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Abstract:

The study of the cis Z trans isomerization of PtCI2(Et2S)2 complex is relevant to the synthesis of
certain dimeric Pt(III) complexes. Not only is Cis-PtCI2(Et2S)2 a suitable starting material for Pt(III)
compounds syntheses, but Cis-PtCI2(Et2S)2 itself also functions importantly in organometallic
synthesis. Detailed thermodynamic and kinetic data of the cis and trans isomers, along with x-ray
crystallographic structures, are summarized. Binuclear Pt(III) compounds, which have direct
metal-metal bonds have been elucidated recently and their structures have been characterized by
Cotton's group. Though it has been observed that there is a structural interconversion between head to
head and head to tail configuration in some of the Pt(III) compounds, there is no detailed investigation
of the mechanism of this interconversion. Our interest is concerned with the synthesis and mechanistic
study of these binuclear Pt(III) compounds, especially the formation and rearrangement of metal-metal
bonds. Presented here is the mechanism study about this interconversion. Proton NMR is mainly used
in the research. Activation entropy ( forward -29 vs. reverse 16 J Mol-1K-1) and activation enthalpy (
84 vs. 105 kJ Mol-1) of the interconversion are calculated and explained with the results from the
experiment. The mechanism of the interconversion is also postulated as a dissociative concerted
reaction. A modified synthetic method results in the formation of a hydroxo-bridged Pt(II) dimeric
compound and an oxo-bridged Pt(IIrIV) tetrameric compound. Single crystal x-ray crystallographic
information is presented, along with infrared data in support of the proposed structures. The Pt(II)
compound exhibits strong hydrogen bonding between molecules and its Pt-O-H bridge bond is clearly
reflected in the FTIR spectrum. The Pt(I,IV) compound shows the nonequivalent oxidation states of
platinum in one molecule. Platinums in the complex are bonded to one another by oxo bridges. Three
platinums show pseudo square-planar, and one platinum exhibits octahedral configuration. No such
examples exist in current literature. Finally reactivity of the binuclear Pt(IIl) compounds are studied.
Different ligands have been used for axial coordination and variation of torsion angles between two
methyl planes is observed. The derivatives of the binuclear platinum(IIl) compounds are structurally
characterized by single crystal x-ray crystallography. Both structures are new to platinum chemistry.
31P NMR is also used to support the structure. It is hoped this work will be helpful in understanding
the synthesis and structure of further complicated platinum compounds.
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ABSTRACT

The study of the cis T trans isomerization of
PtCl.(Et,S). complex is relevant to the synthesis of certain
dimeric Pt(III) complexes. Not only is cis-PtCl.(Et.S). a
suitable starting material for Pt(III) compounds syntheses,
but cis-PtCl,(Et.S)., itself also functions importantly in
organometallic synthesis. Detailed thermodynamic and
kinetic data of the cis and trans isomers, along with x-ray
crystallographic structures, are summarized. Binuclear
Pt(III) compounds, which have direct metal-metal bonds have
been elucidated recently and their structures have been
characterized by Cotton's group. Though it has been
observed that there is a structural interconversion between
head to head and head to tail configuration in some of the
Pt(III) compounds, there is no detailed investigation of the
mechanism of this interconversion. Our interest.is
concerned with the synthesis and mechanistic study of these
binuclear Pt(III) compounds, especially the formation and
rearrangement of metal-metal bonds. Presented here is the
mechanism study about this interconversion. Proton NMR is
mainly used in the research. Activation entropy ( forward -
29 vs. reverse 16 J Mol™*K™*) and activation enthalpy ( 84
vs. 105 kJ Mol™*) of the interconversion are calculated and
explained with the results from the experiment. The :
mechanism of the interconversion is also postulated as a
dissociative concerted reaction. A modified synthetic -
method results in the formation of a hydroxo-bridged Pt(II)
dimeric compound and an oxo-bridged Pt(II,IV) tetrameric
compound. Single crystal x-ray crystallographic information
is presented, along with infrared data in support of the
proposed structures. The Pt(II) compound exhibits strong
hydrogen bonding between molecules and its Pt-O-H bridge
bond is clearly reflected in the FTIR spectrum. The
Pt(II,IV) compound shows the noneguivalent oxidation states
of platinum in one molecule. Platinums in the complex are
bonded to one another by oxo bridges. Three platinums show
pseudo square-planar, and one platinum exhibits octahedral
configuration. No such examples exist in current
literature. Finally reactivity of the binuclear Pt(III)

. compounds are studied. Different ligands have been used for
axial coordination and variation of torsion angles between
two methyl planes is observed. The derivatives of the
binuclear platinum(III) compounds are structurally ‘
characterized by single crystal x-ray crystallography. Both
structures are new to platinum chemistry. **P NMR is also
used to support the structure. It is hoped this work will
be helpful in understanding the synthesis and structure of
further complicated platinum compounds.




1

INTRODUCTION

Platinum, first discovered as a 50-80% alloy with gold
and silver, was considered to be water-born grain in ancient
times. Because of the difficulties in its separation from
other materials and its hiéh melting point, it was not until
1741 that the first pure sample of platinum was under
investigation by European scientists (1).

Since then, many remarkable properties of this element
have been discovered. Farly ones were its strong resistance
to corrosion, even under the attack of aqua regia, and its
excellent electrical conductivity. As early as 1840,
chemists found the metal had the ability to form complicated
networks of bonds under fairly moderate conditions with
various ligands. A Pt-Pt metal bond was reported in a
journal at that time (2). Thereafter platinum not only
interested chemists for its shining surface and value but
also for its chemical activity. In recent years, the
development of reseérch on this metal has further revealed
its important catalytic activity in organic synthesis and
petroleum industrial processes. There is also more and more
focus-on the biochemical activity éf platinum compounds,
especially the anti-tumor properties of several of its
compounds (3). Modern research is directed at determining
systematic aspects of Pt chemical properties and even

investigating the potential application of using platinum




2
clusters for electronic circuitry which could change the
electronic industry dramatically (4).

