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Electrochemical properties of [Ru(phen)(TAPHAT)]?* and
[Ru(phen),(TAPHAT)Ru(phen),]*.

L. Troian-Gautier,?t” L. Marcélis,? J. De Winter, P. Gerbaux® and C. Moucheron®”

The photophysical, photochemical and electrochemical properties of two newly synthesized ruthenium complexes,
[Ru(phen)2(TAPHAT)]?* and [Ru(phen)2(TAPHAT)Ru(phen)2]* is reported. We have developed a novel synthetic methodology

that involves the metal-free oxidative coupling of diamino compound to form a desired “pyrazine-type” core. This

methodology is employed both on the free diamino ligand as well as on the different ruthenium complexes, illustrating

therefore the applicability of this reaction. The TAPHAT ligand, that possesses 7 aromatic rings, 10 nitrogen atoms for 20

carbon atoms gives rise to ruthenium complexes that can undergo up to three consecutive reduction centered on said ligand,

a critical parameter for electron storage applications. Temperature dependent study have confirmed the presence of a 4t

MLCT state. Excited-state quenching in the presence of guanine or hydroquinone allows to foresee biomedical applications.

Introduction

Over the past decades, ruthenium(ll) polypyridyl complexes
have gained much attention due to their peculiar photophysical
properties and their applications in various fields such as solar
energy conversion, 123 4 photocatalysis 678910111213 14 15 16
and molecular biology. 17 18 19 20 21 22 23 Rythenium(ll) forms
stable octahedral complexes that can be obtained by reaction
between a ruthenium precursor and various ligands. Over the
years, many efforts have been made to design complexes with
fused extended polycyclic ligands. 2* Using complexes bearing
these types of ligands allowed many research groups, including
ours, to develop complexes with useful applications in the field
of biology 25 26 27 28 gnd photo-catalysis. 4 29 30

Since the seventies, the photophysical scheme of [Ru(bpy)s]%*
has been widely considered as the prototypical one for Ru(ll)
polypyridyl complexes. 31 32 33 34 Briefly, upon absorption of a
photon, a singlet metal-to-ligand charge transfer (!MLCT)
excited state is populated. This singlet state is converted within
roughly 300 fs to a hot-3MLCT state by efficient intersystem
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crossing, due to the spin-orbit coupling induced by the heavy
atom center. 35 Subsequent vibrational relaxation generates the
“Thermally equilibrated excited state”, called the THEXI-3MLCT.
This excited state can formally be considered as
[Ru(ll)(bpy)2(bpy*)]2**. In fact, this emissive 3MLCT state
corresponds to four low-lying 3MLCT states in rapid equilibrium,
three of them being separated by 10-90 cm~! while the fourth
one is located several hundred cm-! higher in energy. This
prototypical photophysical is usually invoked to
describe the behavior of the majority of ruthenium(ll)
complexes. However, the photophysical behavior differs for

scheme

complexes based on ligands with fused polycyclic rings, such as
dipyrido[3,2-a:2',3'-c]phenazine (DPPZ).* It was shown that
complexes such as [Ru(bpy/phen),(DPPZ)]2* behave as light
switches, i.e. they emit strongly in organic solvent but their
luminescence is turned off in aqueous solutions. 2> After
numerous discussions and controversies on the possible
explanations for this light-switch phenomenon, contributions
from Barbara, Papanikolas, Meyer, Lincoln finally resolved the
light-switch effect; they proposed a photophysical scheme for
[Ru(bpy)2(DPPZ)]2* in which a non-luminescent state, ie. a
“Dark State”, is introduced, the energy of which is lower than
that of the luminescent 3MLCT, i.e. the “Bright State”, in H-
bonding solvents. 36 37 38 39 40 41 Fyrther refinements of the
model allowed to establish that the “Bright State” corresponds
to a charge transfer from the ruthenium center to the 1,10-
phenanthroline moiety of the DPPZ ligand, whereas the 3SMLCT
“Dark State” is located on the phenazine moiety of the DPPZ
ligand.

Similar phenomena could be observed when the extended
ligand PHEHAT (PHEHAT = 1,10-phenanthrolino[5,6-
b]1,4,5,8,9,12-hexaazatriphenylene) is used. 27 Interestingly,
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the light-switch effect can only be observed when the
{Ru(phen)z} moiety is coordinated to the “phen” part of ligand
PHEHAT. No light-switch effect is observed when the same
moiety is coordinated to the “HAT” part of the same PHEHAT
ligand (depicted as HATPHE in this case). 42 Moreover, the study
of [Ru(phen),(PHEHAT)]?* at various temperatures in organic
solvent reveals variations of the emission maximum from 720
nm at 220 K to 630 nm at 340 K. The variation between these
two wavelengths as a function of temperature was rationalized
by the presence of two different luminescent states, of relative
low and high energies that are involved in the radiative decay.
Nonetheless, the presence of these two luminescent states
could not explain all the observed effects. Indeed, when
luminescence lifetime is measured as a function of temperature
at the two extreme values of wavelength for the maximum in
emission (i.,e. 630 and 720 nm), different behaviors are
observed. When the temperature is increased from 290 to
320K, the lifetime measured at 630 nm decreases by 200 ns,
whereas a decrease of only 60 ns is observed at 720 nm. Based
on these observations, a third state, lower in energy and non-
luminescent, was introduced. This lead to a photophysical
scheme containing two Bright States in equilibrium with a dark
state. Theoretical calculations are in agreement with the
experimental data. 43

In the present work, we report on the first synthesis of a new
heptacyclic ligand, TAPHAT for 1,4,5,8-
tetraazaphenanthrene[9,10-b]1,4,5,8,9,12-
hexaazatriphenylene, (Figure 1) containing ten nitrogen atoms,
for only twenty carbon atoms, making it a highly electron-
accepting ligand. The use of this ligand allows for the synthesis
of the mononuclear [Ru(phen),TAPHAT]2* complex as well as
the symmetrical binuclear [Ru(phen),(TAPHAT)Ru(phen);]4*
complex. The photophysical properties of these complexes will
be compared with those of similar ruthenium(ll) polypyridyl
complexes.

Figure 1. Structure of 1,4,58-tetraazaphenanthrene[9,10- b{1,4,5,8,9,12—
hexaazatriphenylene (TAPHAT) ligand (purple) as well as RuSphen (TAPHAT)l]Z*
(Blue-Purple combined) and %Ru (phen),(TAPHAT)Ru(phen),]** (Blue-Purple
Orange combined)

Results and discussion
Synthetic procedures

Two synthetic pathways were developed to obtain the desired

TAPHAT ligand (Figure 2). The first one proceeds via the
condensation reaction between the ligand 1,4,5,8-
tetraazaphenanthrene-9,10-diamine (diNH,TAP), already
reported in the literature, 2? and the ligand 1,4,5,8-
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tetraazaphenanthrene-9,10-dione (TAPdione), whose synthesis
has never been described. The second strategy involves the self-
condensation of diNH,TAP under oxidizing conditions.

