Synthesis of Ru(ll) and Os(ll) Photosensitizers Bearing one 9,10-
diamino-1,4,5,8-tetraazaphenanthrene Scaffold
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Ru(ll) and Os(ll) photosensitizers bearing a common 9,10-disubstituted-1,4,5,8-
tetraazaphenanthrene backbone is reported. With Os(ll) photosensitizers, the 9,10-diNH-1,4,5,8-tetraazaphenanthrene

could be directly chelated onto the metal center via the heteroaromatic moiety, whereas similar conditions using Ru(ll)

resulted in the formation of an o-quinonediimine derivative. Hence, an alternative route, proceeding via the chelation of 9-

NH2-10-NO»-1,4,5,8-tetraazaphenanthrene and subsequent ligand reduction of the corresponding photosensitizers was

developed. Photosensitizers chelated via the polypyridyl-type moiety exhibited classical photophysical properties whereas

the o-quinonediimine chelated Ru(ll) analogues exhibited red-shifted absorption (520 nm) and no photoluminescence at

room temperature in acetonitrile. The most promising photosensitizers were investigated for excited-state quenching with

guanosine-5’-monophosphate in aqueous buffered conditions where reductive excited-state electron transfer was observed

by nanosecond transient absorption spectroscopy.

Introduction

Transition metal complexes based on Ru(ll) and Os(ll)
photosensitizers have numerous applications in fields that
include photoredox catalysis,1-3 luminescence cellular imaging,*
7 photodynamic therapy and other biomedical applications,812
as well as solar energy conversion.13-19 Despite efforts to move
towards earth abundant photosensitizers,20-23
applications research efforts still rely heavily on
photosensitizers based on scarcer transition metals due to their
robustness, tuneable excited-state lifetime and redox
potentials, as well as controlled excited-state localization.24 2> A
common interest however, for many photosensitizers, earth

these
and

abundant and rare, is the development of ligands with extended
n-systems or with the ability to bridge a second metal center.26-
38 For example, in biomedical applications, intercalation within
DNA or photoreaction with DNA bases was made possible with
transition metal complexes (Ru, Rh, Os) carrying extended
ligands such as TPPHZ (tetrapyrido[3,2-a:2’,3’-c:3"",2""-h:2""",3""’-
jlphenazine), dppz (dipyrido[3,2-a:2’,3’-c]phenazine), PHEHAT
(1,10-phenanthrolino[5,6-b]-1,4,5,8,9,12-hexaazatriphenylene)
or TAPHAT (1,4,5,8-tetraazaphenanthrene[9,10-b]-1,4,5,8,9,12-
hexaazatriphenylene).27.39-43 The structure of these ligands are
presented in the supplementary information. Such complexes
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were also used in artificial photosynthesis#451 and several
binuclear photosensitizers based on the bridging TPPHZ ligand
have also been developed for bio-imaging purposes.*® The
photoreactivity of such complexes could be further tuned by the
use of different ancillary ligands that, for example, possess a
strong n-accepting character, such as 1,4,5,8-
tetraazaphenanthrene (TAP) or 1,4,5,8,9,12-
hexaazatriphenylene (HAT). Such photosensitizers can react
with Guanine, i.e. the DNA base with the most reducing power,
to form the corresponding mono-reduced complex and the
oxidized guanine via photo-induced electron transfer.52-59

The TPPHZ ligand has been extensively used in the field of
hydrogen photoproduction with the development of
photosensitizers such as [Ru(dtb),(TPPHZ)MX;]2*, where M is
either Pt or Pd, X is Cl or I, and dtb is 4,4’-tBu-2,2’-bipyridine.3>
37 Light excitation of these photosensitizers leads to an initial
electron transfer from the Ru(ll) centre to the bridging ligand,
followed by the activation of the catalytic centre (M). The Ru(ll)
centre is usually regenerated by electron transfer from a
sacrificial electron donor reagent present in solution such as
triethylamine or triethanolamine. This light-activated process is
repeated a second time to fully activate the secondary metal
centre, which can then perform proton reduction to form
molecular hydrogen. Similar approaches are used for CO;
reduction, as well as for the development of photocathode or
photoanode materials.1> 6066 A general pattern in the
photocatalysis approach is to connect a photosensitizer and
catalytic centre via a bridging ligand. This allows for efficient
electron or hole transfer and subsequent long-lived charge
separated state, as well as the modification of the associated
redox potential, which can tune the range and efficiency of
possible transformations.6?” Hence, the development of new



bridging structures to funnel electrons between metal centres
is still highly relevant.

Here, we focused on the development of a series of
photosensitizers bearing a common ligand scaffold, 9,10-diNH»-
1,4,5,8-tetraazaphenanthrene (Figure 1).873 The 1,4,5,8-
tetraazaphenanthrene (TAP) offers similar redox potential as
the prototypical 2,2’-bipyrazine ligand while the inclusion of the
diamino functionality would allow for the straightforward
development of a series of bridging ligands, through
condensation with o-diones, such as 1,10-phenanthroline-5,6-
dione, for example. We found that 9,10-diNH;-1,4,5,8-
tetraazaphenanthrene could be directly chelated onto Os(ll)

centres but that, with Ru(ll), the chelation efficiency strongly
depended on the ancillary ligands. When 1,10-phenanthroline
ancillary ligands were used, chelation of 9,10-diNH»-1,4,5,8-
tetraazaphenanthrene led to the formation of two
photosensitizers; one where the diamine ligand is chelated via
the polypyridyl-type backbone and a second one where the
ligand is coordinated as an o-quinonediimine. Such
coordination scaffold has already been reported in the
literature, amongst others by A. B. P. Lever.7478 This led to
drastically different ground and excited-state properties, as
described herein.
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Figure 1. Synthesis scheme of 1,4,5,8-tetraazaphenanthrene (TAP), 9-amino-10-nitro-1,4,5,8-tetraazaphenanthrene (NO,NH,TAP) and 9,10-diamino-1,4,5,8-tetraazaphenanthrene
(diNH,TAP) alongside the structures of the eight photosensitizers reported in the present study : [Os(phen),(diNH,TAP)]?* (1), [Os(TAP),(NO,NH,TAP)]%* (2), [Os(TAP),(diNH,TAP)]2*
(3) [Ru(phen),(diiminoTAP)]2* (4), [Ru(phen),(diNH,TAP)]2* (5), [Ru(TAP),(diiminoTAP)]?* (6), [Ru(TAP),(NO,NH,TAP)]?* (7), and [Ru(TAP),(diNH,TAP)]?* (8).

Experimental

Acetonitrile 99.9% (VWR), dichloromethane 99.9% (stabilized
with about 0.002% of 2-methylbut-2-ene, VWR), diethyl ether
99.9% (VWR), ethanol absolute 99.9% (VWR), methanol 99.9%
(VWR), ethylene glycol 2 99.5% (Roth), cyclohexane 99.9%
(VWR), acetone 99.9% (VWR), chloroform > 99.8% (VWR), 1,4-
dioxane 99.8% (Sigma-Aldrich), hydrochloric acid 37% (VWR),
acetic acid glacial > 99.7% (Fischer Chemical), celite (Roth)
aluminium oxide, for chromatography, neutral, Brockmann I,
40-300 um, 60 A (Thermo Fischer), silica gel 60 A for flash
column chromatography, 40-63 um (ROCC), sephadex LH-20
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(GE Healthcare), sodium hydroxide > 98.0% (Roth), pyridine >

99% (VWR), p-toluenesulfonyl chloride > 99.0% (Acros
Organics), hydrazine hydrate 50-60% (Sigma-Aldrich), palladium
(10%) on activated carbon (Chimet), (+)-sodium L-ascorbate
99.0% (Acros Organics), guanosine 5’-monophosphate
disodium salt hydrate 2 99.0% (TCl), tris-(hydroxymethyl)-
aminomethane hydrochloride > 99.5% (VWR), glyoxal 40 wt. %
in water (Acros Organics), sodium in kerosene > 99.8% (Sigma
Aldrich), hydroxylamine hydrochloride > 99.0% (Acros
Organics), ammonia 25% solution (Roth) and 4-nitro-o-
phenylenediamine 98% (Acros Organics) were purchased from
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commercial suppliers and used as received. Water was purified
by a Millipore Milli-Q system.

UV-Vis spectroscopy. UV-vis absorption spectra were recorded
on an Agilent Cary 60 spectrophotometer in a 1 cm path length
quartz cuvette.

