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ABSTRACT: Using the [RuCl(u-tppz)CIRu]** [tppz = 2,3,5,6-
tetrakis(2-pyridyl)pyrazine] platform for bridging two o-quinone/
catecholate two-step redox systems (unsubstituted, Q”, or 3,5- di-
tert-butyl-substituted, DTBQ”"), we have obtained the stable com-

plexes [(Q"™)Ru"Cl(u-tppz) CIRu"(Q"~)] (1) and the structurally

characterized [(DTBQ")Ru"Cl(u-tppz)CIRu" (DTBQ )] (2).

The compounds exhibit mostly quinone-ligand-based redox activity

within a narrow potential range, hilgh—intensity near-IR absorptions
(Admax A 920 nm; € > 50000 M~ ' cm ™), and variable intra- and

intermolecular spin—spin interactions. Density functional theory

calculations, electron paramagnetic resonance (EPR), and spectro-
electrochemical results (UV—vis—near-IR region) for three one-
electron-reduction and two one-electron-oxidation processes were

used to probe the electronic structures of the systems in the various accessible valence states. EPR spectroscopy of the singly charged
doublet species showed semiquinone-type response for 1°, 2", and 2™, while 1 exhibits more metal based spin, a consequence of the
easier reduction of Q as compared to DTBQ. Comparison with the analogous redox series involving a more basic N-
phenyliminoquinone ligand reveals significant differences related to the shifted redox potentials, different space requirements,
and different interactions between the metals and the quinone-type ligands. As a result, the tppz bridge is reduced here only after full
reduction of the terminal quinone ligands to their catecholate states.

B INTRODUCTION

Multielectron reactivity of metal complex arrangements is
essential for many small-molecule activating systems in bio-
chemistry (e.g., N, fixation, O, generation and conversion,
CO,/CH, activation)' and in corresponding biomimetic
constructions.” The interaction between individual electron-
transfer components is crucial for the functioning of such
composite structures. Prominent among the electroactive
components are transition metals with several stable oxidation
states and organic molecules, typically 77 systems, with multi-
step electron-transfer capacity and therefore noninnocent
ligand behavior.> In addition to multiple ground-state elec-
tron-transfer processes, such composite redox systems are
susceptible to spin—spin interaction of paramagnetic forms*
and low-energy optical absorption because of decreased high-
est occupied molecular orbital (HOMO)—lowest unoccupied
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molecular orbital (LUMO) energy gaps.® New near-IR (NIR)-
active compounds are of increasing interest in the areas of
information processing, energy research, and analytical and
medical applications.

Using the well-characterized, chemically robust, and well-
employed” [RuCl(u-tppz)CIRu]>* bridging platform, we have
now managed to couple two 0-quinone/o-semiquinone/catecho-
late two-step redox systems, the unsubstituted parent, Q"
and the widely used® 3,5-di-tert-butyl derivative, DTBQ’", to
yield the stable neutral complex [(Q)RuCl(u-tppz) CIRu(Q)]
(1) and the structurally characterized [(DTBQ)RuCl(u-tppz)-
CIRu(DTBQ)] (2).
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Figure 1. ORTEP diagram of molecule 2 from the crystal. Ellipsoids are
drawn at the 50% probability level. Solvents of crystallization and
hydrogen atoms are removed for clarity.

Figure 2. Distance between two catecholate units within two adjacent
molecules in the crystal of 2: 01—03 = 5.772 A (all other O---O
distances >8.8 A).
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Owing to the noninnocent ligand potential of quinones,” there
are generally several reasonable oxidation state alternatives with-
in complexes containing one or more ruthenium and quinone-
type ligands,”” with their assignment often depending on more
than one experimental method in conjunction with theoretical

Table 1. Crystallographic Data for 2 - CH,Cl,-1.25H,0

mol formula Cs3HsgsCLNgOs 55sRu,
fw 1206.99
cryst syst monoclinic
space group C2/c

a(A) 43.1908(7)
b (A) 12.1729(2)
¢ (A) 21.9408(4)
B (deg) 102.241(2)
vV (A% 11273.3(3)
V4 8

w (mm™') 0.775

T (K) 150(2)
Degiea (g em ™) 1422
F(000) 4928

20 range (deg) 3.35—25.00
data/restraints/param 9891/0/652

RI, wR2 [I>20(1)]

R1, wR2 (all data)

GOF

largest diff peak/hole (e A~2)

0.0712, 0.1738
0.0934, 0.1810
1.087

1.951/—1.592

support.m However, ruthenium complexes with noninnocent
ligands such as quinone-type organic molecules are interesting
not only for their electron distribution but also for their catalytic
potential resulting from the particular electronic situation.'"

