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Efficient red light-activation of a NAMPT inhibitor under hypoxia

Chapter 6:

Efficient red light-activation of a

NAMPT inhibitor under hypoxia

using water-soluble ruthenium
complexes

Abstract: Two water-soluble ruthenium complexes [1]Cl, and [2]Cl, are described that
release a cytotoxic nicotinamide phosphoribosyltransferase (NAMPT) inhibitor upon
irradiation with a low dose (21 ) cm'z) of red light. Up to an 18-fold increase in inhibition of
NAMPT activity was measured upon red-light activation of [2]Cl,, while no differences
between activity in the dark and after irradiation were observed for [1]Cl,. For the first
time the dark and red light-induced cytotoxicity of these photocaged compounds could be
tested on cells grown under hypoxic conditions (1% O,). In skin (A431) and lung (A549)
cancer cells a 3- to 4-fold increase in cytotoxicity was found upon red light irradiation for
[2]Cl,, when the cells were cultured and irradiated under normoxic conditions (21% O,) or
hypoxic conditions (1.0%). These results demonstrate the potential of photoactivated
chemotherapy for hypoxic cancer cells where classical photodynamic therapy, which relies
on oxygen activation, is poorly efficient.

This work has been published as a communication: L. N. Lameijer, D. Ernst, S. L. Hopkins,
M. S. Meijer, S. H. C. Askes, S. E. Le Devedec, S. Bonnet, Angew Chem Int Ed 2017, 56,
11549-11553.
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Chapter 6

6.1 Introduction

Nicotinamide phosphoribosyltransferase (NAMPT) is a key enzyme in the salvage pathway
of nicotinamide adenine dinucleotide (NAD") biosynthesis that is abnormally up regulated
in cancer cells.” Importantly, high NAMPT expression in different types of cancer has
been associated with poor prognosis in cancer patients, which makes NAMPT a potential
therapeutic target.m It has been shown that NAMPT inhibition leads to reduction of
intracellular NAD" levels, which can induce apoptosis in cancer cells.” 3 However, it has

also been reported that targeting of NAMPT might lead to side effects such as blindness.™”

A strategy called PhotoActivated ChemoTherapy (PACT) might solve selectivity issues.™
PACT consists in hiding the toxicity of the compound with a caging agent that is released

B0, €1 Ruthenium polypyridyl

upon irradiation with light together with the free drug.
complexes are particularly promising photocaging groups as they can be activated using
visible Iight,m whereas most organic caging groups require UV light for activation.® Unlike
photodynamic therapy (PDT), a clinically approved therapy that relies on the

photocatalytic activation of >0, into 'O, by a photosensitizer,[gl

PACT is oxygen
independent[Sb‘ % which makes it a promising and complementary therapeutic strategy for
targeting hypoxic tumors. However, proof of efficacy of PACT under hypoxia is still lacking.
Herein we describe a setup that can shine monochromatic red light on living cells under
hypoxia (1%), allowing the study of PACT compounds [1]Cl, and [2]Cl, (Scheme 6.2). Red
light is superior to previously reported blue- or green-light activation of PACT compounds

),[10] and can be used with higher doses

due to deeper tissue penetration (0.5-1.0 cm
without significant light-induced cytotoxicity.[”] Two sterically hindered ruthenium
photocaging scaffolds were chosen based upon earlier work by the groups of Turro and
Kodanko:™? [Ru(tpy)(dmbpy)(L)]2+ (tpy = 2,2’;6’-2"-terpyridine; dmbpy = 6,6’-dimethyl-
2,2’-bipyridine) and [Ru(tpy)(big)(L)]** (big = 2,2’-biquinoline). Both types of complexes
have an absorption band that extends in the red region of the phototherapeutic
window,[13] and photodissociate their ligand when the monodentate ligand L is a thioether
or a pyridine moiety.ma’ " These scaffold were used to cage STF-31, a known cytotoxic
organic compound containing a pyridine moiety, for which the toxicity was reported to
originate from inhibition of both NAMPT enzyme activity[15] and glucose transporter 1
(GLUTl).[16] We synthesized the two STF-31-containing compounds [1]Cl, and [2]Cl,
(Scheme 6.2), demonstrated that red light can release STF-31, and show that photorelease

leads to efficient PACT under both normoxic (21% 0,), and hypoxic (1% O,) conditions.

6.2 Results and discussion

[16b]

STF-31 was synthesized according to a reported procedure using t-butylphenylsulfonyl

chloride in the last step to install the t-butyl moiety (Scheme 6.1).
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Efficient red light-activation of a NAMPT inhibitor under hypoxia
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Scheme 6.1. a). CBz-Cl in water/dioxane/ag. NaHCOj3, 16 h, rt, 83%; b). i). cat. DMF, 1.65 eq. (COCI), in THF,
5 h, rt — 50 °Cii). 1.06 eq. 3-aminopyridine in pyridine, 16 h, rt, 81%; c). 33% HBr in AcOH, 3 h, rt, 98%; d).
4-(t-butyl)benzenesulfonyl chloride in MeCN/pyridine, 16 h, rt, 54%.
Compounds [1]Cl, and [2]Cl, were then synthesized by reacting STF-31 with the precursors
[Ru(tpy)(dmbpy)(CI)]CIM and [Ru(tpy)(big)(Cl)]Cl, respectively (Scheme 6.2). The latter
precursor was synthesized in high vyield (90%), starting from ruthenium dimer
[{Ru(tpy)CIz}z].HZO.m] Both caged inhibitors were isolated as PFg salts, purified over
Sephadex LH-20 and converted to their chloride salt by salt metathesis, to afford [1]Cl,

and [2]Cl, as red or purple solids in 50% and 44% vyield, respectively.