Microwave synthesis. Microwave (MW)
performed on a Milestone MicroSYNTH
magnetic stirring. Typically, the conditions allowed the vessels
to reach the desired temperature in 5 minutes and the vessels
were held at the desired temperature for the indicated period.
Stern-Volmer Experiments. A photosensitizer stock solution
with an absorbance of ~ 0.1 to ~ 0.2 at the excitation
wavelength was prepared in the tris-HCl solvent mixtures. The
guanosine 5’-monophosphate disodium hydrate salts were
diluted with 2 mL of the photosensitizer stock solution. 3 mL of
the stock solution were transferred to a quartz cuvette
equipped with a 24/40 joint. The guanosine 5’-monophosphate
disodium salt hydrate quencher was then gradually added to
the cuvette. This allowed to increase the concentration of
qguencher while keeping the concentration of photosensitizer
constant. The excited-state quenching was monitored by time-
resolved spectroscopy using the Edinburgh Instruments FS5
Spectrofluorometer equipped with a time-correlated single
photon counting module. The decrease of excited-state lifetime
or photoluminescence is directly related to the concentration of
quencher and the respective Stern-Volmer plots were
extrapolated using equation 1. The quenching rate constant (kq)
was then determined by dividing the slope by the initial lifetime
without any quencher, determined for each experiment.

syntheses were
labstation under

(PLIy)
Yo =" =14 Key[Q] = 1+ketolQ] Eq.1

Transient Absorption Spectroscopy. Nanosecond transient
absorption measurements were recorded on previously
described setup.”® Briefly a LP980-K spectrometer from
Edinburgh Instruments equipped with an iCCD detector from
Andor (DH320T). The excitation source was a tuneable Nd:YAG
Laser NT342 Series from EKSPLA. The third harmonic (355 nm)
at 100 mJ was directed into an optical parametric oscillator
(OPO) to enable wavelength tuning starting from 410 nm. The
laser power was then attenuated to reach appreciable
signal/noise and the integrity of the samples was verified by
UV—Vis measurements. The LP980-K is equipped with a
symmetrical Czerny-Turner monochromator. For single
wavelength absorption changes, an 1800 g mm-~1 grating, blazed
at 500 nm is used, which affords wavelength coverage from 200
to 900 nm. For spectral mode (iCCD), a 150 g mm~1 grating,
blazed at 500 nm is used, offering a wavelength coverage of 540
nm over the full wavelength range extending from 250 to 900
nm. Single wavelength absorption changes were monitored
using a PMT LP detector (Hamamatsu R928) which covers the
spectral range from 185 to 870 nm. The probe was a 150 W
ozone-free xenon short arc lamp (OSRAM XBO 150W/CR OFR)
that was pulsed at the same frequency of the laser. The
excitation wavelength depended on the photosensitizers but in
all cases the concentration at the excitation wavelength was
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adjusted to reach absorbance values between 0.3 and 0.5. All
measurements were performed in argon-purged tris-HCl buffer
(50mM, pH 7.4) at room temperature. An average of 30 to 90
scans per measurement was used.

Density Functional Theory Calculations. The computational
methodology is based on Density Functional Theory (DFT) and
time dependent DFT (TD-DFT) methods. All calculations were
performed using the Gaussian 16 computational chemistry
package while applying default procedures, integration grids,
algorithms and parameters.8% As a first step, the equilibrium
geometries of the singlet state of the Ru(ll) complexes
(Ru(phen),(diNH,TAP)]2+, [Ru(TAP),(diNH,TAP)]2+,
[Ru(phen)z(diiminoTAP)]2* and [Ru(TAP),(diiminoTAP)]%*) were
optimized in acetonitrile using the integral equation formalism
model (IEFPCM).8! These calculations were performed using the
hybrid B3LYP exchange-correlation functional.8284 The 6-
31+G(d,p) basis set8> 86 was used for the C, N and H atoms while
the def2-SVP relativistic effective core potential and associated
basis set was employed to describe the Ru atoms.87. 88 The
harmonic vibrational frequencies of each complex have been
calculated with the same level of calculation, and it has been
checked that all structures correspond to true minima of the
potential energy surface. Cartesian coordinates for all atoms in
optimized structures of the complexes are provided (Tables S1-
S4).

Time-dependent DFT (TD-DFT) method was employed to
investigate the excited-state electronic structure of each of the
complexes. The first lowest-lying excited states of the
complexes at their ground-state singlet geometries have been
evaluated within the vertical TD-DFT approximation, using the
level of theory B3LYP/6-31+G(d,p)/def2-SVP. The modelling of
solvent effects (here acetonitrile) has been included through
the IEF-PCM model. To be able to discuss the excited states
characters, it was favourable to analyse the frontier orbitals.®?
However, because the canonical orbitals created by the DFT
method did not represent well the excited state transitions (due
to the fact that, in many cases, interacting configurations are
present), the natural transition orbitals (NTO’s) have been used.
The NTO’s can be interpreted in a similar sense as the DFT
orbitals, only that they are specifically adapted to the excited
state of interest.

Synthesis

6-Nitroquinoxaline. 128 mL of 40% glyoxal was added in a
dropwise fashion to a hot solution of 4-nitro-1,2-
diaminobenzene (92.2 g, 602 mmol) in 800 mL of absolute
ethanol. The thick solution was mechanically stirred at refluxed
for two hours. The progress of the reaction was monitored by
TLC (SiO3, cyclohexane/acetone 7:3). Once the reaction was
complete, the solution was cooled down to room temperature
then in an ice bath. The precipitate was collected by filtration
and the solid was subsequently rinsed with cold methanol to
afford 6-nitroquinoxaline as a yellow solid (84.4 g, 80%). H
NMR (300 MHz, CDCls) 6 9.08 — 8.99 (m, 3H), 8.57 (dd, J = 9.2,
2.5 Hz, 1H), 8.29 (d, J = 9.2 Hz, 1H). NMR shifts agreed with the
reported values.?°
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5-Amino-6-nitroquinoxaline. A sodium methanolate
solution was prepared by adding small portions of sodium
(29.2g, 1,27 mol) to 1.2 L of methanol. After reaction of the
metallic sodium, hydroxylamine hydrochloride (37.6g, 540
mmol) previously dissolved in 600 mL of methanol was added.
After settling, the sodium chloride was filtered off and the
filtrate poured into a suspension of 6-nitroquinoxaline (60.0g,
344 mmol) in 1.2 L of methanol, which was then refluxed and
stirred. The reaction medium quickly turned black. Reflux was
maintained and the progress of the reaction monitored by TLC
(10 mL CHCI; with 2 to 5 drops of ammonia). Once the starting
product disappeared, the reaction medium was cooled down to
room temperature. The solution was filtered, and the
precipitate washed with cold methanol to yield 5-amino-6-
nitroquinoxaline as a brown powder (36.4 g, 56%). 1H NMR (300
MHz, CDCls) & 8.97 (d, J = 1.9 Hz, 1H), 8.75 (d, J = 1.9 Hz, 1H),
8.40(d,J=9.7 Hz, 1H), 7.27 (d, ) = 9.7 Hz, 3H). NMR shifts agreed
with the reported values.®0