B RESULTS AND DISCUSSION

Synthesis and Identification. Compounds 1 and 2 were
obtained from the precursor [ClsRu™ (u-tppz)Ru'"Cl;] using
the corresponding catechol derivatives H,Q and H,(DTBQ). In
both cases, the reactions led to the exclusive isolation and spec-
troscopic observation of one isomer. As authenticated by its
crystal structure, 2 has the two Ru—Cl groups in an anti con-
figuration. Although there is no structural evidence available, the
similar physical data of 1 and 2 (vide infra) suggest that 1 was also
obtained in the anti configuration like the N-phenylimino
analogue [(Q)RuCl(u-tppz)CIRu(Q)]" (3", Q = 4,6-di-tert-
butyl-N-phenyl-o-iminobenzoquinone).”  The  paramagnetic
and electrically nonconducting 1 and 2 exhibit satisfactory
microanalytical data and display molecular ion peaks at m/z
877.03 and 1101.83, respectively, in CH;CN, corresponding to
the calculated molecular masses of 877.93 (17) and 1102.18
(2") (Figure SI in the Supporting Information). Paramagnetic 1
and 2 exhibit broad "H NMR resonances over a wide chemical shift
range, from +23 to —38 ppm in CDCI;, resulting from a para-
magnetic contact shift'> (Figure S2 in the Supporting Information).

The typical’ nonplanarity of the tppz bridging ligand is
illustrated by the crystal structure of 2 (Figures 1 and 2 and
Tables 1 and 2), with the pyridyl groups alternately displaced
upward and downward around the central twisted” pyrazine ring.
This configuration has been supported by the density functional
theory (DFT)-optimized structure of 1 (Figure S3 in the
Supporting Information). For 2, the experimental dihedral angles
between adjacent pyridine rings are 25.8 and 28.7°, and the
dihedral angle between the best planes of Rul—N1—-N2—N3
and Ru2—N4—NS5—N6 is 30.4°. The appreciably shorter Ru—
N(pyrazine,tppz) bond of 1.922(6) A (average) compared to the
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Table 2. Selected Bond Distances (A) and Bond Angles (deg)

for 2
bond distances bond angles
Rul—N2 1.922(5) N2—Rul-02 94.1(2)
Rul—02 2.009(5) N2—Rul—N1 79.9(2)
Rul—N1 2.037(6) 02—Rul—N1 95.0(2)
Rul—01 2.048(4) N2—Rul—-01 171.9(2)
Rul—N3 2.079(5) 02—Rul—-01 79.46(18)
Rul—Cll 2.365(2) N1-Rul-O1 95.7(2)
Ru2—N$§ 1.921(6) N2—Rul—N3 80.1(2)
Ru2—N4 2.023(7) 02—Rul—N3 87.99(19)
Ru2—03 2.030(6) N1—-Rul—N3 159.9(2)
Ru2—04 2.035(5) Ol1—Rul—N3 104.4(2)
Ru2—N6 2.047(7) N2—Rul-Cl1 92.50(17)
Ru2—Cl2 2.388(3) 02—Rul—Cl1 172.80(13)
01-C25 1.306(8) N1—-Rul—Cll 88.89(16)
02-C30 1.309(8) O1-Rul—Cl1 94.16(13)
03-C39 1.308(9) N3—Rul—Cl1 90.40(15)
04—C44 1.307(9) NS—Ru2—N4 80.8(2)
C25—C26 1.427(10) NS—Ru2—03 98.9(2)
C25—C30 1.429(10) N4—Ru2—03 91.2(2)
C26—C27 1.373(11) N5S—Ru2—04 178.2(2)
C27—-C28 1.409(12) N4—Ru2—04 98.5(2)
C28—C29 1.360(11) 0O3—Ru2—04 79.5(2)
C29—C30 1.413(10) N5—Ru2—N6 79.5(2)
C39—C40 1.398(11) N4—Ru2—N6 160.3(2)
C39—C44 1.429(11) 03—Ru2—N6 91.8(2)
C40—C41 1.366(12) 04—Ru2—N6 101.2(2)
C41-C42 1.410(13) N5—Ru2—CI2 88.7(2)
C42—C43 1.374(12) N4—Ru2—CI2 86.58(19)
C43—C44 1.427(10) 03—Ru2—CI2 171.69(16)
04—Ru2—CI2 92.89(15)
N6—Ru2—CI2 93.0(2)

Ru—N(pyridine,tppz) distance of 2.047(6) A (average) implies
strong (dm)Ru" — (prr*)pyrazine(tppz) back-donation.

