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Electrochemical and chemical oxidation of the antitumour agent
[Pt{((p-HC(F,)NCH,),}(py),] — detection of platinum(ir)
intermediates
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The electrochemical (platinum and glassy carbon electrodes, cyclic and rotating disk electrode voltammetry, bulk
electrolysis, voltammetric simulation) and chemical oxidation (NO™) of the organoamidoplatinum(ir) complex,
[Pt{((p-HCcF,NCH,),}(py),], has been studied in acetonitrile and acetone. The initial process is a complicated
function of concentration, temperature, and method of oxidation. The products formed have been probed by

in situ spectroelectrochemical techniques (UV/Visible and EPR spectroscopy), and ex situ by 'H, *F and Pt NMR
spectroscopy and electrospray mass spectrometry. Under conditions of cyclic voltammetry, the initial oxidation
process (at high concentration) is an overall irreversible one-electron process, complicated by crossover of current

on the reverse scan. This and many (but not all) features are simulated by a sequence of electron transfer steps and
coupled chemical reactions which requires the formation of two structurally different dinuclear intermediates.
Regeneration of [Pt{((p-HC¢F,)NCH,),}(py),] by reduction is possible under short timescale conditions, but not long
timescale conditions, implying that the finally observed product from long timescale experiments may be oligomeric.
The observation of moderately stable diamagnetic diplatinum(ir) compounds is attributed to the formation of
bridged complexes containing Pt—Pt bonds. Oxidation of all platinum(1mr) intermediates gives rise to the same or very
closely related platinum(1v) complexes. Features of the organoamide ligand that enable the formation of moderately

stable platinum(mr) complexes are considered.

Introduction

N,N’-Bis(polyfluorophenyl)ethane-1,2-diaminato(2")dipyr-
idineplatinum(i1) complexes,’? 1, are a unique class of air
stable organoamides (cf. exceptionally moisture-sensitive
Pt(NHCH,),, Pt(NRCH,),bpy (bpy = 2,2’-bipyridyl) **), which
have substantial antitumor activity.> In view of the increasing
interest in platinum(1v) prodrugs, of which CHIP, 2, and
IJM216, 3, are typical representatives,'®'! and the possibility
that use of compounds in this oxidation state may represent
a way of reducing side effects,”” a systematic study of the
synthesis and biological testing of platinum(iv) complexes
has been initiated in these laboratories.'>"® Initially, relatively
inert organoplatinum(i) species were examined, where the
oxidation functionalisation chemistry developed for JM216
and their analogues'*!® may be readily adapted, giving trans-
dihydroxo- and trans-dicarboxylato-platinum(rv) analogues.
For the less robust and more biologically active complexes,
such as [Pt{((p-HC¢F,)NCH,),}(py),], a systematic study
of the electrochemical oxidation seemed an invaluable
precursor to attempted syntheses of the platinum(iv) ana-
logues. These results are now presented and include the
perhaps surprising detection of platinum(ur) intermediates
rather than the direct formation of the expected platinum(1v)
moieties.
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Experimental

Chemicals and reagents

[Pt{((p-HC(Fs)NCH,),} (py),] and  [Pt{((p-HCsF,)NCH,),}-
(py),(OH),] were synthesised according to literature
methods,'®!” and were characterised by 'H and “YF NMR
spectroscopy.

Electrolytes were prepared by literature methods™® and the
absence of electroactive impurities was confirmed by voltam-
metry.

Acetonitrile (Aldrich) was of HPLC grade, and used as
received. Acetone (BDH) was refluxed over and distilled
from potassium permanganate and stored under a nitrogen
atmosphere over molecular sieves.

NOPF, and NOBF, were purchased from Aldrich and
handled under an inert atmosphere.

Instrumentation

'H and F NMR spectra were obtained using a Bruker
DPX300 spectrometer, whilst **Pt NMR spectra were obtained
using a Bruker DRX500 instrument. Proton and fluorine chem-
ical shifts are in ppm from internal SiMe, and CFCl; respect-
ively. Phosphorus chemical shifts are in ppm from external
H,;PO,. Platinum chemical shifts were referenced to Na,PtClg
by setting an external sample of K,PtCl, in D,O to —1620 ppm.

UV/Visible spectra were recorded using a Cary 5 spectro-
photometer, running on Varian OS2 software. Molar (decadic)
absorption coefficients are given in units mol ™' dm®cm ™.

Electrospray mass spectra were obtained with a Micromass
Platform benchtop QMS with an electrospray source and
methanol spray solvent. Solutions of analyte in acetonitrile
were introduced into the machine by an autosyringe.

EPR spectra were recorded on a Bruker [X-band] ER 200D
instrument running at 9.49 GHz and fitted with a variable
temperature unit.
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Electrochemical techniques

Voltammetric measurements were typically obtained with solu-
tions of compound in acetone or acetonitrile with 0.1 M
Bu,NPF,, Bu,NBF, or Bu,NCIO, as the electrolyte using a
MacLab(4e) computer controlled electrochemical system (AD
Instruments Pty Ltd, Castle Hill, Australia). For conventional
cyclic voltammetric experiments, the working electrode was
either a glassy carbon (GC) disk (0.67 or 1.3 mm radius) or a
platinum disk (0.49 mm radius), whilst rotating disk electrode
(RDE) experiments were recorded using a Metrohm 628-10
RDE apparatus (Metrohm Ltd., Switzerland) with a GC work-
ing electrode (1.4 mm radius). The auxiliary electrode was
either a platinum wire or a glassy carbon rod, and the reference
electrode was a Ag/Ag* (0.1 M AgNO; in acetonitrile) separ-
ated from the test solution by a salt bridge. For bulk electrolysis
experiments, a BAS 100A electrochemical analyzer (Bioanalyti-
cal Systems, West Lafayette, IN) was utilised, and both the
working electrode and the auxiliary electrodes were platinum
gauze, with the auxiliary electrode separated from the test
solution by a glass frit. The reference electrode was Ag/Ag™ as
above. The reversible voltammetry for oxidation of an
approximately 5 mM ferrocene (Fc) solution in the same sol-
vent was used as a reference redox couple, and all potentials are
quoted relative to the Fc/Fc™ potential scale. Solutions were
purged with solvent-saturated nitrogen prior to undertaking
voltammetric measurements and then maintained under an
atmosphere of nitrogen for the duration of the experiments. In
situ UV/Visible experiments were performed in a 1 mm thick
optically transparent thin-layer cell, with a platinum gauze
working electrode, a platinum wire auxiliary electrode (separ-
ated from the test solution by a glass frit), and the Ag/Ag*
reference electrode as above. In situ EPR experiments were per-
formed in a standard quartz EPR flat cell with a platinum gauze
working electrode in the flat section. The auxiliary electrode
was a platinum wire, and the reference electrode was Ag/AgCl.

