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Abstract:

When various Pt(Il) complexes, coordinated in a cis fashion by certain monodentate sulfoxide and
phosphane ligands, undergo hydrolysis, an extremely acidic (pH ~ 1.5-2.5) solution results. These
hydrolysis reactions are accompanied by the formation of di- and occasionally tri-hydroxo bridged
complexes which exist in equilibrium with the monomers at these low pH values. For the sulfoxide
complexes, rapid scrambling of the sulfoxide ligands occurs between the two homodimeric forms in
solution. The phosphane ligands, in contrast, appear to be considerably more substitutionally inert.

When monodentate sulfoxides are replaced by the bidentate sulfoxide ligand
CH3-S(0)-CH2CH2-S(0O)-CH3 (MSE), hydrolysis is followed by the formation of a complex mixture
of products postulated to have a polymeric structure with the MSE ligand in a bridging role.

Heterodimeric structures were obtained when two different monomeric diaqua complexes containing
neutral monodentate phosphane ligands were reacted in aqueous solution. Only the monomeric
substitution product was observed when one of the monomers contained an anionic ligand (e.g.
oxalate). A series of heterodimeric complexes containing the Pt(PMe3)2 fragment were systematically
synthesized incorporating neutral nitrogen and sulfur donor ligands.

A novel network silver complex was obtained and characterized. This structure was initially formed as
a result of the incomplete removal of Ag(I) ion used to assist in abstraction of chloride ion from the
Pt(II) starting material. A crystal structure was acquired which shows the MSE ligand in a bridging
mode.

Attempts to determine the acid dissociation constants of the monomeric diaqua complexes by
potentiometric titration revealed a titration curve with only a single apparent inflection point, possibly
indicating overlapping pKa values. NMR titration of the trimethylphosphane system, plotting 1H
chemical shift vs. pH, revealed, two abrupt transitions which were associated with the pKa's of the
coordinated water ligands giving values of 6.5 and 9.6 for pKai and pKa2 respectively. The sum of
these pK's was compared with the sum of the dimer formation (Kf) and dissociation (Ka) constants
which had also been determined by NMR methods. Kf was found to be 2.701 + 0.050 and Kd was
found to be 22.008 £ 0.059.
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ABSTRACT

When various Pt(II) complexes, coordinated in a cis fashion by certain
monodentate sulfoxide and phosphane ligands, undergo hydrolys1s an extremely acidic
(pH ~ 1.5-2.5) solution results. These hydrolysis reactions are accompanied by the
formation of di- and occasionally tri-hydroxo bridged complexes which exist in equilibrium
with the monomers at these low pH values. For the sulfoxide complexes, rapid scrambling
of the sulfoxide ligands occurs between the two homodimeric forms in solution. The
phosphane ligands, in contrast, appear to be considerably more substitutionally inert.

When monodentate sulfoxides are replaced by the bidentate sulfoxide ligand
CH;-S(0)-CH,CH>-S(0)-CHs (MSE), hydrolysis is followed by the formation of a
complex mixture of products postulated to have a polymeric structure with the MSE
ligand in a bridging role. - _

Heterodimeric structures were obtained when two different monomeric diaqua
complexes containing neutral monodentate phosphane ligands were reacted in aqueous
solution. Only the monomeric substitution product was observed when one .of the.
monomers contained an anionic ligand (e.g. oxalate). A series of heterodimeric complexes
containing the Pt(PMe;), fragment were systematically synthesized 1ncorporat1ng neutral
nitrogen and sulfur donor ligands.

A novel network silver complex was obtained and charactenzed. This structure
was initially formed as a result of the incomplete removal of Ag(I) ion used to assist in
abstraction of chloride ion from the Pt(Il) starting material. A crystal structure was
acquired which shows the MSE ligand in a bridging mode. .

Attempts to determine the acid dissociation constants of the monomeric diaqua
complexes by potentiometric titration revealed a titration curve with only a single apparent
inflection point, possibly indicating overlapping pK, values. NMR titration of the
trimethylphosphane system, plotting 'H chemical shift vs. pH, revealed, two abrupt
transitions which were associated with the pK.'s of the coordinated water ligands giving
values of 6.5 and 9.6 for pK,; and pK. respectively. The sum of these pK's was
compared with the sum of the dimer formation (Ky) and dissociation (K4) constants which
had also been determined by NMR methods. Ky was found to be 2.701 + 0.050 and K,
was found to be 22.008 = 0. 059




INTRODUCTION

The formation of larger and ever more complex structures from simpler
precursors has long béen one of the primary goals of the synthetic chemist. | Until
recently, success in this encieavor has belonged alr;lost' exclusi.vely to the field of
organic chemistry and, although the vast array of carbon chains and rings can hardly be
expected to be matched by ’Fransition metals, a great deal of progress has been made in
the last few years towards increasingly more complex and functiénal structures
containing multiple metal atoms and metal-fnetal bonds. In the case of carbon, the
enormous diversity of structures can be explained in part by the modest size of the
carbon atom and its ability to form robust multiple boﬂds in small molecules. In the
words of one eminent chemist; "Carbén does everything well and ‘nothing to extreme"
(D).

" The chemistry of transition metals on ‘the other hand is dominated -by the
availability of partially filled 4 orbitals. From the time of Werner at the beginning -of the
éentury up until the early 1960's, the propertiés of transitiéri metal complexes were
accounted for entireiy in terms of individual metal atoms surrounded by a pﬁmafy
coordinatioﬁ sphere of ligands (2). It was not until the first experiménts postulating
the existence of a metal-metal bond were reported that the Wernerign concept of .

transition metal chemistry had to be modified to include a whole new class of




compounds, now referred to as metal cluster compounds. Clusters have since been
defined as "a finite group of ﬁetal .atoms that are held together mainly or at least fo a
‘signiﬁcan't extent, by bonds direétly between metal atoms, even though some non-metal
atoms may also be intimately associated with the cluster" (3). If should be emphasizéd
that this deﬁnition specifically excludes complexes in which several metal 'atoms are

held together exclusively by bridging ligands.

General Phenomenon of Metal Ton Hydrolysis

In the context of the preceding definition, the cuneﬁt work has focused on a .
specific class of ai-u—h};droxobridged corﬁpounds with a view towards using these
species as‘ building Blocks for more complex structures. The creation of metal-metal
bonds through oxidation of these complexes is expected to be a logical extensi-on of.
this Work but was. of only secondary importance to unde’rstand'ing the ﬂl’ndaméntal
chemistry surroundiﬁg the formation and feac_tivity of these dime;s and - higher
oligomers. Because there were no specific "target" complexes in mind at the outset,
each experiment was guided by the .resul;ss of the previous one in an effort to find
appropriate ligands with which to s.t.udy the hydrolysis and polymerization reactions of

the monomeric species.




It- has long been known that metal ions undergo extepsive and often
complicated hydrolysis reactions in aqueous solution. Investigations into these species
goes back to the pioneering work of N. Bjerrum (4) into the hydrolysis of
chromium(III) and the introduction of the concept of "aquo acidity” introduced by
Werner and Pfieffer (5, 6). This process can be described as in Figure 1 which depicts
the rapid and reversible hydrolysis of mononuclear species of a tri-positive metal ion

such as AI(III) or Fe(III).

3+ -H+ 7 2+ -H+ +
[M(OHz)s} ﬁ [M(OHZ)S(OH)] —:‘_? [M(OH2)4(OH)2}

Figure 1. General reaction scheme for the hydrolysis of an aquated metal cation.

The relative strengths of aqua acids have been rationalized in terms of an ionic
model which treats the metal ion as a hard sphere with radius r, and z units of positive
charge (7). This model predicts that the acidity of the water in the primary
coordination sphere of the metal cation should increase as the value of r decreases and
as the charge on the metal increases, roughly paralleling the value of the electrostatic

parameter given by Equation 1.



Equation | N=722/(r +d)

where d is the diameter of the water molecule. This model works well for those metals
from groups I and Il ol the periodic table that normally form ionic solids, but significant
deviations are seen for many transition metals due to the departure from purely ionic

interactions, as shown in Figure 2.

O 1 ’13+

Figure 2 Plot of pKavs. electrostatic parameter (£) for some metal cations (7 ).



As the positive charge of the metal ion becomes delocalized ‘over the entire
complex, correéponc_iing to a greater degree of covalent character, the profon of the
coordinated water is rgpelled more strongly, resulting in a lower value of pKa..
Although it is probably riot safe to extend this reasoning fo other metals of the second
and third row transition series, it is reasonable to expect that any factors which
influence the charge distribution on a metal atom will affect the acidity of coordinated
water molecules. Even for metals which do not adhere to this ionic model, the positive

u charge of the metal ion appears to stabilize the conjugate base of éoordinated protic
acids (8). The pK.,'s for some coordinated protic ligands are given in Table 1 (8, 9).

It has also been 'ﬁr‘mly established that .many hydrolysis reactions are
accompanied by polymerization, leading to complex and poorly characterized products.
Well known examples include the formation of p-hydroxo and p-oxo iron(IIl) species
at intermediate pH. After initial formatio}l of a hydroxo bridge, the pK. of the bridging
hydroxide group is reduced considerably (pK,=6) by coordination to not just one, but
two metal a;coms. These metal activated deprotonation reactions are not only important
in inorganic systems but also have been postulated as important first steps in some
metalloenzyme systems (8). Early- studiés often failed to recognize these
polymerization reactions, resulting in erroneous conclusions concerning formation

constants of hydrolysis products.




Table 1. pK, values for some coordinated protic ligands for the reaction
[MLH]" -----> [ML]"' + H" (8, 9)

Metal Metal ‘ Ligand  pKa
Charge/Radius® :

----- ‘ H,0 14.0
Na' | 1.0 H,0 o negligible A
Li’ 15 H,0 .. 137
Ca* .21 ' H,0 | 13.4
Mg 3.1 H,0 11.4
Zn* - 27 HO0 .10.0 |
Cu* 2.8 H,0 : 10.7
AP 6.7 - H,0 : 5.0
cr* 4.8 H,0 S 4.0
Fe'* 4.7 o H,0 27
_____ . NH,3 35.0
cu? 28 NH, 30.7
|\ — " NH; 32.2
(o S — ; NH; 32.9

a) Relative to Na" = 1

An elegant example of polymerization involving the formation of p-oxo bridges
has recently been demonstrated by Herrmann et al. (10). Figure 3 shows a simplified
reaction scheme for the spontaneous "self assembly" of methyltrioxorhenium monomers

to form a three dimensional polymeric rhenium complex. This complex is reported to




have a metallic sheen similar to graphite and exhibits electrical conductivity in the solid

state.
CHa CHy 1~
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0=Ré—0 —Re—0" OH 0
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h 5%
I
—Rle/———o—/Rle—O— Re—
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Figure 3. Hydrolysis and polymerization of methyltrioxorhenium (10).



Statement of Objectives

Hydrolysis of 2™ and 3" Row Platinum Group Metals

The work presented here grew out of the observation that when Pt(II) is
coordinated by certain sulfoxide or phosphane ligands, hydrolysis and deprotonation of
the aqua ligands results in the formation of di-p-hydroxo-bisplatinum(Ir) 'speéiés, even -
under strongly acidic conditions (11, 12, 13). We have been‘interested in exploiting the
marked tendency of thgse Pt(I) complexes to polymerize in acidic solution to develop

'r‘_nethc.)ds for the systematic preparation qf polymeric Pt(I) complexes and the oxidized
Pt(IV) counterparts. The following ‘,cheréfore represents fundamental research into the
formation of hydroxo bridged complexes and their equilibrium distribution as a function
of pH. Of particular importance was determining the driving force behind these
reactions, whefher they were simply a result of the low pK,'s of .the co;)r'dinated waters
in the monomeric hydrolysis products or whether there was some inherently greater
* thermodynamic stability conferred on the dimer as compared with the moﬁomer. Thi;
last property is reflected in the values of the formation ( K¢ ) and dissociation ( Ky )

constants shown in Figure 4 below.




+

L\Pt/OH2

2 N
L/ OH
Ka1 Ka2
+
- H _ H+
2+
. L OH
L\ /OH2 \
2 Pt 2 /Pt\
L~ “oH L OH
2
+2 H20
+
-2H
Ky
2+
L\ /OH L
/Pt\ Pt
L OH L

Figure 4. Relationship between Ky, Ky K,; and Ky, for dihydroxo bridged dimers.

As can be seen, the net reaction, starting with the cis-diaqua complex, releases
two equivalents of water and two protons. Although the detailed mechanism is
uncertain, the first step is thought to involve the deprotonation of one of the

coordinated waters to form the aqua hydroxo complex. This singly charged cationic
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species now has one highly nucleophilic ligand in hydroxide ion and one weakly
nucleophilic leaving group in water. Dimer formation then simply requires two of these .
fragments to come together in the proper orientation, followed by release of the-
remaining water ligands. Other studies done on similar systems also provide strong

evidence to suggest that the mono-deprotonated monomer is the react,ivé species in

_dim;ar formation at near neutral pH (155. At lower pH however, mechanistic studies

indicate that the diaqua monomer also makes a substantial_'contribution to dimer

formation (16). Any proposed mechanism for the formation of these dimeric species

should be consistent with the established mechanisms for other square. planar .
coordination complexes which normally involves the formation of a five coordinate

intermediate (17).

It- is useful to compare the mechanism for dimer formation in these four
c.oordinate species with tile fairly well established mechanism for hydroxo bridge
formation in octahedral six coordinate complexes of otiler platinum group métals.
These systems lend themselves to studies of this kind due in part to the much slower
reéction times, with half-lives for the hydrolysis of dibridged Ir(Ill) amine and ammine
complexes ranging from 60 to 9 x 10° secondg (18). Figure 5 shows the proposed
reaction scheme for the equilibrium Between mono- and dinuclear M(III) species (19).
These reactions afe thought‘ to involve a well defined monohydroxo bridged
intermediate shown‘ in the ﬁgure.. It has beénl postulated that a major stabilizing

influence can be conferred on this intermediate by the hydrogen bonding interaction
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shown between the singly coordinated water and hydroxo group of the aqua-hydroxo

species.
: d
O
7N\ M/ \ML
L4 M\ /M L4 ) ) 4V V4
0 a3 ~H O
H H H
ky }L +H,0 +H,0 | ks
H H
O 0]
7\ VRN
L4M M L4 . L4 M M L4
Lo S ]
OH- “OHZ OH2 OH2

Figure 5. Reaction scheme for the equilibria between dinuclear mono- and dihydroxo-
bridged species of Cr(II), Rh(III) and Ir(ITT). The dashed line indicates a
hydrogen bonding interaction. (After Ref. 19)

The existence of this interaction has been confirmed in the solid state by X-ray
diffraction data of the Ir(en) complex and is demonstrated in solution by examining the
acid strength of mono- and dinuclear species (20). Mono-hydroxo bridged species of
sufficient lifetime to be observed by NMR methods have also been postulated for

several Pt(Il) amine systems (21, 22, 23). Because the nonbonded distances between
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the aqua and hydroxo hgands should be comparable in four coordinate square planar
and six coordmate octahedral geometries, it is reasonable to expect that the same sort
of stabilizing interaction may exist in square planar Pt(II) complexes.

Because these reactions are inherently .pH dependent, the majority of our work
was rastricted to species which were at least partially water soluble. Many sulfoxide
“and several trialkylphophane ligands - form V\tater soluble ionic complexes when
coordinated' to platinum and were therefore wéll suited to these investigations.
Platinum  was additionally convenient for this study due its favorable magnatid

properties and intermediate reaction rates.

 Practical Applications of the Research

Although the work presented here has concentrated on the basic synthesis and
spectroscopic characterization of ‘di-tt-hydroxo bridged comt)le)_;es, fundamental
research into polymerization reactions of this type are important for several reasons.
The following briefly examines‘sor'ne of the possible practical applications of this work
by discussing several synthetic strategies in which t:omplex structures with very specific

chemical and physical properties are "assembled" from two or more smaller fragments.
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The systematic design and synthesis of "molecules with function" has recently
emerged as an efficient route for more advanced materials applications involving

transition metals.

L\IYI/L L\'|Y‘/L
BL T BL
N .
| w l |
BL / /M\ /M\
| /BL 1.3 L\ BL BL\ BL BL L
M\ + C—M —_—T 1}/( \}/(
. BL BL : \BL L L
/ \ \M/L o BlL

BL ; BL L L

Figure 6: Schematic Diagram of the Structure Dirécted Synthesis of a High Nuclearity
Metal Complex Using Complexes as Both "Metal" and "Ligand" (M = Ru
or Os). The bridging (BL) and terminal (L) hgands used are also shown
(24).
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The systematic design and synthesis of "molecules with function” has recently

emerged as an efficient route for more advanced materials applications involving

transition metals.

BL L
| N y Ve l l
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| /BL 13 l\ BL BL\ BL BL L
M + C—M —_ ’T/ \v(
BL BL \BL L lL
/ A BL
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Figure 6: Schematic Diagram of the Structure Directed Synthesis of a High Nuclearity
Metal Complex Using Complexes as Both "Metal" and "Ligand" (M = Ru

or Os). The bridging (BL) and terminal (L) ligands used are also shown
(24).
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This strategy makes extensive use of multinuclear complexes as both "metal" and
"ligand" and is exemplified by the synthesis of a host of closely -related rut'henium
complexes which can be syste}natically designed to possess a wide rénge of redox and
luminescence properties (24). An example of this so called "structure di;ected
_synthesis" is shown in Figure 6. In the example shown, chloride provides a labile ligand
on the metal atom. If this ligand is hydrolyzed by the addition of a silver salt, a free
" coordination site exists which is available to the "ligand" complexes. Only a few
examples of this approach_ have been reported for platinum, including the homo- and
heterodimeric complexes shown in Figure 7 (25). In this case, the synthesis of these
complexes is accomplished b‘y reacﬁng a -"precursor" Pt complex with a potentiélly
bidentate amine ligand followed by reaction of the free functionality with a target
complex (25). Thé potential of these complexes as potent second generation anti-
tumor agents is discussed below. |

A final example of the use of the structure directed approach applied to
platinum group metals is seen in the elegant syntilesis of bi- and tri-metallic complexes
with the potential for applications in molecular circuitry. Figure 8 shows the synthetic
use of alkynyl-bipyridine derivatives of Pt(Il) as substrates for the addition of
ruthenium and/or osmium fragments, resulting in a polymetallic spedies which shows
unique electrical and luminescence properties (26). A brief discussion of molecular
wires in the context of partially oxidized and mixed valence platinum complexes is

given below.
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- 2+

cl NH H.N cl cl
\Pt/ 3 > \Pt/ \Pt/ HaN\pt/ ’
o’ \NHZ(CH2)4H2N/ N H,N N ONH L(CH,) HN N N
(Pt Pt)2,2 N | (Pt, Pt)-1,1
. "'DMSO
DMSO DMSO
\i u/ H3N\Pt/Cr
o l\NHZ(CH2)4H2N/ Nei
Cl

_(Ru, PY)

Figure 7. Bimetallic bridged structures formed by reaction of "precursor" and "target"
complexes (25). ‘

| These examples serve to illustrate the tremendous potential of using polynuclear
- transition metal species as building blocks for structures with unique physical and'
chemical properties. It was one of the major goals of this research to determine
whether di-pi-hydroxo bridged Pt coﬁlplexes, with' their inherent propensity toward
polymer._ formation, and the availability of two free coordination sites at 1ow pH, could

be used in a similar fashion.
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g P~ ' - z

1 ¥
_ 1equiv. [Rulbpy),C1;] %‘

£\

. 1equiv. [Os(bpy),C1,]

14+

4Pr—6

RuPtOs 86°/

- Figure 8. General reactlon scheme for the formation of high nuclearity polymetalhc
complexes (26).

Partially Oxidized and Mixed Valence Complexes

The chemical properties of a transition metal complex can be dramatically
altered by oxidation of the metal center. Until recently, the.chemistry of platinum has
been dominated by the two most stable oxidation states, +2 and +4. ~Platinum(IT)

- almost invariably forms four coordinate square planar complexes typical of the other d¢
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‘-metals inclﬁding Rh(D), Ir(T), Pd(II) and Au(IIl) (6). A few ‘ﬁve \coofdinate Pt(ID)
species are known, including a proposed tri-u-hydroxobridged dimer .(27). Ti]ese five
coordinate species are of interest because of thé structural information they may
provide concerning the transition states for associative substitution reactions of square
planar complexes. As mentioned previously, these reactions normally proceed .through
five coordinate trigonal bipyramidal intermeaiates (17). For first row d® metals such as
Ni(II), tetrahedral complexes are formed with the weaker field ligaﬁds such as chloride
and bromide, whereas square planar complexes are formed with strong field = donor
ligands such as. CN'/(28).' The square planar configuration is favored over .tetrahedral
or octahedral geometry in this case due to the increased ligand field stabilization
energy. This behavior can bé explained using simple crys'tal field theory by appealing
to the energy level diagram .shown if Figure 9.

This diagram shows the ligand field splitting for tetrahedral, octahedral and
square planar d® complexes as well as the tetragonai .diétortion represehting the
transition from octahedral to square planar geometry (29). In this diagram, the overall

‘energy of the system can be lowered by pairing electrons in the dy, orbital as the

geometry moves from octahedral to-square planar.
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Y]

HTNg

d_,d

xz' “yz

Tetrahedral "Free lon" Octahedral Tetragonal Square
Distorion -  Planar

Figure 9. Ligand field splitting for hypothetical tetrahedral, octahedral and square
planar d® coordination geometries (After Ref 29). -

Oxidation of Pt(II) to P(IV). Oxidation to the substitutionally inert Pt(IV) state can be

accomplished by ;1 v.ariety of oxidizing agents. For the dimeric comi)lexes being -
considered here, formation of the Pt(I) species followed by oxidation of one or both of |
the metal atoms could serve to lock the ligands in place, and v;/ould represént a

significant step in béing able to manipulate the reactivity of the dimer fragment. Only
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one example of this type of reaction has been reported in the literature (30) (Figure 10).
Hydrogen peroxide has also been shown to be effective at oxidizing bis-oxalato Pt(II)
to the Pt(IV) frans dihydroxo complex. The mechanism for that reaction has been

determined by '”*Pt NMR studies using isotopically labeled H,O (31).

H OH g OH
o} R R
R\ PR /R H,0,/H,0 \| P \| _
Pt Pt > /Pt ~ /F't N
~ 7
R -~ 0 \R R | o) | R
H OH .4 OH

R=NH_, NH CH(CHs), NH CH_CH_
3 2 2 2 3

Figure 10. Oxidation of Pt(II) dimer with hydrogen peroxide (30 ).

Other oxidizing agents have also been successfully utilized for the oxidation of
Pt(II) species, including cerium (IV), chlorine, bromine, monopersulfate ion and Pt(IV)
(32, 33, 34, 35). Two electron oxidation with halogens normally produces the
corresponding #rans dihalo Pt(IV) species but also may result in halogen substitution
on the more labile Pt(II) species if the reaction is carried out in aqueous solution.
Because molecular chlorine disproportionates in aqueous solution, parallel oxidation by

Cl,, HOCI, and OCI always occurs, the relative importance of each species being a
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“function of pH and concentration of free chloride. Details of reactions involving
- oxidation of monomgic and dimeric ‘Pt(II) complexes peniﬁent to this investigation are
discussed more fully in the Results and Discussion Section belo.w. |
The intermediate oxidation state of Pt(Il[) plays an important role in the
formation of metal-metal bonded complexe‘s and partially oxidized linear chain
conductors. These octahedral (i7 cbmplexes are. substitutioﬁally labile as well as being
| paramgnetic due to the unpaired electrons in the dyy orbital. _bne of 'thé most
intensively studied classes of dimeric Pt(III) species is exemplified by the bridéed
pyrophosphito ‘complex shown in Fi_gure 11. In this structure, the metal p,-p, and d’- .
d,” orbitals interact along the Pt-Pt axis to form a single metal-metal bond (36). A very
important fundam_ental difference exists between the bridging georhetry of this complex
and the di—u—hydrbxo bridges discussed in this thesis. In the case of [Ptz(L;L—PO4H)4]2- ’
the three atom span and the tetrahedral geometry around the interdonor oxygen atom.
create a face to face orientation of the Pt04 units, thereby allowit}g the d. orbitais on
each platinum atom to interact. Boﬁded Pt-Pt distances in these diplatinum (IILIII)
complexes range from 2.716 A to 2.760 A depending on the axial ligand, :X (2). This
range can be compared with the non-bonded Pt--Pt distance in di—u—'hydroxo bridged

complexes which are all greater than 3 A
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X

X=CN, NO,, NH, -
Figure 11. Pyrophospito bridged Pt(III) dimer (36).

It remains to be seen whether Pt-Pt Bonds ;:an be induced to form upon one
electron oxidation of these dimeric species. The oxidation of mono- and dimen'c Pt(ID)
sulfoxide and phosphane complexes is discussed more fully in the Results and
Discussion section. | |

Although the ‘indi\_/idual d’ metal centers' are paramagnetic due to a single

"d"*"complex

unpaired eleciron, polymer formation results in an overall diamagneﬁc
which can be studied by nuclear magnetic resonance spectroscopy. Chemical shifts

have been reported for these complexes and appear to lie roughly midway between the
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corresponding +2 and +4 shift values (37, 38). In the area of advanced materials
applications, platinum has long been known to form partially oxidized linear chain
complexes which exhibit electrical conductivity along the metal-metal bond axis (38).
Practical applications of these one dimensional conductors include the growing
interest in molecular circuitry Although they have not yet been demonstrated, bridged
structures may also be expected to stack given the proper ligands (Figure 12). These
structures may in fact gain some degree of stability by the formation of hydrogen

bonding between the bridging hydroxide groups.

cl L

Figure 12 Hypothetical structure of stacked complex formed by partial oxidation of
dihydroxo bridged platinum (11) dimers.
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This stack,ing interaction, which was first ipveétigated by Krogmann using the-
oxalate salts, has also.been demonstrated for other ligands including cyanide lalthough
the solution chemistry of these polymeric sp-ecies remains only partially understood
(3 8). A few examples have recently been reported which demonstrate the feasibility of
using chemical systems to form molecular circuitry including an entirely organic
"molecular wire'; aﬁqhored by a sulfur atom to a gold surface (39). So far, it appears
that those liganéis which tend to form stacked, linear chain conductors, do not form
hydroxo bridged dimers and vice versa. Clearly, ligaﬁd properties such as
nucleophilicity and steric bulk play important roles in the formation anci stability of each

of these types of cqmplek.

Models for Homogenous Catalysis

A second area where fundamental research on these dimeric complexes '
becomes irlnportant Iis in the study of model sy-stems for homogénous catalysis. As
stated earlier, .coordination of two metal centers to a bridging hydroxide ligand rgnders
the rémaining proton much more acidic than it would o;cherwise be. For di-yu—hydroxo
bridged systems containing electron withdrawing triphenylphosphane groups, treatment
with strong base in non aqueous solution results i'n deprotonation of the bridging
hydroxo group to yield the di-u—oxo species (40). These, togéther with the

-corresponding amido and imido analogs have been the subject of a recent investigation
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aimed at developing possible models for homogenous catalysis (40, 41). Although the
majority of the complexes studied in that work were prepared with phenyl substituted
phosphane ligands which rendered them insoluble in water, the synthesis of many of
them involved di-p-hydroxo bridged Pt(II) species as either reagents, intermediates or

products. A typical example of one of these reactions is shown in Figure 13.

o) 2
L H
) >P< 2 4 NaN(SiMe,),,
L OH2 L /O\ /L
PP
o]
H 2+. =
I-\ /O\ /L i - PPh3
/Pt\ /Pt\ 2 NaN(SiMe,),,
L~ 0o L
H

Figure 13. Formation of a di-p-oxo complex by treatment of aqua or hydroxo species
with strong base (41).

