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We report the synthesis of 4-nitrophenyl (4-NP) functionalised Pt(iv)
complexes as a colorimetric strategy for monitoring Pt(v) reduction in
aqueous solution. Treatment of each 4-NP functionalised Pt(iv) complex
with the biological reductant sodium ascorbate led to a colour change
from clear to yellow, which was attributed to the reduction of Pt(v) to
Pt(1) and simultaneous release of 4-nitroaniline. Trends in reduction
profiles and a photocatalysed reduction for each Pt(iv) complex were
observed.

Cisplatin, oxaliplatin, and carboplatin are amongst the most widely
used chemotherapeutics in oncology." Unfortunately, platinum(im)
anticancer agents are plagued by severe toxicity issues, which
ultimately impact treatment success rates.” In an attempt to
address these limitations, efforts have been devoted to studying
the Pt(iv) analogues of these FDA-approved chemotherapeutics.
The kinetic inertness of these low-spin, octahedral Pt(iv) complexes
has the potential to reduce off-target toxicity and enhance drug
bioavailability.”> Our current understanding is that Pt(iv) com-
plexes undergo cancer selective reduction and form a toxic Pt(u)
product with the loss of two axial ligands." Gibson and co-workers
highlighted that we cannot eliminate the possibility of forming
more than one Pt(m) species.>” Although promise has been shown
in preclinical studies, no Pt(iv) anticancer agent has been
approved.>® One of the biggest obstacles to Pt(iv) therapy is the
need to improve our understanding of Pt(v) reduction and identify
how it correlates within a biological context."®'" Several research
groups have developed diagnostic strategies to assist in these
efforts.>* Here, we present a simple colorimetric strategy that
allows monitoring of the reduction of Pt(iv) to Pt(u) in aqueous
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solution to help identify factors that lead to reduction,
Scheme 1.

The most routine method for studying both the stability and
reduction of Pt(v) complexes is through high-performance
liquid chromatography (HPLC)."> Although effective, most Pt-
complexes are weakly absorbing, resulting in the need of
millimolar concentrations for each complex to be seen on the
HPLC chromatogram. In addition, the long wait times between
HPLC experiments prevents the rapid screening of potential
reductants. Optical techniques such as UV-Vis spectroscopy
have found widespread use in assay development including
high-throughput screening.’*™* We rationalised by installing
4-nitroaniline onto the axial position of a Pt(v) complex, we
could access a general approach to screen reductants and study
the reduction of Pt(wv) to Pt(u1) by UV-Vis spectroscopy. With this
design, Pt(1v) reduction results in the release of free strongly
absorbing 4-nitroaniline (yellow colour, Zy.« = 385 nm, see
ESL, T Fig. S1) via rapid decarboxylation of an unstable carbamic

N, | oL
"rPtIV Nl,,' "‘\L
N7 L N~TISL
A Reduction
1 : b—r1
CO, + A"
Pt(IV) Pt(ll)

Scheme 1 The general design of the colorimetric strategy developed in
this study for monitoring platinum(iv) reduction.
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acid intermediate (Scheme 1).">""” We believe this strategy
would help improve our efforts in identifying factors that lead
to the reduction of Pt(wv) to Pt(u).

As a proof of concept, 4-nitrophenyl (4-NP) functionalised
Pt(1iv) complexes (Cis-4NP, Oxali-ANP and Carbo-4NP) were
synthesised, derived from the classical platinum anticancer
agents, cisplatin(u), oxaliplatin(u) and carboplatin(u) (Fig. 1).
Each Pt(n) complex was first oxidised to the corresponding
Pt(1v) hydroxo-aceto complex, CisPt(OH)(OAc) (1), OxPt(OH)
(OAc) (2), and CbPt(OH)(OAc) (3) using hydrogen peroxide
and acetic acid as a solvent (see ESL,{ Scheme S1). Subsequent
treatment of each Pt(iv) reagent (1-3) with 4-nitrophenyliso-
cyanate in DMF afforded the desired 4-NP functionalised Pt(wv)
complexes, Cis-4NP, Oxali-4NP and Carbo-4NP in yields of 30%,
44% and 46%, respectively (see ESL, Scheme S2 and for the full
experimental methods)."*

