes using a m/
z range of 50–3000. The capillary voltage of the ion source was
set at �4500 V (ESI+–MS) or 3500 V (ESI��MS) and the capillary
exit at ±(70–150) V. The nebulizer gas flow was 0.4 bar and drying
gas flow 4.0 L/min. In the isotopic pattern, the most intensive peak
is reported.

TG/DTA measurements were performed using NETZSCH STA
449 F1 simultaneous thermal analyzer. The heating rate was pro-
grammed at 3.7 �C min�1 with a protecting steam of Ar flowing
at a rate of 21.9 mL min�1.

Synthesis of 2(cis-[PtCl2(acetoxime)2])�18-crown-6�2H2O (1)

Acetoxime (132 mg, 1.81 mmol) was added to a solution of
K2[PtCl4] (171 mg, 0.41 mmol) in water (10 mL), the mixture was
heated to 90–95 �C for 1 h and cooled to room temperature. The
released crystals were filtered off and dissolved in the mixture of
undried acetone and chloroform (3:2, v/v). 18-Crown-6 (108 mg,
0.41 mmol) was added to the solution. The pale yellow crystals
of 1 (175 mg, 76%) were produced by slow crystallization at 20–
25 �C.

IR data, cm�1: 3346 bm m(OAH), 3248 bm m(OAH), 3180 and
3104 m(OAH), 1662 m m(C@N), 1637–1628 bm m(HOH), 1111 s
m(CAO), 964 sh m(NAO). HRMS (ESI+, m/z) = 282.1901 (6.9%)
(M�[PtCl2(acetoxime)2]+NH4)+, 287.1457 (45%) (M�[PtCl2(acet-
oxime)2]+Na)+, 303.1205 (100%) (M�[PtCl2(acetoxime)2]+K)+.
HRMS (ESI�, m/z) = 410.0105 (M�18-crown-6�H)�. 1H NMR in
acetone-d6, d, ppm: 2.21 (s, 12H, CH3), 2.67 (s, 12H, CH3), 2.90 (s,
4H, H2O), 3.61 (s, 24H, CH2).

Synthesis of 2(cis-[PtBr2(acetoxime)2])�18-crown-6�2H2O (2)

KBr (144 mg, 1.20 mmol) was added to a solution of K2[PtCl4]
(100 mg, 0.24 mmol) in water (10 mL) and the mixture was left
to stand at 20–25 �C for 2 h. After addition of acetoxime (36 mg,
0.48 mmol), the reaction mixture was left to stand at the same
temperature for 3 d, and the released crystals were filtered off
and dissolved in the mixture of solvents undried acetone:chloro-
form (3:2, v/v). The crown ether (64 mg, 0.24 mmol) was added

(a) (b) (c)
Fig. 1. View of a fragment of (a) the two-dimensional trans-[PtBr2(acetoxime)2]�(18-crown-6) network structure (8); (b) the discrete binuclear associate 2(cis-
[PtX2(acetoxime)2])�18-crown-6�2H2O (X = Cl, 1; X = Br, 2); (c) the 1D array trans-[PtCl2(acetaldoxime)2]�(18-crown-6)�2H2O (3).
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to the reaction mixture. The product (90 mg, 58%) crystallized from
an undried acetone:chloroform (3:2, v/v) solution at 5 �C.

IR data, cm�1: 3421 bm m(OAH), 3183 bm m(OAH), 3104 bm
m(OAH), 3068 bm m(OAH), 1670 m m(C@N), 1638 bm m(HOH),
1106 vs m(CAO), 961 m m(NAO). HRMS (ESI+, m/z) = 282.1898
(1.2%) (M�[PtBr2(acetoxime)2]+NH4)+, 287.1463 (100%)
(M�[PtBr2(acetoxime)2]+Na)+, 303.1206 (23%) (M�[PtBr2(acet-
oxime)2]+K)+. HRMS (ESI�, m/z) = 497.9110 (M�18-crown-6�H)�.
1H NMR in CDCl3, d, ppm: 1.96 (s, 4H, H2O), 2.24 (s, 12H, CH3),
2.60 (s, 12H, CH3), 3.72 (s, 24H, CH2).

Synthesis of trans-[PtCl2(acetaldoxime)2]�(18-crown-6)�2H2O (3)

Acetaldoxime (107 mg, 1.81 mmol) was added to a solution of
K2[PtCl4] (171 mg, 0.41 mmol) in water (10 mL), the mixture was
heated to 90–95 �C for 1 h and cooled to room temperature. The
released crystals were filtered off and dissolved in the mixture of
undried acetone and p-xylene (4:1, v/v). 18-Crown-6 (108 mg,
0.41 mmol) was added to the reaction mixture. The pale yellow
crystals of 3 (194 mg, 69%) were produced by slow crystallization
at 20–25 �C.

IR data, cm�1: 3461 bm m(OAH), 3234 bm m(OAH), 3100
m(@CAH), 1680 m m(C@N), 1628 bm m(HOH), 1109 vs m(CAO),
963 m m(NAO). HRMS (ESI+, m/z) = 265.1706 (4.5%) (M�[PtCl2
(acetaldoxime)2]+H)+, 287.1571 (100%) (M�[PtCl2(acet-
aldoxime)2]+Na)+, 303.1278 (51%) (M�[PtCl2(acetaldoxime)2]+K)+.
HRMS (ESI�, m/z) = 322.9349 (100%) (M–18-crown-6–acet-
aldoxime–H)�, 381.9718 (90%) (M–18-crown-6–H)�. 1H NMR in
CDCl3, d, ppm: 1.63 (s, 4H, H2O), 2.08 (d, 5.8 Hz, 6H, CH3), 3.71 (s,
24H, CH2), 7.71 (quart, 5.8 Hz, 2H, CH), 9.21 (s, 2H, OH).