5,6-Diaminoquinoxaline. 122 mL of 98% hydrazine hydrate
were added dropwise to a suspension of 5-amino-6-
nitroquinoxaline (92.5 g, 485 mmol) and 8.9 g of 10% Pd/Cin 3.6
L of ethanol. The reaction medium was heated to 65°C and the
reduction was monitored by TLC (SiO,, CHCls/acetone 8:2).
After reaction, the catalyst was removed by filtration through
celite. The red solution was evaporated under reduced
pressure. The recovered solid was dried under vacuum to yield
5,6-diaminoquinoxaline as a red powder (76.1 g, 98%).'H NMR
(300 MHz, CDCls) & 8.62 (dd, J = 1.9 Hz, 2H), 7.50 (d, J = 8.8 Hz,
1H), 7.32 — 7.22 (m, 1H), 4.39 (s, 2H), 3.77 (s, 2H). NMR shifts
agreed with the reported values.?0
1,4,5,8-Tetraazaphenanthrene. 44 mL of a 40% aqueous glyoxal
solution was added dropwise to a hot solution of 5,6-
diaminoquinoxaline (33.1 g, 206 mmol) in 350 mL of ethanol.
The solution was then refluxed and monitored by TLC (SiO,,
CHCls/Acetone 9:1). After reaction, the reaction medium was
cooled down to room temperature and filtered. The precipitate
was purified by silica gel column chromatography (eluent
CH,Cl,/acetone 80:20 to 50:50). The solvents were removed to
recover 1,4,5,8-tetraazaphenanthrene as a white cotton-like
solid (22.8 g, 60%). TH NMR (300 MHz, DMSO-ds) 6 9.23 (d, J =
2.0 Hz, 2H), 9.20 (d, J = 2.0 Hz, 2H), 8.37 (s, 2H). NMR shifts
agreed with the reported values.?0
5,6-bis(N-p-toluenesulfonamido)quinoxaline. To a
solution of 5,6-diaminoquinoxaline (55.5 g, 345 mmol) in 200
mL pyridine, p-toluenesulfonyl chloride (132.4 g, 696 mmol)
was added in portions. The mixture was then refluxed for 24
hours. After reaction, the reaction medium was cooled down to
room temperature and poured over 2.8 L of ice-cold water
containing 106 mL of hydrochloric acid (37%), allowing the
compound of interest to precipitate as a brown powder. The
solid was then washed four times with 800 mL of a water/HClI
solution (28:1), with ethanol (800 mL) and diethyl ether (800
mL). The final product was dried under vacuum to vyield 5,6-
bis(N-p-toluenesulfonamido)quinoxaline as a beige solid (129.1
g, 80%). H NMR (300 MHz, CDCls) & 9.15 (s, 1H), 8.61 (d, J = 1.9
Hz, 1H), 8.34 (d, J = 1.9 Hz, 1H), 8.24 (d, J = 9.4 Hz, 1H), 7.89 (d,
J=9.4 Hz, 1H), 7.85 — 7.76 (m, 2H), 7.55 (s, 1H), 7.37 — 7.28 (m,

stirred
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2H), 7.33 — 7.18 (m, 2H), 6.94 — 6.85 (m, 2H), 2.36 (s, 3H), 2.19
(s, 3H). NMR shifts agreed with the reported values.®?
5,6-bis(N-p-toluenesulfonamido)-8(7)-nitroquinoxaline. To a
suspension of 5,6-bis(N-p-toluenesulfonamido)quinoxaline (7.0
g, 15.2 mmol) in 60 mL of acetic acid maintained at 60°C,
approximately one third of a nitrating mixture prepared from
fuming nitric acid (1mL) and glacial acetic acid (10mL) was
added. Shortly after the first addition, the dissolution of the
product was observed. Over time, a brown precipitate began to
appear. Finally, the rest of the nitrating mixture was added, and
the reaction was refluxed for 1 hour. After reaction, the medium
was brought to 0°C and the precipitate was collected by
filtration and washed with acetic acid and water. 5,6-bis(N-p-
toluenesulfonamido)-8(7)-nitroquinoxaline was obtained as a
beige solid (5.56g, 72%). *H NMR (300 MHz, CDCl3) 6 9.35 (s,
1H), 8.80 (d, J = 1.8 Hz, 1H), 8.74 (s, 1H), 8.51 (d, J = 1.8 Hz, 1H),
7.90 — 7.83 (m, 2H), 7.80 (s, 1H), 7.41 — 7.35 (m, 2H), 7.31 —
7.27(m, 2H), 7.01 — 6.95 (m, 2H), 2.39 (s, 3H), 2.23 (s, 3H). NMR
shifts agreed with the reported values.®®
5,6-diamino-8(7)-nitroquinoxaline. The nitro compound (50.0
g, 97.4 mmol) was dissolved in 155 mL of concentrated
sulphuric acid, containing 8 mL of water, and heated to 100°C.
The mixture was stirred for 50 minutes at this temperature
before being poured onto ice. The solution was then brought to
a pH of 9 by addition of NaOH (12 M). The dark red precipitate
was filtered, washed with water and dried under vacuum to
afford 5,6-diamino-8(7)nitroquinoxaline (17.0g, 85%). *H NMR
(300 MHz, CDCls) & 8.90 (d, J = 1.9 Hz, 1H), 8.80 (d, J = 1.9 Hz,
1H), 7.62 (s, 1H), 7.50 (s, 2H), 4.51 (s, 2H). NMR shifts agreed
with the reported values.®?
9-nitro-1,4,5,8-tetraazaphenanthrene. 5,6-diamino-
8(7)nitroquinoxaline (35.8 g, 174 mmol) was added to a mixture
of 3.5 L ethanol and 130 mL acetic acid and refluxed. Glyoxal (79
mL glyoxal 40%) was then added dropwise, and reflux was
maintained for 3 hours. The mixture was concentrated to a
volume of approximately 150 mL. Water was then added and
neutralisation with ammonia resulted in the recovery of a
brown precipitate, which was recovered by filtration. The solid
was washed with acetone at room temperature and then with
1 L of hot acetone. The filtrate was recovered, and the acetone
evaporated. The product obtained was then purified by a silica
gel chromatography column (CHCls/acetone, 8:2) to yield the
title compound as a beige solid (20.5g, 52%). *H NMR (300 MHz,
DMSO-dg) 6 9.39 (d, J = 2.0 Hz, 1H), 9.36 (d, J = 2.0 Hz, 1H), 9.32
(d,J=2.0Hz, 1H), 9.28 (d, J = 2.0 Hz, 1H), 9.06 (s, 1H). NMR shifts
agreed with the reported values.®®
9-amino-10-nitro-1,4,5,8-tetraazaphenanthrene. Sodium
methanolate was prepared by dissolving metallic sodium (1.42
g, 62 mmol) in 80 mL of methanol. After reaction of the sodium,
hydroxylamine hydrochloride (2.05g, 29.5 mmol), previously
dissolved in 30 mL of methanol, was added. After settling, the
salt formed was filtered off and the filtrate was poured onto a
suspension of 9-nitro-1,4,5,8-tetraazaphenanthrene (1.00 g,
4.32 mmol) in 35 mL of methanol kept at reflux. The progress of
the reaction was monitored by TLC (SiO,, eluent CHCls/acetone,
8:2). After about 2 hours, the reaction was stopped, and the
reaction medium cooled down to room temperature. The
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yellow precipitate was recovered by filtration, rinsed with cold
methanol and with diethylether. This reaction yielded 9-amino-
10-nitro-1,4,5,8-tetraazaphenanthrene in the form of a yellow
powder (1.03 g, 98%). 1H NMR (300 MHz, DMSO-dg) & 9.34 (d, J
=2.1Hz, 1H),9.20(d, ) = 2.1 Hz, 1H), 8.94 (d, ] = 2.1 Hz, 1H), 8.88
(d, J = 2.1 Hz, 1H), 7.91 (s, 2H). NMR shifts agreed with the
reported values.®®
9,10-diamino-1,4,5,8-tetraazaphenanthrene. Hydrazine
hydrate 98% (2.2 mL, 44.9 mmol) in 10 mL of 1:1
ethanol/dioxane is added dropwise to a hot suspension of 9-
amino-10-nitro-1,4,5,8-tetraazaphenanthrene (0.85g, 3.4
mmol) in 130 mL of 1:1 ethanol/dioxane, containing 0.7g Pd/C
10%. The mixture was heated under reflux and monitored by
TLC until the starting material disappeared (Al,0s, CHCls/EtOH
98:2). Hot filtration on celite removed the catalyst, and the
appearance of red needles was noted as the medium cooled.
The needles were collected by filtration and the filtrate was
evaporated to dryness before being triturated in water at room
temperature, filtered and washed with water and diethylether.
The dark-red powder was then dried under vacuum, yielding
9,10-diamino-1,4,5,8-tetraazaphenanthrene (0.51 g, 71%). 1H
NMR (300 MHz, DMSO-dg) & 8.96 (d, J = 2.1 Hz, 2H), 8.88 (d, J =
2.1 Hz, 2H), 5.77 (s, 4H). NMR shifts agreed with the reported
values.®?

