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Abstract:

The synthesis and reactions of three salts of a polymeric, intensely red luminescent platinum(II)
complex formed by the reaction of K2PtCl6 with H3P03 at 220-240° C are reported. The compound
was characterized using 31P and 195Pt NMR, IR, UV/Vis and XPS spectroscopy, fluorometry,
elemental analysis, and X-ray crystallography. The proposed structure has an average length of five
platinum atoms per molecule and is a penta- anion, based upon elemental analysis data. NMR, IR, and
UV/Vis spectroscopy support pyrophosphite bridges, with a pair of P(OH)3 groups bound to each of
the terminal platinum atoms, and the fluorometry data support a molecule with Pt-PT interactions based
upon intense emission at 659nm. Platinum XPS data indicate platinum(II) is present, although at
72.6eV the resonance is slightly lower than for similar dimeric compounds. Crystals obtained from
reactions with (CH3) 4NI and (CH3)4Br and (Bu)4NBr were found to be Pt2 (POP) 412 (cell
dimensions 16.0086, 16.8876, 16.3354A) and Pt2(POP)4Br2 (cell dimensions 15.2880, 15.2921,
11.6217A). Results of many reactions of the polymer with SCBT, CNT, CH3COOH, HN03, H2S04,
P(CsH5)3, ethylenediamine, and other reagents are reported.

Studies on the polymerization of Pt(OH)62- in strong mineral acids is reported, and the formation of
polymeric precipitates in H2S04, H3P04, HC104, HNO03, and CF3S03H are reported. Elemental
analysis of the polymeric solids formed in H2S04 indicates 3-5 platinum atoms per anion and 12:1 for
the H3PO4 polymer. Formation of polymeric precipitates was not affected by reaction in non-aqueous
media, and precipitates were obtained in various concentrations of platinum and acid (as long as acid
concentration remained above 0.1M [0.5M for H3P04] ) .

A new synthetic scheme is described by which platinum(III) dimers can be formed by reaction of
platinum(II) and platinum(IV), in the reverse of disproportionation. 195Pt NMR spectroscopy was used
to follow the reactions, and identify the Pt2(S04)42- and Pt2(HP04)42- products. This scheme was
used to form a new compound with trifluoroacetic acid, proposed to be a platinum (III) dimer of the
form Pt2(TFA)42+. The formation and identification by 195Pt NMR spectroscopy of new platinum(II)
and platinum(I'V) complexes formed with trichloroacetic acid, methanesulfonic acid, and
para-toluenesulfonic acid are also reported, with formation constants calculated for some of the
platinum(II) species.
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ABSTRACT

The synthesis and reactions of three salts of a
polymeric, intensely red luminescent platinum(II) complex
formed by the reaction of K,PtCly with H,PO;, at 220-240° C

are reported. The compound was characterized using *'P
and Pt NMR, IR, UV/Vis and XPS spectroscopy,
fluorometry, elemental analysis, and X-ray

crystallography. The proposed structure has an average
length of five platinum atoms per molecule and is a
penta- anion, based upon elemental analysis data. NMR,
IR, and UV/Vis spectroscopy support pyrophosphite
bridges, with a pair of P(OH), groups bound to each of
the terminal platinum atoms, and the fluorometry data
support a molecule with Pt-PT interactions based upon
intense emission at 659nm. Platinum XPS data indicate
platinum(II) is present, although at 72.6eV the resonance
is slightly lower than for similar dimeric coémpounds.
Crystals obtained from reactions with (CH,),NI and
(CH,;) ;Br and (Bu),NBr were found to be Pt,(POP),;I, (cell
dimensions 16.0086, 16.8876, 16.3354A) and Pt,(POP),Br,
(cell dimensions 15.2880, 15.2921, 11.62174). Results of
many reactions of the polymer with SCN, CN°, CH,COOH,
HNO,, H,S0,, P (C¢H;),, ethylenediamine, and other reagents
are reported. '

Studies on the polymerization of Pt (OH) " in strong
mineral acids is reported, and the formation of polymeric
precipitates in H,S0,, H,PO,, HC1lO,, HNO,, and CF;S30;H are
reported. Elemental analysis of the polymeric solids
formed in H,SO, indicates 3-5 platinum atoms per anion
and 12:1 for the H,PO, polymer. Formation of polymeric
precipitates was not affected by reaction in non-aqueous
media, and precipitates were obtained in various
concentrations of platinum and acid (as long as acid
concentration remained above 0.1M [0.5M for HPO,]) .

A new synthetic scheme is described by which
platinum(III) dimers can be formed by reaction <of
platinum (IT) and platinum(IV), in .the reverse of
disproportionation. Pt NMR spectroscopy was used to
follow the reactions, and identify the Pt,(S0,),* and
Pt, (HPO,) ,#~ products. This scheme was used to form a new
compound with trifluorocacetic acid, proposed -to be a
platinum(III) dimer of the form Pt,(TFA),*. The
formation and identification by !°°Pt NMR spectroscopy of
new platinum(II) and platinum (IV) complexes formed with
trichloroacetic acid, methanesulfoni¢ acid, and para-
toluenesulfonic acid are also reported, with formation
constants calculated for some of the platinum(II)
species.




1

CHAPTER I
INTRODUCTION
History -

Platinum has been. used ‘as ornamentatioh‘ since
ahtiquity, at which time it was confused with silver; the
Egyptians and South.American Indians used platinum for
jewelry, no doubt believing it to Dbe silver(l). It
was as a result of the exploration of~the‘§outh American
continent that platinum was introduoed to Europe.
Perhaps the flrst unofflclal report was as early as 1558
by Scallnger descrlblng an 1nfu81ble metal from Mexico
and Darien. The flrst off1c1al report of thlS element
was in 1748 by Don Antonio de Ulloa, who referred to it
in his papers following a trip to South Amerlca; he and
his papers were captured by English privateers; and'his-
observations came to ‘the attention of the Royal
Sooiety(Q); In 1750 William Watson related to the
Society a communicatioh‘fronxWilliam.Browning‘of a "semi- -
metal called Platina‘di‘Plnto" found in the Spanish West
Indies(3f | |

Whlle the chemlstry of platlnum is very rlch andr‘
varied, J.t is. the formatlon of . blnuclear:and largerv
cluster complexes by platlnum 'that is of partlcular

lnterest‘ln,thls work. Perhaps among the flrst such”‘
. I ' - / .

compounds proposed. was by Blondel(4),- ho 1n 1905&




2
reported a platinum(III) complex containing coordinated
sulfate; while only the empirical formula was determined,
this cohpound has attracted a great deal of interest the
last twenty years, and will be discussed in more detaii
below.

Perhaps the first report of a bimetallic platinum
complex was in 1925 by Tschugaev(3), who described a
hydrazine derivative of a phenylisocyanide, in which two
hydrazine molecules bridge between two platinum complexes

(Figure 1); for X=Cl7, the compound is red, but upon

/N NE

| (CeH- NO)‘4P‘
T \NE—NH,”

Pt(CN(Dh]Xz

Figure 1. The Structure of
[ (C4H,NC) ,Pt (u-NH,NH) ,Pt (CNCeHs) ;1 X,.

heating turns green, retu:ning.to red when cooled. _Since
that time many different types of binuclear (or larger)
platinum clusters have been deécribed‘and‘characterized
with carbonyl (6) (7)(8) (9) (10), and
c a r b o x y 1 a t e " a n d
dithiocarbdxylate(ll)(12)(l3)fl4f(15)(16)ligahds,

as well a s ~t h e | platinum
blues(l7)(l8)(19)(20)&21)(22)(23)(24)(25)(26);df
érimary importance to the work described in this paper”

are the multinuclear platinum-. complexeé formed - with
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sulfate, phoéphate, pyrophosphité, and aquo/hydroxo y‘

ligandé, described beéelow.
.Sulfate Liéands

As mentioned above, Blondel reported that the

reaction of PtO, with concentrated sulfuric acid -and.
oxalic acid reduction resulted in a compound that *3“

. analyzed as K[Pt(S0,),].H,0(4). This was a modification .

of the
1893 (27) (28), in which K,Pt(NO,), was reacted with
dilute mineral acids to yield copper-red needles which he

formulated as K,H,Pt, (NO,) (O 3H,0 (reformuléted in

'1977(29) as K,[Pt,(NO,),0] 3H,0 with the structure

shown in Figure 2.) Since the work by Blondel the -

. ‘ 2- 13
i Soo ]
\ o—n, i
0 ?'N\Pt/ N N==0
/ ~o7 \
0—N l 0
\O—‘Pt——N
N
o/m\o
L a

reactions reported by Vezes ~in

Figure 2. :The,Structgre Of_Kﬁwﬁ(NOﬁgQ..,

Russians have focused considefable attention upon the

c0mpound} in the first report of their work in this area, : '

Ginzberg (30) preparedb a .éompound“ like“Blthel’s by




4
reaction of K,Pt (NOZ‘)‘4 with cdncentrated HéSO,, to yiel‘;{ a
qompound proposed to contain platinum(III); a compound
similar to this was reported from the -reaction of P’tClsz"
and sulfuric acid(31). The first formula proposed
for the compound indicating multinuclearity was by
Ivanova(32), who prbpo.sed a compqund of the .for_m '
Pt, (S0,) >~ based upon vigible and infrared spectra on
solvent extraction expe'riments with aqueous sulfate.
substitution of the proposed axial water molecules by
halides, hydroxide, and nitrite was ,;:eported in 1975
(33) (34), one year before the crystal structure
wae determined (35). This work had attracted the
attention of Cotton’s group, who publisﬁed a slightly
revised synthesis (36) (37), and detailed crystal
analysis (38) which resulted iﬁ the structure showﬁ in
Figure 3 (the first detailed crystal structure of the
bimetallic platinum core was reported‘ by Falohon of a
DMSO derivative in 1982(39)).

Note the ’'lantern’ arrangement of the bridging
ligands around the plat'irium core, anci the axima,lly
coordinated water mol‘ecules; the molecule has essentially
Ciyn symmetry, for the 0~-Pt-Pt-0 atoms fall in a pla’ne‘
with the sulfur atoms deviating consistently from that
plane. The Pt-Pt bond distance is '2.4614, indicating
strong interaction between the metal atoms d‘esi.gnated as

a single bond. Several analogous compo-unds have now been




Eigure 3. The Structure of Ptz(SO4)4GgO)Z?.

‘pfepared ~with Re (40), Mo (41) (42), Rh(43yp
Ir(44), Ru(45), and Os (46).

. In preparing this compound a éeries of dramatié
color changes are observed; the inifial‘ solution' of
?QPt(NOQ4 ip éondentrated acid turns immediately-aldeep
blue; as the reaction proceeds, the color changes slowly
over two ‘tQ 'three hours ‘to green, ‘then:.yéllow,
precipitating the yellow dimer. ‘Brown gas is evolved
throughout this sequence.

Theée colored compounds indicated that 'several
intermédiates‘must be in solution; four of £hese have
been‘identified and tﬁeirstructﬁre.deﬁermined by X-ray
analysis(47f(48). :' Thé fifsﬁ two compounds, blue

_and green, are mononuclear, containing bent nitrosyl and




6
nitrite groups coordinated to the platinum atom (f‘igures
4 and 5). Note that in both cases the original

Platinum(IT) was oxidized to platinum(IV);

o2

goun I 03

o

Ni2) |

0122}

Figure 5. Structure of [Pt (NO,),(NO)Cl;1%.

also note that for the first species, [Pt (NO,),(NO) (H,0)]1,
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four nitrites and a nitrosyl are coordinated, yet the
original complex began with only four nitrogen ligandé
(Pt (N02)42') . The extra nitrogen group must have come
-from another Pt (NO,),” molecule, leaving at least one
other compound in solution, containing at most three
nitrogen ligands. The second compound, [PtCl;(NO;),(NO)] 2
contains contaminating chloride as a result - of
insufficient recrystallization of the: K,Pt (NO,),/ and a
coordinated bent nitrosyl. These compounds represent
only the second and third reported bent nitrosy.l
complexes of platinum (IV) .

The remaining two compounds were prepared in dilute
sulfuric acid later neutralized with Na,CO,; these
compounds are yellow, multinuclear complexés containing

coordinated nitrite (Figures 6 and 7). The first

Figure 6. Structure of Pt,(NO,),(OH),* .

compound contains platinum(II), while the second is a




Figure 7. The Structure of Pt,(NO,),0,° .

mixture of platinum(II) and platinum(IVj.

It is important to realize that these four compounds
could be intermediates in the formation of Pt,(S0,) " ; all
contain coordinated nitrite or nitrosyl, and three of the
complexes demonstrate the oxidation of the platinum(II)f
to platinum(IV) preceding the formation of the
platinum(III)‘dimer. In this paper(48$ it is suggesfed
“that perhaps, since platinum(Ii) and platinum(IV) are
présent in the solution, the final platiﬁum(III)‘product
is formed as a result of reaction of two such species, in
a mechanism like‘the reverse ofvdiéﬁropértiénationu -Muéh'
of the focus of this theéis will deal with determining
the validity of this suggestion (Chapter (IIi))- .

' The NMR analysis of the sulfate dimer and iﬁs
axially substituted‘derivatifes was first‘conductéd ﬁf

Appletén/Hali(49)(50). Reported are the -
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regonances for the lithium salts of the sulfate‘dimer and

phosphate (to be discussed in more detail below) dimer,

as well as a variety of compounds axially substituted

with OH-, Cl-, Br~, SCN-, NO,”, DMSO, NH;, and CN . (The

l1ithium salts were used because of the low soiubility of

the potassium salts.) The 195p+ NMR chemical shifts for -

these compounds range from‘ 1216ppm for ‘axialiy
coordinated water and SCN™, to 2049ppm for the dihydroxo-

complex (all platinum NMR - fesonances reported ‘are

relative to the PtCls®, with positive resonances. to lower

shielding); the J. and 2J coupling constants were also -

reported for platinum to carbon, platinum to nitrogen,

and platinum to platinum.
Phosphate Ligands

The first report of the phosphate analogue of the
sulfate dimer was in 1980 by the same Russian  group who
did the first work on the sulfate dimer (51); -this

compound was prepared in the same way as for the sulfate,

w1th the exceptlon that cis- Pt(NHQ (NOz)2 was reacted‘ :

with the a01d The X-ray structure was determ1ned(38)
(Figure 8), and found to be comparable to that for the

sulfate dimer; the molecule malntalns Cap symmetry, w1th

the phosphorus atoms sllghtly out of the o~ Pt- Pt O plane_

The pt-pt distance is 2. 486A statlstlcally dlfferent

from the 2,461A in 'the sulfate dlmer, but was . not p?;f'

| 9 1)
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Figure 8. . Structure of [Pt, (HPO,) 4 (H,0) .17 .

believed to reflect any significance chemically. Several
axially substituted derivatives were reported with
structures similar to those reported for the sulfate
dimer (52) . Analogous compounds have been prepared
with Rh(53) and Re(54) .

. As for Ptz(SO4)42‘, the NMR spectra for the phosphate
dimer and its axial derivatives (Cl-, Br~, SCN, NO,7, CN7,
DMSO, and NH,) were reported by Appleton/Hall (49), (50) .
The 1I95Pt‘NM:R chemical shifts -of these spe'cie.s“ cover a
similar range as for the sulfate cdmplexes, from 1256ppm

for the SCN/H,0 compound to 1987ppm for the NO, /H,0.
Pyrqphosphite Ligands

The first report of the reaction of . K,PtCl; with
phosphorous  acid in 1955(55) yielded a yellow

. solution and platinum metal upon addition of sodium
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carbonate; these results were explained by
Troitskaya(56) six years later: the yellow solution
wes due to unreacted PtCl,”, and the platinum metal was
generated by reduction by the added carbonate. The
product, [Pt{P(OH)JMZ{P(OH)g¢], was in'fact determined
to be contained in the .colorless solution obtained by
heatlng PtCl,>” with }gpo3 in ‘water ' This work was
repeated in 1977(57), with the syntheSLS of new mlxed
platlnum/copper complexes bound by E&hPCHJHQPPhZ (dppe)‘
ligands, as well as the report of a side product of “the
original Tr01tskaya compound, this compound "showed an
intense green emmission on 1rrad1atlon with UV light'

A preparation in better yield with a phosphorous acid
melt (inspead-of aqueous solution) is suggested, but the
properties of the compound are reported to be identical
to those of the Troitskaya compound. The synthesis has
more recently been reported to be improved by evaporating
aqueous solutions under inert atmosphere, using'barium as
the counter-ion, starting with Na,PtCl,, or starting with
Pt (NH,) ,C1,(58) . The strncture of this luminescent
compound was reported.‘three years later(59), and is
illustreted in Figure '9; it turns out not to be
mononuclear es eariier reported, but binuclear, as the
intense luminescence is now belieVed to suggest (60),
(61), (62), ‘ (63) Note the same ‘basic

constructlon as the sulfate and phosphate platlnum(III)
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Figure 9. Structure of Pt,(H,P,0s),*

dlmers, with brldglng pyrophosphlte ligands generated by .
dehydration of the phosphorous acmd (ax1ally coordlnated ,
water are omitted). The Pt-Pt bond distance is 2. 925A
longer than the distance in the platinum(III) dimers, and
.indiCates_strong‘interactlon between.the two metal atoms
but no bond‘(though it has been suggested that'the bond -
'dlstance mlght be more dependent upon. the size of thel
bridging bite than the metal-metal 1nteractlon(64) )
The *°°Pt NMR spectrum(59) shows a pentet of pentetsp“
(Figureh 10); each platlnum is coupled to the four
equlvalently bound phosphorus atoms, as well as to the
four equivalent phosphorus atoms on the adjacent platlnum-

atom (°J coupled)
. Many derlvatlves of thls complex have been prepared3

by replacement of the ax1ally coordlnated water w1th'ﬁ
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@)

| . . [
-5000 o 5/ppm -5,500

Figure 10. 195p¢ NMR Spectrum of PtzuyP(%);* 2H2

other 1ligands: double substitution‘,(of"the form
Pt,(H,P,05) X,*) by CI° and CHI(65); Br and I
(66) (67); NO, , SCN-, and
imidazolyl (56) (68) (6‘9“)‘, " and mixed substitutiond of
the form Pt, (H‘zpzo‘;)‘,‘xw-, ‘X=‘Cl“, Br~, “I“‘; ‘Y=Ci'; Br7, I,
CN-, NO[(SG)(GG)(70)f " Thesé compounds form easily by
chemical or electrical oxidation by the‘inooming‘ligand,
and the ease with whichﬁthey‘form and their,stability is
: attrlbuted to an increase in the bond order from Zero to‘
_one between the platlnum atoms (the Pt Pt dlstances in
these'compoundsuare at least 6.343A shorter than~for the
- parent compound ) |

Among the most lnterestlng of the derlvatlves are

those 1nvolv1ng a s1ngle substltutlon of an ax1al water*7'u

.by] ‘halide ion  (Pt, (H2P205)4X4“) (61) (71) (72),- these
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compounds 'do not maintain the -remaining coordinated
water, but instead lose it to form golden metallic
products with infinite chains of ...—Pt;Pt-x-Pt-Pt-x;Pt-
linkages. These chains are made.up of alternating
Pt (II)-Pt(III) centers, and behave as semiconductors.

