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/Abstract: Four derivatives of the laminate acceptor ligand
dipyrido-[3,2-a:2',3'-c]phenazine (dppz) and their corre-
sponding ruthenium complexes, [Ru(phen),(dppzX,)*", were
prepared and characterized by NMR spectroscopy, ESI-MS,
and elemental analysis. The new ligands, generically denoted
dppzX,, were symmetrically disubstituted on the distal ben-
zene ring to give 10,13-dibromodppz (dppz-p-Br), 11,12-di-
bromodppz (dppz-0-Br), 10,13-dicyanodppz (dppz-p-CN),
11,12-dicyanodppz (dppz-0-CN). Solvated ground state MO
calculations of the ruthenium complexes reveal that these
electron-withdrawing substituents not only lower the LUMO
of the dppz ligand (dppz(CN), < dppzBr, <dppz), but that
the para disubstitution results in a lower LUMO than the

-

ortho disubstitution (dppz-p-CN < (dppz-0-CN), and dppz-p-\
Br <dppz-0-Br). The validity of the calculations was con-
firmed experimentally using cyclic voltammetry. Of the com-
plexes evaluated in this study, only the dicyanodppz com-
plexes showed multiple dppz-based reductions prior to re-
duction of the phen ligands. The capacity to form singly and
doubly reduced dppz-based anions at modest reduction po-
tentials was confirmed using a combination of spectroelec-
trochemical and chemical titration methods. When subjected
to photolysis with visible light in the presence of a sacrificial
donor, such as triethylamine, both cyano complexes showed
multi-electron reduction. The other complexes only show
a single reduction.

/

Introduction

Compounds that store light energy in the form of high poten-
tial electrons are sought after materials."" Of the various elec-
tron storage systems, ruthenium polypyridal complexes have
attracted much attention due to their unique photophysical,
optical, and electronic properties, which are useful for poten-
tial photocatalytic applications such as H, production through
single and multi-electron storage. Coincidentally, these com-
plexes are also studied for their interesting DNA binding prop-
erties and biological activity.”

Ru" polypyridal complexes are commonly utilized in light
energy conversion schemes, due to their stability and
long-lived excited state lifetimes, which upon reductive
quenching, effectively traps an electron in a high energy orbi-
tal. In recent years, Ru’>* multi-electron storage systems such
as [(phen),Ru(tatpp)Ru(phen),]*" (P) and [(phen),Ru(tatpq)-
Ru(phen),]** (Q; where phen is 1,10-phenanthroline, tatpp is
9,11,20,22-tetraaza tetrapyrido[3,2-a:2'3"-c:3",2"-1:2"",3""-n]-pen-
tacene and tatpq is 9,11,20,22-tetraazatetrapyrido[3,2-a:2'3'-
c:3",2"-1:2"",3""-n]-pentacene-10,21-quinone) have been shown
to store up to 2 or 4 electrons, respectively, during irradiation
with visible light in the presence of a sacrificial donor.”

Unfortunately, the potential of the stored electrons in P and
Q are too low (ca. 0V vs. NHE) to drive important fuel-making
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reactions, such as proton reduction to H,. If these complexes
are to be used effectively in solar-fuel making processes, it is
important not only to store multiple electrons, but also to do
so at more negative potentials.

We have attempted to increase the reducing potential
of P by “bending” the tatpp ligand.”! This structural modifica-
tion results in a shift of the first reduction potential by ap-
proximately —500 mV showing it is possible to raise the
LUMO energy relative to that seen in P. This complex,
like P, also undergoes a second photoreduction but at a signifi-
cantly slower pace than seen with P. Unfortunately, the “bend-
ing” of the tatpp ligand seems to increase accessibility of the
central portion of the ligand to radical dimerization reactions,
which limits the utility of this complex as a photoreduction
catalyst. Addition of electron-donating methoxy substituents
to the central benzene in the P complex also raised the energy
of the LUMO significantly, but the resulting complex photo-
chemically eliminates the methoxy substituents during photo-
lysis.”’

[Ru(phen),dppz]*" or [Ru(bpy),dppz]*" (phen = 1,10-phe-
nanthroline; bpy = 2,2"-bipyridine; dppz = dipyrido-[3,2-
a:2',3'-c]Jphenazine) both undergo reductive quenching with
sacrificial donors when irradiated, storing a single electron at
approximately —0.7 V versus NHE.® No doubly reduced prod-
ucts have ever been observed. Fees et al. showed that the re-
duction potential of [Ru(bpy),(11,12-dimethyl-dppz)]** was
shifted approximately 100 mV more negative, signifying a de-
stabilization of the LUMO orbital by electron donating methyl
groups. Conversely, electron-withdrawing groups (EWGs) were
observed to lower the energy of the LUMO orbital centered on
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the dppz ligand in a number of
[ReCl(CO)s(dppzX,)]  analogues, 3
where X=—F, —Cl, and —CF,." Nj

In this work, we explore the
electronic ramifications of sym-
metrically disubstituted dppz an-

X

. |
alogues, using —Br or —CN elec- [N . Nz
tron-withdrawing groups. Our o \
goal is to prepare a ruthenium(ll) ) L
photocatalyst which undergoes
multi-electron photoreduction in N o
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donors, which ideally stores [N Ru . 7 |
these electrons at potentials , L 0
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[Ru(phen)2dppzX2](PFe)2

[PFG]Z

—l [PFels

N RYR? = H = [Ru(phen),dppz](PFe);

R'/R?= H/Br = [Ru(phen),dppz-0-Br](PFg),

[PFels
—| R'/R?= Br/H = [Ru(phen),dppz-p-Br](PFg)2
N
j R'/R?= H/CN = [Ru(phen),dppz-0-CN](PFg),
N
2 R'/R?= CN/H = [Ru(phen),dppz-p-CN](PFg)>