[Os(phen),(diNH,TAP)]2+.2PF¢- (1). 1,4,5,8-
tetraazaphenanthrene-9,10-diamine (11.2 mg, 0.053 mmol)
and [Os(phen),Cl;] (30.0 mg, 0.048 mmol) were suspended in
ethylene glycol (3 mL) in a microwave tube. The solution was
degassed by three vacuum/argon cycles. The mixture was
heated for 2h at 160 °C under microwave irradiation (maximum
power = 600W). After reaction, the mixture was brought to
room temperature and a saturate NH4PFs aqueous solution was
added to induce precipitation of the complex. The precipitate
was collected by centrifugation and washed three times with
cold water and Et;0. The crude product was then purified by
column chromatography (Al,05, CHsCN/H,0 100:0 to 93:7) to
yield [Os(phen),(diNH,TAP)]2* as a dark-red powder (23.0 mg,
39%). 1H NMR (500 MHz, CDsCN) & 8.48 (dd, J = 8.3, 1.2 Hz, 2H),
8.43 (dd, J = 8.3, 1.2 Hz, 2H), 8.41 (d, J = 3.0 Hz, 2H), 8.25 (s, 4H),
7.95 (dd, J = 5.4, 1.2 Hz, 2H), 7.88 (dd, J = 5.4, 1.2 Hz, 2H), 7.81
(d, J = 3.0 Hz, 2H), 7.60 (td, J = 8.4, 5.4 Hz, 4H), 5.35 (s, 4H).
HRMS(ESI) m/z calculated for [C3sH24N101840s]2* = 378.08497;
found 378.08524.

[Os(TAP),(NO,NH,TAP)]2*.2PFg- (2). 9-NH,-10-NO,-1,4,5,8-
tetraazaphenanthrene (12.7 mg, 0.0525 mmol) and
[Os(TAP),Cl;] (30.0 mg, 0.048 mmol) were suspended in
ethylene glycol (3 mL) in a microwave tube. The solution was
degassed by three vacuum/argon cycles. The mixture was
heated for 2h at 160 °C under microwave irradiation (maximum
power = 600W). After reaction, the mixture was brought to
room temperature and the complex was precipitated from by
the gradual addition of a 3:1 Et,O/EtOH mixture. The precipitate
was collected by centrifugation and washed three times with
Et;0. The crude product was purified by size exclusion
chromatography (Sephadex LH-20, conditioned in MeOH). The
desired fraction was collected, and the solvent was removed
under vacuum. The dark solid was dissolved in water and
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isolated as a PFg salt after ion metathesis. The precipitate was
collected by centrifugation and washed three times with cold
water and Et,0 to yield [Os(TAP)2(NO2NH,TAP)]2* as a dark-
brown solid (18.7 mg, 36%). *H NMR (500 MHz, CDsCN) & 8.94
(d, J = 2.9 Hz, 1H), 8.92 (d, J = 2.9 Hz, 1H), 8.85 (dd, J = 2.9, 1.1
Hz, 2H), 8.73 (d, J = 3.0 Hz, 1H), 8.63 (dt, J = 3.0, 1.6 Hz, 4H), 8.27
(t,J=2.9 Hz, 2H), 8.20 (d, J = 2.9 Hz, 1H), 8.13 (d, J = 2.9 Hz, 1H),
8.11 (d, J = 2.9 Hz, 1H), 7.81 (d, J = 3.0 Hz, 2H). HRMS(ESI) m/z
calculated for [C3oH180,N141840s]2* = 395.06255; found
395.06271.

[Os(TAP),(diNH,TAP)]2*.2PFs~ (3). [Os(TAP),(diNH.TAP)]2* was
obtained using the synthetic procedure described for
[Os(TAP)2(NO2NH,TAP)]2+ with 1,4,5,8-tetraazaphenanthrene-
9,10-diamine (11.2 mg, 0.053 mmol) to yield
[Os(TAP),(diNH,TAP)]2* a dark-brown solid (22.5 mg, 44%). H
NMR (500 MHz, CDsCN) & 8.83 (dd, J = 9.4, 2.9 Hz, 4H), 8.63 (d,
J=2.9Hz, 2H), 8.61 (s, 4H), 8.16 (dd, J = 5.7, 2.9 Hz, 4H), 7.84 (d,
J = 2.9 Hz, 2H), 5.46 (s, 4H). HRMS(ESI) m/z calculated for
[C30H20N141840s]2+ = 380.07547; found 380.07557.
[Ru(phen);(diiminoTAP)]%*.2PFs" (4) and
[Ru(phen),(diNH,TAP)]?*.2PF¢~ (5). [Ru(phen),Cl,] (300 mg,
0.56 mmol) and 9,10-diamino-1,4,5,8-tetraazaphenanthrene
(130 mg, 0.61 mmol) were placed in 20 mL of an argon purged
EtOH/H,0 (1:1) mixture. The mixture was heated at reflux under
argon and protection from ambient light. After 6h, the reaction
was cooled down to room temperature and evaporated to
dryness. The residue was purified by column chromatography
(Al,03, CHsCN/H,0 99:1 to 90:10), yielding
[Ru(phen)z(diNH,TAP)]2*  as an orange solid and
[Ru(phen)z(diiminoTAP)]?* as a pink solid. The solids were
dissolved in water and isolated as PFs~ salts after ion metathesis.
The precipitates were collected by centrifugation and washed
three times with cold water Et,0 to yield
[Ru(phen)2(diNH,TAP)]2* (367 mg, 68%) and
[Ru(phen)z(diiminoTAP)]2* (124 mg, 23%). Characterization for
[Ru(phen)2(diNH,TAP)]2* matched those previously reported in
the literature.3! [Ru(phen),(diiminoTAP)]?*, 1H NMR (300 MHz,
CDsCN) & 13.39 (s, 2H), 9.10 (d, J = 2.3 Hz, 2H), 8.86 (d, J = 2.3
Hz, 2H), 8.73 (dd, J = 8.3, 1.3 Hz, 2H), 8.63 (dd, J = 8.3, 1.3 Hz,
2H), 8.30 (dd, J = 5.3, 1.3 Hz, 2H), 8.26 (s, 4H), 7.91 (dd, J = 5.2,
1.3 Hz, 2H), 7.83 (dd, J = 8.3, 5.2 Hz, 2H), 7.67 (dd, J = 8.3, 5.2
Hz, 2H). HRMS(ESI) m/z calculated for [CssH22N10%Ru]?* =
333.05470; found 333.05504. [Ru(phen):(diNH,TAP)]?*, H
NMR (300 MHz, CDsCN) & 8.73 — 8.52 (m, 6H), 8.25 (s, 4H), 8.07
(dd, J=5.2, 1.3 Hz, 2H), 7.99 (dd, J = 5.3, 1.3 Hz, 2H), 7.81 (d, J =
2.8 Hz, 2H), 7.69 — 7.60 (m, 4H). HRMS(ESI) m/z calculated for
[C34H24N10%°RuU]?* = 334.06252; found 334.06296.
[Ru(TAP)(diiminoTAP)]2*.2PF¢- (6). [Ru(TAP)-Cl] (300 mg, 0.55
mmol) and 9,10-diamino-1,4,5,8-tetraazaphenanthrene (233
mg, 1.1 mmol) were suspended in 30 mL of water. The mixture

and

was refluxed for 6h, allowing the solution to adopt a burgundy
coloration. After reaction, the mixture was cooled down to
room temperature and the solvent removed under reduced
pressure. The crude product was purified by column
chromatography (Al,03, CH3CN/H,O 100:0 to 90:10) yielding
[Ru(TAP),(diiminoTAP)]2* as a pink solid. The solid was dissolved
in water and isolated as a PF¢™ salt after ion metathesis. The
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precipitate was collected by centrifugation and washed three
times with cold water and Et,0 to yield
[Ru(TAP),(diiminoTAP)]2* (420 mg, 79%). 1H NMR (300 MHz,
CDsCN) & 13.27 (s, 2H), 9.22 (d, J = 2.7 Hz, 2H), 9.12 (d, J = 2.2
Hz, 2H), 9.01 (d, J = 2.8 Hz, 2H), 8.88 (d, J = 2.3 Hz, 2H), 8.63 (s,
4H), 8.58 (d, J = 2.8 Hz, 2H), 8.21 (d, J = 2.8 Hz, 2H). HRMS(ESI)
m/z calculated for [CsoH1sN14°Ru]?* = 335.04519; found
334.04564.