Scheme 6.2. a). i). STF-31 (2.0 eq.), AgPFs (2.2 eq.) in acetone/H,0 (2:1), 50° C, 2 h ii). NBu,Cl in acetone, 44%; b). biq (1.0 eq.) in
(CH,0H),, 1 hr, 180 °C, 90%; c). i). STF-31 (1.2 eq.), AgPFs (2.1 eq.) in EtOH/H,0 (2:1), 80° C, 4 h; ii). NBu,Cl in acetone, 50%
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Chapter 6

One of the challenges in PACT is to find the ideal balance between thermal stability and
photoactivation efficiency, expressed as the photosubstitution quantum vyield (®p).
Previous research has shown that [Ru(tpy)(dmbpy)(SRR’)]2+ complexes are less stable and
more photoreactive than the corresponding [Ru(tpy)(big)(SRR’)]** compounds in water,“g]
therefore preventing their application in PACT.™ |n contrast, Turro et al. have
demonstrated that complexes with L=pyridine are stable enough to be isolated while
retaining photosubstitution properties under low-energy visible light (A, > 590 nm).mb]
The photoreactivity of [1]Cl, and [2]Cl, in water was tested under red light irradiation.
Figure 6.1 shows the evolution of the electronic absorption spectrum of (1> upon
activation at 625 nm under deoxygenated conditions in H,0. The initial metal-to-ligand
charge transfer ("MLCT) band at 473 nm was gradually replaced by a new 'MLCT band at
484 nm with a clear isosbestic point at 477 nm, due to the formation of
[Ru(tpy)(dmbpy)(H,0)]** (m/z found 536.1, calc m/z 536.1 for [Ru(tpy)(dmbpy)(OH)]").
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Figure 6.1. UV-vis spectra of [1]Cl, (left) and [2]Cl, (right) in deoxygenated H,0 under red light irradiation (625 nm, photon flux
1.30x10” mol.s'l). Spectra were taken for 5 min each 30's. T=298 K.

In a parallel experiment using 'H NMR spectroscopy a solution of [1]Cl, in D,O was
irradiated using white light (> 610 nm). During irradiation the doublet of at 6.89 ppm was
replaced by two doublets at 6.80 and 7.78 ppm, while the characteristic ‘Bu singlet at 0.94
ppm disappeared, confirming photodissociation of STF-31 (Figure S.V.1). The
photosubstitution quantum yields (®s,5) were determined to be 0.057 at rt and 0.080 at
37 °C. Where the higher quantum yield for photosubstitution at increased temperature is
consistent with thermal population of the triplet metal-centred states (*MC) via the
photochemically generated *MLCT states.™ For [2]Cl,, irradiation at 625 nm resulted in a
shift of the MLCT band at 531 nm to 549 nm, and the formation of the photoproduct
[Ru(tpy)(bia)(H,0)]** (found m/z = 607.8, calcd m/z = 608.1 for [Ru(tpy)(big)(OH)]*). When
a solution of [2]Cl, in D,0 was irradiated using white light (>610 nm) the "H NMR spectrum
(Figure S.V.2) showed a new, distinctive quartet at 8.86 ppm, and a decrease of the
doublet at 6.69 ppm and singlet at 0.90 ppm. Photosubstitution occurred with a quantum
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Efficient red light-activation of a NAMPT inhibitor under hypoxia

yield @gy; of 0.013 and 0.019 at rt and 37 °C, respectively (Table 6.1). The lower
photoreactivity of [2]Cl, compared to [1]Cl, is consistent with previous work.™* Both
[1]Cl; (log Poy, = -0.63 + 0.04) and [2]Cl, (log P, = -0.08 £ 0.04) are water-soluble, but STF-
31is not (log P,y = +3.92), resulting in ligand precipitation during photosubstitution of STF-
31 in the NMR tube. Hence the caging Ru complexes significantly increase water solubility
of the inhibitor.

Table 6.1. Absorption maxima (Ama,), molar absorption coefficients at Ayax (€) and at 625 nm (gg,5), photosubstitution
quantum vyields (@) at 298 and 310 K in water, 'O, generation quantum yields (®,) at 293 K, and photosubstitution
reactivity (§ = Qgzs* €625).

Complex Amaxin NME E62sC) De2s” (Dg25 at 310 K) 0, €2 (€ at 310 K)
(einM*em™) inM*cm™
[jci2 473 (8.1x 10°) 379 0.057 (0.080) <0.005 22(3.0)
[21c12 531(9.3x 10°) 609 0.013 (0.019) 0.036 0.79 (1.2)

[a] In H,0. [b] In CD;0D.

Before testing these compounds in cancer cells the dose of red light necessary to obtain
full activation in the cell irradiation setup was evaluated to be 20.6 J.cm'z, which

. . . e . - 11
corresponds to 10 minutes irradiation under normoxia (Figure 6.2).[ ]
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Figure 6.2. Irradiation of 1 x 10* M (v =200 pL) [1]Cl, and [2]Cl, using the red light array for 15 minutes in the normoxia setup.
Top left: [1]Cl, in DMSO. Top right: [2]Cl in DMSO. Bottom left: [1]Cl, in OptiMEM media + 10% DMSO. Bottom right: [2]Cl, in
OptiMEM media + 10% DMSO. Irradiations were carried out over fifteen minutes. Spectra were plotted using Origin Pro 9.1 and
the baseline was subtracted.
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Chapter 6