The synthesis of diNH,TAP proceeds in four steps, starting from
commercially available 1,3,5-trichlorobenzene. Trinitration
using potassium nitrate and oleum allows for the isolation of
1,3,5-trichloro-2,4,6-trinitrobenzene. 4* Ammonolysis in
toluene vyields 1,3,5-triamino-2,4,6-trinitrobenzene 4> that is
reduced using Birch-type conditions, i.e. metallic sodium in a
mixture of methanol and liquid ammonia. 46 This highly reactive
species is then reacted with glyoxal, yielding the desired
diNH,TAP and 1,4,5,8,9,12-hexaazatriphenylene (HAT) as a side
product.

The synthesis of TAPdione proved more difficult as many
synthetic pathways did not vyield the desired product.
Nevertheless, the development of such a ligand is of paramount
importance, as it can not only serve for the synthesis of the
TAPHAT ligand but can also be used as a key building block for
the development of novel ligands and transition metal
complexes. The direct oxidation of 1,4,5,8-
tetraazaphenanthrene with classical oxidants such as chromium
(VI) oxide or potassium permanganate doesn’t yield the desired
compound, neither does the typical procedure for oxidation of
1,10-phenanthroline into 1,10-phenanthroline-5,6-dione
(phendione) using KBr or NaBr in a mixture of nitric acid and
sulfuric acid. 47
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Figure 2. Two strategies investigated in the present work to prepare TAPHAT.

We therefore developed a two-step procedure, starting from 9-
methoxy-1,4,5,8-tetraazaphenanthrene (Figure  3), the
synthesis of which proceeds in 8 steps starting from 4-fluoro-2-
nitro-aniline, as reported in literature. 48 Direct oxidation of 9-
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methoxy-1,4,5,8-tetraazaphenanthrene  with MeReOs as
reported by Saladino, 4° or with Cerium Ammonium Nitrate, 50
fails to produce the desired 1,4,5,8-tetraazaphenanthrene-
9,10-dione. The demethylation of 9-methoxy-1,4,5,8-
tetraazaphenanthrene is therefore considered. This reaction is
performed with various reagents such as TMSI, 51 BBrs, 52 53
EtSH, 34 sodium in hexamethylphosphoramide 55 and hydrogen
iodide. Among all the reagents that were tested, only
demethylation with hydrogen iodide allows for the isolation of
9-hydroxy-1,4,5,8-tetraazaphenanthrene with an 85% yield.
The last step is the oxidation of phenol to the corresponding
ortho-quinone using a hypervalent iodine compound. 36 For this
oxidation, (bisacetoxy)iodobenzene is selected as we have
previously shown that this oxidant does not react with the
quinoxaline core, but only with the phenolic group. ¢ This
reaction allows obtaining the desired 1,4,5,8-
tetraazaphenanthrene-9,10-dione in an 83% vyield. (Figure 3).

NH,
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OH
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Figure 3. Synthesis of 1,4,5,8-tetraazaphenanthrene-9,10-dione

With diNH,TAP and TAPdione in hand, the two synthetic routes
to obtain the TAPHAT ligand are explored.

The first strategy consists in the condensation of the dione and
the diamine in a mixture of ethanol/water/acetic acid 10/4/1.
The reaction allows to recover the desired product with a 79%
yield. The formation of a supplementary aromatic ring
combined with the precipitation of the desired compound over
time are key factors for the obtained yields and allows easy
recovery of the desired product. The second strategy is inspired
by the reaction described in 2000 by Gajiwala and Zand. 57 For
this reaction, diNH.TAP is dissolved in hot water in the presence
of sodium acetate. Oxygen is continuously bubbled through the

solution for 6 h. The color of the mixture is rapidly observed to
fade while a precipitate is formed. This green and efficient
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method allows to isolate the desired compound with a yield of
92%. Both reaction pathways yield TAPHAT as a grey solid,
insoluble in all classical solvents, and therefore preventing
characterization through classical techniques such as 1H/13C
NMR.

Due to its poor solubility, and its four different chelation sites,
the design of a synthetic path that would only vyield
[Ru(phen)2(TAPHAT)]2* or [Ru(phen)(TAPHAT)Ru(phen);]4*
starting from the free ligand TAPHAT is not straightforward. By
reacting TAPHAT with the precursor [Ru(phen),Cl;], a mixture of
mono- and dinuclear complexes is obtained, as indicated by
mass spectrometry measurements (Figure S2). Separation of
these two complexes by conventional purification methods is
tedious, encouraging us to develop an alternative synthetic
procedure based on the precursor complex
[Ru(phen)2(diNH,TAP)]2*, the synthesis of which being already
reported in literature. 42 Mononuclear [Ru(phen),(TAPHAT)]?* 1
is obtained by two different procedures. The first one consists
in reacting [Ru(phen)z(diNH,TAP)]?* with TAPdione in an
ethanol/water 7/3 mixture. The desired compound is isolated
with a moderate yield of 42% after column chromatography on
alumina. The second strategy takes advantage of the method
developed by Gajiwala and Zand. Reacting [Ru(phen)z(diNH,-
TAP)]2* with an excess of diNH,TAP in water while bubbling
oxygen for 6 h produces the desired complex with a yield of 93
%, and the ligand TAPHAT as the side product.

The binuclear [Ru(phen),(TAPHAT)Ru(phen);]** 2 is
synthesized by bubbling oxygen in water containing sodium
acetate and the precursor [Ru(phen),(diNH,TAP)]2* complex.
After bubbling oxygen for 8 h, ammonium hexafluorophosphate
is added to precipitate the complex that is washed several times
with water to obtain the symmetrical dinuclear complex 2 with
a 95 % yield.

Electrochemistry

also

For classical ruthenium(ll) polypyridyl complexes, it is generally
accepted that the reduction processes are ligand centered
whereas the oxidation processes are metal centered. The redox
potential can be tuned by varying the polypyridyl ligands that
are chelated to the ruthenium center. The introduction of
nitrogen atoms in the polypyridyl backbone will lead to more -
accepting ligands and, as a consequence, the resulting
complexes will be easier to reduce and harder to oxidize. The
TAPHAT ligand, with its ten nitrogen atoms for twenty carbon
atoms should be a highly m-accepting ligand, and therefore
make the complexes easy to reduce and difficult to oxidize.
Electrochemical data obtained by square-wave voltammetry
(Figure 4) for complexes 1 and 2 are reported in Table 1 as well
as values from representative complexes.
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Figure 4. Square-wave voltammograms for [Ru(phen)ngAPHAT)]z*.ZPFs' (1),
[Ru(phen)z(TAPHAT)Ru(phen)zﬂ‘“APFs' (ZL and [Ru(bpy);]**.2PFs- measured in
0.%M TBACIO, acetonitrile solution. [Ru(bpy)s]?*.2PFs was used as an internal
reference.

Table 1. Redox potentials measured in acetonitrile solutions for complexes 1 and 2
(0.1 M TBACIO,) and reference Ru(ll) polypyridyl complexes (0.1 M TBAPFg).