Our purpése in researqh has centered in the area‘of new
methods for synthesis of platinum compounds with Pt-Pt
bonds. We are also interested in structure elucidation and
chemical properties. Our efforts have béen directed towards
two objectives:

1. Synthesis of platinum dimer,‘trimer, tetramer
cluster compounds and their structure determination.

2. Determining the mechanisms of certain platinum
clusters rearrangement reactions.

Because we are interested in haking platinum compounds
which have one or more Pt-Pt bonds, the basic understanding
of the platinum oxidation states verses the electron
configuration of the compound needs to be considered first.

Recently, a group of the platinum(III) binuclear
compounds, first characterized in detail by F. Albert
Cotton's group, has been shown to have a net single bond

between platinum metal atoms and the g?n®826™2?n”* electronic

configuration (5). Such a configuration enables this system
to form two bridging ligands bonding with the metal atoms
and axial bonding with appropriate‘monodéntate'ligand as is
commonly seen in the Rh**, system (6-8) which is
isoelectronic with the Pt*sz-system. Numerous examples

have been characterized structurally in the Rh*%, system.
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Therefore one object of our work was to develop the
methodology for the synthesis of Pt““s_2 groups where only a
few structures are known and to extend it to-the development
of platinum cluster formation. Let us begin by reviewing

the current state of knowledge of Pt.®* groups.

Sulfate Bridged Compounds

In 1893 Vezes reported that the reaction of dilute
mineral acids with K,[Pt(NO.).,] resulted in the formation of
copper red needles (9, 10) which he formulated as
K H,Pt5(NO,)s0-3H,0. In 1905, Blondel prepared the first
well-characterized compound in this category which he
suggested to be'a Pt(III) complex (11). In this reaction,
Pt(IV) oxide was reacted with agqueous sulphuric acid and
subsequently reduced by the addition\of oxalic acid. At the
time, Blondel formulated this Pt complex as K[Pt(SO,)-]1-H.O.
His work was later confirmed by Wohler and Frey who
independently prepared this compound along with other
related species (12). It was not until 1976, with the use
of x-ray crystallography that this compound was correctly
formulated as K.[Pt-.(S0,).(H-0)-1+ 9.5H.0--a binuclear

Pt(III) compound [13(13).
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(15-16).

Phosphate and Pyrophosphite bfidged complexes

Binuclear platinum(III) phosphate compounds were
discovered in 1980 (20). Their structureé were determined
shortly thereafter (21). The_structure is very similar to
that of sulfato bridged platinum complexes. The structure
of the sulfate and phosphate complexes is referred to as a
"1antern"_structure. This lantern form represent; a
- comparatively short metal-metal bond, four bridging ligands
coordinated to the two  platinum atoms and either one or two
axial ligands és illustrated above [1].

A variety of derivatives has been synthesized with
pyridine as an axial ligand and characterized‘by X-ray
crystallography (22). |

Another class of combounds is arrived at wvia an
oxidation reaction of a binuclear platinum(II) complex which
was synthesized from K.PtCl, with bridging pyrophosphite
[H.P.0Os,(POP) 2] ligands in 1982. POP is the anhydride of
prhosphorous acid (HsPO,) with two oxygen ions available for
coordination [4]. The formation of binuclear platinum(III)
complexes with methyl iodide or halogens as oxidizing agents
in the axial position was first observed [5](23-26).

HO o ///OH
7 ~-
[4]

-0
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metal and biological active ligands occur and where a lot of

challenging guestions are still unanswered.

Carboxylate and Dithiocarboxylate Bridged Compounds

The first studies on the carboxylate bridged
platinum(III) compound were reported in 1976 and in 1977
(35-36). Ag(I) salts oxidized platinum(II) compounds

according to the following reaction:
Pt2R4(R225)2 +- 2Ag02CR' —_———— Pt2R4(02CR')2(R225)2 + 2Ag

R=Ph, b—tolyl,_Me, R'=Me, CF5, R®=Et, Pr.

The series of complexes with two bridging carboxylate
groups coordinated to the‘platiﬁum atoms in a cis position
were studied and formulated as PtoR.(0O-CR').(R*,S)-. For
most reactions, the starting materials were the cis-
Pt(R2.S),Cl, compounds. They react with CH,Li to form
binuclear complexes in which each Pt is bonded to two methyl
groups and is‘bridged by two RZ.S ligands. Further
oxidation. by a Ag(I) carboxylate or-possibly by Hg(I1) or
Tl(III) carboxylate salts; made these reactions proceed as
follows (37):

PtoR.(Et-S)-> + 2Hg(O-CCH3), =—---> Pt;R4(02CCH3)2(EtZS)2
+ Hg,(O-CCH:)>
Pt2R4(EtZS)2 + Tl(OZCCHs).3 =—==> Pt R,(0,CCH;)-(Et.S)>

+ T1(O,CCHs)
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Oxo-Pyridonate Bridged Complexes

Some a-pyridone bridged platinum complexes have been

discussed. The platinum blue compounds were chiefly
prepared by either chemical or electrochemical oxidation of
the mixed-valent platinum compounds (49-51). However, the
syntheses for these products have been found to be non-
repeatable or the yields too low to represent a systematic
route for obtaining them. Precursors for these complexes
tend to be unstable.in air and do not. have good solubility . -
-as well. A research group led by F. A. Cotton has
synthesized a series of platinum(III) binuclear compounds
bridged by a series of oxopyridonate ligands in high yields.
These. Pt(III) complexes are stable in air and soluble in the
organic solvents. The syntheses are based on Vrieze's
method (35) in which platinum(II) compounds react with Ag(I)
carboxylate to form carboxylate bridging bonds between the
two platinum atoms.

By using a variation of Vrieze's method, Bancroft has
synthesized a new class of platinum binuclear compounds
which have been confirimed by x-ray crystallography and NMR
spectroscopy. This has resulted in interesting geometric
and mechanistic insights (52).

