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Spectroscopic Studies on Photoinduced Reactions of the

Anticancer Prodrug, frans,trans,trans-[Pt(N;)2(OH)(

Robbin R. Vernooij®®, Tanmaya Joshil®, Michael D. Horbury®™, Bim Graham!¥, Ekateri
Vasilios G. Stavros®, Peter J. Sadler®, Leone Spiccia' ® and Bayden R. Wogd®!

In memory of Leone Spiccia

The photodecomposition = mechanism of trans,trans,trans-
[Pt(N3)2(OH)2(py)2] (1, py = pyridine), an anticancer prodrug
candidate, was probed using complementary Attenuated Total
Reflection Fourier Transform Infrared (ATR-FTIR), transient
electronic absorption and UV-Vis spectroscopy. Data fitting using
Principal Component Analysis (PCA) and multi-curve resolution
alternating least squares, suggests the formation of a trans-
[Pt(N3)(py)2(OH/H,0)] intermediate and trans-[Pt(py).(OH/H,0),] as
the final product upon 420 nm irradiation of 1 in water. Rapid
disappearance of the hydroxido ligand stretching vibration upon
irradiation is correlated with a -10 cm™ shift to the anti-symmetric
azido vibration, suggesting a possible second intermediate.
Experimental proof of subsequent dissociation of azido ligands from
platinum is presented, where at least one hydroxyl radical is formed
in the reduction of Pt(IV) to Pt(ll). Additionally, the photoinduced
reaction of 1 with the nucleotide 5’-guanosine monophosphate (5'-
GMP) was comprehensively studied, and the identity of k
photoproducts was assigned with the help of ATR-F
spectroscopy, mass spectrometry and density functional theory
calculations. The identification of marker bands for some o
photoproducts  (e.g., trans-[Pt(Ns)(py)(5-GMP)] and

[Pt(py)2(5’-GMP),] will aid elucidation of the chemical an
mechanism of anticancer action of 1. In general, f
demonstrate the potential of vibrational spectroscopic
promising tools for studying such metal complexes.
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Introduction

ca. 50% of patients
suffers from major
d inherent resistance as
ort- and long-term strain on
rtcomings for other chemotherapeutic
ve stimulated the search for new
vel mechanism(s) of action.
Photoactivatable prodrugs can release their
reactive metal-based species locally upon activation by light,
referred to g8 photoactivated chemotherapy (PACT). It has
shown ’e past decade that such metal-based PACT
ates can provide localised toxicity through their metal core
heir released ligands.”!
ns,trans-[Pt(N3)2(OH)z(py)2] (1, py = pyridine, Figure 1)
otent PACT prodrug candidate capable of providing
r azido- and hydroxyl- (radical) based species.”!
Complex 1 be specifically activated locally in cancer cells by
UVA, blue or green light, affording a multitargeted biological
activity, whilst being inert and non-toxic in the dark.* Recently,
we regported a comprehensive vibrational spectroscopic study of
ifying its highly defined mid- and far-IR vibrational
ints! In order to provide new insight into our
standing of the mechanism of action of 1, we now study
photodecomposition of 1 using Attenuated Total Reflection
urier Transform Infrared (ATR-FTIR).®"" Additionally, the
photoinduced reaction of 1 with guanosine 5-monophosphate
(5'-GMP) was investigated. Transient Electronic Absorption
Spectroscopy (TEAS) has been employed to investigate the
ultrafast photodynamics of 1, with UV-Vis spectroscopy and
mass spectrometry being used to study the photoinduced
reactions and for identification of the potential photoproducts.™*®
Data analysis has been performed using Principal Component
Analysis (PCA) and Multi Curve Resolution Alternating Least
Squares (MCR-ALS), which allow correlation of data from the
various techniques. Moreover, interpretation of the captured
spectral changes has been supported with Density Functional

Platinum therapy is ndard practice

Theory (DFT) -calculations, aiding the assignment of the
observed dynamics.
o OH 2
N N
NS N//h"Pt"“‘“ 3 NN N\Pt/ 3
N3/ \N AN N3/ \N| AN
OH = =
1 2

Figure 1. Molecular structures of trans,trans,trans-[Pt(N3).(OH).(py).] (1) and
its synthetic precursor trans-[Pt(N3)2(py):] (2).
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Results

Photodecomposition of 1 by ATR-FTIR.

Studies of the photodecomposition of 1 under 420 nm irradiation,
monitored by ATR-FTIR, were carried out as described in the
Experimental section. The evolution of the ATR-FTIR spectra of
the full spectral range between 3700 — 640 cm™ is shown in
Figure 2A, which includes selected characteristic peak
assignments for 1 reported previously.” The detection of
changes in Figure 2A is aided by the corresponding second
derivative spectra divided into three spectral windows, 3650 —
2950 cm™, 2100 — 1980 cm™ and 1650 — 640 cm™ (Figure 2B-D).
The first spectral window between 3650 and 2950 cm™, Figure
2B, shows a single sharp hydroxido stretching vibration, v(OHp..
on), at 3550 cm™, three azido overtones (3373 cm™, 3330 cm™
and 3302 cm™), pyridine CH stretching vibrations v(CHpy)
between 3126 cm™ and 3008 cm™ and a v(OH) band centred at
approximately 3300 cm™ which is very broad due to hydrogen
bonding. Upon 420 nm irradiation, a rapid decrease in v(OHpt.onH)
is observed in the first 10 min (Figure 2B) where complete
disappearance is reached after 20 min (Figure S2, intensity vs.
time plot), whilst the broad v(OH) feature increases from the
start to the end (Figure 2A). Concurrently, the v(CH,,) vibrations
broaden and shift slightly (< 5 cm™) over time. Furthermore, slow
removal of the azido overtones is observed.

The second spectral window between 2100 cm™ and 1980 cm’™
covers the anti-symmetric azido stretching vibration, vasym(Na).
Prior to irradiation, vasym(N3) consists of one main vibration a
2033 cm™ and a shoulder at 2048 cm™ as indicated in t
second derivative spectra in Figure 2C. During the first 5 mi
irradiation, a decrease in intensity of both of these bands is
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observed and additionally the main vibration at 2033 cm™ shifts
to 2023 cm™. Continued irradiation shifts the main vibration to
2044 cm™ prior to complete removal (Figure 2C).

The third spectral window betweeng1700 cm™ and 640 cm™
contains several pyridine ring defol and CH stretching
vibrations (1612, 1572, 1487, 1460, 1
1159, 1076, 1020, 847, 874, 770, 68
assigned previously, such ag d(py,8a
2A,D).®! Furthermore, it cont
vibrations, vsym(N3), at 1271 cm’
which overlap with the pyrigd
cm™. Additionally, the
overlapped by the
(v(py,11), Figure 2A,
As shown in Figure
vibrations throu
occur as show
mode, d(py,19b),

cm™) as
' (Figure
etric azido stretching
shoulder at 1278 cm™,
d(py,14), at 1250
3), at 686 cm™
vibration of pyridine

effect on the pyridine
cess. Minor shifts do
of the pyridine bending
1456 cm™ (Figure 2D). The
tions can be observed by the changes
less dramatic compared to the anti-
. Both these vibrations overlap
with pyridine modes, and y(py,11), respectively, which
remain present at 1250 cm™ and 690 cm™ after completion of
thegphotodeco sition as shown in Figure 2D.

