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Abstract

[Pt{(p-BrCsF4)NCH=C(CI)NEt2}Cl(py)] (1Cl) is the product of the hydrogen peroxide
oxidation of the Pt" anticancer agent ([Pt{(p-BrCsF4)NCH,CH,NEt,} Cl(py)] (1). Insights into
electron delocalization and bonding in [Pt{(p-BrCsFs)NCH=C(CI)NEt}Cl(py)]" (1CI")
obtained by electrochemical oxidation of 1Cl have been gained by spectroscopic and
computational studies. The 1CV/1CI" process is chemically and electrochemically reversible on
the short timescale of voltammetry in dichloromethane (0.10 M[BusN][PFs]). Substantial
stability is retained on longer timescales enabling a high yield of 1CI" to be generated by bulk
electrolysis. In situ IR and Visible spectroelectrochemical studies on the oxidation of 1Cl to
1CI" and the reduction of 1CI" back to 1Cl confirm the long-term chemical reversibility. DFT
calculations indicate only a minor contribution to the electron density (13%) resides on the Pt
metal center in 1CI", indicating that the 1Cl/1CI" oxidation process is extensively ligand-based.
Published X-ray crystallographic data show 1Cl is present in only one structural form, while
NMR data on the dissolved crystals revealed the presence of two closely related structural
forms in an almost equimolar ratio. Solution phase EPR spectra of 1CI" are consistent with two
closely related structural forms in a ratio of about 90:10. The average g value for the frozen
solution spectra (2.056 for the major species) is significantly greater than the 2.0023 expected
for a free radical. Crystal Field Analysis of the EPR spectra leads to an estimate of the 5d(z°)
character of around 6% to 10% in 1CI". Analysis of X-ray absorption fine structure derived
from 1CI* also supports the presence of a delocalized singly occupied metal molecular orbital
with a spin density of approximately 17% on Pt. Accordingly, the considerably larger electron
density distribution on the ligand framework (diminished Pt"' character) is proposed to

contribute to the increased stability of 1C1* compared to 17.

Introduction

Platinum coordination complexes have played a prominent role in cancer treatment for
decades.!* The success of cisplatin*® and the need to find solutions for severe side effects in
the use of this and other Pt" anticancer agents,”® have encouraged extensive research into the
development of new Pt drugs and Pt'V prodrugs,’!? as well as detailed investigations of their

13-15

intracellular mechanism of action and strategies for drug delivery.'® Primarily, platinum

complexes in their common oxidation states of II and IV have been assessed as anticancer
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agents. Until recently, mononuclear Pt"! complexes were rarely proposed as anticancer drugs,
due to the reactive nature of the unpaired electron present in the “sterically exposed d-’
orbitals”.!” However, the Pt" oxidation state can be stabilized by using bulky ligands,'® and
now Pt complexes (monomers and dimers) are starting to attract attention for their biological

923 For example, a Pt" dimer, [Ptz(Spy)sCl.] (Spy = deprotonated 2-

activity.
mercaptopyridine) is active against HeLa and U937 tumor lines '** ?° as well as CH1 and
cisplatin-resistant CH1 cisR cells.”? The Pt"! monomers with distorted octahedral geometry,
cis-[Pt"(NH3)2(Hp-3n)(H20)2]-H2O  and  Pt'(Hp-3u)(H20)2]'H,O  (where Hp =
hematoporphyrin IX (7,12-bis(1-hydroxyethyl)-3,8,13,17-tetramethyl-2 1 H-23H-porphyn-
2,18-dipropionic acid)) and Hp-3u is the threefold deprotonated form of the Hp) have shown

biological activity against a panel of leukemic cell lines (BV-173 and LAMA-84 cells **) and

tH tIH

are as active as the leading Pt" anticancer drug, cisplatin. Other reported uses of Pt™ complexes

include applications as catalysts >*?* and organic light-emitting diodes (OLEDs).%¢

Stable Pt'"" compounds are normally found as oligomers (Pt"-Pt"™")*”° or dimers containing a
Pt-Pt bond, 2**° and/or bridging ligands.'”-*!->* However, stable Pt mononuclear species are
known.**37 The first mononuclear Pt"! complex was reported in 1984 by Uson et al.**, who
synthesized [(NBus)Pt(CsCls)4] by oxidation of [(NBus),Pt"(CsCls)4] with Cl, or Br; in CCls
solution. Later, an EPR study of [(NBu4)Pt"(CsCls)4] was reported where charge transfer from
the ligand to Pt was proposed. As an alternative to oxidation of Pt complexes, the Pt state
also is in principle accessible by reduction of Pt!Y complexes. The mode of action of cisplatin-
based PtV prodrugs requires reduction to their active Pt

ligands.®® Reduction of the PtV prodrug [Pt(NH3),(CH3COO).Cl,] to a transient Pt

analogue via the loss of axial

intermediate has been examined theoretically using density functional theory (DFT).>* Another

computational study rationalized the redox instability of the Pt

the reduction of Pt"Y(NH3).Cl.L> to Pt'(NH;3).Cl (L = CH;COO; CHCLCOO; CI"). In

intermediate formed during

particular, it was shown that electron transfer and the cleavage of the Pt—L bond occur in a

stepwise fashion rather than being concerted and that the putative Pt

species was easy to
reduce to Pt"". ¥ The stability of the four coordinated Pt"' state can also be enhanced by
shielding both axial positions to inhibit oxidative addition reactions. *' Similarly, axial position

protection achieved by agostic interactions contribute to the stability of ([Pt{(p-
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BrCsF4)NCH,CHoNEL } Cl(py)]” formed by electrochemical oxidation of ([Pt{(p-
BrCeF4)NCH>CHoNE® } Cl(py)]. **

Anticancer agents containing Pt also have been reported to interact and disturb the oxidant-
antioxidant homeostasis system strongly. ** % Since anticancer Pt drugs can undergo redox
processes in a cellular environment leading to alteration in their charge, geometry, and

44,46, 47

reactivity, redox understanding of anticancer Pt drug behavior is critical.