Complex Oxidation V Reduction V vs
vs SCE SCE
[Ru(phen)s]?* 58 +1.29 -1.35;-1.52
[Ru(phen)a(HAT)]?* 59 +1.53 -0.86; -1.42; -1.69
[Ru(phen)2(PHEHAT)]?* %2 +1.35 -1.00; -1.25
[Ru(phen)a(HATPHE)]?* 42 +1.56 -0.83;-1.01
[Ru(phen)(TPPHZ)]?* &0 +1.34 -1.00; -1.38; -1.69
[(phen)Ru(HAT)Ru(phen)z]** >° +1.52 +1.78 -0.49; -1.07
[Ru(phen)2(PHEHAT)Ru(phen)]** 61 +1.34 +1.55 -0.68; -1.06
[(phen):Ru(TPPHZ)Ru(phen),]* & +1.34(2) -0.78; -1.36(2);
-1.52
1 +1.56 -0.56; -0.86);
-1.26
2 +1.55 (2) -0.52; -0.90@

(a) Broad signal that corresponds to two close reduction waves. In oxidation,
(2) depicts two-electrons waves.

Mononuclear complex 1 exhibits an oxidation at +1.56 V vs SCE,
which agrees with expected values. When the ruthenium center
is chelated to two 1,10-phenanthroline ancillary ligands and one
n-accepting ligand such as HAT (1,4,5,8,9,12-
hexaazatriphenylene) or HATPHE (i.e. [Ru(phen)z(HAT)]?* and
[Ru(phen)2(HATPHE)]?*), the oxidation wave is indeed centered
around +1.5 V vs SCE. In the case of the binuclear complex
[Ru(phen)2(TAPHAT)Ru(phen),]** 2, an oxidation wave is
observed at +1.55 V vs SCE. The observation of one bi-electronic
oxidation wave at a unique potential indicates that the two
ruthenium(ll) centers are oxidized simultaneously, which means
that they behave independently. A similar behavior can be
observed for the binuclear complex based on the TPPHZ
(tetrapyrido[3,2-a: 2’,3’-c: 3”,2-h: 2’”’,3"”’-j]phenazine) ligand,
where the Ru(ll) centers are independent.

Regarding the reduction potentials, we obtain values of -0.56 V,
-0.86 V (which corresponds to two close reduction waves), and
-1.26 V vs SCE for mononuclear [Ru(phen),(TAPHAT)]%* 1.
Reduction waves associated with the reduction of 1,10-
phenanthroline ancillary ligands only appear at values more
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negative than -1.35 V vs SCE. Indeed, the complex [Ru(phen)s]2*
exhibits a first reduction wave at -1.35V vs SCE, whereas the
complex [Ru(phen)z(HAT)]?* exhibits its first reduction wave
centered on the 1,10-phenanthroline ligand at -1.42 V vs SCE.
This implies that the two first reduction waves observed can be
unambiguously attributed to the successive addition of three
electrons on the TAPHAT ligand. The value of -0.56V vs SCE is,
to the best of our knowledge, the less negative value obtained
for a mononuclear complex based on heptacyclic ligands of this
type and having two ancillary phen ligands. 62 The value at -
1.26V vs SCE could correspond to a fourth reduction of the
TAPHAT ligand, but at these potentials, adsorption and
irreversible processes are observed which prevent a complete
assessment of this hypothesis. Thus, at this stage, the fourth
reduction wave observed for complex 1 could not be attributed
with certainty to either the TAPHAT ligand or the ancillary 1,10-
phenanthroline ligand. Concerning the binuclear complex
[Ru(phen)2(TAPHAT)Ru(phen),]** 2, the reduction waves are
observed at -0.52V, -0.90V (which corresponds to two close
reduction waves). Once again, the three first waves can be
confidently attributed to successive reductions of the TAPHAT
ligand. It should also be noted that when scanning at potentials
more negative than the third reduction, irreversible processes
occurred that were either due to adsorption of the complexes
to the electrode or to degradation of complexes 1 and 2. The
fact that these reduction processes as well as the oxidation
occur at similar potentials for complexes 1 and 2 is a clear
evidence of the lack of coupling between the two ruthenium
centers that behave independently. 24 62

Multiple electron storage has already been reported in the
literature for ruthenium complexes based on fused polycyclic
ligands such as disubstituted DPPZ, 63 dph, 62 tatpp ©* ¢ and
tatpq, 66 67 but never to such extent. DPPZ based complexes can
undergo two reduction processes centered on the DPPZ ligand,
63 whereas tatpp an tatpq can either undergo a two electron
reduction process or multiple electronic processes when the
tatpp ligand is bridged. % For complexes 1 and 2, this
unprecedented three electron reduction is a direct
consequence of the high m-accepting character of the TAPHAT
ligand. Control experiments were performed by diluting the
concentration of 1 and 2 to confirm that these reductive
processes are a direct consequence of the TAPHAT ligand and
not due to m-stacking leading to erroneous electrochemical
data.

Absorption

The UV/visible absorption spectra of complexes 1 and 2
measured in acetonitrile are presented in Figure 5.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Absorption spectra of [Ru(phen),(TAPHAT)]?*.2PFs (red) and

[Ru(phen),(TAPHAT)Ru(phen),]**.4PF¢ (black) complexes in acetonitrile.

Both ruthenium(ll) complexes 1 and 2 present absorption
spectra typical of ruthenium complexes. The absorption
spectrum of the dinuclear species is similar to that of the
mononuclear one, only with higher absorption coefficient, as is
expected for a dinuclear complex. The absorption feature
between 400 nm and 600 nm is attributed to metal to ligand
charge transfer (MLCT) transitions, whereas features below 400
nm are generally attributed to ligand centered (LC) transitions.
For both complexes, an absorption feature at 380 nm is
observed; this transition is characteristic of a LC transition for
complexes bearing a ligand with extended fused polycyclic
units, as observed for complexes bearing DPPZ, 2> TPPHZ 68 69 or
PHEHAT ¢ ligands. Absorption maxima and molar absorption
coefficients for the MLCT transition for complexes 1 and 2 are
presented in Table 2, along with those of a series of Ru(ll)
complexes bearing extended planar ligands for sake of
comparison.

It should be noted that [Ru(phen)(PHEHAT)]?* has an
absorption coefficient of 22700 M-1 .cm! at 438 nm while the
complex [Ru(phen)2(HATPHE)]?* has an absorption coefficient
of 14700 M-1.cm-1 at 428 nm. Thus, when the PHEHAT ligand is
used, the absorption coefficient varies drastically depending on
which moiety, “phen” or “HAT”, of the ligand is coordinated to
the ruthenium(ll) ion. Based on the comparison with other
complexes, it is observed that [Ru(phen),(TAPHAT)]?* has an
absorption coefficient of 13700 M-1.cm-! at 460 nm, which is a
value close to that of [Ru(phen)(HATPHE)]?* or
[Ru(phen)2(HAT)]?*, suggesting a similar oscillator strength for
this transition involving a m-deficient moiety. The value of the
absorption coefficient thus supports the assignment of the
excited state to a 3MLCT localized on the HAT moiety of the
bridging TAPHAT ligand.

Regarding the binuclear complex 2, the absorption coefficient is
22400 M-1.cm- at 460 nm. This value is smaller than the values
for other binuclear species based on the PHEHAT ligand
gathered in Table 2. When considering the complexes
[Ru(phen)2(HAT)]?* and [Ru(phen)z(HAT)Ru(phen),]?*, the

This journal is © The Royal Society of Chemistry 20xx

absorption coefficient increases from 14000 M-1.cm for the
mononuclear species to 19700 M-l.cm? for the dinuclear
species. This enhancement of the absorption coefficient is
moderate compared to the one observed for complexes 1 and
2. Along with the absence of a bathochromic shift for the
binuclear complex, it can be concluded that, in agreement with
the behavior observed in electrochemistry, the two Ru(ll)
centers behave independently.