Software packages

EPR spectra were simulated using WINEPR SimFonia soft-
ware.” Frozen glass spectra were simulated by the EPSRC
multicentre EPR service in Manchester. Voltammetric simu-
lations were carried out using DigiSim software.?’

Results and discussion

The electrochemistry of [Pt{((p-HC¢F,)NCH,),}(py),] is a
complicated function of concentration, electrolyte, temperature
and technique. In order to immediately convey the major
features, an initial overview is presented using conditions where
only three primary processes are detected at a GC electrode,
under both transient (cyclic voltammetry at a stationary
electrode) and near steady-state (rotated disk electrode)
voltammetric conditions. Fig. la shows a transient cyclic
voltammogram of a 10 mM [Pt{((p-HC(F,)NCH,),}(py),] solu-
tion in acetonitrile in the positive and negative potential range
vs. Fc/Fc*, using a scan rate of 1000 mV s~ and a GC macro-
disk electrode. A near steady-state experiment at a rotating disk
electrode is shown in Fig. 1b. Clearly, under conditions relevant
to Fig. 1 there are two well-resolved oxidation processes and a
reduction process — referred to as primary Processes 1, 2 and 3
respectively. Less well defined reductive processes are also
detected at very negative potentials (not described). The rotat-
ing disk electrode experiment implies that all three major pro-
cesses have the same number of electrons in the overall charge
transfer process since all responses have similar mass transport
controlled limiting currents.

Under conditions of cyclic voltammetry and at all scan rates
examined (100-5000 mV s7"), all three processes depicted in
Fig. 1 are chemically irreversible at room temperature for all
analyte concentrations examined (0.5-10 mM), in both
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Fig. 1 Voltammetry of 10 mM [Pt{((p-HC(F,)NCH,),}(py),] in
acetonitrile (0.1 M Bu,NBF,) at 20 °C at a GC electrode (1.3 mm

radius). (a) Cyclic voltammetry using a scan rate of 1000 mV s '.
(b) RDE voltammetry using a scan rate of 10 mV s™' and an electrode

rotation rate of 500 rpm.

acetonitrile and acetone, and with all electrolytes (0.1 M
Bu,NBF,, Bu,NPF,, Bu,NCIO,). However, at —78 °C in
acetone, under conditions of cyclic voltammetry the reduction
process shows a small amount of chemical reversibility at
scan rates greater than 1000 mV s~'. Only the two chemically
irreversible oxidations could be observed at platinum electrodes
under the experimental conditions of Fig. 1. Since only the
oxidation of the platinum(ir) compound is of interest in future
synthetic investigations of antitumor platinum(rv) complexes,
the presumed platinum(1r) to platinum(1) reduction process will
not be considered further.

Voltammetry

The simplest voltammetric behaviour is observed at [Pt-
{((p-HCcF))NCH,),}(py),] concentrations in the mM range,
with 0.1M supporting electrolyte, and when GC electrodes are
used. Thus, in order to define and summarise key mechanistic
details of the two major oxidation processes, initial discussions
will focus on experiments undertaken under these conditions.

(a) Rotating disk electrode experiments. At a rotated GC
electrode with a scan rate of 10 mV s~' and with rotation rates
in the range 500 to 3000 rpm, almost complete overlap of vol-
tammetric responses for Process 1 is detected in both positive
and negative scan directions (Fig. 2a). This occurs irrespective
of the initial scan direction, provided the potential is switched
(or commenced) prior to the onset of Process 2. This implies
that no significant surface interactions occur under these condi-
tions. Unlike Process 1 in Fig. 2a, the forward and reverse scans
of Process 2 do not overlap (Fig. 1b), suggesting significant
surface interaction takes place at more positive potentials. It is
this surface interaction which causes lack of overlap for Process
1 in Fig. 1b. However, the equivalent magnitude of the limiting
current, I}, implies Process 2 involves the same overall number
of electrons in the charge transfer process as Process 1.

In order to determine the number of electrons responsible for
Processes 1 and 2, the RDE voltammetry of the platinum(1v)
dihydroxide complex, [Pt{(p-HC¢F,)NCH,),}(py),(OH),], was
examined. Dihydroxoplatinum(1v) organometallic complexes
and platinum(1rv) porphyrins commonly undergo irrevers-
ible two-electron reduction.'?! Coulometric studies of the
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Fig. 2 RDE voltammetry of [Pt{((p-HC¢F,) NCH,),}(py),] at 20 °C at
a GC electrode (1.3 mm radius) using a scan rate of 10 mV s™! and an
electrode rotation rate of 500 rpm. (a) 10 mM solution in acetone
(0.1 M BuNPFy). (b) 0.5 mM solution in acetonitrile (0.1 M
Bu,NCIO,). (¢) 0.5 mM solution in acetonitrile (0.1 M Bu,NBF,).

reduction of [Pt{(p-HC¢F,)NCH,),}(py),(OH),] is consistent
with the reaction in eqn. (1).

[PtV {((p-HC4F,)NCH,),} (py),(OH),] + 2¢~
— products (1)

The molecular weights of both platinum complexes are simi-
lar (707 g mol ' and 714 g mol ™' for the platinum-(ir) and -(1v)
analogues respectively), so it is reasonable to assume the diffu-
sion coefficients would also be similar. At S mM in acetonitrile
(0.1 M Bu,NBF,) at a scan rate of 10 mV s~' and a rotation rate
of 1000 rpm, I; of the reduction of [Pt{(p-HC(F,)NCH,),}-
(py),(OH),] is 500 pA, whereas under these conditions, Process
1 has I} of 245 pA. This indicates that Processes 1, and hence
2 and 3 are overall one-electron processes. Further evidence
of this was obtained from bulk electrolysis (BE) experiments
(see later).

At concentrations greater than approximately 2.5 mM,
I is linearly dependent on the square root of the rotation rate
(500 to 3000rpm) and concentration, and obeys the Levich
Equation (eqn. (2)

I, = 0.620nFADw”v™"cy Q)

where [} = limiting current (A), n = number of electrons, F =
Faraday’s constant (96,485 C mol™!), 4 = electrode area (cm?),
D, = diffusion coefficient (cm? s™"), w = angular frequency of
rotation (s™'), v = kinematic viscosity (cm?s™'), and ¢, = concen-
tration (mol cm™3)). At lower concentrations, a distinctly differ-
ent dependence on these variables is observed. The diffusion
coefficient of [Pt{((p-HC¢F,)NCH,),}(py),] was calculated to
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Table 1 GC rotating disk voltammetric data associated with Process 1
for solutions of [Pt{((p-HC¢F,)NCH,),}(py),] in acetone (0.1 M

Bu,NPF,)
Rotation rate ~ Conc./mM E,/mV Ey, — E,,/mV I /uA
500 rpm 0.5 48 59 11.7¢
1.0 35 80 39
5.0 35 88 171
10.0 81 115 350
2500 rpm 0.5 70 62 22.9¢
1.0 58 80 87.6
5.0 81 112 379
10.0 98 175 770

“ Minor process appears between Processes 1 and 2.

be 1£0.1 x 107 cm? s~ using the Levich Equation and concen-
trations > 2.5 mM, assuming a one-electron oxidation process.