[Ru(TAP)(NO2NH,TAP)]2*.2PFs~ (7). [Ru(TAP).Cl,] (200 mg,
0.38 mmol) and 9-NH;-10-NO,-1,4,5,8-tetraazaphenanthrene
(110 mg, 0.45 mmol) were suspended in 6 mL of water. The
suspension was heated for 1h at 120°C under microwave
irradiation (maximum power = 200W). After reaction, the
mixture was centrifuged to remove insoluble materials and the
filtrate was evaporated under reduced pressure. The residue
was purified by column chromatography (Al,0s, CH3CN/H,0
98:2 to 90:10), yielding [Ru(TAP)2(NO2NH,TAP)]?* as an orange
solid. The solid was dissolved in water and isolated as a PFg~salt
after ion metathesis. The precipitate was collected by
centrifugation and washed three times with cold water and Et,0
to yield [Ru(TAP)2(NO2NH2TAP)]2* (125 mg, 33%). 1H NMR (300
MHz, CDsCN) & 9.06 (dd, J = 4.6, 2.8 Hz, 2H), 8.98 (dd, /= 2.8, 1.9
Hz, 2H), 8.90 (d, J = 2.8 Hz, 1H), 8.77 (d, J = 2.8 Hz, 1H), 8.68 —
8.56 (m, 4H), 8.33 (dd, J = 3.6, 2.8 Hz, 2H), 8.27 (d, J = 2.8 Hz,
1H), 8.23 — 8.13 (m, 2H), 7.86 (d, J = 2.9 Hz, 1H), 7.76 (s, 2H).
HRMS(ESI) m/z calculated for [C3oH13802N14%6Ru]?t = 351.04011;
found 351.04050.

[Ru(TAP),(diNH,TAP)]>*.2PFs  (8). [Ru(TAP),(9-NH,-10-
NO,TAP)]2*.2PFs (100 mg, 0.10 mmol) and 40 mg of Pd/C 10%
were suspended in 15 mL of argon purged EtOH/MeOH (1:1)
mixture. Hydrazine hydrate (85 pL, 87.5 mg; 1.75 mmol) was
added and the mixture was heated at reflux under argon for 8h.
After reaction, the mixture was brought to room temperature
and filtered through a celite pad to remove the palladium
catalyst. The celite pad was washed with 50 mL of MeOH to
recover all the complex. After evaporation of the filtrate, the
residue was purified by column chromatography (Al;Os,
CH3CN/H,0 95:5 to 85:15) to yield [Ru(TAP)2(diNH,TAP)]2+ as an
orange powder (76 mg, 78%). *H NMR (300 MHz, CDsCN) 6 8.98
(dd, J=5.0, 2.8 Hz, 1H), 8.75 (d, J = 2.8 Hz, 1H), 8.62 (s, 1H), 8.22
(dd, J = 2.8, 1.7 Hz, 1H), 7.89 (d, J = 2.8 Hz, 1H). HRMS(ESI) m/z
calculated for [C3oH20N14°6Ru]?* = 336.05302; found 334.05341.

Results and Discussion
Synthesis

The ligands of interest, i.e. 1,4,5,8-tetraazaphenanthrene (TAP),
9-amino-10-nitro-1,4,5,8-tetraazaphenanthrene (NO;NH,TAP)
and 9,10-diamino-1,4,5,8-tetraazaphenanthrene (diNH;TAP)
were synthesized following a combination of reported
procedures but were optimized for larger scale production
(~100 g of starting material) (Figure 1).68-73 First a condensation
of 4-nitro-1,2-diaminobenzene and glyoxal in refluxing ethanol
was performed to obtain the corresponding 6-nitroquinoxaline
in 80% vyield. Vicarious nucleophilic substitution with
hydroxylamine using sodium methanolate yielded 5-amino-6-
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nitroquinoxaline in a 56% yield, which was then reduced using
hydrazine hydrate with 10% Pd/C to yield 5,6-diamino-
quinoxaline in 98% vyield. This derivative was pivotal for the
synthesis, as it not only allowed for the desired 1,4,5,8-
tetraazaphenanthrene to be obtained in an 80% yield following
condensation with glyoxal, but it is also a central fragment for
the synthesis of 9-amino-10-nitro-1,4,5,8-
tetraazaphenanthrene 9,10-diamino-1,4,5,8-
tetraazaphenanthrene. As such, 5,6-diamino-quinoxaline was
protected using p-toluenesulfonyl chloride in pyridine. The
subsequent nitration was not optimized for large scale synthesis
and was therefore carried out several times on 7 grams of
starting material (72% of average yield). Deprotection was
performed using sulfuric acid and water, leading to the
corresponding diamino derivative (96% vyield) that was
condensed with glyoxal to yield 9-nitro-1,4,5,8-
tetraazaphenanthrene in a 52% yield. Amination led to the
formation of the 9-amino-10-nitro-1,4,5,8-
tetraazaphenanthrene in 98% vyield that could be further
reduced, using hydrazine hydrate with 10% Pd/C, to form the
final product 9,10-diamino-1,4,5,8-tetraazaphenanthrene in
71% yield.

The synthesis of the Os(ll) photosensitizers was straightforward.
[Os(phen)2Clz] and [Os(TAP),Cl;] precursors were prepared
according to reported procedures using (NH4).0sClg freshly
prepared from 0sO4. [Os(phen).Cl;] and [Os(TAP),Cl;] were
then respectively reacted with 1,4,5,8-tetraazaphenanthrene-
9,10-diamine in ethylene glycol at 160°C under microwave
irradiation for 2 hours to yield [Os(phen),(diNH,TAP)]2* (1) and
[Os(TAP)2(diNH,TAP)]2* (3) in 39% and 44% isolated vyields,
respectively. [Os(TAP)2(NO2NH,TAP)]2* (2) was also synthesized
in 36% yield for comparison purposes.

The synthesis of [Ru(phen):(diNH,TAP)]2* (5) was already
reported and was thus performed according to a previously
published procedure through the reaction between
[Ru(phen),Cl;] and 9,10-diamino-1,4,5,8-tetraazaphenanthrene
in EtOH/Water mixtures.3! Although not reported, this reaction
resulted in the formation of two products:
[Ru(phen)2(diNH,TAP)]2* (5) and [Ru(phen)(diiminoTAP)]2* (4)
that could be separated by column chromatography on
alumina. [Ru(phen),(diNH,TAP)]2* (5) was isolated in 68% yield
as an orange solid, whereas [Ru(phen),(diiminoTAP)]2* (4) was
isolated in 23% vyield as a pink solid. It should be noted that
Ishow et al. reported in 1999 that “Attempts to prepare the
precursor diamino complex [Ru(bpy).(diNHzphen)]?* by reaction
of 5,6-diamino-1,10-phenanthroline with [Ru(bpy).Cl;] in the
presence of AgCFsSOs; mostly gave the phenanthrolinediimido
complex and the dinuclear [(bpy);Ru(tpphz)Ru(bpy),]** arising
from the auto-condensation of the phendiamine in oxidizing
conditions”.®1 Note that similar phenanthrolinediimido
complexes have also reported using different
approaches.?295 When similar reaction conditions were applied
using [RUu(TAP),Cl5] with 9,10-diamino-1,4,5,8-
tetraazaphenanthrene in EtOH/Water mixtures or in pure
water, the reaction exclusively led to the formation of
[Ru(TAP),(diiminoTAP)]2+ (6) with no formation of the desired
[Ru(TAP)2(diNH,TAP)]2* (8). This difference in reactivity is

and

been
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probably a direct consequence of the redox potential of the
ruthenium centre (vide infra) that is a stronger oxidant when
chelated to Tm-accepting ligands such as 1,4,5,8-
tetraazaphenanthrene compared to 1,10-phenanthroline.
Hence, an alternative approach proceeding via the synthesis of
the precursor complex [Ru(TAP)2(9-NH,-10-NO,-TAP)]2* (7) was
developed. This complex was synthesized from the reaction
[RU(TAP),Cl5] 9-NH,-10-NO»-1,4,5,8-
tetraazaphenanthrene in moderate yields of 33%. This resulted
the very solubility of 9-NH»-10-NO,-1,4,5,8-
tetraazaphenanthrene in most common organic solvents which

between and

from low
prevented any efficient reaction, but facilitated the purification
procedure. The chemical reduction of [Ru(TAP)2(9-NH2-10-NO,-
TAP)]2* (7) to the corresponding [Ru(TAP)2(diNH,TAP)]2* (8) was
then investigated. Procedures using hydrazine hydrate and
Pd/C, Raney Nickel, or H» on Pd/C have been reported for
reduction of nitro groups on ruthenium complexes. Hydrazine
hydrate in EtOH/MeOH mixture in combination with Pd/C 10%
was found to be optimal to reduce the nitro group of 7 to obtain
[Ru(TAP)2(diNH,TAP)]2* (8) as an orange solid in 78% yield.