Steady-State Photoluminescence

Steady state photoluminescence studies were performed in
various solvents in order to highlight the influence of medium
polarity on the excited states of these two complexes. The
emission spectra, recorded in water, methanol, acetonitrile,
acetone and dichloromethane at 298K under air are presented
in Figure 6 for complexes 1 (top) and 2 (bottom). The emission
maxima are gathered in Table 3, as well as those of complexes
reported in the literature for comparison.

—— Water

1.0 4 — Methanol

— Acetonitrile

—— Acetone

—— Dichloromethane

0.8 4

0.6 4

Normalized Photoluminescence

700 750 800
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Wavelength (nm)

600 850

— Water

1.0 4 — Methanol

—— Acetonitrile

—— Acetone

084 — Dichloromethane
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0.0
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Wavelength (nm)

600 850

Figure 6. Steady state photoluminescence spectra of complexes 1 (top) and 2
(bottom). These spectra were recorded at room temperature in water (black),
methanol (red), acetonitrile (blue), acetone&mk ) and dichloromethane (green).
Absorption of the different complexes was kept below 0.1 to avoid inner filter
effects. The steady-state photoluminescence spectra were corrected for the
instrument response. Chloride counter-ions were used for measurements in water
and methanol whereas PFg counter-ions were used for measurements in
acetonitrile, acetone and dichloromethane.

J. Name., 2013, 00, 1-3 | 5



Table 2. Absorption characteristics of complexes Ru(phen),(TAPHAT)]?* and [Ru(phen),(TAPHAT) Ru(phen),]** in acetonitrile, compared to other complexes based on

HAT and PHEHAT ligands.

Complex Amax absorption (nm) Absorption Coefficient (M1.cm~  Chromophore (MLCT)?
')
1 220, 260, 290, 330, 370, 410, 460, 500 13700 Ru-TAPHAT
2 220, 260, 290, 330, 390, 410, 460, 500 22400 Ru-TAPHAT
[Ru(phen)s]** 262, 418, 447 18400 Ru-phen
[Ru(phen)z(HAT)]?* 62 262, 420, 480° 14000 Ru-HAT
[Ru(phen)z(HAT)Ru(phen)?]4+>° 220%h, 262, 358°", 406, 490, 564 19700 Ru-HAT-Ru
[Ru(phen)2(PHEHAT)]?* %7 264, 278,312, 354, 370, 438 22700 Ru-PHEHAT
[Ru(phen)2(HATPHE)]?* 42 260, 288, 316, 364, 382, 428, 478 14700 Ru-HATPHE
[Ru(phen)z(PHEHAT)Ru(phen)?]#+61 261, 288", 309", 330", 368, 420", 444, 28100 Ru-HATPHE
475sh
aThe molar absorption coefficient listed correspond to the MLCT band (underlined).
Table 3. Photoluminescence maxima (+ 1nm) measured under air in different solvents at 298K.
Water Methanol Acetonitrile Acetone DCM
&=79 &=33 =38 e=21 &=9
Amax (nm) Amax (nmM) Amax (NnmM) Amax (nm) Amax (M)
1 742 712 702 697 689
2 735 720 703 705 702
[Ru(phen)s]?+4270 604 594 604
[Ru(phen)z(HAT)]?* 42 732 696
[Ru(phen)2(PHEHAT)]?* 42 -2 -2 662 639 606
[Ru(phen)2(HATPHE)]?* 730 723 692 693 680

a not luminescent.

In contrast to the well-known [Ru(bpy).(dppz)]?* and
[Ru(phen)2(PHEHAT)]%*, which behave as light-switches,
complexes based on the TAPHAT ligand are luminescent
in both hydroxylated and organic solvents. As for other
polypyridyl complexes, a distinct solvatochromism is
observed; ie. a red-shift of 40 nm and 32 nm for
complexes 1 and 2 respectively in the emission maxima
when switching from acetonitrile to water. This
solvatochromism confirms the charge transfer character
of the excited state of these complexes. Furthermore, in
agreement with the electrochemical data, this charge
transfer state is assigned to a 3MLCT excited state
localized on the TAPHAT moiety. This conclusion can be
drawn by comparing the emission maxima with those for
complexes such as [Ru(phen),(HAT)]%*, [Ru(phen)s]?* and
[Ru(phen)2(PHEHAT)]?*. Indeed, [Ru(phen),(HAT)]%* emits
at 732 nm in water and 696 nm in acetonitrile when
decaying from its 3MLCTgru.nat excited state,
[Ru(phen)s]?* emits at 604 nm in water as well as in
acetonitrile. Thus, a Ru-HAT transition is much less
energetic than a Ru-phen transition, and is more sensitive
to the solvent. The behavior of complex 1 is similar to that
of [Ru(phen),(HATPHE)]?*, whose emission values have
been recorded here in different solvents, in contrast to
[Ru(phen)2(PHEHAT)]?*, which is non-emissive in both
water and methanol. Nonetheless, in organic solvents a
bathochromic shift is observed when changing from
[Ru(phen)2(PHEHAT)]?* to [Ru(phen)z(TAPHAT)]2*. This is

while
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in agreement with a 3MLCT state localized on a close
“HAT” moiety of the TAPHAT ligand or on the whole
ligand. Similar observation can be made for complex 2.
The data also suggest that mononuclear complex 1 is
more sensitive to polarity than binuclear complex 2.
Indeed, a blue shift of 53 nm for the mononuclear
complex 1 is observed when going from water to
dichloromethane while the blue shift is only 33 nm for the
binuclear complex 2. Furthermore, the differences in the
maximum emission wavelengths observed in acetonitrile,
acetone and dichloromethane are much more
pronounced for the mononuclear complex 1 than for the
binuclear complex 2. It is important to notice that for the
binuclear complex, solvent molecules only have access to
the “terpyrazine-like” moiety of ligand TAPHAT, whereas
in the mononuclear complex, the bidentate coordination
site is still accessible. Also the dipole moment of the
excited-state of complex 1 and 2 is expected to be of
different intensity, and thus, the potential sites for
solvent interaction might not be the only contributing
factor for the observed solvatochromism. To gain further
insight into the behavior of these excited states, we
investigated how the luminescence lifetimes change
according to solvent polarity.

Luminescence lifetime and Quantum Yield

The emission lifetimes and luminescence quantum yields
(Table 4) for [Ru(phen)2(TAPHAT)]>* 1 and

This journal is © The Royal Society of Chemistry 20xx



[Ru(phen)2(TAPHAT)Ru(phen),]** 2 were determined at
298K in various solvents. Luminescence lifetimes are
measured under air and under argon. As expected, the
influence of oxygen is more pronounced in organic
solvents, as it is more soluble in these than in water.

The luminescence lifetimes (and the quantum yield of
luminescence) of complexes 1 and 2 decrease as solvent
polarity increases, in agreement with a greater
stabilization of charge transfer states in more polar
solvents and the energy gap law.