The NMR spectra of the derivatives are very siﬁilar
to those ofv the parent compound for iden£ical
substituents, but become very complicated when the
substituents differ, due to all the extra coupling to the
now different phosphorus and platinum atoms.

The trimeric compound proposed by . Roundhill is
worthy of more detailed consideration here, for it is a
higher oligomer of this system. The green dimer
(Pt, (H,P,05),*) is formed by heating é solution of PtCl,?*
with H,PO, to dryness at 100°C; Roundhill reports that if
this condensation (and concomitant dehydration 6f the -
phosphorus ligand) is conducted at 170°C, a new species
is formed as a dark green powder, with iﬁtense red
luminescence at room temperature; this compound allegedly
contains bridging triphésphite (0,POP (0) OPO,*) , with a
trinuclear platinum core. The P NMR épectrum of this
complex is reported to have brqa@ resonances, and fall at
62.1lppm with platinum satellites (1J=325sz). In
addition to this compound, another compound is formed.at
yet higher temperatures; this compound has a ’'vermillion

red’ color, and is insoluble in water and organic
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solvents.

This “vermillion red” compound appears to be the
same compound studied by us for several years, and the
results of that work are reported 1iIn Chapter I111I.
Roundhillfs assignment of the dark green compound,
however, to a trimer with four bridging triphosphite
ligands 1is flawed; 1t 1is not possible to get fTour
triphosphite ligands around a linear three metal center!
The triphosphite ligand is bent, just as propane is bent

(see below); while a ligand can bridge across the

TP 1

top, and another across the bottom of a linear trimer, it
is not possible to coordinate another ligand across the
chain, as these ligands would deform the linear
arrangement of metal centers, disrupting the coordination
across the top and bottom. Thus, while the complex no
doubt has multiple platinum centers, they cannot be

arranged iIn a linear fashion. Further, Roundhill offers
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no support for the premise that triphosphitelis present;
the *P NMR spectrum should show two distinctly different
kinds. of phosphorus atoms, doubtless coupled to each
other as well as to the two different kinds of platinum
‘atoms. The 195pt NMR spectrum should show two different
kinds of platinum aﬁoms (which it does), but.for the
proposed structure to be correct‘they must have a one to.
two ratio: one central platinum atoﬁ to two terminal
platinum atoms. While the peaks are reported to be of
unequal intensity, the vital infdrmatiOn of their actual
ratios is absent. Similarly, no IR information is given,
which would indicate the ©possible ' presence of

triphosphite.
Polymerization with Aquo/Hydroxo_Ligands'

The first thorough studf of olation . of metal
compléxeé was by equilibrium measurements on chelate
coméounds; Gustafson ‘and Martell(73)‘ reported‘ in
1959 on the dimerization of 1:1 copper (II) dipyridyl‘and
o-phenanthroline complexes.' Their studies qémonstrated
that as‘the‘pH of the solution apprdached neutrality?-
hydroxo- bridges form to give a structure aé in Figure
11. Theyialso reported that at ‘high pH, the dimeric
species decomposed to yield‘monénuclear complexes.

Since that time the polyﬁerization of many other

metals under these conditions has beén‘ studied.
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Figure 11. Copper (II)-dipyridyl Coﬁpiex.

Oxidation of the hexaaquochromium(II) . ion indﬁces
polymerization with hydroxide bridges to form dimers (at

acidic pH), and trimers, tetramers, pentamers, and

hexamers ‘as the pH increases (74) . - Complexes
containing three hydroxide\ bridges  have been
reported (75), as well as the isomerization of

Cr, (OH) ,** (produced by reaction of Cr,(0H) " with base) to
Cr, (L-0) (OH) ;> (76) .

Olation of cobalt is reported to yield not only two
and three centéred s?ecies ﬁpon raising pH, but a
tetrameric complex ([CO{(u_OH)QCO(NHQA}3](SO”3°4H¥” as
well(77), and cémplexes containing three hydroxide
bridges (78), (79) . Rhodiﬁm forms. dimeric clusters
with two and three bridges(BO), as does .
iridium(81), which also forms dime?s ‘frdm If(Hgn@”‘
‘in 2M HC10,(82). |

Perhaps- the richest éuch,polymerization ocdurs with




18

iron, manganese, and vanadium. Iron is known to form-
oligomers with as many as twelve metal atoma(83),
manganese foims many dimers and trimets(84), as does
vanadium in vanadates; OV (IV) reacts to form 1:1
oxovanadium chelates of salicylic aeid, sulfosalicylic
acid, 3,5-disulfopyrocatechol (tiron), and 5-sulfo-8-
- hydroxyquinoline, all of which dimerize at mildly acidic
PH (85) . These .dimers are feported' to Dbe
’intermediates n the formation of‘extensively’hydrolyZed
and polymeriZed polynuclear vanadyl species.’

of partieular interest to this work is the nature .
and facility of such olatiea reactioa with platinﬁm.
‘Most recently the focus of such studies has ‘dealt with
the formation of‘polynuclear complexes of cis;platin,andt
its analogues; at near‘ﬂeutral pH these‘compouhds readily
dimerize to form  complexes (86) (87) (88) (89)
(90) (91) as in Figure 12. Such compounds are of
interest, as physiological pH is very near neutral, -and
the active forms of the aati—eancer drug cis-platin are-
no doubt similar to these eoﬁpounds. |

In the early sixties the dimerizatioh fand
polymerization of platinum(III) .species; (discussed
earller) and platlnum(IV) became of 1nterest, an early7
review of thls‘ work was presented by Sldile(QZ),f
who mentlons on page 1621, for example, that the reported‘

compound PtO,4H,0 1is probably polymerlzed Hth(OH)6
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H 2+
\/\'/L
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H

Figure 12. Hydroxo—
‘Bridged. Dlmers of cis- Platln.

Since this time} much of the published work in the area
of platinum(III) and platinum(IV) olation has been done
by the Russians. In‘conneotion with their work on the
platinum (IIT) sulfate and phosphate dimersv.some studies
of the condition of Pt(OH)Jf in strong acid have beén
reported. Hegahydroxoplatinate(IV) is reported to
polymerize - 1in perchloric and sulfuric
acids (93), (24) to form cationic species (as. does
PA(OH),), that decompose to form monomeric’complexes at
high pH (>10). It was ‘sooh reported (95) that the
proouct isolated from the solution of polymerized
platinum(IV) in 25% sulfuric acid analyzed for a platinum
to sulfate ratio‘of 4:1, supporting'the earlier work
indicating the platinum oligoﬁert was cationic;
experiments on the products from phosphoric acid
solutions also 1ndlcated a hlgh platlnum to phosphorus

ratio. This work contlnues, the -latest paper(96)

suggesting that monomeric sulfate complexes predominate

in 2-5M H,S80, (platinum concentration approximstely 10

‘M), with polynuclear hydroxosulfato compunds present in’
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less acidic media.

The work described in the remainder of this paﬁer“
deals with the synthesis, idéntificaﬁion, and étudy of
the mechénism of formation of a group Of multihuclear
platinum éompounds related to the éompoundé described in
"this introduction. First w111 be the synthesis and‘
characterlzatlon of a polymerlc compound related to the '
pyrophosphlte dimers; followed by experlments Wthh shed‘
light. on the nature of platlnum(IV) 1n acidic medla,
leading to a potential ﬁééhanlsm for the. formatlon of. the‘
platinum(III) ‘dimersm‘WhiCh‘ can be used to form newf'

dimeric species.
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CHAPTER II
EXPERIMENTAL .

This chapter describes the experimental conditions
and parametérs under which the data to be described were

obtained.
Nuclear Magnetic Resonance

Most of the spectra discussed in this work were
collected on a Bruker WM 250 NMR Spéctrometer.using‘a
tuneable 10mm broadband probe; the remainder collected on
a Bruker AM 500 instrument will be noted as such. All
experiments weré conducted with samples of plaﬁinum
concentration in the 20-50 mM range.

Table 1 lists typical operating parameterS‘for'l”Pt
and *P data colléctions; the numbef of scans usually
ranged from lé,OOO'tb 40,000;‘OCCasiOnally as many as
75,000 for'platinum, and 1500 to 3000 for phosphorus.

Samples were run with D;O as a lock standard‘ei£her
in solution, or as an ekternal standard} experiments run

in DMSO used Ds-DMSO as lock standard.




Table 1. *°Pt and *P NMR SpectrOscbpy Collection-
Parameters. . '
Spectrometer'Frequency 53.518MHz 7101.250MH$
Synthesizer Frequency 98.04- 74.47MHZz
 98.34MHz |
Obsérvation Fréquency  868Hz ~70,845Hz
Spectfum Size | | i—ZK 8K
Spectral Width 50, 000Hz 20, O‘OOHz_‘
Receiver belay 0 sec - 1.5sec
Aquisition Time .Ol—.Ozseé V,ZOBSec
Receiver Gain 800 | 7100 |
Pulse Width 30 usec 718'use¢_7
Line Broadening 25Hz 3Hz |
Infrared

Infrared.épectra were collected on a Nicolet 5DX as

KBr or Nujol mulls.
Uv-vVis

UvV-Vis spectra were collected on a Cary—lé‘in dilute

aqueous solution, or as a KBr mull.
X-Ray Photoelectron Spectroscopy

XPS spectra were collected on a Leybold-Hereaus
hemispherical EAll ‘energy analyzer, uSing a Mg K, X-ray
source in a UHV system; this source emits electrons with

An energy of 1253.6 €V. A sample of a few milligrams was
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physically rolled into‘thé_surface of a piece of indium
foil, and introduced into the analysis chamber. =Surface

charging effects were compensated for by monitoring and

adjusting the chemical shifts of the indium and carbon

absorbances.
Fluorometry

Flﬁoresence data were collected with'a‘Séex fluoro-
lo§ 2 Model Féll;.a 1.2mm slit was used in the\excitation
monochrometer (2.25nm bandpass), and a‘O,Smm slit in the
emission monochrometer (1;8nmh 5andpass). pata“were

corrected to detector response, and front face collected.

' X-Ray Crystallography

Intensity data were collected on a Nicolet R3mE four

circle diffractometer. Crystals were mounted on a glass

fiber for reflection‘collectionr-and between 18 and 23

.centered reflections were used to determine the unit cell
dimensions by least squares refinement (radiation source.
of‘graphite-monochromatized Mo K, . Platinum positions

were determined by Patterson synthesis, and remaihing,

atoms by difference synthesis.

0 I R i
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‘CHAPTER III
RESULTS/DISCUSSION

We will now consider the reactions which lead to

some new multinuclear platinum clusters in the systems

discussed ' in the Introduction. - First will be the

synthesis and characterization of a polymeric species

which is a higher‘oligomer of the pyrophosphite dimer

Pt, (H,P,05) .~ (described under the section'titled ;s Red

Compound’);'this compound probably contains molecules of

gomewhat wvarying length. A structure will first be

proposed based upon elemental analysis data and cher

experimental data in support of this structure will
follow. Second (beginning with the section titled ’The

Concept of Reverse Disproportionation’) are detailed the

results of exPeriments‘Seeking to form the sulfato- and

phosphato- Pt,X,>~ dimers by a systematic, reasoned’

approach-- the reverse of disproportionation; in . the

process of these reverse disproportionation reactions

were also studied the nature of the polymerization of

platinum (IV) in mineral acids, and the fqrmation~of many

new platinum(II) and platinum(IV) mononuclear complexes

in strong organic acids.

Vo TN S .Y

L
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' Red Compound
Synthesis -

Potagsium Salt

K,PtCl, (381 6 mg 0. 930'mm01es) and.}gPOB (2648.7
mg, 32.3 mmoles) were dissolved in delonlzed water and
the resulting solution refluxed in an oil bath until
colorless. This solution,was’then transferred to a.petri
dish and heated to nearddryness on a hot plate (surface

temperature of which was 220-240 °C.) As the solution

approached dryness the green color of the Pt, (POP),*” ion

began to‘appear} Seven minutes from the first appearance

of this color (at which‘point-the‘mixture was a darker
green. 011) the petrl dlSh was removed from the hot plate
- and allowed to’ cool ‘to room temperature, durlng these

seven mlnutes the . syrup was sw1rled occa31onally As‘it

cooled, the color of the mlxture changed to dark red,‘

this dark red mixture hadﬂan 1ntense red‘lumlnescence at

. room temperature‘(the luminescence was more intense at

room'temperature than at elevated temperatures.) The oil

was washed four times with five to ten mL of methanol,

and then acetone, to remove excess H;PO, and dried at .

room temperature under vacuum"to yield a red solid.
If the condensed oil was heated longer than seven

minutes at this temperature it formed a -dark purple

compound, Which did not change color as it cooled from’
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the high temperatures at which it formed, and has no
luminescence.

The synthesis is reversible: addition of water to
the dried solid produced a deep red solution of the red
compound, which luminesced orange; as time progressed the
'gsolution became green with green luminescence, and
finally colorless} if the solution was heated at near 100
°C this transformation took only a minute or two (the
same behavior was observed. for the dark purple compound,
which also formed the dark red solution in water.) The
orange luminescence observed as the complex decomposed
‘seemed to arise from a mixture of red and green lumines-
cence (red from the complex, and green from Ptz(POP)f‘).
This combination of red .and green emmission, appearihg
orange, differs from a combination of red and green
reflected light, which.would appear brown(97);

Occas1onally a light blue solution resulted {which
did not change with heatlng), and produced light blue
SOlldS, these SOlldS were 1nsoluble in acetone and
methanol, but dissolved in water to produce red/orange to:‘
yellow solutions with green luminescence. These golu-
tions turned blue after about three hours. The blue
solids obtained turned red/orange upon drawing air
through‘them forvdrying; thlS suggested that the blue
compOunds were reduced platinum spe01es, for they‘

underwent oxidation by air to convert to the red com-—
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pound.

Also occa51onally a yellow solutlon was obtalnedu
‘1nstead of red, which remained yellow even if heated or”
condensed at 200 °C. Yellow solids isolated from these
.solutlons were soluble in methanol acetone, and sllghtly
‘soluble in water; solutions in methanol to which were
added diethyl ether to 'try' to jprec1p1tate the SOlld
turned lavender. _ |

In two cases, after heating at 210—2509CVfor'eight‘
minutes, an orange/red oil uas robtained which wupon
addition of water yielded an orange solution whose color
did not change even upon heating to dryness. The orange
solid obtained had a.green luminescence. Reheating uith'
more water caused no change After storage at room
temperature for flve days, the solution was brown/black
heatlng this solution to a thick oil at approx1mately 100
°C for 15 minutes produced sparks and fire, leaving black
solid in the regions of the petri dish where the fire
occurred.

This red polymer was also prepared, with more’

difficulty, by heating the solution of K,PtCl, and H;PO; . -

in water to dryness in an oven. A golution in six mL of
water was’ put 1n an oven at 110 °C, after 100 minutes
‘[only colorless crystals of H3PO, ‘were observed..' A
further 86 minutes at this temperature still did not

' produCepthe'red compound, and the temperature was raised
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to 150 °C, 140 minutes later the red solid was obtained
upon allow1ng the mixture to cool to room temperature

Since this polymer formed under the same dehydrating
conditions as the phosphorous acid bridge in the green
pyrophosphite ‘dimer and Roundhill’s"compound‘ form,
attempts were made to form the red compound'at lower
temperatures by pumping off water to dehydrate the
bridges. Beginning with the colorless solution‘obtained
from refluXing EQPtCl,MhPO3 in water, the solution in
five mL of water was pumped overnight at room temperature
over concentrated sulfuric. aCid, this produced no change
© beyond a slight loss of volume The temperature was
" raised to 65 °Cc for 45 minutes, which produced a purple
solid which luminesced orange, and a small amount of pale
lavender solid with no luminescence. In a different
experiment, pumping for three days at room temperature
produced yellow and purple solids, all of which lumi-
‘nesced green - Addition of water to this mixture yielded '
a red solution as the brown/purple solid dissolved first;
‘Wthh lightened slightly as the yellow solid dissolved
more slowly, the solution luminesced green ' Heating'this
red solution to dryness produced green/purple solids
These solids redissolved in water to give a red solution,
to which.was added (CH,) ,NNO; in an attempt to crystallize
the species in solution; the solution 'turned yel-

low/orange upon addition of the ammonium salt, and was
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put in a refrigerator; No:solids‘of crYstallographic
quality Werelobtained. |

An attempt was.made to make‘the red compound using
K,Pt (NO,), as the starting material instead of K,PtCl,,
reasoning that the removal of chloride might expedite the
formation of the complex, analogous to the formation of
the platinum(IIi) sulfate and phosphate dimers. Reflux-
ing the platinum nitrite'species with H,PO, in water for
50 minutes produced a blackdsolution, probably due to
nitrite ion reducing the platinum to‘platinumvmetal.