The sensitive C—O and C—C(meta) bond distances” invol-
ving the catecholate rings [C25—01, 1.306(8) A; C30—02,
1.309(8) A; C39—03, 1.308(9) A; C44—04, 1.307(9) A;
C26—C27, 1.373(11) A; C40—C41, 1.366(12) A] establish the
o-semiquinone state of the terminal ligands in 2,'* based on an
established correlation®'? of C—O (ca. 1.31 A) and intraring
C—C bond distances (ca. 1.37 A for the “meta” bonds”"'*) with
the o0-semiquinonato oxidation state. This correlation suggests an
oxidation state configuration of 2 as [(DTBQ’ “)Ru"Cl(u-tppz)-
CIRu"(DTBQ"")]; the DFT-calculated bond distances for 1
also imply the o-semiquinone state of the noninnocent terminal
ligand (Table S1 in the Supporting Information).

The structurally established configuration and arrangement in
the crystal (Figures 1 and 2) raises the question of electronic,
magnetic, and electrochemical coupling of the two remote
(ca. 1 nm distance) but coordinatively and conjugatively coupled
0-quinone redox systems.

Magnetism. The paramagnetic compounds 1 and 2 exhibit
different magnetic behavior. For complex 2, the magnetic
susceptibility between 300 and 2 K measured at 1 T increases
with decreasing temperature (Figure 3). The magnetic moment
at room temperature is 2.36 g, i.e., close to the expected value
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Figure 3. Temperature dependence of the magnetic susceptibility of
complex 2, measured under magnetic fields of 0.1 T (circles, green), 1 T
(squares, red), and S T (triangles, blue).
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Figure 4. Temperature dependence of the magnetic moment of com-
plex 2, measured at magnetic fields of 0.1 T (circles, green), 1 T (squares,
red), and S T (triangles, blue).

for two noninteracting S = '/, spins per molecule. The magnetic
moment smoothly decreases from room temperature to 25 Kand
then quickly decreases until 2 K (Figure 4). These features are
characteristic of weak antiferromagnetic interactions. On the
other hand, the magnetization versus magnetic field plot at 300 K
is linear (Figure S4 in the Supporting Information), although a
slight variation from linearity is observed at high-magnetic-field
values at 2 K (Figure SS in the Supporting Information). The
linearity of the magnetization dependence on the magnetic field
allows for the use of several models to fit the experimental data.

In a first approximation, it seems reasonable to consider each
molecule as a system with two noninteracting S = '/, spins. Thus,
the Bleaney—Bowers equation'* based on the spin Hamiltonian
H=—J5S, (S, =S, ="'/5) can be used to fit the experimental
magnetic data of 2. Additionally, a temperature-independent
paramagnetism (TIP) term and the presence of a paramagnetic
impurity (P) have been added to the Bleaney—Bowers equation
(eq 1).

_ [2NgB 1
Xmol - KT 3+67]/KT

Ngzﬁ2
2KT

+TIP>(1—P)+ p

(1)

The terms N, g, 3, K, J, and T in eq 1 have their usual meaning,
and P is the mole fraction of the noncoupled paramagnetic
impurity.

A good fit between the experimental and calculated data was
obtained using this model (Figure S). The parameters obtained in
the best fits were g = 1.87, ] = —9.61 cm ™ UTIP =259 x 10 * emu
mol ', and P = 28.85% with o” (agreement factor) = 7.98 X 1075,
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Figure S. Temperature-dependent experimental (circles) and calcu-
lated (solid lines, eq 1) magnetic susceptibility and moment values for
complex 2, under a magnetic field of 1 T.

The J value of —9.61 cm™ " indicates weak intramolecular anti-
ferromagnetic interaction between two S = '/ spins. The g value
is low, and the TIP value is typical for ruthenium compoundsgg’15
but P (28.85%) is too high. The presence of a paramagnetic im-
purity is usually considered in such fits of the magnetic properties
of coordination compounds mainlgr when the complex displays
antiferromagnetic interactions.”™!%!” However, in the present
case, the high value obtained for the paramagnetic impurity is not
reasonable. A related system Zn(tmda)(3,6-DBSQ), (tmda =N,
N,N',N-tetramethylethylenediamine; 3,6-DBSQ_= 3,6-tert-bu-
tyl-1,2-semiquinonate) with two semiquinone radicals separated
by a diamagnetic Zn"" ion has been described as containing two
noninteracting S = '/, spins."® However, the computational
studies of molecule 2 have shown stabilization by 983 cm ™" of
the triplet ground state over the singlet form, a difference that is
higher than the thermal energy at 300 K (209 cm™') and that
therefore suggests that this complex should be considered as an
S =1 system.