It should be noted that a shorter lifetime in acetonitrile
compared to water is observed for complexes such as
[Ru(TAP)3]2* and [Ru(HAT)s3]?*. 71 This observation is
explained by a thermal activation from the luminescent
3MLCT towards a non-luminescent 3MC state, constituting
an important deactivation pathway that can lead to
photo-release of ligand. For those complexes, a
stabilization of the 3MLCT in polar solvent increases the
energy gap for the 3MLCT-3MC transition, leading to an
increase of the 3MLCT lifetime. For complexes 1 and 2, the
presence of 1,10-phenanthroline ancillary ligands,
considered as o-donor ligands, increases the 3MLCT-3MC
energy gap, which makes deactivation via the 3MC state
harder for these complexes. This correlates with the
observed stability of both complexes under irradiation
(Figure S10).

It is also noticed that the lifetimes are even shorter in
solvents capable of H-bonding, such as methanol and
water, than in non H-bonding solvents. In order to assess
the possible influence of the number of non-chelated
nitrogen atoms capable of H-bonding on the stabilization
of the excited states of complexes 1 and 2, their emission
lifetimes were measured in D;0. It is well-known for
[Ru(bpy)s]?* that its excited state lifetime is enhanced in
deuterated water. This is, in this case, solely due to the
difference between OH and OD oscillators; OD are less
efficient energy acceptor oscillators than OH, yielding less
efficient non-radiative decay for the excited complex. 72

Since 1 and 2 are capable of H/D-bonding with solvent, a
change in their excited state lifetime could also be
observed when switching to deuterated water. Changes
in lifetime will, in that case, mainly reflect the change in
H/D-bonds between H,O/D,0 and the non-chelated
nitrogen atoms. The excited-state lifetime is increased for
both complexes 1 and 2 in D;0, but the effect is more
pronounced for the mononuclear complex 1. An excited-
state lifetime of 219 ns in DO vs 118 in H,O was
measured while in contrast, the exited-state lifetime of 2
only evolves from 124 ns in H,0 to 136 ns in D;0. These
(H/D)20 measurements suggest that the number of non-
chelated nitrogen atoms plays an important role in the
stabilization of the excited state.

From the lifetime measurements and the luminescence
guantum yields, it is possible to calculate the radiative
and non-radiative deactivation constants. These values
are summarized for complexes 1 and 2 in Table 5.
Radiative and non-radiative deactivation constants for
complex [Ru(phen)2(HATPHE)]?* are also measured and
are reported in Table 5 for discussion purposes. This
complex is chosen because its lowest excited state is
localized on the extended ligand, which is also the case
for the complexes presented in this paper. Furthermore,
this complex exhibits absorption features that are similar
to those for complexes based on TAPHAT ligand.
[Ru(phen)2(HATPHE)]* displays steady state
photoluminescence that is appreciable in each solvent
used in the present work.

The radiative and non-radiative deactivation constants
follow the expected trend;
deactivation constants result in a decrease of the excited
state lifetimes in polar solvents (t = 1/(k: + knr)), because
this deactivation constant increases in an inversely
proportional manner with the energy gap law coupled to
the fact that these 3MLCT states are more stabilized in
polar solvents.

the high non-radiative

Table 4. Photoluminescence lifetimes and quantum yields for complexes 1 and 2 in various solvents. Chloride counter-ions were used for measurements in water and

methanol whereas PFg counter-ions were used for measurements in acetonitrile, acetone and dichloromethane.

& 02 sol.
(x 103M)
T (ns)
Air Argon

Water 79 0.278 113 118
Methanol 33 1.95 260 360
Acetonitrile 38 2.42 356 600
Acetone 21 2.37 370 650
Dichloromethane 9 2.28 690 710

[Ru(phen)2(TAPHAT)]*, 1

Air
0.007
0.010
0.019
0.019
0.027

[Ru(phen)2(TAPHAT) Ru(phen)2]*, 2

0] T (ns) 0]
Argon Air Argon Air Argon
0.008 122 124 0.008 0.009
0.011 252 353 0.015 0.020
0.028 315 532 0.020 0.027
0.022 325 548 0.024 0.034
0.030 617 898 0.027 0.028

Measurements were performed at room temperature in water, methanol, acetonitrile, acetone and dichloromethane, under air and under argon. Absorption
of the different complexes was kept below 0.1 to avoid inner filter effects. Uncertainties in the excited-state lifetimes are 5%. Dielectric constant and

concentration of dissolved oxygen are listed for each solvent. 73
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Figure 7. Energy Gap Law plot of the radiative and non-radiative deactivation
constants measured in different solvents for [Ru(phen),(TAPHAT)]?*,
[Ru(phen),(TAPHAT)Ru(phen);]** and [Ru(phen),(HATPHE) r

A linear correlation is obtained when plotting the natural
logarithm of the non-radiative or radiative rate constant as a
function of the photoluminescence maximum in energy.
These linear fittings (Figure 7) confirm that the energy gap
Law is respected and similar for the complexes studied here.
Luminescence lifetime as a function of temperature

In [Ru(bpy)s]?*, the absorption of a photon leads to the
population of a *MLCT that decays rapidly (300 ps) to a
“Thermally equilibrated excited state” THEXI-3MLCT state by
intersystem crossing (ISC). 35 Studies by Crosby et al.
revealed that this 3MLCT state is in fact composed of three
low-lying MLCT states in rapid equilibrium that are separated
by 10-90 cm-1. 31 These states can only be distinguished at
77 K. Von Zelewsky and Meyer have later identified that a
fourth MLCT with greater singlet character is also present at
several hundred cm-! to higher energy. 74 75 33 76 |n the
absence of excited-state quenching, the THEXI-3MLCT state
can deactivate through radiative or non-radiative decay, or
through thermal activation leading to a metal-centered state
(3MC) also termed Ligand-Field state (LF) or d-d state.
Population of these 3MC states can lead to ligand loss or
ligand substitution. This photophysical scheme is often
accepted as the model for all homoleptic complexes and for
several heteroleptic complexes although several examples
contradict this photophysical scheme. 77 78 To understand
the photophysical scheme that is at stake for 1 and 2, we
performed temperature dependent  time-resolved
photoluminescence measurements in butyronitrile (Figure
8).
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Figure 8. Luminescence lifetime of [RuL phen),(TAPHAT)]?*.2PFs (red) and
[Ru(phen)z(TAPHAT)Ru(phen)z]‘“ 4PF5 (black) in butyronitrile measured
under argon between 350 and 1

The data presented in Figure 8 are modelled using a modified
Arrhenius analysis as reported by Van Houten and Watts
(eq.1). 72

Tl = Ky + Ky + A exp (—12) (eq.1)
Relaxation of the THEXI-3MLCT state to an upper 3MC state
is expected to occur with energy activation that ranges from
2000 to 5000 cm-! depending on the nature of the ligands as
well as the polarity of the solvent that influences the THEXI-
3MLCT state energetics. 74 75 33 76 These activation energies
are often accompanied by very large preexponential factors
(1010-101551), 76 79 80 \WWhen the THEXI-3MLCT state relaxes to
a 4th MILCT excited state, these energies are usually centered
between 400 and 1000 cm with smaller preexponential
factors (10%-10° s1). 81 75 The values obtained from the
temperature dependent time-resolved photoluminescence
measurements are summarized in Table 6, with A being the
preexponential factor, ki being the sum of k, and knr, and E,
corresponding to the activation energy. Based on the weak
activation energy and the relatively small preexponential
factors, we propose that this thermally activated pathway
involves a 4th MLCT state. This is also confirmed by the
photostability measurements which show that both
complexes 1 and 2 are photostable (Figure S10). Thus, we
can conclude that this thermally activated pathway
corresponds to a deactivation through a 4t MLCT rather
than a 3MC excited state.