These complexes provide an excellent example of the stability of oxygen as a
bridging atom for late transition metal species as predicted by simple molecular orbital

considerations. This point is developed more fully below.
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Once the di-p-oxo complex is formed, the Lewis basicity of the bridging oxygen

atoms can be exploited to form bimetallic p1; heterometallic clusters as shown in Figure

14.
Rh(COD)
L\ /O /L
1/2 Rh(COD)CI2 /Pt\ /Pt\
L 0 L
L\ /O\ /L
/Pt\ /Pt\ Aul'
L” 0" L /]
. L 0] L
L=PPh3 Pt\ /Pt
L 0 L

L'= PPh3, PthMe

Figure 14. Synthetic applications of di-u-oxo bridged Pt(II) dimers (41).

Although most of the p—oxo compounds studied were highly water sensitive,
the basicity of the oxo bridges has opened up a whole new route for the synthesis of
both homo and hetero-metallic complexes with potential catalytic applications which
require, or are more efficient with, two different metal centers.

The imido complexes are formed by reaction of an imide with either the di-p-

hydroxo bridged species or with the diaqua monomer, as shown in Figure 15.
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Figure 15. Imide bridge substitution (41).

Because the imido group is both isoelectronic and isostructural with the oxo
group these two bridged species show similar chemical properties (41). It is of
mechanistic interest that the imido group ends up in a bridging role rather than in a
terminal position having displaced one of the phosphane ligands.

In addition to the u—oxo complexes just discussed, dibridged species have also
found use in the synthesis of mixed bridge p—oxo, pu—peroxo complexes as shown in

Figure 16 (42).
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Figure 16. Formation of mixed hydroxo-, peroxo- bridged complexes by oxidation of
di-p-hydroxo bridged dimers (42).

Biologically Active Metal Complexes

Yet another area with close ties to these polymeric and hydroxobridged
platinum complexes is that of biologically active anti-tumor agents. With the discovery

of the anti-tumor activity of cis-diamminedichloroplatinum(II) or cisplatin, by



28

Rosenberg (43) in 1965, the number of studies don.e on hydroxo bridged -dimgrs of tﬁe
platinﬁm group metals grew enormously. Early interest in these species was centered
around the observation that in the case of cisplatin, the dimer species was the stable .
form under physiplogical co-nditions of pH and chloride concentration, and that this
dimer appeared to be responsible for some of the toxic side effects of cisplatin
treatment. Figure'17 shows the prbbable fate of cisﬁlatin after being introduced into the
bloodstream. Although the precise mode pf action of the mpnoﬁeric aquachloro or
diaqua complexes has not been ﬁr@y established, there is strong. evidence to suggest
that formation of an adduct with DNA is the crucial-step. A crystal structure of double
stranded DNA contaiﬁing the majof adduct of cisplatin has recently been obtained (44).

For doubie stranded DNA, it has been proposed that gdduct formation can
oceur as either inter- or intra-strand c;;)ss lir_xking as shown in Figure 18. Formation of

these crosslinks is thought to interfere with the replication process of tumor cell DNA

(8).
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-2HO
Plasma: Cytoplasm:
[CI1 = 103 mM [CI"] = 3 mM
pH= 7.4 pH=7.0
Figure 17 Fate of cisplatin after entering the bloodstream.
1,2 Intrastrand 1,3 Intrastrand Interstrand

Figure 18. Formation of cross-links in double stranded DNA by c/s-platinum
complexes (46).
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Early on in the investigation of anti-tumor agents, attempts were made to form
a list. of general structure-activity relationships (SARs) for these complexes in order to '
provide a rational guide for the design éf more potent "second generation" drugs. At
present,- these SARs include the following (45):

1) A cis geometry is required with the general _fofmula cis—Pth(aminé)z for Pt(II)
compounds and cis-PtX,Y,(amine), for Pt(IV) compounds. | |
2) The X ligand should Abe an aﬁon with intermediate binding streﬁgth such as CI,
SO4%, citrate, oxalate, etc.
3) The amine ligands should possess at least one NH moiety, ﬁeceésary for hydrogen .
bonding interactions with DNA.

Chloride has been the ligand of choice in many of these complexes due to the
large difference in free chloride ion conce'ntratién -between the plasma and the
cytoplasm as well as the fairly low #rans effect of CI' compared with the other halogens.-
This ligand also serves to maintain electrical neutrality of the complex, a_n. essential
requirement for paséive diffusion across the cell membrane (8) . With continued
research however, compounds are being discovered which violate many of lthese SARs.
Until very recently for example, it was generally assumed that only cis complexes
would show any significant biological activity. In the case of cisplatin, this does appear
to bev the case. However, several frans complexes (Table 2) are now being tested (46).

Many of these contain plaﬁar aromatic ligands such as pyridine or bypyridine, and it is
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thought that these may act either by forming interstrand DNA cross links, as with the |
cis cbmﬁlexes, or by acting as intercalating agent; (46).

Although all transition metal complexes tested so far for their anti-cancer
properties necessarily have some deéree of toxic.ity associated with them, it has been
found that in not all cases is the higher molecular weight polymer the toxic agent (15).
In contrast to .the known toxicity of the ammine dimer, tﬁe ethylenediamine dimer
seems to be less toxic than the monomer. Table 2 lists some of the piatinum group
complexes relevant to this work and currently under‘ investigation for potential

chemotherapeutic value.

Table 2. Partial listing of platinum group metals currently in use or being tested for
anti-tumor activity (46).

PtCl(NH;) trans-PtClL(NH3)(quin)®
PtCly(en) . ‘ tranS-Pt_Cl(py)(RR'SO)d
cis-PtCly(iso-CsH;NH,),(OH), trans-PtClL(RR'SO)(quin)
cis-Pt(NH;),(CBDCA) fac-Ru(NH;):Cly
cis-Pt(mal)(1,2-dach)’ cis-[Ru(NH;)Cl,]Cl
cis-Pt(SO4)(OH)(1,2-dach) - . cis-RuCly(dmso),
trans-PtCly(py)2 - Ru(bipy),0x

a) CBCDA = cyclobutanedlcarboxyhc acid b) dach= dlarmnocyclohexane
¢) quin= qumohne d) R=Me R'=Me, Ph, Bz, Tol
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The ~dinuc1ear Pt,Pt and Pt,Ru complexes discu.ssed earlier (Figure 7) are
currently being investigated for their anti tumor activity and have been found to cause a
250 fold increase in the number of intrastrand cross-links compared with éisplat‘in (25).
By introducing a different metal atom, such as Ru, into the complex, the two ends now
have distinctly different steric properties. This feature, as well as the difference in
reaction r'ate for thé two me_tals, may make’the heterodimeric complex more specific,
and therefore more selective, in its binding to particular DNA Séquences. |

It should be emphasized that although the éurrent research is not directly

‘concerned with discovering or developing these agents. The wealth of fundamental

knowledge concerning the synthesis, reactivity and characterization simply serves as a
useful comparison for the properties which this research seeks to exploit in using

related complexes as building blocks for more complex structures.

Structural Features and Proposed Mechanism of Formation
of u-hydroxo Bridged Platinum Complexes

For complexes containing ambidentate ligands such as sulfoxides, the theory of
Hard and Soft Acids and Bases is expected to play a role in the eventual mode of

coordination of these ligands. This theory, introduced originally by Dewar, Chatt and -

'Davies and later expanded on by Pearson (47), is based on empirical observations of

formation constants ( K¢ ) of metal ions with halogen ligands.
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Both Pt(II) and Pt(IV) are formally classified as soft acids while most sulfur
donor ligands including R,S, RSH and RS’ are classified as soft bases (48). The terms
hard and soft refer to the polarizability of the atom, molecule or ion in question. A

quantitative definition has been applied to_atomic hardness by Equation 2 below.

Equation 2 n=12{-E) I = ionization energy
E = electron affinity

Molecular polarizability () 1s most easily envisioned by appealing to the simplified

molecular orbital diagram shown in Figure 19 (7).

lonization
ﬁ
LUMO M
2 Ty v
_________________________________________ 5 _T:II\_A_ AN

Hard

Figure 19. Frontier orbital diagram showing the relative HOMO and LUMO energy
separation for hard and soft acids and bases (After ref. 7).
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Both O* énd OH are formally classified as hard bases. It is therefo_re somewhat
surprising that these ligands form such robust boﬁds betweeﬁ two soft platinum centers..
Some appreciation for the Bridging role of OH" in these complexes can 'be found by
examining the periodic distribution of transition metals that fofm terminal oxo
complexes. These complexes are invariably formed by metals in hiéher oxidation’
states, from vanadium to osmium, there being virtually no examples of terminal oxo
* complexes in the cobalt, nickel and copper fria_ds. For these metals, the only stable oxo
species utilize these ligands in a bridging role (49). This behavior has been explained
by noting that in order to form stable metal-ligand 7 bonds, utilizing the lone electron
pajré on O™ (or OH), at least one of the d orbitals of 7 symmetry must be empty. For
the early transition metals, this coﬁdition is often satisfied. For the later metalg, from
cobalt to .copper howéver, the ligand lone pairs populate 7 antibonding orbitals whj.ch
tends to destabilize the bonding interaction. Figure 20 illustrates this concept for
-octahedral mono-oxo, as well as the isoelectronic imido complexes (50). In this
diagram, ﬁp to two d electrons can be accommodated withou;c populating the 7* .
antibonding orbitals. An example of a stable complek with thrge terminal oxoiliga.nds is
‘seen in the methyltrioxorhenium speciés mentioned previousiy (Figure 3). In this case,

rhenium is in it's highest oxidation state of +7 which gives it a d° electron configuration.
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Only | \}1 }l
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Figure 20. Partial molecular orbital diagram for metal-oxygen ¢ and ® bonding (50).

For square planar d® Pt(II), terminal oxo complexes are not known because
there are no empty d orbitals of © symmetry on the metal. Only by adapting a bridging
role can the Pt-O bond become stable. This same basic reasoning can also be applied
to hydroxo species although the basicity of oxygen would now be moderated by the

presence of a hydrogen atom.
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As mentioned previously, several qualitative };roposals have been advanced
regarding the mechanism of dimer formation ( 15, 1§). As with the octahedral Ir(11T)
case, deprotonation of at least one of the coord'inated. waters appears to be a critical
first step in dimer formation. One of the primary goals of this research thérefore was to
determine the pKa's for one o} both of these ligands. These pK values have been
-determined for only a few diaqua Pt(II) species using various techniques (51, 52) and
most recently by NMR (53) and are given in Table 3. In addition to the other factérs ‘
 mentioned previously, the acidity of coordinated water appears to depend on the
_position in the trans influence series of the ligand frans to the water uﬁdergoing
deprotonation; with' the value of pK, increasing as the ligand moves higher in the trans
inﬂuencg series (54, 55). This trend is reflected in the few pK, values known (Table 3)
and the empirical ordering of ligands based on numerous studies. The trans influence
series of several nitrogen, phosphorus and sulfur donor ligands has been determined by
comparing the Pt-Cl bond distance for complexes of the type PtClzLL'. in the solid state"
(46.) and by comparing NMR coupling constants in solution (54). This study placed
- sulfides and § bound sulfoxides above NH; and below phosphanes in the series. These
results would suggest that the pKa's for the deprétonation of the first water inl

complexes with § and P donor ligands in the trans position should be less than 5 or 6.
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Table 3. Platinum complexes for which the pK,'s of coordinated waters have been

determined. )
Complex _ | Solvent pKa pK., Temp.°C  Method  Ref.
cis-[Pt(NH;)(OH,),** H,0 593 787 5 NMR 22
cis-[Pt(NH;3)(OH,),]** HBO 56 73 20 Pot. 52
trans-[Pt(NH),(OH,), ]  H,0 . 435 740 25 -  NMR 54
[Pt(H,0)(NH;);]* H,0 637 - 25 NMR 22
[Pt(en)(OH,).I** H,0 58 76 25 Pot. 51
[Pt(dienj('on)]2+ H,0 6.53  -em- | 23 Pot. - 51
| [Pt(trans—dach).(OHz)z]% H,0 6.14 756 25 Pot. 15
[Pt(#ans—daéh)(OH2)2]2+ D,0 | 648 8.08 25 Pot. 15
rans-[PtCI(HO)(NH;),]** H,0 563 - 25 NMR 54
[Pt(NO,):(H,0)] H,0 | 532 -— 25 NMR 56
[Pt(OHy).** HO  >2 e e — 57
trans-Pt(0x),(OH), H,0 23 283 25 Pot. 58

Appleton et al. have determined the pK.,'s for trans-[Pt(OH,),(NH:),]*" and
trans-[Pt(CI(OH,)(NH;) > complexés and have compared these values with the
corresponding cis complexes (59). In both cases, the #ans complexes had significantly
lower values for pK,;. From this and other results, they concluded that the (iiﬁ’erence

was due to the #rans influence between NH; and H,O. Speciﬁéally, they postulated

that because the frans influence of H,O is rather weak, the oxygen of the water
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molecule bound trans to it would be bound more strongly to platinum. The net effect is

‘to transfer electronic charge towards the metal and away from the hydrogen atoms,
leaving them with an increased positive charge. This explanation is entirely consistent
with that suggested for the acidity of aqua acids discussed earlier.

The last entry in Table 3 is of partic:ular' interest, being the only Pt(IV) complex
in the list. ;[‘he coﬁsiderably lower pK.'s are consistent with the higher positive charge
density on the metal as diséussed in connection with metal ion hydrolysis in general and
are also consistent with fhe smaller trans influence of water compared with oxalate.
Both the cis a;ld the frans species have been studied by plotting pH against Pt
chemical sh1ﬂ: (31). Whereas the trans isomér exhibits a fairly large chemical shift
change between pH 2 and 10, the ci._s isomer remains virtually constant. This behavior
has yet to be fully expl'ained but rﬁay simply indicate that the shielding eﬂ;écts upon

deprotonation of coordinated water are not nearly as dramatic as in the #rans isomer.

Homo- and Heterodimeric Pt(II) Sulfoxide Complexes

More recéntly, square planar d° pfaﬁnum and palladium complexes containing
other than nitrogen donor ligands have beeﬁ found to undergo the same type of
dimerization reactions. The current research has focused almost exclusively on sulfur
and phosphorus donors dué to the original interest in using dimethylsulfoxide as a

ligand.
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Monodentate bis-suifoxide l platinum (II) complexes.  Sulfoxides readily
coordinate platinum(II). Both S- and O-bonded cases are known but it would seem that
S-bonding is preferred in the absence of steric constraints (60). Thus, it has been noted
that two sulfoxides readily coordinate Pt(II) to form cis-di-S-sulfoxo fragments (61).
These fragments have the remarkable property of forming di-p-hydroxo-bisplatinum(II)
species under strongly acidic conditions. This contrasts with the more familiar cis-bis
amine complexes which form bridged species only in neutral and mildly basic soluti.ons.
As .wo_uld be anﬁcipated, other factors such as temperature, conéentration, ionic
strength and even the counterion can all have an appreciable effect én sp'eci.es
distribution as a function of pH (62, 63, 64).

Rochon et al. have studied the solution béhavior of several platinum(II)
complexés with monodentate »sul'foxide ligands (11, 12). For ethylmethyl sulfoxide and
‘ diisoprobyl sulfoxide, dihydroxo bridged dimers are formed upon silver a_ssiéted
removal of chloride in aqueous solution, with a resulting pH of 1-2, suggesting
considerable hydrolysis of the monomeric 'diaqua .complex. In the case of dibenzyl -
sulfoxide, the complex shown ip Figure 21 is formed, presumably due to steric

hinderance caused by the bulky benzyl groups (65).
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H,O
cis [ P{BMSO),CL ] + 2 AgNO, ——
70° 7 days
- H - 2+
BMSO. O  OH
o " C .
P 2NO;” + 2BMSO + 2AgCl
H,O a BMSO

BMSO = benzyimethylsulfoxide

Figure 21. Hydrolysis and dimerization reaction for Pt complexes coordinated by
bulky sulfoxide ligands.

Only after one of the sulfoxide ligands has been hydrolyzed does the formation of the

dimer proceed. This would account for the longer reaction time and more extreme

reaction conditions compared with less sterically demanding sulfoxide ligands.

We have been interested in exploiting the strong tendency of sulfoxo
platinum(II) complexes to polymerize in acidic solution to develop methods for the
systematic preparation of polymeric platinum(IT) complexes. As has been previously
discussed, pH plays an extremely important role in the species distribution in these
systems.

Two cis sulfoxides are known to exert a considerable labilizing effect on one

another in square planar d* complexes (66, 67). This cis effect is paralleled by a
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moderate frans effect for sulfoxides but is otherwise contrary to the observation that
strong trans directing ligands are also highly nucleophilic (68). This combination of
high trans effect and poor nucleophilicity is also seen in ethylene (69). It has been
proposed, in the case of sulfoxides, to be due to the polarity of the sulfinyl group,
which serves to impart a small positive charge to the sulfur atom (70). The difference
in Pauling electronegativity between sulfur and oxygen is significant (0.86 Debye).
This effect can be seen most easily by inspection of the resonance forms of DMSO in -
Figure 22. It has been suggested that the initial bond formed between platinum and a
sulfoxide ligand is through the oxygen atom of the sulfinyl group, or that an olefinic
type bond, involving the double bond between sulfur and oxygen, may exist in the five

‘coordinate intermediate, thus explaining the similarity to ethylene (70).

0® 10 :0:°
I <> ! <>
AN

\ / N\
CH{ " CH,  CcHf “CcH, CH{ TCH,

1 2 3

Figure 22. Resonance forms of dimethylsulfoxide.

Although not entirely unreasonable, preferential bonding through oxygen rather

than sulfur would seem to violate the Hard-Soft Acid-Base (HSAB) theory.
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'Steric factors also have a very strong inﬂuence oni't—he rate of reactipn and on
product outcome. Althpugh Pd(II) normally reacts some 10;1 - 10° times faster £han an
.analogous Pt(II) species, it has beén shown that by coordinating bulky ligands to the
metal, it is possible to sterically "tune" a Pd complex to react at rates comparable to Pt
(71).

Tl’1e interplay of steric and electronic factors in deterﬁﬁning coordination
geometry arquqd square planar Pt(II) cor‘nplex-es is well illustrated by the formation of
‘the tetrakis DMSO complex. In this case, two of the sulfoxide ligands are coordinated
through sulfur while the- other two are coordinated through oxygen. It has been
suggested that steric interactions are responsible for this conﬁ@ration (72). This
hypothesis is supported by a study of the reactivity of sulfoxides towards the
tetrachloroplatinate ion (67). These results show that the second order rate constant
for the substitution of | chloride by a series of sulfoxide ligands is determined by the
steric bulk of the ligand rather than the difference in inductive effect. An altérnative
explanation for the mixed coordination mode rﬁay be that the presence of two soft
ligands ieads’ to a diminished preference for further substitution of soft bases by _
reducing the polarizability of the metal atom. This so called antisymbiotic eﬁ‘ect has
been experimentally demonstrated for a series of soft metal-ligand interactions and can
be rationalized By ndting th;alt "two soft ligands in rhutual trans positions Will have a

destabilizing effect on each other when attached to soft metal atoms" (73). This
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follows from the fact that ligands having a large frans influence are invariably soft

bases.

Bidentate Sulfur Donor Ligands

Bidentate sulfoxide and thioether ligands also form stable complexes with the
platinum group metals and in many cases exhibit similar spectroscopic and chemical
properties with the monodentate counterparts (74).

These compounds can be considered to be formed from two alkyl sulfide or
sulfoxide fragments with a hydrocarbon link between the "methyl" groups. Due to the
conformational ngidity imposed by the interdonor linkage, configurational isomers are
formed on coordiﬁation to metal ions. One of the simplest sulfoxides of this type is

1,2-bis(methylsulfinyl)ethane (MSE). Two resonance structures of the meso form are

shown in Figure 23.
O . ©
o o3 O :0:
| 3 <> | 5
S ~
cHy” NCHy” CH, cHy” 8\(CH2)2/ ®CH,

Figure 23. Two resonance forms of meso-1,2-bis(methylsulfinyl)ethane.
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The synthesis of this compound has been accomplished by several different
methods.  Oxidation of the parent disulfide with hydrbgen peroxide or sodium
periodate inevitably results in formation of the overoxidized sulfone (75).
Overoxidation can be avoided by the method developed by Hull and Madden involving
the HCl catalyzed transfer of oxygen from DMSO to dithiahexane (76). Because
mechanistically similar reactions may be involved in the metal ion mediated
deoxygenation of coordinated sulfoxide ligands, the proposed series of steps is worth
discussing at this point. A common intermediate in the transfer of oxygen to sulfides

appears to be the halosulfonium ion shown in Figure 24 below.

2 HCI e Y st @ ) HZO
Me SO=<" Me,SCI C| =™ R,SCI CI <™= R,SO + 2HCL
several +
steps +
Hzo MeZS

Figure 24. Proposed scheme for HCI catalyzed transfer of oxygen to an organic

sulfide (77).
In the absence of a sulfide substrate, this intermediate can react further to form one of
several products depending on the nature of the alkyl groups (77). Aside from
reduction to the corresponding sulfide, several decomposition products as well as

products formed by the cleavage of the C-S bond have also been identified. These
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I'd

include halogenatéd alkylsulﬁdes, .alkyl halides and metharies-ulfohic acid thioalkyl -
esters (78). Cleavage of the C-S bond may be important in explaining the products of
oxidation reactions of coordinated ligands using molecular chlorine in aqueous
solution.. This general topic of oxidation reactions of monomeric and dimeric Pt(II)
complexes is treated more fully below. |

| Because the sulfur atoms are chiral, MSE‘can exist as tile meso-form and a d/
pair of enantiomers, as shown in Figure 25. It has long beeﬁ recognized that
disulfoxides of general formula .RSO(CHZ)nOSR can exist as diastereomers ~due to -the'
presence of two chiral sulfur centers. In 1927,‘ Bell and Bennett (75) first synfhesized :
- the compoﬁnd for n = 2 , R = CH; by oxidizing the corresponding disulfide with
hydrogen peroxide. Although they were able to separate the diastereomers by repeated
fractional érystallization, ’Fhey were unable to assign absolute configuration around the
sulfur atoms and designated them simply as the alpha (o) and beta (B) forms based on '
melting ‘point. Some fo@ years later, interest in the donor _properties of these
compounds toward metal ions resulted in the synthesis and spectroscopi.c
characterization of several first row transition metal complexes as well as those of Pt
and Pd (60). Baéed on IR evidence, it was determined that as expected from the HSAB
theory for an ambidentate ligand containing both sulfur and 'oxygen, the "harder” first
row metals all cobrdinated thouéh oxygen while _thé "softer” platinum group me’cals,~

barring steric constraints, coordinated through sulfur.
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Figure 25. Introduction of chirality by transfer of oxygen from a sulfoxide to a
symmetrical disulfide.

Even with this additional structural information, the problem of diastereomeric
assignment of the ligand still remained. In the following year, Louw and
Nieuwenhuyse (79) claimed to have resolved the issue for disulphoxides of n =1 and 2
by oxidizing the parent disulfide or it's racemic monosulfoxide with (1S)-(+)-

percamphoric acid followed by fractional crystallization to yield the optically active o
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and optically inactive B forms. They thus concluded that the higher melting ¢ form was

the racemic mixture and the lower melting B form was the meso compound. Several

years later, a crystal structure of the o form was published by Svinning, Mo and Brunn

(80) suggesting that the earlier assignment was incorrect and that the "alpha" form was

_in fact the meso compound. Curiously, no mention was made of the previous

assignment. Additional work by other groups has since confirmed the crystallographic

assignment of 1,2-bis-(méthyléulﬁnyl)ethane as well as a number of other related

disulfoxides (81). More recently, NMR has been used in an attempt to determine

stereochemistry of these and related complexes (82). In the case of MSE, the chirality

around the sulfur atoms renders the methylene protons magnetically non-equivalent.

This can be seen by looking at the Newman projections shown in F igure 26 .

CH._ =
3\S/,O
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H H
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0%*CH,
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Figure 26. Newman project'ion-of meso-MSE.

CH

3\’- .//O ‘
¥ cH,
o
H
H -

Gauche




48

This magnetic non-equivalence results in an AA'BB' splittin-g pattern in the '"H NMR
spectrum for both the meso and d./ forms of the ligand. Because both configurations of
MSE show the same splitting pattern, it was not possible to use- this critéria for
stereochemical assignment. Further investigation into these and similar compounds
however has shown that in many cases, for the symmetrical meso form, the AA'BB'
splitting collapses info an A, pattern (82). |

For compounds of the general formula R-S(O)-CH,-CHy-(O)S-R
diastereomeric threo and erythro forms are po.ssible.“ In particular, it was found that
when R and R' were aryl groups, the meso form sﬁowed a sharp singlet ‘in the '"H NMR
spectrum whereas the d,/ enantiomeric pair showed the complex AA'BB' multiplet
expected oﬁ theoretical grounds. Variable temperature experiments ruled out a
significant contribution from intramolecular self association and demonstrated a fairly
low barrier tp bond rotation. The réle of the solvent in the appearance of the specfrum
is demonstrated by the variable temperature study of the diaryl compound with R=2-
carbomethoxyphenyl. Between 39° and- 59° C, in deuteriochloroform, the ethano
region. gives only a sharﬁ singlet in the 'H NI\/IR spectruxﬁ, whereas below 39° C, the
'»complex splitting pattern reappears. Due to these incompletely undgrstood results,
NMR remains an inconclusive method for determinat_iqn of stereochemistry for

compounds of this type.
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Monodentate Platinum(Il) Phosphane Complexes

Phosphane donor ligands in general and alkyl phosphanes in particular have
long been known to be excellent ligands for Pt(11) (83, 84). The stability of the Pt-P
bond has been explained in terms of the a and p bonding interactions between these

atoms, as shown in Figure 27.

3d " 3d, 4d, or 5d

Figure 27. Sigma and pi interactions between d8platinum(Il) and phosphorus (83).

Considerable controversy has surrounded the relative importance ofthese o and k type
interactions. It was originally believed that donation of electron density from the
partially filled metal d orbitals into the vacant 3d orbital on phosphorus, the so called

back bonding, made a major contribution to the affinity of phosphorus ligands for
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"soft" metals such as platinum (85). Subsequent *'P NMR studies looking at the Pt-P
coupling constants for a series of phosphorus ligands suggests that it is in fact the very
strong ¢ donor capability of phosphorus that makes these bonds so robust (84). This
conclusion was based on the observation that the ratio of the coupling constant for the
cis and frans complexes is virtually the same for Pt(IT) and Pt(IV) complexes.

As with sulfoxides, the chemistry of metal phosphane complexes is largely
dominated by the steric interactions of the phosphane ligands in the primary »
coordination sphere of the metal (86). This aspect of phosphane chemistry has béen
intensively investigated by Tolman who proposed the formulation of a "cone angle"
parameter which can be used as a measure of the steric bulk of various phosphane
ligands (87). This cone just encloses the van der Waals radii of the ligand atoms over
all rotational orientations around the metal-phosphorus bond axis. Figure 28 shows
how this parameter is measured and Table 4 lists a range of phosphane ligand cone

angles.

Figure 28. Illustration of the cone angle for phosphane ligands (After ref. 86).
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Table 4. Phosphane ligand cone angles (86).