This serieé of the binuclear platinﬁm(III)<c6mpounds
existed as head-to-head (HH) and head-to-tail (HT) isomers.
This HH and HT classification not only depends upon the

geometry in which HT has both axial positions occupied while
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The oxopyridonate bridged complexes are prepared by the

following reactions:

K PtCl, + 2R_.S ---> cis-PtCl,(R,S), + 2KC1l

' cis—PtCl_z(st)2 + 2CH,Li ---> 1/2 Pt-(CH3)4(R2S)- + 2LiCl +
R-S

Pt>(CH3)4a(R2S)> + 2Ag(XHPY) ---> [Pt-(CH3).4(XHPY)2(R2S),] +
2Ag

Pt>(CH3) 4(XHPY)2(R>S)> + Pyridine --> Pt;(CHi),(XHPY)z(Py) +
nR.S

R=C,Hs, X=H, ¥, Cl, Br, CH,, n=1, 2

The platinum(III) complexes are stable in the solid
state. NMR studies show that some HH polar complexes are
stable . in solution while HT complexes are converted to a HT
and HH equilibrium mixture in the solution over a period of |
a few hours.

In summary, much is yet to be learned about platinum
cluster chemistry in view of the great structure diversities
of the élusters. The objectives of my project were to
develop general methods for the synthesis of multinuclear
platinum compounds, to characterize the bond formation in
these complexes and to investigate the mechanisms of some of
the platinum reactions.

The cis-PtCl.(Et.S)., complex is not considered to be a Pt

cluster; but in this speéial category, 1I'd rather include
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this complex into the consideration due to its importance in
the synthesis of the platinum cluster and its functionality
in organometallic chemistry. It has been observed that
cis—PtClziEtZS)2 isomerizes to trans-PtCl.(Et.S). in
.solution and trans-PtCl.(Et.S). is the thermodynamically
favored product in certain solvents. It is also true that
cis-PtCl,(Et.), is a common starting material for further
synthesis because of the labile Pt-Cl bond. A review of the
reactions involving related compounds can benefit the
undersfanding of the current investigation.

As my research has been concerned with the formation and
breakage of chemical metal-metél bonds, it is important for
me to find out and trace reactions involving direct metal-
metal bonds or metai atoms bondéd by a. bridge. There is a
interconversion of binuclear platinum(III) complex as I
describe earlier in this chapter. Thus, it is my intention
to study this interconversion thermokinetically and to learn
more detail about this kind of arrangement. The binuclear
platinum(III) complex, from the electronic configuration,
'has a metal-metal bond. _Initiélly, I will attempt to
determine whether the metal-metal bond is broken during the
HH I HT interconversion. Then I will examine the
rearrangement of the bridge ligands as these ligands in one
state "bite" the metal centers and transfer into another
state without giving up chelating the metals. Factors

affecting this interconversion have been found. Lastly,
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theoretical comparison'of experimental data brings us to a
conclusion that the interconversion happens as a concerted
step, neither the metal-metal bond nor the bridging ligand
is completely dissociated. Therefore the question of a
mixed valehce d®-d® (Pt(IV) and Pt(II)) electronic
configuration or a d7-d7 (Pt(III) and Pt(III)) electfonic
configuration in the interconversion has been partially .

clarified as the intact metal-metal bond in the

rearrangement. Pt(IIT) is more reasonable in explaining the

metal-metal bond formation. Systematic substitution
chemistry of the binuclear Pt(III) compounds reveals the
influence of the axial ligand on the metal-metal bond and
the torsion angles between the Pt-CH; group planes.
Different axial ligands result in different torsion angles
and bond length changes. The torsion angle is not related
to the trans-effect of the axial ligand, it is rather
related to the bulk of the axial ligand. The change of the
metal-metal bond length seems to be closely related.to the
trans-effect of the axial ligand.

In the last part of this dissertation, the synthesis and
characterization of a groﬁp of yellow platinum clusters has
been pursued. The syntheSis suggested by Blondel (11) by
using Pt(IV) oxide reacting with sulfuric acid and oxalic
acid has been modified such that a simpler and safer
reaction between Pt(NO.), ? and dilute sulfuric acid

develops into a new series of platinum complexes. This




25
reaction is strongly influenced by the pH value of the
solution and generates a series of color changes. The
synthesis results in a yellow platinum dimer and a yellow

platinum tetramer [18].

350 K for 10 minutes
Kth(NOz)4 + H2504 Biue

Pt/H*= 2

Green

Yellow dimer (thin plate) =—
Yellow.

Yellow tetramer ‘(cubic) =~———o

Red

Synthesis of yellow dimer and tetramer

[18]
While a binuclear platinum(III) sulfato-bridged complex
forms in a classic sense of the synthesis (I), compounds
characterized by Lippert have similar structures (45). But
one should notice the unique aspect of the yellow platinum
clusters that nonequivalent oxidation statés are found in
the platinum tetramer. The research of this particular
reaction has given some insights into the formation,
structure and reactivity of the platinum cluster.
Modern techniques have been used during the investigation.
They include nuclear magnetic spectroscopy, single crystal
x-ray crystallography, infrared spectroscopy, chromatography

and elemental analysis.
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My fhesis is divided into three parts.. Part one deals
with cis- and trans-PtCl.(Et.S).. Their structures were °
determined by x-ray crystallography and their isomerization
reactions were studied. Tﬁe second part is the kinetic and
thermodynamié study on the HH-HT interconversion for
Pt(CH5) . (CsH3FNO) . (CsHSN) by NMR. Part three is the
synthesis of a platinum binuclear compound and platinum
tetranuclear compound. Structurés were characterized by x-
ray crystallography, NMR and FTIR. The last part also
includes the different substitution reactions for the
binuclear platinum(III) compounds. Any implications
'concerning structure details, thermodynamic results and
reaction routes are discussed after each part. General
discussion contains the summary of the work and achievement

of this investigation.
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THE STUDY OF THE CIS TO TRANS ISOMERIZATION

OF DICHLOROBIS(DIETHYLSULFIDE)PLATINUM(II) COMPLEX

Experimental

A. The syntheses of cis-PtCl,(Et.S)-_and trans-PtCl.(Et.S)->

Synthetic methods have been publishéd {53) and compounds

were made for the purpose of the investigation.