Figure 1. Complexes discussed in this work.
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are shown schematically in dppz-0-Br
Figure 1, Figure 2, Figure 3. The
preparation of dppz-o-Br and IZ
dppz-p-Br were previously re-
pp P[S] p ' y : 2 dppzoCN
ported.” The preparation of di-
cyano derivatives is new, as is  Figure 2. Synthetic route towards the 11,12-disubstituted dppz analogues.
the complexation of these four
acceptor ligands to a Ru" ion. All o o
of the dppz acceptor ligands NaBH
PP P 9 . ? soch, _ _HBr /N\S CuCN =N EoHTHF NH
were prepared by a condensation NS “CHCl, S ST <° CoCxer0" "
. 2
reaction between 1,10-phenan- B 10 N 13 N 14
throline-5,6-dione  (phendione)
and the corresponding disubsti- NaBH, phendione
tuted 1,2-phenylenediamines. In CaCly x 60
cases where a sulfur-extrusion 7 7 CN
N~ N~ N
was necessary to deprotect the . Phendione_ >
diamino substituents, a Co'/ N| N N”
i - = CN
NaBH, reduction system de dppzpBr dppz-p-CN

signed by Neto etal. was used,
to afford the diamines in rela-
tively high yields.®" Both dicya-
no substituted 1,2-phenylenediamines were prepared from
their respective dibromo 1,2-phenylenediamine analogues
using CuCN in DMF.2% The yields of dppz-0-Br and dppz-0-CN
ligands from their diamino counterparts 1,2-diamino-4,5-dibro-
mobenzene (3) and 1,2-diamino-4,5-dicyanobenzene (7), was
approximately 82 % and about 78 %, respectively.

'H NMR spectra of the free-ligand dppz-0-Br shows a singlet
(0 =28.58 ppm), corresponding to protons in the 10 and 13 po-
sitions of the symmetrical dppz ligand.®? When substituting
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Figure 3. Synthetic route towards the 10,13-disubstituted dppz analogues.

the free-ligand with —CN to afford dppz-o-CN, this singlet
shifts noticeably (0=9.03 ppm). Proton shifting in cyclic aro-
matic compounds is expected where stronger EWG’s may de-
shield protons, in proportion to the strength of the withdraw-
ing group. In this case, substitution of —CN in place of —Br re-
sults in a Ad~0.5 ppm.

A similar effect is observed for substitution of —Br or —CN in
the 10 and 13 positions of dppz. '"H NMR spectra of dppz-p-Br
shows a singlet (0 =8.00 ppm), corresponding to protons in
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the 11 and 12 positions of the dppz ligand.®? Substitution
with the cyano group in the 10,13 positions of the free-ligand
affords dppz-p-CN and results in a Ad~0.6 ppm, (0=
8.59 ppm), consistent with the deshielding effect observed in
the previous case. Interestingly, the magnitude of downfield
proton shifting upon switching from —Br to —CN functionaliza-
tion is nearly equal in both ortho- or para-disubstitution exam-
ples.

Calculations

0.14 -
Solvated, ground state DFT cal-

culations  of  various  [Ru- —
(phen),(dppzX,)1** analogues 0.13
where X=-H, —CH;, —Br, and
—CN, were performed at the
B3LYP level using Gaussian 03,
using acetonitrile as the sol-
vent'"” The overall charge of
each complex was set to (+2) to
account for the Ru"' metal. In
order to make comparisons be- 0.1 1
tween the energies of the LUMO
and LUMO+1 orbitals between
various  [Ru(phen),(dppzX,)*"
analogues, the Ru dm-based
HOMO was set to 0.0 eV, since
the energy of this orbital should
remain relatively similar in each
complex. The results are shown
in Figure 5. In every complex,
the LUMO is localized on the
dppz or tatpp ligands, shown
pictorially in Figure 6. The dppz
centered LUMO is typically localized around the phenazine
portion of the acceptor ligand. In most complexes, the
LUMO +1 is localized around the 1,10-phenanthroline portion
of the complexes, which is commonly referred to as the optical
orbital™ This is because the MLCT absorption maximum
(~450-480 nm) corresponds to the energy gap between the
HOMO-LUMO+1 orbitals, and is nearly identical in both
[Ru(phen);]** and [Ru(bpy);]*" complexes. A similar phenom-
ena occurs in complexes P and Q, where neither complex
shows significant absorptions below the 480 nm MLCT band.
As expected, the data in Figure4 and Figure 5 show that
strong electron-withdrawing groups, such as CN, greatly stabi-
lize the energy of the phenazine (phz) centered dppz orbital
(the LUMO), with only minor influence on the LUMO+1.
Bromo substituents show a modest stabilization of the
LUMO orbital. The position of the substituents on the distal
ring of the dppz ligand also shows observable differences in
orbital energy modifications. Substituting electron-withdrawing
groups in the 10,13 positions, shows an enhanced stabilization
of the ligand centered orbitals, compared to substitution in
the 11,12 positions for the same substituent. Interestingly, it
was also noted when —CN is used as a substituent, the MO cal-
culations predict a second ligand centered orbital on both

0.12 1 -

0.11 A

Hartrees

0.09 1

0.08 -
dppz
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Figure 4. Synthesis of the final complexes by addition of [Ru(phen),Cl,].

dppz-0-Br dppz-p-Br dppz-o-CN  dppz-p-CN tatpp

Figure 5. Solvated (MeCN), ground state, DFT calculations (B3LYP level) of Ru'-bound complexes. The HOMO was
set to 0 eV for this diagram. LUMO orbitals (black line) represent MO's centered on the pyrazine portion of the
dppz or tatpp ligand. LUMO + 1 orbitals (blue line) represent the phen centered MO’s for most complexes. In
11,12-dicyanodppz, and 10,13-dicyanodppz, a new dppz centered orbital (red line) is observed.

dppz-CN analogues, which is interesting when compared to li-
gands reported by Pena etal., specifically in regard to how
close energetically the second ligand centered orbital lies in
contrast to the phen-centered orbitals."? The energy of this
MO is greatly affected by substituent position, and represents
a second orbital localized on the dppz ligand, as shown in
Figure 6.