Ligand Cone Angle (°) Ligand éone Angle (°)
PH; - _ 87 PH,Ph - 101
P(OCH,);CR 101 : PF; . 104

P(OMe); 107 ' PMe; | 118

PMe,Ph 122 Ph,P(CH,),PPh, | 123

PEt; 132 PPh; 145
PPhy(#-Bu) 157 PCy; 170
PPh(#-Bu), 170 P(+-Bu); 182

P(CeFs)s 184 P(mesityl); 212

Two immediate effects .of this steric interaction are that bulky phésphane
ligands with large cone angles tend to bipd trans to one another and to increase the rate
of substitution reactions proceeding by a dissociétive "pathway (88). Distortions from
idealized coordination geometry are also thought to be a résult of s;ceric interaction and
can often lead to enhanced lability of phosphane ligands. An e;;cample of this is seen in
Wilkinson's catalyst, RhCI(PPhs)s. In this complex, Rh(I) has a d® electron
configuration and therefore normally adopts a square planar geometry. Distortion of
this plane is thought to ;ccount for the effectiveness of this complex as a hydrogenation
catalyst by labilizing‘ one of the phésphane ligands leading to eventual liéand

dissociation, a key step in the proposed.catalytic mechanism (86).
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Interest in transition metal phosphane complexes has mainly been centereci '
around their use as catalysts (84). More recently however, a growihg number <;f
" investigations are being conducted in attempts to develop biologicélly active metal-
phosphane complexes anaiogous to the metal amines purrently being used in cancér
therapy. Clearly, one of the principle r;equirements for agents of this type is a moderate
solubility in an aqueous medium. When trimethyl phosphane is-used as a ligand for the
‘synthesis of the type of di-u—hydroxo bridged species discgssed abov-e for sulfoxides,
the complexes become extremely water solublé. We have taken advant_agé of this
solubility to form a number of mixed ligan(i dimers containing the Pt(PMe;), fragment.
Because of the hydrophobic nature of a‘lkyl groups in general, trialkyl phosphane
complexes are. not normally considered yerSI water soluble (89). cis—Pt(PMe;)ZCIZ for

example is only soluble to the extent of about 10” mol dm® in aqueous solution (90).

Ligands With Other Group 15 Donor Atoms

Although much less well studied, the heavier group 15 elements show similar
steric repulsive interactions, with the frend in donor atoms being P < As < Sb <Bi (84).
Interestingly, | di-u~hydroxo bridged Pt(II) species containing these ligands have
reqently been reported (91). These complexes are formed using the same general
procedure as for the correépoﬁding phosphane spécies but appear to have a much lower

thermal stability. If subjected to only moderate temperatures (80 °C) for short periods,
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the dimers decompose or undergo intramolecular rearrangement to form the tetrakis

stibine complex as shown in Figure 29.

2+
MeShb OH
MeSb\Pt Gl AgNO, \Pt/ 2 Anion
—_——— \ Exchange
MeSb/ \CI 4h <5° MeSb OH2 ™
MeS 2
e b\ /SbMe MeSb\ /OH
/F’t\ Pt
MeSb” “SbMe MeSb” “OH
NaOH
A
, . HNO,

N_/
Pt
/ 7 N\

H
MeS b\ /O SbMe
Pt\
MeSb o) SbMe

X

-

Figure 29. Formation and thermal decomposition of Di-p-hydroxo bridged Pt(I)
stibane dimers (91).

As expected from the steric considerations discussed above, the crystal structure of the

[Pt(SbMe:)s]* ion shows a distorted square planar arrangement around Pt (91).
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Reactions of Coordinated Ligands

Finally, some mention should be made of the variety of reactions that can occur
on coordinated ligénds. Because one of the primary objectives of this research was to
explore the feasibility of using oligomeric bridged complexe-s as building blo_cks for
more complex structures, the abiﬁty to modify the chemical propertieé of coordinateci
ligands is of fundamental importance. For sulfoxide ligands, this area has only recently
been investigﬁted (78). In particular, it .was found that the reactivity of coordinated
monodentate sulfoxides is signiﬁcéntly different than that of the free ligand. This
reactivity is due in part to the difference in bond length of the sulfinyl group in § and O
bonded ligands. Deoxygenation of the sulfinyl group has Been observed with a variety
of reagents. Although we did not actively investigate reac;tions of this type, a crystal
structure was obtained which suggested that a carbon-carbon bond had been broken in
a bidentate sulfoxide ligand. Clearly, this is an area which desefves more attention in

these systems.
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. Spectroscopy

Nuclear Magnetic Resonance Spectroscopy

Virtually all of the platinuﬁ coﬁtaimng complexes in this investigation were
studied by ’Pt NMR spectroscopy. '**Pt nuclear magnetic resonance is an attractive
technique for the study of polynuclear platinuni complexes. *°Pt chemical shifts are
extremely sensitive to chemical environment and afford an opportunity to distinguish Pt
atoms in complex molecules (92). This sensitivity can be explained in part by
considering the relative contributions to the shielding constant (c) of a heavy atom such

as platinum. This constant is comprised of two main terms as shown in equation 3

(93).
Equation 3. Ctotal = '0'p + 04

In this equation, G, and o4 are the diamagnetic and paramagnetic contributions to the
total shielding constant respectively. The terms paramagnetic and diainagnetic as used
here do not refer to the presence or ebsenee of unpaired electrons but rather to the free
circulation of electrons about the nucleus (diamagnetic) or the hinderance to that
circulation (paramagnetic) caused by the presence of other electrons or n'l"icle.i in the

molecule (94). For most heavy nuclei such as "**Pt, Co™ and 'Rh, the paramagnetic
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term dominates the shielding interaction and has been evaluated for '*°Pt (95)

(Equation 4).

Equation 4. Op= (R M) <> Cu? [8 Con? AES + 4C" AEE]
In this equgtion, <r’>is an average over the radial 5 functions used as a basis set;l Ces
Calg, and C,z are the coefficients of the corresponding d -orbitals in the molecular
orbitals of platinum; and AE terms are diﬁ'eren-ces' in energies between hiéhest occupied
and lowest unoccupied orbitals accessible for one electron transitioﬁs. Equation 4
reﬂects the relative importance the difference in energy of the various molecular
orbitals and has led to an attempt to correlate chemical shifts of these nuclei with UV-
Vis data based on the e, <---- t,, transitions (96). ‘The energy separati(;n (AE) is_faifly.
small for d® Pt(IV) complexes leading to a large coﬁtr’ibution from the inverse
dependence oﬁ this term. - The correlation is not nearly so good for Pt(Il) species
however, limiting the usefulness of this methéd for predicting chemical shifts o).

An excellent example of the power of 195pt NMR is tile assignment of all sixteen
isotopomers of a Pt cluster complex with direct metal-metal bonding (92). Coupl_ing
~constants range from 5450 Hz to_ 7700 ‘Hz and the distinctive splitting pattern of
natural abundance Pt allow these assignments to be made unambiguously.

‘With the wealth of informa_tion on chemical shifts and coupling constants for

'*Pt complexes, several trends have emerged which were used extensively in assigning
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spectra. The ﬁrst'of these coﬁcems the resonance frequency of the various oxidation

states of platinum. Due to the decreased shieiding fTorr‘l ‘the six d electrons, Pt(IV)

almost always resonates downfield of the analogous Pt(I) species. which in turni '
‘resonate downfield of Pt(0) (37). Notable exbeptions to this general trend is seen in

certain Pt(II) and (IV) iodides and this may reflect the increase‘ in covalent character of

the P¢-/ bond over Cl and Br.

-Another trend that has emerged from this and other st'udies of dimeric
complexes is that there ‘is normally seén a downfield shift of ?;00 - 400 ppm on go-ing-
from the diaqua monomer to a di-ui~bridged species. This shift is thought to be caused -
* by the strain imposed by the four membered Pt-OH-Pt-OH ring (11). Consistent with
this observation is fhe assignment of a hydroxo bridged cyclic trimer peak located 15
ppm to higher field of the dimer due to the decreased strain of a six membered ring. All
of these factors were extremely useful in assigning resonances for new complexes
formed in this work and are discussed more fully at thel appropriate time in the Results

and Discussion section below.
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EXPERIMENTAL

Instrumental Methods

Nuclear Magnetic Resonance Spectroscopy

'H NMR spectra were acquired on Bruker WM250, AC300, AM500 FT
spectrometers operating at 5.85 T, 7.02 T or 11.7 T respectively, or on the upgraaed
AVANCE DPX-250 or DRX-300 versions of these instruments using the same magnets
a-t virtually identical field strengths. Cherr_lical shifts were referenced to the residual
solvent peak or to dioxane for pH titrations.

Pt NMR spectra were obtained on Bruker WM250 or DPXZéO spectrometers
equipped with a 10 mm broadband probe (WM250) or 10 mm platinum speciﬁc probe
(DPX250). Spectra were normaily 'H decoupled and referenced to an external étandard
of 0.1 M Na,PtCls. Shifis to higherlﬁeld are negative. For samples run in non-deuterated

.solvents, thg lock signal . was prpvided by a concentric insert tube containing D,O.
Temperéture control was acbieved by a B-VT 1000 variable temperature unit and is
accurate to within +1° C. For increased resolution c;r for samples with limited solubility,
temperatures were elevated to slow the relaxétion 'times somewhat and enhance the
resolution. At times, resolution was further enhanced by Gaussian multiplication.

Typical acquisition parameters are given in Table 5.
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Table 5. ijical acquisition parameters for ”>Pt NMR spectra.

Parameter _ WM250 . AMS500 DPX250
Spectrometer Frequenc.y (MHz)  53.518 107.036 . 53.770
Sweep Width (Hz) - 50,000 125,000 125,000
Pulse Width (us) 30 (50°til) 10 (60°tilt) 10
Relaxatiqn Delay (s) 0.00 0.00‘ 0.00
Number of Scans " 64 -10°K 64 -1°K 64 -10°K
Time Domain Size | 4K ' 4K 4K
Spectrum Size . 4-16K 4-16K 3 - 64K
Table 6. Typical acquisition parameters for >'P NMR spectra.'

Parameter ' WM250 - AMS500 DPX300
Spectrometer Frequency (MHz) 101.255 202.458

Sweep Width (Hz) | 42000 83000

Pulse Width (ps) 180 - 12.0

Relaxatién Delay (s) 1.0-25 o 05-25

Number of Scans . 1-64K 1-64K

Time Domain Size | 32K 32K

Spectrum Size .64 K - 64K .

*'P NMR spectra were acquired on Bruker WM250, AM250 or DPX300

spectrometers. Proton decoupling was achieved by broadband (WM250, AMS500) or
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composite pulse (DPX300) de.coupling\‘ using a WALZ-16 puise sequence. ’ Ch_erﬁical
shifts are referenced to PPh; in CDCl; at 0.0 ppm with negative values upfield from this
resonance. Temperature control was achieved as for the other nu’clei. ‘Low temperatures
were achieved by controlled boil off of liquid nitrogen around the NMR tlube. Typical
acquisition parameters are given in Table 6. |

BC NMR spectfa were acquired on Bruker ACBOO and DPX300 spectrometers.

Typical acquisition parameters are given in Table 7.

Table 7. Typical acquisition parameters for ®C NMR spectra.

Parameter . : AC300 DPX250 DRX300
Spectrometer Frequency (MHz)  75.469 62.902 . 75.476
Sweep Width (Hz) 20,000 4400 10:20K
Pulse Width (us) 55 10.0 6.0
Relaxation Delay (s) 2.0 2.0 2.0
Number of Scans 400-16,000 1-14K 400 -16,000
| Time Domain ~Size 32K ' 16 K 16K
Spectrum Size 32-64K 32 K 16-32K
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Infrared Spectroscopy

Mid IR spectra from 4000 cm™ - 400 cm™ were recorded on a Bruker [FS20 FT
spectrometer. Solid samples were prepared as KBr pellets or as Nujol mulls between
NaCl plates. Far IR spectra Jbelow 400 cm™ were recorded on a Bruker IFS120 FT

spectrometer as either polyethylene pellets or in Nujol between polyethylene plates.

Ultraviolet-Visible Spectroscopy

UV-Vis spectra were recorded on a Hewlett Packard HP8452A diode array
spectrophotometer. Solutions were typically 10° - 10* M and were run in 0.1 or 1.0 cm

quartz cells.

pH Measurements and Melting Point Determination

pH measurements were made with a Radiometer PHM64 Research pH meter
with an Ag/AgCl combination electrode calibrated with pH 1.09, 4.00, 7.00 and 10.00
buffer solutions. Melting points were taken on a Multi-temp II melting point apparatus

and are uncorrected.
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Preparat_ion of Starting Complexes

Abbreviations: DMSO = dimethylsulfoxide, DESO = diethylsulfoxide, TMSO =
tetramethylenesulfoxide, EMSO = ethylmethylsulfoxide, MSE = 12-bis-
methylsulfinylethane, dth™ = 2 4-dithiahexane (1,2-bis-methylthioethane), DES =

diethylsulfide, dach = diaminocyclohexane, en = ethylenediamine, ox = oxalate.

AgNO; (Aldrich) and K,PtCly (Johﬁson—Matthey) were used as supf)lied.
DMSO and TMSO (Aldrich) were stored over Linde 4A molecular sieves and used.
. without further purification. DESO was prepared by the periodate oxidation of-

diethylsulfide according to literature methods (97) and vag;uum distilled prior to use.

cis-dichlorobis(dimethylsulfoxide)platinum (IT) was synthesized according to literature

methods (11).

di-u-hydroxobis(dimethylsulfoxide)platinum * (II) nitrate. This complex as well as the

other dihydroxo bridged species in this thesis were s;ynthesized via.the silver assisted
hydrolysis of chloride ions from the corresponding dichloro complexes by .the method of
Rochon et al. (11). All of the reactions which resulted in the formation of silver chloride ~
were run in the dark to prevent photo i.n’duced reduction of silver (I) and concomitar.n :
oxidation and degradation of platinum complexes. In most cases, the c;)mplex was not

isolated as a- solid but was used as formed in solution, ~ The sulfate,
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trifluoromethanesulfonate, and tetrafluoroborate salts of this and otlher dimeric cationic
cc;mplexes were prepared similarly usmg the corresponding silver salt For sulfate salts,
NMR data suggest that sulfate is coordinated to Pt(Il) to form mono- or di-substituted
SO, species in solution. These results are discussed fully in the Results and Discussion
below. The pH of these solutions was adjusted With NaOH, KOH, NaOD, DCI or
CF3S0:D to shift the monomer dimer equilibrium to the desired point for subsequent -

reactions.

Dichloro(#rans-1,2-diaminocyclohexane)platinum ~ (II) and  Di-p-hydroxobis( trans-

diaminocyclohexane)platinum (II) nitrate were prepared according to literature methods

(15).

Dichloroethylenediamineplatinum (II) was prepared according to literature methods (51)

meso-1.2-bis(methylsulfinyl)ethane was prepared according to the method of Hull et al.

~ using the HCI catalyzed transfer of oxygen from DMSO to 1,2-bis(methylthio)ethane
(77).  Three recrystallizations from ethanol yielded 4.2 g (34.9 % yield) of pure o

isomer (MP 171-174 °C, lit. 169-170°C). Purity was also checked by {'"H}"*C NMR.

Silver(D-trimethvlphosvhahe adduct. _ This complex was synthesized by literature

methods (99) and used in one method of preparation of cis-Pt(en)Cl, . In our hands,
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this product always produced a small quantity of dark material, presumed to be metallic
silver, when dissolved in water. The use of this "intermediate" in the synthesis of the Pt

complex was therefore discontinued in favor of the original literature preparation.

Silver(I)meso-1,2-bis(methylsulfinyl)ethane trifluoromethanesulfonate was formed in one

method b.y adding 0.138 g (0.894 nimol) of the o isomer of MSE to -10 ml (1.0 mmol) of
an aqueous solution of silver trifluoromethanesulfonate, allowing the solution to stir for
~ 1 hour followed by reducing the 'v-olume of the solution to ~ 3 ml under reduced
pressure and allowing the solution to stand. If tﬁis ‘solution was placed in a vacuum

desiccator under reduced pressure, crystals of compound formed within 12 hours.

Tetraaquaplatinum (IT)_perchlorate was prepared as described by Elding (57). °Pt
NMR was used to check fo; the pfesence of any residual chloro species and the known
UV-Vis absorption b‘eak at 274 nm (56.'5 cm” M?) was used to determine the total
platinum concentration of the stock solution. Thié solution was stored under argon at

4° C between uses.

Cis-dichlorobis(trimethylphosphane)platinum(Il) ~ was prepared by two different
literature methods with slight modifications to each one ('52). For each method,
trimethylphosphane was added as a 1.0 M solution in tetrahydrofuran (THF). Rather

than simply heating for twenty minutes at 100 °C, the [Pt(PMes),]*" [PtCL]* complex
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ion which initially formed was refluxed for three to four hours in order to effect complete

rearrangement to the. cis-dichloro species. The crude product in each case was

recrystallized once from a 1,2-dichloroethane / dichloromethane 1:1 solution.

Dichlorobipyridilplatinum(II) and di—Lt-hvdroxo-bis-biovridilplatinum(II) nitrate  were

prepared according to literature methods (99).

Dichloro-1.2-bis(methylthio)ethaneplatinum(II) was prepared by reacting K,PtCL, with
1,2-bis(methylthio)ethane in a solution of . The greenish-yellow precipitate was filtered .’
on a sintered glass filter and washed with 3 x 5 ml cold water; 5 ml ethanol, and 5 ml

diethyl ether, and dried in vacuo over Dreirite.

Dichloro—a—l,2—bis(methvlsulﬁnvl)ethaneolatinum(II) was prepared by reaction of

K,PtCL, with o-1,2-bis(methylsulfinyl)ethane in water. The red solution was stirred for
18 to 24 hours and the off-white precipitate filtered on a sintered glass filter, washed
with 3 x 5 ml cold water, 5 ml éthanol and 5 ml ciiethyl ether and dried in vacuo over
Dreirite. Typical yields were between 85-90 %. The dibromo- and diiodo- complexes

were formed by adding 10 equivalents KBr or KI respectively to the reaction mixture.

Dichloro-f-1,2-bis(methylsulfinyl)ethaneplatinum(Il) was prepared in an analogous

manner using f3—1,2-bis(methylsulfinyl)ethane.
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Dichloro-1,2-bis(methylthio)ethanepalladium(Il) was synthesized in a similar fashion to

the analogous platinum complex starting with PdCl,.

Cis-dichlorotet;akis( dimethylsulfoxide)ruthenium(Il) was synthesized according to
literatﬁre methods (100). Ea.rly reports on the products of this synthesis indicated fhat a
mixture of cis and trans isomers are formed in solution and that cis / trans isomerization
is photo induced. No'attempt was made. to rigororusly exclude light during the
preparation of this compouﬁd. The use of thié complex and it's photochemical behavi.or

is addressed in the Results and Discussion section below.
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RESULTS AND DISCUSSION

The following section presents the major results of this research in roughly the
order in which they were obtained. Because there wer.e no specific "target" complexes
in mind at the outset, each set of experimeﬁts was based largely on the results of the
preyious ones. Discussion of pertinent literature is also included where such discussion

serves to further elucidate the interpretation of these results.

Monodentate Platinum( II)' Sulfoxide Comnlexes

Potentiometric Titration of [Pt(DMSO),(0OH,),] (NOs), (1)

Rochon ‘and coworkers have studied the formation of a number of di-p-
hydroxb-bis(sulfdxide)plaftinum(ﬂ) complexes and have reportéd that they. form in
acidic solution (65). Because pI-I'plays such an important role in the formation and
species distribution .of the hydroxo bridged complexes being investigated, one of the
primary goals of this research was to determine the acid dissociatioﬂ constants (K,'s) of -
the coordinated water ligands in the diaqua. monomers.

Initial attempts to. determine the pK,'s for corhplexes of the type cis-
[Pth(OHz)z']2+ where L is a monodentate sulfoxide ligand included potentiometric |

titrations of the monomer species, plotting pH vs. volume of added acid or base. This
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technique-has been used by several groups to determine the pK,'s of the analogous cis- .
diammine and related complexes (51, 52). The val'ues' obtained in that study compare
‘ well with values obtained more recently using NMR methods, although results obtained
by direct titration such as this have been treated with caution due to the inevitable -
formation of dimer or higher polymeric species at moderate to high pH levels (54).
Figure 30 shows thg titration curve generated by titrating a solution of cis-
[Pt(DMSO),(0OH,),] (NO3), (1) with 0.10 M NaOH. A Single inflection point is clearly -
visible at around 2.6 ml added base. The presence of only one inflection point
presumably indicates overlapping of the two ijonizations .expected due to the presence
of two coordinated water ligands. Overlapping pK's such as this have been successfully
treated for other systems including those involving complex polymerization reactions
(22). During the course of the titration, it was observeci that between pH 5.8 ahd 94,
the pH would jump up by two to three pH units with the addition of base but then
almost immediately begin to fall again until a steaay reading ‘was reached afier
ap;.)roximately five minutes. This behavior would seem ‘to indicate that a reaction was
occurring to liberate protons which subsequently reacted with the added t}ase.. These
observations in this pH range are consistent with the formation of a dibridged species
whicﬁ does in fact release two equivalents of protons, as shown in Figure 31. Tﬁe
qualitative appearance of this curve is similar to that for the cis;diaﬁﬁne systém, which

was generated using NMR methods, yielding the values pK,; =5.37 and pKa2 = 7.21

(53).




(0] 1 2 3 4
mis 0.10 M NaOH

Figure 30 Titration of a solution of I with OIOM NaOH

+ 2H+

Figure 31 Dimerization scheme showing the liberation of two equivalents OfH20 and
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The distribution of diaqua monomer and dihydroxo bridged dimer as a function
of pH appears to contrast sharply with that for the diaminocyclohexane (dach) case for
which the species distribution of the monomeric forms has been determined using
experimental pKavalues (15). Figure 32 shows the results of that work based on NMR
measurements of a solution with an initial concentration of diaqua monomer of0.05 M

Due to the nature of the monomer-dimer equilibrium expression, concentration is very

important in these systems The pH dependence on concentrations of solutions

following hydrolysis of chloride the ligands indicates that deprotonation has already

occurred to a significant extent. Increasing the total Pt concentration always shifts the

equilibrium towards dimer formation.

Figure 32 Species distribution as a function of pD for the c7s-[Pt(dach)(OH2]2f
system (pD = pH + 0.4) (15).
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It can be seen in Figure 32 that the only species present below pH 4 is the diaqua
monomer at this concentration. This is in contrast to the DMSO case where the
predominate species is present as the dimer at pH's as low as 2, as shown in the **°Pt

NMR spectrum in Figure 33.

Pt NMR Titration of PtDMSO),(OH,), (NOs), (1)

In a second attempt to de;cermine the values of pK, in these complexes, a
titration was performed plotting ‘Pt chemical shift vs. pH. Because **Pt chemical
shifts are so sensitive to the environment of the Pt atom, a plot of § Pt vs. pH may be
expected to yield a titra‘;ion curve similar to that used to determine the pK's in the cis
diammine case in which pH v&;as plotted vs. § N (53). It was soon realized however
that due to the very low pH at which dimerization occurred, the monomer peak could
not be followed through the entire titration range at the concentrations required to
obtain a Pt spectrum in a reasonable amount of time.

Figure 34 illustrates the pH dependence of '*Pt chemical shifts in solutions of
cis-bis(dimefhylsulfoxide)plétinum(II) complexes. The aqua coﬁﬁlex is obséwed at
-3086 ppm and exists only below pH 1 at concéntrations of ~0.15 M. A chemical shift- -
of about -3000 ppm is characteris;cic of a Pt(Il) complex where Pt is bound to two.-
sulfurs and two oxygens. A new resonance appears near -2870 i)pm as the pH is raised

above 1-It dominates the spectrum between pH 1 and pH 7.
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Figure 33 19Pt NMR spectrum of an equilibrium mixture of CW-[Pt(DMSO)(OH2]2+and [Pt(DMSO)2Ap-OH)] 2+
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Figure 34 Plot of 18Pt chemical shift versus pH for a-0.15 M solution of |

This resonance is best assigned to di-p-hydroxo-bis(dimethysulfoxide)platinum(ll)-
nitrate (2) The downfield shift of ca. 200 ppm relative to diaqua-
bis(dimethylsulfoxide)platinum(ll) is consistent with the formation of the four
membered, hydroxo bridged ring (63). Proof that this is a binuclear complex comes
from the spectra of the unsymmetrical mixed ligand complexes discussed below. Above
pH 7, this complex is hydrolyzed to c7.v-dihydroxo-bis(dimethylsulfoxide)platinum(ll).
Its resonance persists to pH 12. The chemical shift of the dimer is not constant over
the pH range where it is observed. Figure 34 shows that there is a 45 ppm difference

between its chemical shift at the lowest and highest pH. A distinct inflection is
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observed at pH 4.2. Its sigmoidal shape suggests a pH dependent equilibrium which is
rapid on the NMR' timescale.” Two possible explanations were considered énd
rejected. A pH' of 4.2 corresponds to the lowest pH at which the diﬁydrpxo monoﬁxer
appears“and is consister'lt' with the base hydrolysis of one of the hydroxo bridges. It
may be ppstulatéd that the breaking of one of bridges relieves some of the strain of the
four membered ring, causing an upﬁeld shiﬁ of ~45 ppm.. However, conversion to a
monobridged complex at ca. pH 4.2 was considered énd rejected because it seems
unlikely to be rapid on the NMR timescale. Another possibility is that one of the
hydroxo bridges is being deprotonated to form an oxo, hydroxo bridged dimer. Such a
strucfure has precedent in a novel Pt(I) compound syntheéized recently by Sharp .
- et.al.(40). In that case, deprotonatién was achieved by addition of the Li* or Na* salt of
N(SiMe;)'z in THF, resulting in a highly basic. di-p-oxo bridged compound which
regenerates the hydroxo complex in the pfesence of water. It therefore seems unlikely
that deprotonation of the hydroxo bri&ges would occur at such low pH in aqueous
solution.  Although this particular titration involved tile nitrate salt of the dimer,
analogous. results were obtained using the sulfate, triflate and tetraﬂuofobor,ate salts.
The triflate and tetrafluoroborate ions are generally thougﬁt to be noncoordinating in
aqueous solution although there are reports that at least for some metal cations, the
triflate ion is a better ligand than water in non-aqueous organic solvents (102). It has
been suggested that silver salts of t'he‘ corijugate base of a weak acid such as F" may -

promote dimer formation by assisting in the deprotonation step' following initial
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hydrolysis of the chloride ligands (103). At least one group has claimed that the choice
- of counter-ion has an inﬂuence on the equilibrium distribution of monomer .and dimer
species (63) and we have also seen some evidence for this although tﬁe effect appearé
to be small. Sulfate is known to coordinate to platinum(Il) to some extent (54) and we
have seen some NMR evidence to indicate that monodentate sulfate species may be
present in solutiqn at low to moderate pH when this céunter-ion' is used.