B. NMR measurements on the equilibrium between cis and

trans~PtCl_. (Et.S) .

*H NMR spectra were recorded on a Bruker AC-300 NMR
spectrometer. - Low temperature experiments were carried out
on a Bruker WM-250 spectrometer operating at 250.132 MHz and
on a Bruker AM-500 equipped with a variable-temperature
probe. Single frequency decoupling experiments were
performed and coupling constants were measured. Chemical
shifts were referenced to tetramethylsilane.

Equilibrium constants for the cis to trans-PtCl.(Et.S)-
isomerization were determined by *H NMR. The measurement of
the equilibrium constant for the isomerization was at 298 K.
Pure cis-PtCl,(Et.S). and trans-PtCl.(Et.S)., were used as
starting materials, respectively. The equilibrium constant
was expressed as K, (K= [trans]/[cis]). The concentratiops
of cis and trans Pt complexes were determined by integration
methylene resonances on Et.S ligands of each complex in NMR

spectrum. As the methylene resonances are not well
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separated one from another, but are proportional to the
concentration, the equilibrium constant was calculated by
the formula (K=[b-al/[2a], 2a=[cis], b=[trans + cis/2])..
Both a and‘b were methylene protdn resonances directly
measured from NMR spectrum. The equilibrium mixtures were
measured‘several times over two weeks until calculated
constants no longer varied. The value of the equilibrium
constant for cis T trans-PtCl.(Et.S). isomerization in
chloroform was .2.2. In comparison, .the isomerization -went
much more quickly in benzene and took only about half as
much time as it did in chloroform. The value of the
equilibrium constant was 22.40 in_benzene.

The kinetics of the cis - trans—PtClz(Et;S)2
isomerization has been previously investigated (54-55).
Though the investigation of the cis to trans-PtCl,(Et.S)-
isomerization had been studied.for a long time, most of the
reports were only concerned with'thé cis or trans Pt
complexes themselves. Because of the instrumentation's
limitations, some of the data about the complexes were not
well characterized. Recently the study of the cis and trans
Pt(II) complexes has shifted to‘mechanistic research,
including oxidation-reduction pathways and synthetic
availability of further platinum clusters. Hence, it 1is
useful to summarize this part of the work as a reference to

further study.
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C. X-ray crystallographic determination of the structure of

‘The synthetic products from the reactions have
different colors and crystalline shapes. The crystals of
the cis-PtCl,(Et.S). complex are greenish yellow and flake-
like, while the crystals of the trans-PtCl.(Et.S), are
orange yellow and tiny needle-like. Both crystals have a
metallic shining surface. Single érystals of these two
complexes were picked up for-x—ray crysfallographic
determination. Structures for both cis4PtC12(Etzs)2 and
trans-PtCl.(Et.S)., complexes were solved. They were refined
routinely following the standard procedure as described on

pages 112 and 114.

Discussion

Platinum(II) complexes have been known for many years
to have square-planar structures, but it is only in recent
years that people began to realize their important role in
organometallic and coordination chemistry studies. When we
started the Pt cluster research, we found that the cis
isomer was a ideal starting material for binuclear Pt(III)
complex formation due to the labile metal-ligand
interaction. Meanwhile, the cis to trans isomerization was
observed and studied by NMR. Therefore, we intended to
report the details about the cis and tfans isomer structures

in this part.
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As early as 1888, Blondtrad (56) found that
diethylsulfide united with platinum chloride to form a
Pt(II) complex with a Pt-S bond. Klason (57) extended this
observation and reformulated the structure of the product,
in which platinum was quadrivalent. Neither author
contemplated a planar configuration or gave_satisfactory
proof of the structure, although useful and accurate data
were accumulated. It was not until Werner' (58) attributed
the isomerism to the presence of cis and trans—blanar forms
that it was recognized that platinum exhibited four
coordination, as 1s universally accepted at the present
time.

Although many sqﬁare—planar Pt(I1I) compounds have been
isolated in their cis and trans forms, only a few of them
have an observable isomerization in solution. .The first
study .on the cis 7 trans dichlorobis(dialkylsulfide)
platinum(II) complexes occurred in 1930 (59) when Angell and
Drew observed qualitaﬁively that a cis I trans isomerization
took place in alcohol. Studies on the thermodynamics of
this process were reported in 1952 (60), in which a com-
parison of equilibrium between cis- and trans-(MEts)PtCl.
where M=P, AS, Sb. In this paper, the thermodynamic data
for the system were collected and the steric effect of the
ligands in the cis position was discussed. 1In 1970, cis-
bis(trialkylphosphine)dichloro-platinum(II) was studied

kinetically for the cis 7 trans isomerization and the
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no sign for the loss of Pt-S-C-H, thus dissociation of the

sulfide ligand is impossible. Thus, a reasonable hypothesis

is that there is bonding to both sulfur unshared electron
pairs so that the plafinum atom has a diétorted
pentacoordinate configuration or an inversion through a
partially dissociated state. 1In this report, the vicinal
platinum-proton coupling constants in the cis and trans
forms were calculated (62). Several years later, the cis = ‘
trans bis(dialkylsulfide) dihaloplatinum(II) reaction was:
studied again using *H NMR. Different AH, AS, AG and
corresponding equilibrium constants were measured. The
mechanism for the cis 7 trans isomerization of

bis(dialkylsulfide)-platinum(II) complex was proposed as a

double displacement [20] (55).