Electrochemistry

Fees et al. have shown the first reduction of [Ru(bpy),(dppz)]**
in dry DMF occurs at —0.72 V versus NHE, which corresponds
to reduction of the dppz ligand to form the coordinated anion,
that is, [(bpy),Ru(dppz’)]**.*'3 The second and third reduc-
tions of [Ru(bpy),dppz]*" occur at —1.15 and —1.35V versus
NHE, and can be attributed to sequential one-electron reduc-
tions of the metal bound bpy co-ligands. The second and third
reduction potentials differ by approximately 0.16 V, which the
authors attribute to coulombic repulsion.

In this work, the electrochemical reduction of [Ru-
(phen),dppz]** in DMF closely matches the results obtained by
Fees etal. as shown in Table 1. The first reduction occurs at
—0.72 V versus NHE, with the second and third reductions oc-
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[Ru(phen)s]? [Ru(phen)2dppz]?* [Ru(phen)2(dppz-0-CN)]?*  [Ru(phen)z(dppz-p-CN)]2* [((phenzRu)atatpp]**
}gﬁtﬂ:
LUMO+2 LUMO+2 LUMO+2
LUMO+1 LUMO+1 LUMO+1 LUMO+1
LUMO LUMO LUMO LUMO LUMO

Figure 6. MO pictures for the relevant orbitals described in Figure 5 for the phen, dppz, dppz-0-CN, dppz-pCN, and tatpp ligands coordinated to

a Ru(phen),*™ unit.

curring at —1.11 and —1.32V. The first reduction of [Ru-
(phen),(dppz-0-Br)** and [Ru(phen),(dppz-p-Br]*" is shifted
by 190 and 230 mV, respectively, positive to that observed for
[Ru(phen),(dppz)]**, as anticipated by the computational data.
The second and third reductions are at potentials more nega-
tive than —1.0V and similar to those seen for [Ru-
(phen),dppz]*™. Given their values, these are assigned to be
one-electron reductions of the metal bound phen ligands.
Conversely, CV and DPV scans of [Ru(phen),(dppz-0-CN)I**
and [Ru(phen),(dppz-p-CN)]*" showed two and three reduction
peaks, respectively, in the region between —0.15 and —0.90V,
which are all assigned as dppz-based reductions (Figure 7). The
potentials of these processes are listed in Table 1. Two addi-
tional reductions at about —1.17 and —1.34V are seen for
both [Ru(phen),(dppz-0-CN)]** and [Ru(phen),(dppz-p-CN)I**

showing reduction of the terminal phenanthrolines occurs at
similar potentials to the other complexes even after multiple
reductions of the dppz(CN), ligand.

Chemical reduction

The electronic absorption spectra of the reduced forms of
both dicyano complexes were collected by chemical titration
methods and spectroelectrochemical techniques. For the
chemical titration data, the optical absorption spectra of the
reducing agent [((CH;)sCp),Co] must be considered and has
been previously reported in acetonitrile solutions."® Although
the electronic absorption spectra of the 19-electron [(Cp*),Co]
species is featureless above 350 nm, [(Cp*),Co]™ has small ab-
sorptions at 420 nm (¢=330M 'cm™"), 469 nm (e=8m 'cm ),

540nm (¢=08m'cm™"), and 787 nm (e=

0.2m 'em™). All of which are essentially negligible

Table 1. Reduction potentials of ruthenium-dppz complexes and related analogues.
Reductions of the metal bound phen or bpy ligands are highlighted in bold.

relative to the strong LC and MLCT bands with the
molar absorptivities of ruthenium-polypyridals (e=
5000-20000m~'cm™'), thus the changes observed

Complexes® 'E V] EV] EVI EVI CEV] . .

P are attributed to the Ru complexes. The absorption

.
[Ru(phen);] _ -1 -1 15 spectra of the product of the two dicyano complexes
[Ru(bpy),dppz]* "™ —0.72 -1.15 -1.35 . ith ival f
[Ru(phen),dppz?* o079 11 132 upon reaction with one or two equivalents o
[Ru(phen),tatppaRu(phen),]* ¥ —0.52% 093" [(Cp*),Co] are shown in Figure 8 and Figure 9, respec-
[Ru(phen),tatppRu(phen),]* -0.01®  —0.5" tively. The changes induced by protonation of these
4+ [6b] [c] [c] . . . .
[Ru(phen),tatpqRu(phen),] 001 —036 reduced species with one or two equivalents of tri-
[Ru(phen),tatppOMeRu(phen),]***"  —0.05V  —0.52 fl . id (TFA) is al h in th Fi
[Ru(phen), (dppz-0-B1* 053 1477  _133 uoroacetic aci (TFA), is also shown in these |gurezs.
[Ru(phen),(dppz-p-BH1** 049 ~1.187  _1.34 The absorption spectra of [Ru(phen),(dppz-0-CN)J**
[Ru(phen),(dppz-0-CN)I** —0.26 —0.90%" -1.16 -1.33 | shows two peaks at 380 and 440 nm which are as-
-CN)2 _ _osln  _ _ _ ) . o