The photoluminescence of complexes 1 and 2 was recorded
in frozen butyronitrile glass at 77K (figure 9). Franck-Condon
lineshape analysis allowed to extrapolate parameters such
as the vibrational mode for relaxation, the band maximum of
the first medium frequency progression (Eo.o) as well as the
Huang-Rhys factor (Sm). 82 8 8 The Huang-Rhys factor is
often associated with the reorganization energy and the
frequency of the quantum mode. A vibrational mode of 1240
cm1and 1297 cm-! for complexes 1 and 2 respectively could
be determined, indicating therefore a common relaxation
pathways for these two complexes. This value is very similar
to that of [Ru(bpy)s]?* suggesting therefore relaxation
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through a common Ruthenium-polypyridyl vibrational
mode. 8 86 87 Huang-Rhys factors of 0.65 and 0.82 for 1 and
2 respectively indicated that the final and initial states of
these two complexes coincide along the normal coordinate.
Eo-o can usually be determined using the Amax of emission,
which corresponds to an underestimated value, or by using
the x-intercept of a linear extrapolation of the blue edge of
the corrected emission spectra. This technique usually yields
Eoo that are closer to the true value. Franck-Condon
Lineshape analysis provides Eq.o that are more accurate than
the two previously mentioned techniques but requires
steady-state photoluminescence measurements in frozen
glass. Ego values of 15330 cm™ (652 nm) and 15410 cm™! (649
nm) for complexes 1 and 2 were determined using such
analysis. These values correspond to the energy difference
between the ground and excited state, both taken at their
zero vibrational levels.

Wavelength (nm)
769 714 667 625 588

L) L)
[Ru(phen),(TAPHAT)*
[Ru(phen),(TAPHAT)Ru(phen),]**

Normalized PL Intensity

T T T
14000 15000 16000

T
13000

17000
Wavenumber cm’
Figure 9. Steady-State photoluminescence of [Ru(phen),(TAPHAT)]?*.2PFg

ged) and Ru1phen)z(TAPHAT)Ru(phen)z]‘“.4PF5' (black) recorded in frozen
utyronitrile glass at 77K.

Excited-State Quenching

Based on the relatively positive reduction potential of the
two photostable complexes discussed in this work, we
investigated their ability to react in their excited state with
two reductants, hydroquinone (H2Q, Eox = +0.46 V vs SCE 88)
and guanosine-5’-monophosphate (GMP, Eox = +1.07 V vs
SCE 89) 90, allowing therefore a 600 mV driving force range to

ARTICLE

be investigated. We also determined the quenching constant
for complexes such as [Ru(phen),(HAT)]2+,
[Ru(phen),(TAP)]2* and [Ru(phen)s;]?* with hydroquinone in
order to discuss the influence of the m-accepting ligand
TAPHAT. These results are presented in Figure 10 and the
corresponding quenching constants are summarized in Table
7.

The quenching rate constants for the different systems
developed in this study followed the same trend as the
excited-state reduction potentials. As expected, for
[Ru(phen)s]?* there is no appreciable photo-induced electron
transfer with hydroquinone. The addition of just one -
accepting ligand allows the photo-induced electron transfer
to take place from the reductant to the excited state of the
complex. Importantly, complexes based on the TAPHAT
ligand exhibit relatively high quenching rate constants
compared to similar complexes bearing 1,10-phenanthroline
ancillary ligands. This is still more noticeable with GMP as the
reductant, where the quenching rate constant is 30 times
higher with [Ru(phen),(TAPHAT)]?* (kq = 6.24 108 M-l.s1)
than it is with [Ru(phen)2(HAT)]?* (kq= 0.24 108 M-L.s1).
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Fifgure 10. Stern-Volmer plot representing the quenching of the excited state
of various ruthenium" complexes by hydroquinone. Measurements were
carried out under air at pH 5 in the presence of 150 mM sodium chloride and
10 mM phosphate buffer.

Table 5. Radiative and non-radiative rate constants for complex [Ru(phen),(TAPHAT)]?* 1, [Ru(phen),(TAPHAT)Ru(phen),]** 2 and [Ru(phen),(HATPHE)]?* under argon.
Chloride counter-ions were used for measurements in water and methanol whereas PFs counter-ions were used for measurements in acetonitrile, acetone and

dichloromethane.

[Ru(phen)(TAPHAT)]** 1

kr (x 10 4s?) Kar (x 108 %)

Water 6.7 8.4
Methanol 3.0 2.8
Acetonitrile 4.7 1.6
Acetone 3.4 1.5
Dichloromethane 4.2 1.4

Errors estimated to 10%.

[Ru(phen)2(TAPHAT) Ru(phen)]**2

ke (x 10 4s)

7.3
5.7
5.1
6.3
3.2

[Ru(phen)2(HATPHE)]?>

Knr (x 108 s?) kr (x 10 4s?) Knr (x 108 s°%)

8.0 4.9 7.0
2.8 2.1 2.6
1.8 4.4 14
1.8 4.7 1.3
1.1 8.3 0.8
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Table 6. Parameters of deactivation of the excited 3MLCT state of Ru(ll) complexes evaluated according to the Van Houten - Watts equation.

Complex Solvent Ea (cm?) A(s?) ki (s%)
[Ru(phen)z(TAPHAT)]z‘ 1 BuCN 820 1.38 107 9.9110°
[Ru(phen)(TAPHAT)Ru(phen)2]** 2 BuCN 1100 6.04 107 1.37 10°
[Ru(bpy)s]?* 74 CHsCN 3800 5.8 101 5.57 10°
[Ru(TAP)z(phen)]?+91 CHsCN 3700 11108 3.3110°
[Ru(TAP)2(phen)]?+91 BuCN 417/3120 1.2 108/1.0 103 2.010°
[Ru(TAP)3]?* 71 CHsCN 3150 7.3108 1.71 108
Table 7. Quenching rate constants determined at pH5 under air in the presence of 150 mM sodium chloride and 10 mM phosphate buffer.
To Erea® H2Q GMP
(ns) (V vs SCE) (M1s?) (M1s?)
[Ru(phen)2(TAPHAT)]** 1 113 1.17 2.5310° 6.24 108
[Ru(phen)2(TAPHAT)Ru(phen):]** 2 122 1.19 2.17 10° 6.54 108
[Ru(phen)2(HAT)]?* 136 0.89 1.76 10° 0.24 108@
[Ru(phen)z(TAP)]>* 117 0.88 1.5510° ---(b)
[Ru(phen)s]* 526 0.71 7.46 107 ---(b)

(a) Value from literature for the quenching at pH 7 in 0.1 M phosphate buffer. 92 (b) No quenching is occurring. 1o is the luminescence lifetime under air.