The halfwave potential (E,) of Process 1 at a RDE is
dependent on rotation rate, concentration and electrolyte. At
low [Pt{((p-HC(F,)NCH,),}(py),] concentrations, the electro-
lyte dependence is most obvious. The use of Bu,NPF, or
Bu,NCIlO, reveals an extra process (Process 4) between Pro-
cesses 1 and 2, whilst the use of Bu,NBF, introduces additional
complexity into Process 2. Fig. 2b and ¢ show representative
voltammograms. Where Process 4 is detected, /; data suggest
that oxidation Processes 1 and 2 now involve an overall
less than one electron transfer process, but that the sum of
Processes 1 and 4 corresponds to an overall one-electron step.
Table 1 gives data obtained with the RDE technique in acetone
(0.1 M Bu,NPF,) with rotation rates of 500 and 2500 rpm.
Clearly, there are at least two competing mechanisms associated
with Process 1, one (n < 1) favoured at low concentrations and
long time domains, and the other (z = 1) at high concentrations
and short time domains.

(b) Cyclic voltammetry. At high concentrations of [Pt-
{((p-HC(F,)NCH,),} (py),] and when using cyclic voltammetry,
switching the potential immediately after the first oxidation
process leads to the detection of a crossover region at the
foot of Process 1 and a chemically reversible couple at about
—800 mV (Process 5) on the reverse scan and in subsequent
cycles of the potential (Fig. 3a). When scanning to very neg-
ative potentials, an irreversible reduction process (Process 6) is
observed, as shown in Fig. 3b, whose peak potential on the first
cycle is very different to that of following cycles. Table 2
gives peak potentials (£,) of Processes 1, 2 and 5 in acetonitrile
(0.1 M Bu,NBF,). The use of 0.1 M Bu,NPF or Bu,NCIO, as
an electrolyte gives similar data. Cyclic voltammetric data in
acetone are also similar to those obtained in acetonitrile.

When the potential is switched between Processes 1 and 2,
repetitive cycling causes Process 1 to diminish in height. How-
ever, scanning through Process 6 makes Process 1 essentially
independent of cycling. At all scan rates and conditions exam-
ined for the 10 mM solution, Process 5 is well defined, provided
the potential is switched prior to the onset of Process 2. Data
obtained for Processes 1 and 5 measured with a GC electrode in
acetonitrile as a function of electrolyte are summarised in Table
3. The chemically reversible Process 5 is very insensitive to the
experimental conditions summarised in Table 3, whereas Pro-
cess 1 is slightly dependent and the biggest variation occurs
with Process 6.

The AE,(5) value for Process 5 is close to that found for the
known reversible one-electron oxidation of ferrocene under the
same set of conditions, which implies this is a chemically and
electrochemically reversible one-electron process. The fact that
AE(5) values are > 60 mV and increase with scan rate and
concentration implies that a small amount of uncompensated
resistance is present. As the concentration of [Pt{((p-HC(F,)-
NCH,),}(py),] is decreased, the extent of chemical reversibility



Table 2 Selected cyclic voltammetric data for solutions of [Pt{((p-HCF,)NCH,),}(py),] in acetonitrile (0.1 M Bu,NBF,)

Electrode, Scanrate/  Ey(1)/ AE,(5)“!
Conc/mM mVs mV LA EQmV  LQMA  EXS)YmV  LOG)A  EMG)YmV  L[MN(5)uA  mV
GC¢ 1.0 100 23 12.7 553 19.1 NO“ NO NO NO NO
500 33 26.6 573 44.1 NR*¢ NR —832 3.50 NR
1000 38 37.2 573 50.3 —767 1.59 —822 3.24 55
GC¢ 5.0 100 —31 84.2 498 132 NR NR —818 0.6 NR
500 11 189 570 270 —763 2.34 —853 3.0 90
1000 67 251 722 376 —784 4.30 —895 6.0 111
GC¢, 10.0 100 3 138 543 140 NR NR —822 6.43 NR
500 50 262 580 213 =775 5.5 —835 27.5 60
1000 83 346 633 311 —=737 20.3 —852 53.6 115
Pt, 1.0 100 68 1.80 558 2.13 NO NO NO NO NO
500 83 3.40 673 5.49 NR NR —817 0.40 NR
1000 88 4.96 648 8.33 NR NR —837 0.34 NR
Pt, 5.0 100 20 8.60 570 7.32 NR NR —805 0.56 NR
500 70 17.1 705 14.2 —745 0.84 —810 2.03 65
1000 95 20.0 695 233 -730 2.83 —840 3.59 110
Pt, 10.0 100 7 19.3 558 16.8 NR NR —822 0.50 NR
500 48 29.0 613 28.9 =771 2.56 —832 2.66 55
1000 68 40.7 643 42.2 —747 2.68 —847 4.60 100

“Data obtained when potential is switched between Processes 1 and 2. ”AEP(S) = E,™(5) — Ep'e"(S). ‘r = 1.3 mm. “NO = Not observed.

“NR = Not reversible.

Table 3 Cyclic voltammetric data at a scan rate of 500 mV s~ for 5 mM solutions of [Pt{((p-HC4F,)NCH,),} (py),] with various electrolytes at a GC

electrode*
Electrolyte E,(1))/mV E,>(5)/mV E,*4(5)/mV E,(6)"/mV E,(6)9mV
Bu,NPF, 16 —786 —870 —2195 NA
Bu,NBF, 50 -763 —853 —2377 —2383
Bu,NCIO, 48 =772 —862 —1992 —1767
“ The potential is switched prior to the onset of Process 2. ® First scan. ¢ Third scan. ¢ Not acquired.
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g 4004 () 1 Fig. 4 Cyclic voltammetry encompassing both Processes 1 and 2 of
1 5 mM [Pt{((p-HC(F,)NCH,),}(py),] in acetonitrile (0.1 M Bu,NBF,) at
200 20 °C at a GC electrode (r = 1.4 mm) using a scan rate of 1000 mV s~
] 5 and 8 are also highly dependent on experimental conditions
0 - (scan rate, concentration, electrolyte).
| Cyclic voltammetry of [Pt{((p-HC¢F,)NCH,),}(py),] at low
o concentration reveals Process 4. Examination of the cyclic vol-
-200 — tammogram in acetone at low temperatures (—78 °C) reveals
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Fig. 3 Cyclic voltammetry (3 cycles of potential) at a GC electrode
(1.3 mm radius) of 10 mM [Pt{((p-HC¢F,)NCH,),}(py),] in acetonitrile
(0.1M Bu,NBF,) at 20 °C. Using an initial potential of —500 mV vs.
Fc/Fc' and a scan rate of 1000 mV s™'. (a) Switching potential at
—1280 mV. (b) Switching potential at —2340 mV.