[Ru(phen),(dppz-p-CN)] 0.18 05 084 119 1351 gigned to a ligand-centered n-m* transition and
[CO(Cp(CHa)s)z][M] -1.3

a MLCT (d-m*) transition. The fact that the energy

[a] Obtained from CV data collected using the hexafluorophosphate salts in N,
purged, dry DMF, with Ag*/Ag reference electrode, Pt counter electrode, and
nBu,NPF; (0.1 m) supporting electrolyte. CVs were run at 50 mVs ™' and reduction po-
tentials are reported versus NHE (Fc'/Fc internal reference). [b] Converted to NHE
from Ag*/Ag by adding 0.21V. [c] Converted to NHE from SCE by adding 0.24 V.
[d] Non-reversible reduction/oxidation step. [e] Small wave; reversible. [f] Partly irrever-
sible.l"™
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(peak position) of the MLCT band is unchanged rela-
tive to [Ru(phen);]** is evidence that this transition is
from the Ru" metal and the LUMO+ 1 orbital. This
feature of the lowest energy optical transition being
associated with an orbital other than the ligand cen-
tered LUMO, is the defining characteristic of laminate
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Figure 7. CV scans in dry DMF using Ag/Ag™ reference electrode, nBu,NPF
(0.1 m) supporting electrolyte, glassy carbon (1.5 mm 1.D.) working electrode,
and Pt counter electrode with a scan rate of 50 mVs~'. [Ru(phen),(dppz-o-
Br)]** and [Ru(phen),(dppz-p-Br)]** (top) and [Ru(phen),(dppz-0-CN)]** and
[Ru(phen),(dppz-p-CN)I** (bottom). Potentials reported versus NHE.

acceptor ligands.”™™"'¥ When reduced by one electron, the re-
sulting [Ru(phen),(dppz-0-CN")]1" complex shows new absorp-
tion bands at 347, 566 and 624 nm. The latter two are likely
new LC bands associated with the electron now stored in the
LUMO of the starting complex. The band at 347 nm seems to
be a blue shifting of the 380 nm n-mt* band from the starting
complex. Notably, the MLCT band, now at 457 nm is largely
unperturbed except for an increase in intensity and a slight
red-shift. This provides further support that the transition to
the LUMO+ 1 is only modestly changed by partial occupation
of the LUMO.

As shown in Figure 10, spectroelectrochemistry of [Ru-
(phen),(dppz-0-CN)I** in dry MeCN shows similar, though less
pronounced, changes in the optical spectrum. Protonation of
the chemically reduced species bleaches the 566 and 624 nm
peaks, ultimately leaving a complex structured band of peaks
in the 380-460 nm region (Figure 8a). We are unsure of what
is happening in these circumstances, as single protonation of
the singly reduced [(phen),Ru(tatpp ~)Ru(phen),l*" and
[(phen),Ru(tatpp™)]* complexes have previously been shown
to undergo disproportionation.'”” The data here do not clearly
reveal the products.

The initial absorption spectra of [Ru(phen),(dppz-p-CN)]**
are similar to [Ru(phen),(dppz-0-CN)I**, and the band assign-
ments are the same. In this case, reduction by one electron re-
sults in the Ru(phen),(dppz-p-CN")]" complex, with a broad
slightly structured band between 600-900 nm (Figure 9a). This

Chem. Eur. J. 2015, 21, 17314-17323 www.chemeurj.org
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Figure 8. Spectral changes of [Ru(phen),(dppz-0-CN)]** upon chemical re-
duction and protonations using [(Cp*),Co] as the reducing agent, and tri-
fluoroacetic acid as the proton source. All samples were prepared under N,
atmosphere in a glove-box. a) Protonations of the singly reduced complex.
b) Protonations of the doubly reduced complex.
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Figure 9. Spectral changes of [Ru(phen),(dppz-p-CN)]** upon chemical re-
duction and protonations using [(Cp*),Co] as the reducing agent, and tri-
fluoroacetic acid as the proton source. All samples were prepared under N,
atmosphere in a glove-box. a) Protonations of the singly reduced complex.
b) Protonations of the doubly reduced complex.

behavior is reminiscent of the optical features seen upon 1-
electron reduction of [(phen),Ru(tatpp ~)Ru(phen),l** and
[(phen),Ru(tatpp™)]1"."® Again the MLCT band is only modestly
perturbed by the reduction, showing the newly stored electron
is not located in the acceptor orbital for the optical transition.
Addition of one proton equivalent decreases the absorption

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 10. Spectroelectrochemistry of complex [Ru(phen),(dppz-0-CN)]**
(top) and [Ru(phen),(dppz-p-CN)]** (bottom) in argon purged MeCN using
Ag +/Ag reference electrode, Pt counter electrode, gold mesh working elec-
trode with nBu,;NPF; (0.1 M) supporting electrolyte. Potentials listed in the
Figure were referenced to CV data in DMF for clarity.

bands between 600-900 nm and 337 nm, consistent with a dis-
proportionation mechanism to [Ru(phen),(dppz-p-CN)]*" and
[Ru(phen),(H,dppz-p-CN)I** (where H,dppz-p-CN is the double
reduced and doubly protonated form of the ligand). This be-
havior also mirrors what is observed upon protonation of
[(phen),Ru(tatpp™)Ru(phen),]*" and [(phen),Ru(tatpp™)]™ com-
plexes."® Addition of a second proton equivalent completely
bleaches the broad band, completing the disproportionation
reaction.

Double reduction to [Ru(phen),(dppz-p-CN?7)] results in the
growth of a structured absorption band with three peaks at
550, 600, and 647 nm and still only modestly perturbs the
MLCT band. Adding one proton equivalent to this [Ru-
(phen),(dppz-p-CN*")] dianion results in broadening of the
band between 500-720 nm, and an increase in the absorbance
at 450 nm. Addition of the second proton converts the com-
plex completely to [Ru(phen),(H,dppz-p-CN)I** which is char-
acterized by a strong LC band overlapping with the MLCT
band at approximately 450 nm. Spectroelectrochemistry of
[Ru(phen),(dppz-p-CN)I** in dry MeCN similarly shows first
a broad band out around 750 nm, followed by a structured
band with peaks between 580 and 700 nm (Figure 10b).