The potas31um salt was somewhat sensitive to air and
moisture, and more sensltlve to llght, even stored in the
dark under argon, over a few months the compound decom-_'

posed to a whlte powder

Sodium Salt

The sodium salt of the red complex was formed in the

same manner as- for the potassmum salt, except using

‘NaJ%Cl4 as a- startlng materlal, Nath.Cl4 was prepared

using Amberlite IR—l?O‘C.P ion exchange column converted
to the sodium salt with NaCl.

The sodium salt behaved the same as the potassium
salt, forming the dark purple compound at lonoer‘heating
times; the OCcasional odd reactions observed for the
potaSSLum salt were not: observed, but thls is probablyp
due to the fewer tlmes the sodlum salt was prepared

The sodium salt was much more senSLtlve to air,




30
moisture, and light than the potassium sélt; after a few
days the‘-solid began to turn ofange, luminesce
green/orange, and after two weeks the soiid had turned

white, even under vacuum in the dark.

Methylitriphenylphosphonium salt’

The potassium gsalt of the red‘compﬁund (155.7mg) was
dissolved in two mL’s of deionized water andqpfecipitated
with five mL’s éf a 0.1566 M aqueous solution of (CH;)-
(CeH;) ;PNO; (the same results were‘ obtained‘ for the
bromide salt of the cationf) The resulting flocéulent
red solid was filte;ed from the wvyellow solution and
washed four times with 10 mL of water, and then ﬁith
acetone several times and dried with NabH peliéts in a
drying pistol containing refluxing toluene. Yield was
80.0 mg, or 35% based on piaﬁinum. Aé the solid was
washed with water, £h¢‘washes changed.from.pale vellow té
colorless; more than about four Qashes of the solid with
water caused the washes tb become‘égle yellow again.

The resglting red luminesCent solia.was very stable,
maintaining its color and lumi#escence for‘ﬁonths in air

and light, and over a year in the dark.

Properties

Elemental Analysis
The results of elemental analysis of'methyltriphehy*

lphosphonium salts of the red complex appear in Table 2.
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Several other analyses were performed on early prepara-
tions; the results below are those for the best prepara—l
tions. The discrepancies between the two samples are

attributed to small differences in_the proportions of

different sized polymers present.

Table 2. Elemental Analysis Results for the Meth-

yltriphenylphosphonium Salt of the Red Complex.

sample | % Pt % P sCc | %H $ O%
1 23.31 19.42 | 29.94 | 3.30 23.44
o | 23.65 | 19.74] 31.22 | 3.44 | 21.95

* by difference

The samples were also analyzed for potassium and
chloride, both of Which‘were found to be pmesent”in only
trace amounts (K=0. 19%, and C1<0.4%). |

‘Interpretatlon of these results led to a compound
with a ratio of platinum to cation of 5:6. The multinuc—
learity indicated by this‘data was cause for excitement!
Not only did the intense red lumlnescence indicate an
interesting structure(60), but the elemental analysis
supported such a conclusion. Analysis of these data was
as follows: | |

The number of cations per platinum was easily
determlned by the ratio of moles of carbon to moles of
platinum, as the only source of carbon in the complex is
1.1 cations.

due to the cation; thls ratio is 1 Pt:

The phosphorus present must arise from two sources:
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the cOordinated ligand-and the cation. Knowing the
number of cations‘is‘l.l,lthe,amount‘of,phosphorus due to
the cation wasd subtractedﬁ‘from the total moles of
phosphorus to determineﬂthe number:- of moles of COordinat;
ed phosphorus. In this way the ratio of coordinated
phosphorus to\plaﬁinum was found to be 4:1, as might be
expected from the similarity of the synthesis of the red
complex and Pt,(POP),* .

The amount of oxygen present (by difference) gave an
oxygen to phosphorus ratio of between 2.7 and 2.9:1; this
ratio was higher than the‘2:5:l we would find should all
the coordinated phosphorus be present as pyrophosphite,

indicating the ligand cannot be triphosphite or another

more highly dehydrated form of pyrophOSphite‘(the oxygen

to phosphorus ratlo drops below 2.5:1 for each successive
dehydration beyond pyrophosphlte) Some of the phospho—
rous bound to the platlnum must have been present as
phosphorous acid, which has one more oxygen per phospho-
rus, (a P:0 ratio of 1:3). The coordination of phospho-
rous acid also reduced the oharge on the complex; if all
phosphorus were bound as pyrophosphite, the six cations
per five platinum atoms would leave a highly negatively
charged anion. As phosphorous acid can coordinate as a

neutral 1ligand under these conditions (57), (98),

(99), (100), the apparent discrepancy of charge

of the seemingly low number.of cations was explained.




33

The proposed formula for the red complex based upon

these elemental data was (CH,(CeHs)P)¢[Pts (P,05H,) o (P (OH-

)31) 4] 4H,0, with a structure containing a linear arrange-

ment of five platinum atoms bound by pyrophosphite
bridges, and two coordihated phosphorous acid molecules
on each of the two terminal platinum atoms (Figure 13)

¢

(further evidence to support this structure‘foilows);

Figure 13. Structure of the Red Complex.

Note the disparity between the measured and calcu-

lated percentages of C and O; again, this was attributed
to small contamination of the sample with molecules

havihg»different-chain lengths (six or seven platinum

centers); these complexes would have proportiohately'

higher carbon percentages, as they would requiré more

cations to neutralize charge, and thus lower oxygen
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percentages (remember that oxygen was determined by

difference).

Spectroscopic Properties

Infrared The infrared spectrum of a KBr mull of the
methyltriphenylphosphonium salt of the red polymeric
anion is shown in Figure 14. Table -3 details the IR
peaks of this anion, along with the assignments for the
pyrophosphite dimer and ammonium pyrophosphite; note the
prox1m1ty of the peaks for all three compounds. This
similarity supported the premise that the red compound
contained pyrophosphite bridges. The IR stretches for
the P (OH), groups coordinated to the terminal platinum

atoms fell in the same places as those stretches for the

pyrophosphite groups, and so no separate peaks were

obsgerved.
Table 3. Comparlson of Infrared Absorptions of the
red complex with Pt,(POP),” and NH,POP.
IR Absorb. NH,POP © Pt, (POP) &~ Red
(101) (102)
Vg (PO) | 1212 1085 1073
v, (PO) 1064 910 911
v“(éop) 908 910" 911*
v, (POP) 654 695 665
v (PH) -—— 1320 1307
POH str. --- N 2355
* obscured by v, (PO) absorption

Uv/visible

The UV/Visible spectrum

of the sodi-
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Figure 14. Infrared Spectrum of. the Methyltriphenylphosphonium‘ -

Salt of the Red Complex as a KBr Mull (cm™)
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um/potassium salt of the red polymer in water is shown in
Figure 15. Figure 16 shows the spectrum of a KBr mull of
the sodium salt; note the lack of peaks at 327,308,282,
and 240 cm™. These peaks wére assigned to hydrolysis
products of the red complexlformea in water solution.
Roundhill reported the UV/Visible spectrum of his darker
green compound in 1M HC1l, also synthesized at elevated
temperature, showed an absorbance at 580 cm™, compared
to 516 cm™ for the red compound (Figure 17.) This
,difference, in addition to the difference in color, and
other properties discussed below, indicated a geparate
compound than this red anion,._despite the apparent

similarity in preparation and color.

Fluorescence The results of excitation experiments
on KBr mull and aqueous solution are listed in Table 4.

Aqueous solutions of the sodium salt were observed to

decompose rapidly; over 30 minutes, ten percent of the

luminescence intensity was lost.

These data should be compared with the luminescence

data obtained for the POP dimer by Gray(103), and
Roundhill’s trimeric green compound(GO)f Table 5 details

the electronic spectra for these three compounds.

L.

o —
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Table 4. Results of Fluorescence Experiments -on the
‘Sodium Salt of the Red Complex in a KBr Mull. '
UV/Vis Absorb. Excited ~ Emissions
Very red 265 | 660
appearing | ‘
sample 370 7 406
658 7
‘ 705 (shoulder)
500 ‘ 659

700 (shoulder)

Orange - 260 l 630

appearing N
sample 1_365 , 7 622.
‘ 463 623 ,
Excitation | =~ 623 430‘(shoulder)
profile ‘ ' 472

515 (shoulder)

Note that ‘the absorption spectra for the three
compounds are very gimilar (as both solid and in solu-
tion), while the direction of emmission shift correlates
well with chain Iength‘of’the platinum‘centefs (?ropoSed
~in the literature (60)) as observed in the rhodium

isocyanidé'complexes in solution.




41

Table 5. Comparison of Electronic Spectra for Pt,-
(PQP)4“, Pt, (POPOP),*, and the Red Complex (nM).
Pt, (POP) 4~ R Pt, (POPOP) ,* red complex
Absorb. Emmis. | Absorb. " Emmis. | Absorb. Emmis.
285 | ---- | =270 | ---- | 265 | 660
(270) ‘ ‘
345 i BT Cem e -——— -———
(303) , » ,
368 | 403 368 | 650 | 370 406
514 o SRR | - 658
452 ~ ———-| ss0 | 650 | 500 | 659

NMR Spectroscopy The hydrolysis of the red complex

iﬁ aqueous solution proved impossible to overcome in
obtaining NMR spectra in water; only the resonances due
to the moﬁomeric POP substituted complex and the POP
dimer were observed. However, the solubility of some
gsalts of the complex‘ in organic solvents did allow
spectra to be collected;, Fiéﬁre 18. shows the 3P NMR
A speétrum of the methyltriphenylphOSphoniuh salt in ﬁMSO;
note the broadness of the complex reéonancé centered at
62.1 ppm, due,té‘small diffefénces‘in the environments of
a great many similar phosphorus atomé; the proposed
structure has phosphorus‘atoms'in four different environ-
ments, eacﬁ coupled to at least one, and for soﬁe of the
phosphorus atoms, two platinum atoms. The equally broad
;atellites (1J P-Pt= 3300 Hz, éssentially the same as the

coupling constants reported for the POP dimer and the

Ll _J
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: Figure 18. P NMR Spectrum of the
Methyltrlphenylphosphonlum Salt of the Red Complex in DMSO, llne broadenlng— 50 Hz.
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' POPOP’ dimer of 3250 and 3300 Hz, respectively) indicete

that the phosphorus atoms are all bound to platinum

atoms, supportlng an extended ¢hain interaction between

the phosphorus- and platinum atoms. Also note the

presence of the resonances due to the monomeric and

dimeric POP species; the terminally bound P (OH), groups

would be expected to 'have neafly identical chemical
shifts as the monomer complex, and so the broad resonance
at 75.3ppm, with satellites at 70.4 and obscured under
the satellite for the red. complex at 78.7 (*g pP-P =
992ppm)-was assigned to those phosphorus atoms, shile the
presence of the dimer peak ‘indicated- that even in
distilled, dried DMSOlenough‘water is present to”hydto—
lyze some-of’therred ‘complex to the dimer.

The resonance at 62.1 ppm in the **P NMR spectrum is
the same as that reported by Roundhill for his green
'POPOP’ trimer (60). Roundhill repofted the'vermiilion
red compound to be insoluble in organic and aqueous
media, while our red complex was.quite soluble.in agqueous
medla, while it may be posslble for the same system to

prov1de two dlfferent species exhlbltlng red color and

1um1nescence, Roundhill’s vermillion red compound is

probably the same compound as here described._‘The green

'POPOP trimer’, however, while its reported solubility

and electronic properties show it to be similar to our

red complex, must be different from it.
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Figure 19 shows the *P NMR spectrum of the sodium
salt dissolved in methanol; the monomer and diner are
still present, as well as a myriad of'nen resonances with
platinum satellites. These species are approximately
centered about 83 ppm, with 'J P-Pt ranging from 3194 to
3282 Hz. '

The chemical shift of the broad resonance in DMSO 1s
sllghtly downfield from the resonance of the POP dimer in
water, while the chemical shift of the multiple peaks is
somewhat npfield from the‘resonancevof'the monomeric POP
complex. These chemical shifts indicated that the‘
multiple peaks were due to phosphorus atoms bound in
monomeric platinum complexes,- while the broad resonance
must have been due to phosphorus atoms in a molecule\%ery
much like the Poé‘dimer.' Thus the multiple resonances
must be due to monomeric'deCOmposition products of the
red species having interacted with methanol (the same
results were observed for 10% acetonitrile/methanol)_or
the water in these solvents, while the broad resonance
- was due to a large, extended chain molecule w1th bridging
phosphorus atoms present in a form llke pyrophosphlte, as
the proposed structure contains. .

The multiplicity of the monomeric peaks told us the
- gort of molecule the red compound must be to decompose to
provide so many species. The red anion, formed by

dehydration of phosphorous acid, seemed to be a large




—al . ]
A “ ' i

i

} — - , }
voo e y -
: ' : " PPM

'Figure 19. °'P NMR Spectrum of Decomposition
Products of the Sodium Salt of the Red Complex in 10% CH,CN/CH,0H.
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oligomer of platinum atoms bound by POP-type bridges;
these bridges could consist _of longer dehydrated mole-
cules, such as triphosphite (POPOP), due to the high
temperature at which the complex was formed, but the
.’elemental analysis results, and lack of POPOP resonances
in the 3lp NMR spectra, excluded this possibility. As
this polymer of platinum bound phosphorus atoms began to.
decompose due to re- hydration of the phosphorus bridges

(apparently slow enough’'in methanol to allow observation
of the many resonances)}‘ clearly a very complicated
mixture of platinum complexes_would result; these com-

-pOunds would consist of partially hydrated complexes

containing four, three, -or two platinum atoms, with a
variety of arrangements of bound phosphite/PYrophosphite
ligandS/ as well as the ‘monomeric complex we already
observed. The interactionsubetween therplatinum‘atom(s)

and all these different phosphorus atoms would lead to a
very complicated mixture of species with very similar
phosphorus resonances, as we.here observed.

' No %pt NMR resonances .were ever observed (further
indication‘that we are not observing the same compound
Roundhill reports). This must be due to 'the complexity
of the multiple‘platinum resonances coupled to each other
for the three different kinds of platinum atoms in the

olecule, as well as the added coupling to the different

phosphorus atoms, having the effect of broadening the
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resonances into the baseline. The phosphorus resonances

were obsgserved because of the’ hlgher natural abundance of.

the element, and the presence of four times as’ many

phosphorus atoms as platinum atoms.

XPS The X-ray photoelectron spectrum of the
potassium salt of the red complex‘showedfthe binding-
energy £for the 4f,,, platinum‘electron to be 72.6 eV

(Figure 20.), and that for the phosphorus P-2p electron

to be 132.6 eV (Figure Zi.) These binding energies were

obtained from the spectra by subtracting the plotted peak.

energy in electron volts from the energy of‘ﬁhe‘radiatiOn
used for analysis-- 1253.6 eV. The platinum energy'Was
about 1.1 eV cher than the energy‘reported for the POP
dimer, but was still well within the.range for platinuﬁ
bound to phosphine and phosphite llgands

Thé phosphorus binding energy for the POP dlmer and
the platinum(II) axially substituted'dimers are reported
to range from 133.4 to 133.9 eV, while the value for the
phosphorus in the red compound‘was‘about 1 eV‘lowen, at

132.6 eV, This could indiCate a slight change in the

ligand, such as a mixture of POP and P (OH), mightnprc—'

vide, but is still well within the range for these types‘s

of phosphorus‘compoundsh

Solution Stability

Potassium salt The red, red luminescent soliduwas

.l J
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Figuré 20. Platinum X-ray Photoelectron
Spectroscopy Spectrum of the Methyltriphenylphosphonium Salt of the Red

Complex
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Spectrum of the Methyltriphenylphosphonium Salt of the Red Compléxf:
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very soluble in _wate;, and decomgosed quickly (eee
above); it was also soluble in dieﬁhylphosphite,‘ethylene
glycol, DMSO and DMF, producing; red to orange)green
solutions (fon eth&lene glycol), which luminesced orange
to gfeen. DMSO and DMF solutions could be very stable,
remaining dark red with red/orange luminescence fer
several months. v

The solubility of the red complex in non-agqueous
media appeared to be very dependent upon the-presence ef
residual acid as phosphoroue acid. Some prepaﬁatiOns‘
appeared to be totally insoluble in the above solvents
until small amounts of phosphorous acid were added. In
addition the presence of the acid seemed to stabilize the
complex, in that preparations with low solubility.also

showed much less red and more green color and lumines-—

cence.