of Process 5 also decreases. At 0.5 mM, Process 5 is undetect-
able, even with a scan rate of 5000 mV s

Scanning to potentials more positive than Process 2 essen-
tially removes any evidence of Processes 5 and 6 on the reverse
scan. Additionally, as Fig. 4 illustrates, we see a small process at
about —1200 mV (Process 7), and a more well-defined process
at about —2300 mV (Process 8). The exact details of Processes 7

some additional responses relative to those seen at 20 °C, dis-
cussed above. Process 1 remains very clean, while a shoulder
appears just prior to Process 2 (at 458 mV), which is then
replaced by two small responses in the same potential region
upon repetitive cycling. When the potential is reversed immedi-
ately following Process 1, there is now relatively little formation
of the Process 5 reduction peak, and the appearance of a chem-
ically reversible process at E, —1490 mV suggests different
intermediates are detected relative to those at room temper-
ature. These intermediates will not be considered further.

Bulk electrolysis

Bulk electrolysis (BE) was undertaken at a range of [Pt-
{((p-HC(F,)NCH,),} (py),] concentrations, supporting electro-
lytes and in both acetone and acetonitrile. Cyclic and RDE
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voltammograms were taken before and after the experiment.
When the potential is held between Processes 1 and 2, Process
1 always disappears completely (voltammetric detection)
after exhaustive electrolysis and at all concentrations a well
defined oxidation process (Process 9) appears in a similar pos-
ition to Process 2 (see Fig. 5). At a concentration of 5 mM,
new reduction processes appear at —1100 mV and —2350 mV
on the reverse scan of the cyclic voltammograms (Processes
10 and 11 respectively), which are at similar positions to Pro-
cesses 7 and 8 (see Fig. 4). Under no conditions is Process 5
observed after BE. However, following electrolysis of 1 mM
solutions, a well defined reduction process can be observed at
—1000 mV under RDE conditions (Process 12, see Fig. 6).
This process leads to the regeneration of [Pt{((p-HC4F,)-
NCH,),}(py),] under CV condtions. The position and shape
of reduction responses from bulk material varies signifi-
cantly with time and concentration, especially in the neg-
ative potential region. With a 5 mM solution, coulometric
determination of BE experiments indicates Process 1 is always
slightly less than a one-electron transfer process (i.e. n =0.90
0.07).
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Fig. 5 Cyclic voltammogram following the controlled potential
electrolysis of a 5 mM solution of [Pt{((p-HC¢F,)NCH,),}(py),] in
acetonitrile (0.1 M Bu,NBF,) at 20 °C at a GC electrode (r = 1.4 mm)

using a scan rate of 1000 Vs~
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Fig. 6 RDE voltammogram following the controlled potential
electrolysis of a 1 mM solution of [Pt{((p-HC¢F,)NCH,),}(py),] in
acetonitrile (0.1 M Bu,NPF) at 27 °C at a GC electrode (r = 1.4 mm)
using a rotation rate of 500 rpm and a scan rate of 10 mV s~

If the 1 mM solution of [Pt{((p-HC(F,)NCH,),}(py),] is
allowed to age in air, the number of coulombs consumed in a
BE experiment for the first process decreases. Furthermore,
with voltammetric monitoring, it is noted that the second wave
(Process 2/9) grows at the expense of the first. Over a period of
two days, 2 of the starting material was lost, highlighting the
importance of both studying only fresh solutions, and also that
reaction with molecular oxygen and/or moisture appears to
parallel that of BE.

If a BE experiment is undertaken at a more positive potential
than Process 2, both Processes 1 and 2/9 disappear, so no vol-
tammetrically active species can be detected in the potential
range —2500 to 800 mV. Coulometric determinations for this
BE experiment at very positive potentials were very much a
function of concentration, but always gave n > 2.
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Optically transparent thin layer electrochemistry (OTTLE)

Examination of a 1 mM solution of [Pt{((p-HC(F,)NCH,),}-
(py),] in acetonitrile by UV/Visible spectroscopy reveals
three major bands — a charge transfer band at 230 nm
(¢ = 22800), a pyridine-to-platinum charge transfer band at
299 nm (¢ = 15700) and a complicated ligand-to-ligand charge
transfer band at 365 nm (¢ = 13000).>* In this spectro-
electrochemical experiment, when the potential is held between
the Processes 1 and 2 and the electronic spectra is measured as a
function of time, the charge transfer band at 230 nm dis-
appears, and the other bands reduce in size (295 nm [¢ = 10900],
365 nm [¢ = 300]) (see Fig. 7a). During the first three minutes,
the appearance of an isosbestic point at about 225 nm suggests
a clean electrochemical reaction, with only two species present
in the solution,?® although caution is advised in reaching this
conclusion.** The loss of the isosbestic point suggests that a
further chemical reaction takes place on longer timescales. The
finally formed oxidised species is moderately stable in solution
(10 minutes timescale). Recovery of 90-95% of the original
[Pt{((p-HC¢F,)NCH,),}(py),] is achievable by immediate
reduction at a potential of —1200 mV (provided the electrolyte
used is not a perchlorate, when recovery is only 50-60%).
Recovery of all spectral features associated with the starting
material occurs, as seen in Fig. 7b, and when Bu,NPF is used
as the electrolyte, an isosbestic point is evident at 225 nm. Simi-
lar results are obtained when the temperature is held at 0 °C.
These recovery results suggest little decomposition involving
complete loss of ligands is associated with the one-electron
oxidation when the supporting electrolyte is Bu,NBF, or

Absorbance

1
400 500 600

T
300
Wavelength/nm

Fig. 7 Changes of the UV/Visible spectrum of a I mM solution of
[Pt{((p-HC¢F,)NCH,),}(py),] in acetonitrile (0.1 M Bu,NBF,) in an
OTTLE cell at 20 °C. (a) Potential held between the first and second
oxidation responses. (b) Reduction of oxidised solution to recover
original platinum species. (c) Oxidation of fresh solution when the
potential is held more positive than Process 2.



Bu,NPF,. If, for example, the organoamide ligand or the pyrid-
ine irreversibly dissociated from the platinum metal centre dur-
ing oxidation (with protonation of the former), then recovery
of the initial spectrum would not be probable.