stingly, road band gradually appears upon irradiation
eath the two previously assigned weak pyridine bending
at 1381 cm™ and 1360 cm™ (&(py, 3), in- and out-of-
igure 2A,D), with the peak at 1360 cm™ shifting to 1334
oad band can be reasonably assigned to the OH
bound water to platinum (8(OHet.onion,)) and is
ore detail |n the Dlscussmn sectlon below At
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photodecomposition of 1 (2 mM in water) under 420 nm irradiation. A) Full spectral range, 3700 — 640 cm’” .B) Second
h|gh||ght|ng rapid decrease in v(OHpmH) at 3350 cm™ in the flrst few minutes. C) Second derivative spectra, 2100 — 1980
s in vsym(N3) at 2048/2033 cm’ ' to 2023 cm ' and 2044 cm’ sequentlally prior to complete dlsappearance D) Second

derivative spectra, 1650 — 640 cm™, highlighting decrease in vs,m(Ns) at 1271 cm’ " and increase in O(OHpt.on) at 1381 cm’ "and 1334 cm™. Notations used: v =

stretch, 6 =

Wilson’s notations, as described previously.lg]

in-plane angle bending, y = out-of-plane angle bending, sym = symmetric and asym = anti-symmetric. The labelling of pyridine modes is given in
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the same rate, a broad water bending mode, 8(OHw,0), appears

at ~1650 cm™ (Figure 2A and Figure S3 for spectrum of water vs.

photodecomposition of 1).

The presence of water in the resulting product matrix is clearly
indicated by the growth of the broad v(OH) and 6(OH) bands of
water centred at ~3300 cm™ and ~1650 cm™ (Figure 2A).
Furthermore, a new OH bending mode is observed underlying
the pyridine bending modes at 1381 cm™ and 1334 cm™ (Figure
2A, D).

Part of the experimental procedure involves the evaporation of
solvent by a N, flow directed onto the ATR crystal prior to
measurement by ATR-FTIR (see Experimental section). When
comparing spectra taken with the N, flow left on during
measurement, the intensity and band shapes of the v(OH) and
O(OH) bands are reduced (Figure S4). The new band that
appears underlying the pyridine bending modes at 1381 cm™
and 1334 cm™ is also influenced by the nitrogen flow, however
its intensity is increased, while all other bands remain
unchanged. Additionally, when 1 scan (~1 s) ATR-FTIR
measurements are recorded continuously, whilst turning the N
flow ON and OFF with two second intervals, the spectra
interconvert without intermediates visible (Figure S4).

10.1002/chem.201705349
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ATR-FTIR - PCA.
Principal Component Analysis (PCA) was carried out in order to
capture the major trends in the data and correlate the observed
spectral changes. PCA is an ungypervised analytical data
method to assess large data sets a idely used in a variety
of sciences and industries.'” In PCA, a
dimensionality by finding directions throu
the variation is greatest. Th
accounts for the majority of
each successive orthogonal P
proportion of the varian
represented as a pointg
In the case of the
new axis that the
against each other i
samples are cor

e sample spectra and
nts for a decreasing

ach PC represents a
ores) can be plotted
s or clusters, i.e. how

at variables (wavenumber
r the clustering.

0 — 650 cm™) was used to carry out
decomposition of 1 under 420 nm
irradiation by ATR-F ree PCs were selected, capturing
93% of the variance. The resulting PCA scores and loading plots

A T T

3550

PC 1 (83.24%)

PC 2 (5.67%)

PC 3 (4.07%)

areggshown in?re 3; individual loading plots and PC vs. time

B

Scores on PC 2 (5%

Scores on PC 3 (4.07%)

|
00 1500
mber (cm)

Scores on PC 1 (83.24%)

Figure 3. PCA scores and loading p o!g for the photodecomposition of 1 under 420 nm irradiation by ATR-FTIR. A) Loading plots of PC1 (blue), PC2 (red)
and PC3 (yellow). Black dashed line = 0, spectral regions were cut for the sake of clarity after PCA analysis. B) PC1 vs. PC2. C) PC1 vs. PC3. Black arrows
indicate time trajectory in score plots, ellipse encircle specified time points and are coloured according to the positive PC score, blue dashed line = 95%

confidence limit.
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Table 1. Selected PCA loading vibrations and irradiation times with positive PC scores.

PC  v(OHpion)™ Vasym(Na)™ Veym(N3) 8(py,19b) 8(OHeromon,)™  v(py, 10a) Time (min)

1 3550 + 2033 + 1271 + 1640 + 1381 - 874 + 0-4,15-20PC1

1456 - 1334 - 829 - ‘i-15 PC1+3

2 3550 - 2044 + 1271 - 1640 - 874 — 1 C2

2033 - 1456 + 829 + ' ‘
4

3 3550 - 2033 - 1271 - 1640 - 1381 + 874 15 PC1+3

2023 + 1456 + 1334 + 829 + 0 — end PC3

[a] Unit = cm™, + or — indicate positive or negative PCA loading.

plots are in Figure S5. In this case, positive scores are
associated with positive loadings and vice versa. The PCA
loading vibrations and irradiation times with positive PC scores
are tabulated in Table 1, and are described below.

Both score plots PC1 vs. PC2 and PC1 vs. PC3, follow a
trajectory over time as indicated by the black arrow in Figure 3B
and C. Positive scores for PC1 are observed mostly from 0 to 20
min (Figure 3B, C), with highest scores in the first 4 min. After 5
min of irradiation, a combination of positive scores is obtained
for PC1 and PC3, reducing towards 15 min (Figure 3C, blue and
yellow ellipse). It continues to transition into PC2, which remains
dominant till 120 min of irradiation (Figure 3B). Subsequently,
the scores transition back into PC3, which continues to become
more prominent until the end of irradiation (Figure 3C). Due to
the positive scores on both PC1 and PC3 from 5 to 15 min
(Figure 3C, bluel/yellow circle), it can be deduced confidently
with the related loadings, that this is due to an initial shift in t
Vasym(N3) of -10 cm™ (2033 to 2023 cm™) combined with
reduction of v(OHpt.on) at 3550 cm™ (Figure 3A, blue and yellow).
This feature is strongly present after 5 min and reduces t

Thus, a second shift of vasym(N3) is captured by the
cm™ after removal of v(OHpron) (2023 to 2044

photodecomposition of 1 (Figure 3C). This captures the gro
of the new broad 8(OHet.onion,) band (1381 and 1334 cm™) from
60 min onwards. The PCA analysis further captures m
gradual changes to the spectra, such
from 1460 cm™ to 1456 cm™, as well

identify the amounts
photodecomposition o
samples taken for ATR-F

throughout the
corded for

complex 1 at time zero, two
ith different retention times
of another absorption P3,
ucts P1 and P2 evolve
d HPLC peak areas
between 1 — 60 min), which indicate
could be the result of solvent

at the same ratio ba
(ratio P2 / P1=0.43

Photodecomposition of 1 by UV-Vis.
The evolution of photoproducts formed during the
photodecomposition of 1 was further investigated by UV-Vis

(50 uM, water) in the
revious report (Figure
tion bands at 294 nm
->Pt ; LMCT = ligand-
CT/'IL (OH->Pt,N; ; IL
ecrease in intensity of the
nm upon irradiation was monitored to
tum vyields."! Here, the trends and
species on have been investigated, which
has not been carrie eviously. Figure S8 shows the
photodecomposition of 1 (50 uM) under 420 nm irradiation by
UVyVis, where absorption band at 294 nm disappears whilst
and at 2 m increases and shifts to 256 nm in the first 10
fore decreasing with no further changes observed after

was in line with
aracteristic abs

dark prior to irradiati
$8).M It contains twi
and 260 nm, asg

= interligand) tra
absorption band at
determin

additionally examined by UV-Vis. The same
was observed regardless of the solvent or
excitation wavelength (Figure S13). The UV-Vis spectrum of 2
(50 uM, acetonitrile) in the dark prior to irradiation contains two
eristic absorption bands at 330 nm and 263 nm, with
weak band at 403 nm observable at higher
trations (Figure S12). Upon 310 nm irradiation, both the
nm and 263 nm absorption bands decrease over time,
uding a blue shift of 11 nm in the band at 263 nm to 252 nm
completion (Figure S14). Overlaying the photodecomposition
time points 10 and 4 min of 1 and 2 in acetonitrile reveal a high
degree of similarity (Figure S15).