In order to analyze the magnetic properties of 2 based on an
S =1 ground state, we have examined the crystal structure of this
complex. Analysis of the structure shows most intramolecular
contacts in the bc plane, while the shortest relevant intermolecular
contact was found at 5.77 A between two spin-bearing semiqui-
none oxygen atoms, O1 and O3, of different molecules (Figure 2).
In the unit cell of crystalline 2, there are pairs of molecules related
by an inversion center. Thus, we have considered the existence of
intermolecular interactions between these gairs of molecules
with S = 1 spin states, and we have used eq 2'” based on the spin
Hamiltonian H = —JS,S, (S; = S, = 1) to fit the experimental
magnetic data of 2. Similarly to eq 1, two terms considering TIP
and the same expression for the paramagnetic impurity have been
added to give the following equation.

Ng*B* 2¢/KT 4 10e9/KT
2KT 1+ 3eJ/KT 4 §e3J/KT

Ng2/3?
gﬁp
2KT

(2)

The parameters obtained in the best fits (Figure 6) are g =
1.64,] = —3.07cm™ ', TIP = 2.06 x 10~ *emumol ', P =7.37%,
and 0% (agreement factor) = 1.22 X 10~*. The J value
of —3.07 cm ™' confirms a very weak antiferromagnetic inter-
action between the two S = 1 spins. These parameters are
similar to those obtained with eq 1, although with this model,
the antiferromagnetic coupling is intermolecular. The calcu-
lated paramagnetic impurity is significantly less than that
obtained with eq 1.

Xmol — + TIP (l_P)+
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Figure 6. Temperature-dependent experimental (circles) and calcu-
lated (solid lines, eq 2) magnetic susceptibility and moment values for
complex 2, under a magnetic field of 1 T.
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Figure 7. Temperature dependence of the magnetic moment of com-
plex 1, measured at magnetic fields of 0.1 T (circles, green), 1 T (squares,
red), and S T (triangles, blue).

To determine whether the magnetic behavior of this complex
changes with the magnetic field in analogy to other semiquino-
neruthenium compounds,”® we have carried out additional mag-
netization measurements at variable temperatures under 0.1 and
S T. The magnetic susceptibility values at 5 T are identical with
those obtained under 1 T; however, at 0.1 T, there is a very slight
difference (Figure 3). This difference is better observed in the
representation of the magnetic moment versus temperature plot
(Figure 4), where the magnetic moment at 0.1 T is higher than
that calculated at 1 or 5 T. The dependence of the magnetic
moment on the magnetic field is compatible with the presence of
ferromagnetism in the sample. This ferromagnetism could be due
to the presence of ferromagnetic interactions in complex 2 but
would also be compatible with the presence of a ferromagnetic
impurity. It is well-known that ferromagnetic impurities in
paramagnetic comPlexes can seriously affect the magnetic sus-
ceptibility results.”" If the impurity deduced from the fitting pro-
cedure corresponds to a ferromagnetic phase, the higher depen-
dence of the susceptibility could be the cause of the large amount
of paramagnetic impurity obtained by the fit. As a consequence, it
remains open whether the ferromagnetism observed in this
complex is an intrinsic property of the compound or is due to
the presence of a ferromagnetic impurity.

The magnetic susceptibility of complex 1 between 300 and 2 K
(at0.5,1,and 5 T) increases with decreasing temperature (Figure
S6 in the Supporting Information) but also shows a dependence
on the magnetic field. Similar to complex 2, this dependence is
better observed through variation of the magnetic moment with
temperature (Figure 7). As one can observe in this figure, the
magnetic moment at 0.1 and 1 T shows a strong decrease with
decreasing temperatures, whereas at 5 T, it shows a slight increase
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Table 3. Electrochemical Data”

EI/Z (AEpp)b

complex Ox4° 0Ox3° Ox2 Ox1 Redl
1 1.58 1.41 0.53(52)  0.37(53) —0.27 (59)
2 1.50 129 0.41(51)  022(60)  —0.41 (65)
3 089 053  —078 —0.95' —1.55"

Red2 Red3 Red4? K. K.,% Ko™
—052(60)  —124(53) —177 52x10* 17x10* 7x 10"
—0.66 (69)  —134(70) —188 17x10° 17 x10* 4.8 x 10"
—1.84' —2.26' 79 x 10> 79 x 10* 1.5 x 10"

“ From cyclic voltammetry in CH3CN/ 0.1 MEt;NCIO, at 100 mV s~ ". " In V versus SCE; peak potential differences AE,, [mV] (in })arentheses). ‘Epa

values for irreversible oxidations. E values for irreversible reductions.  Comproportionation constant from RT In K, = nF(AE)