If the potential is held at a value more positive than Process
2, the disappearance of the characteristic [Pt{((p-HC4F,)-
NCH,),}(py),] bands is much faster, leaving only one major
spectral feature at 255 nm (¢ = 15100) and a broad low intensity
band at 450 to 570 nm (see Fig. 7c). This time, reduction of the
solution at —1200 mV fails to regenerate the initial spectrum.
Similar results (for wavelengths > 300 nm) are obtained when
acetone is used as a solvent

In situ EPR spectroelectrochemistry

By performing partial electrolysis on a high concentration
(50 mM) solution of [Pt{((p-HC(cF,)NCH,),}(py),] in aceto-
nitrile (0.1 M Bu,NBF,) in the cavity of an EPR spectrometer,
at potentials between Processes 1 and 2, a moderately stable
paramagnetic species of significant concentration was detected.
Fig. 8a shows a comparison of experimental and simulated
results with a g value of 2.004, which is close to the value of a
free electron (2.0023). The coupling of the signal indicates the
electron occupies an orbital based on two nitrogen atoms and
the platinum metal centre. EHMO (Extended Hiickel Molecu-
lar Orbital) calculations suggest that the nitrogens belong to the
organoamide ligand, as the HOMO of the molecule is primarily
located on the platinum and the two organoamide nitrogen
donor atoms (the rest is found on the fluorophenyl rings).?
Detection of the EPR active species at room temperature
requires high concentrations of [Pt{((p-HC¢F,)NCH,),}(py),]
and carefully selected electrolysis conditions (potential and
time). After generation of this species, the solution was frozen
to give the glass EPR spectrum, shown in Fig. 8b. These results
establish that the mono-oxidised species is anisotropic, and only
platinum hyperfine coupling is observed. The glass g values of
gl =2.046, g2 = 2.000, and g3 = 1.958 average well to the iso-
tropic g value as do the Pt hyperfine coupling constants 4, =
72.5G, A, =100 G and A4; =25 G to A;,. In addition to these
values the simulation in Fig. 8b used line widths of w; =20 G,
w, =15 G and w; =40 G. The EPR result indicates that the site
of oxidation is associated with an orbital that has between 10
and 20% platinum character.

Chemical oxidation

The known one electron oxidant, NO* as nitrosonium hexa-
fluorophosphate (NOPF,) or nitrosonium tetrafluoroborate
(NOBF,), was reacted with [Pt{((p-HC(F,)NCH,),}(py),]. The
advantage of chemical oxidation is that the electrolyte will be
absent, which simplifies the use of NMR spectroscopic and
ESMS techniques for product characterisation. Addition of
one equivalent of NOPF, or NOBF, to a 10 mM solution of
the analyte in acetonitrile or acetone caused the bright yellow
solution to immediately change colour to light yellow. Over a
period of 2 hours, the solution progressively changed colour to
orange, and decomposition of the complex was detected by “F
NMR spectroscopy (evidence of protonated non-coordinated
organomide ligand). As a result, all NMR spectra were
collected within the hour following chemical oxidation.
Oxidation by one mole equivalent of NOPF, (one electron)
in acetonitrile yielded a similar UV/Visible spectrum to that
obtained when the potential is held between Processes 1 and 2
(359 nm [e = 700]). When NOPF is added in half equivalent
lots to a 10 mM solution of [Pt{((p-HC¢F,)NCH,),}(py),], and
the reaction is monitored voltammetrically as soon as practical
(minutes timescale), Process 1 disappears at the 1 : 1 ratio in a
similar manner to that observed during bulk electrolysis at
a potential between Processes 1 and 2 (see Fig. 9). Additionally,
a major oxidation process is still detected at a higher potential
(Process 2/9), and a well-defined reduction wave at —1100 mV

(a)
Experimental
Simulated
g=2.0045
A"=65G
a"=5.6G
A=55G
3250 3550
Magnetic Field/G
(b)
Experimental
3150 3400 3650
Magnetic Field/G

Fig. 8 In situ EPR spectrum of [Pt{((p-HC¢F,)NCH,),}(py).],
recorded during oxidation in acetonitrile (0.1 M Bu,NBF,). (a) 273 K.
(b) 77 K.

400

T T T T 1

T T T

05 0.0 0.5 1.0 1.5
Potential/V vs Fc/Fc"
Fig. 9 (a) Cyclic voltammogram of a 10 mM solution of [Pt-
{((p-HCcF4)NCH,),} (py),] in acetone (0.1 M Bu,NPF) at a GC
electrode (r = 1.4mm) with a scan rate of 500 mV s '. (b) Response
following addition of half an equivalent of NOPF,. (c) Following
subsequent addition of half an equivalent of NOPF4 (one equivalent
total).

(Process 12) can be observed. Cyclic voltammograms that
encompassed the potential region of reduction Process 12 led to
regeneration of Process 1. The appearance of two new oxid-
ation processes at a higher potential than Process 2/9 (Processes
13 and 14) can be attributed to the formation of non-coordin-
ated protonated organoamide ligand (see also NMR Spectro-
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scopy below). Interestingly, Processes 13 and 14 are not
observed when one equivalent of the oxidant is added at once,
emphasising the complexity of the oxidation.

Oxidation with two mole equivalents of the NO™ eliminates
Process 2/9, leaving no electrochemically detectable oxidation
processes. However, stepwise addition of NO™ in a series of
0.5 equivalents requires up to 4 equivalents to remove Process
2/9.

(a) NMR Spectroscopy. Oxidations of 10 mM solutions of
[Pt{((p-HC,F,)NCH,),} (py),] in deuterated acetone by NOPF,
and NOBF, have also been examined by 'H, F and Pt NMR
spectroscopy. The initial 'H spectrum for [Pt{((p-HC4F,)-
NCH,),}(py),] has 5 distinct resonances.* The combination of
the appearance of the (p-HC¢F,) proton at 6.23 ppm (cf. the
free protonated ligand value of 6.65 ppm?), the platinum
satellites on the methylene resonance (*Jp, p(cuz) 29 Hz) and the
lack of a NH peak (5.40 ppm for the free protonated ligand *)
confirms the attachment of the organoamide ligand to the plat-
inum. Three pyridine peaks appear in the range 7.2-8.7 ppm,
with the H2,6(py) also showing platinum satellites (Jppy, 34
Hz). YF NMR spectroscopy reveals multiplets at —144.7 and
—150.7 ppm due to the fluorocarbons on the organoamide lig-
and,” and Pt NMR spectroscopy gives one broad signal at
—2385 ppm (width at half height 1140 Hz).

Examination of the NMR spectra as soon as possible follow-
ing oxidation by one equivalent of NOPF or NOBF, indicates
formation of similar products for both anions. The 'SPt
response was shifted to —2585 ppm (width at half height 1430
Hz), indicating the initial platinum species, [Pt{((p-HC4F,)-
NCH,),}(py),], was consumed and that a new platinum
environment had been created. As there is only one response,
this suggests the complex is symmetrical, with only one plat-
inum environment.” It is difficult to predict the oxidation state
of the platinum by its chemical shift, as this varies greatly with
variance of ligands, solvent and temperature.** Generally,
platinum(1r) occurs at a lower frequency than the corresponding
platinum(1v) analogue,*** and available data do not provide a
definitive region for the occurrence of platinum(ir).