The cytotoxicity of STF-31 and of its caged analogues [1]Cl, and [2]Cl, was first tested in
normoxic conditions (21% O,) against three human cancer cell lines (A549, MCF-7, and
A431) and a non-cancerous cell-line (MRC-5). 1 two plates were treated with STF-31,
[1]Cl, or [2]Cl,, and after 6 hours incubation one plate was irradiated with red light (628
nm, 20.6 J-cm ™) while the other was left in the dark. At t = 48 h medium was replaced. Cell
viability was then assayed by using sulforhodamine B (SRB) 96 h after seeding.[m Cell
growth inhibition effective concentrations (ECsy) were calculated from the dose-response
curves of treated vs. non-treated wells (Figure 6.3 and Table S.V.1).
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Figure 6.3. a). Cell growth inhibition effective concentrations (ECso in uM) for [1]Cl,, [2]Cl, in the dark and under red light
irradiation in human cancer cells under normoxia (21.0% O,, 7.0% CO,) and hypoxia (1.0% O,, 7.0% CO,). b). ECs, for STF-31 and
cisplatin under normoxia and hypoxia. Data points are the mean of three independent experiments; error bars show 95%
confidence intervals (in pM). * = p £ 0.05, ** < 0.01, *** < 0.001. n/s = Not significant. See Table S.V.1 for all ECs, values.
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Efficient red light-activation of a NAMPT inhibitor under hypoxia

Under normoxia (Figure 6.3a), STF-31 appeared to be highly cytotoxic in all cell lines,
including MRC-5. Compound [1]Cl, also caused a great cytotoxic effect on all cancerous
cell lines, but its effect was limited on the non-cancerous MRC-5 cell line (ECsq > 20 uM).
Importantly, a negligible difference was found between the irradiated and non-irradiated
wells. This result was in great contrast to [2]Cl,, which was less cytoxic against the non-
cancerous MRC-5 cells in the dark (ECso > 40 uM) and highly toxic (ECsq < 10 uM) to
cancerous cells after irradiation, with a marked difference in cytotoxicity between dark
and irradiated cells for both A549 and A431. Considering the minimal 'O, production
(3.6%, Table 6.1), this effect is most likely attributed to the anti-proliferative effect of the
photoreleased STF-31.

To validate whether the photocytotoxicity could be ascribed to photorelease of STF-31,
instead of PDT, [1]Cl,, [2]Cl,, and SFT-31, were tested under hypoxia, in which 102
generation is impaired. We therefore modified our LED-based irradiation setup”” allowing
irradiation on living cells while controlling O, concentrations (1 - 21%, Figure S.V.4). We
then repeated the cytotoxicity assay using the same protocol and light dose of 20.6 Jem?,
but now at 1.0% O, (see Figure S.V.4, lower left). As shown in Figure 6.2 and Table S.V.1,
the ECsq values for all compounds were found to be higher than under normoxia, which is
consistent with earlier reports on the higher resistance of hypoxic cells to
chemotherapy.m] No photocytotoxicity was observed for [1]Cl,. However, the
photoindices found for [2]Cl, under hypoxia (3.6 and 2.4 for A431 and A549 respectively)
were identical to those found under normoxic conditions (3.3 and 2.6 for A431 and A549
respectively), demonstrating the observed photocytotoxicity for [2]Cl, is independent of
the O, concentration.
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Figure 6.4. a). Normalized mean fluorescence intensity (MFI) of 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-b-glucose
(NBDG) in A549 cells treated with 2% DMSO, STF-31, or phloretin. Error bars are the mean of three independent experiments
with + standard deviation (SD). * = p < 0.05, ** < 0.01, *** < 0.001. b). Representative plot of the percentage (%) of NAMPT
activity observed for different compounds vs. control (2% DMSO) after 1 h incubation. Data points represent the mean of at least
two replicates, and error bars represent standard error of the mean (SEM). e = Vehicle control, ¢ = [2]Cl, dark (2 uM), A = [1]Cl,
dark (2 uM), ¢ = [2]Cl, light (2 uM), A = [1]Cl, light (2 uM), m = STF-31 (2 uM), ¥ = FK866 (20 pM).
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Chapter 6

We then investigated the enzyme inhibition properties of STF-31, which is both a reported
GLUT-1 and NAMPT inhibitor."*™ ¥ 2! GLUT-1 overexpressing A549 cells®" were starved
using glucose-free medium, followed by incubation of 2 h with a vehicle control (2%
DMSO), 50 uM STF-31, or 100 uM phloretin, a well-known GLUT-1 inhibitor.”® Cells were
then treated with the fluorescent D-glucose analogue NBDG,"®
cytometry (Figure S.V.6). STF-31 showed a minimal glucose-uptake inhibition compared to
phloretin.m] Therefore the observed cytotoxicity of STF-31 is most likely not related to
impaired glucose uptake and GLUT-1 inhibition. The NAMPT enzyme activity inhibition of

and analyzed by flow

STF-31, [1]Cl,, and [2]Cl,, was therefore determined using the commercial Cyclex® assay
after 1 h incubation of A549 cells with the irradiated or non-irradiated compounds (Figure
6.4b). At 2 uM concentration STF-31 showed the largest effect on NAMPT activity,
confirming that it is a NAMPT inhibitor.* Use of [2]Cl, resulted in a dramatic reduction in
NAMPT activity after red light activation, whereas the non-irradiated sample suffered
much less inhibition. A similar effect was observed for [1]Cl,, although the dark activity
was found to be much higher than that of [2]Cl,. The dark inhibitory concentrations (ICs)
of 4.8 uM for [2]Cl, was lowered by a factor 18 down to 0.26 uM after irradiation, which is
similar to the value obtained for STF-31 (0.25 uM). The NAMPT inhibitory effect of STF-31
is thus fully recovered upon red-light activation of [2]Cl,.