Me,S Me,S Ci
MezS\ /Cl NIV \Pt/
Pt ‘ Pt . e
Mezs'/// \\\\\Cl Fast MeZS'/// ; \7]g55 Slow ¢ ™~
' ' Me,5
Cl
[20]

In recent years, study focused on the isomerization has
been transferred to cis trans-PtClz(Et?S)2 and isomer
reactivities; the availability of an oxidative addition
pathway has been discovered. Cis-PtCl.(Et.S)., with the
addition of mesityllithium, produced trans-PtCl.(Mes)(Et.S).

(Mes=2, 4, 6 trimethyl phenyl). With the addition of LiBr,
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the reaction is aécelerated and Pt(Br) (Mes)(Et.S). was
obtained (63).

The mechanism of the conversion from cis-PtCl.(Et.S)-
to trans-PtBr(Mes) (Et.S)., involved the nucleophilic
substitution of halide by a mesityl anion and substitution
of a chloro ligand by a bromide ligand (63).

Trans-PtX.L.(X=Cl, Br; L=Et,S, Et.Se) reactions with
phenyl, O-tolyl were reported in the early 70's (65). As
the bonding between a sulfide ligand and Pt(II) ion is
fairly lébile, a sulfide group could easily be replacéd by
other ligands like phosphine, pyridine and carbonyl groups
(64). Hence Pt(II) complex with sulfide ligands is a useful
precursor of various organoplatinum complexes. It was also
reported that cis—PtClz(Et;S)2 is én important starting
material for the synthesis of a series of binuclear
platinum(III) complexes (52). Earlier work supplied a lot
of information about this type of complex, but because of
the instruments' limitations ( e.g. low sensitivity of NMR
and shortage of structure data), there are still qﬁite a few
points which have not been explained. It was our goal to
collect accurate thermodynamic and kinetic data for the cis
-~ trans-PtCl.(Et.S)- process and to structure the complexes
in order to improve the synthesis. |

1H NMR data showed (Figﬁies 1-2) that the cis-

- PtCl.(Et.S)- has the two quintet and one triplet resonances

in the spectrum due to the sterically nonequivalent
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methylene protons and equivalent methyl protons of
coordinated diethylsulfide. Trans-PtCl.(Et.S). showed a
broad unresolved resonance in methylene region at room
temperature in the spectrum. This broad resonance was
caused by the methylene protons, as methylene groups in
trans-PtCl.(Et.S)., were fluxional on the NMR time scale.
Once the femperature of the experiment was lowered, thé
fluxionality rate of the -CH.- , which was either caused by
the methylene protons' rotation around S-C1-C2 axis or by

the inversion at the sulfur, was slowed down; therefore one

-could observe the nonegquivalent -CH.- resonances in. the

spectrum (Figure 3).

The proton single frequency decoupling experiment not
only helps to determine the relation between one proton and
another, but it also determines the coupling constant which
indicates the interaction between the nuclei. From the
decoupling data, we determined that the Pt-H coupling
constant is much larger than the H-H coupling, indicating
the strong interaction with the heavy atom (Figures 4-5,
Table 1). We also notice that coupling constant of cis
complex is always larger than that of trans complex. The
explanations are based on the coupling through ¢ and n bond.
In this case, the amount of n bond between Pt-S is small.
Therefore fhe laiger coupling constant of the cis isomer
must have a larger amount of ¢ bond between Pt-S, so the

bond strength between Pt-S increases which also means that
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Table 1. Coupling constants for cis- PtCl (Et-.S). and trans-
PtCl.(Et.S)

cis-PtCl.(EtsS) - trans-PtCl.(Et.S).
Ny S 11.4 Hz 7.6 Hz
J(Pt-a) 63.8 Hz 38.8 Hz
J(Pt-b) 34.3 Hz 28.5 Hz
J(a-CHs) 9.5 Hz 7.9 Hz
J(b-CHs) 6.6 Hz 6.3 Hz

* a and b refer to the methylene protons on Et.S.

Et.S is a better ligand in the cis isomer than in trans
isomer. The equilibrium constant varies with solvents.
Equlibrium constants were measured for CDCl, and CeDs.
Isomerization also occurred in acetone, resulting in a
unclear spectrum. Besides cis-PtCl.(Et.S). was quite
soluble in methanol and quite insoluble in hexane. Those
results could indicate that cis-PtCl.(Et.S)- has
considerable polarity.

From the equilibrium constant data, it was concluded
that cis T trans-PtCl.(Et.S). isomerization tended to go to
less-polar trans-PtCl.(Et.S)- in less polar media. Because
CsDs is less-polar than CDCl;, the equilibrium éonstant in
CsDe 1is 10 times larger th;n that in CDCl,.

X-ray crystallography was used to characterize cis- and
trans-PtCl.(Et-S)- structures. Both structures show a Pt-S
bond length of 2.226-2.301 A, similar to the Pt-S bond

length in Pt(III) complex with Et.S in an axial position
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(2.292-2.303 A). One might think that the trans-
PtCl,(Et,S)- should be non-polar due to the symmetry of the
complex.‘ But it turns out from structure characterization
that since the four -C_.Hs- groups lie on the same side of
the plane containing platinum, chlorine, gnd sulfur atoms,
the trans compleé.keeps certain polarity as had been
previously determined (2.41 D for trans isomer, 2.5 D for
cis isomer (58)).

Finally the rate of cis to trans-PtCl_.(Et.S)-
isomerization, despite the different postulated mechanisms,
is directly related to the solvent, because different
solvents change the rate‘of‘the reaction. The solvent
effect on the isomerization is nevertheless related to the
ligand substitution. As the enthalpy of the formation of
trans-PtCl,(Et,S). is positive (AH=15 kcal/mole), thus the
cis to trans process 1s quite endothermic. AH for the .
internal bond strength change and AH of solvation are the
two major contributions to this enthaply term. As sulfide
ligands have a larger trans-effect than chloro groups, the
isomer which allows the greater amount of Pt-sulfur n back
donation would have the larger overall bond strength, simply
because the isomer with more effiéient n'bonding would have
the greater total bond strength. This is the cis-Pt isomer
in which the sulfides ligands are trans to the chloro
ligands. As for the AH of solvation, the dipole-dipole

interaction between the complex and the solvent are greater
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in the more polar cis-Pt complex than in the less-polar
trans-Pt isomer (55).