Conclusions

The new extended and highly electron-deficient ligand
TAPHAT has been successfully synthesized by condensation
between
(TAPdione) and 1,4,5,8-tetraazaphenanthrene-9,10-diamine
(diNH.TAP). The synthesis of TAPdione, a key intermediate
for the development of highly m-accepting building blocks,
proceeds through a ten-step procedure involving a final
(bisacetoxy)iodobenzene oxidation. This allows for the
synthesis of the desired TAPHAT ligand by a subsequent
condensation with diNH,TAP. An alternative synthetic path

1,4,5,8-tetraazaphenanthrene-9,10-dione

the TAPHAT ligand is also developed by auto-

condensation of diNH2TAP in water by bubbling oxygen. This
reaction is also used to perform chemistry on the complexes
themselves,
ruthenium(ll) complexes,
[Ru(phen)2(TAPHAT)Ru(phen),]** 2, in almost quantitative
yields. These complexes are characterized using NMR
spectroscopy and high-resolution mass spectrometry. This
novel, green and easy synthetic procedure should modernize
reactions in which the preparation of pyrazine cores is
needed, not only for the synthesis of useful ligands but also
for the formation of desired transition metal complexes.

The photophysical and electrochemical properties of these
two complexes are
reference complexes. The most interesting and striking
property evidenced for these complexes is that up to three
reduction waves are centered on the ligand TAPHAT. This
means that both the mono- and the binuclear complexes
show the ability to store at least three electrons on the same
TAPHAT ligand. The first reduction wave occurs at a potential

allowing for the isolation of two novel
[Ru(phen),(TAPHAT)]?* 1 and

investigated and compared with

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

of about -0.55V vs SCE, which is unusually high for complexes
of this type. We also showed that the chelation of a second
{Ru(phen).} moiety to the bis-chelating site of TAPHAT plays
a role in the excited-state stabilization, as evidenced by
(H/D),0 isotopic effects. Finally, the combination of the data
obtained in this work highlights the photo-oxidizing
properties of [Ru(phen),(TAPHAT)]2* and
[Ru(phen)2(TAPHAT)Ru(phen),]** as quenching experiments
demonstrated that the excited states of these complexes are
able to oxidize guanine, making them potential tools for
biomedical application. Future work will investigate the
possibility of intercalating mononuclear complex 1 within
DNA, giving rise to a photoreactive luminophore with an
excited-state localized on the intercalating ligand.
Complexes 1 and 2 will also be used in proton-coupled
electron transfer (PCET) applications as well as the
investigation of accumulating the redox equivalents on the
TAPHAT ligand in a photochemical way. The use of the
trisdentate chelation site to build polynuclear architectures
will also be investigated.

Experimental section
Instrumentation

The IH NMR spectra for complexes 1 and 2 were recorded at
room temperature with a Bruker Avance-300. (High
Resolution) mass spectrometry analysis were performed on
a Waters QToF-US mass spectrometer equipped with an
Electrospray lonization source (positive ion mode). The mass
spectra were recorded using the time-of-flight analyzer with
a FWHM resolution of 10.000 (m/z 500). The samples are
solubilized in a water/methanol 1/1 solution (1 mg/mL) and
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directly infused within the ESI capillary (5 pL/min). Typical
source conditions were: capillary voltage, 3.1 kV; cone
voltage, 30 V; source temperature, 80°C, desolvation
temperature, 120 °C. Accurate mass measurements were
obtained using sodium iodide clusters (Nal solution in
water/isopropanol) as the lock mass ions. Infrared spectra
were recorded with an alpha-Bruker in ATR mode on a
germanium crystal.

Cyclic and square wave voltammetry were carried out on a
platinum disk working electrode in dried acetonitrile with
tetrabutylammonium perchlorate (0.1 mol L1) as supporting
electrolyte. The potential of the working electrode was
controlled by an Autolab PGSTAT 100 potentiostat through a
PC interface with a scan rate of 100 mV s! between -2 and
+2 V versus SCE. The counter electrode was a platinum disk
and the reference electrode a saturated calomel electrode
(SCE). All the measurements were performed in a single
compartment cell. The concentration of the complexes was
0.5-3 x 103 mol L. Dilution experiments were performed by
progressively adding electrolyte solution and purging for an
additional 10 minutes prior to every measurement.

The UV-Vis absorption spectra were recorded on a Perkin-
Elmer Lambda UV-Vis spectrophotometer and the emission
spectra with a Shimadzu RF-5001 PC spectrometer
(detection: Hamamatsu R-928 red-sensitive photomultiplier
tube, excitation source: xenon lamp 250 W). The emission
spectra were corrected for the instrument response. The
determination of the molar absorption coefficients was
performed by weight and absorption at several dilutions
measurements.

Emission quantum yields were determined under argon by
comparative actinometry using [Ru(bpy)s]?* in water chosen
as the standard luminophore 93 and was corrected for the
solvent’s refractive index.

The luminescence lifetimes were measured by the time-
correlated single photon counting (TC-SPC) technique with
the Edinburgh Instruments FL900 spectrometer equipped
with a laser diode (A = 439 nm, pulse = 100 ps). The samples
were thermostated at 20 + 2 °C with a Haake Model NB22
temperature controller. The data were collected by a
multichannel analyzer (2048 channels) with a number of
counts in the first channel (t = 0) at the minimum equal to
10%. The resulting decays were fitted to the exponential
functions using the original manufacturer software package
(Edinburgh Instruments). The reduced x2, weighted residuals
and autocorrelation function were employed to judge the
quality of the fits.

Stern-Volmer measurements were performed under air in a
quartz cell of 10 mm optical path length that was filled with
2 mL of solution buffered at the desired pH containing the
desired complex with an absorbance of 0.1 at 440 nm (about
10 puM), 150 mM NaCl, 10 mM phosphate and the quencher
with a concentration of 20 mM for GMP and 25 mM for H,Q.
The quencher concentration was gradually diluted without
changing the concentration of the other compounds.
Materials

This journal is © The Royal Society of Chemistry 20xx

9-methoxy-1,4,5,8-tetraazaphenanthrene 48, 9,10-diamino-
1,4,5,8-tetraazaphenanthrene 27 and
[Ru(phen)(diNH,TAP)]2* 42 were synthesized according to
procedures reported previously. All other reagents were
commercially available, with purity greater than 98% and
were used as received. Electrochemical grade TBACIO, was
used for the electrochemical measurements. Solvents used
for photophysical

spectrophotometric grade.
9-hydroxy-1,4,5,8-tetraazaphenanthrene. 9-methoxy-
1,4,5,8-tetraazaphenanthrene (200 mg, 0.94 mmol) was
dissolved in 10 mL acetic acid. The solution was heated at
60°C and 2 mL of HI were added dropwise. The solution was
heated at 60°C for two hours and then heated to reflux for

measurements were of

an additional two hours. After reaction, the reaction mixture
was brought to room temperature and poured into 30 mL of
iced water. The latter was neutralized with 50% sodium
hydroxide and the precipitate was collected by filtration and
washed with water. The precipitate was redissolved in 50 mL
THF/H20 1:1 and concentrated under vacuum. This
procedure was repeated several times until the collecting
flask of the rotary evaporator becomes colorless. A light
brown powder was finally obtained (160 mg, 85%).