Photoreduction of [Ru(phen),(dppz-0-CN)]** and
[Ru(phen),(dppz-p-CN)I**

The ability to singly reduce the dppz-0-CN and dppz-p-CN li-
gands in [Ru(phen),(dppz-0-CN)]** and [Ru(phen),(dppz-p-
CN)I** complexes without bleaching the fundamental MLCT

Chem. Eur. J. 2015, 21, 17314-17323 www.chemeurj.org
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transition, is the key to allowing such complexes to store mul-
tiple electrons under reductive quenching conditions during
photolysis. As shown in Figure 11 and Figure 12, the optical
changes observed for [Ru(phen),(dppz-0-CN)]** and [Ru-
(phen),(dppz-p-CN)I*" upon irradiation with 470 nm light in
the presence of 0.2 wm triethylamine are consistent with two se-
quential one-electron reductive quenchings of the photoexcit-
ed Ru complexes, as indicated in Figure 13 (reaction 1).

The spectrum of the final products suggests both complexes
have been doubly reduced, but only singly protonated. This is
consistent with the types of products seen in the tatpp based
photochemistry in MeCN with 0.2 m TEA.®! While the resonance
structure of the anionic ligand shown in reaction 1 (Figure 13,
right) would likely be basic, this is just one of many resonance
structures, where basicity of these nitrogen atoms has been
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Figure 11. Photoreduction of [Ru(phen),(dppz-0-CN)]** (50 um) in N, purged
MeCN (3.0 mL ttl. volume) with TEA (0.2 m), using 470 nm light. a) First ob-
served photoprocess. b) Second observed photoprocess.
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Figure 12. Photoreduction of [Ru(phen),(dppz-p-CN)I** (50 um) in N, purged
MeCN (3.0 mL total volume) with TEA (0.2 m), using 470 nm light.
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shown to be quite modest for the related tatpp-based
anions.”" The reaction is conducted in dry MeCN and there-
fore the only source of protons is through the decomposition
of the TEA radicals generated upon reductive quenching
(Figure 13, reaction 2)."?

While many of the TEA cations may decompose as shown in
reaction 2, pathways exist which do not release protons. Be-
cause of the nature of the sacrificial donor, it is possible the
radical intermediates produced during decay of the TEA radical
cation (reaction 2), are providing the second reducing equiva-
lent for the complexes under study. In this case, a single pho-
tonic event could net a two electron reduction of the Ru com-

N 12 N |+ N T
Y .. C Y .. C .. C
N AN : N AN o N N
Rﬁ : +e Rli ) +e, +H R (1)
NN YN .
(- c O e T c
N N N
. e . _H* .
Et;NCH,CHz ——»= Et,NCH,CHz——> Et;NCHCH; @

[(phen),Ru(dppz-p-CN)I* + Et;NCHCH; + H* —= [(phen),Ru(Hdppz-p-CN)*  (3)
Z
+  Et,N=CHCH,

Figure 13. Reaction schemes for sequential reduction of dppz-p-CN (1), TEA
decomposition (2), and photolysis products (3).

plex. To further examine this possibility, we followed several
photolysis reactions by their absorption spectra and stopped
the irradiation just after the first reduction finished and the
second process was becoming apparent. The spectral changes
stopped when the irradiation stopped. After standing in the
dark for 2 min, the irradiation was restarted upon which the
spectral changes continued as in prior continuous irradiation
experiments. The same final spectrum was obtained. As the
TEA radicals are short-lived, the 2 min dark period is used to
remove all such species from solution in situations where the
only ruthenium species present are singly and some doubly re-
duced products. The photoreactivity of this solution is evi-
dence that the second reduction in the two dicyano com-
plexes can be photochemically driven.

This is not to say that thermal reduction of ruthenium com-
plexes by the TEA radical does not occur during photolysis,
only that it is a side reaction which if absent, would not pre-
vent the net two photon, two-electron reduction of [Ru-
(phen),(dppz-0-CN)I*" and [Ru(phen),(dppz-p-CN)]*". In other
words, the Ru dm-phen st* MLCT manifold in the singly re-
duced [Ru(phen),(dppz-0-CN")]* and [Ru(phen),(dppz-p-
CN)]™ is still functional to generate a triplet excited state that
is long-lived enough to undergo reductive quenching, leading
to a second reduction of the dicyanodppz ligands. We would
argue that the rare ability of these tatpp and dicyanodppz
complexes to undergo multiple photoreductions is because
the initial electron is stored in the lower-lying redox-orbital
(LUMO) and not the optical “phen-like” orbital (LUMO+1 or
LUMO + 2). The resulting complex is then still functional photo-
chemically through a traditional excitation into the MLCT mani-
fold.
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Conclusion

Modification of the dppz ligand with two cyano substituents
expands the ligands m-conjugation and inserts strong electron-
withdrawing groups (EWG), which results in the ligands ability
to store multiple electrons upon photoexcitation when incor-
porated into a ruthenium(ll) complex. Substitution with the
EWG bromo substituents alone was not enough to impart this
multi-electron storage capacity. The cyano modifications are
shown to stabilize the phenazine-based LUMO, with the 10,13-
substitution showing greater stabilization over the 11,12-sub-
stitution. The ruthenium complexes with these new ligands are
capable of storing up to two photochemically excited elec-
trons in this stabilized MO at approximately 0.2 to 0.3 V more
negative than seen in P and Q, reflecting an increase in stored
energy. We are exploring pathways to further store this energy
in a fuel, such as H,, to establish a photocatalytic fuel-forming
reaction.