Because the DMSO rﬁethyl protons would not exchange with solvent, it was
felt that "H NMR, although not nearly as sensitive to changes in structure, could afford
a suitable probe of the monomer-dimer equilibrium. The incréased recé[.)tivi-ty of 'H
over “°Pt would éllow a much lower total concentration to be used, thereby shifting
the equilibrium-in favor of the monomer. A major disadvantage of using such dilute
_solutions was that hydrolysis of the monomeric aqua complex occurred, resulting in
free DMSO in solution and the formation of the triaqua species. Although this result

was not completely unexpected considering the known strong cis effect of S bound

DMSO, it did preclude the use of this method for determining the pK,'s of the

coordinated waters and set the stage for the next set of experiments concerning the

formation of mixed ligand sulfoxide ligands.
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Formation of Heterodimeric Monodentate Sulfoxide Complexes

‘Because we had an interest in syﬁthesizihg heterodimeric bridged complexes of
platinum(Il), that is, hydroxobridged complexes where each Pt atom i.s coordinéted by
different ligands, other monodentate sulfoxide ligands were selected from literature
preparations. Rochon et gl. have shown that "less" bulky monodentate sulfoxides such
as EMSO and TMSO all .react simila;rly following silver assisted hydrolysis of the
chloride ligands (65). Presumably due to steri;: constraints, the "bulkier" ligands

.formed somewhat different complexes (Fig. 21) and th@n only at considerably reduced
rates or under more ex;creme‘ reaction conditions. Table 8 lists the 1-”Pt NMR data for
the diaqua and di-p-hydroxo bridged sulfoxide complexes used in this study.

Addition of ‘a mono sulfoxide ligaﬁd like DESO to solutions of [Pt(TMSO)z(Q—
OH),** (5) wc;_uld be expected to produce an equilibrium distribution of the species
depicted in Figure 35. These two sulfoxide dimers were chosen because the respective
'homodimers., have the largest chemical shift separation of the monodentate sulfoxides
kn_oWn to form hydroxo bridged dimers (Table 8), thus resulting in greater. peak |
separation within each group. . Figure 36 is the Pt NMR. spectmﬁ of an equilibrium
‘mixture of equimolar 5 and 6. Equilibrium is established rapidly among the possible
binuclear species and all of the expected mixed ﬁgaﬁd dirl}eric species are observed

within twenty minutes. Table 9 presents the spectral assignments of the resonances.
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'Table 8. Pt chemical shifts for monodentate sulfoxide monomer and dimer

complexes.

#  Complex : o Pt (ppm) ‘ ' Ref.

1 [Pt(DMSO),(OH,),]** -3086° - This work

2 [PYDMSO)(u-OH)],?* -2870° :

3 Pt(DMS0),(OH), , 3170 _ "

4  [Pt(TMSO),(OH,),]* | '-3015° K H

5 [Pt(TMSO)z(p—OH)]f*' . -28133 "

6  [Pt(DESO)u—-OH)]* -2912* "

7 [Pt(EMSO)z(OHz)z]ZJ" -3146" | 1

8 | [Pt(EMSO),(u—OH)],*" -2887° , 11
19 P{EMSO)(OH), 23213 11

a) NOs™ counterion b) SO, counterion ¢) CF;SOs counterion

Because the complexes of interest in this work often contain two or more magnetically
non-equivalent platinum atoms, it is essential to have a firm theoretical.undersfanding
of the appearance of the NMR spectrd fqr these‘ species in solution. Resonances in
these spectra represent a superposition of a singlet and a doublet as shown in Figure

37.
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Figure 35. Species present in an equilibrium mixture of 5 and 6.
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Figure 36. 13t NMR spectrum of an equilibrium mixture of equimolar 5 and 6.
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In this figure , the r_atio of chemical shift diﬂerence (A 8) to coupling constant (J AB ) has
been arbitrarily set to ~ 4. As this ratio becomes smaller, the inner satellites of each
resonance increase in intensity and move closer to the main singlet peak, while the
outer satellites decrease in intensity and move away from the main singlet peak.

This so called leaniﬁg of the multiplets is identical to that seen in second order coupled
'H NMR spectra. Tfle resulting asymmetry of these resonances provides definitive
proof for the presence of multiple Pt atoms and was crucial to the unémbiguous

assignment of coupled sets of peaks.

Table 9. Chemical shifts and coupling constants for all di-p-hydroxo bridged binuclear
complexes formed at equilibrium in aqueous solution for TMSO and DESO. -

Structures of the compounds appear in Figure 35. pH = 18

Concentrations ~ 0.16 M.
# Complex - " - oPt *Toupt

: (ppm)"  (*12 Hz)
5 [P{(TMSO),(L—OH)],** ® 2813
6 [Pt(DESO),(u-OH)],* ' ' 2912
10 [(TMSO), Pt(u—OH), P(TMSO)DES0)]** -2814 491
' o -2871

11 sym-cis-[(TMSO)(DESO)Pt(u—OH), Pt TMSO)(DESO)]>*  -2870

12 sym-trans-[(TMSO)(DESO)Pt(u~OH),P{TMSOYDESO)] >  -2874

13 [(TMSO)DESO)Pt(u-OH), P{DESQ)]* - 2880 465
: -2905
14 [(TMSO),Pt(u~OH), Pt(DESO),] > 2822 483

-2910
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Figure 37. Diagrammatic illustration of the superposition of singlet and doublet
spectra seen in J coupled '”’Pt NMR spectra.

Based on the preceding discussion, resonances are readily assigned to the various
binuclear species. For the unsymmetrical complexes, each platinum appears as three
resonances, a singlet and an unsymmetrical doublet. The singlet corresponds to the
case where the other platinum atom in the complex has no spin (66.2 %). A doublet
flanks it, arising from the case where the other platinum is Pt with a spin of 1/2

(33.8 %). The doublet always appears as the A part of an AB pattern since the
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chemical shift’ difference is ohly five to ten times greater than the coupliﬁg constant,
Referring to either Table 9 or Figure 36, it is noted that the resonances form three _
" groups, one group for each of the fragments 'Pt(TMSO)Z, Pt(TMSO)(DESQ),and A‘
Pt(DESOQ),. In the Pt(TMSO), group, there is a singlet for the symmetrical dinuclear
complex 4 and two doublets, one where Pt(TMSO)z. is bridged to a Pt‘(TMSO)(DESO)
group (10) and the other where it is bridged to a Pt(DESO), group (14). The same is
true for the Pt(DESO), region, although in this case it was diﬂicﬁlt to make peak
assignments due to the broad, overlapping resonances. The broadening of these pe.aks'
is most likely a direct reflection of the slower tumbling time of the mole;cule as TMSO -
s ;eplaced by DESO. Peak assignments in this region were made by the standard
addition method discussed below. In the Pt(TMSO)(DESO) region there are two
symmetrical complexes, sym-cis (11) and sym-trans (12), and there are t.wo doubiets,
one. coupled to the Pt(TMSO), group (10) and the other coupled to the Pt(DESQ),
group (13). The asymmetry of the AB pattern gives the chemical_shift of the coupled
fragment (104) and \.x-/as crucial to .assigning resonances whe're one or both of the
doublets was obscured by other peaks. Confirmation comes from_ matching up the

coupling constants for the multiplets in the different groups.
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Standard ‘Addition of DESO

Fuﬁher‘conﬁrmation was achieved by staxﬁng with a pure TMSO system and
making standard additions of DESO to it. A separate solution. of 4 (0.091 M) was |
prepared as described above. A standard addition of ~20 mol% DESO was made and
the Pt spectrum acquired. This was repeated until a total of ~320 mol% DiESO had
been added at which time the downfield resonances due to the bis-TMSO fragments
had all but disappeared. At low DESO concentrations the qomplexes' with
Pt(TMSO)(DESO) fragments dominate those with Pt(DESO); fragments (Figure 38).
With the first addition of DESO, the resonance due té 10 is appareﬁt as a small peak at
- -2814 ppm, 0.88 ppm upfield from the intense TMSO homodimer resonance of 5. The
coupléd set of resonances ceﬁtéred at -2872 ppm, representing the Pt fragment. with
one TMSO and one DESO ligand also becomes apparent. | Assignments can be made
with certainty since the coupling constants observed in the two ﬁagments of any
. heterodimer must be identical. With continued additions of DESO, the peaks in thé far
upfield group begin to appear, representing the Pt fragment with two coordinated
DESO ligands, until at ~320 mol% DESO, this group of peaks becomes dominant. To
check the reversibility ;)f the reacﬁon, TMSO was addgd to the final mixture resulting
in the reappearance of the downfield peaks.' In neither of the methods mentioned above
was it possible to uﬁambiguously assign the peaks aue to isomers 11'and 12.

. Assignments were made in this case based on the observation by Fakley et.al. that in a
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Figure 38 18Pt NMR of standard additions of 20, 40, 60, 80 and 325 mol% DESO to a solution of5. For unsymmetrical
complexes, only the most intense central peak is labeled.
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closely related di-p-hydroxo phosphine dimer, the sym-frans structure becomes
predominate as the size of the ligand increases (105). The more intense of the two
singlet peaks of the TMSO-DESO fragments was therefore assigned to structure 12.

When solutions of 5 and 6 are combined, a statistical formation of the seven
dinuclear complexes might be anticipated. For eqﬁal initial concentrations of the two
mononuclear- precursors, the relative abundance of each isomer is expééted to follow a
binomial distribution giving, peak intensities of 1:4:6:6:6:4:1 for isomers S, 10,'11, 12,
13, 14, 6 respectively. Although it was not possible to accuratély integrate the
individual peaks, the qualitative appearance of Figure 36 suggests a non-statistical
distribution. I;c seefns reasonable to assume that ligand steric effects may play somé part
in determining the equilibrium distribution of species. In some cases, fchese steric effects
may play an indirect role by affecting the O-Pt-O angle énd therefore the r-natch-up
Between the two dimer fragrﬁents. Table 10 lists the homodimeric complexes for which
crystallogra_phic data is available. This concept (;f matching "bite" distance is taken up
again in the context of the formation and stability of heferodimeric complexes involving
the Pt(PMes), fragment. To the best of our knowledge, a cfystal structure is available
only f;or S'so a direct compar-ison of that angle is not possible at this time (106).

The rapid scrambling of sulfoxide ligands among the dimeric complexes can be
rationalized as mentioﬁed above Iby the known strong cis inﬂuénce of sulfoxides. ’i“his ,
effect, which pertains to the influence on bond strength of the tv;Io ligands in a cis

position to the ligand in question has been much less well documented than the tfrans .
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influence and is generally regarded as being less important in terms of product outcome

although there are cases where it seems to exert a comparable effect.

Table 10. Selected bond aﬁgles and distances for monodentate, di-y-hydroxobridged

dimeric platinum complexes (46).

Complex - Pt--Pt (A) . 0-Pt-0 () Pt-O-Pt () -
[Pt(NH;),(OH)], 2 NO; 3.085(1) 81.3(4)  98.7(4)
K[PINOR(OH)] 32 1,0  3167(1)  81(1) 99(1)
[Pt(C4H;SO),(OH)], 2 NO; 3.137(3) 80.0(2) 100.0(3)
[Pt(dmso),(OH)], 2 (ClOy) . 3.145(3) 79.6(4) | 100.4(4)
[Pt(NH:)(OH)], 2 CO; +2 HL,0 3.104(1) 81.9(5) 98.8(5)
[Pt(dmso),(OH)], 2 BF, = - 3.144(1) o 80.0(6) 100.0(6)
[PtCl(dmso)(OH)], L 3049609 795(4) 96.1(5)
[Pt(dmso)(OR)]; 2 CFsSOs '3.14i7(9) 81.0(4) 99.0(4)
(NBuy), [Pt{(CeFs)(OH) ] 3.211(1) 78.6(5)  ° 101.4(6)
[Pt(PMes),(OH)], 2 NO; 3.261(1) 75.9(4) 104.1(4)
[Pt(dppf),(OH)}, 2 BF, 3.227(1) 79.44) © 1006(7)
*2 CH,CL, » 2 H,0

[Pt(PEts),(OH)], 2 BF, : 3.121(1) 79.4(6) 92(2)
[Pt(N,N-Mezen)(u~OH)], 2 NO; 79.1(6) 101.0(6)

- | [Pt(dmso),(u-OH)1, [Pt(0x).(OH),]  3.123(2) 79.8(9) 10029) -
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Formation of Heterodimeric Complexes With Other Donor Atoms

Based on the results of .the preceding experiments with monodentate sulfoxides,
it was clear that the lability of these ligands would make it'very difficult to control the
product outcome in mixed ligand dimers. The next set of experiments therefore was
designed to introduce a less labile ligand onto one end of the dimeric unit, thus

preventing the rapid exchange of ligands between coordination sites.

Nitrogen Donor Complexes. Because many nitrogen donor ligands are known -
- to form dihydroxo bridged homodimeric épecies; these ligands were used in the
investigations into the formation of heterodimeric Pt(Il) complexes containing more
than one type of donor atom. Complexes of this type are important becau,se: the
presence of different functionality's allow for both steric and electronic tuning of each
end of the dimeric structure, resulting in different reactivities. When équirﬁolar
amounts of cis-[Pten\(lOHz)z]z“L (15) and (1) are combined and the pH of the resulting
solution adjusted to pH ~ 6.5 with 3 M KOH, "°Pt NMR reveals the presence of the
heterodimeric complex di-u-hydroxd-i)is(dimethylsulfoxide)ethylenediamine
plétinu&(II) (16) shown in Figure 39 as well as the homodimeric complexes for each

ligand.
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2+, 2+ .
N OH ’ '
Nl DMSO\ /OH2 Hzo DMSO\ /OH\ y
Pl . |+ P{ — P{ P
NT oM. N /NN
2 DMSO OH2 pH~6.5 | DMSO OH
N
[ = ethylenediamine
N

Figure 39. Reaction scheme for the formation of the heterodimeric bridged complex
containing both sulfur and nitrogen donor atoms. :

A near neutral pH was chosen for this reaction because of the known
predominaﬁce of dimer species in solution for the Pt(en) system (51). The formation of

heterodimers of the type shown in Figure 39 is unambiguously demonstrated by the

the.’Pt NMR spectrum in tﬁe region of the Pt(DMSO), fragment. The dominant peak
at -2863 ppm has previously been assigned to 2 and the smaller set of peaks centered
| jaround -2775 ppm can be assigned to the DMSO bound heterodimeric .Pt'center of 16
based on the presenée of Pt satellites with *Jp.p; of 605 Hz. The downfield shift of ~ 90
ppm is consistent with the substitution of an § donor with an N donor ligand, in this
cése the chelating ethylenediamine ligand, on the distant Pt frégment. The peaks
corresponding to the heterodimeric Pt fragment coordinated by ethylenediarrﬂﬂe as well

as the ethylenediamine homodimer resonance are much further downfield around -1512

1:4:1 splitting pattern of Pt satellites discussed in the introduction. Figure 40 shows:

2+
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and -1788 ppm respec:tivély. Thése downfield peaks are all broadened due to coupling
to quadrapolar 14N nuclei. The Pt satellites are therefore obsm—lred by the main
resonance. It is of theoretical interest ;chat the two resonances correspondmg to the
hetérodlmerlc species are both shifted downfield -of the corresponding homodimer
species. This behavior is in contrast to that seer; for the monodentate sulfoxide .cases
discussed previously in Which '.the heterodimeric fragments lie be‘;ween the
corresponding homodimer resonance. It is also in contrast to the results obtained for
some bidentate heterodimeric t-hioether complexes discussed below. Also noticeableAin
Figure 40 is a very small broad peak around -2995 ppm. This peak was subsequently
shown to be the substitution product [Pten(DMSO)2]2+. Attempts to prepare the
heterodimer by direct substitution of ethylenédiamine for two of the DMSO ligands in 2
were u'nsucc‘es-sﬁll. When one equivalént en (based on Pt) was added to a sdlution of 2
at pH ~1.25, no sign of a peak assignable to 16 was seen. Rather, a broad peak at -
3000 ppm, 33 ppm upfield of 2 appeared (Figure 41). When the pH of the solution
was raised to ~ 6.8, this peak increased in intensity at the expense of 2. The broad
nature of this peak clearly indicates that Pt is coordinated _diréctly to an "N nucleus and
the resonance frequency is consistent with two sulfur and two nitrogen donor ligands.

This peak is therefore assigned to [Pten(DMSO),]** (17).




-2700 -2750 -2800 -2900 -2950 -3000 -3050

Figure 40 18Pt NMR spectrum for the reaction of 2 and 16 in the Pt(DMSO)2region pH ~ 1.25



PH~ 6.8

pH~UD5

-2800 -2900 -3000 -3100
PPM

Figure 41 pt NMR spectrum for the reaction of 2 and | eq. ethylenediamine in the Pt(DMSO)

was raised from~ 1 25to - 6 8 reglon After mixing, fhe P
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~ The formation of this complex indicates that the ethylenediamine ligand is cleaving the
hydroxo bridges and substituting for hydroxide or is coordinating to the small fraction
of diaqua monomer complex in solution, slowly shifting the-equilibrium away from the

dimer."

Oxygen Donor Ligands. Reactions of the type shown in Figure 42 are
important because they involve the formation of dimeric bridggd complexes from »one
catiorﬁc and one anionic Pt(Il) fragment. |

It was felt that two fragments of opposite charge such as these may show'an
enhanced tendency to dimerize due to the coulombic interaétion between thém:
Arﬂong the oxygen donor ligands, oxalate was chosen because of its well known

propensity for forming stacked complexes from the anionic bis-oxalato monomers (31).

+
L OH HO L'
\pt/ ? + \pt —_— Heterodimer
L OH H,O L'
L = neutral ligand L' = anionic ligand

Figure 42. Utilization of coulombic interaction to form a heterodlmerlc structure from
one anionic and one cationic fragment.
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Di—u-hydroxobridged homodimeric Pt oxalates have not préviously been reported and
. attempts to prepare them in this laboratory have so far been unsuccessful

Pt(0x)(OHy), was prepared in solution_ by the Ag(I) assisted hydrolysis of the
dichloride complex. '**Pt NMR verified thi;v, to be thq major species in solution (5 Pt _
=336 ppm) with a minor contribution from [Pt(Ox)(OxI{-O)Cl]Z' ) Pt = -601 ppm) in -
which a secoﬁd oxalatelligand is monoaentate. These assignments had been previously
‘made during an investigation into the synthesis of partially oxidized one- dimensional
complexes (31). The complexes were not isolated but the solutién combined with a
roughly equimolar solution of 1. The pH of the resulting solution was adjusted to ~ 6.3
with 1 M NaOH during which time the color changed from clear to ‘dgep yellow.
Figure 43 sh.ows the ~195PT NMR spectrum of this solution in the Pt(DMSO), region.
While monitoring the resonance for 2, a new peak appeared ~.400 ppm upfield at -
3276 ppm. This peak, which showed no sign of Jp.p coupling was tentatively assigned .
to the neutral complex Pt(DMSO),(Ox) (18) based on the proximity to the known-.
resonance for Pt(DMSO)(OH), (3) aﬁd the observation that. five membered cﬁelate
rings generally cause an upfield shift of ~ 200 ppm. ;Fhé weak intensity of th'e peak can
| be explained by the insoluble nature of most neutral platinum éomplexes in aqueous
solution. Support for tms assigmnéﬁt'came from an X-'ray analysis of crystals which

formed in both the NMR tube and the reaction vessel within several days.
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Figure 43. 18t NMR spectrum of the reaction of 1 with an equilibrium mixture ofPt(oxalate) species, pH = 6.3.
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Interestingly, the crystals from the two different vessels showed different packing
arrangements as well as two different unit cells. Figures 44 aﬁd 45 show the ORTEP.
plots for these two isostructural complexes.

Packing arrangements are shown in Figure 46 and 47. For 18a, the DMSO
ligands are stacked one over another along the crystallographic a éxis and for 18b, the
DMSO ligands ar;: turned 186 degrees to eclipsé the oxalate ring. The bond distances
and angles are virtually identical for the two structures (Table 11 ).

| Although the oxalate ligand does coordinate strongly to platinum(IT) -despite
éxygen being a hard‘ base, no sign of the oxalate homc;dimer or oxalate—i)MSO
h’etercl)dimer was observed. It is of considerable interest that only one dimer containing
an anioinc ligand has been characterized (Table 10). Elect‘ron distribution and charge
clearly seeﬁl to be important fact'ors governing the formation and stability of fhese di-

bridged complexes. -




Figure 44. ORTEP plot for 18a



Figure 45 ORTEP plot for 18b.



Table 11. Crystallographic data for 18a and 18b.
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Parameter 18a - 18b
Formula CsH1,0,S,Pt CeH;4,0,8,Pt
Formula weight 457.37 457.37
Space group P2,/¢ P2,/n
Température °C 27 27
a (A) 6.467(1) 8.452(2)
b (A) 15.945(3) - '1_5.603(3)'
c () 12.148(2) 9.106(2)
o () 90 90
B ) 100.67(3) 91.78(3)
v O %0 %0
Cell Volume (&%) 1230.96(87) 1200.18(64)
zZ 4 4
R., (Fo) 0.0456 0.0337
R(F.) 0.0496 0.0399
A (A) 0.07107 0.07107
p (g cm™®) calculated 2.305 2.282
w(mm?) 11.75 12.05
Transmission factor range  0.365 - 0.454 - 0.250-0.306
F (000) | 864 864
Unique reflections 4444 5273
Observed reflections 1675 2560

| Number of parameters 146 - 146
Goodness of fit 1 1.097 1.158
Scan mode 6/206 6/20
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Table 12. Atomic coordinates (x 10*) and equivalent isotropic displacement
coefficients (x 10%) for cis-bis(dimethylsulfoxide)oxalatoplatinum(IT)

hydrate (18a).
Atom x/a yb z/c Ueq
Pt © 2254(1) 861(1) . _ 3558(1) 26(1)
o(1) 3178(18) 1226(6) 5168(8) 34(4)
02) 1925(17) -267(6) 4303(9) 31(4)
c(1) 3181(26) 1 663(10) 5908(13) 31(6)
C(2) 2470(24) -227(10) 5393(12) - 27(5)
003) 3605(20) 740(7) © 6900(9) 44(4)
0(4) 2425(17) -835(7) 5999(9) 40(4)
S(1) 1160(7) 345(3) 1851(3) 31(1)
L 005) 2231(22) 637(8) 942(10) 49(5)
€(3) 1214(29) ©L761(11) 1912(13) 44(6)
C(4) -1518(28) 529(11) 1447(15) 45(6)
52) 2598(7) 2131(3) 2882(3) 30(1)
0(6) 685(17) 2439(8) 2139(9) 41(4)
. C(5) 3376(32) 2846(10) 3975(14) 47(7)
C(6) 4783(29) 2173(11) 2195(14) 43(6)
0(7) -1415(18) 2528(9) -114(9) 55(5)
Table 13. Bond lengths for cz's-bis(dimethylsulfoxide)oxalatopla’giﬁum(II)
hydrate (18a). '
Bond’ Length (A) - Bond - Length (A)
Pt-O(1) 2.022(9) C(2)-0(4) 1.221(19)
P1-0(2) 2.042(10) $(1)-0(5) 1.482(14)
Pt-S(1) ‘2.222”(4) S(1)-C(3) 1.765(18)




Table 13 -(coni.)
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Pt-S(2)
O(1)-C(1)
0(2)-C(2)
C(1)-C(2)
C(1)-0(3)

2.213(4)
1.27(19)
1.307(17)
1.584(21)
1.192(19)

S(1)-C(4)
5(2)-0(6)
S(2)-C(5)
5(2)-C(6)

- 1.735(18)

1.474(11)
1.751(17)

1.77(20)

- Table 14. .Bond" angles and standard deviations for
cis-bis(dimethylsulfoxide)oxalatoplatinum(IT) hydrate (18a).

Atoms

Angle (°)

Atoms

Angle (°)

0(1)-Pr-0(2)
O(1)-Pt-S(1)
0(2)-Pt-S(1)
0(1)-Pt-S(2)
0(2)-Pt-S(2)
S(1)-Pt-S(2)
Pt-O(1)-C(1)
Pt-0(2)-C(2)
O(1)-C(1)-C(2)
| o()-c(1y-003)
C@2)-C(1)-0(3)
02)-C2)-C(1).
0(2)-C(2)-0(4)

82.4(2)

175.5(2)
93.3(2)
93.4(2)

. 174.3Q2)

90.9(1)

113.6(5)
113.8(5)
114.7(7)

- 124.8(8)

120.4(7)
115.3(7)
125.1(8)

C(1)-C(2)-0(4)
Pt-S(1)-0(5)
Pt-S(1)-C(3)
0(5)-S(1)-C(3)
Pt-S(1)-C(4)
0(5)-S(1)-C(4)
C(3)-S(1)-C(4)
Pt-S(2)-0(6)
Pt-S(2)-C(5)
0(6)-S(2)-C(5)
Pt-S(2)-C(6)
0(6)-8(2)-C(6)
C(5)-5(2)-C(6)

119.6(7)
116.1(3)
108.8(3)
109.8(4)
109.4(3)
109.4(4)
102.6(5)
114.6(3)
109.7(3)
109.3(4)
© 111.0(3)
109.1(4)
102.5(5)
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Table 15. Anisotropic displacement coefficients (x 10%) for 18a.

Atom Uk . Uy U, Uy Us. Uy,
Pt 32(1)  26(1) 19(1) 1) - () o)
0(1) 618)  21(5)  20(5) 14(6)  6(5)  2(4)
0(Q2) 33(6) 23(6) 35(6) S115) 2(5) -4(5)
C(1) 34(10)  33(10) 26(8) . -2(7) 8(7) -2(6)
C@ 319 260)  28(7) - () 15 307)
0(3) 618)  418)  26(5)  O)  3(6) 2(5)
0(4) 49(7) 326)  39(5) 10(7)  8(5) 6(6)
S() - 4103) 312)  242)  32) 82 2(2)
0(5) 69(9)  48(8) 31(6) 77 15(6) 1(5)
C@3) S3(11)  45(11)  33(8) 5(11)  8§(8) -8(9)
C(4) 43(12) . 3290 50(11)  3(9) 19) -6(9)
S(2) 372) 212 27(2) - 3(2) 5(2) 3(2)
0(6) 327)  4N(7)  41(6) 186)  0(5) 7(6)
C(5) 78(14)  19(8)  46(10) 19 . 1710)  -6(8)
C(6) 47(11)  42(11)  43(9)  -1(9) 15(9) 11(9)

0(7) 49(8) 55(8) 51(7) 157y -13(6) -1(D)

Table 16. H-atom coordinates (x 10*) and isotropic displacement coefficients (x 10%)-

. for 18a. .
Atom x/a : y/b z/c Ugq
H(3A) 520 -949 2501 66(18)
H(3B) 2648 : -951 2058 66(18)

H(3C) 504 -986 © 1209 66(18)
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Table 16 (cont.)

H(4A) 22236 343
H(4B) 2043 227
H(4C) 11757 1118
H(5A) 4622 2643
H(SB) 2269 2907
H(5C) 3664 3380
H(6A) 6013 1970
H(6B) 5009 2742

H(6C) 4511 1829

2027
769

1321

4456
4397
3669
2690
1987
1535

66(18)
66(18)

© 66(18)

66(18)

'66(18)

66(18)
66(18)
66(18)

1 66(18)

Table 17. Atomic coordinates (x 10%) and equivalent isotropic displacement

coefficients (x 10°) for 18b.

Atom x/a y/b z/c Ugq

Pt 8088(1) 9173(1) 5549(1) 2001)
o(1) 7218(7) 8811(3) 3552(6) 29(2)
0(2) 7064(7) 10300(3) 4967(6) 28(2)
c(1) 6343(10) 9399(5) 2893(9) 26(2)
C(2) 6283(9) 10275(5) 3716(9) 24(2)
0@3) . 5544(3) 9284(4) 1780(6) 38(2)
0(4) 5583(7) . 10880(4) 3146(6) 38(2)
S(1) 8933(3)‘ 9665(1) 7735(2) 25(1)
oG5) 10540(7) 9398(4) - - 8227(7) 37(2)
C(3) 8807(12) - 10786(6) 7725(10) 39(3)
C(4) 7577(11)  9379(6) 9067(9) - 40(3)
S(2) 9033(2) 7874(1) 6084(2) 24(1)
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Table 17 (cont.)