The “F responses have shifted to slightly higher frequency
(—140 and —148 ppm) while retaining their one-to-one inte-
gration, which suggests both fluorocarbons are in the same
environment and remain attached to the platinum (peak posi-
tions for the free protonated ligand are —142.2 and —160.4
ppm?%). The peak-to-peak separation has increased compared
with the platinum(1) starting material, which is unusual as oxi-
dation to platinum(1v) generally causes a decrease in this peak-
to-peak separation (see Table 4). These peaks are in similar
positions to those recorded in non-deuterated solvent following
oxidation by bulk electrolysis. Resonances attributable to the
anion of the oxidant can be found as a singlet at —150.4 ppm
for BF,” and a doublet at —71.6 ppm for PF,". In the PF~
case, the hydrolysed anion, PO,F,, is also present, as a doublet
at —80.1 in the YF NMR spectrum and a triplet at —13.5 ppm
in the *P NMR spectrum with *Jp5: coupling of 950 Hz, which
agrees with literature values.**

Table 4 Summary of the ’F NMR chemical shifts of the organo-
amidoplatinum(1r) complex and its oxidation products. Values are
referenced to CFCl,

Complex F3,5/ppm F2,6/ppm
[Pt{((p-HC(cF,)NCH,),}(py),]“ —144.7 —150.7

+ 1 equiv. NOPF, —140.3 —147.4

+ 1 equiv. NOBF, —140.1 —147.6

+ 2 equiv. NOPF, —139.5 —146.3

+ 2 equiv. NOBF, —138.0 —145.5(br)”
[Pt{((p-HC(<F,)NCH,),} (py),(OH),] —143.3 —143.5
[Pt{((p-HC4F,)NCH,),} (py),CL,]* —141.1 —142.8

“ From ref. 2. * Broad signal. ¢ From ref. 17. ¢ From ref. 25.

Examination of the 'H NMR spectrum confirms both
ligands are present and in the expected ratio. A shift to higher
frequency of all peaks is observed (see Table 5), which is indi-
cative of the oxidation of the platinum organoamide complex,
as illustrated by the dihydroxo- and dichloro-platinum(iv)
analogues, where the (p-HC(F,) values for [Pt{((p-HC(F,)-
NCH,),} (py)(OH),] and [Pt{((p-HCcF,)NCH,),} (py),Cl,] shift
by 0.60 and 0.84 ppm respectively. However, the *Jp,  coupling
constants for the chemically oxidised products are between
those found for the platinum(m) and platinum(rv) analogues
(Table 5), consistent with the formation of diplatinum(iir)
species.

Combination of this information indicates that chemical
oxidation of high concentrations of [Pt{((p-HC¢F,)NCH,),}-
(py),] is a clean one-electron reaction, producing one new
diamagnetic (probably Pt") species. This species slowly
decomposes to give the free protonated organoamide ligand
and undetermined platinum species.

The F NMR spectrum after oxidation by two equivalents
of NO™ is complicated, with three peaks observed, in a ratio of
1:3:2.6. The third peak is quite broad, which complicates the
interpretation. This pattern suggests multiple products and/or
non-symmetrical configuration of the resulting complex. The
'"H NMR spectrum reveals that the organoamide ligand and the
pyridines are still attached to the platinum in the expected ratio.

(b) Electrospray mass spectrometry. Positive ion electro-
spray mass spectrometry (ESMS) of the solution following oxid-
ation by one mole equivalent of NOBF, clearly reveals the
formation of multinuclear platinum species, with peaks with
correct isotope pattern at m/z 1502 attributed to the formation
of a Pt(n)-Pt(1m) ion, [2M + BF, + H]", where M is the com-
plex [Pt{((p-HC4F,)NCH,),}(py),]. The parent ion [2MJ*" is
not detectable and the major peak is at m/z 708, which corre-
sponds to [M + H]*. Likewise, the major peak for the oxidation
by one mole equivalent of NOPF; is the [M + H]" peak at
m/z 708. However, there is evidence of fragments with high
molecular weights consistent with the formation of unassigned
dinuclear platinum species, complicated by the hydrolysis of
PF; . When ESMS is performed on [Pt{((p-HC4F,)NCH,),}-
(py),], the major peak is also at m/z 708, but unlike the oxidized
product, no signals at higher m/z values can be detected.

Table 5 Summary of the 'H NMR chemical shifts of the organoamidoplatinum(ir) complex and its oxidation products. Values are referenced to

SiMe,
CH,/ppm p-H(C4F,)/ppm H3.,5(py)/ppm H4(py)/ppm H2,6(py)/ppm (Jpu/Hz)

[Pt{((p-HC4F,)NCH,),} (py),]* 3.17 6.24 7.25 7.84 8.61 (34)

+ 1 equiv. NOPF, 3.49 7.00 7.47 7.94 8.89 (32)

+ 1 equiv. NOBF, 3.50 7.01 7.44 7.90 8.86 (29)

+ 2 equiv. NOPF, 4.12 7.35 7.52 8.00 9.00 (32)

+ 2 equiv. NOBF, 3.90 7.40 7.57 8.03 8.98 (32)
[Pt{((p-HC4F,)NCH,),} (py),(OH),]" 291 6.84 7.40 7.91 9.07 (21)
[Pt{((p-HC4F,)NCH,),} (py),CL,]¢ 2.95 7.08 7.45 8.02 8.81 (16)

“ From ref. 2. * From ref. 17. ¢ From ref. 25.
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Simulation of cyclic voltammetry

Simulations of voltammograms were undertaken, in order to
assist in the elucidation of the mechanism of the oxidation.
Due to the complicated nature of this system, simulations were
limited to that of the oxidation of Process 1 at high concen-
trations of [Pt{((p-HC¢F,)NCH,),}(py),] (A in Scheme 1) on a
GC electrode. Under these conditions, many of the voltam-
metric features could be approximately simulated using the
mechanism given in Scheme 1, which includes the formation of
two structurally different dimeric platinum species, AB and
ABI. All electron transfer processes in the simulation were
assumed to be extremely fast, and hence reversible on the vol-
tammetric timescale. E,, values given in Scheme 1 are the
reversible potentials for the designated electron transfer reac-
tion. For the homogeneous reactions, K., is the equilibrium
constant and k; and k; are the associated rate constants (where
K., = kik,) with all parameters having appropriate units. Fig. 10
illustrates the simulated data, which account for the crossover
of current, the diminuation of peak height for Process 1 when
potential is cycled over the region encompassing Processes 1
and 5, and the relatively small loss of Process 1 when the poten-
tial range encompasses Processes 1, 5 and 6. However, it does
not account for the steady state nature of Process 5, nor the fact
that the first cycle for Process 6 is distinctly different from
subsequent cycles.