The synthesis and characterization of Class 2 Pt!!

Y CsF4)N(R)CH2CH2NR"2} X(py)] (Y = H, F, Br; R = polyfluoroaryl; R' = Et, Me; and X= CI,

anticancer agents  [Pt{(p-

Br, I) has been reported in several studies from Monash University. 445! The electrochemical
oxidation of some of these materials has shed light upon conditions favoring the formation of

t' derivatives. *** Electrochemically reversible and close to chemically

formally monomeric P
reversible one-electron oxidation processes have been reported for the anticancer compounds
[Pt"{(p-BrCsF4)NCH,CH,NEt } Cl(py)], 1 #* and [Pt"{(p-HCsF4)NCH,CH,NEt} Cl(py)], 2+
under short-timescale (fast scan-rate) cyclic voltammetric conditions at 23 °C in
dichloromethane. However, instability of these formally Pt™ products is evident under both
slow scan rate cyclic voltammetric and longer timescale bulk electrolysis conditions.
Nevertheless, well defined frozen solution EPR spectra were obtained from the small residual
concentrations  of  [Pt{(p-BrCsF4)NCH,CHoNEt}Cl(py)]", 17 and [Pt{(p-
HCsF4)NCH>CH2NEt } Cl(py)]”, 2* remaining after bulk oxidative electrolysis of [Pt{(p-
BrCsF4)NCH>CHoNEt: } Cl(py)], 1 and [Pt{(p-HCeF4)NCH2CH>NEt } Cl(py)], 2 in the non-
coordinating CH>Cl» (0.03 M [BusN][B(CesF5)s]) medium. Pt hyperfine interactions were
obtained in the frozen solution EPR spectra of 2*. The g values of 1" and 2" are consistent with
the 5d” ion Pt'"! being in an elongated tetragonal environment with the unpaired electron in the
5d(Z°) orbital. Estimates of the 5d(z°) character of around 32% and 37% in 1% and 2*
respectively were obtained by crystal field calculations consistent with substantial
delocalization of the unpaired electron onto the orbitals of the surrounding ligands. Thus 17
and 2" represent substantially delocalized systems implying that the choice of the ligand is
probably vital in determining the extent of electron delocalization in this class of monomeric

tIII

formally Pt™ species.
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The present study reports the electrochemical oxidation of a Pt complex containing an
unsaturated ligand [Pt{(p-BrCeF4)NCH=C(CI)NEt} Cl(py)], 1Cl. This complex was obtained
as a major product from the chemical oxidation of anticancer agent 1 with hydrogen peroxide.
32 This outcome contrasts the formation of the Pt'Y complex: [Pt{(p-HC¢F4)NCHa}2(py)2(OH):]
on oxidation of [Pt{(p-HCsF4)NCH:}2(py)2] with hydrogen peroxide.” The structures of
crystallographically  characterized 1 (trans-chlorido[N,N-diethyl-N'-(4-bromo-2,3,5,6-
tetrafluorophenyl)ethane-1,2-diaminato(1-)  pyridineplatinum(Il),) and 1Cl (trans-
chlorido[N,N-diethyl-N'-(4-bromo-2,3,5,6-tetrafluorophenyl)-1-chloroethene-1,2-

diaminato(1-) pyridineplatinum(II)) are given in Scheme 1.

Scheme 1. Platinum(Il) complexes 1 and 1CL

Br

Br
F F F F
F F F F
N py N py
E \Dt”/ ){ \Pt”/
N/ \c| Cl N/ \CI
Et/ \Et Et/ \Et

1C1

Voltammetry, bulk electrolysis, in situ visible and IR spectroelectrochemical studies, and EPR
studies on the one-electron oxidation of 1Cl in dichloromethane (0.10 M [BusN][PFs]) reveal
that the presence of an unsaturated ligand with a chloro substituent leads to a far more stable
complex [Pt{(p-BrCsF4)NCH=C(CI)NEt,} Cl(py)]’, 1CI" relative to 1" and 2*. EPR and XAFS
studies as well as DFT calculations have been undertaken to assess the extent of electron
delocalization in 1CI*. All data reveal that the extent of the delocalization of the unpaired
electron onto the ligand is enhanced relative to that on 1" and 2*, suggesting that this may be

the reason for the enhanced stability of 1CI".
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Experimental

Synthesis

1Cl was synthesized as described in reference 52.

Electrochemistry

All voltammetric and bulk electrolysis experiments were undertaken in a glove box. Synthesis
and purification of the [BusN][PFs] supporting electrolyte, solvent purification, and electrodes
and instrumentation for voltammetric and bulk electrolysis experiments are as reported in

reference 43.

In an attempt to obtain crystals suitable for X-ray structural analysis, the purple-colored
solution obtained after oxidative bulk electrolysis of 1CI in CH>Cl, (0.10 M [BusN][PF¢]) was
kept under nitrogen at low temperature (—30 °C or —80 °C) following a small level of
concentration by evaporation of the CH>Cl> under vacuum. However, no crystals were obtained
in any of these experiments and after 30 days, the color of the solution started to change from
purple to orange. Crystallization was also attempted without initial evaporation and after
substantial evaporation of the solvent, which enhanced the rate of color change to orange. In
other unsuccessful attempts, n-hexane was added before attempting crystallization at lower
temperatures. Complete evaporation of the solvent only gave crystalline electrolyte.

Apparently, 1CI" does not retain its high stability on the removal of the solvent.