0(6) 8517(7) 7522(4) 7493(6) 35@2)

C(5) 8507(11) 7150(6) 4647(9) 36(3)
c@©) - 11124(10) 7864(6) 6068(11)  38(3)
o(7) 10183(8) 12500(5) 9520(7) 47(2)

Table 18. Bond lengths for cis-bis(dimethylsulfoxide)oxalatqplatinum(II) hydrate

(18b). .
Bond Length (A) Bond Length (A)
[Pt-0(1) £ 2.020(5) C(2)-0(4) 1.223(10)
Pt-0(2) - 2.023(6) S(1)-0(5) 1.477(6)
Pt-S(1) 2.230(2) S(1)-C(3) 1.751(9)
Pt-S(2) 2.223(2) S(1)-C(4) 1.753(9)
0(1)-C(1) 1.312(10) S(2-06)  1.474(6)
0(2)-C(2) 1297(10) S@)-C5) - 1.77509)
C()-C(2) 1.560(12) S@)-C(6) 1.768(8)
C(1)-0(3) 1.214(10) '

Table 19. Bond angles (°) and standard deviations for
cis-bis(dimethylsulfoxide)oxalatoplatinum(II) hydrate (18b).

Bonds Angle _ Bonds Angle
0(1)-Pt-0(2) 82.4(2) C(D)-C(20-0()  119.6(7)
0(1)-Pt-S(1) 175.5(2) Pt-S(1)-0(5) 116.1(3)
0@Q)-Pt-S(1) . 933(2) Pt-S(1)-C(3) 108.8(3)

O(1)-Pt-S(2) 93.4(2) 0(5)-S(1)-C(3)  109.8(4)
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02)PSQ2)
S(1)-Pt-S(2)
Pt-O(1)-C(1)
Pt-0(2)-C(2)
O(1)-C(1)-C(2)
O(1)-C(1)-0(3)
C(2)-C(1)-0(3)
0@)»-C2)-C(1)
0(2)-C(2)-0(4)

174.8(2)
90.9(1)

113.6(5)
113.8(5)
114.7(7)
124.8(8)
120.'4(7)
115.3(7)
125.1(8)

Pt-S(1)-C(4)
0(5)-S(1)-C(4)
C(3)-S(1)-C(4)
Pt-S(2)-0(6)

 Pt-S(2)-C(5)
0(6)-S(2)-C(5)
~ P-S(2)-C(6)

0(6)-S(2)-C(6)
C(5)-S(2)-C(6)

109.4(3)
109.4(4)

102.6(5)

114.6(3)
109.7(3)
109.3(4)
111.03)
109.1(4)
102.5(5)

Table 20. H-atom coordinates (x 10*) and isotropic displacement coefficients for 18b.

Atom x/a y/b z/c Usgq

H(3A) 7761 10956 7404 77(11)
H(3B) 9565 11015 7067 77(11)
H(3C) 9026 11000 8698 77(11)
H(4A) 6532 9552 8747 77(11)
H(4B) 7857 9658 9978 77(11)
H(4C) 7600 8769 9205 77(11)
H(5A) 8842 7378 3728 . 77(11)
H(5B) 7379 7072 4608 77(11)
H(5C) 9014 6608 4828 77(11)
H(6A) 11467 8092 5152 - 77(11)
H(6B) 11498 7286 6179 77(11)
H(6C) 8208 ° 6863 77(11)

- 11541




- 105

Table 21. Anisotropic displacement coefficients (x 10%) for 18b.

Atom U Uy Uz " Uy Uy, - Uy,
Pt 22(1) 20(1) 19(1)  2(1) 31 1)
"o (4  213)  270) 123)  -103)  -6(2)
0(2) 34(3) 22(3)  28(3) 5(3) 123)  0(2)
c(1) 22(4) 32(5) 26(4) -10(4)  12(3) 2(3)
C() 19(4) 23(4) 304)  4(3) 1(3) 4(3)
03) = 52(4) 34(4) 26(3) 0(3) =123)  -8(3)
0(4) 44(4)  273)  4103) 8(4) 153)  43)
S(1) 24(1)  28(1)  21(1) 1(1) -5(1) 2(1)
0(5) 25(3) 50(4) 36(3) 12(3) -5(3) . -4(3)
CE)  466) 3205 395 105) 30 -9(5)
C@) 445 S1(7) - 25(4) -7(5) 3(4) 4(4)
S(2) 2(1) © 211)  27(1) (1) -1(D) 3(1)
0(6) 394)  293)  363)  03)  0%3) 43)
C(5) 50(6) . 24(4) 35(5) 4(4) 94)  -8(4)
C(6) 22(5) 34(5) 58(6) 7(4) 1) - 9(5)
o(7) 50(4)  43(4)  49(4) -2(4) 4(3) 1(4)-
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Table 22 summarizes the **Pt NMR data for the oxalate and ethylenediamine

complexes employed in this study.

Table 22._"°Pt NMR data for oxalate and ethylenediamine complexes.

# Complex 5 ¥°pt Ref.

15 [Pt(en)(OH),}*" | This work
16 [(en)Pt(1.-OH),Pt(DMSO),]** : -2775: This work

] -1775

17 [Pt(en)(DMSO),1* -3000 This work
18 Pt(Ox)(DMSO), ' 23276 This work
19 [Pt(Ox)CL]* o -1005 32

20 [Pt(Ox)(OxH-0)CI}* 620 32

21 . Pt(Ox)(OH,), =338 132

a) Pt(DMSO), fragment; main resonance flanked by satellites.
b) Pt(en) fragment; very broad resonance obscuring satellites.




Figure 46. Packing diagram for 18a



Figure 47. Packing diagram for 18b
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' Monomeric Pt(11) and Pd(II) Complexes
Containing Bidentate Sulfoxide Ligands

When it was discovered that DMSO was being released in dilute solutions of
the equilibrium nﬁxtures of the monomer and difner, a bidentate sulfoxide ligand was
sought which would be expected to show similar behavior sinﬁlar chemical behavior to
the DMSO system yet be more thermodynénﬁcally stable due to the cﬁelate effect. The
logical choice appeared to be the 1,2—bis-méthylsulﬁny1 ligand described earlier.

The preparation of dichloro-oc-l,2-bis(methy1sulﬁnyl)ethaneplatinum(II) (22) .
has been described in the Experimental' Section. Maddan and Huil (76) have also
prepared this complex but characterized it only by elemental analysis and IR '
spectroscopy. We have now verified the chelating nature of the MSE ligand in this
complex by BC NMR spectroscopy. Figure)48 shows the *C NMR spectrum éf 22
The cha‘racterist.ic 1:4:1 éplitting pattern can be seen for both the methyl and methylene
resonances at 54 and 42 ppm respectively. Both of these resonanc'es are shiﬂed.se{)eral
ppm upfield relative to the free ligand. Thé presence of only two °C peaks is deﬁnitive.
proof of a chelating mode for the ligand. Monodentate coordination to Pt would result
in four magnetically non-equivalent carbon atoms and four distinct C resonances.

The C NMR spectrum clearly demonstrates the bidentate nature of the ligand
as well as providing strong supporting evidence for being exé}usiyely sulfur bonded in

aqueous solution. This sulfur coordination is maintained in the solid state as




Figure 48
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demonstrated by IR and X-ray analysis. Parﬁcularly interesting is the significant
variation in coupling constant between the methyl and methylene carbons'.. This
difference may be rationalized in several different ways:

1) Coupling constants between adjacent nvuclei. may be either positive or
negative. By definition, a positive sign implies that the coupling interaction stabilizes
anti-parallel nuclear spins and a negative sign impiies_the stabilization of parallet spins
(107). Although relative signs of coupling constants can be determined by double
resonance techhiques or by spectral analysis in favorable cases, absolute signs are more
difficult to obtain experimentally. Due to the additive néture ‘of coupling constants, it is
generally observed that for a given pair of nuclei, 'J >>3J > % (108). Inspection of the
PtClz(meso-MSE) complex shown in Figure 49 shows only a single two bond coupling
pathway between Pt and the methyl carbons. 'For the methylene carbons howeyver,
there are two pathways available for coupling to P, “Jop and a *Jep:. Depending on
the relative magnitude and sign of these coupling constants, the-sum of %Jepe and 3Jc.pt“

may account for the larger value for the methyléne carbons.

2) Inspection of 'the crystal structure of the free meso—MSElligand reveals an
uhusually short bond distance between the methylene ‘carbons (80). The authors
explained this observation as being caused by a change in the hybridization of the sulfur
atom to accommodate the presence of an electronegatii/e oxygen atom. This general
phenomenon has been rationalized by an empirical set of rules proposed by Bent ('109.)

which state that; "More electronegative substituents prefer hybrid orbitals having less s
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character and more electronegative substituents prefer hybrid orbitals having more 5

character". Molecular orbital calculations for other molecules have substantiated these

observations (110).

It is well known that J coupled systems transmit the coupling interaction
through the 5 electrons due to the non-zero probability of finding these electrons at the
nucleus. It is therefore likely that this rehybridization is responsible for the larger

coupling constant seen in the methylene region.

Figure 49. Ball and stick model of PtC"/weso-MSE) (22).

Unfortunately, the crystal was found to be highly disordered, precluding the refinement

of accurate bond distances to determine whether the short C-C bond distance persists
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upon coordination to Pt. Even for the refined structures shown below containing the

chelating MSE ligand, the presence of a heavy atom in the molecule normally does not

allow for a precise comparison of ligénd bond distances and angles. Similar bis-

sulfoxide and sulfone molecules with a variety of terminal R groups also show the same

general shortening of this bond (111, 112). The dibromo and di-iodo derivatives of

Pt(meso-MSE)X, as well as some mixed halide compiexes and a were also prepared by

adding an excess of KBr or KI to the initial reaction mixture. Table 23 summarizes the

Pt NMR and IR data for these complexes. -

Table 23. NMR and IR data for monomeric M(meso-MSE) halide complexes (M=Pt

. or Pd).
# ‘Complex 8 Pt (ppm) v §=0 (cm™)
22 Pt(meso—MSE)C}z . -3890 1132, 1155
23 Pt(mmeso-MSE)CIBr -4030 a
24 Pt(meso-MSE)Br, | -4187 1130, 1153
25 Pt(meso-MSE)I -4844 1126, 1150
26 Pd(meso-MSE)Cl, - 1149, 1127

a) Mixed halide complexes were not isolated.

Hvdrolﬁrsis Reactions of Pt(meso-MSE)Cl, (22)

Although the reaction of meso MSE with K,PtCl, proceeds smoothly to form

~ the desired cis-dichloro complex (22), subsequent attempts to form the diaqua
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‘monomer or dihydro;(o Bridged dimer revealed a major difference between the
chemistry of MSE as compared \;vith DMSO. In particulaf, the molar solubility of
meso-Pt(MSE)CL, is considerably less than that of Pt(DMSO),CL, in HO at room
temperature, making it much more difficult to carry out the hydrélysis reaction.

Several methods were employed in an attempt to f;orm the dihydroxo bridged

MSE dimer. These are described below.

Ag(D). Assisted Hydrolysis of meso-PtCL,MSE (22).

HC. O
3 g\ Cl '
/e HO ;
2 Hydrolysis
S/Pt\(;, + 2A9N03 : Products
1]
He” O

3

Figure 50. Rééction scheme for the silver assisted hydrolysis of 22.

Even though the dichloro complex was fairly insolublé, it. was felt that
dissolution would occur as the hydrolysis reaction proceeded (iue to the formation of a
cationic complex. Initial results using this method however revealed v_ery' little AgCl
being formed even after prolonged stirring of the réactio}l mixture. Because b.oth
reactants and products, including AgCl, are white in color, and because the hydrolysis
product tended to form an insoluble precipitate e.ven at low to moderate

concentrations, it was very difficult to determine the extent of reaction by visual
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inspection. After filtering off the solid material, the '

Pt NMR spectrum showed a
weak group of peaks around -3520 ppm (Figure .5 1). The number of scans requiredAt’o
give the observed signal-to-noise indicated a very low concentration of Pt in solution.
The chemical shift of these peaks is consistent with a Pt atom coordinated by two sulfur
and two oxygen ligandé, although the number and distr.ibution of peaks suggests
species other than or i.n addition to the simple diaqua or hydroxo bridged complexes
seen in the analogous monodentate sulfoxide cases. Within forty-eig'ht.hours, the -
solution slowly deposited a noncrystalline white precipitate on the sjdes of the NMR
tube and reaction vessel. This precipitate was iﬁsolubl\e in virtually all of the common
orggnic and inorganic solvents, suggesting a polymeric structure.

Although heating the solution to ~ 60 ° C during the initial hydrolys;is reaction
did increase the solubility of the dichloro species, it also appeared to increase the rate at
wﬁch the solution became darkly colored, presumably due to degradation of the
complex. NMR spectra of these solutions were, in general, not r_ebrodﬁcible. The °Pt
NMR spectrum of a solution from one of the attempts to use this method did however
show aﬁ extremely interesting result (Figure 52). A detailed analysis of this spectrur_ﬁ
reveals two sets of coupled peaks with coupling constants of 1926 Hz and 1967 Hz. It
is normally considered a good sign of direct Pt-Pt bonding when coupling constants
over two kilohertz are seen, although there are several notable excéptions (37). Inthe

absence of other evidence and with the irreproducibility of these results, this-spectrum

has, so far, nof been fully interpreted.




-3100 -3300 -3400 -3500 -3600 -3700 -3800

Figure 51 19Pt NMR spectrum for the reaction of PtCla(\Wejo-MSE) (22) with AgNOs.



-3250 -3100 -3350 -3400 -3450 PPM -3500 -3550 -3600

Figure 52. 199Pt NMR spectrum of the reaction of 22 and AgCF350O3at 60°C.
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As with all other hydrolyzed solutions containing this ligand, a dark brown color

eventually developed and no crystalline products were formed.

Replacement of DMSQ by MSE in the dithrOX(-)- bridged homodimer (2)

. o
DMSO OH DMSO HO .
/ \ / + 1eq DTHO 2 Substitution”
. /Pt\ /Pt\ : 2 . Products
DMSO OH DMSO

Because the PtCMSE complex is so insoluble m wéter, it was felt that a more

' feasible route to the synthesis of the PtMSE bridged spe‘cies would be to react the

-DMSO homodirr_1ef directly with the M_SE ligand and rely on fche increased

thermodynamic stability conferred by the chelate effect to bring about ligand exchange

as shown above. Both the dimer and free ligand are exfremely soluble in w;ter SO
getting the reactants into solution was 1ot a problem with this ﬁethod.

By adding only oﬁe equivalent of MSE, a mixed ligand dimer is expected to

form as in the DMSO case, r'esult.ing in a heterodimeric structure:with magnetically

non-equivalent Pt atoms. Formation of this species would be revealed by the presénée

. of the characteristic coupling pattern discussed above. The decrease in intensity of the
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peak due to 2 and'the concomitant appearance of a group of peaks around -3025 ppm,
clearly indicates that the MSE ligand is reacfcing with the complex, but no sign of a
resonance corresponding to the mixed ligand dimer is observed. Figure 53 shows the
Pt NMR spectrum of the reaction of meso-MSE with 2. Comparing figures 51 and
53, it can be seen that thg: product is essentially the same for both methods. A white
precipitate followed by darkening of the solution is eventual‘ly observed in both cases:
As seen in the figure, a set of closely spaced peaks within 20 lppm of each other
" dominates the spectrum. Considering the previously described sensitivity of the 195py
nucleus to its environment, this result suggests that the complex(es) responsible for -
. ‘these peaks are very similar, certainly contgining the same primary coordination sphere
- of ligands. Confirmation of this similarity comes ﬁoﬁ the ®C NMR spectrum which
shows only two peaks with broadened, yet' clearly discernible '*°Pt satellites. Also seen
is a 1arge'i3eak_ due to free DMSO which had been feplaced by MSE durin‘g the
reaction. The other two peaks in the spectrum represent the -CH; .(41 6 pbm) and the
-CHs- (49.7 ppm) g.roups of excesé MSE. What makes this spectrum so striking in
comparison to that of '*’Pt is tﬁat only a single Pt complex with chelating MSE ligands
is revealed. As suggested above, the complex must be composed of fragments with
only very slight differences in conforrﬁation. In order to confirm that a hetero-dimeric
structure was not being formed, an experiment was run adding fractional eduivalents of

MSE to a monodentate sulfoxide dimer.
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Figure 53. 19%Pt NMR spectrum for the reaction of 2 with | equivalent ofwso-MSE.
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A series of *°Pt spectra were also taken following the addition of 0.25, 0.50, 0.75, and
1.00 equivalents of the -ligand. * In this case, the region around the

[Pt(DMSO0),(OH),],*" peak at -2870 ppm was monitored for the appearance of the

anticipated heterodimeric complex. No such peak was observed in any of the spectra.

Reaction of [Pt(OH,),]*" with one équivalent of meso-MSE.

_ 2+ Monomeric
HZO\ /OH2 HQO or
Pt { *+ 1eq. meso-MSE ——= Dimeric
H.Oo~ “oH Subsitution
2 2 ~
Products

Figure 54. Reaction of tetraaquaplatinate(Il) with meso-MSE.

In order to rule out the presence of chloride as a ligand in the products formed
in methods 1 and 2, a solution of meso-MSE in 1 M trifluoromethanesulfonic acid was
used to dissolve freshly pfecipitated Pt(OH),. This comﬁlex is obtgined by raising the
pH of an acidic solution of tetréaquaplatinum(II), [Pt(OH,)s]*" (27) to ~ 4 followed by
filtration of the white p;ecipitate. [Pt(OH,)4]*" was first prepared by Elding (113) and
has found considerable use as a versatile starting material for the synthesis of a wide
variety of Pt complexes due to the labile nature of the HyO ligands in acidic soiuticm.

Although the K,'s of the coordinated waters have not been determined, evidence
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suggest§ that theée values are below ~ 2. Interestingly, the formation of dimeric or
higher polyﬁleric tetraaqua complexes has not been reported. |

As can be seen in Figure 54, the product of this reaction broduces a ¥pt
spectrum similar to that of methods 1 and 2. As seen with the monodentate sulfoxides
the formation of a heterodimeric bridged structure results in a very characteristic
splitting pattern as the two Pt centers. become magnetically (and chemically) non-
equivalent: This pattern is not observed in any spectra éf re'actions.involving meso-
MSE as a ligand. The chemical behavior of the B-form of MSE §vas essentially the
same as for the a-form. With this isomer how.ever, the solution turned dark brown
mu(;h more qu.ickb‘r.

The available spectroscopic evidence poiﬁts to the formation of a polymeric
structure when either the a-form or the B-form of MSE are coordinated to Pt and the
éhloride ligandé are replaced by water. This hypothesis is consistent with the results of
Madan et al. when they attempted to prepare the is-MSE complexes of Pt(II) and
Pd(Il) (76). Although they were also not able to fully characterize the resulting
- complexes, IR data of the [Pt(8-MSE),] (ClO4), complex led them to propose a
polymeric struc;cure with MSE bridging two Pt atoms, with coordination of the ligands
through both § and O. IR spectroscopy is extremely useful for characterizing metal
sulfoxide complexes of this type. It has been demonstrated that the sulfinyl stretching -
frequency is ciirectly related to the mode of coordination of an ambidentate sulfoxide

ligand (114).
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Figure 55. 18Pt NMR for the reaction of [Pt(OHa)]2+with /Meso-MSE.
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Coordination through sulfur increases the double bond character of the S=O bond
resulting in an increase in the stretching frequency over that of the free ligand.
Conversely, coordination through oxygen tends to decrease the double bond character
and leads to a decrease in stretching frequency (see Figure 23).  This observation has
been confirmed in studies examining the ER stretch of the sulfinyl group for a series of
hard (0 donor) and soft (S donor) metal complexes. Figure 56 shows a portion of the

ER spectrum of meso-MSE.

z'/TAI

Z I
A i1\
J ~1 -

1750 1500 1250 1ICOO 750

Uavenurfrer Cifl

Figure 56. Infrared spectrum of meso-MSE in the S=O stretch region.
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The dominant absorbance around 1017 cm"1lhas previously been assigned to the S=0
stretch of the sulfmyl groups of the free ligand. The IR spectrum OfPt(Wero-MSE)CI2
in the same general region shows two intense absorbances at 1131 and 1153 cm"1which
have also been assigned to the S=0O stretch of S bound MSB, based on the ~ 120 cm"1
increase in wavenumber. Comparing this with the IR spectrum of the product of the
reaction of Pt(Wero-MSE)CI2 with AgNO2 (Figure 57), a similar set of two peaks can

be seen at 1131 and 1154 cm"1

1500 HOQ
Uavenuwber  cof*

Figure 57.
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The intense absorbance at 1398 cm" is due to ionic nitrate (115). As in the dichloride,
the $=0 stretch is to higher wavenumber, indicating cooraination through sulfur. No
absorbance éssignable to O bound ligand is seen around ~ 900 cml'l. Based on this
evidence, it may be concluded thzﬁ the MSE ligand remains exclusively S bound in the -
polymeric material. |

The following points need to be considered in any formulation of a hypothetical

* structure for the product of these reactions:

1) The dichloro MSE complex is a distiﬁct, stable, monomeric species, as

demonstrated by 'H, “H, and '**Pt NMR and IR spectroscopy. -

2) Substitution of halogen with water apparently leads to a polymeric species with very

similar ligand geometry around each Pt.

3) The pH dependence of the number of peaks observed in the ’Pt NMR spectrum of

this comblex suggests that some form of hydroxo bridging is présent.

Although bridging chloride dimers are not uncommon for Pt(II), we have seen no
evidence for their formation in these systenis. The strong absorbance of ionic nitrate iﬁ
the IR spectra indicate that the chlorides were indeed removed by complexation with
silver and that NOs™ is now serving to balance the charge of a cationic Pt c'omi)l‘ex. As
has been shown for‘ 6ther sulfoxide com_plexes, once the chloride ligands have been

hydrolyzed, hydroxo bridge formation readily occurs as a function of pH. It is _

. therefore reasonable to conclude that the same general type of reaction is occurring in
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‘this case. Because chloride is much higher in the trans effect series than water, it seems
unlikely that chelating MSE would remain bidentate in the dichloride complex, then
revert to a mb_nodentate or bridging mode following hydrolysis. As the "simplest’;
interpretation of the data then, we propose that the multitude of peaks seen in the *°Pt
NMR spectra representé a Qistribution of monomeric and dimeric or possibly even
trimeric hydroxo bridged structur’es. The closely spac.:ed peaks could simply be a non-
statistical sampling of the chelate ring conformations. The apparent polymeric nature
6f the product and the failureAto form heterodimers remains unexplained. ‘.

A second interpfetati;)n is that the MSE ligand adapts a bridging role in at least
part of the complex. Again considering the "simplest” case, a struétﬁre éuch as that
shown in Figure 58 is proposed. This structure is consistent with the >C NMR data
which shows only a single Jop: coupling constant to each of the -CH; and -CH,- carbon

atoms.

s 1w\
g’ Nl H o2l /g
o e
Pt .S/ \O/ '\S Pt
S Y
S8 H 4“N(B'L/H‘L
n

Figure §8. Proposed structure for the hydrolysis product of 22.
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Bidentate Thioether Complexes of P+(II)

- In order to obtain a better understanding of what was happening in the MSE
system just discussed, and specifically to determine the role, if aI:lif, of the sulfinyl
groups in determining product outcome, an analogous series of Pt(II) complexes were
synthesized employiné the chelating thioether ligand_ l,2—metl1ylthioethane. This is one
of a class of thioethers having the general structure R-S-(CH),-S-R' where R and R!
are methyl or phenyl groups and n ranges ffom two to twelve.

The dihalogen complexes of general formula M(L)X, (Mv =Pt, Pd; L. =
thioether) have been investigated and trends in reaction products noted with changes in
Rand R' and as n is Varied’ (116). These authors reported that for M = Pd, R - phenyl
and n = 6 or 8, the products. of reaction of these ligands w1th the tetrachloro metal
complexes were polymeric [PdLX;], species and for M = Pd or Pt n = 12, the products
were the frams chelates. Because these ligands have a non-bonded lone oair of
electrons on sulfur, in the metal complexes, they can exist as meso and d / forms. The
rate of inversion of coordinated sulfur has boen found to deoend on the metal (Pt <
Pd), the trans halogen ligand (CI' < Br <I") and the natureof the l1gand "backbone"

( -CHZCHZ- < O CsH, < cis-CH=CH- < CH2CH2CH2- ).

The metal dependenoe of these complexes follows from the observed rate of »

substitution (Pd >> Pt) and the hailogen dependence follows tho relative ordering of the

trans effect and frans influence series. Inversion can be monitored by observing the
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‘temperature at which the 'H NMR :signals coalesce into a single peak. ‘Coalescence of -

NMR signals occurs when the rate of inversion or chemical exchange becomes fast on

the NMR time scale (104). The Pt NMR spectrum of Pt(DTH)CI, (28) shown in

Figure 59 clearly shows two resolved peaks due to the two invertomers indicating that
inversion at S is not taking place in this complex at room temperature. That these

peaks are separated by ~ 27 ppm further attests to the sensitivity of platinum to the

conformation of the primary coordination sphere. The presence of resolved invertomer

peaks was invaluable in proving the formation of both homo- and hetero dimeric

complexes following hydrolysis of the chloride ligands. .These reactions are discussed -

- below.

Figure 60 shows the ’Pt NMR spectrum of the prodﬁct of the silver assisfed
hydrolysis reaction Pt(DTH)Cl,. The group of peaks between -2950 and -3050 ppm
are readily assigned to the expected statistical distribution of invertomers shown in
Figure 61. The Joup Of the non-equivalent Pt centers clearly indicate the presenc-e of
dimeric species, and tﬁe coupling coﬁstants are consistent with those observed for oth_er

di-p-hydroxo bridged complexes. The upfield shift of 250-300 ppm is consistent with

the change in coordination mode of thé bis-sulfide ligand from bidentate to

monodentate. The group of peaks centered around -3300 ppm is reminiscent of the
pattern seen for the corresponding MSE case and serves to strengthen the hypothesis of

polymer formation for that ligand, with each MSE ligand now bridging two Pt atoms.
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Figure 59 I95Pt NMR spectrum OfPt(DTH)CI2(28) in DMF.
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Figure 60 18Pt NMR spectrum of the hydrolysis product of 28.
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Figure 61. The five invertomers of [Pt(DTH)(u-OH)].>" (29).

This mode of coordination relieves the ring strain imposed by bidentate coordination
resulting in an upfield shit. Comparing the DTH system to the MSE system, the

absence of a set of peaks assignable to an MSE dimer downfield from the group of
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peaks around 3525 ppm suggests that for MSE, dimer formatioq is unstéble with
respect to polymer formation.

After it had been determined that a DTH homodimer could be formed, a series
of reactions was run in an attempt to‘form: a heterodimer éon;caining the DTH ligand.
Figure 62 shows the "”Pt NMR spectrum of the disfribution of species formed when an
equimolar amount of the DTH homodimer (29) and the DMSO homodimer (2) are
reactéd. The intense -singlet‘ around -2870 ppm has previously been shown to ;t)e the
DMSO homodimer and the upfield group of peaks around -3025 ppm, with the
exception of the furthest upfield set of peaks at -3042 ppm is seen to be identical with
the DTH homodimer of Figure 59. .The ﬁéw peak at -3042 ppm has a set of flanking Pt
satellites with Zth_l;t = Hz. Another set of peaks around <2775 ppm also appears during
the course of the reaction which appear to be coupled to the peak at -3042 ppm.
Presumabl'y, these peaks represent the Pt fragment_ of the dimer coordinated by two
DMSO ligands, consistent with the.fairly small (~ 100 ppm) downfield shift for tﬁe
DMSO homodimer resonance.