For the entropy of the process, obtaining a positive AS
(3 eu) would favor the trans-Pt(II) complex, since the cis-
Pt(II) complex would have more associated solvent molecules
than the less-polar trans Pt complex due to the stronger
interaction between cis-PtCl.(Et.S). and the solvent.  The
rate determining step of the isomerization has been claimed
to be the formation by a.slow sﬁbstitufion of . one chloride. -
by a sulfide, followed by fhe fast substitution of one of
the two sulfides trans to each other by a chloride (55).

It is up to this point that cis 7 trans-PtCl,(Et.S).

isomerization has been studied.
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THE THERMODYNAMIC AND KINETIC STUDIES

ON SOME OF THE BINUCLEAR PLATINUM(III) COMPOUNDS
Experimental

A. Syntheses of the binuclear Pt(III) compounds

The preparation of a series of platinum(III) complexes
for the purpose of this investigation has been described
(52). These binuclear Pt(III) compounds include Pt(HPy) (HH
and HT), Pt(FHPy) (HH and HT), Pt(CHPy) (HH) and Pt (MHPY) . .

(HH) .

B. NMR measurements

The NMR assignments on these binuclear Pt(III) compounds
were carried out with a Bruker WM-250 ope;ating af 250,132
MHz for proton spectroscopy, 62.80 MHz for carbon-13 and
53.518 MHz for platinum-195.. Chemical shifts are referred
to tetramethylsilane for proton and carbon-13 spectra. For
platinum-195, the standard is 1 M H,PtCls. Nuclear
Overhauser enhancements were measured by the difference
method. All solvents were bought from Aldrich and uséd

without further purification.

C. NMR sgpectral assignments for a series of Pt(III)

compounds

The molecular structures of the series of binuclear
Pt(III) compounds have been elucidated (52). There are two

kinds of structures for some of the Pt(III) compounds, one
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is known as head to head (HH) or the polar Pt(III) complex,
another is kﬁown as head to tail (HT) or the non-polar
Pt(III) complex. The differences between HH and HT are
whether the axial positions are occupied by ohe ligand or
two ligands and the coordination around each Pt as described
on page 21f There is an interconversion between HH and HT
when addition or removal of axial ligands happens. The

proton NMR assignments for these Pt(III) compounds

" are listed in Tables 2-7 and the NMR spectra are shown in-

Figures 6-11. Protons on the hydroxypyridine ligaﬁds were
readily assigned by comparison of the unsubstituted complex
with the 6-substituted complexes. The 5-H on the
hydroxypyridine 1igénd is a multiplet ih the former case but
is a doublet in the latter case. The 3 and 4-H's are the
remaining doublet and triplet, respectively. Single
frequency decoupling and a COSY experiment confirmed these

assignments.

D. Equilibrium constant measurement on the HH -~ HT

interconversion

The equilibrium constant for the HH 7 HT binuclear
Pt(III) compounds interconversion has been determined by
proton NMR. The equilibrium between HH to HT is expressed
as:

Pyridine + HH 7 HT
The equilibrium constant is K = [HT]/{[HH]x[Py]}. The

measurement starts with the addition of free pyridine to the
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Table 2. *H NMR assignments for Pt-(CHs) . (HPY) . (Py)

Chemical shift (ppm) Assignment Coupling constant (2J Pt-

CH,)
1.05 CH;(I) 72.1 Hz
1.62 CH5(II) 80.5 Hz
6.35 5-H .
6.56 3-H
7.30 4-H
-7.40 6-H
7.24 CDCl5
7.70 B H-pyridine
7.92 vy H-pyridine
8

.47 a H-pyridine
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Table 3. *H NMR assignments for Pt,(CHa) ,(HPY) - (Py)-

Chemical shift (ppm) Assignment Coupling constant (2J

Pt-CH,)
0.64 ' CH,L(I) ' 69.9 Hz
1.16 CH5(II) 78.7 Hz
5.72 5-H
7.22 4-H
7.36 , 3-H
7.24 CDCl,
7.40 . 8 H-pyridine
7.85. Yy H-pyridine

8.70 : a H-pyridine

* Note 6-H not observed
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Table 4. *H NMR assignments for Pt.(CH,).(FHPy).(Py)

‘Chemical shift (ppm) assignment . Coupling constant (2J

Pt-CH,)
1.11 CH5(1I) 69.8 Hz
1.77 CHL(1II) . 79.3 Hz
6.07 5-H
6.43 3-H
7.26 4-H
7.24 CDCl, .
7.30 8 H-pyridine
7.80 . vy H-pyridine
8.46 ' a H-pyridine
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Table 5. *H NMR assignments for Pt.(CH.),(FHP,).(Py).

Chemical shift (ppm) Assignment Couplihg constant (2J
: Pt-CH.)
1.13 . - . CH,(I) ' 80.5 Hz
1.61 ‘ CH. (II) 72.6 Hz
5.69
5.73 5-H
6.34 '
6.38 3-H
7.30 4-H
7.24 CDC1,
7.45 B H-pyridine
T.74 : vy H-pyridine

8.52 - o H-pyridine
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-

Table 6. *H NMR assignment for Pt.(CH.).(ClHPy).(Py)

Chemical shift (ppm) 'Assignment Coupling constant (2J

Pt-CH,)
1.15 CH5(I) 70.2 Hz
1.46 CH5(II) : 79.6 Hz
6.40 5-H
6.45 3-H
7.14 4-H
7.24 CDCl,
7.36 8 H-pyridine
7.88 Yy H-pyridine
8.40 a H-pyridine
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Table 7. *H NMR assignments for Pt-(CHs;) 4, (MHPyY) - (Py)

Chemical shift(ppm) Assignment Coupling constant (2J
Pt~CH;)
1.03 CH5(I) 69.8 Hz
1.50 CHL(II) 79.3 Hz
2.36 CH, on the ring
.6.23
6.25 5-H
6.48 .
6.52 3-H
7.15 4-H
7.24 CDC1,
7.39 . 8 H-pyridine
7.91 Y H-pyridine

8.49 ' o H-pyridine

Pt(III) compound (HH), or through dissociation of pure HT
isomers into equilibrium mixtures of HH complex and free
pyridine. The HT complex is in fast exchange with'free
pyridine while the HH complex is in slow exchange with the
pyridine, leading to different pyridine resonances in the
NMR spectra.