Experimental Section
Materials and reagents

o-Phenylenediamine (Acros, CAS: 95-54-5), HBr (48%, Fluka, CAS:
10035-10-6), Br, (99.8% Alfa Aesar, CAS: 7726-95-6), Et;N (99.5%,
SigmaAldrich, CAS: 121-44-8), SOCI, (SigmaAldrich, CAS: 7719-09-
7), CuCN (Fluka, CAS: 544-92-3), NaBH, (SigmaAldrich, CAS: 16940-
66-2), NH,PF, (Oakwood Products, CAS: 16941-11-0), FeCl;-6H,0
(Acros, CAS: 7705-08-0) were purchased and used without further
purification. 1,10-Phenanthroline-5,6-dione (phendione) was syn-
thesized according to literature procedures.”™ [Ru(phen),Cl,] was
prepared according to literature procedures.™ All synthetic reac-
tions were performed under aerobic conditions unless otherwise
specified. All solvents were used without further purification unless
otherwise noted. Synthesis of compounds 2 and 3 were performed
according to literature procedures. %2

Instrumentation

'H NMR spectroscopic measurements were obtained on a JEOL 500
or 300 MHz spectrometer. IR spectra were obtained using a Bruker
Vector 22 FT-IR spectrometer with KBr discs. ESI-MS data were col-
lected using a Thermo Scientific ESI-IT-MS, LCQ DECA-XP, with
a flow rate between 5-10 uLmin~', and voltage setting of 4.5 kV.

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
measurements were performed using CH Instruments (1620 A)
electrochemical workstation, with a platinum wire counter elec-
trode, glassy carbon working electrode, and an Ag/AgCl reference
electrode. All potentials are reported versus NHE unless otherwise
specified. Measurements were performed at room temperature,
under N,, using dry DMF, with nBu,NPF, (0.1 ™M) as the supporting
electrolyte, and a Ru" complex concentration of (0.05 mm). At the
end of the experiments, ferrocene was added to provide an inter-
nal reference potential, and the Fc™/Fc couple at 0.64V versus
NHE was used to correct the voltammograms. All potentials are re-
ported versus NHE unless otherwise specified.

Spectroelectrochemistry experiments were performed using both
a Hewlett-Packard HP8453A and the CH Instruments (1620A) elec-
trochemical workstation simultaneously, to collect UV/Vis and elec-
trochemical data. The spectroelectrochemical cell kit was pur-
chased from BASi (EF-1351), which included a thin layer quartz cuv-
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ette (1 mm pathlength), gold-mesh minigrid working electrode,
platinum wire counter electrode, and an Ag/AgCl reference elec-
trode. All spectroelectrochemical experiments were performed
using anhydrous MeCN, with nBu,NPF; (0.1 M) as the supporting
electrolyte, and a Ru" complex concentration of (0.5 mm).

Photoreduction of complexes [Ru(phen),(dppz-0-CN)]** and [Ru-
(phen),(dppz-p-CN)** were performed in septum sealed, 1cm
glass cuvettes (Starna). Samples were irradiated with a custom
diode light source which emits blue light (4., =470 nm), de-
scribed previously.?"” Optimal spectra were recorded on a Hewlett-
Packard 8453 UV-visible spectrophotometer.

Chemical reductions and protonations were performed under N,
atmosphere in dry acetonitrile, with decamethyl cobaltocene
[(Cp*),Co] as the reducing agent and trifluoroacetic acid (TFA) as
the proton source. Saturated solutions of decamethyl cobaltocene
were prepared in a glove-box under anaerobic conditions, and
subsequently filtered. The concentration of the stock solution was
determined by adding a known volume to a concentrated sample
of [[MVI(PFy),] in dry acetonitrile, (where [MV]** is 1,1"-dimethyl-
4,4'-bipyridinium or methyl viologen) and quantifying the concen-
tration of the [MV']* generated, using the literature reported molar
absorptivity values of & (396nm)=41500m 'cm' and
€ (608 nm)=13500m 'cm'.*?

Synthesis

11,12-Dibromodipyrido-[3,2-a:2',3'-cJphenazine

Synthesis was preformed according to literature procedure.®d

Phendione, (0.300 g, 1.42 mmol) was suspended in EtOH (50 mL)
with K,CO; (0.200 g, 1.44 mmol), with 1,2-diamino-4,5-dibromoben-
zene (3; 0.380 g, 1.42 mmol). The solution was refluxed under N,
for 12 h. The slurry was filtered using a 0.2 um nylon membrane.
The filter cake was washed with hot H,O (100 mL), acetone
(50 mL), and Et,0 (20 mL) then dried in vacuo at 50°C for 12 h.
Yield 0.512g (82%). 'HNMR (500 MHz, Zn(BF,),, [Ds]MeCN): 6 =
8.23 (dd, /=4.6, 13.2 Hz, 2H), 8.58 (s, 2H), 9.22 (d, J/=6.9 Hz, 2H),
9.65 ppm (d, J=9.7 Hz, 2H).

[Ru(phen),(11,12-dibromodipyrido-[3,2-a:2',3'-cJphenazine)]-
(PFy),

[Ru(phen),Cl,] (0.119g, 0.225 mmol) and dppz-0-Br (0.110g,
0.250 mmol) were added to EtOH (30 mL) and H,0 (30 mL). The so-
lution was refluxed under N, for 68 h, filtered and NH,PF, (0.15 g,
0.89 mmol) was added to the filtrate. A red precipitate was formed
which was filtered and the solid washed with H,0 (50 mL) and di-
ethyl ether (50 mL) and dried in vacuo at 50°C for 12 h. Yield
0.219 g (82%). "H NMR (500 MHz, [D;]MeCN): 6 =7.62 (m, 4H), 7.74
(dd, J=5.4, 13.8 Hz, 2H), 7.99 (d, /=6.8 Hz, 2H), 8.09 (d, /=6.3 Hz,
2H), 8.19 (d, J/=6.9 Hz, 2H), 8.24 (s, 4H), 8.59 (t, J=7.5, 6.8 Hz, 4H),
8.79 (s, 2H), 9.52 ppm (d, J=9.2 Hz, 2H). CHN ESI-MS: [M—2 (PF)]*"
: caled: 450.5 m/z, found: 450.536; elemental analysis calcd (%) for
[Ru(phen),(11,12-dibromodipyrido-[3,2-a:2’,3’-c]phenazi-
ne)](PFy),-H,0 (C4,H,6Br,F1,NgOP,RuU): C 41.71, H 2.17, N 9.26; found:
C 41.55, H 1.80, N 9.29.