1H NMR (300.1 MHz, 6-MeOD): 7.58 (1H, s), 9.01 (2H, d, J =
2.4 Hz), 9.23 (2H, dd, J = 2.1 Hz).23C NMR (75.5 MHz, &-
MeOD): 147.7; 147.3; 146.8; 146.3; 142.0; 141.0; 108.5. ESI-
MS : m/z 199.1 (M + H*, 100%), 221.2 (M + Na*, 25%). IR
(neat, vmax/cm1): 3240, 1607, 1515, 1455, 1338, 1317, 1242.
1,4,5,8-tetraazaphenanthrene-9,10-dione. 9-hydroxy-
1,4,5,8-tetraazaphenanthrene (200 mg, 1,01 mmol) was
dissolved in 20 mL of a 3:1 acetonitrile/water mixture. The
mixture was stirred at room temperature and
(bisacetoxy)iodobenzene (709 mg, 2,2 mmol) was added in
one portion. After 24 h, the reaction mixture was filtered and
concentrated under reduced pressure. The residue was
washed with diethyl ether and filtered. The desired 1,4,5,8-
tetraazaphenanthrene-9,10-dione was obtained as a light
orange solid (177 mg, 83%).

1H NMR (300.1 MHz, 8§-DMSO-de): 8.73 (2H, d, J = 2.7 Hz),
8.78 (2H, d, J = 2.7 Hz). 13C NMR (75.5 MHz, §-DMSO-ds):
180.2;165.9; 145.6 ; 145.2 ; 143.8. ESI-MS: m/z 213.1 (20%,
M + H), 235.0 (100%, M + Na*), 447.1 (35%, 2M + Na*). IR
(neat, vmax/cm1): 1688 ; 1524, 1356 ; 1315 ; 848.
1,4,5,8-tetraazaphenanthrene[9,10-b]1,4,5,8,9,12-
hexaazatriphenylene (TAPHAT).2H,0

Route A. 9,10-diamino-1,4,5,8-tetraazaphenanthrene
(60mg, 0,285 mmol) and 1,4,5,8-tetraazaphenanthrene-
9,10-dione (60 mg, 0,286 mmol) were refluxed in 8 mL of
EtOH/AcOH/H20 10 :4 :1. The medium color changed from
reddish to pale yellow. Appearance of a precipitate was also
quickly noticed. The reaction was followed by TLC (Al,Os3,
CHClI; :EtOH 98 :2). After 4 h, the reaction was stopped and
the medium was cooled to room temperature. 10 mL of
water were added at this point and the precipitate was
collected by centrifugation. The precipitate was washed
twice with water, ethanol and diethyl ether. TAPHAT was
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obtained as a grey solid and was used without further
purification (87 mg, 79%).

Route B. 9,10-diamino-1,4,5,8-tetraazaphenanthrene (200
mg, 0.94 mmol) and sodium acetate (770 mg, 9.4 mmol)
were stirred in 15 mL of distilled water. The reaction medium
was heated to reflux and a stream of oxygen was bubbled in
the reaction mixture using a needle. The reaction was
maintained for 6 h. The color of the medium changed from
reddish to pale yellow. After 6 h, the reaction was cooled to
room temperature and the solid was collected by
centrifugation. The solid was washed twice with water,
ethanol and diethyl ether. TAPHAT was obtained as a grey
solid (370 mg, 92%).

EI-MS: m/z389.1 (M + H*, 100%), 411.0 (M + Na*, 40%), 427.0
(M + K*, 25%). Anal. Calcd for C0H12N1003: C, 56.60; H, 2.85;
N, 33.01. Found: C, 55.98; H, 2.96; N, 33.03 %
[Ru(phen),(TAPHAT)]2*.2CI-. Ru(phen)z(diNH,TAP)]2+.2CI-
(100 mg, 0,134 mmol) and 1,4,5,8-tetraazaphenanthrene-
9,10-dione (37,0 mg, 0,174 mmol) were refluxed in 15 mL
EtOH/H,0 7:3 under argon atmosphere. The reaction was
monitored by TLC (Al,0s, CH3CN/H>0 9 :1). After reaction,
the mixture was cooled to room temperature and the
solvent was evaporated. The residue was purified by column
chromatography on alumina (CH3CN/H,0O 90/10 to 80/20).
The product was obtained with a yield of 42%.
[Ru(phen),(TAPHAT)]2*.2PFs. [Ru(phen)a(diNH,TAP)]2*.2CI-
(100 mg, 0,134 mmol), 9,10-diNH,-1,4,5,8-
tetraazaphenanthrene (57 mg, 0,269 mmol) and sodium
acetate (66 mg, 0,804 mmol) were stirred in 4 mL of distilled
water. The reaction mixture was refluxed and oxygen was
bubbled through the solution using a needle. The reflux was
maintained for 6 h. After reaction, the mixture was cooled to
room temperature and centrifuged. The precipitate
(TAPHAT) was washed twice with water. The aqueous layers
were collected and concentrated to a volume of about 2 mL.
A saturated solution of NH4PFs was then added to precipitate
the complex. The mixture was centrifuged and the
precipitate was washed twice with water, ethanol and
diethyl ether, yielding the desired complex (142 mg, 93%).
1H NMR (300.1 MHz, § -CDsCN) : 7.70 (4H, dd, Hsg, J = 1.8,
3.9 Hz), 8.03 (2H, dd, Ho/, J = 0.9, 3.9 Hz), 8.29 (2H, dd, Has),
8.30 (4H, s, Hsg), 8.34 (2H, d, Ha, J = 2.7 Hz), 8.68 (2H, m,
Ha7), 8.70 (2H, m, Hy/4), 9.09 (2H, d, HR, J = 2.4 Hz), 9.35 (2H,
d, Hy, J = 1.2 Hz), 9.37 (2H, d, Hg, J = 1.2 Hz). ESI-MS: m/z
995.08 (100%, [M2* + PF¢]*), 850.12 (25%, [M2* - H*]*). HRMS
(ESI): [M*] calculated for Cs4H24N14FsP%6RuU m/z 989.1026;
found m/z 989.1028.
[Ru(phen),(TAPHAT)Ru(phen);]**.4PF¢.
[Ru(phen)a(diNH,TAP)]2*.2CI- (100 mg, 0,134 mmol) and
sodium acetate (66 mg, 0,804 mmol) were stirred in 4 mL of
distilled water. The reaction mixture was refluxed and
oxygen was bubbled through the solution using a needle.
The reaction was kept refluxing for 8 h. After reaction, the
mixture was cooled to room temperature and centrifuged.
The supernatant was concentrated to a volume of about 2
mL and a saturated solution of NH4PFs was then added to
precipitate the complex. The mixture was centrifuged and

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

the precipitate was washed twice with water, ethanol and
diethyl ether, yielding the desired complex (242 mg, 95%).
1H NMR (300.1 MHz, §-CDsCN): 7.71 (8H, dd, Hs,s, J = 3.9 Hz),
8,02 (4H, d, Ho/2, J = 5.2 Hz), 8.30 (12H, 25, Ha/0 and Hs,6), 8.39
(4H, Spr, Hot), 8.68 (4H, dd, Ha/7), 8.70 (4H, dd, Hy/4), 9.12 (4H,
Skr, HB). HRMS (ESI): [M3+] calculated for CegHaoN1sFsP2°Ru23*
m/z 483.0488; Found m/z 483.0437.
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