Electrochemistry

All photosensitizers were electrochemically characterized by
differential pulse voltammetry and cyclic voltammetry in
acetonitrile containing 0.1M TBAPFs and the electrochemical
data are tabulated in Table 1. The electrochemical data of
[Os(phen)2(diNH,TAP)]2* (1) showed three reduction peaks at —
0.91V, -1.34 and -1.62V vs Ag/AgCl. The first peak was
attributed to the one-electron reduction of the 1,4,5,8-
tetraazaphenanthrene backbone of 1,4,5,8-
tetraazaphenanthrene-9,10-diamine. The peak at —1.34V and —
1.62V vs Ag/AgCl corresponds well to reported reduction

potentials of the ancillary 1,10-phenanthroline ligands.
Oxidation waves at +0.82 and +1.29V vs Ag/AgCl were
measured. The first peak was attributed to an oxidation of the
amine functional group, as this potential is too cathodic to
correspond to the Os(ll/Ill) oxidation, which is instead well
matched to the +1.29 V vs Ag/AgCl peak. Conversely, with
[Os(TAP)2(diNH,TAP)]2* (3), the first reduction was measured at
—0.64 V vs Ag/AgCl and can safely be attributed to the reduction
of one of the ancillary 1,4,5,8-tetraazaphenanthrene ligands.
Indeed, the reduction of 1,4,5,8-tetraazaphenanthrene-9,10-
diamine typically occurs at more negative potentials due to the
increased electron density afforded by the two amino groups.
An oxidation peak was recorded at +0.88 V vs Ag/AgCl
corresponding to the oxidation of the amine, whereas the metal
centre oxidation was recorded at +1.74V vs Ag/AgCl. This value
is more positive than typically observed with Os(ll) complexes,
but it in agreement with the electron-withdrawing nature of
1,4,5,8-tetraazaphenanthrene-type ligands.
[Os(TAP)2(NO2NH,TAP)]2+ (2) exhibited a first reduction peak at
—0.53V vs Ag/AgCl attributed to the reduction of the 9-amino-
10-nitro-1,4,5,8-tetraazaphenanthrene ligand. The metal-
centred oxidation potential of [Os(TAP)2(NO2NH,TAP)]2* was
recorded at +1.62 V vs Ag/AgCl, in line with the introduction of
two electron-withdrawing 1,4,5,8-tetraazaphenanthrene
ancillary ligands. The electrochemical data suggested
interesting excited state properties of the Os(ll) complexes that
could drive several reactions (vide infra). Interestingly, none of
the electrochemical results for the photosensitizers bearing the
9-amino-10-nitro-1,4,5,8-tetraazaphenanthrene ligand showed
a wave that could correspond to the oxidation of the amine
group. This likely suggests the role of the nitro group in
stabilizing the amine functionality and preventing its oxidation.

Table 1. Electrochemical properties of complexes 1-8 and reference complexes in acetonitrile at room temperature.

Complexes Eox® Ered® ref
[Os(phen);(diNH,TAP)]* (1) +0.82;+1.29 -0.90;-1.34,-1.59 b
[Os(TAP)2(NO2NH,TAP)]?* (2) +1.63 -0.54;-0.75;-0.99 ;-1.17 ; -1.54 b
[Os(TAP),(diNH,TAP)]?* (3) +0.88 ; +1.74 —0.64;-0.81;-1.14;-1.51 b
[Ru(phen)z(diiminoTAP)]?* (4) +1.57 -0.32;-0.74;-1.54 b
[Ru(phen)z(diNH,TAP)]?* (5) +0.82;+1.71 -0.93;-1.42;-1.65 b
[Ru(TAP)(diiminoTAP)]?* (6) +1.84 -0.12;-0.74;-0.94 ; -1.08 ; -1.12 b
[Ru(TAP)(NO2NH:TAP)]* (7) > 42 -0.60;-0.82;-0.99 ; -1.12 b
[Ru(TAP),(diNH,TAP)]** (8) +0.88, > +2 -0.73;-0.89;-1.13 b
[Ru(phi)s]* +1.27;+1.46 -0.34;-0.56 ;-0.71;-0.91 ; -1.07 9%
[Ru(bpy)(diiminobenzene).]* +1.24 -0.39;-0.83;-1.56;-1.92 95
[Ru(bpy)z(diiminonaphthalene)]** +1.08 -0.80;-1.42;-1.94 95
[Ru(bpy)2(phi)]?* +1.02 -0.86;-1.48;-1.97 9
[Ru(phen)s]** +1.33 -1.31;-1.48 7
[Ru(TAP)s]? +1.98 -0.71;-0.84;-1.06 ;-1.56 ; -1.76 9
atlectrochemical data (in V vs Ag/AgCl) were measured with tetrabutylammonium hexafluorophosphate (0.1M) as supporting electrolyte with a scan rate of 100 mV s
1.6 this work.
The electrochemical data obtained with the Os(ll) exhibited two oxidation waves centred at +0.82 and +1.71 V vs

photosensitizers facilitated the interpretation of the data for
the Ru(ll) photosensitizers. [Ru(phen)2(diNH,TAP)]2* (5)

This journal is © The Royal Society of Chemistry 20xx

Ag/AgCl. The first wave was attributed to the oxidation of the
amine functional group, while the second peak was attributed
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to the Ru(ll/Ill) oxidation. Similar conclusions were drawn for
[Ru(TAP),(diNH,TAP)]2* (7) where the first oxidation, centred at
+0.88 V vs Ag/AgCl, was attributed to the oxidation of the amine
moiety. However, in this photosensitizer, oxidation of the Ru(ll)
centre occurred at potentials greater than 2V vs Ag/AgCl, in line

with  other Ru(ll) complexes carrying the 1,4,5,8-
tetraazaphenantrene ligand such as [Ru(TAP)3]2+.98
Finally, with [Ru(phen),(diiminoTAP)]2+ (4) and

[Ru(TAP),(diiminoTAP)]2* (6) the metal-centred oxidations
occurred at potentials of +1.57 V and +1.84 v Vs Ag/AgCl,
respectively. Comparison of [Ru(phen)z(diiminoTAP)]2* (4) with
[Ru(phen)s]?* supported the theory that the diimino scaffold
decreased the electron density around the metal centre and
rendered the Ru(ll) harder to oxidize. Compounds bearing an o-
quinonediimine scaffold have been scarcely reported in the
literature, but this observation is in line with these reports.%®
Most representative examples include work by Barton,%
focusing of [Ru(phi)s]?* (phi = o-phenanthrenequinone-diimine)
and by Zehnder,?> who developed three diimino complexes,
namely [Ru(bpy)(diiminobenzene);]?*,
[Ru(bpy)z(diiminonaphthalene)]?* and [Ru(bpy)z(phi)]?* where
the diimino ligands were shown to increase the oxidation
potential of the ruthenium complex compared to classical
polypyridyl Ru(ll) complexes.

Regarding the reduction potentials, from Zehnder’s and
Barton’s work, it is concluded that the addition of diimino
ligands shifts the reduction potentials to more positive values.
Reduction potentials centred around —-0.8 V vs Ag/AgCl were
reported for [Ru(bpy):(diiminonaphthalene)]?* and
Ru(bpy)a(phi)]?*, whereas for [Ru(bpy)(diiminobenzene),]?* and
[Ru(phi)s]?* reduction waves at —0.39 V and —0.34 V vs Ag/AgCl
were reported respectively. Furthermore, a second reduction
wave of [Ru(bpy)(diiminobenzene),]?* was centred at —0.83 V vs
Ag/AgCl, a value too anodic to be attributed to a reduction of
the 2,2’-bipyridine ligand, that was therefore attributed to the
reduction of the second diiminobenzene ligand. For complexes
bearing only one “diimino-type” ligand, the second reduction
has been reported at potentials more negative than —1.56 V vs
Ag/AgCl and have therefore be attributed to reduction of one
of the ancillary 2,2’-bipyridine ligands. For [Ru(phi)s]?*, six
successive reductions were recorded, with the first three being
centred at—0.34V,-0.56 Vand —-0.71V vs Ag/AgCl, respectively,
and corresponding to the successive reductions of each “phi”
ligand. For [Ru(phen);(diiminoTAP)]?* (4), several reduction
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waves were recorded at -0.32 V, -0.74 V and -1.54 V vs
Ag/AgCl. Reduction potentials for [Ru(phen)s]?* indicated that
the first reduction centred on 1,10-phenanthroline only occurs
at potentials more negative than —1.31 V vs Ag/AgCl. Therefore,
the first and second reductions of complex 4 were attributed to
the reduction of the diiminoTAP ligand and the third reduction
wave attributed to an ancillary 1,10-phenanthroline reduction.
Regarding [Ru(TAP),(diiminoTAP)]2* (6), reduction events at —
0.12,-0.74,-0.94,-1.08 and —1.12 V vs Ag/AgCl were obtained.
By comparison with the parent compound [Ru(TAP)3]2*, the first
reduction wave was attributed to a reduction of the diiminoTAP
ligand, whereas subsequent
unambiguously attributed. Notably, the first reduction wave for
[Ru(TAP),(diiminoTAP)]2* (6) was exceptionally positive
compared to other classical complexes, an observation that
probably resulted from the ancillary 1,4,5,8-
tetraazaphenanthrene ligands that, due to their highly m-
accepting character, drained the ruthenium centre of its
electron density. As a result, more electron density was donated
from the diiminoTAP ligand, making it easier to reduce than in
[Ru(phen)z(diiminoTAP)]2* (4), where the 1,10-phenanthroline
ligands are less m-accepting.