Table 6.2. NAMPT activity inhibitory concentration (ICsp with 95% confidence intervals, in uM) obtained for STF-31, [2]Cl, in
the dark and [2]Cl, after red light irradiation. Photoindex (PI) = 1Csg gari/ICso,ight-

STF-31 [2]Cl,
ICso in UM (Dark) Cl 1Cso in uM (Dark) Cl 1Csp in UM Cl PI
0.25 +0.027 4.8 +0.89 0.26 +0.079 18
-0.027 -0.75 -0.094

[a] Samples were irradiated for 10 minutes at 37 °C. See appendix V.

The almost identical ECsq values found for [1]Cl, in the dark and after light irradiation, and
its high NAMPT inhibition in the dark, suggested that [1]Cl is thermally unstable:
Monitoring for 48 hours at 37 °C in the dark in OptiMEM® (Figure 6.5), showed that [1]*
slowly decomposes to [Ru(tpy)(dmbpy)(OHz)]2+ while [2]*" remains stable (Figure S.V.7,
left and right). This result is in contrast to the report of Kodanko et al. who used
[Ru(tpy)(dmbpy)]2+ to cage a steroidal CYP17A1 inhibitor.!*? According to our results,
[Ru(tpy)(N-N)(L)]** complexes are only stable enough for PACT when the bidentate ligand
is 2,2’-biquinoline, whereas ligands which induce increased steric strain, such as 6,6'-

dimethyl-2,2’-bipyridine increase the photoreactivity but also the thermal Iability.[“]
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Figure 6.5. Stability of [1]Cl, (left) and [2]Cl; (right) in OptiMEM media + 2.5% FCS at 37 °C over 48 hours in the dark. Spectra
measured each hour, gradient indicates intervals from blue to red. Arrow (left) indicates a shift of the MLCT absorption maximum
due to formation of the chlorido species.

6.3 Conclusion

In conclusion, we have demonstrated for the first time the potential of PACT in hypoxic
cancer cells using a photocaged NAMPT inhibitor. Whereas under hypoxic conditions
classical PDT type Il would not be effective because of the absence of dioxygen, [2]Cl,
represents a promising form of photocaged drug, with a similar photoindex under hypoxia
(1% 0,) as in normoxia (21% 0,). Also, this compound is soluble in water and can be
activated using red light, whereas most PACT compounds reported to date require UV,
blue or green light. The steric hindrance of [2]Cl, is high enough to obtain activation using
clinically relevant light doses (21 J.cm'z),m] but low enough to acquire thermal stability. In
contrast, [1]Cl, is too labile in the dark, which make it unsuitable for PACT. Altogether this
study represents the first example of PACT where the phototoxicity index measured in
hypoxic cancer cells with red light can be explained altogether by a low ‘0, quantum yield,
an efficient oxygen-independent photosubstitution reaction, and an enzyme inhibition
assay.

6.4 Experimental

6.4.1 General

Reagents were purchased from Sigma-Aldrich and used without further purification. Dry
solvents were collected from a Pure Solve MD5 solvent dispenser from Demaco. For all
inorganic reactions solvents were deoxygenated by bubbling argon through the solution
for 30 minutes. Flash chromatography was performed on silica gel (Screening devices B.V.)
with a particle size of 40 - 64 pM and a pore size of 60 A. TLC analysis was conducted on
TLC aluminium foils with silica gel matrix (Supelco, silica gel 60, 56524) with detection by
UV-absorption (254 nm). Infrared spectra were recorded on a Perkin Elmer UATR (Single
Reflection Diamond) Spectrum Two device (4000-700 cm’’; resolution 4 cm™). *H NMR and
3C NMR were recorded in [D]DMSO and CD3;0D with chemical shift (8) relative to the
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solvent peak on a Bruker AV-500. High resolution mass spectra were recorded by direct
injection (2 pl of 2 uM solution in water/acetonitrile; 50/50; v/v and 0.1% formic acid) in a
mass spectrometer (Thermo Finnigan LTQ Orbitrap) equipped with an electrospray ion
source in positive mode (source voltage 3.5 kV, sheath gas flow 10, capillary temperature
250 °C) with resolution R = 60000 at m/z 400 (mass range m/z = 150 — 2000) and
dioctylphtalate (m/z = 391.28428) as a lock mass. The high-resolution mass spectrometer
was calibrated prior to measurements with a calibration mixture (Thermo Finnigan).
Elemental analysis was performed at Kolbe Mikrolab Germany to confirm the purity of
STF-31, [1]Cl, and [2]Cl, = 95%.

6.4.2 Ligand synthesis

o 4-[(Benzyloxycarbonyl)amino]lmethyl benzoic acid, 4: To a cooled
Ho}K{j\/NHCbz mixture (0 °C) of 4-(aminomethyl)benzoic acid (10.0 g, 66.2 mmol) in
water/dioxane/aq. NaHCO; (700 ml, 5:1:1, 0.09 M) was added
dropwise benzyl chloroformate (11.3 mL, 79.2 mmol). The reaction was allowed to reach
room temperature and stirred overnight after which 1 M HCl was added until a pH of ~3
was reached. The resulting suspension was filtered, washed with water (3 x 100 mL) and
Et,0 (3 x 100 mL) affording the title compound as a white powder (15.7 g, 55.0 mmol,
83%). Rs = 0.85 (10% H,0 in EtOAc); IR (neat): 3310, 3032, 2948, 2676, 1683, 1611; H
NMR: (500 MHz, [Dg]DMSO0) & = 12.89 (s, 1H, COOH), 7.90 (t, J = 7.1 Hz, 3H, Harom), 7.37 (d,
1=4.7 Hz, 6H, Harom), 5.05 (s, 2H, CH, Cbz), 4.27 (d, J = 6.4 Hz, 2H, CH, Arom). >C NMR (126
MHz, [Dg]DMSO) & = 167.7 (C=0O COOH), 157.0 (C=O CBz), 145.4 (C, Arom), 137.6 (C,
Arom), 129.9 (C, Arom), 129.9 (Cy Arom), 128.9 (Cy Arom), 128.4 (C, Arom), 128.3 (Cy
Arom), 127.5 (C,; Arom), 66.0 (CH, CBz), 44.2 (CH, Arom); HRMS: m/z calcd for [C1¢H15sNO,
+H']: 286.10738; found: 286.10756.