X-ray crystallography

The single crystals of 1 and 2 were grown by a slow crystalliza-
tion from an undried acetone:chloroform (3:2, v/v) solution. Com-
plex 3was crystallized from an undried acetone:p-xylene (4:1, v/v)
solution. The crystals of 1–3 were immersed in cryo-oil, mounted
in a Nylon loop, and measured at a temperature of 100 K. The X-
ray diffraction data were collected on a Bruker Smart Apex II (1),
Bruker AXS Kappa Apex II Duo (2) or Nonius KappaCCD (3) diffrac-
tometer using Mo Ka radiation (k = 0.71073 Å). The Apex2 [9] or
Denzo/Scalepack [10] program packages were used for cell refine-
ments and data reductions. The structures were solved by charge
flipping or direct methods using the Superflip [11], SHELXL-97
[12], or SIR-97 [13] programs with the WinGX [14] graphical user
interface. A semi-empirical absorption correction (SADABS) [15]
was applied to all data. Structural refinements were carried out
using SHELXL-97 [12]. In 3, the methyl H atoms of the CH3 group
were disordered across the mirror plane with equal occupancies.
The H2O and OH hydrogen atoms were located from the difference
Fourier map but constrained to ride on their parent atom, with
Uiso = 1.5 Ueq(parent atom). Other hydrogen atoms were positioned
geometrically and constrained to ride on their parent atoms, with
CAH = 0.95–0.99 Å and Uiso = 1.2–1.5 Ueq(parent atom). The crys-
tallographic details are summarized in Table 5.

Computational

The full geometry optimization, Mulliken charge distribution
and vibrational frequencies of 1–2 structures and model of 3
(including one trans-[PtCl2(acetaldoxime)2] complex linked by
water with two 18-crown-6 molecules) has been carried out at
the DFT hybrid level of theory using Becke’s three-parameter
hybrid exchange functional in combination with the gradient-cor-
rected correlation functional of Lee, Yang and Parr (B3LYP) [16–19]
using the Gaussian03 program packages [20]. Effective core poten-

tial model with triple-z basis sets CEP121G were used for platinum
and 6-31+G(d) basis sets for other atoms.

Results and discussion

The structures of 1–3 were determined by X-ray diffraction. A
ratio of cis-[PtX2(acetoxime)2] moiety and the crown ether in cen-
trosymmetric 1 and 2 is 2:1. In 3, the Pt complex and 18-crown-6
ether are symmetric, 2/m being their point group. In the complex,
Pt is at the inversion center, while both Cl and Pt atoms are on the
2-fold axis. Furthermore, Pt and oxime atoms (except methylic
hydrogens) are all on the plane of symmetry. The 18-crown-6 ether
molecule is positioned perpendicular to this mirror plane in such a
way that O3 oxygens lie on the plane. Complex 3 contains one
crown ether molecule per one trans-[PtCl2(acetaldoxime)2] moiety.
In 1–3, the platinum centers exhibit square-planar geometries
(Figs. 2 and 4). In isostructural 1 and 2, the bond angles
N(1)APt(1)AN(2) are close to 90� (Table 1). The bond distances
around Pt(1) in 1–3, viz. Pt(1)AX(1) and Pt(1)AN(1), are close to
those observed for the cis-[PtX2(acetoxime)2] and trans-[PtCl2
(acetaldoxime)2] complexes. The bond lengths N(1)AC(1) are typ-
ical for the corresponding NAC bond in platinum(II) complexes
having oxime ligands [21].

In 1–3, the crown ether molecules have the classic crown shape
when all oxygen atoms are located in the inner part of the crown
ether ring and all CH2 groups are turned outside (Figs. 2 and 3).
In 1, two water molecules are involved in the hydrogen bonding
between the crown ether molecule (H(1SO)� � �O(crown ether)) and
the acetoxime ligands of two cis-[PtCl2(acetoxime)2] moieties
(H(O1)� � �O(1S) and H(O2)� � �O(1S)). Parameters for the hydrogen
bonds are given in Table 2.

In contrast to trans-[PtBr2(acetoxime)2]�(18-crown-6), which
was crystallized under the same conditions giving the 2D net struc-
ture [8], associate 2 contains water molecules. Similar to 1, water
in 2 plays the role of a linker between the cis-[PtBr2(acetoxime)2]
moiety and the crown ether molecule forming the triple associate,
which contains two cis-[PtBr2(acetoxime)2] moieties, one crown
ether, and two water molecules. Two water molecules are situated
on different sides of the crown ether and bridge the hydroxyl
groups of the acetoxime ligands and the oxygen atoms of
18-crown-6. In 2, the two acetoxime ligands of each cis-[PtBr2
(acetoxime)2] moieties are linked to one water molecule via the
hydrogen bonding H(O1)� � �O(1S) and H(O2)� � �O(1S) and water is
linked to crown ether molecule via two bifurcated hydrogen bonds
(Table 3).

In 3, water plays the role of a linker between the trans-[PtCl2
(acetaldoxime)2] moiety and the crown ether molecules forming
the infinite 1D array [� � �H2O�trans-[PtCl2(acetaldoxime)2]�H2

O�(18-crown-6)� � �]1 (Fig. 3). The crown ether molecule is located
between the two water molecules and each water molecule
bridges the hydroxyl groups of the acetaldoxime ligands and the
oxygen atoms of 18-crown-6. The O(1)AN(1)APt(1) plane inter-
sects 18-crown-6 ring plane at the angle of 90.0(2)� (Fig. 4). Each
of the acetaldoxime ligands is linked to one water molecule via
the conventional H(O1)� � �O bonding (1.75 Å) and to one crown
ether molecule via the less usual weak H(C1)� � �O interaction
(2.31 Å). Parameters for the hydrogen bonds are represented in
Table 4.