ATR-FTIR & UV-Vis — Multi Curve Fitting.

Multi Curve Resolution Alternating Least Squares (MCR-ALS)
was carried out to analyse the photodecomposition of 1 and 2,
as described in the Experimental section. The UV-Vis data were
fitted using a two-step kinetic model, capturing the observed
changes in the spectra (Figure S8, S13 and S14). The resulting
fitted spectra and concentration profiles, including rate constants
are shown in Figure S16. Fitted spectra of the photoproducts are
labelled P1+P2 and P3 for 1 based on the analytical HPLC
traces and P1 and P2 for 2. In all three instances, the first trace
is alike to the corresponding dark spectra of 1 in water and
acetonitrile and 2 in acetonitrile (Figure S16A/C/E). The first
intermediate product of 1 in water under 420 nm irradiation has
two absorption bands at 315 nm and 256 nm (P1+P2), with the
final product (P3) containing a single absorption band at 256 nm.
The photodecompositions of 1 and 2 in acetonitrile under 310
nm irradiation both show identical spectra for their first
intermediate species (1: P1+P2 and 2: P1) with absorption
bands at 297 nm and 254 nm. Their corresponding final
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products (1: P3 and 2: P2) contain a single absorption band at
253 nm and 252 nm, respectively.

Using the same kinetic model, the ATR-FTIR spectra between
2100 — 640 cm™ of the photodecomposition of 1 in water under
420 nm irradiation were fitted by MCR-ALS and photoproduct
assignments can be proposed based on the deconstructed ATR-
FTIR spectra (Figure S17). The deconstructed spectrum of the
photodecomposition of 1 at 0 min is in line with the dark
spectrum (Figure 2A) with the main vasym(N3) vibration at 2031
cm™. The P1+P2 species has a single vasym(N3) vibration centred
a 2042 cm”, the 8(OHpronion,) bands at 1379 cm™ and 1334
cm™ and all corresponding trans pyridine modes as outlined in
Figure 2A.

TEAS - Photodecomposition of 1.
TEAS studies of 1 in acetonitrile using 310 nm UVA excitation
pulses were carried out to gain insight into the ultrafast
photodynamics occurring prior to the formation of the observed
species by steady state ATR-FTIR, HPLC and UV-Vis. Attempts
using blue 420 nm excitation in both water and acetonitrile
resulted in no observable transient species.

The transient absorption spectra (TAS) are presented as a false
colour-map, shown in Figure 4. After initial excitation, the TAS
are dominated by a broad excited state absorption (ESA) feature
spanning 350 — 690 nm. As the pump-probe time delay (Af)
increases (~1 ps), the ESA begins to undergo two spectral
changes, consisting of a decay in the ESA at wavelengths
longer than 550 nm and a growth in absorption at wavelengths,
shorter than 350 nm. This evolution leads to a broad sloped E
spanning the entire probe window. As At further increases, t
(positive) features begin to emerge, around 345 nm, 420 nm and
500 nm. At At > 5 ps the peak at 345 nm begins to deca

a ground state bleach (GSB) as it overlaps with th
absorption of 1.

—
650 =
I
i
600 ! '
£
£550- 42
< T3
£ 50015 30 B
o O
& 450 '
= 0.6
400 -0.6
-1.8
-3.0
0 10 20 30 40 50
Time delay (ps)

m excitation, displayed as
change in optical density (mAOD).

ation in the TAS, a sequential
global fitting an ied out using the Glotaran
software package."""! To fully model the TAS, four time-constants
(tn = k,') were used and the fit was convoluted with the
instrument response function (~80 fs). The resulting evolution
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associated difference spectra (EADS) and corresponding time-
constants are shown in Figure 5. We will discuss the
significance of these EADS in more detail later (see Discussion).
We note that the value given for 14 wgs significantly greater than
the maximum available experimenta s quoted as >>2 ns.
The TAS residual plot, which reports on ness of fit, can
be found in the Supporting Information (Fi

1,=195+40fs 1, =802 + 40 fs
1= 6.94 + 0.04 ps 1,=>>2ns
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EADS from the sequential global fitting analysis of the TAS data for
itrile (2 mM) upon 310 nm excitation, with their associated time-

ATR-FTIR - Photoinduced reaction of 1 with 5’-GMP.
The photoinduced reaction of 1 with 5’-GMP monitored by ATR-
FTIRwnder 420 nm irradiation was carried out as described in

and 5°-GMP prior to irradiation.

The dark ATR-FTIR spectra of 5-GMP and 1+5-GMP were
investigated prior to irradiation. The experimental bands for 5'-
GMP and the DFT-calculated infrared frequencies of 5-GMP
match the experimental data (Table S1, Figure S1). These
assignments are in line with previous infrared and Raman
reports of 5-GMP, guanosine and guanine.'”? Several
characteristic vibrations of both 1 and 5-GMP independently are
retained upon mixing 1 with 5-GMP (2 mol equiv.) as shown in
Figure S1. In the 3800 — 2500 cm™ region, the v(OHpt.on) of 1
(3550 cm™) is split up into four peaks at 3591 cm™, 3568 cm”,
3550 cm™ and 3512 cm™ with the broad featured v(OH) of
5-GMP at ~3300 cm™ underlying those vibrations. Furthermore,
the Vasym(NH2) and veym(NH2) at 3321 cm” and 3113 cm’
respectively of 5-GMP can be observed (Figure S1). A minor
shift is observed for the main vasym(N3) vibration of 1 from 2033
cm™ to 2031 cm™. The 1800 — 645 cm™ region mainly contains
5-GMP vibrations, yet, several vibrations of 1 are still present.
These include, 8(py,8a) at 1612 cm™ (combined with 1610 cm™
of 5-GMP), 8(py,19b) at 1460 cm”, vem(Ns) at 1271 cm™,
&(py,9a) at 1076 cm™ (combined with 1078 cm™ of 5-GMP),
v(py,4) at 770 cm™ (combined with 777 cm™ of 5-GMP) and
v(py,11) + 8(Ns) at 690 cm™ (Figure S1). A range of combination
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bands from 5-GMP are observed between 1800 — 1485 cm™,
which are primarily purine ring related CO, CC and CN
stretching vibrations and NH/NH. bending modes and are
considered in more detail during the irradiation experiments
below. Further 5’-GMP vibrations in the 1800 — 645 cm™ region
consist of the purine breathing modes at 1377 cm™, 1360 cm™
and 1178 cm™. The 5-GMP phosphate vibrations are located at
1076 cm”  (Vasym(POs>, broad), 976 cm™ (vem(POs*) and
802/777 cm™ (v(PO)).