_N o Benzyl (4-(pyridin-3-ylcarbamoyl)benzyl)carbamate, 5: To a
@,HK@V solution of 4 (10.7 g, 37.5 mmol) in dry THF (150 mL, 0.25 M) at rt

. NHCBz  \as added a catalytic amount of DMF (five drops) followed by the
dropwise addition of (COCI), (5.30 mL, 61.8 mmol). The reaction was stirred until bubbling
ceased (~15 minutes) after which the mixture was heated at 50 °C for five h. The reaction
mixture was concentrated in vacuo and the residue was redissolved in dry pyridine (80 mL,
0.47 M) followed by addition of 3-aminopyridine (3.75 g, 39.8 mmol) in portions. The pale
pink suspension was stirred overnight at room temperature upon which the reaction was
quenched with demi-water (200 mL). The resulting precipitate was filtered off, washed
with water (3 x 50 mL) and Et,0 (3 x 50 mL) affording 5 as an off-white solid (10.9 g, 30.2
mmol, 81%). Ry = 0.50 (10% MeOH in DCM); IR (neat): 3359, 3221, 3035, 1710, 1670,
1531; 'H NMR: (500 MHz, [Dg]DMSO) 6 =10.42 (s, 1H, Haom), 8.94 (s, 1H, Harom), 8.32 (d, J =
5.4 Hz, 1H, H,om), 8.20 (d, J = 8.6 Hz, 1H, H,om), 7.94 (d, J = 7.9 Hz, 3H, Haom), 7.45 — 7.25
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(M, 6H, Harom), 5.06 (s, 2H, CH, Cbz), 4.30 (d, J = 6.7 Hz, 2H, CH, Arom); >C NMR: (126 MHz,
[Dg]DMSO) & = 166.2 (C=0O CONH), 157.0 (C=O CBz), 145.0 (Cy Arom), 144.4 (C, Arom),
142.4 (Cy Arom), 137.7 (C, Arom), 136.4 (C, Arom), 133.4 (C, Arom), 128.9 (Cy4 Arom),
128.4 (Cy Arom), 127.9 (C4 Arom), 127.4 (C,, Arom), 124.1 (Cy Arom), 66.0 (CH, CBz), 44.1
(CH, Arom); HRMS: m/z calcd for [C,;H19N303 + H']: 362.14992; found: 362.15013.

N 4-(aminomethyl)-N-(pyridin-3-yl)benzamide (bromide salt), 6:
NN Compound 5 (6.03 g, 16.7 mmol) was suspended in 33% HBr in
NHsBr  acetic acid (90 mL, 0.19 M) and stirred under a dry atmosphere at
room temperature for 3 h, after which the precipitate was filtered off and washed with
Et,0 (3 x 50 mL), yielding 6 as a white solid (6.36 g, 16.3 mmol, 98%). R; = 0.20 (20%
MeOH, 0.1% Et;N in DCM); IR (neat): 3121, 3008, 2934, 1681, 1585, 1534); 'H NMR: (500
MHz, CD;0D) & 9.62 = (s, 1H, H,om), 8.82 (d, J = 8.8 Hz, 1H, H,m), 8.64 (d, J = 5.8 Hz, 1H,
Harom), 8.14 (M, 3H, Harom), 7.68 (d, J = 7.9 Hz, 2H, Harom), 4.26 (s, 2H, CH, Arom); *C NMR:
(126 MHz, CD;0D) & = 168.0 (C=0O CONH,), 140.9 (C, Arom), 139.2 (C, Arom), 137.7 (Cy
Arom), 135.1 (C, Arom), 134.1 (Cy Arom), 130.4 (Cy Arom), 129.9 (C, Arom), 129.9 (Cy
Arom), 43.8 (CH, Arom); HRMS: m/z calcd for [Ci3Hi3NsO + H']: 228.11314; found:
228.11323.