There are no significant differences between the hydrogen bond
lengths in 1 and 2. However, in 3, the length of the hydrogen bond
between the H atom of oxime ligand and the O atom of coordinated
water is less than those in 1 and 2. This can be explained by the fact
that the water molecule in 3 is bound with one hydroxyl group of
the oxime, whereas the coordinated water in 1 and 2 is connected
with the two hydroxyls.
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In IR spectra of 1–3, the hydroxyl-stretching bands of the coor-
dinated water molecules are observed in the region 3400–
3050 cm�1. Also the broadness and relatively low frequency of
the oxime OAH stretching bands are both indicative of hydrogen
bonding between the oxime ligands and water molecules.

The presence of the oxime ligands in 1 is manifested by broad IR
bands of medium intensity at 3346 and 3248 cm�1, assigned to
symmetric and asymmetric m(OAH)oxime vibrations. The medium-
intensity broad bands at 3180 and 3104 cm�1 have been assigned
to the m(OAH)coordinated water asymmetric and symmetric modes.
In 2, the medium-intensity broad bands correspond to the sym-
metric and asymmetric vibrations of OAH bonds in the oxime
ligands m(OAH)oxime appear at 3421 and 3183 cm�1, respectively.
The medium-intensity broad bands at 3104 and 3068 cm�1 are
assigned to the asymmetric and symmetric modes of the coordi-
nated water, respectively. In the IR spectrum of 3, the medium-
intensity broad band at 3461 cm�1 and the weak-intensity broad
band at 3234 cm�1 have been assigned to the m(OAH)oxime sym-
metric and asymmetric modes, respectively. The bands associated
with vibrations of the coordinated H2O appear in the region 3600–

3300 cm�1. In particular, in 3, the weak band at 3380–3370 cm�1 is
observed as a shoulder.

TG/DTA study of 1–3 was performed using the powdered sam-
ples under argon atmosphere. The TG curve indicates that upon
heating, 1 showed a weight loss of about 3 wt% between room tem-
perature and 160 �C. The corresponding DTA curve shows a broad
and weak exothermic peak centered at 83 �C and a broad and weak
endothermic peak centered at 168 �C. Upon further heating, the TG
curve shows a fairly large mass loss, about 40%, in the temperature
range from 160 to 227 �C, which corresponds to a sharp endother-
mic peak centered at 227 �C on its DTA curve. Thereafter, the TG
curve shows a weight loss of about 10% in the temperature range
from 227 to 283 �C, which corresponds to a broad exothermic
DTA peak centered at 258 �C. The first mass loss seems to be due
to removal of water molecules, while the second and the third
mass losses are due to decomposition of the organically modified
framework.

The TG curve of 2 exhibits a mass loss of about 3% between
room temperature and 152 �C. The DTA curve of 2 shows a broad
and weak endothermic peak centered at 140 �C. Thereafter, the
TG curve displays a mass loss of about 58% in the temperature
range from 152 to 313 �C. The DTA curve shows two broad and
weak exothermic peaks, centered at 159 and 264 �C, respectively,

Table 1
Selected bond lengths [Å] and angles [�] for 1–3.

1 2 3

Pt(1)AN(1) 2.012(2) Pt(1)AN(1) 2.018(4) Pt(1)AN(1) 1.989(2)
Pt(1)AN(2) 2.014(2) Pt(1)AN(2) 2.020(4) Pt(1)ACl(1) 2.3035(6)
Pt(1)ACl(1) 2.2836(6) Pt(1)ABr(1) 2.3974(5) O(1)AN(1) 1.382(2)
Pt(1)ACl(2) 2.2914(5) Pt(1)ABr(2) 2.3952(5) N(1)AC(1) 1.276(3)
O(1)AN(1) 1.401(2) O(1)AN(1) 1.403(5)
O(2)AN(2) 1.398(2) O(2)AN(2) 1.403(4)
N(1)AC(1) 1.284(3) N(1)AC(1) 1.283(6)
N(2)AC(4) 1.278(3) N(2)AC(4) 1.274(6)
N(1)APt(1)AN(2) 92.33(7) N(1)APt(1)AN(2) 92.59(14) N(1)APt(1)AN(1) #1 180.00
Cl(1)APt(1)ACl(2) 91.74(2) Br(1)APt(1)ABr(2) 91.45(2) N(1)APt(1)ACl(1) 90.00

Symmetry transformations used to generate equivalent atoms: #1 �x + 1, �y + 1, �z + 2.

Table 2
Hydrogen bonding for 1.

DAH� � �A d(DAH) d(H� � �A) d(D� � �A) h(DHA)

O(1)AH(1)� � �O(1S) 0.84 1.83 2.670(2) 176
O(2)AH(2)� � �O(1S) 0.85 1.86 2.692(2) 165
O(1S)AH(1SO)� � �O(5) 0.84 1.94 2.773(2) 170
O(1S)AH(1SO)� � �O(3) 0.86 2.09 2.865(2) 149
O(1S)AH(1SO)� � �O(5)#1 0.86 2.52 3.173(2) 133

Symmetry transformations used to generate equivalent atoms: #1 �x, �y + 1, �z.

Table 3
Hydrogen bonding for 2.

DAH� � �A d(DAH) d(H� � �A) d(D� � �A) h(DHA)

O(1)AH(1)� � �O(1S) 0.85 1.82 2.668(4) 175
O(2)AH(2)� � �O(1S) 0.85 1.85 2.693(5) 167
O(1S)AH(1SO)� � �O(5) 0.85 1.95 2.789(4) 171
O(1S)AH(1SO)� � �O(3) 0.87 2.08 2.858(4) 148
O(1S)AH(1SO)� � �O(5)#1 0.87 2.51 3.180(4) 134

Symmetry transformations used to generate equivalent atoms: #1 �x, �y + 1, �z.