DFT Calculations

Gaussian 16 °* was used at the B3LYP >° level of density functional theory (DFT) for
geometry optimization. The Stuttgart Dresden (SDD) basis set and effective core potential were
used for the platinum and chlorine atoms,% while the 6-31+G(d) all-electron basis set was used

for other atoms. Spin densities were computed with NBO6.°!

Visible and IR Spectroelectrochemistry

A PAR Model 362 scanning potentiostat supported by a PowerLab 4/20 interface and EChem
software (version 1.5.2, AD Instruments) was used to control potentials during Visible and IR
spectroelectrochemical (SEC) measurements. IR spectra were recorded using a BioRad FTS
175C FTIR spectrometer equipped with a Ge/KBr beam splitter and a high-sensitivity narrow-
band MCT detector. The Visible spectra were collected using an Oriel Instaspec II linear diode
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array (LDA) connected to an Oriel 1271 1/8 m spectrograph fitted with a 25 um slit and a 300
line mm™' grating with a 50 W, 12 V projector lamp as the light source. The optical arrangement
gives a near-normal angle of incidence of the incident radiation to the planar working electrode

(78°) for both IR and UV-Vis experiments. %

Spectroscopic measurements were obtained in the absorption/reflection mode, with the
interrogating beam directed at near-normal incidence through the CaF; window and focused
on the 3 mm diameter disk working electrode. A solution path length of 10-20 um was
sufficient to give a well-defined spectroscopic response while allowing rapid electrolysis in the
thin film of solution in contact with the working electrode. The cell used for

spectroelectrochemistry experiments has previously been described % ¢

The electrode assembly consisted of a 3 mm diameter Pt or glassy carbon (GC) disk working
electrodes, an Ag wire quasi-reference electrode (QRE), and a Pt foil counter electrode. The

0/+

reversible potential of the Fc”" couple (Fc = ferrocene = Fe(n’-CsHs),) is ca. 0.50 V vs. Ag
QRE. The working electrodes were polished first on 9 mm, then 0.3 mm alumina-impregnated
polishing film (Buehler), washed with distilled water, sonicated for 5 min, and dried thoroughly
before use. After assembly, the SEC cell was placed in a dry box (under nitrogen and operated
under elevated pressure, ca. 300 kPa), filled with 1.0 ml of a 5.0 mM 1ClI solution in CH>Cl>

(0.10 mM [BusN][PFe]).

X-ray Absorption Spectroscopy (XAS)

A modified version of an X-ray absorption spectroscopy spectroelectrochemical (XAS-SEC)
flow electrosynthesis cell developed for room temperature in situ XAS measurements ** was
used to prepare samples for low-temperature XAS and EPR measurements. Full operational

details are provided in the Supporting Information.

EPR spectroscopy

EPR spectra were obtained at 298 K (solution phase) and at ca. 100 K (frozen solution) using
a Bruker ER500 spectrometer. Simulations were undertaken with EASYSPIN® or Bruker
SIMFONIA software. Generation of 1CI" was undertaken by oxidation of 1Cl (1.02 mM) in
CH>ClI> (0.30 mM [BusN][PF¢]) in the flow electrosynthesis cell used for XAS measurements

(vide infra). To undertake EPR experiments, the solution flow from the working electrode was
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diverted to the EPR sample tube after exhaustive oxidation of 1Cl which was marked by a
change of solution color from pale yellow to blue/violet. Initially, the room-temperature
solution-phase EPR spectra were recorded. Subsequently, the solution was frozen in liquid
nitrogen and loaded into a Wilmad WG-850-B-Q nitrogen Dewar flask installed in the cavity
of the EPR spectrometer.

Results and discussion

Electrochemical oxidation of 1Cl

Voltammetry of 1Cl in CH:Cl; (0.10 M [Bu4N][PF¢])

Steady-state microelectrode voltammetry. In dichloromethane (0.10 M [BusN][PFs]), a very
well-defined sigmoidal-shaped voltammogram is obtained at a Pt microelectrode (10 um
diameter), as shown in Figure 1a. Under these near steady-state conditions, the influence of
iR, drop (i = current, R, = uncompensated resistance) is negligible, even in a high resistance

solvent like CH,Cl.

The number of electrons transferred per molecule in the oxidation process is confirmed to be
one since a plot of E vs logio(/z-i/i) is linear with a slope (2.303RT/nF) equal to (57 £2) mV,
where E = potential, /;= limiting current and R, 7, n and F have their usual meanings. The half-
wave potential (E;.), calculated at £ = I/2, is 355 £ 5 mV vs Fc”". The use of the Saito
equation that applies to the steady-state diffusion-controlled limiting current at a

microelectrode *® gives a diffusion coefficient (D) value of 8.2 x107° cm?s~!.

Transient cyclic voltammetry. Under transient cyclic voltammetric conditions at a macrodisk
Pt electrode with a slow scan rate (20 mVs '), a reversible one-electron 1CI/1CI* process also
is obtained, as shown in Figure 1b. In cyclic voltammograms of 1 and 2 obtained at scan rates
<100 mVs ', a small oxidative shoulder with a reductive counterpart is evident after the initial
one-electron oxidation process.*>** In contrast, there is no follow-up chemical process evident
after oxidation of 1Cl even at a very slow scan rate, which implies that 1CI" is significantly

more stable than 1% or 2*.

Cyclic voltammetric data obtained as a function of scan rate are shown in Figure 1¢, and data

obtained from these experiments are summarised in Table S1. The magnitude of the i,"%/i,*
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peak current ratio (i,° = oxidation peak current, i," = reduction peak current) is close to unity
at all scan rates examined, confirming the chemical reversibility of the 1Cl/1CI" process. The
midpoint potential £, is 369 + 5 mV vs. Fc”", calculated from the average ofthe oxidation and
reduction peak potentials (E,** + E,"*)/2, which is similar to the E;/> value derived from steady-
state voltammetry. The peak-to-peak separation (4E,= E,**—E,"*) obtained at low scan rates
is close to the theoretically predicted value for a reversible process of 56 mV ¢ at 23 °C. The
increase in 4E, at higher scan rates is predominantly attributed to larger currents and hence
enhanced iRu drop in the highly resistive CH2Cl> medium. All data imply that a chemically
and electrochemically reversible one-electron oxidation of 1CI to 1CI" occurs in CH>Cl» (0.10
M [BusN][PF¢]) under cyclic voltammetric conditions. Data obtained at a platinum macrodisk

electrode were essentially the same as at a GC electrode.