Cj\ o 4-((4-(t-butyl)phenylsulfonamido)methyl)-N-(pyridin-3-
7 HJKQVH /©)< yl)benzamide, 7 (STF-31): To a suspension of 6 (632 mg,
':J:,s\\o 1.62 mmol) in dry pyridine (10 mL, 0.16 M) was added
dropwise a solution of 4-(t-butyl)benzenesulfonyl chloride
(393 mg, 1.69 mmol) in dry MeCN (5 mL, 0.34 M). The bright yellow mixture was stirred
overnight under a dinitrogen atmosphere after which it was diluted with EtOAc (100 mL)
and transferred to a separatory funnel. The organic layer was washed with 1 M HCI (3 x 25
mL), sat. NaHCO; (3 x 25 mL) and water (3 x 25 mL) after which it was dried (MgS0,) and
concentrated in vacuo. Recrystallization from EtOAc/PE afforded the title compound as a
fine beige powder (367 mg, 0.87 mmol, 54%). R; = 0.61 (10% MeOH in DCM); IR (neat):
3121, 2934, 3008, 1681, 1611, 1586, 1534); 'H NMR (500 MHz, [Dg]DMSO) & = 10.38 (s,
1H, CONH), 8.91 (s, 1H, Harom), 8.31 (d, J = 5.0 Hz, 1H, Harom), 8.23 (s, 1H, SO,NH), 8.17 (d, J
= 8.4 Hz, 1H, Harom), 7.86 (d, J = 7.9 Hz, 2H, Harom), 7.69 (d, J = 8.1 Hz, 2H, Harom), 7.55 (d, J =
8.2 Hz, 2H, Harom), 7.43 — 7.35 (M, 4H, Haom), 4.09 (s, 2H, CH, Arom), 1.28 (s, 9H, 3 x CH;
tBu); >C NMR (126 MHz, DMSO) & = 165.5 (C=0O CONH,), 155.3 (C, Arom), 142.0 (Cy
Arom), 141.8 (C4 Arom), 137.9 (C, Arom), 135.8 (C4 Arom), 132.9 (C, Arom), 127.6 (Cy
Arom), 127.5 (Cy Arom), 127.3 (Cy Arom), 126.3 (C4 Arom), 125.9 (C Arom), 123.5 (Cy
Arom), 45.8 (CH, Arom), 30.8 (3 x CH; tBu); HRMS: m/z calcd for [CysHysN3O3S + H'I:
424.16894; found: 424.16987; elemental analysis calcd (%): C, 65.23; H, 5.95; N, 9.92;
found: C65.52, H6.32, N 9.73.
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6.4.3 Complex synthesis

©_.. ¢ [Ru(tpy)(big)Cl]Cl, [3]Cl;: To a solution of Ruthenium dimer
"3 [{Ru(tpy)Cl; },].H,0 (199 mg, 0.230 mmol) in 1,2-ethanediol (3 mL,
0.08 M) was added 2,2'-biquinoline (biq) (119 mg, 0.462 mmol)
and the mixture was heated at 180 °C for 1 hr after which the
T solution was allowed to cool down to rt, diluted with EtOH (10 mL)

and filtered over Celite to remove any insoluble material. Ethanol was removed in vacuo
and Et,0 was added to the residue, resulting in a precipitate which was washed with Et,0
(3 x 50 mL) and dried under high vacuum affording a violet microcrystalline solid. (275 mg,
0.416 mmol, 90%). R; = 0.85 (100/80/20 acetone/water/aq. KPFg); '"H NMR (500 MHz,
CD;0D) & = 9.65 (d, J = 9.5 Hz, 1H, 1), 8.97 (d, J = 8.9 Hz, 1H, 6), 8.91 (d, J = 9.3 Hz, 1H, 7),
8.65 (dd, /= 14.2, 8.4 Hz, 3H, 10, T3, T5’), 8.47 (d, J = 8.0 Hz, 1H, T;, T5"”), 8.30 (dd, J = 8.0,
1.8 Hz, 1H, 4), 8.24 (d, J = 9.3 Hz, 1H, 11), 8.19 (t,J = 8.1 Hz, 1H, T/), 7.96 — 7.77 (m, 7H, T,,
T.”, Te, Te”, 2, 3, 16), 7.44 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H, 15), 7.32 (ddd, J = 7.3, 5.6, 1.4 Hz,
2H, Ts, Ts”), 7.20 (ddd, J = 8.6, 6.9, 1.5 Hz, 1H, 14), 6.80 (d, J = 9.0 Hz, 1H, 13); *C NMR
(126 MHz, CD;0D) & = 163.2 (C, Arom), 160.7 (C, Arom), 160.4 (C, Arom), 160.0 (C, Arom),
153.9 (2 x Cy 3, 16) 153.2 (C, Arom), 152.5 (C, Arom), 139.8 (Cy; 7), 138.8 (Cy T4, Ts”), 137.7
(Cy 11), 136.8 (Cyy T4), 132.1 (Cy 14), 131.8 (2 x Cyy Te, T¢”), 131.8 (2 x Cyy T4, T4”), 130.8 (C,
Arom), 130.4 (2 x Cy 2, 3), 129.9 (1 x Cy 4), 129.7 (C, Arom), 129.6 (Cy; 15), 128.4 (2 x CH Ts,
Ts”), 124.9 (C, 13), 124.9 (2 x C4 T3, T5”), 123.9 (2 x CH T4, Ts'), 121.7 (Cy4 10), 121.7 (C 6).
BC NMR (126 MHz, CD;0D) & = 161.9, 159.4, 159.0, 158.6, 152.5, 151.8, 151.2, 138.4,
137.5, 136.4, 135.5, 130.7, 130.5, 130.4, 129.4, 129.1, 128.6, 128.4, 128.3, 127.0, 123.6,
123.5, 122.6, 120.4, 120.4; HRMS: m/z calcd for [C33H,3NsCLRu — Cl]: 626.06800; found:
626.06891.

[Ru(tpy)(dmbpy)(STF-31)]Cl,, [1]Cl,: To a

>k©\ 0 solution of [Ru(tpy)(dmbpy)Cl]cI™ (204 mg,
dﬁ\”m” 0,346 mmol) in deoxygenated EtOH/H,0 (10 mL,