Photoinduced reaction of 1 with 5-GMP (3800 — 1950 cm™)

The full spectral range (3800 — 645 cm™) of the photoinduced
reaction by ATR-FTIR is shown in Figure 6A, which includes the
main peak assignments. Complete removal of the four
v(OHpron) peaks (3591 cm™, 3568 cm™, 3550 cm™ and 3512
cm™) is observed within 5 min, whereas the broad v(OH) feature
(~3300 cm™) increases throughout irradiation. The symmetric
NH, stretching vibration (vsym(NH2)) at 3113 cm™ reduces in
intensity and does not shift. Similarly, the other weak CH
stretching vibrations remain present underlying the v(OH)
(Figure S1). Figure 6B shows the changes occurring to the
Vasym(N3) of 1, which shifts from 2031 cm™ to a single 2046 cm™
during irradiation. At the same time a small peak appears at
2164 cm™, which matches the infrared frequency of sodium
azide."”

Photoinduced reaction of 1 with 5-GMP (1800 — 1150 cm™)

Figure 6C highlights the changes occurring between 1800 cm’™
and 1150 cm™, where after 5 min of irradiation the intensity
the v(CO) + v(C5C6) vibration at 1696 cm” is redu
significantly whilst a new peak appears at 1643 cm™. Continuing

10.1002/chem.201705349
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irradiation results in further increase to the 1643 cm'1, with 1696
cm™ shifting to 1670 cm™ and a new weak band arises at 1772
cm™. The scr(NHz) + &(NH) vibration at 1610 cm™ increases
over time, whilst the shouldering v(C4C5) + v(N1C2) vibration at
1588 cm™ shifts to 1599 c¢cm™ and m™ after 5 min and
continues to increase in intensity out irradiation.
Additionally, a new peak at 1500 cm™ dev irradiation
shouldering the 1485 cm™ vibgation: scr + &(C8H)
+ v(N7C8) + v(C4N9). The & #Ftion at 1460 cm™ of 1
shifts to 1456 cm™ during irradia ich is identical to the
results observed for the p

and 1300 cm’™
O(CHsugar) vibration at
purine ring breathing
m™". Upon irradiation,
tensity, with the main
nd 1336 cm™.

g vibration, veym(N3), at 1271
breathing mode, v(C1N2) + v(N3C4) +
5N9), at 1178 cm” are reduced

prior to irradiation, n
1425 cm™ and 141
modes of 5’-GMP at
these peaks br
peaks situated

ly, the V(Cz’
" as well as

v(C4C5)
through

Photoinduced reaction of 1 with 5-GMP (1150 — 640 cm™)
last spectr indow between 1190 — 640 cm™ in Figure 6D,
the nges to the phosphate-related vibrations
hout irradiation. The broad anti-symmetric phosphate
g vibration, vasym(PO3%), peaking at 1076 cm™ (8(py,9a))
slightly during irradiation whilst the 1111 cm™ and the
1095 cm™ increase more notably. The symmetric
ing vibration, ve,m(POs>), at 976 cm™ vibration
Increase in intensity during irradiation. The v(PO)

shows a min

A T T T B -
0.08 V(CC‘CNpurbreathmg) = 0.08 é’l
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x
<
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| | | |
3500 3000 2000 1500 1000 2200 2150 2100 2050 2000 1950
number (cm') Wavenumber (cm™)
C
0.07
0.06 0 m!n
5 min
0.05 10 min
S0.04 15 min
s === 30 min
E 0.03 m— 45 min
0.02 m== G0 min
=== 00 min
0.01 = 120 min
0
1800 1700 1300 1200 1100 1000 900 800 700
Wavenumber (cm™)
Figure 6. A photodecomposition of 1 (2 mM) + 5-GMP (2 mol equiv.) under 420 nm irradiation. A) Full spectral range, 3800 — 645 cm™,
including Refer to Figure S20 for a full description of peak vibrations. B) ATR-FTIR spectra, 2200 — 1950 cm™, highlighting the
decreas 31 cm” to 2046 cm™ and the appearance of a new peak at 2164 cm™. C) ATR-FTIR spectra, 1850 — 1150 cm™,

highlighting the de:
1172, 1670, 1643, 1610, 1570, 1500,

97 cm’ﬂ, vsym(N3) at 1271 cm™ and V(CC,CNyyr breathing) at 1178 cm", as well as the increase of several (new) peaks at
6 and 1358 cm™. D) ATR-FTIR spectra, 1190 — 640 cm™, highlighting the increase of the broad vasym(Pogz’) peak at

1076 cm™ and the shift of v(PO) from 777 cm™ to 768 cm™. Notations used: v = stretch, & = in-plane angle bending, sym = symmetric, asym = anti-symmetric,
pur breathing = purine breathing mode and arrows indicate direction of change to the vibration throughout irradiation.
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vibrations at 802 cm” and 777 cm™ change throughout
irradiation, where the 777 cm™ peak decreases and two new
peaks at 783 cm™ and 768 cm™ develop and increase in
intensity. Lastly, a minor shift in the y(py,11) + 8(N3) vibration of
1 from 689 cm™ to 692 cm™ is observed, which is in line with the
photodecomposition results of 1.

HPLC & MS - Photoinduced reaction of 1 with 5’-GMP.

It is likely that several species are formed upon irradiation of 1
with 5’-GMP, given the multistep photodecomposition of 1 and
previously reported results.”! Monitoring the same reaction by
analytical HPLC identified five potential photoproducts during 2 h
of irradiation (Figure 7). Throughout the initial 15 min, three
photoproducts (1a, 1b and 1c) appear, while the signal intensity
of 1 declines. Removal of 1 is reached after 30 min and two
further photoproducts (1d and 1e) emerge. Further irradiation
results in the reduction in intensity for 1a and 1c whilst 1b and
1e increase.

Separation of these photoproducts was carried out by
preparative HPLC, as described in the Experimental section.
Figure S24 shows the HPLC retention times of the solution
mixture with separated fractions matching the retention times of
the mixture for photoproducts 1a, 1b, 1c and 1e. Photoproduct
1d could not be separated by HPLC and was not investigated
further. LCMS and HRMS signals were matched to possible
species for 1a; [Pt(N3)(py)2(OH)(5'-GMP+2H)] + Na* (m/z 815.2,
calcd. m/z 815.1), 1b; trans-[Pt(Ns)(py)2(5’-GMP-,
2Na+H)+OH+H]" (m/z

774.1355, calcd. m/z 774.1113), 1 ‘
trans-[Pt(N3)(py)2(5'-GMP-2Na+2H)]* (m/z 758.1166, calcd. 1b

758.1164) and 1e; trans-[Pt(py).(5'-GMP+2H).]** (m/z 539.6,
calcd. m/z 539.6) (Figure S24 and S25). Lyophilisation r
in powders coloured yellow (1a), pale yellow/white
white (1c and 1e). The majority of separated product
of 1c (~1 mg per photoreaction), followed by small
(< 1 mg) for 1b, 1e and 1a. Furthermore, the
photoproducts in the dark, after 30 min of irradia
of 1 with 5-GMP, was monitored by analytical HPLC.
shows the evolution of the HPLC peak areas of
photoproducts with matching retention times as previously
labelled products (Figure 7). Mean areas and stand
deviations are tabulated in Table S2. Ph roduct 1a increa
slightly during the initial 24 h before s

of 14 d, 1b decreases while 1c increases. is
seen after 1 d until day 5, whereas 1e is first ob

and stabilizes after 12 d.