With the 4-NP functionalised Pt(v) complexes in hand, we
turned our attention to evaluating the photophysical and stability
properties of each complex in solution (PBS, pH = 7.40). All three
Pt(iv) complexes displayed strong absorption bands centred at
~340 nm and were found stable over the course of 24 hours (see
ESL¥ Fig. S2-S4). HPLC analysis was used as complementary
method to confirm the stability of each complex over a 24-hour
period (see ESL1 Fig. S5-S7). The concentrations needed for
UV-Vis spectroscopy was also shown suitable for HPLC analysis;
no HPLC trace of 2 was observed at the same concentrations,
highlighting our inability to often study Pt(iv) complexes at
biologically relevant concentrations (see ESL i Fig. S8). Sodium
ascorbate (NaAsc) is a routinely used biological reductant for Pt(wv)
chemistry."" Excitingly, the addition of NaAsc (100 equiv., 5 mM)
to a solution of Cis-4ANP (50 pM), led to a gradual change in UV-Vis
absorption over the course of 7 hours with a decrease at 338 nm
and increase at 404 nm (Fig. 2). Observable to the naked eye was a
colour change from clear to a bright yellow solution indicative of
the release of 4-nitroaniline (see ESL i Fig. S9). The release of
4-nitroaniline was confirmed by HPLC (see ESL Fig. S10). Inter-
estingly, when compared to Oxali-4ANP and Carbo-4NP, and in line
with previous reports,' a trend in NaAsc sensitivity was observed
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Fig. 1 Reaction scheme for the synthesis of 4-nitrophenyl functionalised
Pt(iv) complexes used in this study (Cis-4NP, Oxali-4NP, Carbo-4NP and
Transazide-4NP).
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Fig. 2 (a) Absorption spectra of Cis-4NP (50 uM) in a PBS buffer solution
(pH = 7.40, with 1% DMF) containing NaAsc (100 equiv., 5 mM). Measure-
ments were taken over the course of 7 hours. (b) Bar chart of the change in
absorption (404 nm/338 nm) of Cis-4NP (50 uM) treated with different
reductants NaAsc (100/50/10 equiv., 5/2.5/0.5 mM), L-cys (10 equiv.,
0.5 mM) and GSH (10 equiv., 0.5 mM) and measured after 3 hours
incubation. (c) and (d) Bar charts of the changes in absorption (404 nm/
338 nm) of Oxali-4NP and Carbo-4NP (50 pM) treated with different
reductants; NaAsc (100/50/10 equiv., 5/2.5/0.5 mM); L-cys (10 equiv., 0.5
mM) and GSH (10 equiv. 0.5 mM) and measured after 7 hours incubation.
Error bars represent SD.

(Cis-ANP > Oxali-4ANP > Carbo-4NP). As seen in Fig. 2c and d,
Oxali-4ANP and Carbo-4NP treated with NaAsc (100 equiv. 5 mM)
displayed smaller changes to the corresponding absorption
spectra and HPLC traces when compared to the untreated
controls (see ESLt Fig. S11 and S12). Mass spectrometry con-
firmed the reduction of Oxali-4NP and Carbo-4NP to oxaliplatin
and carboplatin, respectively. Whereas, Cis-4NP afforded a
mixture of Pt(u) species (see ESI,T Fig. S13-5S15). The response
of each 4-NP complex was shown selective for NaAsc when
compared to other biological reductants such as glutathione
(GSH) and r-cysteine (L-Cys) (Fig. 2; see ESIf for spectra,
Fig. S16-518). Overall, the obtained data confirms the success
of this colorimetric strategy.

To demonstrate the general utility of this approach, we
wanted to apply this strategy to a non-classical Pt(iv) complex.
t,t,t-[Pt(N3),(OH),(py).] (transazide) was reported in 2010 as a
photoactivatable chemotherapeutic (PACT), only displaying
cytotoxicity upon light irradiation.'®'® It is believed that Trans-
azide forms reactive azide-based radicals under light irradia-
tion, which leads to the formation of a mixture of cytotoxic
Pt(iv) and Pt(n) species.'®?® Using the same synthetic protocols,
we isolated Transazide-4ANP in 57% yield (see ESI, Scheme S2).
Determined by UV-Vis and HPLC, Transazide-4NP displayed
excellent aqueous stability over the course of 24 hours (see ESL, T
Fig. S19 and S20). Confirming the ability to use our colorimetric
strategy for this light activatable Pt(iv) complex, Transazide-4NP
was irradiated for 5 hours using a desktop lamp fitted with a
Deltech LED bulb (wavelength: 350-400 nm, 80 Lumen, 1.2 W)
(see ESI,T General information and methods section). As seen
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Fig. 3 (a) Absorption spectra of Transazide-4NP (25 puM) in PBS buffer

solution (pH = 7.40, with 1% DMF) under light irradiation from 0-5 hours.
(b) Bar chart of the change in absorption (A404 nm/A338 nm) of Cis-4NP
with difference concentrations of NaAsc (100/50/10 equiv., 5/2.5/0.5 mM)
under light irradiation (3 hours). (c) and (d) Bar chart of the change in
absorption (A404nm/Az38nm) Of Oxali-4NP/Carbo-4NP (50 uM) with differ-
ence concentrations of NaAsc (NaAsc (100/50/10 equiv., 5/2.5/0.5 mM)
under light irradiation (7 hours)). Error bars represent SD.