Sodium Salt The sodium galt behaved much like the

potassium salt in its solubility charactenistics, with
the exception of solubility in more organic‘eOlvents;
this salt was somewhat soluble in wet methanol and
acetone, and 10% acetonitrile/methanol, as well as DME
and dlethylphosphlte, giving red/orange solutlons w1th
orange luminescence. If the SOlld was dried in a drylng"
pistol overnight, it was 1nsoluble in all the organic
solvents but DMF. The solublllty in non- aqueous solvents

wasg even.more dependent upon acid presence than for the
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potassium salt} 30 mg of solid in 2 mL of DMSO and DMF
each produced pale red solutioﬁs; addition of one drop of
water made the .solutions paler; bﬁt a few drops of a

saturated aqueouS‘sqlution of phosphorous acid caused the

éolutionvto tutn‘much redder,.with orange luminescence.

One pfeparation dissolved.in bulk‘acetone gave a moder-—

ately:dark red solution upon‘addition of phosphorous -
acid; ﬁhe solution turned yellow/orange, With‘pale green

luminescence upon addition of one drop of water.

‘An old sample of the salt (which had turned orange)
was insoluble in 10% acetonitrile/methanol until a little
phosphorous acid was added, at which point the solid
.became red and red luminescent, with a green luminescent
solution; this solid was insoluble in ali organic
solvents except DMSO and DMF, which produced pale green

solutions.

Methvltriphenylphosphonium Sailt The solution

behavior of the nitrate and bromide methyﬁriphenylphOS—
phonium'sa;ts were identical: insoluble in waﬁer and
most -organic solvents; only DMF, DMSO * and sulfolane
provided relatively concentrated fed, red luminescenf
solutions. 'Weak solutions were obse?ved in diethylphos-
phite (pale red solution and luminescence, but after 15
minutes the luminescence disappears, and purble‘solid
precipitates), methanol, 10% acetonitrile/methanol, and

acetonitrile (orange to red solution, orange lumines-
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- cence), acetic acid (pale orange solution and lumines-
cence, but turn green), and formamide (green solution and

luminescence.)

x—raVVCrvstalloqraphy

In no case were any crystals of the red anion
obtaiﬁed of suitable quality for X-ray analysis.~ The
only such orystals co;lected‘were_deri&atiyes of the red
complex formed by reaction with the halide coupter-ions‘
of 1arge cations (like (Bu),/,NCl or (CH,;) ,NBr) added-to try
to form crystals of the red anion. |

Aqueous ‘solutions of the potassium salt of the
complex formed green metallic needles with (CH,) ,NI, .and
.orange to red needles with (CH;),/NBr and (Bu),NBr.
Solution of the structures of these.derivatiVes gave the
dihaloaxially substituted POP dimers, Pt,(POP),I,”” (unit
cell 16.0086,16.8876, 16.3354) and Pt,(POP),Br,”” (unit
cell 15.2880, 15.2921, 11.6217), with no differences in
the anion structure from that reported. Crystals were
obtained appearlng to be of the red compound (red color,
red phosphorescence), but were found to be phosphorous

acid contaminated with small amounts of the red complex.

Crvstallization Attempts

Aqueous Solvents Many separate attempts were made

at crystallizing the red luminescent cation from aqueous

solution using large anions or liquid/vapor diffusion of

L
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'organié solventg., In every case but the two mentioned
. above, no crystals pf‘sufficient quality for study by =x-
ray diffraction were obtained; see Table_6 for detaiis

and resulﬁs.

Table 6. Results of Attempts to Grow Crystals of
the Postassium Salt of the Red Complex in Aqueous

Solution (Room temperature unless noted.)

Method Results

Ba (NO,) ; cloudy, orange lumines-
7 cence

Rb (CO,) - yellow, no luminescence

Rb (CH,COO) ,

orange, no luminescence

Sr (NO,) ,, SrCOs,
St (CH,CO0) ,

orange, no luminescence

Al (CH,C00)

burgundy, no lumin.

) (NHa) 2C03

“yellow, no luminescence

Li,CO,

| orange, no luminescence

. - (Bu) ,NNO,, also low
temp. .

orange, orange lumin.

(Bu)ANCllralso low temp.

| orange and red crystals

(Bu) (,NC10,, also low

‘ lavendér'solid

temperature

 (Bu) NI, also low
temperature

yellow spindles, and

'green metallic spindles

:(Bu)ANBr, also low temp.

orange and red crystals

(Me) ,NBr, also low
" temperature

-yellow and red spindl=-

es, and red crystals

(Me) ,NI, also low tem-
perature

green and yellow spin-

{ dles

(Me) ,NNO,;, also low
temp.

| red luminescent solid

 (Me) ,N'HC1 =~

ruby red solution

NH,CH,CH,NH, HC1

red, red luminescent

.'solid
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“Table 6., continued.

Method R : Results
(Eth)JJHNO3, also low | orange, orange lumines-
temperature _ - | cent solution
(Eth) ,N'2HC1, also low | red, and green metallic
temperature N 'solid
(Ph,As) ,CH, _ yellow solution, greéen

: : ~ | luminescence '
(Ph) ,ASNO; |  burgundy solution
Me (Ph) ,PBr, Me (Ph) ;PNO;; hred, red luminescent
diffusion, layering solid; yellow spindles
- (acetone or methanol
solution)
degassed water o 'no solid

Non-agqueous Sol#ents Becsuse of the hydrolysis of

the red compound in water, non—aqueoﬁsrsolvents seemed a
promising way in which to obtain crystals; Tables 7, 8,
and 9 list the results of ~attempts. In all cases, no
golid of sufflclent quality for crystallographlc analys1s
was obtalned In a single case, a solutlon of the‘sodlum~
galt of the red compound. in acetone pre01p1tated red
lumlnescent crystals,  which proved to be a form of

phosphorous acid contamlnated with the red compound.
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Table 7.

Results of Attempts to Grow Crystais of the

Sodium Salt of the Red Complex in Non-aqueous Media

for X-ray Diffraction Analysis

(conducted at room

 temperature unless noted.)

Solvent Results
Methaﬁol withngPda, low | red, red lumineseehtrery—rw
temperature stal
acetone, lew temperature“ no solid
acetone,revaporatien green soiid
DMSO, Me,NNO, red solutioﬁ, ne solidr

DMSO, Ph,AsCl'HCL

| red solution,

no solid

DMSO, saturated HiPOj (.

redder . solutlon no SOlld

DMSO, layer w1th cyclohe-
xylamine

‘yellow solution, no SOlld

redder solutibn,no solid

DMF, saturated HyPO;j(q

DMF, Ph,AsCl'HC1l, low tem- | red -luminescent solid
perature

DMF, Me,NNO; : floceulentrorange solid

' DMF, MePh,PNO;, layer with | red solid

benzene :

Table 8. Results of Attempts to Grow Crystals of the

Potassium Salt of the Red Complex in Non-agueous
Media (room temperature unless otherw1se noted) .

Solvent ethod Results,
DMSO MePh,PNO,, lay- peach solution,
ered with ether, | orange lumines- .
| acetone cence
(Et) ,POH layer with ether | no solid
layer with ben- |{no solid
zene - 7
layer with eth- | no solid
ylene glycol ‘ o
| layer with tolu- | no solid
ene .
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Table 8., continued.

Solvent

Method

Results

(Et) ,POH-

ethylene glycol

layer with CCl,

layer with ether

' no solid

red solution,
green lumines-

. cence, no solid .

rable 9. Results of Attempts to Grow Crystalls of
the.Methyltriphenylphosphonium Salt of the Red Comp-

I lex for. X-ray Diffraction in Non-ageous Media.

Solvent - Method Results
. CH,O0H cool hot satu- yellow to red
| rated solution solution
layer with ether | yellow solution
vapor diffusion red solid (5
of ether at low days)
7 temperature , 7
10%CH,CN/CH,0H ~layer with _yellow solution,
' ether, isopropa- | orange lumines-

| nol, cyclobenze-

ne; mix acetone

cence

CH,CH (CH,) CH,

cool hot satu-

rated solution -

none

DMSO

| few drops conc.
| BNO,, HOAc, H,S0,

colorless, hot

| layer at low

| temp. with ace-
i tone, ether,
benzene, tolu=

ene, CH,Cl,‘\

- red to orange
. solutions,

no
solids

KSCN ' pink, green lu-
{ min. solution
NaCN yellow solution
Ph,AsNO, yellow to orange
Me,NNO, golutions, no

solids

Bu,NNO,
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Table 9., continued.
Solvent Method Results
" DMSO | Ph,P colorless solu-
7 tion; no solid
Et,NCSNa yellow solution
. Ethylenediamine | dark solﬁtion
 pump off solvent Hno volume loss
in two weeks
DMF | pump off solvent | green, redrsolid :
cool saturated Ired‘solution,‘no,'7~‘
solution ‘ | solid .

“iayer with 95%.  orénge solution, ||
ethanol, abso- . | no solid -
lute ethanol,

- ether
Formamide | cool saturated ' green, . green ‘
| solution lumin. solution
Sulfolane' cool saturated | red, green lum-
7 solution | in. solution
H,PO, melt vellow, green
‘lumin.‘solutionr
Reactions

The methyltriphenylphosphonium salt of the red anion
was dissolved in DMSO and reacted with several different
ligands and acids (Table 10.) These reactions probably
reflect decomposition of the oligoméric red complex to

form axially substituted POP dimeric molecules, and

variously substituted monomeric complexes.
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Table 10. Results of Reactions of the Methyltriphe-

nylphosphonium Salt of the Red Complex.

Method

Solvent Results
- DMSO excess KSCN,heat | yellow, green

" | KSCN, room temp. | luminesence

conc. CH,COOH, | brown, green

luminescence

| heat

| conc. HNO,;, H,SO,

| colorless, hot

P (CgHs) 5 irno'reactiOn
7 NaCN | yellow solution
| NH,CH,CH,NH, | dark yellow,

green lumin.

vellow,green

(CH,CH,) ,NCS,Na
: | luminesence

orange solution
| and luminesence

(CH,CH,0) ,POH

pH 7 PO, buffer | NaCN N
. (CH,CH,) ,NCS,Na +
‘ ~heat

| yellow solution

vellow, green

(CH,) ,CH,0H
‘ luminesence

yellow, green

melted H,PO,
o -1uminesénce

A polymeric, pyrophosphite bridged platinum(II)
complex has been characterized by elemental analysis,
spectroscopic propertiesf and reaction chemistry, and a
structure proposed. We will now éonsider the formation
of the sulfato- and phosphato- Pt,X,>” dimeric complexes

by a reaction scheme the reverse of disproportionation.
The Concept of Reverse Disproportionation

Much of the synthesis of coordination compounds

involving intéermolecular metal-metal interactions has
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been fortuitous(Chapter I'); in an accidental fashion a
gsoup of proper reagents has allowed the isolation and
‘characterization of novel multinuclear clusters. . While
providence is always appreCiat-ed, it is desirable to make
new compounds with multiple metal ‘atom cores in a more
reasoned, systematic approach if the scales can be
weighted by design to direct a series of reactions toward
a goal compound, we can introduce small changes in a
: process, examine the resulting products, and then alter "
'again the procedure until we: understand how a given group .
of compounds form. ‘

Many of the platinum metal clusters discussed in the
introduction were discovered accidentally; of particular
interest in the work that | follows are the
phosphate/sulfate plat.inum(III')- dimers, Pt, (SO4)42‘ and
Pt, (HPO )42‘, made from ‘the reacti.on of platinumv(II) with
the strongly OdelZlng mineral acids H,SO, and H,PO,..
After proceeding through several color changes, products
are isolated; these colors indicate that. several probably o
complex intermediate steps precede formation of the.‘
dimeric_ products.‘ These steps surely play an important
role in the observed variability of v-product _yield, and
the difficulty in reproducing results. If we imagine a
S:mele ‘scheme. by which we could 'make these compounds'

directly, the reproduceability of the syntheSis and yield

‘should be improved.
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The sulfate and phosphatevpiatinum(III)‘dimers are
formed with the reaction of the tetranitritoplatinate (II)
ion with oxidizing acids(36); brown gas.is evolved at
étages throughout the color changes of the reaction. The
formation of NO, gas, as ﬁell as a platinum(III) product
from plétinum(II) starting material, prove‘that somel
¥edox processes are gbing'onw_ ’Crystals isolated by
Peterson and Min from the soup df'intermediates support
this conclusion as well (47,48), for the compounds have
coordinated nitrosyl  groﬁps,‘ £he‘ result of ;partiaily
reduced nitrite ion. It seens réasonable to conclude
that as the nitrite ion is reduced to nitric oxide gas,
and then dissoci;tes from\coordiﬁétidn with the metal,
that a platinum(II) is ogidized to platinum(IV). It is
plausible, then, that a platinum(IV) ion and a
platinum(II) ion may combine to.form two platinum(III)
ions, ‘in a scheme like the reverse of dispropor-
tionation(48). Perhaps the. dimers can be made by a more
direct method, such as this. If,thié scheme occurs,.fhen
the appfOpriate’piatinum(II) énd platinum(IV) starting
materials, reacted with sulfaté‘énd phosphate, should
provide the desired platinum(III) dimeric products.

These thoughts suggest a series of direct
. experiments to see if this reaction séheﬁe‘might indeed
work; it is sensible to do ekpevriment_s on the known

compounds to see what they can tell us. If we can learn
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more about the mechanism of dimer disp:opdrtiohation,
‘this might shed some light as to how they may be formed

by the reverse of‘disproportionétion.

Reactidnsrwith Hvdrochloric Acid

When the platinum(III) dimers decompose, what
products are obtained? Two possibilities exist-- either
new plgtinum(IIi) compounds form, gr ‘separate
platinﬁm(II) and platinum(IV) compounds form, Since
chléride ion is a good ligand for platinum, and the
platinum‘ NMR .spectra of PtCl,”” and PtClZ are well
understdod(104),(105)L(106) reaction of
the dimer unit with concentrated hydrochloric acid is an
‘obvious choice.‘

A'SOlution‘of KgEtz(SOQ; was ﬁade‘by.diséolving 25.8“
'mg of the dimef in 2 mL of D,0, and the platinﬁm NMR
spectrum obtained (Figure 22); no other peaks were ob-
gerved. 'Ap?réximately one-half mL of concentrated
hydrochloric acid was added, and the solution heated
(color changed to yellow/orahge from pale orange.)
Figﬁre 23 shows the resulting NMR spectra of the three
regions (pléﬁinum(III), platinum(IV)., and platinum(II).)
Tdentical results were obtained for the phosphate. dimer;
the dimer disproportionated in hydrochloric acid to form
equimolar quantities of platinum(IIf and platinum(IV),

without the formation of detectable intermediate species.
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So,  the platinum(III) dimers  undergo. facile
disproportionationuto‘form;platinum(II) and platinum(IV)

species.

Reactions with Barium Ion

How stable are the platinum(III) ‘dimers> HCl lS

quite a vigorous environment in which to decompose theses

complexes; what if less strenuous conditions are used?

For instance, how many bridges are required to hold the.

dimeric unit together? If the ‘complexes ate durable

enough to hold together Wlth only one or two bridging -

ligands, we could use such molecules as buildingrblocks
to construct new compleres. |

A solution of the sulfate dimer in mater was treated
sequentially with equimolar amounts of barium
perchlorate, reasoning that a shirt in the platinum NMR
resonance of the dimer peak would be observed as one,
then two, and perhaps three sulfate‘hridges were removed
from the-complex, until the complex‘fell apart to yield
a platinum(II) resonance and a platinum(IV) resonance. |

The results of these experiments in water, and in
1M HC1O, (to stabilize platinum(ITI) complexes(106)), were

identical.. Even with the addition of one:equivalent of'

barium ions, the resonance of the dimer- peak slowly

decreased over 36 hours until the resonance was gone

(Figure 24.) Additionally, no new resonances arose in.
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‘either'thegplatinum(Il) oi-platinum(IV)'regions, suggest -
ing that the decomposition products_of‘the dlmer are not
simple, mononuclear complexes (for we would have eeen
their resonances) unless a very strongly interacting
ligand is present (like chloride). Perhaps the lack of
resonances is due to the formatlon of a polymeric species
as discuseed in Chapter I, whose platinum‘NMR resonance
is broadened so much it is unobservable. !

‘These experiments suggeet that it will not be
p0331ble to form partially brldged (less ‘than four
brldges) complexes to lead. to new complexes with a

mixture of dlfferent bridges, such as Ptz(SOQ (HPO,,)2 or

the like.

Reactions with Aqueous Sulfate Ion

The platlnum resonances of solutions of the Pt, (X) &
dimers in water or D,0 were found to decrease in
intensity over one'to two months; no new peaks appeared.
It was thought this might be due to slow dlssoC1atlon and
loss of the bridging llgand,z resultlng .in complex
decomp091tlon (as demonstrated above ) Perhaps if the
ligand concentratlon in solution. were high enough,‘
brldglng molecules would be avallable to replace a
dissociated llgand and the dimer would be stabilized.

To test this 1dea, solutions of 2 M LlZSO4 in water

were prepared, into which the dimeric sulfate was
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dissolved (frequently requiring - heating); the same
results observed for aqueous solution were observed for
these sulfate solutions-- -loss of the dimer resonance
over one to two months, with the appearance of no new
resonances. Solutions of the platinum(III) sulfate dimer
in perchloric acid -with 2 M Li,S0, behaved similarly.
Evidently po‘lyme.rization of . the complexes is not affected
by anything but the most stabilizing _licjands (1like chlo-
ride.) Even solutions of the dimer in its concentrated
acid, containing '16-18g~'ligand, lose res_onances over the-
same tixﬁe span.