This spectrum presents an interesting example of the chemical shifts for the
heterodimeric complexes shiﬂiﬁg away from the spectral region between fhe
. homodimer peaks. This is the opposite of what is observed in the case of monodentate
m‘ixed ligand sulfoxide dimers and presents an interesting éhallenge in the context of the ,

Ramsey equation for predicting chemical shifts.
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Figure 62 '®Pt NMR for an equilibrium mixture of 2 and 29.
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"These observations implica;c:e the 'sulﬁnyl oxygen atoms of the MSE systerﬁ as the
controlling factor in dimer stability, ;:ithér through an inductive effect or more likely
.through a steric éﬁ‘ect. It seems less likely that the sulfinyl oxygens are becoming
involved in coordination to Pt, although the éhenﬁcal shift remains consistent with Pt
coordinated by two sulfurs and two oxygens. Bridging ligands of this generél type are
another indication that ionié ligands are necessary tol stabilize a Pt(II) center
coordinated by an MSE ligand. It may be postulated that the eleétron withdrawing
inductive effect of the sulfinyl oxygep. destabilizes the Pt(II) center in the absencé of

anionic ligands in the trans positions,

Reaction of Cis and Trans Pt(Ox),(0OH,), (30)

As mentioned briefly in the Introduétion, oxidation of platinum c;)mplexes from
Pt(II) to Pt(IV) would prov1de a means of "locking" ligands in place due to the
inertness of the d° Pt(IV) ion. Although these hlgher oxidation state complexes were
not the main emphasis of this investigation, several experiments were done to test the
feasibility of ligand substitution directly on to Pt(IV). The a11;ernative method, that of
carrying out the oxidation after sut;stitution, was also tested and is discussgd more fully
below.

Although Pt(IV) complexes are normally considered to be substituti_(.)nally inért,‘

water exchange is known to be fairly rapid for certain complexes at low pH (31).
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In order-to further‘ investiga’ge the reactivity of the coordinateq waters on cis-
Pt(0x),(OHz),, and to attempt to form a Pt(IV) complex with the MSE ligand, one
equivalent of meso-MSE was added to a mixture of cis and frams 30. Cis-
Pt(Ox)z(OH)z was for‘med by the hydrogen peroxide oxidation of [Pt(Ox),]* as
described in the experimental section. “After 24 hrs. at 48 °C and 48 hrs. at 80 °C, *°Pt
NMR showed roughly equal quantities of cis and trans Pt(Ox),(OH),. This method has
been shown to effect virtually quantitative yield of the higher oxidation state product
(31). The pH of the solution was lowered to ~ 1.6 with triflic acid .to ensure that the
hydroxide ligands were fully protonated. No evidence was seen, as determined by
Nm of the desired' Pt(IV)(MSE) substitution product. The resulting éolution was left
in the reaction vial and set aside in the hopes of producing crystals. Although crystals
~did form, they' turned out to be the neutral Pt(II) complex Pt(Ox)tmeso-MSE) (31)
rather than the desired Pt(IV) substitution prpduct. Presumably, the sulfoxide ligand
acted as the reductant in this case, resulting in the formation of a sulfdne and Pt(IT). It
is ﬁot known whether substitution on Pt-took place before or after the redox reaction.
This series of reactions was not pursued beyond this point. Figure 63 sh‘ows the
ORTEP diagram of meso-1,2-bis(methylsulfinyl)ethaneoxalotoplatinum(Il) (31). It is
of interest to comparé the bond angles and distances in this complex, which has a
-chelating sulfoxide ligand, to those in the monodenta’ge bis—sulfoiide structures also

coordinated by oxalate (18a and 18b).




Figure 63. ORTEP plot of meso-1,2-bis(methylsulfinyl)ethaneoxalotoplatinum(ll) (31).
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The $-P1-S angles are slightly less (88.8° compared with 90.9° in 18a) and the O-Pr-O

angle is correspondingly greater (83.1° compared with 82.4°). The P#-O and Pz-S bond

. lengths are virtually identical for 31 and 18a and 18b. The Pt(Ox)(MSE) moleculeé

arranged with the oxalate ligands aligned along the a axis as in 18a. Crystallographic

data for 31 is presented below.

Table 24. Crystallographic data for meso-l,2-bis(methylsulﬁnyi)
ethaneoxalotoplatinum(Il) (31).

Formula
a(A)

b (&)
c(A)

o (%)
BO
7€)

Cell Volume (A%)

Z
Ry, (Fo)
R (F,)

Scan mode

C5H1005S2Pt

7.688(1)
16.241(1)
17.029(3)

2126.25() .

8
0.0349
0.0399

9/20

Formula weight

Space gfoup
Temperature °C

A (A)

p calculated

W (mm™)
Transmission factor range
F (000) '
Unique reflections
Observed reflections
Number of parameters

Goodness of fit

437 34
Pbca

27
0.7107

13.60

0.018 -0.388 .
1632

5592

2116

138

1.106
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Table 25. Atomic coordinates (x 10% and equivalent isotropic displacement
coefficients for 31.

Atom x/a y/b z/c Ueq
Pt . 1099(1) 1268(1) 125(1) 21(1)
sy . 254003) 4141) 8882 25(1)
S(2) 37(3) 1862(1) 1186(2) 22(1)
o(1) 2478(9) -461(4) 704(4) T 37(2)
0(2) -1781(9) 1686(4) 1367(4) 37(2)
c(1) 1748(14) 605(5) 1851(5) 32(3)
c) 1430(13) 1543(5) 1975(5) 273)
C(3) 4722(12) 740(6) 922(7) 41(4)
C4) 406(14) 2932(5) 1160(6) 34(3)
03)  -105(9) . 2054(3) -624(4) 30(2)
0(4) 1938(9) 736(4) -883(4) 31(2)
c() 159(12) 1872(6) ~1352(6) 25(3)
“lces) 1270(13) 1093(6) ~1510(6) 32(3)
0(5) " -418(9) 2260(4) -1905(4) 37(2)
0(6) 1443(10) 826(4) . -2169(4) 45(3)

Table 26. Bond lengths for 31.

Bond Length (A) - Bond - Length ()
Pt-S(1) 2.200(2) S(2)-C(2) 1.795(10)

Pt-S(2) 2.204(2) S(2)-C(4) . 176209)

' Pt-0(3) 2.028(6) . C(1)-C(2) 1.558(12)

Pt-0(4) 2028(7) 0(3)-C(5) - 1.290(12)
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Table 26 (cont.)

S(1)-0(1) 1.457(6) 0(4)-C(6) 1.319(12)

S(1)-C(1) 1.776(10) C(5)-C(6) 1.550(13)
S(1)-C(3) 1.760(10) - C(5)-0(5) 1.216(12)
S(2)-0(2) 1.460(7) C(6)-0(6) 1.210(12)

Table 27. Bond angles for 31.

Bonds _ Angle () Bond Angle (°)
S(1)-Pt-S(2) 88 8(1) 0(2)-3(2)_-(:(2) 110.9(2)
| sq-pt-0(3) 176.5(2) P-S@)-CHA)  110.6(4)
$(2)-Pt-0(3) 94.1(2) 0(2)-S(2)-C(4) 110.6(5)
S(1)-Pt-0(4) 94.1(2) " C(2)-S(2)-C(4) 102.0(5)
S(2)-Pt-0(4) 176.6(2) S(1)-C(1)-C(2) 110.5(6)
0(3)-Pt-O(4) 83.1(3) | S@2)-C2)-C(1) 105.9(6)
Pt-S(1)-0(1) 11813) Pt-0(3)-C(5) - 112.9(6)
Pt-S(1)-C(1) 105.2(3) Pt-O(4)-C(6) 112.0(6)
O(1)-S(1)-C(1) 111.0(4) 0(3)-C(5)-C(6) 116.1(8)
Pt-S(1)-C(3) 108.0(4) 0(3)-C(5)-05) 124509
O(1)-S(1)-C(3) 109.4(5) C(6)-C(5)-0(5) 119.3(9)
C(1)-S(1)-C(3) 104.2(5) - 0(@)-C(6)-C(5) . 115.6(3)
Pt-S(2)-0(2) 116.3(3) " 0(4)-C(6)-0(6)  123.4(9)

Pt-S(2)-C(2) 105.4(3) C(5»-C(6)-0(6).  120.9(9)




~Table 28. Anisotropic displacement coefficients ( x 10*) for 31.
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Atom Uy Uyy U, Uy Uz Uy,
Pt 20(1)-  20(1) 21(1) 2(1) -1(1) -1(1)
S(1) 25(1) 19(1) 30(1) 2(1) -5(1) 0(1)
S(2) 21(1) 24(1) . 23(1) 0(1) 3(1) 0(1)
o(1) 505  173)  44(5)  6(3)  8(4)  -4(3)
0(2) 22(3) 49(4) 41(5) -3(3) 1(3) -3(4)
C(1) 42(6) 30(5) 24(5) 4(5) A(5) 114)
C(2) 33(6) 28(4) © 20(5) 4(4) -6(4) 5(4)
CBy 2205  506)  52T)  6(5) 175)  -5(6)
c@) 3806 23(4) 39(6) 12(5) 0(5) -3(4)
003) 37(4) 26(3) 26(4) 83)  -203) -13)
0(4) 384)  35(3) 19(3) 16(4)  5(3) 3(3)
C(5) 194)  31(5) 27(6) -2(4) 1(4) 2(4)
C(6) 33(5) 38(5) 24(5) -7(5) -1(5) 3(4)
0(5) 39(4) 45(4) 27(4) 0(4) -10(4)  10(3)
0(6) 63(6)  47(4) 25(4) 15(4) 4(4) -4(3)

Table 29. H-atom coordinates (x 10*) and isotropic displacement coefficients (x 10°%)

for 31.
Atom - x/a y/b z/c U
H(1A) 2576 406 2228 80
H(1B) 677 311 1925 " 80
883 1644 2473 80

H(2A)
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Table 29 (cont.) ,

H(2B) 2512 1837 1958 . 80
H(3A) 5375 375 1253 - 44(13)
H(B) - 5197 729 400 44(13)
H(3C) 4786 1290 1126 44(13)
FI(4A) -64 3182 | 1625 - 44(13)
H@4B) 1633 . 3037 1133 44(13)
H(4C) 2153 3161 705 44(13)

Although thesé platinum oxalate reactions did yield a ﬂovel complex containing
the chelat‘ing MSE ligand, the reduction of Pt(IV) to Pt(II) proved to be both
unexpected and somewhat disappointing. The cis and frans Pt(bX)g(OHz)z complex
was empldyed a second time however in aﬁ attefnpt to form a mixed valence dimer
containing one Pt(IV) and one ?t(II) metal center. The results of that experimenf are
presented following the next section which represents a brief departure from platinum
éhemistry in order to further »investigate the chelating and bridging ﬁroperties of the

MSE ligand.
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Ruthenium Complexes Containing Monodentate Sulfur Ligands

Ruthenium | comi)lexes have found,. widespread applications in syﬁthetic
transition metal chemistry as well as showing great promise as second and third
generation anti tumor drugs (117). Several of these have previously been mentioned in
| the context of structure directed synthesis and biologically active complexes above.
Because of it's well kno§vn propensity for. coordinating "soft" donor atoms, Ru was
chosén as a suitable substrate for studies involving sulfoxide ligands (118). |
The neutral complex RuClz(DMSO)4 has prev10usly been characterlzed (119)
and it was felt that, just as in the case of the various platmum complexes, substitution
of chelating MSE for DMSO would be a practical method for the synthesis of
Ru(MSE) species. When Ru(DMSO),Cl, was first synthesized by prolonged heating of
"RuCl'g * 3 H0" under hydrogen, it was assigned the #rans configuration although it
was suggested, based on far IR evidence, that after recrystallization ;chere may be a -
mixture of cis' and frans isomers with mixed oxygen and sulfur coordination to Ru -
(120) . In our hands, recrystallization by slow cooling of a hot concentrated DMSO
solution initially formed very thin, elongated hexagonal plates similar to those described
by Evans et al. but very different from those déscribed by Mercer (119) who structured
the cis complex after recrystalhzatlon from methanol Based on prehmmary rotation _‘
photographs, the unit cell of this crystal was found to be identical with that of trans-

dichlorotetrakis(dimethylsulfoxide)ruthenium(II) (32) previously reported by Alessio et
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al. (117). These authors demonstrated that the cis isomer could be photoisomerized to

the trans by irradiation with visible light.

When two equivalents of méso-MSE were combined with an aqueous solution

of 32 and allowed to stand, pale yellow crystals slowly formed. X-ray analysis

_ subsgquently showed these to be the desired substitution product trans-RuCly(meso-

MSE) (33). Since no measures were taken to exclude light as the 33 crystallized, it is

not clear whether cis/trans isomerization of 32 occurred before ligand substitution, or

whether it occurred in the resulting bis-MSE product. Figure 64 shows the ORTEP

diagram of trans-dichlorobis-meso-1,2-bis(methylsulfinyl)ethaneruthenium(II) (33) and

Table 30 presents the crystallographic data.

Table 30. Crystallographic data for #rans-RuCly(meso-MSE), (33).

Formula
a(d)
b(A)
c(4d)

o ()
BO

7 ()

Cell Volume (A%)

z
Rw (Fo)
R (F,)

Scan mode

CgszOs S4C lzRu

7.5505(5)
8.8598(5)
14.461(1)
77.230(5)
76.632(6)
66.697(5)
855.26(12)
2

0.0283
0.0313 -
0/20

Formula weight

Space group
Temperature °C

A (A)

p calculated

i (o)

Transmission factor range
F (000) |
Unique reflections

Observed reflections

~ Number of parameters

Goodness of fit

498.48

P

27
0.7107
1.866.

1.73

0.703 - 0.844
504

8870

5701

186

1.1967




Figure 64. ORTEP diagram of /ra/w-dichlorobis-m”o-1,2-bis(methylsulfiny])ethaneruthenium(ll) (33).
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Table 31. Atomic Coordinates (x 10%) and equivalent isotropic displacement
coefficients ( x 10%) for rans-RuCl,(meso-MSE), (33).

Atom x/a . yh z/c Ueq
Ru(1) 0 0 0 15(1)
Cl(1) -1428(1) -274(1) -1247(1) 28(1)
S(1) 2489(1) -2561(1) -85(1) 20D
S@ . 2058(1) 1092(1) -1133(1) 21(1)
o(1) . 3054(3) -3670(2) 810(1) 31(1)
0Q) - 2911(3) 2114(2) -845(1) 36(1)
C(1) 4587(3) -2091(3) 753(2) 28(1)
C(2) 3997(4) -701(3) -1586(2) 29(1)
CB3). 2220(4) 3802(3) -820(2) 35(1)
C(4) 1103(4) 2190(4) -2196(2) 40(1)
Ru(2) 5000 5000 5000 17(1)
Cl(2) 1788(1)  5090(1) '5760(1) 31(1)
S(3) C4977(1) 3443(1) 3913(1) 24(1)
S(4) o 3794(0) 7295(1) ' 3888(1) 23(1)
0(3) 6858(3) - 2460(3) 3384(2) 46Q1)
0@4) . 4655(3)  8593(2) 3649(1) 37(1)
CG5) 3509(4) 4955(3) 3059(2) 31(1)
C(6) 4092(4) 6465(3) 2811(2) 30(1)
" e . 35724) 2159(3) | 4346(2) 38(1)
C(3) 12134) . 8352(3) o 4119(2) 44(1)

0(5) 1167(4) 2997(4) '.2476(2) . 86(2)
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Table 32. Bond léngths for trans-RuCly(meso-MSE),.

S(1)-Ru(1)-S(1A)

Bond Length (A) Bond Length (&)
Ru(1)-CI(1) 2.403(1) Ru(2)-Cl(2) 2.398(1)
Ru(1)-S(1) 231101) Ru(2)-S(3) 2.316(1)
Ru(1)-S(2) 2.312(1) Ru(2)-S(4) 2.306(1)
Ru(1)-CI(1A) 2.403(1) Ru(2)-Cl(2A) 2.398(1)

| Ru(1)-S(1A) 23111 - Ru(2)-S(3A) 2.316(1)
Ru(1)-S(2A) 2.312(1) Ru(2)-S(4A) 2.306(1)
S(1)-0(1) - 1.4772) S(3)-0(3) 1.474(2)
S(1)-C(1) 1.804(3) $(3)-C(5) 1.81(2)
S(1)-C(3) 1.783(3) S(3)-C(7) 1.774(3)
S(2)-0(2) 1.479(3) S(4)-0(4) 1.475(2)
$(2)-C(2) 1.809(2)  S(4)-C(6) 1.799(3)
S(2)-C(4) 1.768(3) - S(4)-C(8) 1.784(3)
C(1)-C(2) 1.525(3) C(5)-C(6) 1.514(4)
Table 33. Bond angles for frans-RuCly(meso-MSE),.
Atoms Angle (°) Atoms Angle (°)
CI(1)-Ru(1)-S(1) 93 2(1) ~ CI(2)-Ru(2)-5(3) 89.6(1)

| c1(1)-Ru(1)-8(2) 90.6(1) © Cl(2)-Ru(2)-S(4) 92.5(1)
S(1)-Ru(1)-S(2) 86.9(1) S(3)-Ru(2)-5(4) 86.3(1)

| CI(1)-Ru(1)-CI(1A)  180.0(1) C1(2)-Rﬁ(2)-Cl(2A) 180.0(1)
S(1)-Ru(1)-CI(1A).  86.8(1) S(3)-Ru(2)-CI(2A)  90.4(1)
S(2)-Ru(1)-Cl(1A)  89.4(1) S(4)-Ru(2)-Cl(2A)  87.5(1)
CI(1)-Ru(1)-S(1A)  86.8(1) Cl(2)-Ru(2)-S(3A)  90.4(1)

180.0(1)  S(3)Ru(2)-S34)  180.0(1)
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Table 33 (cont.)

S@Ru(D)-S(14)  93.1(1) S(4)-Ru(2)-8(34)  93.7(D)

CI(1A)-Ru(1)-S(1A)  93.2(1) CI2A)-Ru(2)-S(34)  89.6(1)
CI(1)-Ru(1)-S(2A)  89.4(1) Cl(2)-Ru(2)-S(4A)  87.5(1)
S()-Ru(1)-S2A)  93.1(1) S(3)-Ru(2)-S(44)  93.7(1)
S(2)-Rix(1)-S(2A) 180.0(1) S(4)-Ru(2)-S(4A) 180.0(1)
CI(1A)-Ru(1)-S(2A)  90.6(1) CI(2A)-Ru(2)-S(4A)  92.5(1)
S(1A)-Ru(1)-S(2A)  86.9(1) S(3A)-Ru(2)-S(4A)  86.3(1)
Ru(1)-S(1)-0(1) 119.6(1) Ru(2)-S(3)-03) - 118.6(1)
Ru(1)-S(1)-C(1) 104.5(1) Ru(2)-S(3)-C(5) 104.2(1)
0(1)-S(1)-C(1) 108.0(1)  *© O(3)-$(3)-C(5)  108.8(1)
Ru(1)-S(1)-C(3) 114.6(1) Ru(2)-S(3)-C(7) 115.6(1)
O(1)-S(1)-C(3) 106.3(1) 0(3)-S(3)-C(7) 107.9(1)
C(1)-S(1)-CB3) .  102.2(1) C(5)-8(3)-C(7) 99.8(1)
Ru(1)-S(2)-0(2)  119.4(1) Ru(2)-S(4)-0(4) 119.6(1)
Ru(1)-S(2)-C(2) 104.4(1) Ru(Q;)'-S(4)-C(6) 104.7(1)
0(2)-8(2)-C(2) 109.4(1) 0(4)-S(4)-C(6) 108.5(1)
Ru(1)-S(2)-C(4) 114.6(1) Ru(2)-S(4)-C(8) 114.6(1)
0(2)-8(2)-C(4) 106.7(1) 0@)-S(4)-C(8)  106.2(1)
C(2)-8(2)-C(4) 100.6(1) C(6)-S(4)-C(8) 101.8(1)
| sm-cay-c2)  1103(2) - SB)-C(5)-C(6) . 108.9(2)

S(2)-C(2)-C(1) 109.5(2) S(4)-C(6)-C(5) 109.6(2)
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Table 34. Anisotropic displacement coefficients (x 10%) for

trans-RuCly(meso-MSE),.

Atom U Uy Uz Uy Usz Uy.
Ru(1) 15(1) 16(1) 14(1) X)) -4(1) 1)
CI(1) 32(1) 29(1) 27(1) . o) -1s() -4
S(1) 19(1) 17(1) 20(1) 2(1) -5 2(1)
$(2) 200 221) 21(1) 81y -4 2D
o(1) 36(1) 24(1) 24(1) Ay A1) A
02) 43(1) 36(1) . 40(1) 251 <D -4(1)
ca) 19(1) ©30(1) 31(1) C-3() -3(1) -7(1)
ce 250 32(1) 24(1) (1) 201 4(1)
c3) 38(1) 28(1) 43(1) 1) -1ay -12(D)
c() 32(1) 51(2) 27(1) ) o) 15(1)
Ru(2) 20(1) 17(1y - 15(1) (1) -4() 2(1)
Ici2) 25(1) 36(1) 30(1). 121 o) -4(1)
S(3) 20(1) 23(1) 23(1) a1y - 27(1)
s@) 29(1) 201) 19D gy Ay o)
003) 36(1) 50(1) 49(1) 3y 21 32D
0(4) 53(1) 27(1) 35(1) 210)  -13Q) 3D
C(5) 42(1) 34(1) 24(1) 16(1) - -16(1) - -2(1)
lcc6) 40(1) 33(1) 81y -5 8 )
C(7) 54(2) 28(1) pE) 22 e 20
C(8) 32(1) 39(2) 43(2) 5(1) -7(1) (1)
0(5) 58(2) 123(2) 105(2) 342) 22 822
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Table 35. H-atom coordinates (x 10*) and isotropic displacement coefficients (x 10%)
for trans-RuCly(meso-MSE),.

Atom x/a y/b - z/c ' Usq
H(1A) 5563 3067 993 44(3)
H(IB). 5139 -1748 -338 443)
HQ2A) 5099 408 1919 44(3)
H(2B) 3550 -1076 2031 44(3)
HGA) ‘ 3306 4841 819 63(3)
H(3B) | 1028 -4007 575 63(3)
HGC) 2180 -3226 -1466 63(3)
TH(4A) 2039 2602 - 2627 63(3)
H@4B) 834 1458 2496 63(3)
H(4C) _ 82 3104 2040  63(3)
H(5A) 2150 5277 3334 44(3)
H(5B) 3703 4482 2490 443)
H6A) 5433 6149 - 2506 L 4)
|| H(6B) 3303 7296 . 2372 44(3)
H(7A) 3648 1564 3849 63(3)
H(7B) 4068 1382 4888 . 60)
H(7C) 2235 2838 4539 " 63(3)
H(8A) - 826 9288 3628 63(3)
H(SB) 577 7604 4119 63(3)
H(SC) . 844 8729 4734 63(3)
H(5C) 475 2772 2178 97
H(5D) . 438 2895 3012 97

' H(5D) ‘ 395 - 3614 2886 97
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A Brief Digression on Silver Chemistry

Silver is well known for its uniqué ability among transition metals to forrﬁ
extended linear chain and network sfructures in the solid state (29). This ability is
, explained in part by the hybridization of d and s atomic orbitals forming two bonding
orbitals; directed 180° apart, leading to linear chain structures (121). |

Virgually all of the syntheses describea above, utilizing the silver assisted”
hydrolysis of halide complexes as well as most literature ‘preparations, use slightly less
_ than the stoichiometric amount of silver salt. Even so, we have found tﬁat excess silver
ion often remains in solution. In some cases, this excess has been involved in
" undesirable redox reactions resulting in depo.sition of a metallic -silver nﬁnor on the

walls of the reéction vessel. - In other cases, the excess silver crystallizes out of solution
| along’ with potential platinum ligands', an(i in some cases, as a mixed metal platinum-
silver complex. An exarhple of this last result is seeﬁ in the crystal.stn‘lcture of a cyclic
trihydroxo- bri&ged Pt(IT) ethylenediamine compound with a silver atom bound in the
center of the ring (122). The coor-dination aréund the silver atom defines a distorted
trigonal antiprism with three of the coordination sites occﬁpied by platinum atoms at
distances (2.838 A 2.890 A, 2.893 A)\which suggest the presence of Pz-Ag bonds.
The other three coordination sites are occupied by nitrate oxygen a;cor_ns. The fact that

there are no bridging ligands coordinated to the Ag atom, serving to hold it in place,
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supports the claim for a significant bonding interaction between Ag and Pt. An

ORTEP diagram of this structure is shown in Figure 65.

C(6)

c@) -

0(7y

Figure 65 ORTEP plot of {[Pt(en)(p-0H)]3Ag(N033]}+which crystallized from a
solution of Pt(en)CI2following Ag (l) assisted hydrolysis of CI' (122).

We have also obtained this compound, as determined by X-ray analysis, during a series

of experiments aimed at synthesizing the mixed ligand dimer containing the MSE and

ethylenediamine ligands previously described.
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In addition to that mixed metal strﬁcture> we have also obtained a novel
network silver structure formed in one of the attempts to prepare the Pt(meso-M'SE)(u-
OH), CF3803 dimer. Crystals were obtainéd in which silver (I) atoms weré
coordinatéd by a framework of MSE ligands and trifluoromethanesulfonate ions. In
contrast to the cyclic structure just describéd, platinum was totally absent from this
complex. Subsequent inyestigationé into this systen-1 showed that the Pt(II) present in
the original reaction mixture was not required for formation of this complex and that i't
can easily be obtained by simply combining the meso form of MSE with silver
triﬂuoromethanésulfonéte in aqueous solution and allowing the solvent to slowly
evaporate at room temperature. Figure 66 shows an ORTEP plot of siI\'/er(I)meso-l,Z-
bis(methylsulfinyl)ethane-trifluoromethanesulfonate (34) and crystallographic data is -
given in table 36. Each unit cell contains four unique silver atoms, three of which
(Agl, Ag2, Ag3) show six bbnding interactions, to the oxygens in the CF3S0; ion and
| to a sulfur atom in the MSE ligand, in a distorted octahedral coordination sphere and
one of whigh \(Ag4) is five ‘coordinate in' a distorted trigonal bipyramidal geometry.
This coordination is r;lore easily seen in the polyhedron diagram in Figure 67. As can
also be seen, the network structure is ma&é up of linear chains of these polyhedra
| runnir.lg parallel to the b crystaﬂographic axis. These chains in turn form parallel sheets
which are cross-linked by MSE molecules as shown in the pgcldng diagram in Figure -

68.




Figure 66 ORTEP plot for silver(1)/?7£S0-1,2-bis(methylsulfinyl)ethane-trifluoromethanesulfonate (34)
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Table 36. Crystallographic data for silver(I)meso-1,2-bis(methylsulfinyl)ethane-
trifluoromethanesulfonate (34). . '

Formula
a (&)
b(A)

c ()

o ()
BO

7 ()
Cell Volume (A%)
Z

Ry (Fo)
JRFo)

Scan mode

C10H26015F_1253.5Ag2

11.003(1) .
12.388(2)

" 13.046(1)
105.11(1)
99.98(1)
105.55(1)
1596.34(34)
2
0.0510
0.0515

0/20

Formula weight
Space group
Temperature °C
A (A)

p calculated

u (mm™)

Transmission factor rangé
F (000)

Unique reflections
Observed reflections
Number of parameters

Goodness of fit

942.26
P-1

27

0.7107
2219

1.58
0.688 - 0.869
928

111105

4082
434

1.59

Table 37. Atomic Coordinates (x 10%) and equivalent isotropic displacement
coefficients (A* x 10°) for 34.