Clearly, oxidation of 1Cl to 1CI" is reversible under both steady-state microelectrode and
transient macrodisk electrode conditions in CH>Cl> (0.10 M [BusN][PFs]). Thus, the formally
Pt process can be described by the electrochemical (E) step (equation 1) with no evidence
for a chemical (C) step (equation 2) following the electron transfer process as reported for
related complexes. **** %7 The oxidation of 1Cl exhibits the same ideal characteristics found
for the known reversible one-electron oxidation of Fc to Fc' under both steady-state and

transient voltammetric conditions.

E I"[“ : |"[|” + e- (1)
slow
C Pt 5 Product(s) (2)
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(2)

(b)
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Figure 1. (a) Near steady-state voltammogram obtained at a 10 um diameter Pt microdisc electrode at
a scan rate of 10 mVs™ for oxidation of 1C1(1.02 mM) in CH,Cl, (0.10 M [BusN][PFs]) (b) Transient
cyclic voltammogram for oxidation of 1Cl (0.90 mM) obtained at Pt macrodisc electrode (A = 0.0093
cm?) in CH>Cl, (0.10 M [BusN][PFs])]) at a scan rate of 20 mVs™' (¢) Transient cyclic voltammograms
for oxidation of 1CI (0.90 mM) obtained at a Pt macrodisc electrode (A = 0.0093 cm?) in CH,Cl, (0.10
M [BuN][PFs]) at designated scan rates. (d) Steady-state voltammograms obtained at a 10 um
diameter Pt microelectrode before (—) and after (—) bulk electrolysis of 1Cl (1.02 mM) at a Pt mesh
electrode in CH>Cl, (0.10 M [BusN][PFs]) (e) cyclic voltammograms obtained at Pt macrodisk
electrode (A = 0.0093 cm?) with a scan rate of 100 mVs™ before (-) and after (—) the bulk electrolysis
of 1Cl1 (1.02 mM) in CH,CL (0.10 M [BusN][PFs]) (f) Cyclic voltammograms obtained at a Pt
macrodisk electrode (A = 0.0093 cm?) with multiple cycling of the potential at the scan rate of 100
mVs™ after bulk electrolysis of 1CI (1.02 mM) in CH>Cl, (0.10 M [BusN][PFs)).
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Bulk oxidative electrolysis of 1Cl

An exhaustive bulk oxidative electrolysis experiment was undertaken with 8 ml of 1.02 mM
1CI in CH2Cl> (0.10 M [BusN][PFs]) using a platinum mesh electrode held at a potential of
0.57 V vs Fc”*. During electrolysis, the solution color changed from yellow to deep violet —
purple. The number of electrons transferred (n-value) for the oxidation process was determined

to be 0.95+ 0.03 based on coulometric analysis of the current-time data.

The near steady-state voltammogram obtained at the 10 um diameter Pt microelectrode for
oxidation of 1Cl (1.02 mM) before bulk electrolysis contains only positive Faradaic current
(Figure 1d). After oxidative bulk electrolysis, the 1C1”* oxidation process is replaced by a
1CI"" reduction process (Figure 1e), having only negative current but with the same E1, value
as for reduction of 1CIl. The similar magnitudes of the limiting currents before and after bulk
electrolysis are as expected for a high yield of stable 1CI*. Cyclic voltammograms obtained
before and after bulk electrolysis of 1Cl are presented in Figure le and again reveal the
transition from reversible oxidation to a reversible reduction process. Cyclic voltammograms
obtained after the bulk electrolysis using multiple cycling of the potential (Figure 1f) display
the theoretically expected small decrease in the magnitude of the current with each cycle, but
no new processes emerge. All these data confirm that 1CI" remains fully stable even under
long-timescale bulk electrolysis conditions, unlike 1 and 2* generated via bulk electrolysis of
1 and 2. *»* After many attempts, single crystals of 1CI* could not be obtained from the
oxidized solution obtained after the bulk electrolysis, even at low temperatures (see

experimental)

Density functional theory (DFT) study on the 1C1”* and 1°* processes

DFT calculations relevant to the 1C1%* process proceeded by geometry optimization of 1Cl
using the X-ray derived coordinates of the solid as a starting geometry, followed by re-
optimization of the geometry of the 1CI" cation as a spin doublet. The optimized geometries
and natural spin densities of the singly occupied molecular orbital (SOMO) for 1CI" are
summarised in Figure 2. The predicted bond lengths and bond angles of the theoretical models
of 1CI and 1CI" and those obtained from the X-ray crystal structure of 1Cl are provided in
Tables S2 and S3. Analogous results for the 1° and 1* pair are provided in Figure S1 and
Tables S2 and S3.
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The highest occupied molecular orbitals (HOMO) for each neutral and SOMO for the oxidized
forms in 1 and 1%, and 1Cl and 1CI" pairs are similar. Both 17 and 1CI" have an unpaired
electron which can be distributed in terms of charge densities over the metal and ligand
framework. Thus, 1" has spin densities 0.55 and 0.28 e/A® at the amide nitrogen and platinum
(Figure S1). However, for 1CI, containing the unsaturated skeleton, the electron density for
the SOMO is primarily at the amide nitrogen, C7 and C8 with spin densities 0.39, —0.12, and
0.40 e/A3, respectively, and only 0.13 /A3 on platinum (Figure 2). Clearly, the electron density
lies predominantly on the ligand framework for 1CI" and this is suggested to be a major reason

for its enhanced stability relative to 17.