5,6-Dibromo-2,1,3-benzothiadiazole (5), 5,6-dicyano-2,1,3-ben-
zothiadiazole (6), and 1,2-diamino-4,5-dicyanobenzene (7)

The synthesis of compounds 5 and 6 were previously reported.
Sulfur extrusion from 6 using NaBH,/EtOH as the reducing system,
was reported to give 7 in 53 % yield. Due to the difficulty in reduc-
tive desulfurization of substituted diaminobenzene derivatives, re-
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search shows CoCl,-6H,0 can be used as a reductive catalyst in
NaBH,/EtOH systems, improving yields and reaction time.®¥ Adopt-
ing this procedure, 7 was prepared by stirring 6 (1.86g,
10.0 mmol), in EtOH (100 mL) and THF (10 mL) with CoCl,-6H,0O
(0.237 g, 0.996 mmol). The suspension was stirred for 15 min, then
NaBH, (1.89 g, 50.0 mmol) was added in one portion. The mixture
was refluxed for 1.5 h, then NaBH, (0.750 g, 20.0 mmol) was added
in one portion to the hot solution. After 30 min the flask was
cooled, and filtered through a bed of Celite. The solvent was re-
moved using a rotovap, and the residue was dissolved in H,O
(100 mL). The product was extracted with CH,Cl, (3x100 mL), and
the organic extracts were combined and dried with MgSO,. The or-
ganic extracts were filtered and the solvent removed to give 7,
which was used immediately in the next step. Yield 1.32 g (84%).

11,12-Dicyanodipyrido-[3,2-a:2',3'-cJphenazine

Synthesis was preformed according to literature procedures.® 1,2-
Diamino-4,5-dicyanobenzene (7; 1.32 g, 3.97 mmol) was suspended
with phendione (0.834 g, 3.97 mmol) in EtOH (50 mL) with K,CO;
(0.400 g, 2.88 mmol) and refluxed under N, for 24 h. The slurry was
filtered and the filter cake was washed with hot H,O (100 mL), ace-
tone (50 mL), and diethyl ether (20 mL) then dried in vacuo. Yield
1.02g (78%). "HNMR (500 MHz, Zn(BF,), [D;]MeCN): 6=8.29 (dd,
J=5.2, 2.7 Hz, 2H), 9.03 (s, 2H), 9.26 (d, J=6.3 Hz, 2H), 9.83 ppm
(d, J=9.7 Hz, 2H). IR (KBn): #=2250 cm™~' (CN stretch)

[Ru(phen),(11,12-dicyanodipyrido-[3,2-a:2',3'-c]Jphen-
azine)](PFy),

[Ru(phen),Cl,] (0.119 g, 0.225 mmol) and (dppz-0-CN) (0.083 g,
0.250 mmol) were added to EtOH (30 mL) and H,0 (30 mL). The so-
lution was refluxed under N, for 72 h and then filtered hot. An
aqueous solution of NH,PFs (0.15g, 0.89 mmol) in water (3 mL)
was added to the filtrate, causing immediate precipitation of
a brown solid. The mixture was filtered and the solid was washed
with 50 mL H,O (50 mL) and 50 mL diethyl ether (50 mL) and dried
in vacuo for 24 h. Yield 0.227 g (93%). CHN 'HNMR (500 MHz,
[D;]MeCN): 6=7.63 (m, 4H), 7.77 (dd, J=5.4, 2.9 Hz, 2H), 7.98 (d,
J=5.2Hz, 2H), 8.14 (d, J=5.2 Hz, 2H), 8.18 (d, J=4.0 Hz, 2H), 8.24
(s, 4H), 8.60 (t, J=7.5, 9.2 Hz, 4H), 9.07 (s, 2H), 9.56 ppm (d, J=
9.7Hz, 2H). IR (KBn: #=2250cm™" (CN stretch); ESI-MS:
IM—2(PF1**: calcd: 396.9 m/z, found: 397.0; elemental analysis
caled (%) for [Ru(phen),(11,12-dicyanodipyrido-[3,2-a:2',3'-c]phen-
azine)l(PFg),2H,0 (CagHasF N1 OP,RU): C 47.20, H 252, N 12.51;
found: C 47.36, H 2.35, N 12.08.

2,1,3-Benzothiadiazole (9), 4,7-dibromo-2,1,3-benzothiadiazole
(10), 1,2-diamino-3,6-dibromobenzene (11), and 10,13-dibro-
modipyrido-[3,2-a:2',3'-c]Jphenazine

The synthesis of compounds 9, 10, and 11 were previously re-
ported.®e? Synthesis of 11 was performed according to literature
methods using CoCl,-6H,0 as a reductive catalyst with NaBH,/
EtOH, and immediately used to synthesize (dppz-p-Br) according to
literature procedures.®® Compound (11; 1.32 g, 5.00 mmol) was
added to phendione (1.06 g, 5.02 mmol) and K,CO; (0.400 g,
2.88 mmol) in EtOH (50 mL) and refluxed under N, for 12 h. The
slurry was filtered and the filter cake was washed with hot H,0O
(100 mL), acetone (50 mL), and diethyl ether (20 mL). The filter
cake was dried in vacuo. Yield 1.89g (86%). '"H NMR (500 MHz,
Zn(BF,), [Ds]MeCN): 6=28.00 (s, 2H), 8.25 (dd, J=4.7, 13.2 Hz, 2H),
9.25 (d, J=6.3 Hz, 2H), 9.69 ppm (d, /=8.6 Hz, 2H).
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[Ru(phen),(10,13-dibromodipyrido-[3,2-a:2,3'-c]Jphenazine)]-
(PFy),