ATR-FTIR — Separated

ATR-FTIR spectra of ed and are

shown in Figure S26 inclu
pyridine scaffold in the resu
during lyophilisation, confirmed
vibrations and/o g
identical to 1. The
and &(py,9a) are retai
1e at 1614/1612/16
1078/107 cm’
Vasym(NS

peak labels. rans-platinum
photoproducts$ is maintained
the presence of the pyridine
ido stretching vibrations,
des, d(py,8a), d(py,19b)
spectra of 1a, 1c and
cm™, 1458/1456/1458 cm” and
tively. Both 1a and 1c have a
at 2044 and 2048 cm’
WS a minor azido impurity at

correspondingly,
2044 cm™ (Figure S26). The formation of a weak band at 1772
cm™ observed during the irradiation process (Figure 6) is
observed in the ATR-FTIR spectra of 1e at 1774 cm™ (Figure
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S26). Similarly, the shifts observed by ATR-FTIR throughout the
irradiation of 1 with 5-GMP to the purine ring vibrations (CO, CC
and CN stretching vibrations and NH/NH, bending modes) are
reflected in the spectra of 1c a 1e (Figure S26). The
phosphate vibration, vasym(Pogz') of rated photoproducts
compared to the reaction mixture is shifte her frequencies,
from 1076 cm™ to 1136 cm™ (1a, 1c)
whereas the vsym(POs>) vibratjon is red
1cand 1e.

T
5-GMP
0 min

5 min

1a 1b

15 min

| §

Intensity (mAU)

30 min

1d 1e

60 min

1o 120 min

Retention time (min)

Figure 7. Analytical HPLC traces (254 nm) of the photoinduced binding of 1
(50 pM) with 5’-GMP (1:2) upon 420 nm irradiation.

1a
1@ |

200+

50 -

0 2 7 6 ] 0 12 14 76
time (days)

Figure 8. Evolution of HPLC peak areas of the photoproducts (1a — 1e) after
420 nm irradiation of 1 (50 pM) and 5’-GMP (1:2) for 30 min. Mean integrated
peak areas of three measurements are shown for each photoproduct, trend
lines were fitted using a 2" order polynomial fit and standard deviations are
depicted as error bars (black).
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Discussion

Photochemotherapy is attractive for the treatment of cancer
because it uses non-toxic prodrugs, which are activated only in
the region of tumours with spatially directed light, so minimizing
toxic side-effects on healthy tissue. Photoactive Pt(IV)
complexes such as 1 show promise, being active against cancer
cells at low micromolar doses and active in vivo using visible
light. Moreover, they kill cancer cells by unusual mechanisms. It
is important to explore methods to elucidate the photo-chemistry
and photo-biochemistry of these complexes. Although NMR
spectroscopy is often informative for solution studies, in the
present case it is difficult to monitor the azido and hydroxido
ligands because resonances for quadrupolar "N are broad and
N resonances cannot be enhanced by polarization transfer
because there are no coupled protons." The present studies
show that vibrational spectroscopy can make a significant
contribution in this area.

The photodecomposition of 1 under 420 nm irradiation is likely to
involve binding and/or interaction with water (solvent) when no
other competing binding sites are present. ATR-FTIR revealed
the formation of a new OH bending mode underlying the peaks
1381 cm™ and 1360 cm™ (Figure 2A and D). This broad band is
reasonably assigned to the OH bending mode of water bound to
platinum (8(OHptomion,)), behaving similarly to the v(OH) and
0(OH) bands of water when exposed to a N, flow during spectral
acquisition (Figure S4). This is further supported by previous
reports on platinum group metal hydroxides, where broad met
OH bending modes were observed between 1600 — 1
cm™ " Additionally, when 1 scan (~ 1 sec) ATR-FTIR
measurements are taken continuously whilst turning the
ON and OFF, with two second intervals, the spectr:
from one to another without intermediates visible (Fig
the photodecomposed product of 1 rapidly take,
vapour from air. This could suggest that free wate
the final product matrix undergoing hydrogen b
OH/OH..

The PCA on the full

ATR-FTIR spectral region of the

correlates the effect of the removal of
with a decrease of -10 cm™ t0 Vasym(
Vasym(N3) of 21 cm™ when little-to-no v
Furthermore, the appearance of the broad 6
(1381 and 1334 cm™)
where 6(0Hpt.0H/0H2) i
Vasym(N3) vibration at 20444cm’”

in Figure 2A. Further TIR spectra

intermediates.

Analytical HPLC intermediates with
different retention times, ich evolve at the same rate (P1 and
P2) until i remains (Figure S6, S7). Further,
the ste and their MCR-ALS spectra of 1

and compounds undergo
photodecomposition through a similar intermediate before
obtaining the final photoproduct, via a two-step process (Figure
S15, S16).
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The deconstruction of the ATR-FTIR spectra by MCR-ALS,
using the same kinetic model, revealed an intermediate (P1+P2)
containing a single vasym(N3) vibration at 2042 cm™, the
8(OHpromon,) bands at 1379 cm’pand 1334 cm” and all
corresponding frans pyridine mode e 2A, S16), closely
matching the PCA results.
This allows us to make a reasonable assj
trans-[Pt(I1)(N3)(py)2(H20/0OH)], The MC
a close match to the final tim
with no presence of azido vibr:
reasonably assigned as fr;
While there are some
general observed tr for Pt(IV) r
reduction of Pt(IV) to (ll),

The formation of a

P1+P2 as
S specC of P3 is
e photodecomposition
bserved, and can be
H),] (Figure S17).
complexes, the
tion is the two-photon
our findings.**"®
s with a single azido
s that reduction of 1
of at least one hydroxyl
o hydroxyl radicals. This is
reported detection of azidyl radicals
iradiation by using spin traps.™
Recombi | radicals results in formation of
H,0,, which further es to generate O;. The evolution
of oxygen from the reduction of Pt(IV) via hydroxyl radical
se rather {] from the solvent, has been reported to occur
similar gfucture to 1. Furthermore, the PCA of the
TIR data suggests a possible second intermediate
during the first few minutes of irradiation, where a -10
ction in wavenumber for vas,m(N3) is observed which
the changing OH environment (removal of

released

From the TEAS measurements and resulting global analysis,
insight into the ultrafast photodynamics involved in
ecomposition of 1 is obtained. A possible
omposition mechanism is shown in Figure 9. However,
work is required to validate this scheme (e.g. transient
ional spectroscopy) to assign intermediate states and high
| electronic structure calculations, both beyond the scope of
e present study). The initial excitation populates an array of
singlet excited states, which undergo rapid internal conversion
(IC), populating the lowest 'MLCT within our instrument
response (~80 fs). The excess vibrational energy imparted to
this state undergoes intramolecular vibrational redistribution
(IVR) and occurs with a time-constant of t1, as the EADS (t4) is
evidently broader and red-shifted compared to EADS (t2). This
proceeds via intersystem crossing (ISC) to a vibrationally-hot
triplet excited state (t2, MLCT). This conclusion is drawn from
the evident change in spectral profile between EADS (t2) and
EADS (t3), a sign of a state change. The timescale for this
process also sensibly compares with that reported for other
platinum complexes.'® The population of the vibrationally hot
SMLCT is likely capable of accessing an additional near
degenerate state *MC state. This near degeneracy in the two
states might allow the population to flow freely between these
states. Upon population of the *MC state, the molecule can
undergo rapid loss of one or more ligands, leading to the
formation of the photoproduct. Our TEAS setup is blind to the
formation of the photoproduct, as it absorbs beyond of the
spectral window of our white light (< 345 nm, see Figure S13).
As the excess vibrational energy is shed to the solvent bath,
access to the >MC state is no longer available, switching off the
formation of the photoproduct, with the remaining population
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becoming trapped in the vibrationally-cold °MLCT state.
Furthermore, the emission spectrum of 1 reveals a band at ~550
nm in acetonitrile upon 310 nm excitation (Figure S19). This
large red-shift points to either fluorescence, following a large
geometry change in the excited state or, more likely,
phosphorescence. The latter supports the idea of population
becoming trapped in a triplet state. This vibrational cooling
process and thus the loss of access to the MC state, occurs
with a time-constant of T3, as the spectral features in EADS (14)
are spectrally sharper and blue-shifted compared to EADS (t3).
We note that our fitting procedure is unidirectional in population
flow and does not include branched kinetics, therefore the fit
convolutes the processes mentioned above into the time-
constant ts. The vibrationally-cold *MLCT state persists beyond
our maximum available At.
S, T, (195 £ 40 fs)