The geometry around the Pt center is planar, with the sum of the four X-Pt-X angles being 360°
for 1, 17, 1Cl, and 1CI*. In the case of the 1Cl and 1CI" couple, small changes in the
coordination geometry of the metal are predicted following oxidation, such as a shortening of
the Pt-N1 and Pt-Cl bonds and a lengthening of the Pt-N2 and the C=C bond of the chelating
ligand. Clearly, the impact of oxidation significantly impacts the unsaturated ligand

framework.
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(a)

1Cl1

C1-Pt-N2,N3 93.0, 87.4; N1-Pt-N2 82.7: N1-Pt-N3 97.0°  C1-Pt-N2,N3 92.8, 87.1; N1-Pt-N2 81.9; N1-P-N3 98.1°

(b)

Figure 2. (a) Gaussview diagram for 1Cl and 1CI" (b) HOMO of 1Cl and SOMO of 1CI" illustrating
the impact of the delocalization of the unpaired electron on the unsaturated ligand skeleton. Atom color
code: Red (Br), light blue (F), blue (N) and cyan (Pt).

Spectroelectrochemical (SEC) studies on 1Cl

In situ visible spectroscopy

Spectroelectrochemical experiments at visible wavelengths were undertaken using the thin
layer reflection-absorption cell, which maintained the sample in an anaerobic (dinitrogen)
environment. The reversible spectral changes in the visible region resulting from oxidation of
1Cl to 1CI" followed by reduction of electrogenerated 1CI* back to 1Cl are shown in Figure
3. The spectra are displayed in the differential absorbance format where the initial spectrum,
measured at the resting potential of the system, is used as the reference. Application of a

potential of 1.0 V vs. the Ag QRE for 16 s resulted in quantitative oxidation of 1Cl to 1CI*
I13|Page



(Figure 3 top). The chemical reversibility of the oxidation process was established by recovery
of the initial spectrum following the return of the initial potential to 0.0 V vs Ag QRE for 40 s,
which achieved a complete reduction of electrochemically generated 1CI" back to 1Cl (Figure
3 bottom). The presence of a well-defined isosbestic point at 467 nm for both the oxidation
and reduction steps is consistent with the direct interconversion of the redox partners. The
crossover region in absorbance in the 381 nm region is slightly less well defined, most likely
due to the poorer photometric accuracy of the system at shorter wavelengths and the higher
absorbance of the sample. The robust character of the system to redox cycling was
demonstrated by the application of ten oxidation/reduction cycles, where each cycle was
marked by a very high level of reversibility. In summary, the 1CI/1CI* system is chemically

reversible on the timescale of the thin layer Visible SEC experiment.
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Oto+1.0V (time =0to 16 s)

+1.0to OV (time = 16 to 56 s)

A Absorbance —»

Wavelength / nm

Figure 3. Differential absorbance spectra in the visible region obtained during the course of oxidation
of 5.0 mM 1Cl in CH.Cl, (0.1 M [BwN][PFs]) (top) to 1CI" and reduction of electrochemically
generated 1CI" back to 1CI (bottom). The first recorded spectrum was used as the background for
subsequent spectra. The film thickness was approximately 10 um and the reference corresponds to the
spectrum recorded immediately prior to application of the oxidizing potential. Spectra were collected
at intervals of 1.1 s. The initial and final spectra of each set are plotted in green and blue, respectively.

In situ IR spectroelectrochemistry

Complete reversal of the intensity in IR SEC spectra recorded during oxidation of 1Clto 1CI*
and reduction of electrochemically generated 1CI" back to 1Cl is displayed in Figure 4. The
presence of multiple isosbestic points is evident. Low transmittance of the single beam spectra,
associated with strong absorption by the solvent and supporting electrolyte, limits the reliability

of interpretation of the IR spectra in the regions of 1473-1420 cm™' and 1290-1235 cm .
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Accordingly, these regions are blocked out in Figure 4. Figure S2 provides the time evolution
of the product concentrations during oxidation of 1Cl to 1CI" and then reduction of 1CI* back
to 1Cl for two IR bands. The band at 1501 cm ™! increases with time as 1CI" is generated in the
course of oxidation of 1Cl. An exactly equivalent decrease with time occurs on the reduction
of 1CI" back to 1CI. Conversely, the band at 1620 cm ™' shows a decrease with time and reflects
the consumption of 1CI during the oxidation and its recovery on reduction. This SEC behavior
again confirms that the electrochemical oxidation of 1CI* to 1Cl is a chemically reversible
process. The fact that changes in frequency during oxidation are only small also implies that

tH

1CI" is structurally similar to its Pt precursor 1Cl.