Photophysical Properties and Theoretical Calculations

reduction events could be

The ground-state properties of the eight photosensitizers were
first characterized by UV-Visible absorption measurements in
acetonitrile (Figure 2). Most of the photosensitizers exhibited
absorption features that are typical for these classes of
compounds. Indeed, the three osmium complexes absorbed
intensely in the visible range with molar extinction coefficients
in the 16100-21300 M-1cm~! range between 456 and 484 nm.
[Ru(phen)2(diNH,TAP)]2* (5) and [Ru(TAP)2(diNH,TAP)]2* (7) also
exhibited classical features, namely absorption bands in the UV
region attributed to ligand centred (LC) transitions and a broad
absorption band between 400 nm and 480 nm attributed to
metal-to-ligand charge transfer (MLCT) transitions. The molar
absorption coefficients were in the 14700-17600 M~1cm~! range
between 437 and 467 nm. Interestingly, in
[Ru(phen)z(diiminoTAP)]2* (4) and [Ru(TAP),(diiminoTAP)]%* (6),
the visible absorption features were red-shifted to 535 nm and
520 nm with molar absorption coefficients of 19700 M-1cm™1
and 25300 M-1cm™1, respectively.
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Figure 2. Absorption (solid) and photoluminescence (dashed) spectra of Os(Il) (top) and Ru(ll) (bottom) photosensitizers recorded in acetonitrile at room temperature under argon.

Table 2. Photophysical properties of photosensitizers 1-9 in acetonitrile

Complexes Aabs (nm), (g, 103M~1cm™?) Aem? ®Dp© ®@p© T

(nm) air argon (ns)
[Os(phen)a(diNH,TAP)]+(1) 263 (89.4), 419 (21.0), 484(19.1) 717 0.00008  0.00018 67", 2282
[Os(TAP),(NO2NH,TAP)]2(2) 279 (56.7), 411 (18.4), 467 (16.1) 718 0.01801  0.02283 217, 2802
[Os(TAP)2(diNH,TAP)1%(3) 282 (74.7), 420 (22.1),456 (21.3) 709 0.00128  0.00174  238° 340°

[Ru(phen)a(diiminoTAP)]?(4) 263 (70.7), 535 (19.7)
[Ru(phen)2(diNH,TAP))%(5) 261 (92.1), 416 (20.7), 467 (14.7) 699 0.00271  0.00560 292", 6442

[Ru(TAP),(diiminoTAP)]%*(6) 277 (58.2), 520 (25.3)
[Ru(TAP)2(NO2NH2TAP)]*(7) 268 (68.8), 405 (21.8) 612 0.00949 0.01125 220°, 2502
[Ru(TAP),(diNH,TAP)]?+(8) 278 (61.4), 412 (17.0), 439 (17.6) 623 0.00172  0.00205 158b, 2452

aRecorded in argon purged acetonitrile. PRecorded in air equilibrated acetonitrile. <Measured vs [Ru(bpy)3]2* (®ref = 0.018 in air equilibrated acetonitrile).
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Figure 3. Natural Transition Orbitals (NTOs) for [Ru(phen),(diNH,TAP)]?* (a), [Ru(TAP),(diNH,TAP)]%* (b), [Ru(phen),(diiminoTAP)]* (c) and [Ru(TAP),(diiminoTAP)]?* (d) involved in
each excited state according to the TD-DFT calculations. For each excited state, absorption wavelengths (in nm) and calculated oscillator strengths (f) are listed. See supporting

information for additional details on the theoretical calculations.

Time-dependent density functional theory (TD-DFT)
calculations agreed with the classical depiction of metal-to-
ligand charge transfer bands for [Ru(phen),(diNH,TAP)]2+ (5)
and [Ru(TAP),(diNH,TAP)]2* (7) where electron density is
transferred from the metal centre to the most electron
accepting  ligand(s) (Figure 3 a and b). For
[Ru(phen),(diNH,TAP)]?* (5), the transition with the highest
probability in the visible range appeared at 409 and 418 nm and
involved an electronic transition from the Ru(ll) centre to the
ancillary ligands. For [Ru(TAP)2(diNH,TAP)]2+ (7), the excitation
at 403 nm was consistent with a transition transferring electron
density Ru(Il) the ancillary 1,4,5,8-
tetraazaphenanthrene ligands whereas the one at 416 nm

from to
additionally transferred electron density on the 9,10-diamino-

1,4,5,8-tetraazaphenanthrene ligand. For

10 | J. Name., 2012, 00, 1-3
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[Ru(phen),(diiminoTAP)]2* (4) and [Ru(TAP),(diiminoTAP)]?* (6)
the most probable excitation in the visible part of the spectrum
seems to heavily involve the o-quinonediimine ligand which
could warrant a mixed metal-ligand-to-ligand charge transfer
complex, similar to what is observed in prototypical Ir(lll)
photosensitizers.?®

The excited-state properties of the photosensitizers were then
investigated by steady-state and time-resolved spectroscopic
techniques in argon-purged and air-equilibrated acetonitrile.
Visible light excitation of all Os(ll) photosensitizers led to
appreciable photoluminescence centred between 709 and 718
nm. Photoluminescence decay of these excited states was well
described by first-order kinetics from which excited-state
lifetimes that spanned 228-340 ns argon were
determined. The photoluminescence quantum yields for these

under

This journal is © The Royal Society of Chemistry 20xx




Os(ll) photosensitizers were unsurprisingly small (Table 2), as
expected based on the energy gap law,1% as well as by the
introduction of amine groups that favour non-radiative decay
by increasing interactions with the solvent. The exception was
[Os(TAP)2(NO2NH,TAP)]2+ (2) that exhibited an appreciable
photoluminescence quantum yield of 0.023 under argon.
Considering the electrochemical data gathered for this complex,
it is probable that this originates from a stabilization of the
amino group by the vicinal nitro group through hydrogen
bonding, thus decreasing interactions with the solvent.

[Ru(phen),(diNH,TAP)]2* (5), [Ru(TAP)(diNH,TAP)]%* (7) and
[Ru(TAP),(NO2NH,TAP)]%* (8) were luminescent in acetonitrile
with steady-state photoluminescence maxima centred at 699,
623 and 612 nm, respectively. This agrees with an excited-state
localized on the 9,10-diamino-1,4,5,8-tetraazaphenanthrene
ligand for [Ru(phen)z(diNH,TAP)]2* (5). In contrast, the higher
energy luminescence indicated excited-state localization on the
ancillary 1,4,5,8-tetraazaphenanthrenes, which is consistent

with  literature for  [Ru(TAP),(diNH,TAP)]2* (7) and
[Ru(TAP)2(NO2NH,TAP)]2* (8). Both Ru(ll) photosensitizers
bearing o-quinonediimine moieties, ie.

[Ru(phen)z(diiminoTAP)]2* (4) and [Ru(TAP),(diiminoTAP)]%* (6),
were non-luminescent between 600 and 900 nm. Such
behaviour is consistent with a small energy gap between the
LUMO and the HOMO that may favour fast non-radiative decay
through strong inter-state coupling.

Excited-State Reactivity

The ground-state electrochemical data and the steady-state
photoluminescence spectra allowed to determine the
corresponding excited-state reduction (Ereq”) and oxidation
(Eox") potentials in acetonitrile (Table 3).