Atom x/a y/b z/c U

Ag(D) 255(1) -1315(1) 1531(1) 67()
Ag(2) 436(1) 2100(1) 2149(1) 47(1)
Ag(3) 819(1) 5225(1) 3074(1) 58(1)
Ag(4) 1298(1) 3469(1) 5029(1) 45(1)

I s 983(2) 474(2) 3772(2) 35(1)
0(1) 464(6) 1482(5) 3741(4) 41(3)
(1) 728(8) 143(8) 5000(7) ' 39(4)
C(2) 2712(8) 1119(8) 4217(7) 45(4)
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Table 37 (cont.)
S(2) -588(2) 3302(2) 294(2) 37(1)
0(2) ~399(6) 3656(5) © 1385(4) 3902)
C3) -668(9) 4670(8) 101(7) - 45(4)
C(4) 2158(9) 2860(8) 560(8) 52(5)
S(3) 3680(3) 3883(2) 3408(2) 46(1)
S (3" 3391(6) 4919(6) 3589(6) 46(1)
0(3) - 2366(4) 3847(6) 3622(5) 58(3)
C(5) 4943(7) 5108(6) - 4471(6) . 63(5)
C(6) 3779(11) 4475(8) 2307(6) 66(5)
$(4) -1832(2) ‘-642(2) - -306(2) 38(1)
OB -1233(7) -+ 545(6) 391(7) 77(4)
0(5) -1524(6) ~1527(6) 96(6), 69(4)
0(6) -1783(7) 2797(7) -1425(6) 76(4)
C(7) -3569(10) 943(11) -375(11) © 67(6)
S(5) 19{)5(2) | 3247(2) 7490(2) 43(1)
o(7) 1108(7) 3984(7) 7570(5) 79(4)
0(8) 1335(8) 2087(6) 7547(6) 84(4)
0(9) 2569(7) 3246(6) 6632(5) 55(3)
| c®) 3219(10) 3944(10) 8741(8) 55(5)
1 s) 2614(2) 2132(2) 2907(2) 45(1)
0(10) 2297(9) -3372(6) 2543(3) 104(5)
o(11) 2366(8) -1620(6) " 3929(5) 73(4)
0(12) 2183(8) -1678(8) 20666) 9305
1 c) 4362(12) -1587(12) 3126(12) 77(7)
S(7) -1631(2) " 3537(2) 4034(2) 37(1)
0(13) -2293(6) 4390(5) 4055(6) 60(3)
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573)

0(14) -936(6) 3587(6) 5092(5)

0(15) -854(6) 3438(5) 3249(5) - 49(3)
C(10) -2972(10) 2129(9) 3507(9) 53(5)l
F(1) -3999(6) -210(6) " -784(T) 103(4)

1 F2) -3717(8) -741(10) 603(8) 147(6)
F(3) -4248(6) .-1990(6) -943(8) 124(5)
F(4) 4122(7) 3492(8) 8776(6) 115(5)
F(5) 2751(6) 3956(6) 9615(4) 71(3)
F(6) 3783(7) 5090(6) 8863(6) 92(4)
F(7) - 4887(9) -2140(10) 3726(8) 166(7)
F(8) 4843(8) -500(8) 3573(10) 181(7)
F(9) 4682(8) -1916(9) 2193(8) 132(6)
F(10) -3545(7) -~ 1940(6) 2491(5) 108(4)
' F(11) -2528(6) 1251(5) 3567(6) 83(3) |
F(12) -3831(6) 2140(6) - 4085(6) 83(3)
Table 38: Boﬁd Distances ( A ) for 34.

Bond Distance Bond Distance
Ag(1)-0(5) 2.367(7) S(4)-0(4) 1.414(6)
Ag(1)-0(12) 2.313(10) S(4)-0(5) 1.425(9)
Ag(1)-0(8A) 2.419(9) S(4)-0(6) 1.434(8)
Ag(2)-0(1) 2.391(6) S(4)-C(7) 1827(12)
Ag(2)-0(2) 2.396(6) 0(6)-Ag(2A) 2.583(9)

| Ag(2)-0(4) 2.585(6) C(7)-F(1) 1.316(18)
Ag(2)-0(6A) 2.583(9) C(7)-F2) 1.282(18)
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Téble 38 (cont.) ,
As(3).0Q2) 2.404(5) C(I)-FQ) 1.255(13).
Ag(3)-S(3) 2.942(7) S(5)-07) 1.423(10)
Ag(3)-0(15) 2.562(6) ©§(5)-0(8) 1.433(8)
Ag(3)-0(10A) 2377(10) 5(5)-0(9) 1.439(8)
Ag(3)-0(14A) 24216) $(5)-C(8) 1.811(9)
Ag(4)-0(1) 2.413(5) O(8)-Ag(1A) 2.419(9)
Ag(4)-0(3) 2.422(6) C(8)-F(4) 1.264(16)
Ag(4)-0(9) 2.429(7) C(8)-F(5) © 1.328(13)
Ag@-0(14)  2515(7) C(8)-F(6) 1.342(13)
Ag(#)-0(13A) 2.449(6) $(6)-0(10) 1.408(8)
S(1)-0(1) 1.512(7) 5(6)-0(11) 1.426(8)
s-c1)  1.803(10) S(6)-0(12) 1.424(10)
S(1)-C(2) 1.777(8) S(6)-C(9) 1.803(13)
C()-C(1A) . 1.544(18) " 0(10)-Ag(3A) 2.377(10)
$(2)-0(2) 1.511(5) C(9)-F(7) 1.323(21)
S(2)-C(3) 1.799(11)  C(9)F() 1238(15)
S(2)-C(4) 1.790(10) - C(9)-F(9) 1.319(19)
C(3)-C(3A) 1.582(19) S(7)-0(13) 1.432(8)
S(3)-S(3" - 1.375(9) S(7)-0(14) 1.434(7)
S(3)-0(3) 1.511(6) S(7)-0(15) 1.446(7)
1 s@)-ces) 1.806(6) S(7)-C(10) 1.827(9)
$(3)-C(6) 1.781(10) 0(13)-Ag(4A) 2.449(6)
$(3-0(3) - 1.510(9) 0(14)-Ag(3B) ' 2.421(6)
$(3)-C(5) 1.805(10) C(10)-F(10) 1.296(13)
S(3)-C(6) ©1.781(11) CA0)}FA11)  1320(14)

C(5)-C(5A) 1.465(16)  C(10)-F(12) 1.307(14)




Table 39. Bond angles for 34.
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Atoms _ Angle (°) Atoms Angle (°)
0(5)-Ag(1)-0(12) "148.6(3) S(é)—C(S)-C(SA) 110.3(6)
0(5)-Ag(1)-O(8A) 87.4(3) S(3)-C(5)-C(5A) 122.4(8)
0(12)-Ag(1)-0(8A) 111.2(3) S(3)-C(6)-S(3) 45.4(4)
0O(1)-Ag(2)-0(2) 146.8(2) O(4)-S(4)-0(5) 116.7(5)
0(1)-Ag(2)-0(4) 113.3(2) O(4)-S(4)-0(6) . 113.2(5)
0(2)-Ag(2)-0(4) ' 91.0(2) 0(5)-S(4)-0(6) 113.5(5)
0(1)-Ag(2)-0(6A) 91.9(2) O(4)-S(4)-C(7) 104.3(5)
0(2)-Ag(2)-0(6A) 116.0(2) 0(5)-S(4)-C(7) 103.5(6)
0(4)-Ag(2)-0(6A) 78.1(2) 0(6)-S(4)-C(7) 103.7(5)
0(2)-Ag(3)-S(3") 84.8(2) Ag(2)-0(4)-S(4) 150.4(5)
0(2)-Ag(3)-0(15) 75.2(2) Ag(1)-0(5)-S(4) 129.0(3)
S(3)-Ag(3)-0(15) 107.1(2) | S(4)-0(6)-Ag(24)  115.4(5)
0(2)-Ag(3)-O(10A) 933(3) - S(4)-C(7)-F(1) 109.9(9)
S(3)-Ag(3)-0(10A)  72.5(3) S(4)-C(7)-F(2) 109.0(8)
0(15)-Ag(3)-0(10A)  168.4(2) F(D)-C(NEQ) 106.6(12)
0(2)-Ag(3)-0(14A) 165.9(2) S(4)-C(T)FG) 112.6(10)
S(3)-Ag(3)-0(14A) 97.3(2) F(1)-C(7)-E@3) 109.3(10)
0(15)-Ag(3)-0(14A)  90.9(2) F(2)-C(7)-F(3) 109.3(12) .
O(10A)-Ag(3)-0(14A)  100.7(3) O(7)-S(5)-0(8) ~  .116.0(5)
0(1)-Ag(4)-0(3) 81.9(2) | O(7):8(5)-0(9) ' 114.7(5)
O(1)-Ag#)-09)  102.8(2) 0(8)-S(5)-0(9) 113.1(5)
0(3)-Ag(4)-0(9) 118.2(2) 0(7)-S(5)-C(8) 104.6(5)
0(1)-Ag(4)-0(14) 93.9(2) 0(8)-S(5)-C(8) 1027(5)
0(3)-Ag(4)-0(14) 124.5(2) 0(9)-S(5)-C(8) 103.7(5)
0(9)-Ag(4)-0(14) 11672) . S(5}0(8)-Ag(A)  1327(5)
O(1)-Ag(d)-0(134)  165.8(2) Ag(4)-0(9)-S(5) 112.5(4) -
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0(3)-Ag(4)-O(13A)
0(9)-Ag(4)-0(134)

0(14)-Ag(4)-O(13A)

O(1)-5(1)-C(1)
O(1)-S(1)-C(2)
C(1)-S(1)-C(2)
Ag(2)-0(1)-Ag(4)
Ag(2)-0(1)-5(1)
Ag(4-0(1)-S(1)
S(1)-C(1)-C(1A) -

1 0(2)-8(2)-C(3)

0(2)-S(2)-C(4)
C(3)-8(2)-C(4)
Ag(2)-0(2)-Ag(3)
Ag(2)-0(2)-S(2)
Ag(3)-0(2)-8(2)
S$(2)-C(3)-C(3A)
5(3)-5(3)-03)

| s3)-s3)-C5)
0(3)-(3)-C(5)
S(3)-8(3)-C(6)
0(3)-S(3)-C(6)
C(5)-S(3)-C(6)
Ag(3)-8(3)-5(3)
Ag(3)-S(3)-0(3)
5(3)-S(3)-0(3)

843(2)

86.7(2)
91.0(2)
106.1(4)
105.9(4)
97.8(4)
94.6(2)
117.4(3)
127.2(3)
110.7(9)
105.5(3)
105.8(4)
96.3(5)

- 98.1(2)
115.93)

130.7(4)
108.5(9)
62.9(4)

67.6(4) -
109.2(4)

67.3(5)
106.0(5)
97.6(4)

128.43)

" 71.4(3)

63.0(4)

S(5)-C(8)-F(4)
S(5)-C(8)-F(5)
F(4)-C(8)-F(5)
S(5)-C(8)-F(6)
F(4)-C(8)-F(6)
E(5)-C(8)-F(6)
0(10)-S(6)-0(11)

~ 0(10)-5(6)-0(12)

0(11)-8(6)-0(12)
0(10)-8(6)-C(9)

 0(1)-8(6)-C0)

- 0(12)-5(6)-C(9)
S(6)-0(10)-Ag(3A)
Ag(1)-0(12)-S(6)
S(6)-C(9)-F(7)
S(6)-C(9)-F(8)
F(7)-C(9)-F(8)
S(6)-C(9)-F(9)
F(7)-C(9)-F(9)
F(8)-C(9)-F(9)
0(13)-S(7)-0(14)
0(13)-S(7)-0(15)
.0(14)-8(7)-0(15)
0(13)-S(7)-C(10)
0(14)-S(7)-C(10)
0(15)-S(7)-C(10)

: 114.5(7)

110.5(7)
110.1(10)
110.0(8)
106.5(9)
104.8(8)
116.5(6)
113.4(5)
113.5(6)
104.0(6)
105.9(6)
101.4(7)
127.7(6)
131.2(5)
108.2(10)
113.3(11)
110.5(11)

110.5(8)

103.3(13)
110.6(14)
115.0(4)
115.7(5)
111.6(4)
102.9(5)

1105.9(5)

104.0(4)
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[ Ag(3)-S(3")-C(5) 155.2(4) S(7)-0(13)-Ag(4A)  125.6(3)
S(3)-S(3")-C(5) 67.7(4) Ag(4)-0(14)-S(7) 109.8(4)
0(3)-S(3"-C(5) 109.3(6) " Ag(4)-0(14)-Ag(3B) 108.7(2)
Ag(3)-S(3)-C(6) 106.1(5) S(7)-0(14)-Ag(3B)  130.8(5)
S(3)-S(3)-C(6) 67.3(5) Ag(3)-0(15)-S(7) 123.3(3)
0(3)-S(3)-C(6) 106.0(5) S(7)-C(10}-F(10) - 109.8(8)
C(5)-S(3)-C(6) 97.6(6) S(7)-C(10)-F(11) 110.3(7)
Ag(4)-0(3)-S(3) 135.5(4) F(10)-C(10)-F(11) *  109.1(8)
Ag(4)-0(3)-S(3") 132.6(4) S(7)-C(10)-F(12)  110.6(6)
$(3)-0(3)-S(3") 54.1(4) F(10)-C(10)-F(12)  108.9(9)
S(3)-C(5)-S(3") 44.7(3) F(11)-C(10)-F(12)  108.0(10)
Table 40. Anisotropic displacement coefficients for 34,

Atom U Uy, Us Uy Uy Uy,
Ag(1) 51(1) 85(1) 76(1) 22(1)  13()  47(D)
1Ag(2) 69(1) 43(1) 35(1) 26(1)  9(1)  18(D)
Ag(3) 79(1) 45(1) 39(1) 7(1) 2000) 501 |
Ag(4) 54(1) 43(1) 38(1) 171y 13 12(1)
S(1) 44(1) P31 3001) 12() 131 120)
o(1) 494)  4103) 42(3) 203) 173) . 20(3)
c(1) 45(5) 45(5) . 36(5) 175)  134) . 25(4)
C(2) 36(5) 42(5) 53(6) 104) 95 13(5)
S(2) 55(1) 37(1) 26(1) 3(1) 12 1)
0(2) 57(4) 38(3) 24(3) 203)  63) 1103)
"lci) 60(6) 47(6) 54(6) 35(5)  30(5)  31(5)
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Table 40 (cont.)
C(4) 22(6) 54(6) 60(6) 16(5) 105  20(5)
Isey 43(2) 47(2). 46(2) 10(1).  12(1)  19(1)
0(3) 43(4) 80(5) . 43(4) 5(4) 16(3)  17(4)
) 50(6) 71(7) 556)  16)  5(5)  26(6)
C(6) 69(8) 93(8)  50(6) 25(7)  31(6)  34(6)
S(4) 31(1) 42(1) 44(1) 16(1) - 11(D) 16(1)
0(4) 44(4) '57(5) 101(6)  15(4)  0(4) _8(4)
o) 4@ 66(5) 1106)°  20(4)  11(d)  53(5)
0(6) 80(6) 122(7)  49(4) 57(5)  25(4)  36(4)
C(7) 39(7) 77(9) 79(9) 197) 186)  12(7)
S(5) 48(1) 48(1) 28(1) 131 120 ()
o) T4(5) 120(7)  46(4) 63(5)  5(4) 10(4)
0(8) 114(7)  55(5)  55(5) 115 30(5)  8(4)
0(9) 72(5) 70(5) 37(4)  354)  253)  233)
c®) 55(7) 67(7) 35(6) 256)  6(5)  5(5)
S(6) 48(2) 38(1)  44(1) o)  12(1)  10(1)
0(10) ©  "103(7)  40(4) 166(9) ~ 11(5)  76(T)  12(5)
o(11) 111(6)  74(5)  49(4) 4250 37(4)  22(4)
0(12) ~  89(6) 168(9)  59(5) 81(6)  25(5)  54(6)
lc) 62(8) 78(9) 109(11)  38(8)  24(8)  42(8)
S(7) 38(1) 32(1)  36(1) 5(1) 11(1) . 8(1)
0(13) 58(4) - 40(4) 86(5) 22(3)  21(4)  18(4)
0(14) 53(4) 61(4) 374 24 - 303) 6(3)
0(15) 58(4)  48(4) 44(4) 133)  27G3)  1403)
C(10) 42(6) 46(6) - S8(T) 105 11(5) 13(5)
F(1) 54(4) . 92(5) 1658)  43(4)  95) . 3705)
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Table 40 (cont.)
F2) = 81(6) 22001 140B8) 57 71(6) ~62(8)
F(3) 45(4) 62(5) 217(10)  -1(4)  -10(5)  19(6)
F(4) 95(6) 187(8)  80(5) 107(6)  6(4) 18(5)
F(5) 85(4) 102(5)  3203) 384)  20(3)  19(3)
F(6) 81(5) 74(5) 87(5) 94)  194) 9@
F(7) 108(7)  203(10)  170(10)  87(7)  -36(6)  44(3)
F(8) 89(7) 716)  303(15)  -21(5)  698)  -31(7)
F(9) 02(6)  1859)  160(8)  676) 876  67(7)
FQ0) 101(6)  105(6)  59(4) 16(5)  -334)  18(4)
F(11) 76(5)  42(4) 176)  113)  16(4)  19(4)
F(12) 55(4) 83(5) 111(6) - 6(4) 36(4)  37(4)

Table 41. H-atom coordinates (x 10%) and isotropic displacement coefficients for 34.

Atom x/a y/b z/c Ueq
H(1A) 21 514 4251 140(14)
H(1B) 1399 1702 - 4932 140(14)
H(2A) 3095 1490 3706 140(14)
H(2B) 2959 5012 372 140(14)
'H(2C) . 3018 4997 231 140(14)
H(3A) - 231 2623 - 111 - 140(14)
HGB) 11347 3511 1093 140(14)
H@4A) 2827 - 2206 838 140(14)
| H4B) 2251 5811 4550 140(14)
H(4C) 2237 Cs32 . 4261 140(14)

H(5A) 4708 ' 3969 1747 140(14)




»
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Table 41 (cont.)

H(5B) 5747 5251 2579 140(14)
H(6A) 4026 4526 2002 .140(14)
H(6B) 4423 - 140(14) 140(14)

H(6C) 2945 -




Figure 67. Polyhedron diagram for 34.



Figure 68 Packing diagram for 34.
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Okidatioﬁ of Sulfoxide Complexes

Preliminary experimenfs involving oxidation of Pt(suifoxide) monomer and
dimer- complexes proved rather disappointing. In general,' oxidation of the di-p-
‘hydroxo bridged complexes produced a mixture of products, most likely including
various Pt(IT) halide substitution products when Cl, or Br, were used as .oxidants.
When two equivalents of Br, is added to én' aqueous solution of 2 as_the -
~tetraﬂﬁoroborate salt, a large quantity of orange-brown precipitate forms almost
immediately‘. When this solution is filtered, '*’Pt NMR of the filtrate reveals no fewer |
than nine peaks of varying intensity, ranging frc;m +779 ppm to -2556 ppm. The two
peaks downfield of 0 ppm are almost certaiﬁly Pt(IV) species but were not positively
idéntiﬁed. The féct that most of the upfield peaks occur ~ 325 ppm down field of 2
suggests that the DMSO ligands are no lbngér coordinated to platinum, at least not
through the sulfur atom, and that a variéty of Br and H,0 substitution products hz‘cw-e
been formed._ These filtrate solutions slowly deposited more of the’orangé-brown
precipitate on standing. This precipitate proved lto be insoluble in water, suggesting
some sort of polymeric matérial. When Br; is stirred with a suspension of 22 in CCl, at
room temperature and fhe solid filtered off and dissolved in DMF, *’Pt NMR reveals
only the unreacted dichloro complex (22) and the Br substitution product (24). These

assignments are confirmed by the previously determined chemical shifts for these
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complexés prepared by direct methods (Table 23). This line of experimentation was

~ not actively purstied beyond these initial results. ‘

Mixed Valence Dimers

As stated in the introduction, formation of bridged dﬁneric structures containiﬁg
both 'Pt(II) and Pt(IV) oxidati<’)n states is impor_tant for a couple of reasons. By having
one sﬁbstitutionally inert (Pt(IV)) and one substitutionaily labile (Pt(II)) fragment in the
same complex, it may,be possibie to selectively react the labiie end with another bridge
forming complex to form a linear trimer or tetramer. More importantly however, is the
possibility that a one electron transfer may occur between the Pt(IT) and Pt(IV) centers,
resulting in the formation of a Pt(III) metal-metal bonded dimer. |

Formation of thesg:-m'ixed valenc.e complexes can conceivably be accomplished
in one of two wajls; by the selective two electron pxidation of one of the Pt(II)
fragmenfs in a mixed ligand dimer or by direct bridge formation between Pt(II) and
Pt(IV) complexes. For the direct i)ridge formation approach, cis- Pt(Ox),(OH), (30)
-was agéin chosen as the Pt(TV) fragment because the fairly rapid water exchange rate,
mentioned earlier, at 1;)w pH. For the Pt(II) fragment, [Pt(DMSO)2(0H2)2]2+ (1) was
chosen because of the apparently low value for K.;. It was ﬁoped tﬁat H,O substitution
would occur as shown in Figure 69. The resﬁlting nel;tral,complex should selectively

crystallize, leaving the ionic starting material in solution.
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0 o
.| SO H,0 DMSO %, O\ PMso
Pt + P ——> P P{
7\
O/‘\OH H,0” “DMSO o |\o/ DMSO
o o H

Figure 69. Proposed method for formation of mixed valence platinum dimers.

cis-Pt(Ox),(OH,), was prepared by the thermal isomerization of trans-
Pt(Ox).(OH,), as described in the Experimental section. A roughly 1:1 mixture of cis
and #rans isomers was used for this reaction in order to observe the selective reaction
of only the cis isomer with the Pt(DMSO), complex. The trans isomer is not able to
form a dibridged complex so should remain in solution. Figure 70 shows the Pt
NMR spectrum of the reaction mixture. Once again, the Pt(DMSO), region was
monitored for the appearance of peaks which show the characteristic 1:4:1 splitting
pattern indicative of mixed ligand dimer formation. The spectrum in Figure 70 shows
only the peaks at -3081 and -2873 ppm, previously assigned to 1 and 2 respectively,
plus an additional peak at -3277 ppm which had been tentatively assigned to
Pt(Ox)(DMSOQ), (18). No sign of the desired mixed ligand dimer is seen. Upon slow
evaporation of the solvent, crystals did form but after X-ray analysis were found to be

the complex ion pair of [Pt(Ox),(OH),J* [Pt(DMSO),(u—OH)],** * 3 H,0 (35). Figure
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71 shows the ORTEP plot for this structure. This structure represents one of only a
few containing both Pt(II) and P(IV) oxidation states. These complex ions exhibit
virtually identical bond distances and angles with the previously determined structures

of the individual complexes (12, 31). Crystallographic data are presented in Table 42.
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Figure 70 19Pt NMR for the reaction of I and trcms 30.
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Figure 71. ORTEP plot of [Pt(Ox)AOH)Z2'[Pt(DMSO)Ap-OH)] 2+ 3 H2



Table 42. Crystallographic data for 35.
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Formula
a(d)

b (A)
c(d)

o ()

B ()

T )

Cell Volume (A%)

Z
Ry (Fo)
R (Fo)

Scan mode

CeH1401,S,Pt

9.168(2)
18.497(3)
19.597(3)
90

90

90
3327.4(64)
8

0.0434
0.0479
6/20

521.37

Formula weight

Space group Pbca
Temperature °C 27

A (A) 0.7107
p calculated 1.937
'u (mm™) ‘8.74
Transmissiqn factor range 0.487 - 0.772
F (000) 1984
Uniqqe reflections 2915
Observed reflections 819
Number of parameters 103
Goodness of fit - 1.2451

Table 43. Atomic coordinates and equivalent isotropic di
(x 10°) for 35.

splacement coeflicients

Atom x/a yb . z/c Ueq

Pi(1) T1305) 4383(1) ssa4(l) . 32()
S(1) . ~794(13) 4305(6) 6614(5) 46(4)
o(1) 81(50) 3905(12) 7090(11) 62(7)
c() -2572(47) 3945(21) 6611(20) 72(15)
c® -1072(49) 5170(20) 6945(19)  69(15)
$(2) 743(13) 3250(5) 5561(6) 50(4)
0Q) -240(41) 2734(12) 5877(10)  64(9)
Ci3) 2478(44) 3159(21) 5961(19) 64(13)
C4) 1141(45) - 2923(19) 4744(16) 47(11)
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0(3) -675(26) 5425(11) 5428(11) 37(7)
Pt(2) 5000 5000 5000 39(1)
0(4) 5985(33) 5191(13) 4105(12) '51:_(8)
0(5) 6218(30) 4094(13) 4975(13) 50(8)
cE5) - 6950(56) 4634(25) 3940(24) 72(15)
C(6) | 6957(43) | 4051(21) 4423(19) ©34(10)
0(6) 7564(38) 4705(15) 3397(15) 78(10)
o) 7803(33) 3520(15) 4310(13) - 66(10)
0(8) 3376(31) 4476(14) 4523(14) 52(8)
0(9) - 4435(28) 3625(13) 3488(12) 63(9)
’-0(10) 4584(36) 7516(14) 7806(13) 93(11)
0(11) 2166(29) 6727(12) 7319(11) 51(9)
Table 44. Bond lengths for 35.

Bond Length ( A) Bond Length ( A)
Pt(1)-S(1) 2.220(10) Pt(2)-0(4) 2.004(25)
Pt(1)-S(2) 2:207(10) Pt(2)-0(5) 2.014(25)
Pt(1)-0(3) 2.033(21) Pt(2)-O(8) 2.008(28)
Pt(1)-Pt(1A) 3.123(2) Pt(2)-O(4A) 2.004(25)
Pt(1)-O(3A) 2.038(21) P1(2)-O(5A) 2.014(25)
S(1)-0(1) 1.435(32) Pt(2)-O(8A) 2.008(28)
S(1)-C(1) 1.761(44) 0(4)-C(5) 1.396(55)
S(1)-C(2) " 1.745(38) 0(5)-C(6) 1.279(46)
S(2)-0(2) 1.451(31) C(5)-C(6) 1.435(60)
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Table 44 (cont.)

S2)-CG3) 1.781(42) C(5)-0(6) 1211(58)
S(2)-C(4) - 1.751(34) - C(6)-0(7) 1272(48)
0(3)-Pt(1A) 2.038(21) '

Table 45. Bond Angles for 35. .