DFT calculations provide a basis for the interpretation of the IR spectra. The bands of 1CI in
the 1100 to 1800 cm ™! region are dominated by skeletal modes of the ligands and, while subject
to basis set-dependent scaling errors, give a satisfactory representation of the observed
spectrum. Experimentally, the IR difference spectrum (1CI - 1CI") is well defined and provides
a sensitive test of the calculated differences in structural parameters and force constants
associated with the one-electron oxidation process. While the calculated normal modes have
displacement coordinates involving many atoms, particular atom displacements dominate the
character of the modes. Several key modes are illustrated in Figure 4¢ and involve the
translation of the enamide N atom about the three bonds to this atom, a breathing mode of the
perfluoro ring, and a C=C stretch of the enamide. The differing sensitivity of these modes to
oxidation will be related to the enamide domination of the SOMO (Figure 4). Based on their
relative intensities and wavenumbers, bands associated with the translation of the enamide N
atom along the three bond directions may be identified at 1142, 1223, and 1316 cm™! for 1Cl
(Figure 4). The shift in wavenumber and intensity of the corresponding bands following
oxidation give distinctive signatures in the calculated differential absorption spectra and these
predictions match closely with the observed spectra. The expected lengthening of the C=C
bond of the enamide on oxidation of 1Cl to 1CI" (Figure 4) is predicted to lead to a significant
change in the modes. Stretching of this bond is assigned to the band at 1644 cm™'. The 1798
cm' mode of 1Cl is calculated to shift to 1480 cm™' for 1CI, although the form of the normal
mode is more mixed for the cation. The band at 1405 cm™' has an intensity and half-width
consistent with its assignment to this mode and the relative wavenumbers of the bands for the
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neutral and cationic species also support the assignment. The ring breathing modes of the
perfluorophenyl substituent occur near 1620 cm ™' and the calculations suggest smaller changes
in wavenumber and relative intensity for these modes. The most intense bands in the spectral
region under consideration, between 1473 and 1520 cm™!, are due primarily to the C-C-H
bending vibrations of the ethyl groups. The calculated spectra predict small shifts in
wavenumber and relative intensity and give rise to the largest changes in the differential
absorption spectra. In summary, the differential absorption IR spectra recorded during
oxidation of 1CI to 1CI" and subsequent reduction of 1CI" back to 1Cl confirm that the process
is chemically reversible and that the spectral changes can be closely matched to those

calculated for the interconversion of 1Cl and 1CI".

Specific assignments of the IR bands have been discussed for the polyfluoroaryl and pyridine
rings of the Class I compound, [Pt{((p-HCsF4)NCH2).}(py)2], ®® and show that the normal
modes are highly mixed and provide a fingerprint for these types of compounds. The use of
differential absorption IR-SEC measurements has been used with v(CO) modes to confirm the
validity of calculated structures based ® 7° This study provides a clear example based on the
use of the more complicated spectral profile characteristic of the "fingerprint” region of the IR

spectrum.
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Figure 4. (a) IR SEC data for the oxidation of 1Clto 1CI" and (b) reduction of 1CI" back to 1Cl using
a thin layer containing 5.0 mM 1Cl in CH,Cl, (0.1 M [NBu4][PFs]). Initial and final spectra of each
series are plotted in green and blue, respectively. Strong absorption by the solvent and supporting
electrolyte prevent the collection of reliable data in the regions near 1450 and 1275 cm™. (c¢) The
calculated spectra for 1Cl and 1CI" and the calculated differential absorption spectra. All bands were
calculated as Lorentzian (80%)/Gaussian (20%) profiles with a full width at half maximum value of 8

cm’l.

EPR Spectroscopy of 1CI"

The high stability of 1CI* allows flow-based electrosynthesis to generate samples suitable for

EPR measurements in the liquid phase at room temperature and frozen solutions at ca. 100 K.
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Visual monitoring of the intensity of the blue color of the oxidized compound in the EPR tube,
together with the current-time response, provided feedback on the progress of the
electrochemical oxidation. The liquid phase (298 K) EPR spectrum of 1CI" derived from the
oxidation of 1.02 mM 1Cl in CH>Cl; (0.10 M BusN[PF¢]) is shown in Figure 5. The strongest
feature of the spectrum, at ca. 338 mT, is attributed to an unpaired electron interacting with a
nucleus of one of the three isotopes of Pt with the nuclear spin 7 = 0 (!**Pt 32.8%; °°Pt 25.4%;
198Pt 7.23%). The resonances at ~ 335 and ~ 343 mT result from the interaction of the unpaired
electron with the nucleus of 33.7% abundant '*>Pt isotope with 7 = . The presence of the
shoulder at g ~ 2.1 (ca. 332 mT) is indicative of the presence of a second species whose features
may be discerned by subtraction of the simulated spectrum of the major species from the
experimental spectrum. The spectrum of this second (minor) species is also included in Figure
5. We estimate that the major species contributes approximately 88 % and the minor species
12 % to the total spectral intensity. The main features of the spectrum of the major species were
best fitted with isotropic g and hyperfine values of go = 2.0567 and Ao ('*°Pt) 55.57 x 10 cm
!, Small further improvements to the fit were obtained by the inclusion of hyperfine coupling
to N and Cl nuclei as provided in Table 1 and Figure S3 and discussed in the SI. A similar
analysis was performed for the minor species. Although go and '*°Pt A, for the major species
can be regarded as well-established, the parameters for the small couplings to N and CI nuclei
and all parameters of the minor species must be interpreted with caution. In particular, the
values of the small couplings to N and Cl nuclei are not well established, although the ORCA-
based calculations suggest an ordering of the hyperfine constants of Pt >> N > Cl, as indeed

estimated through simulations.

The EPR spectrum is consistent with the formation of a mixture of two structurally similar
forms of 1CI", as also observed for 1Cl in acetone by '*>Pt and '"H NMR*. The identity of these
two forms has not been firmly established for 1CL In the case of 1CI", the differences in EPR,
g, and Ap; values could arise from differences in the interaction between the Pt and enamide
ligands due to rotation of the plane of the perfluorophenyl substituent or from different
interactions with the dichloromethane solvent. NMR and EPR spectra provide evidence for the
presence of two closely related structural forms in both the reduced and oxidized forms of the
platinum complex. In contrast, transient and steady-state voltammetric as well as visible and

IR spectroelectrochemical data derived from electrolysis are fully consistent with a
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straightforward fully reversible 1CI** process. This is expected if structurally similar species
resolved on the very short timescale NMR and EPR measurements are in rapid equilibrium on
the much longer electrochemical timescale. Furthermore, it is likely that the reversible

potentials for all species are very similar, making their electrochemical resolution problematic.