Table 4
Hydrogen bonding for 3.

DAH� � �A d(DAH) d(H� � �A) d(D� � �A) h(DHA)

O(1)AH(1O)� � �O(4) 0.84 1.75 2.583(2) 171
O(4)AH(4O)� � �O(2)#2 0.84 2.03 2.8568(14) 169

Symmetry transformations used to generate equivalent atoms: #1 �x + 1, �y + 1,
�z + 2, #2 x, �y + 1, z, #3 �x + 1, y, �z + 1

Table 5
Crystallographic data for 1–3.

1 2 3

Empirical
formula

C24H56Cl4N4O12Pt2 C24H56

Br4N4O12Pt2
C16H38Cl2N2O10Pt

fw 1124.71 1302.55 684.47
Temp (K) 100(2) 100(2) 100(2)
k (Å) 0.71073 0.71073 0.71073
Cryst syst Triclinic Triclinic Monoclinic
Space group P�1 P�1 C2/m
a (Å) 7.5168(2) 7.5818(3) 12.5875(3)
b (Å) 9.4347(2) 9.4835(3) 11.5718(3)
c (Å) 14.2683(3) 14.4633(5) 9.5264(2)
a (�) 78.241(1) 78.400(1) 90
b (�) 86.053(1) 85.746(2) 111.875(2)
c (�) 89.856(1) 89.694(1) 90
V (Å3) 988.24(4) 1015.84(6) 1287.71(6)
Z 1 1 2
qcalc (Mg/m3) 1.890 2.129 1.765
l (Mo Ka)

(mm�1)
7.396 10.866 5.704

No. reflns. 25600 25128 12189
Unique reflns. 6859 4600 1964
GOOF (F2) 1.004 1.092 1.066
Rint 0.0354 0.0196 0.0231
R1a (IP 2r) 0.0199 0.0235 0.0135
wR2b (all data) 0.0396 0.0854 0.0324

a R1 =
P

||Fo|–|Fc||/
P

|Fo|.
b wR2 = [

P
[w(Fo2–Fc2)2]/

P
[w(Fo2)2]]1/2.
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and a sharp endothermic peak, centered at approximately 225 �C.
The first mass loss is associated with elimination of the water mol-
ecules, while the other mass losses are due to decomposition of the
ligands and the crown ether moiety.

The TG curve of 3 exhibits a mass loss of about 5% between the
room temperature and 120 �C resulting from elimination of the
water molecules. The DTA curve of 3 has two broad and weak

endothermic peaks centered at 56 �C and 69 �C. A mass loss of
about 56% associated with decomposition of organic ligands occurs
in the temperature range from 120 to 200 �C. The DTA curve shows
a sharp exothermic peak centered at 142 �C, a broad and weak exo-
thermic peak at 158 �C, and a sharp endothermic peak centered at
196 �C. The presence of two exothermic peaks at 142 �C and 158 �C
may be associated with the structure reorganization. Thus for
instance, it is known, that the trans-(oxime)2Pt(II) complexes
may produce a 2D network structure with 18-crown-6 [8]. The last
peak centered at 196 �C corresponds to the melting accompanied
with decomposition. The analogues peaks centered at 227 �C and
225 �C are also associated with the melting with decomposition
in 1 and 2, respectively.

The water molecules in associates 1–3 bind with the oxime
ligands and 18-crown-6 via hydrogen bonds, therefore elimination
of water molecules precedes the thermal decomposition. Accord-
ing to the TG/DTA data, 1 is slightly more thermally stable than
2, and 3 is less stable than 1 and 2, because the water molecule
in 3 binds with one oxime ligand via hydrogen bond, while in 1
and 2 the water molecules bind with two oxime ligands.

It is well-known that X-ray diffraction experiments cannot indi-
cate the precise location of H-atoms. Therefore, the OH hydrogens
are practically always placed at idealized positions even if a suit-
able electron maximum could be found from a difference Fourier
map. However, the nature of the interaction can be analyzed in
detail by using computational methods. In accord with this state-
ment, we analyzed the H-bonding as well as the electronic struc-
tures and vibrational frequencies of 1–3 by computational
methods and our results are disclosed in the section that follows.

The calculated distances d(D� � �A) in 1–3 correspond to the crys-
tallographic data (Tables 2–4) within 0.05 Å. In 1–3, all oxygen and
nitrogen atoms have negative charges, while the carbon atoms and
the metal center bear positive charges (Table 6). The nitrogen and
oxygen atom charges of the oxime moieties in 2 are closely the
same with those in 1.

The calculated m(OAH)oxime and m(C@N)oxime frequencies of 1–3
are in a good agreement with the experimental data. The compar-
ison of the calculated and experimental vibrational frequencies for
1 is given in Table 7.

Fig. 2. Displacement ellipsoid plot of 1 at the 50% probability level. Symmetry
transformations used to generate equivalent atoms: #1 �x, �y+1, �z.

Fig. 3. 1D array structure of 3.

Fig. 4. Displacement ellipsoid plot of 3 at the 50% probability level.

Table 6
Calculated charge distribution a for 1–3.

1 2 3

Pt1 0.57 0.62 0.53
Cl1 �0.52 �0.65
Cl2 �0.46
Br1 �0.47
Br2 �0.42
N1 �0.46 �0.45 �0.38
N2 �0.47 �0.50
O1 �0.23 �0.24 �0.17
O2 �0.14 �0.13
H(O1) 0.64 0.65 0.63
H(O2) 0.60 0.61

a Mulliken charges are given.