Integration of the a proton resonancé on the axial
coordinated pyridine gives the measure of ratio of HH
complex to the HT complex plué the free pyridine. The 5-H
proton resonance on the oxo-pyridonate bridge of the HH
complex is well separated from the oné of the HT, so
integration of that region gives the ratio of the HH‘to HT.
An understanding of the total Pt(III) complex concentration
makes it possible to calculate all relevent concentrations

from these equations:
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[HH] / [HT] = ratio

[HH] + [HT] known concentration

The interconversion between HH 7 HT reaches eqﬁilibrium
slowly, hence the Pt(III) sampie was kept in a water bath at
constant temperature and measured periodically. The
equilibrium constant was measured at different pyridine
concentrations and at different temperatures. The déta,
(Table 8), indicated the interconversion between HH = HT
thermodynaﬁically favors the HT state. Equilibrium
constants and thermodynamic parameters for Pt(FHPy) are
tabulated in Table 8. Specﬁra‘are shown in Figures 12-13.

The size of the substituent on the oxopyridonate bridge
détermines whether the HH I HT interconversion happens or
not. Addition of pyridine to the Pt(HPy) and Pt (FHPy) (both
- are HH) complexes resulted in the progressive coﬁversion to
the HT isomer. Addition of free pyridine to the Pt(MHPy)
(HH) and Pt(ClHPy) (HH) resulted in no detectable formation
qf the HT Pt(III) complex even after several months.
Comparison of the size of the substituents on bridging
ligand from x~-ray crystallographic data indicates that
pyridine can interact sterically with the substituent.
Larger substituents are able to block the portion that
pyridine uses to coordinate with the platinum ion, while .

smaller substituents do not hinder this pathway for bonding.
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Table 8. Equilibrium constant and thermodynamic parameters
for Pt(FHPy) HH T HT

=Equilibrium constant K ( M~%) . [Py] ( M)
26 , 0.173
24 : 0.320
21 0.375
27 0.468
K (M™*) ®AG° ' ( kJ./Mol) Temperature ( K )
26 -8.0 : 296
20 ~-7.6 307
15 -7.2 _ 318
AS®= -38 J./(K. Mol.) AH®= -19 kJ./Mol.

a. Temperature = 298 K; standard deviation is *2.

b. AG®°= -RTLn(K)

E. Kinetic study of the binuclear Pt(FHPy) HH T HT

interconversion

The kinetic study on the HH 7 HT interconversion for
Pt (FHPy) was conducted by proton NMR spectroscopy. The
sample of Pt(FHPy) (HH) was kept in a constant temperature
water bath and different concentrations of pyridine added
into the sample dissolved in CDCl,. Rate gonsﬁants were
derived and calculated based on the integration ratio of the
HH/HT resonance from NMR measurements. The temperature

dependence of this interconversion was also determined. AS™
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and AH™ values of the reaction were calculated based on the

microscopic reversibility principle and Eyring plot (Table

9).

Discussion

Tables 1-6 present the chemica} shift and coupling
constant data for these binuclear Pt(III) series complexes.
Protons on the oxopyridonate ligand are readily assigned by
the comparison of the unsubstituted hydroxypyridine with the
6-substituted F, Cl or CH; group complex, the nearby 5-H
proton is a triplet in the former case where it is a déublet
in thelsubstituted F, Cl or CH; group case. The 3-H and 4-H
are assigned by the single frequency decoupling and remained
as a doublet and triplet in the *H NMR spectra in either
case.

The methyl resonances of the complexes are easily
assigned by the interaction with the platinum ion which has
30% spin 1/2 nucleus, forming an apparent t;iplet. This
triplet resonance results from the magnetic field caused by
the 1/2 spin of platinum nucleus. If the magnetic field.is
along the direction of the external magnetic field, the
nuclear magnetic momentum of the proton nucleus would be
enhanced, so the chemical shift of the proton would go
downfield. If, however, the magnetic field of the nucleus
spin is against the direction of the exfernal field, the

nuclear magnetic momentum of the proton would be decreased, .
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and the chemical shift of the proton would go upfield. The-
center of the apparent triplet is due to methyl groups on Pt
with no spin. The triplet 1:4.67:1 ratio is due to the 30%
of platinum nuclear spin. A measurement of the distance
between the outer wings of the triplet would determine the
Pt-CH5; coupling constant.

In the HH case, two chemically equivalent methyl groups
are on each Pt ion while each Pt ioﬁ has two different
méthyl groups on it in the HT case [17]. This is due to the
CHs; group trans to nitrogen and oxygen atom on the
oxopyridonate ligands in HT form or cis to these atoms in HH
case. The chemical shifts for the methyl group in HH and HT
cases have been measured. If a HT arrangement with a single
axial ligand existed, the methyl resonances would be
different from those observed in the di-axial substituted
case in that one ought to see four different methyl
resonances. This is not the situation encountered in the
measurement.

Nuclear Overhauser enhancement serves to identify the
methyl groups in the HH and HT cases respectively if the
axial ligand is pyridine. In the HH case,‘irradiation of
the downfield methyl resonance results in the enhancement of
the a proton resonance on the axial pyridine (a, B, vy refer
the resonances on Py), while the upfield methyl resonance
shows no interaction with the proton resonance on pyridine

proving that a downfield methyl resonance is closer to the
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coordinated pyridine. 1In the HT case, irradiation of each
of the methyl resonances separately results in the same
enhancement of the a proton on the axial pyridine,
supporting the diaxial substituted structure.