According to the simulated mechanism, oxidation of [Pt-
{((p-HC,F)NCH,),}(py).], A, occurs with the formation of
the mono-oxidised species B, which immediately dimerises to
give the multinuclear species, AB. The dimeric species, AB, then

A=B+e E,=007V
A+B=AB Keq=1x10% ke=1x 10% ky = 1
AB = ABI Keq=1x10% ke=10,k, =1 x 10°
AB1=BBl+e  E,=-0.79V
A;=ABl+¢ E,=-235V
Ay=2A Keq=7.924 x 10%, ke=1 x 10°,
ky = 1.262 x 10
Scheme 1
400
(a)
200
0 -
< -200 —
2 400+
e (b)
= 4
o
200 —
0 -
-200 —

| ! I ! ! ! ! ! I ! |
-2.0 -1.5 -1.0 -0.5 0.0 0.5

Potential/V vs. Fc/Fc'

-2.5

Fig. 10 Simulated cyclic voltammograms at a 1.3 mm radius electrode
(with semi-infinite diffusion) of a 10 mM solution at 25 °C (with pre-
equilibrium disabled and using diffusion coefficient of 1 x 107> cm?s™").
Using an initial potential of —500 mV, a scan rate of 1000 mV s™! and
scanning for 8 cycles of potential. (a) Switching potential at —1200 mV.
(b) Switching potential at —2400 mV.

undergoes slow rearrangement to form ABIL. It is this slow
kinetic step that causes the crossover (as seen in Fig. 3 and
simulated in Fig. 9). ABI can then be further oxidised to BBI,
or reduced to A, which dissociates to give two equivalents of A.
This latter pathway enables recovery of [Pt{((p-HC(F,)NCH,),}-
(py),] when the potential is cycled over the range encompassing
Processes 1, 5 and 6. Remembering that the simulation can only
account for the major voltammetric features, further clarifi-
cation of this mechanism requires the combination of all of the
above spectroscopic and voltammetric data and further
discussion.

Proposed mechanism

It is not unusual to find irreversible oxidative electrochemistry
associated with Pt(i1) complexes, as the square planar plat-
inum(m) can readily accept two additional donors (e.g. solvent)
following oxidation to give stable platinum(1v) complexes or
transient platinum(im) species.** However, in the present case,
lack of substantial electrochemical or spectroscopic difference
when the solvent was changed from acetone to acetonitrile
renders unlikely the hypothesis that the fast follow-up reaction
includes coordination of solvent.

OTTLE experiments suggest that the one-electron oxidation
of [Pt{((p-HC(cF,)NCH,),}(py),] is partially chemically revers-
ible, with recovery of a substantial amount of the initial spec-
trum on re-reduction. This reversibility suggests that under
these conditions, all ligands remain coordinated to the platinum
throughout the oxidation because if the ligands were to dissoci-
ate, the reversibility of the system would be compromised. Simi-
larly, recovery of significant concentrations of [Pt{((p-HC4F,)-
NCH,),}(py),] is possible when voltammograms are obtained
immediately following oxidation by one equivalent NO™ or by
BE of < 1 mM concentrations. The use of these low concen-
trations appears to play a key role in the reversibility of the
system.

Interestingly, Process 5 is never observed in voltammograms
obtained following BE or chemical oxidation experiments, and
[Pt{((p-HC(cF,)NCH,),} (py),] cannot be recovered after long
timescale oxidative experiments. This suggests there are differ-
ences between the mechanisms observed on the short (voltam-
metric) and longer timescales.

(a) Short (voltammetric) timescale. The initial step in the
oxidation of [Pt{((p-HC¢cF,)NCH,),}(py),] is highly likely to be
the formation of an isoconnected paramagnetic cation radical,
[Pt{((p-HC(F,)NCH,),}(py),]", B (Scheme 2). However, B is not
detected even on short timescale voltammetric experiments up
to a scan rate of 5000 mV s~'. This suggests that this species
reacts very rapidly either by dimerisation, or by reaction with
[Pt{((p-HCcF,)NCH,),}(py),]. This latter pathway forms the
basis of the initial step in Scheme 1.

N
(P-H‘Caﬂ) (P-H\CeF4) —|
[N\ H/py [N\ /PY

—_— Pt +e

AN N ¢
N Py T py

(p-HCE,) (p-HCgFy)
A B

Scheme 2

The most probable dinuclear product of the oxidation
of [Pt{((p-HC¢F,)NCH,),}(py),] is one containing bridging
p-organoamide ligands (AB in Scheme 3). Similar bridging by
an organoamide nitrogen can be found in the dimeric palladium
complexes, [(PdX{(p-YC¢F,)N(CH,),NR,}),] (Where R = Me or
Et; Y = H or F; X = Cl, Br, I or O,CPh), with two of the
complexes (R = Et; Y = F; X = CI or O,CPh) structurally
authenticated by single crystal X-ray diffraction techniques.*”*
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However, unlike the palladium species, the p-organoamide
coordination results in 5-coordintate platinum metal centres,
with the fluorocarbon rings and pyridines presumably in close
proximity, introducing an amount of strain into the system.
Alleviation of this strain can be achieved by breaking two of
the Pt—N bonds (as in Scheme 3) to form a dinuclear platinum
complex with bridging organoamide ligands (AB1 in Scheme
3). This rearrangement agrees with the proposed voltammetric
mechanism, which requires the existence of at least two struc-
turally unique dinuclear complexes, AB and AB1, where ABI
is formed by a chemical step from AB. Not only is this new
complex radical likely to be more stable than the sterically
hindered dinuclear radical, but it allows for the slow Kkinetic
step in the mechanism of the simulation. The new platinum
dinuclear complex, ABI, is able to undergo further oxidation
to give a diradical complex, BB1, or be reduced back to a plat-
inum(m) analogue, A,, which immediately rearranges to give
two equivalents of [Pt{((p-HC¢F,)NCH,),}(py),] (see Scheme
4).

(P-HC(,FO\ / N\ /(ﬂ-HC(,Fj‘ (p-HCF) / \,(p-HC(,F7|h
N

. N
\ / -€ |
P)’>Pt Pt<py P)’: Pt Ptipy
Py / \N Py te Py ) L
~
(p-HCF,) N N(p-HCF,) (-HCF)™ \__/ ~(p-HCGE)
ABI BBI
-e +€
(PHC(»FQ
(p—HC(‘F4) ~ N‘ N 7 (F'HCGFA)
PY\P‘tu pltu:PY M— [ Pt“
Py~ Il\I Il\] py
(P-HCF) \__/ ~(p-HCEF))
(p- HC(F4)
A, A
Scheme 4

It must be noted that the proposed formation of dinuclear
platinum species is the simplest mechanism, and formation of
oligomeric platinum complexes are also possible. It must be
remembered that whilst it explains many of the features,
Scheme 1 does not fully explain all features of the cyclic
voltammetry. Under conditions where high concentrations of B
are formed, Scheme 5, which generates a Pt™-Pt™ complex, is
likely to contribute to the voltammetry.