This appears to be a .contradiction!" How can the
platin’u.m‘(III)r dimers form in an en.vironment in which they
seem to be unstable; i.e., Pt,(80,),* forms in-
concentrated H’ZSO,“ yet decomposes over one to two months
in the same environment. It seems that the dimers must
‘be merely long lived, relatlvely stable :.ntermedlates on
a path to larger order oligomers. Thls is cons:.stent
with the iow and variable yields of the literature
preparatio‘ns of these compounds-- nnder slightly
different conditions one would expect the ’equil,ibrium_
required to precipitate the plat:.num dimers would be
dn.srupted, under proper cond:.t:.ons the J.ntermedlates of
the reaction precipitate from ,solntlon and can be
isolated, but ‘when the ‘conditions are not .‘met the
reaction proceeds, to the lar’gejpplymeric_products,.. _It ._
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appears that Pt, (50,) & and Pt, (HPO,),>” could be only the
first step intermediates on the path to large polymeric
complexes (85, 92-95). | |

We now know that the dimer"ic nnits do not hold
 together with less than four brldges, 1n the absence of
a strongly coordlnatlng ‘ligand l:.ke chlorlde the products _-
of dimer d'ecompos.ition appear to ‘polymerize to form
_molecnles with unobservable platinum resOnances, and with
-a strongly coordinating ligand lik‘e chloride the- result
of decomposition  1is di‘sprobortionatio'n of the
platinum (III) dimer to form :PtC‘l,,z; and PtCl. . |

From these results it  appears that reverse
dlsproportlonatlon might well be a way in which to 'tackle
the systematlc formation of dimeric compounds similar to
Ptz(SO;,),,z' and Pt, (HPO,) ,»°, if. we can f:Lnd the appropriate:
:platinnm(II)‘ and platinum(IV)‘ ‘ start:.ngr mater:Lals that
avoid these polymer:.zatn.on problems and lead directly to
the dimers. What character:.stlcs should these startlng‘
materials have? They should ex:.st as stable, 31mp.le
mononuclear species in acidic solutions (because the
‘literature preparations occur in strongly acidic media),
and . preferably basic solutions as well (to give some‘
flexibility in reaction conditlons) ;, SO re‘actants can be
easily characterized and tracked by platinum NMR
spectroscopy; they should also contaln-we.akl_y coordinat-

ing ligands (such as NO;~, CF;S0;7, OH/H,O, or the like),
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se that when the des.ired ‘ligar’x.ds -(‘sulfate and phosphate)
are added, the starting ligands wiil be easily replaced.
The first step is t'o determine what compounds. would
be appropria{:e for the platinum(IV) and platinum(II)
react‘ants by studying - the et'ability of veriouvsly

substituted complexes in acid and'base.

The Nature of Platinum(IV) in Acid Solution

We need to find a pflat‘inu‘ml(IV)'- species which is

stable in strong acid,. and hes- a °°pt NMR spectrum so we

‘can ob_serve chenge‘s in the Spercie,s‘ as - :'Lt reacts (we
expect) ~ with a platinum(IT) complex to form a

platinum(III) dimer. As a ’.f‘irst try, K,Pt(OH), seems

reasonable, for the crystal structure and %Pt NMR,

resonances - have  been ‘reported (104), (107),

(108) . The compound is formed in ) very basi‘c-

solution; dissolution in strong a‘cid".migh—t_ be expected to
~ protonate some .of the coordinated hydroxide, but

otherwise yleld a. well behaved compound which mlght

substltute coord:.nated water/hydrox1de w1th sulfate or

phosphate, and so provide = a ‘ precursor "to the
‘platlnum(III) d:.mers‘ |

In the follow:.ng exper:l.ments, platinic acid was used
interchangeably with K,Pt (OH),; by' platinic acid. we mean
the yellow, neutral solid which is precipitated from

pasic solution, but is not recrystallized to yield
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K,Pt (OH)¢. The amount of profonation of this compound isf‘

unknown, as is the structure; it could be; a simple

I3

monomeric molecule like K,Pt (OH)g, or it might be some

kind of network (93-96). In either case/ thé reaction

behavior of both the recrystallized Pt(OHQGb and platinic

acid were found to be the same.

Formation of Solids with Strong Mineral Acids

Solutions of K,Pt (OH), or neutral platinic acid in
strong mineral acids (phosphoriq, sulfuric, perchloric,
nitric, or trifluoromethanesulfonic acid) all. formed
red/orange precipitates. This ‘agreed‘ with earlier
réports (93), (94). The rate at which these solids
formed depended upon the acid used; for sulfuric and per-

chloric acids, the precipitates formed very rapidly (one

to two minutes at room temperature for the concentrated

acid), while the remaining acids reacted more siowly (as

long as overnight for concentrated phosphoric acid) .

Reactions with concentrated acetic acid behaved

differently, causing the solutions to turn black as the

mixture was heated; no reaction occurred at room
temperaﬁure. |

Variation of platinum concentration seemed to have
no effect on the formation of the precipitates; acid

concentration, however, did have a small influence. At

room temperature, low acid concentration of 0.01M or less

LI )
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was not acidic enough to dissolve the platinum. At 0.1M
acid the platinum dissolved, except for phosphoric acid,
and precipitation occurred; for phosphoric écid the acid
concentration n‘tust be near 1M to obtain‘ a solution.
Elevated temperatures caused'thelrate of precipitation to
increase; at 100°C all solids are formed in a minute or
iéss, even at lower acid concentrations. " If the acid
solution was kept cold in ice while the platinum
dlssolved, colored solutions were briefly obtalned, these
solutions had observable 195Pt NMR resonances (see below)
which quickly disappeared shortly before precipitation
began.

Precipitates all appeared as homogéneous powders,
and rangéd in color from pale yelldw to red-orange.
Attempts to grow crystals by reducing feaction rates
(iower temperature or concentrations) proved fruitless--
either solid still precipitated‘tOO‘quickly for crystal
growth, or no‘solidgprecipitated at‘all; iayering of acid
solﬁtibns with organic solvents (acetone, acetonitrile,
alcohols), of slow‘reduction of solutionvvolume by vacuum
similarly yielded no crystals.

If Qe made solutions of“E(th'(OH)6 or platinic acid
in 1M NaOH first (in which we know the complex to be
stable), and then added concentrated acid, we obtained
yellow solutions for nitfib acid, and orange solutions

for the other acids; nonetheless, precipitates still
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formed, but more slowly (Qne to three days.) The
solutions thus obtained before precipitation commenced
showed '°°Pt NMR reéonancés at 3307 and 356lppm (Figure
25B) . The 'former resonance was assiéped as the
protonated‘Pt(OH)sé species, due to the proximity to the .
reported resohahce of Pt(OH)Gb;‘this doﬁnfield shift has
frequently been observed by us for species in strongly
" acid media. The second resonance was ﬁhat due to
(HO)4Pt(u-OH)th(OH)4F(106), which formed in 'variable
yield-in preparations of platinic acid (lending some
support to thelnotion that platinic acid is not merely a
simple mononuclear compound.) | |

Comparison of Figures 25A and B tell us sémething'
about thé effect acidity has on these two compounds;
Figure 25A is in 1M NaOH solution, while 25B is after
addition of concentrated sulfuric acid; upon addition of
the acid there was a.brief formation of lightiy colored
solid,vbut it redissolved immediately. Noté that while
the protonated Pt(OH)J" resonance shifted downfield
gsomewhat (up to 40ppm), the dimer ;reson.ance did not
shift; thus,_the monomeric species appeared to be more
sensitive to changes in acidity than did the dimér. Thié
was probably due to differences in'_the ease of
iprotonation of the coordinatea hydroxide groﬁps in the
two compounds; the coordinated hydroxides of the ﬁonomer

must be more basic than those of the ‘dimer, for they
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appeared to be more easily Aprotonated than the

coordinated hydroxides of the dimer.

Loss of Platinum(IV) NMR Resonances

Solutions of platinie acid in acid‘showed initial
1”Pt NMR spectra of the monomeric protonated Pt (OH)¢* ion
(and dimeric.(OH)4Pt(u—OH32Pt(OH)f‘ ion if present) that
lost intensity within a day or two to yield,no peaks in
any reglon of the platinum spectrum. Figure 25 shows the
progressive .loss of the protonated. Pt(OH)Gb' peak in
conCentrated sulfurlc'a01d.‘ Spectrum A is a mixture of
the monomer and dimef-in 1M NaOH; the solution was kept
cool with ice as concentrated sulfuric acid was added
" dropwise to bring the pH to approximately zero. Note the
rapid loss of the pt (OH) &~ peak, and the less rapid
decrease of the dimer peak. |

This is bad news. -These platinum (IV) complexes in
acid appear to behave the same way the decdﬁpOsition
p£0duets of the platinum(III) dimers”do¥; formatien of
multlnuclear molecules whose NMR.resonaces broeden to the

point of belng unobservable

Elemental Analysis

Elemental analysis of the solids obtained from

sulfuric and phosphoric acids indicate multiple platinum
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‘ atoms per molecule (Table 11.)' The ratio of platinum to
sulfate wes between 3:1 and 5:1 (agreeing well with
reports by Ginzburg(95)),; and the platinum to pnOSphate
ratlo was 12:1; these high platinum to anion ratios
1nd1cated that the compounds were composed mostly of
platlnum,and oxygen/hydrogen, no other atoms were present
to aecount for such a.large‘perCentage of the mass. Few '
anions and several platinum atoms suggest widely dis-.
persed charge over ‘a large molecule, as might be expected
with a large, extended chain metal oxide. This polymer-

ization is not unusual in metal-oxygen chemistry (73-96) .

' Table 11. Results of Elemental Analysis of Sollds
Obtained from Reaction of Platinic Acid with Sulfu-
ric and»Phosphqric Acids.

Sample $Pt %S $p | ratio of
‘ ' ‘Pt:anion
H,S0, 54.69 1.8 -—-- '5:1
43.86 2.3 -———- 3:1
H,PO, 48.80 -—-- 0:63 12:1
Solubility

The solids were ineolnble in organic solvents, as
well as in boiling water and concenttated acid at 110°C--
only hot HCL dissolved tne_solids, to give an orange
solution with a '%°Pt NMR resonance at 0 ppm for PtCle”

Reaction of EQPt(OH)J‘ or‘platinic acie in DME or

DMSO, to which were then added a few drops of concentrat-
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ed acid to obtain solutions, behaved no diﬁferentlj than
reactions run in water; solids formed at essentially the
same rate, having the same color and'solubility-proper—
ties. | |

As the same results were observed for the reactions

run in aqueous and.non aqueous solvents (DMSO, DMF), this

suggests that water does not play a role in the polymer—
ization, indicating an intermolecular type‘of'polymerlza—
tion that no doubt involves dehydration of coordinated
hydroxide/oxide to create bridges between atoms.

How can we learn something about the nature of these
polymers? Sinoe‘we know the platinum is present as
platlnum(IV), perhaps reducing the polymer4with formic
acid will break it wup into small platlnum(II) complexes
that we can study uslng:NMR.spectroscopy; Unfortunately,
these reactions provided black solids with no platinum
resonances in solution; we could. not affect a partial
reduction the platinum in the polymer to platinum (IT);
once reduction began it proceeded all the\way to yield

only platinum‘metal.

Oxidation of Platinum(II) to Platinum(IV)

The goal of this group of eXperiments_has been to
understand the chemistry of platinum(IV) in acid, and so
to find an appropriate starting material with which to

form the sulfato- and phosphato- platinum(III) dimers.

delod ol
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The polymerization that the pletinic acid compounds seem
to undergo in‘acid is undesireable;,for it prevents our
observing-the changes in the platinum (IV) spectrum, and
"so at first glance prevents using such compounds as
reactants to form the platlnum(III),dlmers. We want to
be able to watch the formation of these ‘dimers in
solution using NMR spectroscopy, and the polymerization
obscures part of the picture. What other forms of
platlnum(IV) could be used?

We know that the dimers decompose upon.loss of one
of the bridging ligands; what if we start with a

platinum(IV) species which already has some of the

bridging liéands coordinated? For instance, if a

platinum(IV) complex with coordineted sulfate end, a
platlnum(II) complex with coordlnated sulfate are used,

and then are reacted together in concentrated sulfurlc

acid (to keép the ligand coéncentration high), perhaps the

two compounds will join to form Ptz(SQ4)f'. ‘We can
envision that as a coordinated- sulfate‘,on‘ the
platlnum(II) dissociates, for 1nstance, the dangling end
of a sulfate on the platlnum(IV) could coordlnate, and
thus brldge the two metal centers

How can we make platinum (IV) species  with
coordinated sulfate? Direct reaction of a_platinum(IV;
complex with sulfate might work, but the low lability of

platinum (IV) will cause problemsl (in fact this was

Ll
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observed to be the case in our‘hands); What‘if we form
sulfato-substituted platinum(i1)< species,~ and then
oxidize them to platinum(IV).? The chemistry of Pt(Hz,())42+
with llgands llke sulfate, phosphate, and.nltrate is well
understood through  *°Pt NMR spectroscopy studies (106),
and it should be simple to oxidize the complexes to
platinum (IV), and thus trap the coordihated ligands (like

sulfatezor{phosphate) in aosubstitUtionally inert complex

to providefa compOund we can,react;with platinum(II) to

try and form the platlnum(III) dlmers

' Chlorlne ox1datlon of transltlon metal complexes is
well known(l), and ox1datlon of PtCl4% with chlorlne gas
is a facile method of produc1ng PtClJ'(lOQ) The
mechanism of chlor1ne'ox1datlon has been determined to
involve the coordination of a‘chlorine molecule to form
a Cl-Pt-OH, axis perpendiCular to the original‘
coordlnatlon plane . of the platinum(II)(le) (which

produces a single chlorlde coordlnatlon), then releasing

‘the remalnlng chlorlde 1nto solutlon

When a solutlon of Pt(H4n4“?1n 1M HClO4'was bubbled
with Cl, gas for 30 seconds,‘the only'lﬁPt NMR resonance‘
observed fell at zero‘ppm, correspondlng to the PtCl*
ion. What if the tetraaquaplatinum(II) ion Qith'
substituted‘sulfate or phosphate,were oxidized?-- this
should-provide new; stabiey easily characterized (by NMR

spectroscopy) platinum(IV) complexes with
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sulfate/phosphate ligands. These compounds would then be
part way towards the formation of the platinum(III)

dimers we wish to produce by reverse disproportionation.

Ooxidation with Cl,

Solutlons of the tetraaquaplatinum(II) ion inulg
perchloric acid, with K,80, added to‘provide‘an eéullib-
rium distribution of species (Figure 26) were pubbled
with chlorine gas‘for thirty seconds at room'temperature.
The peaks observed in the 195py NMR spectrum for the
platinum(II) sulfate substltuted complexes dlsappeared,
and four new resonances formed (Figure 27 ) The peaks
around 2300 ppm must be those for compounds contalnlng
two chlorlde ions due to the much larger Shlft caused by
chlorlde substitution (about 400 ppm) than for sulfate
substitution (about 70 ppm) . Similarly, the peaks at
2862 and 3040 ppm represent compounds with one chloride.
Note that‘since the dlfference in each pair of peaks is’
about the same, the resonances do not indicate ols/trans
isomers with respect -to chloride_location (the downfield
peak has only one chloride!), so the peaks represent
compounds‘dlffering in the number of substituted sul-
fates The downfield peaks are assigned as having one
sulfate, and the upfield peaks as hav1ng no sulfates
(analogous to the platlnum(II) peak a531gnments) - These
.assignments agree well with ‘the reported resonance of

PtCl (OH) >~ at 2840 ppm, and trans PtCl(OH)f’ at 2208
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ppm. Note the’trend in the shift of the resonances of
the complexes in acid solution relative to the resonances
in.base; in all caseS‘eXCept‘for hexachloroplatinate (IV),
the peaks for the cOmpounds'shifted downfield'from.l4 to
354 ppm (Table 12.) If we compare the relatlve intensi—
ties of the platinum(IV) peaks ‘'with the platinum(ITI)
-peaks from which they arise, however, the inten31ties are

wrong.

‘Table 12. Comparison of 195Pt NMR Chemical Shifts of
Chloride Substituted Complexes of Pt (OH) ¢ in Acid
and Base Solution. o

Condit- Pt (OH) ¢ | PtCl- t'r‘ans-Pt— :
- ion 7 7 | (oH)s* C1, (OH) ,*~
Base | 3290ppm | 2840 . 2208
acid | 3307 | 3040 |

Elding reports ‘only one. chloride is added wupon
~oxidation with chlorine gas; the other‘ chloride ion
remains in solution. We observe the formation of the
monochloro- species, but we also see the formation of
dichloro complexes; how does the Secomd chloride
coordinate? Once the platinum is oxidized to.
platinum(IV), the complex should.ﬁbe substitutionally
inert, preventing further chloride coordination. There
is something unexpected gOing on here.

Since both mono- and dl -chloro species. exist after
oxidation, we might expect the formation . of ‘more

dichloro—platinum(IV) than monochloro;platinum(IV);'the
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dichloro- complexbuses up two chlorides for éach chlorine
molecule, while the monochloro— species ’has left a
chloride‘ion in solution. This remaining chloride seems
to coordinate to the oxidized metal, thus producing more
dichloro- complexes than monochloro- This appears to be
the case, judging by the s1gnal to noise ratio of the‘
baseline in the two spectra | |

We have a problem, the goal was to make: platinum(IV)“
~ species with coordinated sulfate (for instance), and one
chloride. ‘Instead we formed. complexes ~with more
chlorides; the.'presence of chloride is .expected to
inhibit'dimer formation, for.we‘know that’chloride is a
strong enough ligand that it prevents the polymerization
of the‘ decomposition products of the platinum(III)
dimers, and will no doubt similarly prevent the formation
of the platinum(III) dimers; for 'such a strongly
coordinating ligand the likelihoodj of- chloride
replacement by sulfate or phosphate to form the dimers‘is
small. |

" What more :can we learn about this ‘oxidation?
Perhaps a different ligand will‘behave differently.