Carbon-13 and platinum—195‘NMR assignment for these
binuclear Pt(III) compounds were previously described (18),
giving a fully-described structure of these Pt(III)
complexes.

For the -equilibrium HH + free pyridine - HT, the.
variation of the pyridine concentration is shown in Table 9.
The equilibrium constant obtained by the method described in
the experimental section for Pt(HPy) and Pt(FHPy) is
thermodynamically reasonable, in which K for Pt(HPy) is
about lSOILMol‘1 and for Pt{FHPy) is about 25 LMol~% at room
temperature in CDCl;, meaning there is more HT formation in
Pt(HPy) compared with HT formed in the Pt(FHPy) at the same
pyridine concentration. The reason for the difference in
. the equilibrium constant fof Pt (HPy) and Pt(FHPy) might be
due to steric bulk of the substituent on Pt(FHPy). Pt(HPy)
is less hindered. It is Pt(HPy) that is more likeiy to
accept the coordinating axial pyridine and transforms to HT
form. The failure of Pt(MHPy) and Pt(ClHPy) to form HT
complexes is attributed to the steric bulk of the 6-X
substituent as well. Therefore, the value of K is directly

related to the substituent.
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Table 9. Rate constant and activation parameters
for Pt(FHPy) HH 7 HT reaction

=Rate constant (s™%) Pyridine concentration ( M )

7.94 x 1073 ©0.173
1.96 x 10+ 0.320
2.30 x 10— 0.375
3.64 x 10—* 0.4608
®Rate constant(s™%) Temperature (K)
7.94 x 10°3 296
3.18 x 107* _ 307
7.36 x 10— 318
AS™ AH™
‘For Pt(FHPy) HH -> HT -29 J Mol *K~* 84 KJ Mol™*
For Pt(¥FHPy) HT -> HH 16 J Mol™*K~* 105 KJ Mol™*

‘a. Temperature = 298 K

b. Pyridine concentration is a constant

Table 9 shows the rate constants and activation
parameters of Pt(FHPy) interconversion.

Proton NMR Spectrosdopy has been used to identify and
follow the interconversion of Pt(FHPy) ( HH 7 HT) in CDCl,.

Kinetic étudy of the reaction is based on the rate law,

~d[HH]/dt=k.[HH]-k.([HH]_-[HH]). With the assumption that
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pyridine concentratioﬂ is much larger than the HH Pt(III)
complex concentration, so that Py functions as a constant.
One éets up the model for HH HT( an approach to
equilibrium‘expression for which Kog=ks/k., [HT]=[HHJ°—[HH].
The time dependence of the decrease of the Hﬂ Pt(III)
complex concentration and the appearance and increase of the
HT Pt(III) complex concentration, with tﬁe addition of the
free pyridine, fit the integrated form of the rate law which

describes the pseudo first-order approach:

'—d[HH]/qt=kf[HH]1kr([HH]O—[HH])

Integrated form: Lh(kf[HH]o/{(kf+kr)[HH]—kr[HH]°}
=(Ketk,)t

At equilibrium: d[HHJ/dt= 0

ke[HH] oq=K, ([HH]o-[HH] o)

[HH] o=k [HH] o/ (Ketks,)

Substitution into the integrated form result:

Ln([HH]o-[HH]eq/[HH]-[HH]eq)=(kf+k;)t
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Therefore -Ln([HH]-[HH].o) vs. time should result in a
straight line if analysis is correct. The slope of this
straight line is kg+k, and oné can determine the rate
constant by the following equations if the equilibrium
constant for the interconversion is known.
K = ke / k.
slope = k. + k,

Recently a similar HH to HT rearrangement was studied in
a very different system (66). 1In the Pt(II) complexes
studied hydroxypyridine bridge breakage and formation were
involved. Similar kinetic models.and equations were used.
Unlike the system we studied, there were no Pt-Pt bonds nor
were axial ligands present in product or reactantf The data
obtained from that study should be-qompared to our data for
the HT 7 HH reaction. As that system was studied in water,
while our reaction was carried out in chloroform, detailed
comparison is unreasonable. Nevertheléss, comparison of
their resﬁlts to ours for the HT to HH intercopversion is
illuminating. In both results, the activation entropy is
consistent with a dissociative concerted mechanism for
bridge isomerization.

The changes of the reaction rate of HH Pt(III) complex on
NMR spectra are directiy proportional to the changes in
concentration of pyridine. The higher the concentration of

pyridine, the faster the increase of HT peak height forms on
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NMR spectra and the quicker the final equilibrium is reached
(Figure 14). |

The changes of reaction rate of HH Pt(III) complexes are
also related to the temperature. The higher the
temperature, the faster the reaction goes (Figure 15).

The different temperature measurement for the
interconversion determines the reaction activation enthalpy
and activation entropy using'Eyring plot (Figure 16). |

Rate studies reveal the reaction rate is greatly
influenced by the concentration of pyridine and temperature.
Reaction at varying:pyridine concentrations established'that
the reaction is first order in pyridine and first order in
HH complex. Addition of free hydroxypyridine to the
reaction mixture showgd no formation of a mixed HPy, FHPy
platinum complex even after 20 half-lives for the HH to HT
rearrangement. These facts taken together suggest one of
two mechanisms. In route 1, a preequilibrium in which
pyridine binds the HH complex is followed by a rate
determining step, which involves a somewhat dissociative but
concerted rearrangement of an FHPy bridge (Figure 17). 1In
route 2, pyridine attécks in a rate determining associative
step displacing one bond to the FHPy bridge. The FHPy
bridge subsequently convefts to form an HT complex (Figure
18). The possibility of a mechanism involving rupture of

the metal-metal bond was also considered. Theoretically,
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