Table 7
Comparison of the calculated and experimental vibrational frequencies (cm�1) for 1.

Calculated Experimental

m(OAH)oxime 3364 s 3346 s
3360 as
3211 as 3248 as
3205 as

m(C@N) 1737 s 1662
1731 as
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The hydrogen bond between the H atom of oxime ligand and the O
atom of coordinated water in 3 is stronger (w(Hoxime� � �Owater) = 0.13)
than those in 1 (w(Hoxime� � �Owater) = 0.07 and 0.10) and 2 (w(Hoxime-

� � �Owater) = 0.07 and 0.10). This is consistent with the larger shift of
the oximeOH group vibration band in the experimental IR spectrum
of 3. Also, the hydrogen bond Hwater� � �Ocrown ether in 1 and 2 is
approximately twice stronger than those in 3 (Table 8).

The energy of structure stabilization due to the hydrogen bond
formation for 1–3 was calculated as the difference between the
energy of associate and the sum of energies of (oxime)Pt(II) spe-
cies, 18-crown-6 molecules, and water molecules. The individual
species, i.e. the (oxime)Pt(II) species and the molecules of 18-
crown-6, were frozen in their aggregate geometries. The deter-
mined structure stabilization energies for 1–3 are �276, �280,
and �186 kJ/mol, respectively. The average hydrogen bond energy
in 1 and 2 is 34–35 kJ/mol, and that in 3 is 31 kJ/mol. In accord with
our estimation of hydrogen bond energies and bond orders, the
hydrogen bonds in 1–3 can be attributed to relatively strong H-
bonds.

Hence, theoretical calculations support the hydrogen bonding
interactions responsible for the generation of the triple associates.

Conclusion

The water molecules play the role of linkers between the hydro-
philic (oxime)Pt(II) moieties and the crown ether molecules in 1–3,
in contrast to the case described earlier [8], where less hydrophilic
trans-[PtBr2(acetoxime)2] is directly linked with 18-crown-6. Triple
associates 1 and 2 have a binuclear structurewith bifurcated hydro-
gen bonds. Two cis-[PtX2(acetoxime)2] complexes link with
18-crown-6 via water molecules [cis-[PtX2(acetoxime)2]�H2O�(18-
crown-6)�H2O�cis-[PtX2(acetoxime)2]] (where X = Cl, Br). Complex
3 crystallizes forming the infinite 1D array [� � �H2O�trans-[PtCl2
(acetaldoxime)2]�H2O�(18-crown-6)� � �]1, where (acetaldoxime)2
PtII functionality in the trans-[PtCl2(acetaldoxime)2] complex links
to the crown ether molecules indirectly, viz., through water mole-
cules thus forming the infinite chain. Self-assembly of the building
blocks, viz. (oxime)Pt(II) species, 18-crown-6, and water, proceeds
by weak hydrogen bonds. According to TG/DTA data, associate 1
is thermally more stable than 2, and 2 is more stable than 3. Both
the bond lengths and the vibrational frequencies for 1–3 produced
by DFT calculations are in a good agreement with the X-ray and IR
experimental data.
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Abstract

The oxidation of (oxime)PtII species using the electrophilic chlorine based oxidant N,N-dichlorotosylamide (4-

CH3C6H4SO2NCl2) was studied. The reactions of trans-[PtCl2(oxime)2] (where oxime = acetoxime, cyclopentanone

oxime, or acetaldoxime) with this oxidant lead to trans-[PtCl4(oxime)2] products. The oxidation of trans-[Pt(o-

OC6H4CH=NOH)2] at room temperature gave trans-[PtCl2(o-OC6H4CH=NOH)2], whereas the same reaction upon

heating was accompanied by electrophilic substitution of the benzene rings.

Keywords: Chlorination, Ligand reactivity, Oximes, Platinum complexes



Introduction

The oxidations of PtII species with a variety of electrophilic chlorinating reagents have been reported. The oxidative

chlorination of platinum(II) species by molecular chlorine is a common method of synthesis of platinum(IV) complexes

[1]. The reactions with Cl2 proceed via oxidative addition to the metal center with formation of the appropriate PtIV

complexes. In particular, the platinum(II) complexes [PtCl2(RR'CNOH)2] are converted into [PtCl4(RR'CNOH)2] by

treatment with Cl2. The oxime ligands usually remain intact; however, in some cases, the ligands also react with

molecular chlorine, and, e.g., passage of Cl2 through a chloroform solution of [Pt(o-OC6H4CH=NOH)2] resulted in both

the oxidative addition of chlorine to the platinum(II) center and chlorination of the benzene ring (Scheme 1) [2].

Scheme 1 Chlorination of [Pt(o-OC6H4CH=NOH)2] with Cl2.

Overall, the platinum(IV) complex [PtCl2(2-O-3,5-Cl2C6H2CH=NOH)2] was isolated in 85% yield. In contrast

to molecular chlorine, NOCl is a more selective chlorination agent. Oxidation of the metal center occurred selectively

when nitrosyl chloride was used instead of Cl2, giving [PtCl2(o-OC6H4CH=NOH)2] without any chlorination of the

benzene rings (Scheme 2) [2].
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Scheme 2 Chlorination of [Pt(o-OC6H4CH=NOH)2] with NOCl and TsNCl2.

However, like chlorine, nitrosyl chloride is a highly toxic gas and this property restricts the usage of these

reagents. While the reactions of (oxime)PtII species with other electrophilic chlorinating reagents have not been

previously reported, related transformations of PtII to PtIV (or PtIII) with various chlorinating oxidants have been

documented. The oxidations of PtII complexes with iodobenzene dichloride (PhICl2) [3-5], N-chlorosuccinimide (NCS)

[5, 6], N,N-dichlorobenzenesulphonamide (PhSO2NCl2) [7], PCl5 [8], and SbCl5 [9] have been described.