Table 3. Excited-state reduction and oxidation potential of the emissive photosensitizers

Complexes Ered” Eox’ Eoo
(VvsAg/AgCl)  (VvsAg/AgCl) (eV)

[Os(phen)2(diNH,TAP)]2(1) 1.05 -0.66 1.95
[Os(TAP)2(NO2NH:TAP)]2(2) 1.41 -0.32 1.95
[Os(TAP)2(diNH,TAP)]2(3) 1.33 -0.23 1.97
[Ru(phen)2(diNH,TAP)]2(5) 1.10 -0.33 2.03
[RU(TAP)2(NO2NH:TAP)]2(7) 1.67 >-0.27 2.27
[Ru(TAP)(diNH,TAP)]2+(8) 1.55 >-0.28 2.28
The photosensitizers exhibited excited-state reduction

potentials that are between 1.05 and 1.67 V vs Ag/AgCl (1.24
and 1.86 V vs NHE). [Ru(TAP),(diNH,TAP)]>* (8) and
[Ru(TAP)2(NO2NH,TAP)]2* (7) presented the most positive
excited-state reduction potentials, 1.55 and 1.67 V vs Ag/AgCl
(1.75and 1.86 V vs NHE), respectively. Given these excited-state
reduction potentials and their large use in the field of
photodynamic therapy, we decided to investigate the
bimolecular reactivity of these photosensitizers with a
prototypical biological  substrate, i.e. guanosine-5’-
monophosphate (GMP). Excited-state quenching experiments
were performed in argon purged Tris-HCl aqueous buffer at pH
7.4 with all emissive photosensitizers and GMP. A
representative example for the excited-state quenching of
[Os(TAP)2(NO2NH,TAP)]2* with GMP is presented in Figure 4.

This journal is © The Royal Society of Chemistry 20xx

Overall, appreciable excited-state quenching was only observed
for Ru(ll) and Os(ll) photosensitizers bearing ancillary 1,4,5,8-
tetraazaphenanthrene ligands. The quenching rate constants
were close to the diffusion limit and were determined for
[Os(TAP)2(NO2NH,TAP)]2* and [Os(TAP)(diNH,TAP)]2* as kq =
8.9 x108 M-1s1 and 6.1 x108 M-1s71, respectively. For the
corresponding Ru(ll) photosensitizers, meanwhile, the
guenching rate constants were determined to be slightly larger
with kg = 1.7 x10° M1s! and 1.3 x10° M-is1 for
[Ru(TAP),(diNH,TAP)]2* and [RU(TAP)»(NO,NH,TAP)]2,
respectively. These quenching rate constants agree with the
favourable driving force for GMP oxidation by these four
photosensitizers in aqueous conditions.

204 = [OS(TAP),(NO,NH,TAP)I?* (2)
0.030 ~ . [Os(TAP)z(dJNZHZTi\P)F' (3)
4 [Ru(TAP),(NO,NH,TAP)2* (7)
154" [Ru(TAP),(diNH2TAP)}?* (8)
0.025 4
0.020
|
0 0.0154
0.010 0.02 0.03
[GMP] (M)
0.005 - —O0M
- —0.035 M
0.000 T Y — . E— =
0 200 400 600
Time (ns)

Figure 4. Time-resolved excited-state quenching of [Os(TAP),(NO,NH,TAP)]?* and the
corresponding Stern-Volmer plots of all photosensitizers undergoing excited-state
quenching (inset). Experiments were performed in air-equilibrated tris HCl buffer (50
mM, pH = 7.4) at room temperature using 440 nm light excitation.

T T T T
—— [RU(TAP),(NO,NH,TAP)]?* (7) + GMP
0.06 1 —— [Ru(TAP),(NO,NH,TAP)]?* (7) + Ascorbate .
—— [RU(TAP),(diNH,TAP)]?* (8) + Ascorbate
e [Ru(TAP)z(diNHZTAP)]Z‘ (8) + GMP
0.04 4
[%2}
Ke}
<
< 0.024
0.00
-0.02 T T T T
400 500 600 700 800
Wavelength (nm)
Figure 5. Transient absorption spectra or [Ru(TAP),(diNH,TAP)]** and

[Ru(TAP),(NO,NH,TAP)]?* recorded in the presence of 20 mM of sodium ascorbate or
with 10 mM of GMP. Spectra were recorded in argon purged tris-HCl buffer (50,mM, pH
=7.4) 1 ps after le laser pulse and integrated for 50 ns. Samples were excited at 440 nm
with a laser fluence of 10 mJ/pulse.
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Finally, we sought to investigate whether the excited-state
quenching proceeded via electron transfer. Using transient
absorption  spectroscopy, changes in absorption of
[Ru(TAP)2(diNH,TAP)]2* and [Ru(TAP)2(NO2NH,TAP)]2* using
sodium ascorbate as electron donor were initially determined.
In both cases, pulsed light excitation led to absorption changes
with a novel transition appearing between 490 and 500 nm that
was assigned to the formation of the monoreduced ruthenium
photosensitizer. When similar experiments were carried out in
the presence GMP in Tris HCI buffer at pH 7.4, the nanosecond
transient absorption changes were similar to those obtained
with sodium ascorbate, thus confirming excited-state electron
transfer from GMP to the ruthenium photosensitizers. While
the transient absorption spectra with [Ru(TAP)2(NO2NH,TAP)]2*
and GMP matched well with those obtained with sodium
ascorbate, the one of obtained with [Ru(TAP),(diNH,TAP)]?* and
GMP presented an additional signal at 600 nm that we are
currently unable to assign. Unfortunately, such electron
transfer products were not observed with the osmium
photosensitizers, preventing a confirmation that excited-state
electron transfer from GMP occurred. It is however highly
probable, given the similar quenching rate constants and
excited-state redox potentials, that excited-state electron
transfer is the operative quenching pathway but the associated
cage-escape yields are probably lower, as already reported for
Os(Il) photosensitizers.101, 102

Conclusions

The synthesis of eight photosensitizers with Os(ll) and Ru(ll)
metal centres and polyazaaromatic ancillary ligands is reported.
All  photosensitizers carry one ligand with a 1,4,5,8-
tetraazaphenanthrene backbone bearing one (NO,NH,TAP) or
two (diNH,TAP) amine functions. The isolated complexes
represent a series of photosensitizers that can also serve as
precursors for the development of bridged compounds, useful
for solar fuel production or photodynamic and bioimaging
applications. For the Ru(ll) photosensitizers, a particular
chelating behaviour was observed. Indeed, when 1,10-
phenanthroline ancillary ligands were used, the reaction

between [Ru(phen)2Cl3] and 9,10-diamino-1,4,5,8-
tetraazaphenanthrene led to the formation of
[Ru(phen)z(diNH,TAP)]2* (5) as the major product and

[Ru(phen)z(diiminoTAP)]2* (4) as minor product. However the
reaction only yielded [Ru(TAP)z(diiminoTAP)]2* (6) when
[Ru(TAP),Cl,] was used as precursor. This difference in reactivity
is probably a direct consequence of the redox potential of the
ruthenium centre that is a stronger oxidant when chelated to m-
accepting ligands such as 1,4,5,8-tetraazaphenanthrene
compared to 1,10-phenanthroline. This hypothesis was
strengthened by the results of the reactions with Os(ll)
complexes, where the o-quinonediimine complexes were not
obtained under similar conditions. Hence, for Ru(ll) complexes,
to obtain [Ru(TAP)z(diNH,TAP)]%* , a synthetic methodology
involving the ligand 9-NH,-10-NO,-1,4,5,8-
tetraazaphenanthrene was developed. This led to a precursor
complex bearing one amino and one nitro group that could be

12 | J. Name., 2012, 00, 1-3

further reduced using hydrazine hydrate on Pd/C with high
reaction yields to yield the desired complex.

The coordination pattern was shown to strongly impact the
redox, as well as the optical properties. Whereas complexes
bearing unchelated amine functional groups were almost all
with typical excited-state lifetimes,
photosensitizers bearing o-quinonediimine scaffolds were non-

luminescent

luminescent in acetonitrile with very short excited-state
lifetimes, i.e below the instrument response of our transient
absorption spectroscopy apparatus (~2 ns). The short excited-
red-shifted
absorbance all pointed towards a decreased energy gap
between the HOMO and LUMO levels, with strongly coupled
excited and ground states, allowing for fast non-radiative decay.

state lifetimes, unusual redox properties and

Finally, the luminescent photosensitizers were investigated for
their potential in photodynamic therapy as Type |
photosensitizers. Time-resolved quenching experiments and

use

nanosecond transient absorption spectroscopy confirmed that
these photosensitizers were competent for excited-state
electron transfer, as clearly observed for both
[Ru(TAP)2(diNH,TAP)]2* and [Ru(TAP),(NO>NH,TAP)]2*. Hence,
these novel photosensitizers could find applications as potential
photodrugs in photodynamic therapy or as building blocks for
larger complexes with m-extended ligands or dyads for bio-
imaging applications or solar fuels formation.
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