Solutions of Pt(HzO)42+ in 1M perchloric ac1d with

KNO3 added to form an equilibrium mixture of nitrato-
substituted species (Figure 28) . were bubbled with
chlorine gas for thirty seconds, the platinum(II) peaks

disappeared, and several new peaks arose (Figure 29A.)
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The resonance‘at 1607.5 ppm must have three chlorides,
the peaks clustered around 2250 ppm must hare 2
chlorides, and the 2711 ppm peak one chloride ‘based upon
the chemical shift for sequential chloride substitution
Two days later the spectrum in Figure_29B was obtained.
A new peak at even higher chloride substitution appeared
at 990‘ppm (the other new peak at 1121 ppm was afnoise
spike at Ol due to pulse breakthroughj,'aéreeing With‘the'
resonance reported for cisLPtC14(OH)f‘ | -

In another‘run.of this same reaction, an equilibrium
mixture of the nitrato- substituted platinum(II) species
(see Figure 28)  was bubbled with chlorine gas for 13
minutes and then flushed with. nitrogen gas for; four
minutes to remove excess chlorine; i”Pt NMR spectrosoopy;
gave the spectrum in Figure 30. Note that the intense
peaks at 2711, 2199 and 1607 ppm observed in Figure 29A
did not appear, but new intense‘peaks at 2441,_2422,
1741, 1435, and 1278 did appear These new peaks are
difficult to assign to specific compounds as they lie
between the reported resonances that we would expect for:
multiple nitrate substitution - 0f chloro-platinum (IV)
‘species. The peaks around 2450 ppm must have either one
or two chlorides; the 1750 ppm peak must have three
‘ chlorides, the 1279 ppm.peak contains four chlorides; and

the resonance at 994 pprm, as observed in Figure 29B,

corresponds to cis-PtCl, (H,Q)..
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A solution of tetraaquaplatinum in'lg perchloric

‘ ac1d plus monohydrogenphosphate to glve the- equlllbrlum
'dlstrlbutlon of phosphato substltuted spe01es 1nd1cated

in Figure 31 was bubbled w1th chlorine’ gas for 30

seconds, the color changed from green/black to dark
red/brown. All platinum(II) peaks in the 19%5pt  NMR
spectra disappeared, and.new peaks formed (figure 32;)
Since-the platinum(II),resonances shifted‘abont_iso ppm
for each coordlnated. hydrogenphosphate, .ail that is
needed to aSSLgn the new peaks is to subtract multlples
of about 150 ppm from the chemical Shlft of each of the
resonances until we arrive at a resonance for a known
platinum(IV%%ﬂﬂoride componnd. In this way we can
assign the 1131 peak to cis-PtCl, (HPOQZ‘, and the 2212
peak to fac Pt(HPOQ3CIQ&; the 2424 resonance could arise
from elther the 01s dlchloro complex with two phosphates,
or the trans- dlchloro complex with one phosphate Slnce
the pair of peaks at 2660 ppm 1ndlcate two spe01es with

the same chloride arrangement and different phosphate

‘arrangements, the 2424 ppm reSonance‘must be due to the
,trans-ClgﬁK&Pt‘compound. The two peaks at 2660 ppm are

. the trans- dlchloro spe01es w1th'two1nonohydrogenphosphate

ilons (the Shlft for the two lsomers is the same as in the .

,platinum(II) equilibrlumm) Note the 31m11ar1ty between

the four most downfield peaks in Figure;'32.‘and the

equilibrium distribution of the platinum(IT) phosphate
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peaks in Figure 31. The small peak at 2914 in Figure 32
must be due to trans-monéchloroplatinum(IV) with three
monohydrogenphosphates, in accordance with Figure 31.

Figure 33 shows two weak peaks ét 3335 and 3390 ppm;
these could be .due to C_JJ.,("H]?O.,,)2!.?1:"1 cdmplexes,(note the
similarity‘ to“Figure 31), but 'seem thfted‘ Eoo far
downfield; the ClHPO,Pt' peak at around 2860-2900‘ppm is
also missing. This peak cannot be substituﬁed Pt (OH) &,
as the'compound'must have at least one chloride coordi-
nated to have been oxidized to platinum(IV).
| These‘results were interesting in that they demon-
strated the ﬁse of chlorine'gaé-as aﬁ‘oxidant;tb geherate
new platihum(IV) species (éee Table 13), but for our goal
the multiple coordination of chloride observed is
disappointing. The ﬁixtures of multiple chloro- (up to
four chlorides!) subspituted sulfato-, nitrato-, and
phdéphato- platinum‘complexes suggested'tbat oxidation by
cl, of’platinuﬁ(II) to-platihum(IV) may not provide the
sort of starting maﬁefials Qanted to run the reverse
disproportionation reactions; while the multiple sulfate,
nitrate, and phosphate substitutions are what we were
afte;; the unexpectedly‘high number of chloride atoms in
the cémpoﬁnds will introdﬁce problems in the inﬁended
reaction3~ with _platinum(I;) becauSé of the $£r0ng'
thoride binding to platinum, inhibiting formation of the

platinum(III) dimers by reverse disproportionétidn.‘What
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if other, non-coordinating oxidizing agents are used?

Table 13. !°°Pt NMR Chemical Shifts of Products of

Cl, Oxidation of{Platihum(II) Complexes.

Anion’ 7 Compoﬁnd : Chemical Shift (ppm)
80, PECl, (H,0) azr | 2198
PtC1,S0, (H,0) 5 o 2395
PECLS0, (H,0) " | 2862
PtCl (H,0) s> | 3040
NO," cis-PtCl, (H,0) >~ 990
| species w/ 4 C1~ 1 o 1279
species w/ 3 or | 1435
4 chlorides _ ‘
species w/ 3 .Cl” 1608
species w/ 3 Cl” | - 1741
species w/ 2 Cl™ | 7 2199
species w/ 2 C1° . 2309
species w/ 1 or ' - 2422
2 chlorides '
species w/ 1 or . 2441
! 2 chlorides ' 7
species w/ 1 Cl™ | S 2711
HPO,> | cis-PtC1l,HPOH,0*" | ~ 1131
fac-PtCl, (HPO,) 5" | - 2212
trans- ‘ ‘ 2424
PtC1,HPO, (H,0) ;3 S
| trans(Cl)-Ptcl, | 2652
| cis= and trans-- 2673
(HPO,) , (H,0) 2 7
trans- 2914 .
PtCL (HPO,) 5- :
(H,0) >~ o ,
? - 3335, 3390
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dxidation with Permanganate

| Potassium permanganate could be.a very useful agent
for our needs, for it is a quite,strong.oxidizer, and the
products of thée oxidation should not coordinate to the
platinum. By reacting the ’bare’ Pt (H,0) ,2* ion (i.e.,
with no other coordinated ligands) with MnO[ylwe can
test the fa01llty of the oxidation.

Solutions of the tetraaquaplatlnum(II) ion in 1M
perchloric acid to which was added one electron equiva=
lent of KMnO, turned brown; NaOH was added to adjust.the
PH to greater than 12 to pre01p1tate the manganese and
stabilize Pt(OE)S', if formed. The Pt NMR spectra
showed no platinum(II) peaks,‘andfone‘peak at 3283 ppm,
corresponding to Pt (OH)*~. The oxidation works!

Now to‘a solution of partially equilibrated plati-
num(IIj in 1M perchlorlc acid with sulfate (Flgure 34)
was added one -electron equivalent of KMnO,; MnO,
precipitated upon addition of 12 drops of 50% NaOH to
bring the pH to about 13. This solidlwas‘filtered off to
leave a green solution, which was condensed and the NMR
spectrum collected (Eigure 35.) The strong peak at 3249
ppm is probably due to Pt (OH)(S0,)*. This resonance is
shifted in a dlfferent direction from what would be
expected from the platlnum(II) in acid, because thls
solution is hlghly ba31c, and the dlrectlon of the‘shift'

is expected to be upfleld (we will see that 1ncrea31ng
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acidity induces downfield shifts, so increasing basicity
would be expected to shift resonances upfield.: )

For an equ:l.llbrated solution of platlnum(II) in
nitrate/perchlorlc acid (Figure 36), one. electron-
equivalent of KMnO, dissolved in water was added; 50%
NaOH was added to preclpitate the manganese, and'the
solid filtered off to leave a yellow/brown solution.
This solution was condensed, D,0 added, and the NMR
spectrum collected (Figure 37.) The weak peak at 3224
ppm falls very near the peak observed in the sulfate
casé, and so is asslgned to Pt(OH)JK% . Note’ that this
assignment is consistent mith the direction of chemlcal
shifts for sulfate and nitrate‘ suhstitutioh _in;'the
-platinum(II) complexes-- sulfate coordination induces
dowhfield shifts, while nitrate causes upfield shifts,
consistent with the ‘aSSigned. chemical shifts of the"

£ (OH) sS0,°~ and Pt(OH)SNof" complexes

While permanganate appears.to be a useful oxidizing
agent for conversion of platinum(II) to platinum(IV) (see
Table 14 for resonances of new‘compounds), the‘lack of
reference compounds (llke those used to help assign‘the
resonances to Cl, cxidation products) prevehted. sure
resonanCes‘assignments to some of the resultihé MnO,”
oxidation products. This‘inahility to identify compounds
seems- to preclude‘ this method for the search . for

formation of platinum (IV) starting materials'for reverse
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disproportionation.

Table 14. 195Pt NMR Chemical Shifts of Complexes
Formed by Permanganate Oxidation of Platlnum(II)
Spec1es

Anion : Compound ‘ Chemical
Shift (ppm)

S0,%” Pt (H,0) ;80,% 3249
Pt (H,0)4(S0.), 3366

NO,~ .| Pt (H,0)NOM . 3224.

It begins +to appear as if the oxidation of
platinum(II) species to platinum(IV) will leave us with
complicated mixtures of compounds, instead of the simple
one or two complexes with‘bridgeable ligands we‘hed.hoped
for, ‘Perhaps oxidation with a compound that provides a
bridging . ligand might be of use, for example, the
peroxydisulfate ion will oxidize the platinum, and in so

doing provide a ligand we wish to coordinate, sulfate.

Ox1datlon w1th Peroxvdlsulfate

By ox1d1z1ng with peroxydlsulfate, the product w1ll
contain sulfate 1ion due to‘ attack of ‘the sulfate
radical (110) this would be-especially convenient for
reactions with sulfate, for the_oxidation'itself would
introduce the desired coordinated ligand. ‘It'could also
provide a means to form mixed bridged dimers,‘such as
sulfate and phosphate. | |

We would now expect that reaction with .8,0¢°" in
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‘.‘sulfatefsolntion would also_produce polymerization; the‘
same results were‘xobtained' when a solntion‘ioffpthe
tetraaquapiatinum(II) ion in 1M perchloric acid was
‘oxidizedhwith peroxydisulfate; the single resonance of
the tetraaqnaplatinum(IIj ion.decreased, while no new
resonances were observed. | |

Here‘we-see thefpolymeriration occurs even in the
near absence of bridging iigand'(the only sulfate present
is due to that from (80,),%2.) It seems,vtherefore,'that‘
the polymerization is affected only by the coordinated7
oxygen‘ligands and the high acidity, and does not require
" sulfate (or phosphate) coordination to occur.

One electron equlvalent of KZ(SO)2 was added to an
equilibrated solutlon of tetraaquaplatlnum(II) ron in
sulfate/perchloric acid (Figure 38.) No new peaks were
observed in the 1%pt NMR. spectrum; a change in the
platinum(II)‘ spectrunx after 90 mlnutes was observed
however (Figure 39.) Loss of the more hlghly substituted
species windicates that ‘ox1dat1on occurred k no
platinum(IVj resonances were‘ohserved, however The
oxidized species must react directly to form the
polymerized species believed to exist in other solutions
of'platinum(IV) in acid.

No . polymerlzatlon‘ was observed. ‘for-cthe- Cli
ox1datlons because chlorlde ion is too good a llgand and

prevents polymerization; no polymerlzatlon was-observed
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for permanganate oxidation because the solutions were
basic, a condition under which the platinum(IV)'complexes

are stable and do not polymerize.

Oxidation with Hydrogen Peroxide

As"a final try Hydregen‘peroxide‘was used to attempt
oxidation. Hydrogen peroxide oxidations yielded the same
results as were observed for peroxydisulfate oxidations,
with thevadditional complications‘that the reduction of
hydrogen perox1de seems to6 form fairly. iOng lived
paramagnetlc species whlch broaden all resonances so as
to make.‘them. unobservable for several hours after
addition of éeroxide; spectra obtained after these
species dissipated showed the same lack of platinum(IV)
resonances after oxidation. .Additionally, hydrogen
perox1de decomposition appeared to ~ produce non-
st01chlometr1c amounts of oxidation; - someriﬁes'more or
less oxidation was observed ‘than for the amount of
peroxide added. This might be due to some effect which
causes some ef the perchlorate ie solution ﬁo act as an

oxidizing agent.

What have we learned° We have used the oxidation
(by four different ox1datlon agents) of platlnum(II)
spec1es to prepare several new platlnum(IV) complexes,
and identified them using '*Pt NMR spectroscopy and a

knowledge of how _seqﬁential substitution produces
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systematic chemical shifté of resonances.

It seems, héwever, thét‘we‘will‘be.ﬁnable to get a
stable, well characterlzed. platlnum(IV) specieé‘ with
which to run the reverse disproportionation reactions in
acid without.the complicatiéns‘of strongly coordinating
ligands, or complex mixtures of compounds. With this in
mind, perhaps the formation of the platinum(IIT) dimers
by reverse dlsproportlonatlon will work u31ng the unseen
platinum(IV) polymer as the source of the platlnum(IV),
it may be that by adding the tetraaquaplatlnum(II)
derived platinum(II) compounds to these acidiC‘éolutions
of platinum(IV), we may observe NMR.resonances corre-
sponding to the platinum(III) sulfate and phosphate

dimers.

Pl;tinum(II) in Acid

Previous Work

Now what platinum(II) species might we use to react

‘with the platinum(IV) - polymer for révérse

disproportionation? Fortuﬁétely , much of this work has
been done; the paper published by Aﬁpleton and Hall (106)
completely detailed the reactions and '*°Pt NMR resonances
of the Pt(Hz()),,2+ 1on with nltrate, sulfate, phosphate,

acetate, and chlorlde ions in solutlons of 1M perchlorlc

_acid (Table 15). All reactions in our hands agreed well

with these reports. It should be noted that in the case
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of the phdsphate and acetate sﬁbstituﬁed speciés, the pH'
must be raised to greater than 1.5 to allow complex
formation, and 'then re-acidified to observe sharp

resonances (if not re-acidified, the resonances are quite

broad.)
Table 15. °°Pt NMR Chemical Shifts of Nitrate, Sul-
fate, Phosphate, Acetate, and Chloride Complexes of
Pt (H,0) ,**.** o S
Anjon | Mono- Bis- com Tris- tetra-
complex plexes | complex | kis-
, , ! complex
NO,~ -24ppm | -57ppm | -96ppm | ---
; , -59 i | o
so.r” | 14 133 S O aa-
B ' 164 : 1 7
H,pO,~ | 145 | 267 424 I 602
7 ‘ 292 -
CH,CO0™ -20 === | --- | === |
c1- . -350 | -811 | ~-1185 -1625
-644

It seems that 'any of these compounds might
reasonablf‘be‘used as . the source of platinum(II) in the
proposed synthesis‘of’Ptz(Son4”"and.Ptz(HPOQ4”"by reve:sé

disproportionation.

Reactions in Concentrated Acids

If we are to try and produce the platinum(III)
dimers by,revérSe disproportionation, a first guess at
the conditions to use would be the conditionS‘uhder which

the compounds were originally prepared, i.e., strong
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acid-- concentrated H,50, and 50% H,PO,. - As,‘we have
already observed a shift-.in‘“tne"resonances‘-of the
: platinum(Iﬁ) species with ‘cnanges‘ in acidity, it is
prudent to study how the known resonances ‘of the
substituted platinum(II) complexes‘reported above shift
in these strongly acidic media;

In addltlon to the Shlft in resonances-‘due to
aC1d1ty, we also found that when Pt(Hz,O)42+ was dlssolved
in concentrated aCldS, in some cases higher substltutlons
occurred than‘had been renorted{ in every case, however,
resonances were shifted downfield‘by‘as much as 329 ppm,

. depending upon the acidity of the solution.