+
1CI
+  Experiment (298 K)
@ — Fit (RMS deviation = 1.35%)
@ R rEE e N
E __________
ﬁ ----------
g, 2.0567 2.0678
Anl(107%m™) 558 51.6
Ay l(10*em™y 9.2 13.1
Agd(10*em™) 1.3 4.0
wpp/mT [0.40 1.20] [0.44 0.72)
Weight  88% 12%
| | | | |
325 330 335 340 345 350

B!mT

Figure 5. Solution phase X-band EPR spectrum of 1CI* obtained by bulk oxidative electrolysis
of 1.02 mM 1Cl in CH>Cl; (0.10 M [BusN][PF¢] at 298 K and the simulated spectrum based
on a two-species model with coupling to '*Pt, N, and CI nuclei as described in the text and
using g and hyperfine interaction parameters as listed in Table 1. The inset picture is of the
electrochemically oxidized 1CI* purple-colored sample. The 1Cl solution prior to oxidation is
pale yellow. The major species accounts for 88 % of the signal intensity and has linewidth
parameters Iwpp/mT [0.42, 1.19] while the minor species accounts for 12 % and has linewidth
parameters Iwpp [0.71, 1.18]. A comparison of fits of the experimental spectra to models,
which include hyperfine coupling to Pt only and to Pt and N nuclei is given in the SI.

The interpretation of the spectrum of the frozen solution of 1CI* at 100 K also is complicated
by resonances due to the minor species noted above in solution phase EPR spectra and possibly
by other minor species in the field range 330 to 345 mT. The two highest g-values, associated

with the lowest field resonances in the range 320 to 330 mT, were readily established by

20| Page


Ruchika Ojha
The quality of this figure is lower than the previous one. The numbers and text are little bit blurry.


simulation and the associated hyperfine interactions by constraining these to fit within the
envelope of the experimental spectrum. The third g-value and its corresponding Pt hyperfine
interaction could be most reliably established by making use of the isotropic g and A (go and
Ao respectively) values obtained from the tumble averaged liquid phase spectrum. Thus we
obtain the relevant g and A using go = (g1+g2tg3)/3 and similarly A= (A1 + Az +A3)/3, where
go and Apare the isotropic g and hyperfine interactions obtained from the liquid phase spectrum.
A simulation of the frozen solution spectrum, shown in Figure 6, required the inclusion of a
contribution of about 12 % from the minor species. The <g>, <Ap>, <An> and <Acp> values
are constrained to the values obtained for the major species (Figure 5). The labeling of the axes
as 1,2 or 3 is dependent on the character of the metal-based SOMO as discussed below. The
difference in broadening of the g components is most simply modeled using strain broadening.
However, it is noted that this approach is not unique, and highly anisotropic N and CI hyperfine
coupling can give similarly satisfactory simulations. In the absence of ENDOR measurements
to support the magnitudes and anisotropy of the hyperfine coupling, the strain-broadening
approach was used here. As can be seen from Table 1, the averages of the algebraic sums of
the gi and A; obtained for the frozen solution spectrum are constrained to be within the
experimental uncertainties of the values of gy and Ao obtained from the liquid phase spectrum.
This analysis indicates that all the components of A have the same sign. Use of the solution

phase spectrum in this way leads to values of gs = 1.999 and As= 60.0 x 10* cm™!. Ref”!

Spin density in the 5d(7°) orbital. Spin density in the 5d orbital. The values of the components
of g and A for the major species may be used to predict o?, the contribution of the relevant 5d
orbital to the SOMO in 1CI" using theory and assumptions similar to those employed*® with
17, Details of the calculations are provided in the Supporting Information. Although we initially
calculated o on the basis of the SOMO being §d(z?), obtaining o = 0.10, the DFT calculations
lead to a SOMO of §d(xz). This leads to an ordering of the g-values of g1 < g2 < g3 and thence
to a® = 0.06 (i.e. 6%). This range of value of 0.06 to 0.10 compares satisfactorily with the DFT
estimate of 0.13 given that the EPR calculation is based on some significant assumptions and
contains within it an estimated uncertainty of around 30%. This value of the spin density in the
5d(z) orbital is smaller than that estimated for 1* (32 % **) and 2* (37 % **) but is similar to
that (15% %) calculated from the EPR spectrum obtained by partial electrochemical oxidation

of [Pt{((p-HCsF4)NCH2)2}(py)-] in the study by Mason et al.”? This, together with the smaller
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g-anisotropy found with 1% and 27, suggests that the unpaired electron in 1CI" is more
delocalized onto the orbitals of the surrounding ligands and the system may better be regarded
as a Pt(II) metalloradical. The more extreme delocalization may explain the higher stability of

1CI* relative to that of 17 and 2™,

+
1ClI
+ Experiment (100 K), —— Simulation
g,= 1.999, g,= 2.063, g,= 2.108; <g> = 2.0567
A/ (107em ™) = [-53.6 -54.3 -60.5]
Ayl (10%em™) = [6.0 6.0 16.1)
Al (10%m™)= [05 1.02.0]
= HStrain / (10%em ') = [53.4 23.4 23.4)
4
p=!
1 1 1 1
310 320 330 340 350 360

B/mT

Figure 6. Frozen solution-phase X-band (9.494 GHz) EPR spectrum of 1CI" at 100 K obtained by bulk
oxidative electrolysis of 1.02 mM (1Cl) in CH>Cl, (0.10 M [BusN][PF¢] and the simulated spectrum
based on the major species as identified at 298 K with coupling to '*’Pt, N, and Cl nuclei as described
in the text and using g, hyperfine interaction and linewidth parameters as listed in Table 1.