2:1, 0.035 M) was added STF-31 (178 mg, 0.420

mmol) and AgPFs (180 mg, 0.712 mmol) the
mixture was stirred at 80 °C for 4 h, after which
it was filtered over Celite and concentrated in
vacuo at 30 °C. The crude product was directly

purified over Sephadex LH-20 (acetone). The
orange band was collected, the volume reduced to ~10% and a saturated solution of
NBu,Cl in acetone (1 mL) was added. The resulting precipitate was collected by filtration
over a Whatman® RC60 membrane filter and subsequently washed with acetone (3 x 50
mL) and Et,0 (3 x 50 mL). Reprecipitation from EtOH/Et,O afforded the title compound as
a microcrystalline red solid (176 mg, 0,174 mmol, 50%). R; = 0.53 (100/80/20
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acetone/water/aq. KPFg); "H NMR: (500 MHz, CD;0D) & = 8.83 — 8.74 (m, 3H, Harom), 8.72 —
8.64 (M, 2H, Harom), 8.59 (d, J = 8.0 Hz, 1H, Harom), 8.51 (d, J = 8.0 Hz, 1H, Harom), 8.37 — 8.29
(M, 2H, Harom), 8.27 —8.18 (M, 3H, Harom), 8.14 (t, J = 7.9 Hz, 1H, Harom), 7.83 (d, J = 7.9 Hz,
1H, Harom), 7.81 = 7.69 (M, 5H, Harom), 7.65 (dt, J = 13.7, 6.6 Hz, 2H, Harom), 7.53 (dd, J = 19.4,
7.1 Hz, 3H, Hyrom), 7.36 (d, J = 8.2 Hz, 2H, H,om), 7.12 (dd, J = 8.5, 5.5 Hz, 1H, H,om), 7.05 (d,
J=7.6 Hz, 1H, Harom), 4.13 (s, 2H, CH, Arom), 2.18 (s, 3H, 1 x CH3 Arom), 1.56 (s, 3H, 1 x CH;
Arom), 1.33 (s, 9H, 3 x CH5 tBu); >C NMR: (126 MHz, CD;0D) § 166.7 (C=O CONH), 165.0
(Cq Arom), 159.3 (C4 Arom), 159.1 (C4 Arom), 158.9 (C, Arom), 158.8 (C, Arom), 158.7 (C,
Arom), 158.0 (C, Arom), 156.1 (C4 Arom), 153.8 (C, Arom), 152.8 (Cy4 Arom), 146.6 (Cy
Arom), 142.3 (C, Arom), 142.3 (Cy Arom), 138.8 (Cy Arom), 138.7 (C, Arom), 138.2 (Cy
Arom), 137.9 (C4 Arom), 137.8 (C, Arom), 132.4 (C, Arom), 128.7 (Cy4 Arom), 128.7 (Cy
Arom), 128.6 (C,; Arom), 128.4 (Cy Arom), 127.6 (C4 Arom), 127.5 (Cy Arom), 126.9 (Cy
Arom), 126.6 (C, Arom), 125.8 (Cy Arom), 125.6 (Cy4 Arom), 125.2 (C4 Arom), 124.5 (Cy
Arom), 124.2 (C, Arom), 123.6 (Cy Arom), 122.0 (Cy Arom), 121.7 (Cy Arom), 46.0 (CH,
Arom), 30.2 (3 x CH3 tBu), 24.0 (CH; Arom), 22.3 (CH; Arom); HRMS: m/z calcd (%) for
[CsoHagNgOsRUSCl, — 2Cl]: 471.13013; found: 471.13089; elemental analysis calcd (%) for
[1]Cl,.4H,0: C, 55.35; H, 5.20; N, 10.33; found: C, 55.59 H, 5.24 N, 10.28.

[Ru(tpy)(big)(STF-31)]Cl,, [2]Cl,: To a solution of
[Ru(tpy)(big)CIICI (59.8 mg, 0,0904 mmol) in
deoxygenated acetone/H,O (10 mL, 1:1, 0.009
M) was added STF-31 (75 mg, 0.177 mmol) and
AgPF; (50 mg, 0.198 mmol) and the mixture was
heated at 50 °C for 2 h. The purple mixture was
filtered hot over Celite, and concentrated in
vacuo at 30 °C. The crude product was purified

B over Sephadex LH-20 (methanol). The
pink/purple band was collected, concentrated, redissolved in a minimal amount of

acetone and precipitated by the addition of 1 mL saturated NBu,Cl in acetone. The
resulting precipitate was collected by filtration over a Whatman® RC60 membrane filter
and subsequently washed with acetone (3 x 5 mL) and Et,0 (3 x 5 mL). The precipitate was
recovered with MeOH and concentrated, affording the title compound as a purple solid.
(43.5 mg, 0,0400 mmol, 44%). Ry = 0.61 (100/80/20 acetone/water/aq. KPFg); '"H NMR:
(500 MHz, CD;0D) & = 9.19 (d, J = 8.8 Hz, 1H, Harom), 9.07 (d, J = 8.8 Hz, 1H, Harom), 8.93 (dd,
1=12.7, 8.6 Hz, 2H, Harom), 8.83 — 8.78 (M, 2H, Harom), 8.70 (d, J = 8.0 Hz, 1H, Harom), 8.48 (t,
J=7.1Hz, 2H, Haom), 8.40 — 8.32 (M, 2H, Hyom), 8.21 — 8.08 (M, 2H, Harom), 8.05 — 7.95 (m,
2H, Harom), 7.89 (d, J = 8.0 Hz, 1H, Harom), 7.81 = 7.69 (M, 4H, Harom), 7.67 (d, J = 8.4 Hz, 2H,
Harom), 7.59 — 7.48 (M, 4H, Hyom), 7.45 (dd, J = 24.4, 6.1 Hz, 2H, Harom), 7.41 — 7.28 (m, 5H,
H.rom), 6.99 (dd, J = 8.5, 5.7 Hz, 1H, H,om), 6.82 (d, J = 8.8 Hz, 1H, H,om), 4.12 (s, 2H, CH,
Arom), 1.33 (s, 9H, 3 x CH; tBu); BC NMR: (126 MHz, CD;0D) 6 = 168.0 (C=0 CONH), 161.8
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(Cq Arom), 160.7 (C, Arom), 160.1 (C4 Arom), 160.0 (C, Arom), 159.6 (C, Arom), 157.5 (C,
Arom), 152.2 (C4 Arom), 151.2 (C4 Arom), 148.2 (C, Arom), 143.9 (Cy Arom), 143.2 (Cy
Arom), 141.0 (Cy4 Arom), 140.3 (Cy Arom), 140.2 (C4 Arom), 140.0 (C4 Arom), 139.4 (C,
Arom), 139.1 (C, Arom), 138.3 (Cy Arom), 133.8 (C4 Arom), 132.7 (Cy Arom), 132.4 (Cy
Arom), 131.7 (C, Arom), 131.4 (C4 Arom), 130.8 (Cy Arom), 130.4 (C, Arom), 130.0 (Cy
Arom), 130.0 (C, Arom), 129.8 (Cy Arom), 129.8 (Cy Arom), 129.0 (C, Arom), 128.8 (Cy
Arom), 127.9 (C4 Arom), 127.5 (C4 Arom), 126.0 (Cy Arom), 125.8 (Cy Arom), 125.2 (Cy
Arom), 124.7 (Cy Arom), 122.5 (Cy Arom), 122.3 (Cy Arom), 47.3 (CH, Arom), 31.5 (3 x CH;
Arom); HRMS: m/z calcd for [CsgHagNgO3sRuSCl, — 2Cl]: 507.13013; found: 507.13098;
elemental analysis calcd (%) for [2]Cl,.4H,0: C, 58.13; H, 4.88; N, 9.68; found: C, 58.14 H,
4.78 N, 9.53.