[Ru(phen),Cl,] (0.119g, 0.225 mmol) and (dppz-p-Br) (0.110g,
0.250 mmol) were added to EtOH (30 mL) and H,0 (30 mL). The so-
lution was refluxed under N, for 48 h, and NH,PF, (0.15g,
0.89 mmol) was added to the filtered solution. A red precipitate
formed, which was filtered and washed with H,0 (50 mL) and di-
ethyl ether (50 mL), then dried in vacuo at 50°C for 24 h. Yield
0.15 g (56%). 'H NMR (500 MHz, [D;]MeCN): 6 =7.63 (m, 4H), 7.78
(dd, J=5.4, 13.2 Hz, 2H), 7.99 (d, J/=6.3 Hz, 2H), 8.13 (d, /=6.9 Hz,
2H), 8.20 (d, J=6.9 Hz, 2H), 8.24 (s, 4H), 8.30 (s, 2H), 8.60 (t, J=
8.6, 8.6 Hz, 4H), 9.64 ppm (d, J=9.2 Hz, 2H). ESI-MS: [M—2 (PF)1*":
calcd: 450.75 m/z; found: 450.469 m/z; elemental analysis calcd
(%) for [Ru(Phen),(10,13-dibromodipyrido-[3,2-a:2’,3'-c]phenazi-
ne)](PFg),-H,0 (CyoHouBroF1,NgP,RU): C 41.71, H 2.17, N 9.26; found: C
41.70, H 1.95, N 9.19.

4,7-Dicyano-2,1,3-benzothiadiazole (13)

4,7-Dibromo-2,1,3-benzothiadiazole (10; 2.87 g, 9.76 mmol) was
added to CuCN (2.84 g, 31.7 mmol) in DMF (40 mL). The slurry was
thoroughly degassed with N, and refluxed for 3 h. A separate solu-
tion of FeCl;3:6H,0 (13.0 g, 48.1 mmol) was added to 3.5 mL con-
centrated HCl (3.5 mL) and H,O (20 mL). Once the refluxed mixture
cooled to RT the FeCl;:6 H,0 solution was added to the cooled re-
action solution and stirred at 20°C for 0.5 h. The product was ex-
tracted with CH,Cl, (2x100 mL) and the combined organic layers
were washed with 6 HCl (3x100 mL), H,O (50 mL), and brine
(50 mL). The organic layer was then dried with MgSO, and the sol-
vent was removed under reduced pressure. Yield 1.12 g (62%).
'H NMR (500 MHz, [D¢]acetone): 6 =8.5 ppm (s, 2H).

1,2-Diamino-3,6-dicyanobenzene (14)

4,7-Dicyano-2,1,3-benzothiadiazole (1.86 g, 10 mmol) was suspend-
ed in EtOH (100 mL) and THF (10 mL) with CoCl,-6H,0 (0.237 g,
1.00 mmol). The suspension was stirred for 15 min, and NaBH,
(1.89 g, 50.0 mmol) was added in one portion. The mixture was re-
fluxed for 1.5 h, and additional NaBH, (0.750 g, 20.0 mmol) was
added in one portion to the hot solution and heated for 0.5 h. The
solution was filtered through a bed of Celite and the solvent was
removed under reduced pressure. The residue was dissolved in
H,O (100 mL) and extracted with CH,Cl, (3x100 mL). The organic
extracts were combined, dried with MgSO, and the solvent was re-
moved under reduced pressure. The crude solid was immediately
used in the next step. Yield 1.01 g (64 %)

10,13-Dicyanodipyrido-[3,2-a:2’,3'-c]Jphenazine

1,2-Diamino-3,6-dicyanobenzene (14; 1.01g, 6.4 mmol) was sus-
pended with phendione (1.34 g, 6.4 mmol) in EtOH (50 mL) with
K,CO; (0.4 g, 2.9 mmol) and refluxed under N, for 24 h. The slurry
was filtered using and the filter cake was washed with 100 mL hot
H,O (100 mL), acetone (50 mL), and diethyl ether (20 mL). The filter
cake was dried in vacuo. Yield 1.76 g (83%). '"H NMR (500 MHz,
Zn(BF,), [D;]MeCN): 6=8.31 (dd, J=4.8, 5.7 Hz, 2H), 8.59 (s, 2H),
9.29 (d, J=6.9 Hz, 2H), 9.88 ppm (d, J=9.7 Hz, 2H); IR (KBr): 7=
2250 cm ™' (CN stretch)
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[Ru(phen),(10,13-dicyanodipyrido-[3,2-a:2',3'-c]Jphenazine)]-
(PFy);

[Ru(phen),Cl,] (0.119g, 0.225 mmol) and (dppz-p-CN) (0.083 g,
0.250 mmol) were added to EtOH (30 mL) and H,O (30 mL). Due to
the insolubility of 15 in 1:1 EtOH/H,0. The solution was refluxed
under N, for 72 h, filtered, and NH,PF¢ (0.15 g, 0.89 mmol) was
added to the filtered solution. A brown precipitate formed, was fil-
tered, and washed with H,O (50 mL) and diethyl ether (50 mL),
then dried in a vacuo at 50°C for 24 h. Yield 0.221 g (91%).
'HNMR (500 MHz, [D;]MeCN): 6=7.63 (m, 4H), 7.79 (dd, J=5.2,
29 Hz, 2H), 7.99 (d, J/=6.3 Hz, 2H), 8.176 (d, /=6.3 Hz, 2H), 8.21
(d, J=5.2Hz, 2H), 8.25 (s, 4H), 8.61 (t, J/=9.7, 9.7 Hz, 4H), 8.63 (s,
2H), 9.63 ppm (d, J=9.7Hz, 2H). IR (KBr): #=2252cm ' (CN
stretch); ESI-MS: [M—2 (PF,)I’": calcd: 396.8 m/z; found: 397.0; ele-
mental analysis calcd (%) for [Ru(phen),(10,13-dicyanodipyrido-[3,2-
a:2',3'-c]phenazine)](PFy),:3H,0  (C,H30F 15N O5P,Ru): C 46.45, H
2.66, N 12.31; found: C 46.51, H 2.38, N 11.73.
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