Atoms Angle (°) Atoms Angle (°)
S(1)-P(1)-S2) o1 4(4) O(4)-P1(2)-0(5) 82.8(10)
S(1)-Pt(1)-0(3) 94.1(7) 0(4)-P(2)-0(8) 90.7(11)
S(2)-Pt(1)-0(3) 174.4(7) 0(5)-Pt(2)-0(8) 89.9(11)
S()-P1)-P1A)  134.03) O(4)}Pt(2)-04A)  180.0(1)
S@)-Pt(1)-Pt(1A)  134.6(3) O(5)-Pt(2)-0(4A)  97.2(10)
O(3)-PH(1)PH(14)  40.0(6) O(8)-Pt(2)-0(4A)  89.3(11)
S()-PY(1)-0BA)  173.7(7) O(4)-PH2)-0(54)  97.2(10)
S@)-Pt(1-0B34)  94.7(7) O(5)-P2)-0(5A)  180.0(1)
0()-PY(1)-034)  79.8(9) 0(®)-P2)-0(A)  90.1(11)
Pt(1A)-Pt(1)-O(3A)  39.9(6) O(4A)-Pt(2)-0(5A)  $2.8(10)
PY1)-S()-0(1)  117.9(15) O(4)-Pt(2)-08A)  89.3(11)
P1)-S()-C(1) . 108.6(13) 0(5)-P1(2)-08A)  90.1(11)
0(1)-S(1)-C(1) 109.0(21) 0(8)-Pt(2)-0@8A)  180.0(1)
Py(1)-S(1)-C(2)  © 109.8(14) O(4A)-Pt(2)-O(8A)  90.7(11)
O(1)-8(1)-C(2) 108.2(17) O(5A)-P1(2)-0(84)  89.9(11)
C(D)-S(1)-C(2) 102.3(20) P1(2)-0(4)-C(5) 111.0(24)
Pt(1)-S(2)-0(2) 115.8(13) . Pt(2)-0(5)-C(6) 111.5(23)
PH(1)-S(2)-C(3) 112.1(14) 0(4)-C(5)-C(6) 113.9(38)
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0(2)-5(2)-C(3)
Pt(1)-S(2)-C(4)
0(2)-S@-C(4)
C(3)-5(2)-C(4)
Pi(1)-0(3)-Pt(1A)

107.8(18)
112.3(12)
107.0(16)
100.5(19)
100.2(9)

0(4)-C(5)-0(6)
C(6)-C(5)-0(6)
0(5)-C(6)-C(5)
O(S)-C(6)—O(7)
C(5)-C(6)-0(7)

114.7(38)
131.2(43)
120.6(36)
121.3(34)
117.9(36)

Table 46. H-atom coordinates ( x 10%) and isotropic displacement coefficients (x 10%)

for 35.

H(1A)
H(1B)
H(1C)
H(2A)
H(2B)
H(2C)
H(3A)-
H(3B)
H(3C)
H(4A)
H(4B)
H(4C)

-2933
-3211
—2529
-1415 -
-156

~-1772

2783
3171
2418
1472
273
1887

3906
4248
3473

-5144

5420
5424
2663
3444
3333

2431.

2948
3218

7069
6349
6407

7408

6933

6671

5963
5711
6421

4767
4471

4542

80(36)
80(36)
80(36)
80(36)
80(36)
80(36)
80(36)
80(36)
80(36)
80(36)
80(36)
80(36)
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Platinum (II) Complexes With Pilosphane Ligands

The next series of experiments represents a major departure from the previous
coﬁrse of investigation, specifically in the ch'()i.ce of ancillary ligands coordinated to
platinum. Due to theé labile natu?e of the cis-bis sulfoxide complexes and the formation
of insoluble polymeric species using bidentate sulfoxides, w-e turned our attention to a
" new clasé of water solublg trialkyl phosphane‘cc;mplexes. These pho.sphane complexes
turned out to have several advantages over the ;c,ulfoxide systems described above, 'no_t'
" the least of which was the presence of the spin 1/2 NMR active *'P nucleus. The -
. presence of *'P coupled directly to platinum provided an additional probe of structure
" and allowed species to be characte.rized on the basis of their phosphorus NMR
spectrum. This resulted in an enormous increase in .sensitivity and allowed for a much
broader range of solution concentrations to be used.

Water soluble metal—phosphang complexes have only very recently ‘been
investigated (90, 123; 124). Following a method developed for a new preparation of
diammine platinum complexes, using anion-exchange resins to quantitatively form the
cis-bis dihydfoxo species, a series of bis bhosphane complexes which show behavior
sin;ilar with the § 'and N donor complexes discussed above have been synthesized
(123). In particular, di—u—hydroxo bridged ciimeric spécies are formed upon hydrolysis
of the dichloro species (125). These dimers exhibit the samé pH dependent behavior as

the analogous sulfoxide species and appear to have the same propensity to polymerize
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in ac,idic-solution. At this time, no values have been reported fqr th_e K.'s of; the
coordinated Waters ip the diaqua species, either by potentiometric or spectroscopic
methods.  The same complicatiohs which cast doubts on the reliability of
potentiometric dafa in the éulfoxide and ammine: cases are also expected to be presenf
with the phosphane system a]though-initial investigations into extremely dilute solutions
have so far revealed no tendency for ligand d'issoqiation. Nl\/[R titrations were
therefore performed on the monomeric di-aqua complexes in aﬁ attempt to determiné '
one ér both Ka's.‘ Figure 72 shows a plot of 'H chemical shift vs pH for
[P’c-(PMe3)2(OH2)2]2+ (36). Of the three NMR active nuclei in these complexes, the
signal from the methyl protons on phosphorus proved to be the most sensitive to
changes in pH even though these protons are four bonds removed from the oxygen
atoms undergoing protonation or deﬁrotonation. Figure 73 shows three of the 'H
NMR spectra used to generate the titration curve shown in Figure 72. These solutions
were prepared by dilution,” with D,O, of a stock solution containiﬁg an equilibrium
lmixture of the monomer (36) and dimer (37). In any equilibrium of this type, dilutiop
" always results in a shift toward increased monomer concentration. Dilution was
continued until it was possible to observe the monomer resonance over the entire pH
range of the ’citra’cion.‘~ The total platinum concentration of the. resulting solution was
~4.6x 10" M. This solﬁtion was then divided into twenty separéte aliquots anci the
pH of each adjusted with microliter qhantities of CF3S0;D (low pH) or NaOD (high

pH). ~ 0.6 ml of each aliquot Waé then transferred to an NMR tube and the proton
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spectrum recorded. The pH electrode was kept immersed in the remaining solution
during the NMR run and the pH recorded again afterwards (~ 10-15 minutes). In
general, the pH changed very little, with the largest change (~ 0.2 units) occurring near

the "inflection points™ around pH 6.5 and 9 6

Figure 72. 1H NMR titration of [Pt(PMe3)2(OH2)2 2+



Me,,P

pH = 2.54 pH = 4.70 pH =9.10

Figure 73. H NMR spectra for the titration of [Pt(PMe3Z(0OH2)2)2 . (Intensity scaling varies)
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Although proton exchange betWeen the .diaqua, aqua-hydroxb, and dihydroxo
monomers is expected to l;e fast on the NMR time scale throughout the pH range of
the titration, the abrupt changes in chemical shift suggests otherwise. At ﬁigh pH
(49.1), three distinct resonances are visible corresponding to dimer, dihydroxo
monomér and presumably to the aqua-hydroxo moﬁomer. The monomer peaks
observed in the titration can be identified by the well resolved satellites flanking the
central pair of resonances. For the dimer, these are broadened out into shoulders,
presumably due to coupling to a second 195Pt nucleus or to slower tumbling.in solution. |
*'P NMR confirms the assignments of the diaqua-and dihydroxo monomers as well as
the dimer based on published values of chemical shift and coupling constants for these
species. With increasing pH, the monomer resonaﬁce shifts upfield, eventually passing
through the dimer peaks and finally emerging upfield as the di-hydroxo monomer.

If the two abrupt changes in chemical shift, at 6.5 and 9.§, correspond to the
pH at which the' acid and conjugate base are present in roughly equal quantities, then
they represent the pK.'s according to the Henderson-Hasselbach approximation. If
these pK.'s are compared with those in Table 3 for nitrogen donor complexes, the
higher. values are con-sistent with the higher frans-influence of ‘ph;)sphorus compared
with nitrogen, ac’cording to the theory of Appleton et al discussed previously (59).

Comparison of the sum of the two pK.'s with the sum of pK¢ and pKy is discussed in

the final section dealing with thermodynamic aspects of dimer formation.
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Potentiometric titrations of more concentrated solutions (Figure 74) yielded
results qualitatively similar to the sulfoxide system described previously. As in that
case, the presence of only one apparent endpoint in these titrations strongly suggests

interference due to rapid dimer formation during the course of the titration.

14T
2.
OH X X Ex 1 1
O 0.5 I 15 2 25 3

mis 0.10 M NaOH

Figure 74 Potentiometric titration of [Pt(PMesMC)H2*]2
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Formation of Pt(IT)-Phosphane Mixed Ligand Dimers

Reaction of cis-Pt(PMe;),(OHy), (36) and cis-PH(L),(OHp), . Mixed ligand
dimers were formed with a variety of ﬁgands (L) incorporating the Pt(PMes), fragment.

A typical procedﬁre is given.for L= (ﬂ:)-)rans-l,2-diaminocyclohexane (trans-dach) as

shown in Figure 75.
_ . 2+ o o 2+
MeSP\ /OH2 N\ /O H2 HZO .
Pt + P _—
Me P OH N OH : ‘pH~ 5.5
2 . 2
_ - 2+
, H . _
M N . .
3 \ / \ / .
Pt + Homodimers
/ N\ / \
Me3 N '
H

Figure 75. Reaction scheme for the formation of [Pt(PMe3)z(u—OH)Pt(z‘rans-dach)]2+
. (39).

To a suspension of 0.1000 g (0.239 mmol) Pt(PMe;),Cl, (38) in 5 ml H,O was

added 0.0796 g (0.469 mmol) AgNO; as a solid. A white precipitate of AgCl began to
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form almost immediately. The solution was covered to exclude light and allowed to
stir at room temperature for 24 hours. Ci.s--P‘;(trans-dach)ZCIZ ‘(38) (0.0909 g, 0.239

mmol) was added to 10 ml of a solution of H,O / EtOH (2: i). AgN_Og_ (0.469 mmol)

‘was added as a solid.. The initially yellov\; solution sloyvly turned white éver tﬁe course-
of several hours.' but no precipitate other than AgCl was observed to form. This

solution was also covered and allowed to sﬁr for 24 hrs. ;I‘hese solutions were then

ﬁlteréd through glass wool and centrifuged to remove precipitated AgCl. The solution -
of Cis-[Pt(trans-dach),(OH,),** (40) was rotovaped to~2 ml and 0.5 ml D;0O added

as an NMR lock signal. The pH of the solution was measured (2.14) and the Pt

NMR spectrum recorded to ver;fy the pfesence of the diaqua complex at -1869 ppm.

*P NMR was used to verify the presence of the cis-diaqua phosphane complex (36) at

233 ppni shown in Figure 76.

The two solutions were then combined and rotovaped to ~ 5 ml. The pH was
.adjusted with 3 M KOH to ~ 5.5 and the 3&’ and Pt NMR spectra run
simultaneously. The total time between mixing the solutions and acquiring spectra was
about 1 hour. Figure 77 shows the *'P spectrum of the reaction mixture. Two main
resonances are seen, each symmetrically flanked by Pt. satellites. The less intense of the
two peaks at -26.3 pbm shows a Yo of 3407 Hz and is therefore assigned to the

Pt(PMe;), homodimer (37) based on the known coupling constant fo; this complex

(123).




Figure 76. 3P NMR for the silver assisted hydrolysis of Pt(PMe32Ch; pH=1.51.
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Figure 77. 3P NMR ofthe reaction product of 37 and [Pt(//WM-dachXp-OH)]* (41); pH=5.5.
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The more intense peak at -25.8 ppm shows a 'Jpp of 3440 Hz, éubstantially different
than either the dimer or monomer yét close enough to both to indicate the ‘same basic
connectivity i.e. phosphorus #ans to oxygen. This peak is therefore assigned to the
heterédiméric structure, 39. Support for this assignment comes from the analysis of the |
Pt NMR spectrum shown in Figure 78. The peak at.-3918_has previously been |
assigned to the phosphane homodimer (37). The \-/alue of the platinum-phosphorus
cqupling coﬁstant matches that in the corresponding P spectrum. The new, more
intense peak at -3922 ppm shows a 'Jpp of 3440 Hz and therefore cor.responds to the
Pt(Mes;), fragment of the heterodimeric complex (39). Confirmation that this fragment
is part of a dimeric structure comes from the presence of plétinum satellites on each
member of the triplet splitting pattém. Oniy one of these satellite peaks is visible, the
| downﬂéld one of each pair i)eing obscured by the resonance from the phosphane
homodimer (37). The “Jp.p: coupling constaﬁt of 211 Hz'agréés well with that taken
from the *'P spectrum of the phosphane homodimer (Figure 79). Inspection of the
Pt(trans-dach) fragment region of the Pt spectrﬁm reveals only a gr<.)up of broads
peak some 2000 ppm downfield which have been pfeyiously assigned to fhe
homodimer. - This broadening, caused by one bond coupling t6 “N, precludes the
observation of Pt satellites in this region. Assuming an equimolar conceﬁtratioh of thé
two diaqua complexes, a 1:2:1 rati;) of homodimer to heterodimer Would be expected
. on purely statistical grounds. The qualitative appearance of the singlet resonances in

the 3'P spectrum appears to support this ratio.
P PP pp
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Figure 78. 18Pt NMR of the reaction product of 37 and [Pt(/ra/M-dach)(p-OH)2]-X (41).
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Figure 79 300 MHz 3IP NMR spectrum for [Pt(PMe32AP-OH)J2" (37) demonstrating the presence of magnetically non-
equivalent Pt nuclei.

68T
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Reaction of 36 With [Pt(bipy)(OH,)],** - For ‘the bipyridyl system, the
’ solutions were reacted at 60 °C to keep the sparingly soluble [Pt(ﬁipy)(u-OH)2]22+
from pfeqipitating out of solution along with the silver chloride: Figure 80 shows the |
/P NMR spectrum for the reaction of [Pt(PMes), (OH.):** (36) and
[Pt(bipy)(QH2)2]2+ at pH = 4.61. The more intense resonance at -23'.7‘ ppm‘ is .once
again assigned t;) the Pt(PMes), Hbmoc_iimef (37) based on the characteristic coupling
constant. to platinum. The 'Je.p; coupling constant of 3440 Hz for the less int'ens'e
resonance at -21.9 ppm agrees well with those other heterodimeric complexes
containing nitrogen donor ligands (Table 47 ). 1t is therefore assigned to the
hetérodimeric structure [P.t(PMe3)2(11—OH)2Pt(bipy)]2+ (42). Upon cooling, the
solution deposited a non-crystalline-yellow-brown precipitate. Attempts to isolate the
heterodimer from the reaction mixture has so far been unsuccessful.

Bushnell et al. have observed that when Pt(I) is coordinated by
triphenylphosphane, the di-p-hydroxo bridges are extremely stable, resisting bridge
cleavage by tertiary phosphane ligands under conditions which would readily -cleave ‘
analogous chloro bridged species (126). The inertness of these hydroxo bridges seems
even more remarkable considering the very high #rans labelizing effect of coordinated

phosphane ligands.
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Figure 80. 3IP NMR for the reaction of 37 with [Pt(bipy)(]i-OH)]2+ pH ~ 4.61
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Reaction of 37 With [(dth)Pt(u-OH),Pt( dth512+ The heterodimeric complexes
diséussed so far were all formed by combining the two ci;s-diaqua fragments followed
by raising the pH to promote .dimerizzzitio‘n. For the Pt(dth) system, the pH of each
solution was adjusted individually to promote dimerizatiqn, followed by_mixing the two
solutions. The appe.arance‘ of the resulting spectra for these two methods seems to be
qualitatively thé same, indicating that dimers are at least as reactive as monomers in
forming these mixed iigand complexes.

| The coordination of a bidentate thioether ligand to Pi(II) results in the
formation of diastereomeric products due to the presence of two chiral sulfur donor
atoms, as discussed aboveé in connection with the dth homodimer (29). The presence of
. magnetically non-equivalent Pt centers is also useﬁll for assigning structure to the
heterodimers containing phos.phane ligands. Figure 81 shoWé the *'P NMR spectrum
for the reaction of (37) and [(dth)Pt(u;OH)th(dth)]2+. Once again, the peak at -23.72
ppm is assigned to 37 based on the 'Jp.p of 3392 Hz. The two peaks separated by ~23
Hz around -22.5 ppm provide deﬁnitive; proof for the presence of the dth invertomers
in this complex. This résonance is therefore gSsigned tq the heterodimeric complex »
[Pt(PMes)2(n—OH),Pt(dth)]** (45). The broadening of the Pt sa.telli.tes in this spectrum

almost completely obscures the analogous splitting expected in these peaks.
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Figure 81 ' NMR for the reaction of 37 with [Pt(dth)((.i-OH)]22(29). pH ~ 4.61
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Reaction of 37 With [Pt(en)(OH,),]*" (15) The monomeric diaqua

ethylenediamine complex (15) had previously been shqwh to form a heterodimeric
complex with Pt(DMSO)(OH,), (1). It was therefore a good candidéte for the
formation of a hetero dimer incorporating the Pt(PMes), fragment. Fiéure A82 shows
the >'P NMR spectrum for the reac‘tion of 36 and_ 15 at pH = 2.5. Tile single resonance
at -23.5 ppm with its associated satellites is assigned to the monomeric diaqua complex .
(36), based on the 'Jp.p coupling constant of 3735 Hz. The resonance just upfield of '
the monomer at -23.7 ppm can also be assigned to thé homodim_eric complex, 37 The
third resonance just downfield of the monomer is therefore aséigﬁed to the
heterodime;ic complex [Pt(PI\/ieg)z(LhOH)th(en)]2+ (44). The value of Jp.p is similar
to that | of the Pt(bipy) hetefodimer in vx;hich one of the platinum atoms is also
coordinated by an "*N donor ligand..

The presence of magnetically non-equivalent Pt centers is easily seen in the Pt
NMR spectrum in the region of the Pt(i’Me;)z fra'gmént (Figure 83). The central peak
at -3927 ppm with a pair of flanking satellites is entirely consistent with the
heterodimeric complex 44. Qf particular interest.is thé large value of ‘the two bond Pt-
Pt couplilllg constant (Jpupe = 410 Hz). This is almost twice the value seen for the
homodimeric phosphane dirﬁer (37) and is presumably due to the greater #rans effect of
the PMe; ligand as compared with ethylenediamine. When the pH of this solution is
raised to ~ 9, -the resonance due to 44 increases in in{ensity at the expense of 37 (Figure

84).
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Figure 82 3P NMR for the reaction of 36 and [Pt(Bn)(C)H2*]2 (15).
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Figure 83 19Pt NMR spectrum in the region of the Pt(PMe3)2 fragment for the reaction of36 and 15
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Figure 84 3IP NMR spectrum for the reaction of36 and 15, pH= 9
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Several other heterodimeric-complexes were also formed under similar reaction

conditions. Table 47 summarizes the relevant NMR data and Figures 84 and 85 show

the resulting spectra for the reaction of 37 with 2 to form -[Pt(PMes)(u—

OH),Pt(DMSO),]** (46) and for the reaction of 37 with [Pt(Et,S).(u—OH).*" (47) to

form [Pt(PMe3)2(LL—OH)ZPt(EtQS)2]2+ (48) respectively.

Table 47. NMR data for trimethylphosphane heterodimeric complexes.

#  Complex *° 5 3P (ppm) 'Jer(Hz).
37 [(MesP)Pt(n—OH),Pt(PMes),] ** -25.58°¢ 3398
37 [(Me3P)2Pt(u—OH)th(ISMe3‘)2] & 2373 3395
39 [(Me;P);Pt(u_OH):Pt(trans-dach)[** 24.64 3441
42 [(Me3P)th(-LL_—OH)th(bipy)]” d -21.95 3442
43 [(Me3P)2Pt(uéoH)th(éth)]2+ -22.48° 3443
o ' -22.59
44  [(MesP)Pt(u—OH)Pt(en)]” -23.22 3462
46  [(MesP)Pt(u—OH),Pt(DMSO)I* f 3549
48 [(Me3P)2Pt(u—OH)th(EtZS)z]i+ -22.70 3461

a) In H,0/D,0 at 300 K unless otherwise indicated
b) All cations have NOj;™ counterion
¢) From ref. 25 in D,0.

d) 325K

e) Two shift values for the two invertomers of dth (= 2 5- dlthlahexane)

f) Only the *°Pt spectrum was acqulred
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Thermodynamic Aspects of Dimer Formation

As can be seen in the reaction scheme of Figure 4, which has been reproduced
here for convenience, there are two possible pathways for the formation of the

dihydroxo monomer from the diaqua complex.

+
L\Pt/OH2
2 N
L/ OH
Ka1 KaZ
+
- H - H+
2+
L OH
L\ /OH2 N\ /
2 Pt 2 /Pt\
VAN L OH
L OH2
-2H" -ont
;f\\ Ka
2+
L OH L
/
Pt Pt
\
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The first of these pathways simply involves the deprotonation of both coordinated
waters, a process which depends inherently on the two diseociation constants, K,; and
K.2. The second pathway involves the formation of the dimeric complex followed by
decomposition to yield the dihydroxo species. This pathway is seen to be a function of
the dimer formation constant, Ky and the dimer dissociation}cpnstant, K4 Because
these two pathways lead to the same product, forming a closed cycle, it was postulated
that there must be a quantitative relationship between the four parameters (Ka1, Kay, K,
K4). In order to test thi; hypothesis, we set out to determine the values of Ky and K4 in
hopes they might provide some independent verification of the combined sum of pKali

and pKa.

'Determination of Dimer Formation Constant, K¢ and Dissociation Constant, K4

For the determination of K¢ a pH was chosen which would allow the
observation of both the diaqua monomer (36) and the hydroxo brldged dlmer 37), at
equilibrium, in the *'P NMR spectrum. The integrated peak areas of these two speciés
were then.determined fora series.of solutions of varying concentratiens. A velue of K¢
" was then calculated for each selution using the equilibrium constant expression shown

in Equation 5.
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[ PH(PMes);(u-OH),PHPMes), ] [ H' P

Equation 5. C Ke=
[ Pt(PMes),(OH,), I

Table 48 lists the data us_ed in these calculations, including the resulting values of pKz.
A typical *'P NMR spectrum _for this determinatién is shown in Figure 87. Because the
main resonances for the monomer and dimer hgwe such a small chemical sh'ift_ "
separa';ion, a more accurate peak area was achieved by integration—of the platinum

satellites for each complex. The mean value for pKs v;fas determined to be 2:701 i"

0.050.

Table 48. Data used for calculation of dimer formation constant, Ks.

Trial Relative Peak Relative Peak Total Pt pD* pKe

' Area for Monomer Area for Dimer- Concentration (M)

1 10.554 . 1.098 . 0.07991 - 1.708 2.759
2 1.000 0.168 0.'03996 - 1.934 '2.678
3 4233 0966 - 0.02664 2.083  2.645

4 1.048 0.160 0.05327 1869 2720

a) pH=pD-04




Figure 87. 'PP NMR spectrum showing the integration of Pt satellites used for the determination of Kf.

¥0¢
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A second series of experiments was run using-the same solutions after raising the pD
with NaOD to a value such that the dimer and dihydroxo monomer could be observed.
The equilibrium expression shown in Equation 6 was used for the determination of K,

consistent with the reaction scheme shown above.

[ Pt(PMe3),(OH), |* [H'T’

Equation 6. Ky =
o [ Pt(PMes),(u~OH)Pt(PMes), |

Table 49 shows the data used in the calculation of the dimer dissociation constant, Kg.

The mean value was found to be 22.008 £ 0.059.

Table 49. Data used for calculation of dimer dissociation constant, K.

Trial - Relative Peak Relative Peak Total Pt pD*® pKa
Area for Monomer Area for Dimer  Concentration (M)

1 0.142 - ' 1.000 0.07991 10.174 22.097

2 0267 | 1.000 0.03996 10217 21.981

3 0.277 1.000 ‘ 0.02664 10.161 22017

4 0.189 - ~1.000 0.05327 10.120 21.935

a) pH=pD-0.4




206

The positive value for pK; indicates that the diaqua ménomer-dimer equilibrium slightly
favors the monomér under these conditions whereas the large positive value for pKy
indicates that the dimer is favored over the dihydroxo moﬁomer. BThese re_éults are
more or less conéistent with the apparent stability of the dimer over a wide pH range.

| In order to compare the sums of the constanfs around the cycle, it is necessary
to take half of the sum of pK¢ and pKa to compensate for the coefficient on the
monomers. This gives a value of 12.3 as compared with a sum of 16.1 for the two acid
dissociation constants. .At this time, we have no e);planation for the apparent
discrepancy between the two values beyond the compounding of random error involved
in int.egration, lemeasurefnent, dilution etc. It is of interest to coﬁlﬁare the value of
12.3 obtained by determining the forniaﬁon and' dissociation constants‘ for the
pﬁosphane complex with the sum of pK.'s for the nitrogen donor complexes listed in
Table 3. The fairly .h.igh values for the two acid dissociation constants suggests that for
the trimethylphosphane system, the presence of dimers in solution ét low pH is due to

an inherent stability of the dihydroxo bridged complex rather than to the pK.'s of the

coordinated waters.




207

SUMMARY AND CONCLUSIONS

Platinum(ﬂ) complexes coc;rdiﬁated in a cis‘fas’hion by' certain sulfoxide or
trimethylphosphane ligands readily undergp hydrolysis in aqueous solution to produce
the corresponding di-u~hydroxo bridged dimers. These reactions are both
concentration 'and pH dgpendent but appear to occur at 1owér pH than the analogous
Pt(II) ammine complexes which have been intensively studied as anti cancer agents.
Ligand substitution occurs more readily in the sulfoxide systems as evidenced by the
formation of all seven possible substitutional dimeric isomers. This rapid scrambling of
ligancis is présumed to be due to _the fairly large cis effect of sulfbxides.' In dilute
aqueous solution, thesé ligands are displaced by soivent.

Replacément of monc;deﬁtate sulfoxide ligands with the bident;clte sulfoxide
meso-1,2-bis(methylsﬁlﬁnylethane), followed by hydrolysis, yielded a complex mixture
.of products which did not appear to include a hydroxo bri'dged species. Based on
multinuclear NMR and IR evidence, it is proposed that the product(s) are polymeric in |
nature. Several monomeric Pt(II) complexes containing this ligand as well as. a six
coordinate, monomeric ruthenium(Il) éomplex, were characferized | by x-ray
crystallography, conﬁrmipg the bidenfate nature of this ligand in the solid state.

For both the monodentate éulfoxide and phosphane complexes, reaction with a
Cis-diaqu'a complex coor.dinated by other neutral ligands eg. ethylenediamine, trans-

_dach, etc. results in the formation of mixed ligand (hetero) dimers, whereas reaction
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with a Pt(II) fragment éontaining the anionic oxalate ligand results in substitution of
oxalate into the phosphane complex.
In general, halogen or peroxide oxidation of dimeric sulfoxide and phosphane

complexes in aqueous solution yielded a éomplex mixture of Pt(II) and Pt(IV)

products.

Due to the extensive use of silver salts for the removal of chloride ions in the

preparation of the diaqlia complexes, two structures containing the Ag(I) ion were

characterized. Although one of these.had been breviously been strucfured, the o;chef
turned out to be a novel network silver comple_g containing the meso-MSE ligand and -
triﬂuororpethanesulfonate, as well as Ag().

An investigation into the thermodynamic stabiﬁty of the dimeric complex
relative to the diaqua and dihydroxo monomers gfielded a pKy of 2.701+ 0.050 and a

pKa of 22.008 + 0.059. These results suggest that the strong tendency for dimer

formation is due to an inherent stability of the di-bridged complex and not to the values

of the acid dissocjation constants of coordinated water.
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