1, (802 + 40 fs)

<< |IRF
1, (6.94 £ 0.04 ps)
| ¥'MLCT 1, (>>2ns)
I— ¢+
—s ! MLCT MC
+—y — «—>

A

= .
" N

photoproduct

GS —

Figure 9. Proposed mechanism for the ultrafast photochemical
and the extracted time-constants (t,) from the TEAS studies
the main text. IRF = instrument response function.

Prior to this work, only theoretical studies had been carried out
in order to investigate the ultrafast photodynamics of 1. Analy§
of Mulliken and NBO charges of the Sg
of 1 revealed a loss in negative char
and positive charge of platinum, inclu
platinum to nitrogen (azide) bond lengths, sug
elimination of the azides."!
Earlier computational work on
[Pt(N3)2(OH)2(NH3)2], pregente
photorelease pathways
azide anion release a
dissociation of ammonia an
without the reduction of platinu
carried out e
[Pt(N3)2(OH)2(NH3)2
a range of com
[Pt(N3)2(OH)2(L)2] for eir
propertiesf” The further
excited ;
the poténtia

2l Furthermore, Sokolov et al.

eening of cis,trans,cis-
Pt(N3)2(OH)2(NH3)2] and

ormula cis,trans,cis-
ground and excited state
ection of their three lowest singlet
ependent DFT method revealed
r of the two azido ligands and
photoreduction of platinum, from Pt(IV) to Pt(ll). More recently,
Shushakov et al. investigated the photophysical and
photochemical processes of cis,trans,cis-[Pt(N3)2(OH)2(NH3)2]
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and trans,trans,trans-[Pt(N3)2(OH)2(NH3)2] on ps and us
timescales, capturing multistage photolysis for both complexes
including initial substitution of one azide by a solvent
molecule."™ Overall, the present fingings by TEAS open up a
new path for more comprehensive t photodynamic and
high-level theory studies of 1, which are
present study.

5-GMP was closely
6. Prior to irradiation,

The photoinduced reaction
followed by ATR-FTIR as shown 1
splitting of the v(OH) i
indicative of increased en the hydroxyl
. Whilst 20 min of
ve the v(OH) of 1 in
MP increases the rate
etric azido vibration of
of 1 where after 2 h of
' is present. Interestingly, a
t 2164 cm™ upon irradiation, which
ncy of sodium azide. This suggests
e release of the azide anion, N3
P.

irradiation is require
water, the presence

matches
that the
from 1 in the presence

Large changes observed to the purine-ring-related CO, CC
N stretiig vibrations and NH/NH, bending modes of 5'-
in the 1800 — 1485 cm™ ATR-FTIR region throughout
n. Firstly, a reduction in intensity of the v(CO) +
vibration at 1696 cm™ is observed. Similar results were
several M**-5'-GMP complexes by Theophanides
where a similar reduction in intensity of this
ed but only small changes to the wavenumber
itself (~5 cm”).”? This was attributed to the maintained
hydrogen bonding between C60 of 5-GMP and water bound to
the tals as observed in the crystal structures. In this case a
clear it is observed for the v(CO) + v(C5C6) to 1670 cm™.
Thi uld be due to the pyridines of 1 shielding the C60 from
rgoing hydrogen-bonding. The DFT optimized S, structures
potential photoproducts, trans-[Pt(Ns)(py)2(5-GMP)]"" and
ans-[Pt(py)z(5’-GMP).*, show a 2.333 A, 2.250 A and 2.293 A
distance between the C60 oxygen and a pyridine proton (Figure
S20). Furthermore, the DFT predicted frequencies for this
vibration shift from 1705 cm™to 1681 cm™, going from free 5'-
GMP to 1 bound to the N7 positon of 5-GMP
(trans-[Pt(Ns)(py)2(5-GMP)]") (Table S1). In the case of
trans-[Pt(py)2(5-GMP).J*, two v(CO) + v(C5C6) peaks are
predicted at 1687 cm™ and 1682 cm™. These predicted
frequencies decreasing by 25/18/23 cm™ are well matched by
the experimental value of 27 cm™. Stronger infrared absorption
is observed for the NH/NH; bending modes at 1610 cm™', which
indicates the decrease in hydrogen bonding. Continued increase
of the new v(C4C5) + v(N1C2) vibrations at 1599 cm™ and 1570
cm™ are further indications of binding of 1 to 5-GMP. The
changes occurring to the breathing modes of 5-GMP (from
1377/1360 cm™ to 1358/1336 cm™) are likely to be influenced by
the binding of platinum to the N7 position of 5-GMP, lowering
the infrared wavenumber value for this vibration. This can be
attributed to changes to the hydrogen bonding network upon
platination of the N7 position of the pyrimidine ring system.?°2"
The earlier assigned (OHepiowon,) bands during the
photodecomposition of 1 in water at 1381 cm™ and 1334 cm™
are in close proximity to the breathing modes of 5-GMP, thus
the presence of water bound platinum vibrations cannot be ruled
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out. Interestingly, the decrease in intensity of the purine ring
breathing mode at 1178 cm™ throughout irradiation is predicted
by the DFT calculations, where a ~5-fold decrease in intensity is
observed when platinum binds to N7 of 5-GMP. Perturbation of
the electronic structure upon binding to the purine ring could be
the cause of the observed decrease in intensity. Earlier reported
direct binding of phosphate to magnesium resulted in a shift of
+18 cm™ to the vsym(PO37) vibration, whereas indirect interaction
of the water bridging between phosphate and copper or
magnesium resulted in a split in this vibration into two peaks.’?*
21 Reported platinum 5-GMP complexes showed less effect on
the phosphate-related stretching vibrations, in line with our
results, which were reported to be primarily due to
conformational changes around the phosphate and sugar
moiety.?®?" Thus, binding of the phosphate to 1 might be ruled
out. In general, broadening of vibrations at and near 3300 cm™
and 1650 cm™ is observed throughout the photoinduced reaction
of 1 and 5’-GMP, which indicate the presence of water in the
resulting product matrix with v(OH) and 8(OH) underlying other
vibrations respectively (Figure 6).