In this study, we used N,N-dichlorotosylamide as a chlorinating agent for the selective chlorination of

[PtCl2(oxime)2] complexes. N,N-Dichlorotosylamide is a relatively active solid reagent, which can be used as a

stoichiometric solid chlorine equivalent providing selective oxidation of Pt(II) centers. This reagent is more convenient

to use than chlorine and also more stable at room temperature than hypervalent iodine reagents.

Experimental

Materials and Instrumentation

All reagents and solvents were commercially available and used as received without further purification. N,N-

Dichlorotosylamide (dichloramine T) was purchased from Sigma-Aldrich. FTIR spectra were recorded on Shimadzu

FTIR-8400S (4000 – 400 cm–1) and IRAffinity-1S (4000 – 300 cm–1) spectrometers using KBr pellets. 1H NMR

measurements were performed on a Bruker-DPX 400 instrument at ambient temperature. Electrospray ionization mass

spectra were obtained on a Bruker micrOTOF spectrometer equipped with electrospray ionization (ESI) source using

MeOH as the solvent. The instrument was operated in both positive and negative ion modes using a m/z range of 50 –

3000. The capillary voltage of the ion source was set at –4500 V (ESI+– MS) or 3500 V (ESI–– MS) and the capillary

exit at ±(70 – 150) V. The nebulizer gas flow was 0.4 bar and drying gas flow 4.0 L/min. In the isotopic patterns, the

most intense peak is reported.

Syntheses

Trans-[PtCl2(acetoxime)2] (1) [10, 11], trans-[PtCl2(acetaldoxime)2] (2) [12], trans-[PtCl2(cyclopentanone oxime)2] (3)

[10], and trans-[Pt(o-OC6H4CH=NOH)2] (4) [13] were obtained according to the published methods.

Synthesis of 5–7. Full details are provided for trans-[PtCl4(acetoxime)2] (5); trans-[PtCl4(acetaldoxime)2] (6)

and trans-[PtCl4(cyclopentanone oxime)2] (7) were synthesized by analogous procedures.
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Complex 5: Complex 1 (0.019 g, 0.045 mmol) and N,N-dichlorotosylamide (0.011 g, 0.045 mmol) were suspended in

chloroform (5 mL). The reaction mixture was refluxed for 2 h, after which the solvent was removed under reduced

pressure and the residue was purified by column chromatography on silica gel (60 Å; Merck) with chloroform as the

eluent to give pure complex 5 as a yellow solid (Rf 0.59). Yield: 78%. M. P. = 189–191 °C (dec.). 1H NMR (CDCl3), d

(ppm): 9.08 (s, 2H, 3JHPt = 4.4 Hz, OH), 2.81 (s, 6H, 4JHPt = 8.0 Hz, CH3), 2.50 (s, 6H, 4JHPt = 7.2 Hz, CH3). IR (cm–1):

3350 w ν(O–H), 1635 w ν(C=N). Anal. Calcd. for C6H14Cl4N2O2Pt: C, 14.9; H, 2.9; N, 5.8. Found: C, 14.9; H, 2.9; N,

5.9%.

Complex 6: Yield: 71%. Rf 0.61. Crystals suitable for X-ray diffraction were grown from a concentrated chloroform

solution. Yellow crystals. M. p. = 174–176 °C (dec.). 1H NMR (CDCl3), d (ppm): 9.37 (s, 2H, OH), 8.04 (q, 2H, 3JHH =

5.6 Hz, CH), 2.47 (d, 6H, 3JHH = 6.0 Hz, CH3). IR (cm–1): 3279 s ν(O–H), 1654 m ν(C=N). Anal. Calcd. for

C4H10Cl4N2O2Pt: C, 10.6; H, 2.2; N, 6.2. Found: C, 10.5; H, 2.6; N, 6.2%.

Complex 7: Yield: 83%. Rf 0.56. Crystals suitable for X-ray diffraction were grown from a concentrated chloroform

solution. Yellow crystals. M. p. = 196–199 °C (dec.). 1H NMR (CDCl3), d (ppm): 9.06 (s, 2H, 3JHPt = 5.1 Hz, OH), 3.52

(t, 4H, 3JHH = 7.1 Hz, CH2), 3.15 (t, 4H, 3JHH = 7.1 Hz, CH2), 1.83–1.95 (m, 8H, CH2). IR (cm–1): 3326 s ν(O–H), 1643

m ν(C=N). Anal. Calcd. for C10H18Cl4N2O2Pt: C, 22.4; H, 3.4; N, 5.2. Found: C, 22.3; H, 3.3; N, 5.4%.

Synthesis of [PtCl2(o-OC6H4CH=NOH)2] (8). A solution of complex 4 (0.021 g, 0.045 mmol) in chloroform (5 mL) was

treated with N,N-dichlorotosylamide (0.010 g, 0.045 mmol) and the mixture left overnight at ambient temperature. The

solvent was removed under reduced pressure and the residue was purified by column chromatography on silica gel (60

Å; Merck) with chloroform as the eluent to give pure complex 8 as a reddish-brown solid (Rf 0.62). Yield: 60 %.