(b) Long timescale. On longer timescale, high concentration
experiments, formation of different products are probable.

(P'”%F” B (P-HCFy) uv-HcoF]

/PY N by Py, N
2 Pt - [ Pt—Pt j
N py py N
HC F
(p-HCGF,) (p- HC(,FQ (p-HC4F,)
B BB2
Scheme 5
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Although the initial step in the oxidation is identical to that on
the short timescale (Scheme 2), the nature of the follow-up
reactions appears to vary considerably with reaction conditions.

Partial oxidation of very high concentrations (50 mM) of
[Pt{((p-HC,F,)NCH,),} (py),] leads to the detection of an EPR
active species. The voltammetric evidence relevant to these con-
ditions suggest that this moderately stable species is not mono-
meric, although it is impossible to tell by the EPR spectrum
whether the active species is monomeric, dinuclear or oligo-
meric. The use of saturated solutions of [Pt{((p-HCF,)-
NCH,),}(py),] coupled with the generation of small amounts
of [Pt{((p-HC4F,)NCH,),}(py),]” favours reaction to give EPR
active species such as AB, AB1 (see Scheme 3) or 4 in which the
oxidised organoamide ligand is chelated to one Pt centre. There
is no evidence from EPR spectroscopy of the oxidised ligand
bridging two equivalent Pt centres.

3+ PY_ Py PY 4*

(p-HCGF,) (P-HCEY (I"Hcg ; —|

e I\\]/_\N/ (p- HC6F4) N Fa)

N_ Py PY \ Py

Pt Pt Pt ( (
N oo N o
py \ /
N—" \ (P'HC(,F4) Pt—Pl (P-HCgFy)
(p-HCGFy) (p-HC4F,) (p-HCEY) Py pY P§' by
4 5

(Some fluorocarbons omitted for clarity)

At very high concentrations of B (for example, immediately
following oxidation by one equivalent of NO™), the unstable
radical cation is more likely to dimerise with itself, which could
give rise to the formation of a platinum(1r) dimer containing an
unsupported Pt-Pt bond, BB2 (Scheme 5). Oligomerisation by
further reaction with [Pt{((p-HC¢F,)NCH,),}(py),]" is also
possible, and 4 and 5 are examples of possible oligomers.

NMR spectroscopy following oxidation of high concen-
trations (10 mM) of [Pt{((p-HC4F,)NCH,),}(py),] confirms
that all ligands remain attached to the platinum in the expected
ratios (free pyridine or free protonated organoamide ligand
were only detected in aged solutions), and suggests that the
complex remains symmetrical. In order for the complex to be
diamagnetic following a one-electron oxidation, there must be
electron pairing and the most feasible solution is the inclusion
of a Pt-Pt bond (as in BB2 in Scheme 5, BB3 in Scheme 6),
particularly as there is no NMR spectroscopic evidence of
ligand decomposition or dissociation, or any unusual ligand
coordination immediately after oxidation. In addition, the reac-
tion of BB1 to BB3 can account for the lack of Process 5 follow-
ing BE or chemical oxidation, as the complex containing the
Pt-Pt bond (BB3) is likely to be more stable than the diradical
complex, BBI1.

2+

2+
(P-HCGH)\ /A /(P-HC&;‘ (P-HC6F4)\ / \ (p-HCFy)

py\gt P'tipy Py~ PtHI_PtHI py
py N I\\I py py~ II\I N P
(pPHCE)” \__/ (HCE) (PHCE) \__/ “(p-HCGE)
BB1 BB3
Scheme 6

Unfortunately, attempts to crystallise the mono-oxidised
product have proven unsuccessful, so an unequivocal structural
determination is not possible. However, the list of dinuclear
platinum(mr) complexes containing a Pt-Pt bond has been
rapidly expanding in the last decade,® in contrast to the
relatively rare monomeric platinum(mr) complexes.**** Con-
sequently, this knowledge coupled with the spectroscopic data
presented here (including ESMS results), supports the form-
ation of a platinum(ur) dimer or oligimer as the major product



of one-electron oxidation on the long timescale. Most reported
dimeric platinum(i) complexes have bridging ligands of
appropriate bite (e.g. amides,**™* acetates*® and thioacetates,*
nucleobases,**>? sulfates,** phosphates* and diphosphites®®),
although there are a number of dinuclear platinum(m) com-
pounds with no bridging ligands,’*>® which lends support to the
proposed intermediates above.

Interestingly, any number of platinum(i) oligomers could be
possible oxidation products, as long as the resulting complex is
diamagnetic and symmetrical (pyridines and the flurocarbons
in equivalent environments respectively).

Formation of platinum(1v) complexes

Despite the inherent complexity associated with the range of
complexes formed by a one-electron oxidation, the second one-
electron step seems to always occur at a similar potential and
give the same products (compare Figs. 4 and 5). Note the close
similarity of Processes 2, 7 and 8 to Processes 9, 10 and 11.

The one-electron oxidation of the platinum(ir) complexes
logically produces a 6-coordinate platinum(1v) complex, void of
any Pt—Pt bond. A plausible structure would contain solvent or
electrolyte in the 5™ and 6™ coordination positions to give a
structure of the kind shown in 6. This particular structure does
not allow reduction back to the initial organoamidoplat-
inum(11) complex, [Pt{((p-HCcF,)NCH,),}(py),]-

—‘4+

(p-HCGFy)  (p-HC(F,)
S| \—/ Sl
wWN N, \
N G .. [Py
N e
| N | py
s/ \ s
(p-HC(Fy)  (p-HC(Fy)
6

S = solvent or electrolyte

It is intriguing to note that reaction of [Pt{((p-HCF,)-
NCH,),} (py),] with hydrogen peroxide produces the dihydroxo-
platinum(1v) analogue, [Pt{((p-HC¢F,) NCH,),}(py),(OH),], via
what is apparently an overall oxidative addition reaction.!” The
data in this work suggest that in the absence of reasonably good
coordinating ligands, the formation of moderately stable plat-
inum(tr) complexes occur. That is, the excellent coordination
ability of hydroxide as a ligand when H,0, is used as an oxidant
appears to lead to a very different reaction pathway and types
of products relative to the case when NO™ or electrochemistry
is used to achieve oxidation.

Conclusions

The oxidation of [Pt{((p-HC(F,)NCH,),}(py),], under vol-
tammetric conditions at reasonable concentration, occurs via
two well separated one-electron processes, rather than a single
two-electron step, as is commontly observed in oxidative plat-
inum chemistry. On long timescale experiments, diamagnetic
supported platinum(mr) dinuclear or oligomeric complexes are
formed which can, in turn, be oxidised to the platinum(1v) state.
A mechanism for the initial one-electron oxidation can be pro-
posed on the basis of voltammetric and spectroelectrochemical
data.
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