The likelihood of several photoproducts arising from irradiation
of 1 in the presence of 5-GMP was confirmed by analytical
HPLC. Five potential photoproducts were identified of which four
were separated by preparative HPLC and assigned by MS.
These include  [Pt(N3)(py)2(OH)(5'-GMP)]  (1a), trans-
[Pt(N3)(py)2(5"-GMP)+OH+H]" (1b), trans-{Pt(Ns)(py)2(5-GMP)]"
(1c) and trans-[Pt(py)2(5'-GMP+2H).]** (1e) of which the trans,
pyridine scaffolds were retained as shown by the ATR-FTI
spectra (Figure S26). Previous studies showed the releas
azidyl radicals from 1 on its own in water, with introduction of
5-GMP hardly affecting azidyl radical formation.”” Photo
1e is a minor product; this might suggest that the sm
band observed during the irradiation of 1 and 5-GMP
is due to the release of the second azido ligand fr
azide anion.

The ATR-FTIR spectra of separated photopro
well to the observed changes throughout irradiation o
5-GMP, especially in the 1800 — 1300 cm™ region. Lar
changes between the ATR-FTIR spectra of the mixture and
separated photoproducts were seen in the phosphate regi
The separation by HPLC and lyophijfation is expected

increase in wavenumber value
interactions are present com

RMS results
ecies (trans-
studies of 1

MS and no ATR-FTIR spec!
prior to lyophilisation
[Pt(IV)(N3)(OH)(py)2=(5"-GMP-

revealed the form i

a Pt(IV)
Initial

m/z of a
[Pt(I1)(N
proposed Pt(l

d to an oxidized 5-GMP (trans-
H)]"+2H") is identical to the
fore cannot be ruled out.

The evolution of species 1a to 1e in the dark after 30 min of
irradiation captured changes to absorption intensity of each
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photoproduct during the course of two weeks. The decrease in
absorption intensity of 1b could be due to the reduction of the
proposed Pt(IV) species to yield the Pt(ll) species 1c, which
increases in absorption intensity overime.

Conclusion

tial for ATR-FTIR to
the photoactivatable
) including the
ipal Component
the observed changes
cm™ with a decrease
0 Vasym(N3) of 21 cm’
nt. Furthermore, the

This work has demonstrate
elucidate the photodecompositi
diazido Pt(IV) anticance,
photoinduced reaction
Analysis (PCA) capt
of the disappearanc
of -10 cm™ t0 Vasym(
when little to
appearance of

and correla
V(OHpt.OH) at 3
rior an increa

Vasym(NS)
PCA an al studies indicated the formation
of trans-[Pt(Ns3)(py)2(O as an intermediate throughout
420 nm irradiation of 1 in water by HPLC and Multi Curve
Regolution Alt ting Least Squares (MCR-ALS) of the ATR-
and UV spectroscopy, with the acetonitrile studies (310
citation) following the same two-step pathway. Complete
of the last azide required extended irradiation times to
final product trans-[Pt(py)2(OH/H20),].
tronic Absorption Spectroscopy (TEAS) provide a
nal switching mechanism for 1 where the
mplex has access to the dissociative *MC state
only when it is vibrationally hot, after which it remains trapped in
a vibrationally cool state with a long-lived absorption (>> 2ns).
the way for future comprehensive ultrafast
amic (transient vibrational absorption spectroscopy)
h-level theory studies of 1, which were outside the scope

ATR-FTIR of the photoinduced reaction of 1 with 5-GMP
posed the faster removal of v(OH) compared to the
photodecomposition (< 5 min vs. 20 min), whilst showing
increased hydrogen bonding between the hydroxyl groups of 1
and 5-GMP and/or water prior to irradiation. Changes to the
anti-symmetric azido vibration are in line with the
photodecomposition results with only a single vibration present
after two hours of irradiation and additionally a new vibration
matching sodium azide, i.e. release of an azide anion.
Comprehensive ATR-FTIR assignments of 5-GMP and
photoproducts formed upon irradiation of 1 and 5-GMP were
achieved by DFT calculations. Separation of photoproducts by
HPLC, followed by MS and ATR-FTIR allowed a comprehensive
ATR-FTIR assignment. These further aided the detailed
elucidation of the observed changes in the ATR-FTIR of the
reaction mixture throughout irradiation. For instance,
trans-[Pt(Ns)(py)2(5’-GMP)] is the major product in the reaction
mixture, however a marker band for the trans-[Pt(py)2(5-GMP),]
product at 1772 cm™ allows the tracking of this product.

These studies show that vibrational spectroscopy can make a
major contribution to understanding the chemical basis for the
mechanism of action of photoactivatable diazido Pt(IV) prodrugs
including their interactions with DNA bases.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

Experimental
Materials

All reactions were performed under nitrogen atmospheres using standard
Schlenk techniques. K;PtCl, (99%) was purchased from Precious Metals
Online. Guanosine 5-monophosphate disodium salt hydrate 299% (5'-
GMP) and all other chemicals and solvents were purchased from Sigma-
Aldrich and used as received.

Instrumentation and Methods.

UV-Vis spectra were acquired on a Varian Cary 300 BIO UV-Vis
spectrophotometer equipped with a Varian Cary temperature controller
(298 K, unless otherwise stated).

LCMS spectra were acquired with an Agilent 6100 Series Single
Quadrupole LC/MS incorporating a photodiode array detector (214/254
nm) coupled directly to an electrospray ionization source.

HRMS was conducted using an Agilent 6224 TOF LC/MS Mass
Spectrometer coupled to an Agilent 1290 Infinity. All data were acquired
and reference-mass corrected via a dual-ES| source.

Fluorescence spectra were recorded on a Horiba Fluorolog 3
spectrophotometer using an excitation wavelength of 310 nm with a
bandwidth of 8 nm. The data obtained for 1 were only usable between
363 and 580 nm, due to scatter and 2" order effects.

High-Performance Liquid Chromatography was carried out on
Agilent 1260 Infinity Analytical HPLC incorporated with an Infinity dio
array detector (214/254) with a Agilent Zorbax Eclipse Plus C-18 R
Resolution column (95 A, 3.5 um, 100 x 4.6 mm). All samples were run
using eluent A: H,O (0.1% TFA), B: Acetonitrile (0.1% TFA),
mL/min, 5 — 25% B varying depending on sample. Semi-pr

Purification system incorporated with an Infinity diode array
a Agilent Zorbax SB-C18 column (80 A, 5 um, 150

mL/min, 0 — 20 min: 2 — 8% B, 20 — 60 min: 8 — 25% B,
100% B).

six lamps was used for 420 nm irradiation (Aem max: 420 nm, spec
distribution: 390 — 460 nm, ~3.6 mW cm'z). S
3 mL, 1 cm pathlength fluorescent quartz ¢

ith a PTFE sto
rc™ [llumj

were irradiated in an 800 pL, 1 cm p
a PTFE stopper.

ATR-FTIR spectra were a
spectrometer with a N,-cooled
and a Harrick silicon multiple re
6.0 was used to acquire ATR sp
cm™, spectral resolygtion: 4 cm™, and
samples were depos
(typically 1-3 min) and

cury-cadmium-te MCT) detector

jon ATR accessory. OPUS software
(wavenumber range: 4000-400
interferograms co-added). 3 pL
rated under a gentle N, flow
ere measured accordingly.