Sulfuric;Acid‘

Addition of one mL of concentrated sulfuric acid to
the neutral solid precipitated with 1 M NaOH from‘loo mLi
of a stock solution of 0.01 M Pt(H4n4“'in 1M perchloric
aC1d (approx1mately 75 mg) caused the resultlng solutlon
. to become hOt,‘thlS solutlon was transferred to an NMR
tube and a D,0 insert added, and the '°Pt NMR spectrum
collected (Figure 40') Note the downfleld Shlft of the
resonances from their locatlon in 1 M perchlorlc acid
(244-329 ppm, Table 16) . Further note the formation of
one new spec1es at 629 ppm, ass1gned to the tris- sulfato
spec1es. It is surpr1s1ng that even‘ln concentrated‘

acid, the Pt (H,0) > ion still ex1sted.
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Table 16. °°Pt NMR Chemical Shifts of Pt (H,0),*
Complexes formed in Dilute and concentrated
Sulfate/Sulfurlc Acid.
condi- Pt(H§n4“' mono- bis-comp- tris-
tions complex lexes - complex
>.75M 36ppm T4ppm - 133ppm - ————
sulfate/ | ‘ 1 N 164 .
- HC1O; B A i L .
conc. 257 | 357° | 463 | 629
H,30, , 7 494

Phosphoric Acid

 Figure 41 shows the neutral Pt (H,0),* solid in

'cencentrated pbosphoric aeid., No neW‘resohences‘were
obserted' (all possible coordination sites have been
reported), but the tetrakis-substituted species did not
appear; the acidity of the platinum atom must be reduced
- so much in concentrated phosphoric acid with three

'coordlnated hydrogenphosphate llgands that the hydronlum

"ion was a better base and successfully competed w1th the ~

final' hydrogenphosphate to ' replace the bound water

molecule (i:eeall that in 1 M HCl0, the pH must be
increased to 2.5 to allow the more highly substltuted
species to form.) Note the downfield shift as for the
gulfuric acid reaction, but the change is not as large
(53-69 ppm, Table 17), no doubt due to the lower a01d1ty

of concentrated phosphoric acid compared with sulfuric

acid.
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Table 17. *°Pt NMR Chemical Shifts of Pt (H,0),
' Complexes Formed in Dilute and Concentrated
Phosphate/Phosphoric Acid. '
condi- aquo- mono- bis- tris- | tetra-
tion ion complex | complex complex | comple
H,PO,”/ . 36ppm 145ppm | 267ppm 424ppm | 602ppm
HC10, , 292 |
50% 90 208 326 493 -—--
H,PO, 351

Evidence of Polymerization

Based upon the work discussed earlier by Appieton
and Hall, and the reactions described above for the
tetraaquaplatinum(II) ion with'ooncentfated sulfuric and
,phosphorlc ac1ds, the platlnum(II) ion appears to be well
behaved in acidic medla. We have observed in two cases,

however, dindication that platinum(II) chemlstry under
these condihions can be more complicated.

In an attempt to produce the Pt (H,0) ,**/perchloric
acid stock solution when AgClO, was temporarily‘nnavail—
lableq the prebaration was conducted in‘lgiﬂNoa; and the
chloride‘was precipitated with.AgNO3.‘The resulting pale
green’ solutlon showed NMR resonances of the equilibrated
nitrate substltuted species as reported by Appleton and
Hall. In reactions using the solid precipitated from
this stock solution with 1M NaOH, it was found that the
coordlnated nitrate caused undue compllcatlons, and the

golution remained unused, stored in 'the refrigerator




under argon. After a year, it was thought the. solution

could be used in a new series of experiments. The

appearance of the solution remained_unChanged, with no
SOlldS preclpltatlng over tlme When attempts wereée ‘made
to .prec1p1tate the neutral solid from olutlon for
dissolution at higher concentratlon for NMR spectroscopy
studies, no solid precipitated, even at very hlgh'pH
(under which conditions the solution turned black and
prec1p1tated black solid) . | The.NMR spectra run on a
sample of the solution 'concentrated on la vrotary
evaporator ylelded no NMR resonances in any region of the
platinum Spectrum; as all the platinum was still in

solution, it must have forméed some new species.

We mlght con31der two reasons the resonances would

be unobserved: either paramagnetlc spe01es had formed,
or large oligomers formed ‘with many-sllghtly dlfferent
platinum atoms that broaden the platinum resonances so

much they are unobserved. The first case is unlikely,

slnce solutlons sp1ked.w1th known.platlnum speC1es showed

no broadenlng of those resonances, and since paramagnetlc
spec1es should interact with llght in such a way as to
change the color of the solut;on;‘no change in color or
appearance of the solution occurred. The ‘other

‘explanatlon, formatlon of large soluble polymers whose

resonances broaden too much to be observed seems a-

reasonable explanation, as we have already observed this

o )
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same effect with platinum(IV) in acid.

The'other,cgse in ﬁhich this‘bghaviorﬂwas‘observed'
was mentioned earlier; in‘thg'case where thé plati-
num(II‘I)i sulfate dimér was decomposéd by Baz‘;, or a,llow,.ed
to decompose over time in water, peréhloric acid, or-’
sulfate solution. In these instances Wé'saw no formation‘
of the‘anticipated-piatinum(II) compoundéff in‘fact no
resonances were observed at all.

It seems that when platinum(II) remains in an acidic
sol'ution containing moderately coordinating ligands, over
time é slow polymerization may occur which restricts
observation of NMR resonances. | Iﬁ the case of the
disruption of the dimer, not only were the 1igahds
already coordinated to the metal, but it was also bound
to another metal atom“as‘we;l; one might think of this
situation as one in which the polymefization process had
already begun, and so it was not surprising that no

platinum(II) resonances were observed in these reactions.
Reverse Disproportionation Reactions

' We may now havé énough infofmatidn‘to‘try and form .
the platinum(III) dimers, Pt,(S0,),*" and Pt,(HPO,),’, by
means of reverse disproportionat&on. EOr tﬁe source of
platinum(IV) we‘will useé the polymer that forms in strong

acid; the platinum(II) will be supplied Dby. Pt (H,0) J°

dissolved in strong acid.
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Reactions with Sulfuric Acid

A solution of Pt (H,0) 2t in sulfuric acid was pre-
pered by precipitating‘the neutral solid from 75 ml of a
0.01M stock solution of the complex in 1M perchloric acid
with 1M sodium hydroxide, and dissolving this solid in’
approximately 1 mL of concentrated sulfuric acid; the.
resulting solution became quite hot. An external D,0
insert was added for lock, and an NMR spectrun as shown
in Figure 40 was obtained. Note the downfield shift of
all peaks by as much as 554 ppm (Table 16) due to'the
high acidity of‘the solution. One new resonance wes‘
observed at 629ppm; this resonance is assigned to
Pt (S0,) 5 (H,0) 1, based upon the consistent, sequential
shift-of the platinum resonances of the compounds as
progressive substitution‘oocnrs.

A solution of platinum(IV) was ‘prepered by
dissolving 135.4 mg of Na,Pt (OH), in epproximately 1 mL
of concentrated sulfuric acid; a D)0 insert was added,
but‘as expected no~p1atinum resonances were observed (the
sample was 2-3‘hours-old.)

The two solutions were mixed together, and a new
resonance was observed (Figure 42) at 1878 ppm (linewidth
approximately 700 hz.). This resonance compares exactly
with .that observed‘for Pt, (S0,) >~ prepared by literature

methods and dissolved in concentrated snlfuric acid

(Figure 43), the resonance of which falls at 1896 pm
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(linewidth= 573 hz).

As further demonstretion that the dimer peak arose
from the reaction of platinum(II)- and platinum(IV),
Figure ‘44‘ shows the gradual loss over time (3l‘hour
increments) of the‘platinﬁm(II)speakey and'grewth of the
Pté(Sdﬁ,”‘ _resonance. 'There appeared to be ' no
preferentialv loss of one platinum(il) s?eeies over
another -- all peeks lost intehsity at the seme rate.
The identity of the platihum(III) resonance was further
confirmed bytadditioh of the literature.preparatien of
the diher‘to this sample, yielding ohly‘One'peak~with

larger area.

Reactions in Phosphoric Acid

Formation of the jplatinumXIIi) ‘phosPhate aimer,.
Ptz(HPO4)f', was ettempted in\ the same mannetu " The
neutral solld pre01p1tated from 35 mL of the L 0.01M
Pt(H§D4“ stock solutlon w1th 1M NaOH was dlssolved in
50% phosphorlc aCld/Hﬂ) to glve the spectrum in Flgure
41. The resonances of the multiply’ substltuted.complexes
‘are shifted downfield somewhat from the reported
resonanees (Table 17) . The hydrogeh?hosphate
‘substitﬁted‘speciesﬁeeemed‘to‘shift downfield_less‘than
for the sulfate species. | o

To thls solutlon was ~added 40 mg of Pt(OH)6 ,nand

the resultlng solutlon was heated at 70°C for 15 minutes.
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Long NMR accumulation (177,000 scans) showed a peak at
1897 ppm (linewidth= 250hz, Figure 45). ‘ihis resonance
is assigned tO‘the Pt, (HPO,) ;> complex; the resonance for
the compoundgpreparedJEy literature methods and.dissolved
in 50% phosphoric acid falls at 1892 ppm. Additionhbf
the known compéﬁnd‘ to, SQiutions of the reverse
disproportionation preparatién showed only one peak at
the same chemical shift as for the new synthesis, with
inqreased area. | |

The P NMR spectrum of the new preparation (Figuré
46) , showed resonances at 7.6 and 21.2 ppﬁ;_these peaks
agreed well with the resonances reported at 8.6 ppm for
tpe'singly substituted platinum(II) comblex (Pt (HPO,) -
(H,0) 1), and at 21.3 ppm for the platinuﬁ(fIi) phosphate

dimer (Pt,(HPO,),”). The linewidths of the resonances are

.50 and 27 Hz, respectively; the linewidth of the dime;ic

compound is sufficiently large under reaction conditions
(50% H,PO,) so as to prevent the resolution of the 36'H?_
27,0 coupling reported (at the heig‘h’; at which the
platinum resonances would be observed, the peak is 40 ﬁz
wide.) The resonances of the other monomeric plati-
num{II) complexeé were“ébscﬁred beneath. the inﬁensé
phosphate resonance at zero~ppm; o

Synopsis of Reverse Disproportionation
and Platinum(IV) Polymerization Results

We have formed several new mononuclear platinum(II)
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and.platinum(IV) complexes and identified.them.using 195pt
NMR spectroscopy, we ha&e demonstrated,thejpolymerization
of platinnm(IV)-in acidsolntion,(and platinum(II)'under_
some conditions), ‘and the ‘Qiahility‘-'of ‘reverseh
disproportionation to form platinum clusters has also
been demonstrated.

Whlle the formatlon of platlnum (III) dimers can
proceed through reverse dlsproportlonatlon, the ntlllty
of this method for synthesizing 1solable quantltles of
compound is probably poort. The °°Pt NMR Tresonances,
reported for the reverse dlsproportlonatlon formaton of‘
the sulfate and phosphate dlmers 1nd1cated the spec1esr
were present in low concentratlon, by far the large
majority of platinum in solution ‘is ‘unobserved as
polymer The literature‘syntheses for the compounds
_isolate SOlld when it prec1p1tates from solution; no
prec1p1tatlonp mas  ever observed.'iin d'the 'reverseg
disproportionation reactions (probably due to low
concentratlons), and thus isolation of the desired
complexes from solutlon would: be dlfflcult !

It may be pos31ble, however,‘to use the method of‘
reverse dlsproportlonatlon to form new  multinuclear
platlnum complexes,hand 1dent1fy these compounds uslng
NMR spectroscopy. In what types of conditions might we
expect: new complexes to form°t‘_ The two known‘

platlnum(III) dlmers formed in the concentrated ac1d of‘
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the coordinated ligand; perhaps‘we can perform these same
kind of reactions in different acids, and watch for new

platinum resonances in the region in which the resonances

for Ptz(SOL)f"'and‘Pté(HPO@)f“are observed (around 1700-"

2000ppm) .
Since we know that platinum(IV) polymerizes' in
strongly acidic solutions, and we still wish to observe

the platinum(IV) resonances decrease as the compounds

react w1th platlnum(II) to form the d1mer, it seems“

' reasonable to use less ac1d1c a01ds in Wthh to run the

reaction. If we use ‘strong organlc acids, like

trlfluoroacetlc or trlchloroacetlc aC1ds, perhaps the.

polymerlzat:l.on ‘will be decreased’ enough by the lower |

ac1d1ty (compared to sulfuric and phosphorlc ac1ds) to

permlt the observatlon of platinum(IV) complexes  We

.also must study the reaction behavior of platlnum(II) 1n

these ac1ds, so we understand the system thoroughly

Well Characterlzed Reactions of Platinum(II)
and Platlnum(IV) w1th Organic Ac;ds

Reactlons of Platlnum(II) and Platinum (IV) .
with Trlfluoroacetlc A01d '

Platinumlllll

Trlfluoracetlc Acid olutionS‘ of Pt(HZO),‘Z'+ in

perchlorlc acid showed. sequentlal substltutlon for water

(see Figure 47) as the TFA concentratlon went from 1M to‘ .

5 M, at which point all Pt(H4D4” was gone. When the
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‘*'Pt(TFA)3cﬁzo>"

| PE(TFA) ,(H,0) )

| Pe(TER) (8,007 .
I~/ |

AARA A M

Figure 47. *°Pt NMR Spectrudef‘TFA:Complékeéféf E
| Pt (H,0),* in 1MHC1lO,. (&) 20 Min. (1M TFa), (B) 90
|Min., (C) 2 1/2 Brs., (D) 17 Hrs., (E) 19 Hrs. (SMTFA) |
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CohCentraﬁion Qf‘TFA wés.l~M, iﬁ‘the bgftom four spéctfa'
(A-D) ," 'eve,-n,‘w'ith‘heating"at 70° substitutiop was slow--
heating for 10 minutes at170° showed no;ghange in the
platinuﬁ speétrum (A); as time‘progreSSed,the mbno-TFA 
'species  bégan"to pfedominéte in‘ in£éh§i£y‘ ovér 'the
tetraaqua species, and the two bis-TFA species began'ﬁo
form (B-D).'_After‘approximately 31 hourSISubstitutioh‘of-
 water was only'seen.up to the formatidﬁ of the tris¥
‘s?ecies, and‘ﬂb'further (ﬁ)}\~lncréaée'df thefTFA.cbn;'
centration to 2 fL 3 M, or'4 M showed no néticeabie
change in the spectrum, even with heatingy éxcept for a
progressive downfield shiftf At 5 M TFA (E), the res§4
fnahcéé‘hadjshiftedllojto 15 ppm downfield;‘aﬁdrbroadened‘
such that the two bis-speciés coalesded into a single
reéonance at.¥44§pm, |
Equilibriunlhéving'been establisheaﬁbetween the four’
“initiélly_subétituted species, the‘équilibrium conétanﬁé‘

for the formation of the species:

Pt (H,0) ,** + TFA < Pt (H,0),TFA* + H,0
Pt (H,0) ,TFA* + TFA «> Pt (H,0), (TFA), + H,0

Pt (H,0) , (TFA), + TFA ¢ Pt (H,;0) (TFA),~ + H,0

were determinéd from the‘iﬁtegrals of the NMR spectrum to"
be 3.00 L/M, 1.05 L/M, 1.05 L/M, and 0.42 L/M for the
mono-, cis- and' trans- bis-, and ﬁris— TFA species,

respectively.  Not knowing‘the.reiatiVe Erans-,directing
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strength of TFA compared to water prevented the cis- or
trans- assignment of the two bis- isomers. Note the.
‘downfieid. shift of the peaks as the  acidity of 'Ehe
golution increased, due to the increase in TFA concen-
tration from one molar to five molar; this was probably
due to rapid proton exchenge‘on the ligand as the proton
concentration increased.

Solutions of Pt (H;0),%" in 1 M TFA in D,0 (Figure 483)
rapidly reeched equilibrium (within 15 minutes at room
temperature) to form the mono-, and cis- and trans- bis-
coﬁplexes (see Table 18.) The resonances of these
spe01es broadened and.the solutlon turned blue w1th1n one
hour; within one hour and thirty- f1ve minutes the peaks
were gone (Figure 48B.) This is the same effect reported
by Appleton/Hall(106) . for reactions of the
tetraaquaplatinum(II) ion with acetic ‘acid in the
presence of eir (the moleculee form sﬁacked oligomers.)
The peaks were shifted downfield compared to the

resonances in 1 M perchloric acid.

| Taple 18. %Pt NMR Resonances of Platinum(II) TFA
Complexes.

acid | Pt (H,0) 2 | Pt(TFA)* | Pt(TFA), | Pt(TFA);
strength - S ‘ 7 ' 7 '
1-4M TFA 24ppm. | -10ppm | -33ppm -44ppm
1 W =37 '
smvea | 8 | -25 | -aa | -68
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Potassium tetranitritoplatinate(II), K,Pt (NO,) 4/

reacted in neat TFA after refluxing 20 minutes to

liberate brown gas and form a clear red solution; no

further change was observed after 2 hours. The ***Pt NMR

spectrum of this solution (Figu;e 49) showed resonances

of two different species: ~-189.5 and -945.0 ppm. These

resonances could be due to simple partial substitution of '

the. nitrite ion by TFA, to form compounds like (NO,),.

. (CF,C0,) ,Pt*°; these coﬁpounds would be shifted downfield

from the Pt (NO,)* ion resonance at -2168 ppm.

Platinum (IV)

The reaction of platinum(IV), either in the form of

neutral platinic acid, or as Na,Pt (OH) s, with TFA formed

Several‘highly substituted.éompounds; as more ligand .

coordinated to the metal atom, sequential downfield
shifts of about 100 ppm were observed, ‘as‘ well as
downfield‘ shifts of all resonances as éhe relative
conceﬁtration of TFA was incréased (Figure 50;) ‘Figﬁré
51 shows the !*°*Pt NMR spectra of the species formed when

platinic acid was reacted with 50% TFA in D,0.