6.4.4 Photosubstitution quantum yield determination

3.00 mL of [1]Cl, (6.83 x 10”° M) or [2]Cl, (4.10 x 10 M) in demiwater was deoxygenated
for 15 minutes with nitrogen after which it was irradiated while the solution was kept at
constant temperature (25 or 37 °C). During this period UV-vis spectra were recorded on a
Varian Inc. Cary 50 UV-vis spectrometer with an interval of 30 seconds until 630 seconds.
ESI-MS spectra were recorded after the irradiation experiment to confirm the formation of
the aqua species [Ru(tpy)(dmbpy)(OH,)]*" and [Ru(tpy)(big)(OH,)]*". The quantum vyield of

[20]

photosubstitution was calculated as described before™™ with the following modification:

The photon flux was extrapolated from the average ratio between the photon flux
determined by ferrioxalate actinometry[29] and the theoretical photon flux of the same
family of LEDs (413, 450 and 490) at a given power density and was calculated 1.32 x 107
mol s* at 625 nm. For the photosubstitution of [1]Cl, 500 and 410 nm were used as
reference wavelengths, with g5 = 2.2 x 10 M ecm™ and €410 = 6.2 X 10* M cm™ with €500 =
54 x 10> M cm™ and s = 3578 M cm™ for [Ru(tpy)(dmbpy)(H,0)ICl,. For the
photosubstitution of [2]Cl, 550 and 500 nm were used as reference wavelengths, with €55,
=6.9x10° M cm™ and €590 =7.1x% 10° M cm™ with €550 = 9.9 X 10* M cm™ and €500 = 5.8

10°> M cm™* for [Ru(tpy)(big)H,0]Cl,.

6.4.5 Singlet oxygen (102) quantum yield measurements

The setup, measurement and calculation were carried out as described in general
appendix 1.1.1 with the following modifications: Irradiation was carried out using a red
laser (635 nm) with methylene blue as a reference in CD;0D (D, = 0.52)[301 at 293 K.

6.4.6 UV-vis evolution spectrum in a 96-well plate in DMSO and OptiMEM® media

Compounds [1]Cl, and [2]Cl, were dissolved in OMEM (OptiMEM® without phenol red,
supplemented with 0.2% (P/S), 0.9% v/v Glutamine-S and 2.0% FCS) + 10% DMSO and pure
DMSO. In order to prevent light-scattering occurring from the precipitation of STF-31 a
higher concentration of DMSO was used. Compounds were transferred to a 96-well plate,
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irradiated at different intervals (t=0, 1, 2, 3, 4, 5, 10 and 15 minutes ) with red light (628 +
19 nm, 34.4 £+ 1.7 mW - cm™), followed by a read-out at a M1000 Tecan® reader. Spectra
were plotted using Origin Pro 9.1 and the baseline was subtracted to correct for baseline
drifting.

6.4.7 Log P, determination
The partition coefficient between n-octanol and water (log P,s) were determined
following to the method described in appendix 1.2.3.

6.4.8 Stability in OptiMEM ®media 48 hours

Compound [1]Cl, and [2]Cl, (c = 1.0 x 10%and 1.1 x 10* M respectively) were dissolved in
OMEM complete (OptiMEM without phenol red, supplemented with 0.2% (P/S), 0.9% v/v
Glutamine-S and 2.0% FCS). Absorption spectra were recorded in Varian Inc. Cary 50 UV-
vis spectrometer over 48 hours with an interval of 15 minutes while maintaining the
temperature at 37 °C. After this time period samples were frozen solid using liquid
nitrogen, lyophilized and redissolved in methanol. ESI-MS spectra were recorded to
confirm the major species to be [Ru(tpy)(dmbpy)Cl]* (554.1 calcd, 554.1 found) and [2]*
(507.1 calcd., 506.9 found) for [1]Cl, and [2]Cl, respectively.

6.4.9 Biology
Experimental details of cell culturing, cytotoxicity and cell irradiation under normoxia and
hypoxia, NBDG-uptake, and NAMPT inhibition can be found in the appendix (V.2).
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