in Fig. 3a, under light irradiation, a gradual change in absorp-
tion spectra was observed with a decrease in 338 nm and
increase in absorption at 404 nm. The release of 4-nitro-
aniline from Transazide-4NP was confirmed by HPLC and
NMR analysis (see ESL,1 Fig. S21 and S22). More than one peak
was observed in the HPLC chromatogram post light irradiation,
suggesting the formation of several Pt-based species as
described in previous reports.'® As a comparison, we wanted to
test how each of the classical Pt(iv) complexes Cis-4NP, Oxali-4ANP
and Carbo-4NP behaved under the same light irradiation condi-
tions to Transazide-4NP. Previous efforts by the groups of Ang and
Zhu have reported the design of light responsive Pt(iv) complexes
that are based on the FDA-approved scaffolds, thus warranting the
exploration of our colorimetric systems.*"*> To our surprise, the
light irradiation of Cis-4NP resulted in a rapid change to its
absorption spectra, which was at a similar rate to the light
activation of Transazide-4NP (see ESL,1 Fig. S23 and S24). In stark
contrast, minimal changes to the absorption spectra of Oxali-ANP
and Carbo-4NP was observed after 3 hours of light irradiation (see
ESI,+ Fig. S23 and S24). Previous reports have shown NaAsc as a
potential catalyst for the photoreduction of Pt(iv) complexes,'®"
we were therefore motivated to test the influence of NaAsc on the
rate of the photo-mediated reduction of Cis-4NP, Oxali-4NP and
Carbo-4NP. Remarkably, the presence of NaAsc during the light
irradiation experiments resulted in significant increases in the
rate of change of the absorption spectra of Cis-4NP, Oxali-4NP and
Carbo-4NP, Fig. 3b-d. The influence of NaAsc and light proved
greater than either NaAsc or light alone for each complex (see
ESL,T Fig. $25-S230), which was also confirmed by HPLC analysis
(see ESLt Fig. S31-S33). Unexpectedly, the addition of NaAsc
(100 equiv., 2.5 mM) to a solution of Transazide-ANP (25 pM)
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resulted in a change to the absorption spectra along with the
observed release of 4-nitroaniline, which suggests the reduction
of Pt(wv) to Pt(u) (see ESI,T Fig. S34-S36). To the best of our
knowledge this is an observation not previously reported.

Throughout this study, we have observed a trend in the
sensitivity of NaAsc (and photo-)mediated reduction for the
classical platinum agents Cis-4NP > Oxali-4NP > Carbo-4NP.
To rationalise this trend, we wanted to interpret the chemical
environment of the Pt centre by '°>Pt NMR and cyclic voltam-
metry. Use of '*’Pt NMR revealed distinctly different chemical
shifts between Cis-4NP, Oxali-4ANP and Carbo-4NP, with values
of 1253 ppm, 1632 ppm and 1971 ppm, respectively. The NMR
information obtained suggests the strong influence of the
equatorial ligands towards Pt(iv) reduction. Further supporting
this observation, cyclic voltammetry shows increase (becoming
more negative) in reduction potential from Cis-4NP to Carbo-4ANP
(—0.25/—0.30/—0.38 V vs. Ag/AgCl see ESLT Fig. S37 and S38)
indicating that carboplatin-based Carbo-4NP is least sensitive to
reduction as also shown via our colorimetric strategy.

In summary, we report 4-nitrophenyl functionalised Pt(iv)
complexes as a colorimetric strategy to provide an optical
method for monitoring Pt(iv) reduction. 4-NP functionalised
Pt(iv) complexes of the classical platinum anticancer agents,
cisplatin(u), oxaliplatin(u) and carboplatin(u) were synthesised.
NaAsc-mediated reduction was monitored via UV-Vis spectro-
scopy, which identified trends in NaAsc sensitivity between
complexes. An unexpected photocatalysed reduction of Pt(wv)
complexes was observed. We believe this simple colorimetric
strategy has the potential to find future utility in other research
labs for studying the reduction of Pt(iv) complexes without
solely relying on HPLC instrumentation.
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