1H NMR (CDCl3), δ (ppm): 10.86 (s, 2H, 3JPtH = 15.2 Hz, OH), 8.11 (s, 2H, 3JPtH = 40.0 Hz,–CH=N), 7.39 (ddd, 2H,

3J = 7.7 Hz, 4J = 1.5 Hz), 7.25 (dd, 2H, 3J = 13.9 Hz, 4J = 1.40 Hz), 7.01 (d, 2H, 3J = 8.44 Hz), 6.76 (dd, 2H, 3J = 7.12

Hz). IR (cm−1): 3275 m ν(O–H), 3015 w ν(Csp2–H), 1651 s ν(C=N), 1599 s, 1549 m ν(СAr=CAr), 346 w ν(Pt–Cl). HRMS

(ESI–), m/z: 535.9760 [M–H]– (calc. 535.9744). Anal. calcd. for C14H12Cl2N2O4Pt: C, 31.2; H, 2.3; N, 5.2. Found: C,

30.7; H, 1.8; N, 5.2%.

X-ray crystal structure determinations

Crystals of complexes 1, 6, and 7 were immersed in cryo-oil, mounted in a nylon loop, and analysed at a temperature of

100 K. The X-ray diffraction data were collected on a Bruker Axs Smart Apex II or Nonius KappaCCD diffractometer

using Mo Ka radiation (l = 0.710 73 Å). The Apex2 [14] or Denzo-Scalepack [15] program packages were used for cell
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refinements and data reductions. The structures were solved by direct methods using SHELXS-97 [16] with the WinGX

[17] graphical user interface. A semi-empirical absorption correction (SADABS) [18] was applied to all data. Structural

refinements were carried out using SHELXL-97 or Bruker SHELXTL [16]. In all structures, the OH hydrogen atoms

were located from the difference Fourier maps, but constrained to ride on their parent oxygen with Uiso = 1.5×Ueq (parent

atom). Other hydrogen atoms were positioned geometrically and constrained to ride on their parent atoms, with C-H =

0.95-0.99  Å and Uiso = 1.2-1.5 Ueq(parent atom). The crystallographic details are summarized in Table 1.

Table 1 Crystal Data.

1 6 7

empirical formula C6H14Cl2N2O2Pt C4H10Cl4N2O2Pt C10H18Cl4N2O2Pt

fw 412.18 455.03 535.15

temp (K) 100(2) 100(2) 100(2)

l(Å) 0.71073 0.71073 0.71073

cryst syst Monoclinic Monoclinic Monoclinic

space group P21/n P21/c P21/n

a (Å) 4.5083(2) 12.0890(3) 6.4314(7)

b (Å) 8.5087(3) 6.61410(10) 14.2483(15)

c (Å) 14.5045(5) 13.8331(3) 8.5805(9)

b (deg) 91.856(2) 91.571(2) 101.659(2)

V (Å3) 556.10(4) 1105.65(4) 770.06(14)

Z 2 4 2

rcalc (Mg/m3) 2.462 2.734 2.308

m(Mo Ka) (mm-1) 13.069 13.628 9.802

No. reflns. 7453 18253 7554

Unique reflns. 2118 3013 2027

GOOF (F2) 1.068 1.176 0.972

Rint 0.0267 0.0443 0.0316

R1a (I ³ 2s) 0.0193 0.0240 0.0222

wR2b (I ³ 2s) 0.0380 0.0525 0.0558

a R1 = S ||Fo| – |Fc||/S|Fo|. b wR2 = [S[w(Fo
2 – Fc

2)2]/ S[w(Fo
2)2]]1/2.
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Results and discussion

The reactions of (oxime)PtII complexes with N,N-dichlorotosylamide were studied. N,N-Dichlorotosylamide was used as

a solid source of “positive chlorine”. To the best of our knowledge, this is the first example of use of N,N-

dichlorotosylamide for selective oxidation of platinum(II) species; the only precedent being the application of N,N-

dichlorobenzenesulfonamide for the oxidative chlorination of trans-[PtCl2(HN=C(OMe)Et)2] [7]. It is known that N,N-

dichlorotosylamide is relatively reactive, but can nevertheless be easily handled [19]. In order to study the reactivity of

N,N-dichlorotosylamide in the oxidative chlorination of (oxime)PtII complexes, we chose a series of coordination

compounds with different oxime ligands, i.e. aldoximes (acetaldoxime and salicylaldoxime) and ketoximes (acetoxime

and cyclopentanone oxime).  The (oxime)PtII complexes were synthesized by the previously published reaction between

K2[PtCl4] and oximes in a 1:2 molar ratio in water. The prepared compounds were characterized by elemental analyses,

HRMS (ESI), IR and 1H NMR spectroscopies; complex 1 was also characterized by X-ray single-crystal diffraction (Fig.

1).

Fig. 1 Displacement ellipsoid plot of complex 1 at the 50% probability level (symmetry transformations used to generate

equivalent non-labeled atoms: -x,-y+2,-z+2).
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In complex 1, each Pt atom has a centrosymmetric square-planar environment provided by two acetoxime N

and two Cl atoms (Pt–N 2.008(2) Å, Pt–Cl 2.3019(6) Å, N–Pt–Cl 89.91(7)°) (Table 2). The N(1)–C(2) bond length in 1

(1.286(4) Å) is typical of N=C bonds in (oxime)PtII compounds. The O(1)–N(1)–Pt(1)–Cl(1) torsion angle is 67.38º. The

structure of 1 displays column packing, which runs along the a-axis (Fig. 2). Owing to the OHoxime∙∙∙Cl hydrogen

bonding (the H(1O)∙∙∙Cl(1#) distance is 2.23 Å, whilst the O(1)–H(1O)∙∙∙Cl(1#) angle is 164.4°), the trans-

[PtCl2(acetoxime)2] molecules are linked together into 1D arrays along the crystallographic a-axis.

Table 2 Selected bond lengths [Å] and angles [°] for 1, 6, and 7.