Initially a simple distribution of Pt (OH) and the mono-

and cis- and trans- bis- complexes was formed (A); as

time progressed the more highly substituted compounds

.predominated, vielding an equilibrium mixture of the

mono-, bis-, and tris- species.  No higher substitutions

were observed in 50% TFA, even with heating at\7b°C.
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mex P (TFA) 5 (H, 0)} Pt (TFA) (HZO)§+

c1s—Pt(TFA) trans—Pt(TFA)2
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Figure 51. !*°Pt NMR Spectrum of Formation
(and Final Loss in Spectrum D) of TFA Complexes.
of Platinic Acid in 50% TFA. (A) Two Hrs., (B) Four:
Hrs., (C) Six Hrs. (D) After Heating 20 Mln at 70°.
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For solutlons of platlnlc acid in: 75% TFA slmllar
distributionS' of. species were observed, as well as
further substitution‘ to tetrakis— (3815 ppm) and
pentakis- (4001 ppm) spec1es (Figure 52); the relative
intensities of the resonances‘ for these more hlghly‘
‘substituted compounds‘allowed us to assign the tris-
compound to its’geometrical isomer. As only one tris- '
\species (3757.5 ppm, A-C) is formed fron an essentially
equal mixture of the bis- spec1es, this resonance must be
due to the merldlonal isomer, as it is the only 1somerl
that can arlse from both the cisg- and trans- dlsubstltu—
ted isomers.‘ Also note that even the initial spectra
-ghowed no Pt{OH)Gi; at 75%‘TFA-the lrgand concentrat;on
was too hlgh and had drlven the relatlve concentratlon of
the unsubstituted species down to the point at Wthh it
was unobservable under the.experimental cofiditions.

Platlnlc ac1d in neat TFA (Flgure 53) showed‘one
new resonance over the‘ reactlons “in 75% TFA,l”this

resonance fell at 3749 ppm; and corresponds to the facial

tris- species. unobserved "in the less concentrated
reactions (A,B.)g Since the relatiVe.intensities-of the
tris-, tetrakis-, and pentakis- species‘all increased

‘ together over time in neat TFA, the tetrakis spec1es must
arise from both the merldlonal and fac1al tris- 1somers,
. this dlctates that the tetrakis resonance at 3860 must

‘correspond to the c18- isomer, the only isofer. that can
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Figure 52. !*°Pt NMR Spectrum of formation
of TFA Complexes of Platinic Acid in 75% TFA.
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Figure 53. %Pt NMR Spectrum of
_Platinic Acid in Neat TFA. (A) 40 Min.,
(B) One Hr. (Cy 9 1/2 Hrs. (D) 59.1/2 Hrs..
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arise from both merldlonal and fa01al isomers.
The bls- isomers can now be as31gned due the change_

in intensltles of the bis- resonances as the trls-

' spec1es grow. The bis- resonance that lay further‘

downfield at 3676.5 ppm lost 1nten31ty more rapldly than‘
the upfield peak at 3637.3 ppm as the new facial tris-

isomer grew larger; this suggests that the downfield.bis~

| peak must be cis- (the only 1somer from Wthh a facial

geometry can arlse), leav1ng the upfleld peak as trans--‘

Mixtures of Platinum (II).and Platinum (IV)

Reactions in 50% TrifluoroaceticfAcid When Platinic

acid and tetraaquaplatlnate were. mlxed in 50% TFA the
195Pt NMR spectra of the platlnum(II) and platlnum(IV)
reglons appeared the same as the unmlxed reactions; when
heated at 70°C for 15 mlnutes, however, the platlnum(IV)
peaks drastically lost intensity and‘disappeared;(Elgure
51D), while the platinum(II) spectrum.remained.essential—
‘ly unchanged. |

In addition to the spectral changes noted above, a

~new peak was observed at 2421 ppm (Flgure 54. ) The

chemical shift of this resonance is between the plati-
num (II) and platinum(IV) species,-just as the resonances

of the platlnum(III) dlmers of sulfate and.phosphate were

‘observed, Whlle the resonances of the two known com-

pounds-fall more nearly half-wayhbetween,the platlnum(II)
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_ Figure 54. Pt NMR Spectrum of New Peak
Observed upon Addition of Pt (H,0),
TFA Complexes of Platinic Acid in 50% TFA.

 to Equilibrated | .




137
and platlnum(IV) regions, ‘it is not unreasonable to
suggest that this new resonance corresponds to a platl-
num(III) TFA dimer; the shift of the resonance of about
650 ppm relative to the chemical- shifts of the known
dimers could be due to more interaction between the
llgand and free protons than is observed for sulfate and
phosphate; as the TFA ligand is a better base than
sulfate or phosphate (weaker acid, stronger conjugate
base) , vths higher basicity of the TFA ligand would
introduce more interactions with free protons in solﬁs
tion, and allow for a large downfield shift with respect

+o the resonances for the known platinum(III) dimers.

Reactions in neat trifluoroacetic acid Upon addi-
tion of tetraaquaplatinum(II) ion to s ‘solution of
platinic acid in neat TFA, an immediate change was ob-
served in the platinum(IV) spectrum (Figure 55.) . All
resonances broadened , and*the‘resonances~correspohdihgi_
to. the tetrakis-, tris-, and cis- bis- species disap—
peared; the only resonances remaining were those of the
pentakis- and trans- bis- species, while the cisf pesk
grew in at 3678 ppm; as well aszs new brOadopeak falling"
at 3765.9’ppm,‘between the positions‘of the two tris-
isomers.‘ |

| The platinum(II) spectrum changed as well (Figure
56); the most‘reactive platinum(II) species appeared to

be those of intermediate substitution, Dbecause these
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resonances disappeared; the reeonances of'the two more
highly substituted platinum(II) spec1es, however, did not
change. Two new resgonances grew in further upfleld at ﬁ5
38.5 and - 148 5 ppm; these new resonances were very broad -
( 350hz) and indicated further substitutions on the
platinum atom, ﬁndoubtably invelving the'platinum(IV),

These platinum(IT) resonances perSisted-for:days.

Platinum(IV) dissolved in base before‘addition of

trifluoroacetic acid Selutions of hexahydroxoplatinate

1n 1M NaOH a01d1fled w1th neat. TFA to attaln a solutlon
50% in. TFA showed the same equlllbrlum dlstrlbutlons as‘
for solutlons made from dlrect solutlon of platinic aC1d
or hexahydrOXOplatinate in 50% TFA solution, with the
exception that all.resohanceswwere~shifted:dowfield 15~23;

pPm.

' Reactions of Platinum(II) and Platinum(iv)
w1th Trlchloroacetlc Acid

- Platinum (IT)

Reactioh of'the tetraaquaplatinum(II) ion with a-
solutién of 50% TCA in]DO Yielded.a compoehdlcenteining
only a SLngle substltutlon for water (Flgure 57A—C), Hhe"f
‘resonance of thls.‘spe01es fell at 12 7 ppm ‘ Thlswuh
compound was the only species‘Observed, even after heat-
ing at 70%; fer 15 minutes.  Boosting the TCA concen-

tration to 75% .and similarly heating for 15 minutes
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Figure 57. Pt NMR Spectrum of TCA Complexes
of Pt (H,0),* in 50% (Spectra (A) 35-Min., (B) 95
.Min., (C) 2 1/2 Hrs.) and 75% TCA. (D) 35 Min.
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provided the same results‘(D); the higher TCA concen—
tration did cause a shift of thelresonances'by 49‘ppmefor
the tet;aaquéplatinum(II) cation, and 66.5 ppm for tﬁe
mono-substituted TCA complex, as well a broadening of "

both peaks.

Platinum (IV)

Platinic acid dissolved ih 50% TCA showed sequential
substitutions of TCA for water over time, analogous to
the TFA reactions (Figure 58.) It is important to note,v
however, that the sequence in which the epecies grew in
was quite different than that observed for the TFA
reactions; there appeared te be a kinetic effect acting
on phe trans- substituted product series which inhibited
the rate of formation of these complexes with respect to
the eis~ products. Note in spectrum B of Figure,58 tha;
the meridional and facial tris- substituted products were’
in equilibrium before the formation of any trans— bis-
species. This appears to be a contradlctlon how can
triply substituted complexes form and reach equlllbrlum
before those doubly substituted? If the <chain of
progressive isomeric _substitutions in Figure 59 is
considered,_however,-it is clear'that if the reaction leg
forming the trans- TCA species 1is kineticallf slower, it
would be possible to have an eqﬁal amouht of meridional
and facia% tris- ‘isemers, without havingJ-formed any

trans- isomer. Assuming the substitution of ligands on
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_the octahedral platinum proceeded through a dissociative

mechanism, just hased on probability, it is four tiﬁes as
likely that a cis- isomer forms than a trans-; from the
cis isomer there is an equal probablllty that meridional
and facial trls— complexes w111 be formed. it is on this
basis that the assignment of thelresonances.of the two
bis- isomers is made; the initialiy‘dominant resonance
is assmgned.to the meridional isomer, while the resonance
which grows in later must be the fa01al isomer.

If it is now considered that the chances of forming
the cis—'substituted tetrakis- species is five times that
of forming the trens--isomer, we can assign the resonanc-
es of the two tetrakis- cohplexes as ins Figure" 58,
spectrum E, due to the rapid initial formation of the one
isomer over-the'other. In addition, it can be considered
that as the meridional resonance slowly began to.grow
over time, s0 too did the new tetrakis peak grow‘in,

indicating an assignment to the trans- species (the

~ facial compound can only give rise to the cis- tetrakls—

complex,‘assigned.to the species first observed at 3613.7
ppm, in keeping with the more rapid substitution rate of
the cis- derived reaCtions).It‘should be noted that the
initial fast forhation of the eis— derived isomers was
eventually countered.by the formation of the thermodynam--
ically cOntrolledsprdduct distribution; Figdre 58 spectra

B and D show the transformation of the kineticslly
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controlled distribution of the tris- isomers (equal-
concentrations) to the thermodynamically_ controlled_i
distributiOn_(three times as much‘meridional isomer as_

facial) .

Methanesulfonic Acid .

Platinum (IT)

Mixing the tetraaquaplatinum(II) cation with neat
methanesulfonic acid (distilledﬁunder vacuum) resulted in
“the: formatlon of four new speCLes, after thirty minutes,‘
the 195p¢ NMR spectrum showed no tetraaquaplatlnum(IIl'
ion, but new peaks at 281.8, 392.5,433.3, and 583.7 ppm,
assigned to mOno— two bis— and tris-. substituted
complexes (Flgure 60 ) Spectrum A shows the spe01es at
30 mlnutes, and spectrum C at 17 1/2 hours, note there
was little change in the relative intenslties of the

peaks over this time span,lindicating that equilibrium.

was nearly reached w1th1n the flrst half-hour. Thewareas S

of the equlllbrated spectra allow the calculatlon of the!
equlllbrlum constants for the formation of three of the
specmes. .06 L/M for each of the two blS substltuted_
species, and .075 L/M for the tris- substltuted complex

»The value for the formation of the mono- complex ¢annot
be calculated from this data because we do not know the
equlllbrlum concentratlon of Pt(Hg»2+ The peaks‘were

relatively broad, and shifted several hundred ppm f”
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Figure 60. %Pt NMR ‘Spectrum of Formation of
.~ CH,SO.H Complexes of Pt (H,0) ;¥ in Neat CH,SO3H. |
(A) 30 Minutes, (B) & 1/2 Hours, (C) 17 1/2 Hours.
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downfield from the chemical shift we would:expect for the

reaction in 1 M perchloric acid.

Platinum(IV)

Reaction of platinic acid with vacuum distilled
methanesulfonic acid resulted in the initial formation of
four species, assigned to progressively more highly

substituted methanesulfonic acid complexes the further

downfield the chemical shift (Figure 61.) Over time the |

resonance corresponding to the mono-methanesulfonic acid
complex disappeared, with concomitant increases in the

concentrations of the remaining three species.

TrifluoromethaneSulfbniq'Acidg

Platinum(II) and Platinum(IV)

Reactions of the tetraaquaplatinuﬁ(II) cation or
platinic acid with dilute and concentrated D,0O solutions
of trifluoromethanesulfonié acid (trifliC'acid), as well
as with neat trifiic acid, showed no formation of new
complexes in the 1%5pt NMR spectrum; only the resonance
for Pt(OH)J; was observed (and slowly disappeared) for
platinuﬁ(iv)‘(Eigﬁre 62), and_fbr‘platinuﬁ(II) bnly the‘
‘:"t(HZCD‘),,""+ resonance was séen (Figure 63.) Even with
heating'at 70°C- for 15 minutes, and long data accumula-
tions, no new resonances were observed. This is not
unlike tﬁe behavior of the strong mineral acids (at:least

in the case of platinum (IV), and perchloric acid in the
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case of platinum (II)): for very strong acids, the
conjugate base is too weak a llgand to dlsplace coordl—

nated water or'hydr0x1de.

Para-Toluenesulfonio‘Acid

Platinum(TT)

The tetraaquaplatlnum(II) catlon; when dlssolved in
50% para- toluenesulfonlc a01d(tosyllc)/D§3 formed only
one speoies‘in the Pt NM3 spectrum (Figure 64) ; this spe-
cies was shifted 33 ppm downfield from the resonanCe
‘correspondlng'to'tetraaquaplatlnum(II), as opposedtx:the
upfield shift commonly observed for such substltutlons
As the reaction proceeded over time, the uncoordlnated
platinum(II) resonance disappeared, with anwlncrease in
the .remaining singly-coordinated"tosylate compiex»

resonance.

Platinum (IV)

Solutlons of platlnlc a01d in 50% tosylic a01d/D(5
,showed no new resonances in the **°Pt NMR spectrum.(Flgurew
65.) Even after 24 hours and heatlng at 70°C for 15
minutes, the‘ only peaks observed. are those for the
neutral platinic acid and the platlnum(IV) - hydroxo-

-~

bridged dimer. . -
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Flgure 64. %Pt NMR of
" Tosylic Acid Complex of Pt (H; 0)4_ .
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Platinum(IV) Aquo/Hydroxo Complexes in Tos

Figure 65. 195p NMR Spectrum of Mono- an i
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CHAPTER IV
CONCLUSIONS

A number of concepts and results havev been presented
1n this work; a brief synopsis of the 1mportant facts we
have learned and principles we have demonstrated follows

Compounds\of high nuclearity can.be prepared by
thermal and vacuum dehydration of platinum complexes'
formed with phosphorous acid; this oligomerization might "
be controlled to sequentially form desired polynuclear

omplexes | | |

The synthes:.s and physical properties of Ian J.ntense—
1y red luminescent platinum cluster of high nuclearity
has been reported; the solution stability and ‘reactivity
of three separate salts has been stud:.ed, and as a result .
of physical measurements (espe01ally elemental analy31s)
we have enough information to propose a structure
containing a polymeric pentanuclear pyrophosphite bridged
anion: (CH (CeHs) sB) ¢ [Pts (P05H,) ¢ (B (OH)5) 1+ 4H,0'

The reported fac.ile polymerization of platinum (IV)
in strongly acidic mineral acids has been confirmed; this
polymerization occurred Qlthout change in oxidation
state, and. occurred as readily in nonaqUe,ou's as in

aqueous media. The platin_um(IV) dime'r (OH) ,Pt (L-OH) , (OH~
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)2 is much more stable to olation in acid than is the
‘mononuclear complex Pt (OH) >

The pronouncéd oligomerization of plat;L'num(IV) under
conditions without oxygen ligends‘available for bridge
formation (non-aqueous medla) suggests a mechanism of.
polYmerization‘that.must involve intermolecular.dehydre~.
tion of coordinateo hydroxide and water to permiththe
olation of the polynuclear molecules.

The platinum NMR resonances of platinum(II) and
platinum(IV) complexes ‘shift steadily downfield as
solution acidity increases. |

Platinum (IV), 'under less acidic conditions with
strong organlc acids (Wthh must act as better bases than
the conjugate bases of strong mlneral acids),’ forms
highly substltuted.complexes showing geometric isomerism.
Eighteen new complexes of this kind have been identified
by platinum NMR spectroscopy and the geometrical isomers
assigned. |

Under some conditions platinum(II) appears ~to
polymerize in acid solution; this was observed when
platinum(III) complexes decomposed over time, or when
platinum(IV) and platinum (II) specieslfwere mixed in
solution. |

Using '%°Pt NMR spectroscopy, fourteen new platl-
num(II) complexes have been reported and 1dent1f1ed

eleven complexes with strong organic ac1ds, two complexes
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with‘nitrate/TFA coordinetion, and one in concentrated
- .gulfuric acid. | | B

The formation constents for seven different spedies
formed vby the reaction of platinum(II) with TFA and
methanesulfonic ‘acid have  been calculated‘ from ﬁMR
spectra;lthey are 3.0‘L/M for Pt(Hgn3(T%A)fy l;OS-L/Mi
for the two Pt (H2‘07) “(TFA.)Z spec:.es,' .and 0.42 L‘/M >fo‘r'
Pt (H,0) ‘(TFA);; 0.06 L/M for the two Pt(HZO) (CH,S0,) ,
species, and 0.075 L/M for Pt (H,0) «ngsoga .

-TFA and TCA react w1th platlnum(II) in air to form
blue solutlons like those proposed to be extended chaln.
1nteractlons(104) llke acetlc acid does'

Platinum(III) dlmers decompose to form platlnum(II)
and platinum(IV) compounds in the presence of strongly
coordinating ligands like chloride; no platinum(IIi)
mononuclear complexes were observed |

Evidence for the formation of platlnum(II)—platl— :
num (IV) mixed metal complexes in strong acid has been
reported- |

It hag been shown the formatlon of platlnum(III)
dimers - can proceed through a mechanlsm of reverse
‘disproportionation.

The reverse disprOportionetion method has been used
to synthesize a new platinum(III) TFA dimer identified

pased upon its Pt NMR chemical shift.
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