Table 1. Summary of the g and A (hyperfine) parameters used to simulate the liquid and frozen solution
phases of the EPR spectra of 1CI" as shown in Figures 5 and 6 as described in the text. All hyperfine
interaction and linewidth parameters are given in units of x 10 cm™.
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Solution phase | Solution phase Frozen Frozen Frozen
major species minor species solution solution solution
1 2 3
g 2.0567 2.0678 1.999 2.063 2.108
A(Pt)
55.6 51.6 —53.6 —54.3 —60.5
A(N) 9.2 13.1
6.0 6.0 16.1
A(C)) 1.3
4.0 0.5 1.0 2.0
Frozen solution H Strain linewidths (see
text)
53.4 23.4 23.4

X-ray Absorption Spectroscopy (XAS)

The DFT calculations suggest a small Pt-based contribution to the SOMO (ca. 13%). The EPR
data suggest a metal contribution of around 6-10%. XAS measurements at the Pt-L3 edge have
been shown to be sensitive to the Pt oxidation state. This is manifested most clearly by the
relative intensity of the Whiteline (2p32—5d transitions) where the intensity increases with the
presence of more vacancies in the Pt d orbitals. 7 In particular, the normalized intensity of the

Whiteline increases from 1.30 to 1.94 on going from Pt° (foil) to PtV (H2PtCly).

The normalized X-ray absorption near-edge spectra (XANES) of frozen solutions of 1Cl and
electrogenerated 1CI" are presented in Figure 7. The spectra are virtually identical apart from
the relative intensity of the Whiteline, which increases from 1.60 to 1.65. This increase in
normalized intensity is fully reproduced in three independently prepared samples. Despite the
simplicity of the analysis, there is a good linear correlation between the normalized intensity
of the Whiteline and the formal Pt oxidation state for Pt metal, 1Cl, and HoPtCls. The increased
normalized intensity of the Whiteline of 1CI" corresponds to a small formal increase in
oxidation state by 0.17. This result, along with high similarity in the shape profile in the

XANES spectra, again suggests that predominantly ligand-based oxidation of 1Cl has occurred
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when forming 1CI, as also deduced from the EPR analysis of 1CI" and examination of the
SOMO composition of 1CI" derived from DFT theory. As with voltammetric and Visible and
IR spectroelectrochemical studies, no evidence of structurally similar forms of 1Cl and 1CI*

detected by NMR and EPR, respectively, is evident in the XANES data.

Normalised Fluorescence Intensity

0.0 | | | | | |

11.55 11.56 11.57 11.58 11.59 11.60 11.61 11.62

Energy / keV
Figure 7 Pt L;-edge frozen solution spectra obtained from 1Cl (red) and 1CI" (blue).

Conclusion

The presence of the pre-oxidized ligand with a chloro substituent greatly increases the stability
of the product formed by a one-electron electrochemical oxidation of 1Cl [Pt!{(p-
BrCsF4)NCH=C(CI)NEt:} Cl(py)]) to 1CI" in CH2Cl>(0.10 M [BusN[PFs]). The 1CI/1CI*
process displays electrochemical and chemical reversibility on the short timescale of cyclic
voltammetry at GC and Pt electrodes. Stability is also maintained on the synthetically relevant
and much longer timescale of bulk electrolysis which allows a high yield of stable 1CI" to be
obtained in CH2Cl; solution. Full chemical reversibility also is observed in IR and Visible

spectroelectrochemical studies for the oxidation of 1Cl to 1CI" and reduction of
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electrochemically generated 1CI" back to 1CL. Since 1CI* could not be isolated as a solid and
hence no X-ray crystal structure of 1CI* is available, DFT was used to probe the extent of
electron delocalization on 1CI", indicating only a minor fraction of the electron density resides
on the Pt metal center, implying that the 1CI/1CI" process is extensively ligand-based. The
high stability of 1CI" in CH,Cl, enabled the solution phase as well as frozen solution EPR
spectra to be recorded. The average g value for the frozen solution spectra 2.056 is significantly
greater than that of 2.0023 expected for a free radical. Approximate analysis of the EPR spectra
of 1CI* based on crystal field theory leads to an estimate of the 5d(z°) character of around 6%
to 10%. Analysis of X-ray absorption fine structure (XAFS) data obtained with frozen CH>Cl»
samples also supports the presence of delocalized singly occupied metal molecular orbital with

a spin density on Pt, similar to that derived from EPR data.

" 1CI" complex

This study leads to the conclusion that the stability of the formally P
containing a pre-oxidized ligand is enhanced by significantly greater delocalization of the
unpaired electron onto the coordinated organoamide ligand relative to 1" formed by oxidation

of 1([Pt"{(p-BrC¢F4)NCH,CH,NEt,}Cl(py)]), in which the ligand is saturated.

Associated Content

Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgcem.--

XAS experimental details, a summary of cyclic voltammetric d data for 1Cl, DFT calculations
for 1 and 17, bond lengths and bond angles obtained from the crystal structures (1, 1Cl) and
theoretical calculations (1, 17, 1Cl, 1CI*), IR-SEC spectra for oxidation of 1Cl to 1CI" and
reduction of electrosynthesised 1CI" back to 1Cl along with the time evolution of two ring
stretch modes, crystal field analysis and fitting of EPR spectra of 1CI*, and Cartesian

coordinates derived from DFT optimizations have been provided.
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Electrochemical, spectroscopic (visible, IR, EPR, XAS), and DFT studies provide insights into
electron  delocalization ~ and  bonding in  the  metalloradical  [Pt"{(p-
BrCeF4)NCH=C(CI)NEt:}Cl(py)]", 1CI", complex obtained by electrochemical oxidation of
[Pt"{(p-BrCsF4)NCH=C(CI)NEt,}Cl(py)], 1CL. The 1CI/1CI"* process displays chemical and
electrochemical reversibility under short time scale voltammetric and long time scale bulk
electrolysis conditions in CH>Cl, . The stability of 1CI" is enhanced by greater delocalization

of the unpaired electron onto the ligand system than found with related complexes.
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