1 6 7

Pt(1)–N(1) 2.008(3) 2.030(3) 2.046(3)

Pt(1)–N(2) 2.041(3)

Pt(1)–Cl(1) 2.3019(7) 2.3271(8) 2.3103(9)

Pt(1)–Cl(2) 2.3085(8) 2.3187(9)

Pt(1)–Cl(3) 2.3102(8)

Pt(1)–Cl(4) 2.3240(8)

N(1)–C(1) 1.281(5)

N(1)–C(2) 1.286(4) 1.273(5)

N(2)–C(3) 1.266(5)

O(1)–N(1) 1.404(3) 1.386(4) 1.401(4)

O(2)–N(2) 1.395(4)

Cl(1)–Pt(1)–N(1) 89.91(7) 88.99(8) 92.25(9)

Cl(2)–Pt(1)–N(1) 92.30(9) 89.64(8)

Cl(3)–Pt(1)–N(1) 88.39(8)

Cl(4)–Pt(1)–N(1) 89.46(9)

Cl(1)–Pt(1)–Cl(3) 177.17(3)

Cl(2)–Pt(1)–Cl(4) 177.75(3)

N(1)–Pt(1)–N(2) 178.75(11)
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Fig. 2 Crystal packing of complex 1.

Treatment of the trans-[PtCl2(oxime)2] complexes (where oxime = acetoxime, cyclopentanone oxime, or

acetaldoxime) with N,N-dichlorotosylamide under identical conditions as used for the chlorination of  [PtCl2(imino

ester)2] [19] afforded trans-[PtCl4(oxime)2] (Scheme 3).

Scheme 3 Chlorination of the trans-[PtCl2(oxime)2] complexes by TsNCl2.

In these reactions, a suspension of trans-[PtCl2(oxime)2] and N,N-dichlorotosylamide in a 1:1 molar ratio was

refluxed for 2 h. As in the case of chlorination of trans-[PtCl2(oxime)2] (where oxime is acetoxime, cyclopentanone

oxime, and acetaldoxime) by molecular chlorine, chlorination by N,N-dichlorotosylamide leads to the platinum(IV)

complexes trans-[PtCl4(oxime)2]. Thus, only the oxidative chlorination of the platinum center is observed and the oxime
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ligands remain unchanged. All our attempts to grow crystals of complex 5 suitable for single-crystal X-ray diffraction

failed. However, crystals of good quality were obtained for complexes 6 and 7 by slow crystallization from chloroform.

In complex 6, the platinum has a slightly distorted octahedral geometry with two axial acetaldoxime ligands

and four chloride ligands (Fig. 3). The values of the Pt–Cl bond lengths agree well with those of previously

characterized platinum(IV) chloride complexes, although all Pt–Cl bonds in complex 6 have different lengths due to the

intramolecular interactions O(1)–H(1O)∙∙∙Cl(4) (the H(1O)∙∙∙Cl(4) distance is 2.29 Å, the O(1)–H(1O)∙∙∙Cl(4) angle is

146.7°) and O(2)–H(2O)∙∙∙Cl(1) (the H(2O)∙∙∙Cl(1) distance is 2.28 Å, the O(2)–H(2O)∙∙∙Cl(1) angle is 144.2°). The

O(1)–N(1)–Pt(1)–Cl(4) and O(2)–N(2)–Pt(1)–Cl(1) torsion angles are 31.35 and 22.30°, respectively.

Fig. 3 Displacement ellipsoid plot of complex 6 at the 50% probability level.

In complex 7, the coordination geometry of the platinum is octahedral (Fig. 4). The oxime ligands occupy the

axial positions. The Pt–Cl(1), Pt–Cl(2), and Pt–N(1) bond lengths are 2.3103(9), 2.3187(9), and 2.046(3) Å,

respectively. The crystal structure determination revealed the presence of intramolecular O(1)–H(1O)∙∙∙Cl(1A) hydrogen

bonds (the H(1O)∙∙∙Cl(1A) distance is 2.36 Å, the O(1)–H(1O)∙∙∙Cl(1A) angle is 130.1°). The O(1)–N(1)–Pt(1)–Cl(1A)

torsion angle is 40.20°.
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Fig. 4 Displacement ellipsoid plot of complex 7 at the 50% probability level (symmetry transformations used to generate

equivalent non-labeled atoms: -x,-y,-z).

Chlorination of complex 4 under the same conditions as mentioned above leads to oxidation of the platinum

center along with electrophilic substitution in the benzene rings. According to HRMS data, the reaction product has the

formula [PtCl2(o-OC6H3ClCH=NOH)2]. However, when the reaction was carried out at room temperature only oxidation

of Pt(II) to Pt(IV) was observed and the salicylaldoximato ligands remained intact (Scheme 2). Several attempts were

made to obtain suitable crystals of complex 8 for X-ray diffraction studies. Unfortunately, crystals of sufficient quality

could not be obtained. The reaction product was characterized by HRMS (ESI) and elemental analyses. Also, the

infrared spectrum of this compound included a Pt–Cl band at 346 cm–1. The 1H NMR spectrum confirmed that

electrophilic substitution in the benzene ring does not proceed.

Conclusions

In conclusion, the chlorination of (oxime)PtII (where oxime = aldoxime, cyclic or acyclic ketoxime) with N,N-

dichlorotosylamide leads to selective oxidation of the PtII center, whereas the oxime ligands remain intact. The oxime

ligands, which contain benzene rings activated to electrophilic substitution, do not react with TsNCl2 under mild

conditions. Furthermore, N,N-dichlorotosylamide can find a wide synthetic application in selective chlorination of the

metal centers in the complexes, where the ligands may be easily subjected to electrophilic substitution processes.
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Supplementary material

Crystal data have been deposited at the Cambridge Crystallographic Data Centre (CCDC) with deposition numbers

CCDC 1041706, CCDC 1041705, and CCDC 1041612 for 1, 6, and 7, respectively. These data can be obtained free of

charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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