Transient ,Electronic Al Spectroscopy (TEAS). The
ing to TEAS have been described in
rview is presented herein.?? The
femtosecond pu enerated using a commercially
available optical parametric amplifier, (TOPAS-C, Spectra-Physics). The
white light continuum (330-690 nm) utilized as the probe pulse was

produced through supercontinuum generation from the 800 nm
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fundamental in a 2 mm thick CaF, window; translated vertically. The
pump pulse wavelength was set to 310 nm (4.00 eV). The fluence of the
pump beam was set between 1 — 2 mJ-cm™. The difference between the
pump and probe polarizations was held at magic angle (54.7°) to negate
rotational effects using a half-wave plat he probe beam path. The
pump-probe time delay (At) was varied by g the optical delay of
the probe pulse, the maximum obtainable At oseconds (ns).
Changes in the optical density (A OD) of the calculated
from probe intensities, collecte i (Avantes,
AvaSpec-ULS1650F). Samples to a concentration of 2
mM in acetonitrile (99.9%, VWR). T|
was a flow-through cell (Dem
Products Inc.) with a 100
peristaltic pump (Maste
provide each pulse with

re carried out Gaussian
—-Ernzerhof (PBEO, 25%
carbon, hydrogen, nitrogen,
um an augmented cc-pVDZ-PP
(ECP) was used.”™ The conductor-like
(CPCM) was applied (water) to better
describe ions between metal to ligand bonds.®®!
Calculations con ized geometries by allowing all
parameters to relax, correspondiig to true energy minima as confirmed
by the lack of imaginary frequencies. The ground-state geometries
repgrted previougl®for 1 were used as a starting guess and 5-GMP
s were obtained using universal force field
ations, prior to a full conformational screening by systematic
of all the dihedral angles until corresponding minima were
! Sodium ions did not influence the geometry optimization of
were therefore omitted. Starting geometry estimates for
and 5-GMP were based on the S, geometries of
each resp , with conformational screening carried out by
systematically Wtating along the platinum — N7 axis and varying the
dihedral angles between platinum and the N7 position of 5-GMP until
consequent minima were reached. Two S, geometries for trans-
[Pt(pyw(5-GMP),* and one for trans-[Pt(Ns)(py)z(5'-GMP)]" were
i Figure S20). Calculated infrared spectra were exported from
lew 5 with a half-width of 16 cm™.

Theoretical calculatio
09 package®™
HF).2 Basis set
oxygen and phosph
with effective core po!
polarizable continuum m

—~

Processing. PLS_Toolbox 8.2 (Eigenvector Research) was used to
rry out the Principal Component Analysis (PCA). ATR-FTIR spectra of
e photodecomposition of 1 were cut (3700 — 640 cm™), Standard
Normal Variate (SNV) scaled, mean centred and cross-validated
(venetian blinds, 10 splits and 1 sample per split). Three principal
components (PC) were selected, quantifying the majority of changes in
the spectra over time.

OPUS 7.2 (Bruker Optics) software was used to carry out the
preprocessing of ATR-FTIR data for all other processes. ATR-FTIR
spectra were cut (3800 — 640 cm™ for 1 and 3800 — 645 cm™ for 1 + 5'-
GMP), vector normalized (to the band at 1625 — 1595 cm™ for 1 and
3800 — 645 cm™ for 1 + 5'-GMP), rubberband baseline corrected and
replicates were averaged.

The Multi Curve Resolution Alternating Least Squares (MCR-ALS)
toolbox 2.0 for Matlab was used to carry out the curve fitting for the ATR-
FTIR and UV-Vis spectra.””) Component estimates were obtained
through the inbuilt singular value decomposition algorithm, where the
initial components where set to those of eigenvalues = 1 and the
observed species by analytical HPLC. The final component numbers
were verified via variation of the time point inputs, component number
and applying kinetic model constraints. Initial pure spectra estimates
were determined through the purest variable detection.?”! Non-negative
least squares (nnls) was set to apply non-negativity for components
concentrations and pure spectra. Kinetic constraints were set to follow
the generic scheme: A>P1..>Px with rate constants ks (A = 1 or 2).
Concentrations of A at time 0 were set to the corresponding
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concentrations in the experiment, i.e. 50 uyM for UV-Vis and 2 mM for
ATR-FTIR. The convergence limit was set to 1 x 10 and this criteria was
typically met within 50 iterations.

Photodecomposition of 1 in water. 2 mL solutions of 1 in Mili-Q water
(2 mM) were irradiated in a 1 cm pathlength quartz fluorescence cuvette.
30 pL aliquots were taken from the solution during irradiation at selected
time points until completion of photodestruction (every minute between 0
— 15 min, 20, 25, 30, 45 min and 1, 1.5, 2, 2.5, 3.5, 8 and 22 h). Each
aliquot was stored in the dark untii measurement by ATR-FTIR,
Analytical HPLC and UV-Vis. The photodecomposition at 2 mM
concentrations were carried out in triplicate, with each time point
measured twice by ATR-FTIR, once by Analytical HPLC and only
selected time points by UV-Vis, which were compared to the
photodecomposition of a 50 uM solution of 1. Samples for Analytical
HPLC and UV-Vis were diluted to 50 uM prior to measurement. The
photodecomposition of 1 at 50 uM concentrations by UV-Vis (3 mL) was
carried out in triplicate until completion (every minute between 0 - 15
minutes, 20, 23, 30, 45, 60, 90, 120 and 150 min). The stability of 1 and
its aliquots after irradiation in the dark at 310 K was monitored by UV-Vis
for 64 h and no changes were observed (Figure S10). The
photodecomposition of 1 at 50 uM and 2 mM concentrations under 420
nm irradiation follow the same evolution where only the rate differs
(Figure S9).

Photodecomposition of 1 and 2 in acetonitrile. The
photodecomposition of 1 and 2 in acetonitrile (50 pM) under 310 nm
irradiation monitored by UV-Vis (3 mL) in 1 cm pathlength quartz
cuvettes was carried out in triplicates until completion.

Photoinduced reaction of 1 with 5-GMP. 2 mL solutions of 1 (2 mM
and 5-GMP (4 mM) in Mili-Q water were irradiated a 1 cm pathlen
quartz fluorescence cuvette for 2 h. 50 yL aliquots were taken from
solution during irradiation at selected time points (0, 5, 10, 15, 30, 45, 60,
90 and 120 min). Samples were protected from light and stored i

ATR-FTIR. A 2 mL solution of 5-GMP (4 mM) was expos
two hours of irradiation and measured by ATR-FTIR. The
mM) and 5’-GMP (2 mol equiv.) was confirmed by ATR-
for 35 days (Figure S22 and S23) and 22 h of irradiation
mM) showed no changes by ATR-FTIR (Figure S21).

Separation of photoproducts formed by irradiation of 1 with 5-GMP.
3 mL solutions of 1 (3.58 — 3.86 mM) and 5-GMP (1:2) in Mili-Q w.
were irradiated for one hour in a 1 cm pathl
cuvette prior to separation by semi-prepar:
lyophilised and protected from exposure t

LC. Fractions

-GMP. A 1.5
a glass LCMS

shoulders: off). Analytica
and punctured stoppers

irectly taken from the vial
replaced after each run. The vial was
t in between measurements.

Synthesis. trans,
[Pt(N3)2(py)2] (2) were synthesize
characterization data in agreement with those reported originally.
Caution! Heavy metal azides are known shock sensitive detonators.

H)2(py)2] (1) and trans,trans,trans-

as reported previously® with
4]
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Whilst no problems were encountered during this work, it is crucial not to
apply excessive pressure to platinum azido compounds. Exposure of 1
and 2 to light was strictly limited during synthesis, sample preparation
and measurements.
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