K, between Ox1

and Ox2.¢ K, between Red1 and Red2 Ko between Ox1 and Red1. ' Corresponding half-wave potentials from ref 7c for 3 recalculated using the value

Ei/»(FeCp,™°) = 4+0.40 V vs SCE.

until about 50 K, followed by a sharp decrease until 2 K. The
strong dependence of the magnetic properties on the magnetic
field suggests the existence of sizable ferromagnetic interactions.
In addition, the decrease of the magnetic moment with tempera-
ture indicates the existence of antiferromagnetic coupling. The
contribution of a fractional ferromagnetic impurity to the total
susceptibility can be corrected using a strong applied magnetic
field** to ensure saturation of the sample. However, in this case,
saturation is not reached at the maximum magnetic field used
(5 T), which prevented us from making the mentioned corrections
to check whether the source of ferromagnetism is an impurity.

The representation of the magnetization versus magnetic field
at 300 and 2 K is not linear, which also suggests the presence of
ferromagnetic interactions in 1, as do the small hysteresis loops at
300 and 2 K (Figures S7 and S8 in the Supporting Information).
A similar behavior has been observed in other ruthenium
complexes,20 where, in contrast, saturation of the magnetization
was achieved at 300 K.

The zero-field-cooled (ZFC) and field-cooled (FC) thermo-
magnetization curves at low magnetic field (0.1 T) do not show
appreciable irreversibility and, therefore, these measurements do
not confirm the formation of a magnetically ordered state.
However, this lack of reversibility is in accordance with the low
remnant magnetization observed in the hysteresis cycles.

On the other hand, the magnetic moment at room tempera-
ture at high magnetic field (S T) is 1.66 up (Figure 7), which is
lower than that expected for two noninteracting S = '/, spins per
molecule and for an S = 1 spin system. The computational studies
on 1 have shown stabilization (by 4885 cm™ ') of the triplet
ground state over the singlet form (vide infra). This difference is
much higher than that calculated for complex 2, which indicates
that 1 must also be considered as an S = 1 system. However, as
stated above, the decrease of the magnetic moment with a
decrease in the temperature indicates the presence of antiferro-
magnetic interactions, while variation of the magnetization with
the magnetic field and the hysteresis loops confirms the existence
of ferromagnetism. Considering a triplet ground state, the
antiferromagnetic interaction must then be intermolecular, and
the ferromagnetism could be attributed to a spin canting of the
S =1 units. Spin canting is usually observed when the local spins
in the ordered magnetic state are neither perfectly parallel nor
antiparallel but are canted.”* Spin canting is frequently observed
for nonmolecular solids but has also been well documented for
coordination compounds.”®> Unfortunately, the nonlinear re-
sponse of the magnetization toward the applied magnetic field
prevented the use of approximations to fit the experimental data.

In any case, the magnetic properties of 1 reveal ferromagnet-
ism at room temperature, hysteresis loops at 300 and 2 K, and the
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Figure 8. Cyclic voltammograms and differential pulse voltammograms
(for the first two oxidized and reduced steps, inset) of (a) 1 and (b) 2 in
CH,CN/0.1 M NEt,ClO,, at 298 K. Scan rate: 100 mV s~ ",

absence of magnetization saturation at 2 or 300 K even at high
magnetic fields. Although the presence of a ferromagnetic im-
purity cannot be completely ruled out, the decrease of the ferro-
magnetism with decreasing temperature and the observation of
ferromagnetism in similar compounds®® render the ferromagnet-
ism as an intrinsic property of this compound.

In summary, complexes 1 and 2 behave as S = 1 systems, which
interact antiferromagnetically (J & —3 cm™ ') with neighboring
molecules. In the case of 1, the magnetization curves indicate the
presence of spin canting, probably due to packing of the molec-
ules in the solid state. For complex 2, the observed formation of
pairs of molecules in the crystal is presumed to be responsible for
the total compensation of spins at very low temperatures in the
antiferromagnetic state.

Electrochemistry. Complexes 1 and 2 exhibit multiple suc-
cessive redox processes, four oxidations (Ox1—Ox4) and four
reductions (Red1—Red4) within the potential range of £2 V vs
SCE in CH;CN (Table 3 and Figure 8). The potentials indicate
the more facile oxidation of 2 over 1 due to the electron-donating
‘Bu substituents. The initial oxidation, Oxl/Ox2, and the first
three reduction steps (Redl/Red2/Red3) are fully reversible.
The potential separations between Ox1/0x2 and Redl/Red2
lead to comproportionation constants (K. = 5.2 x 107 1.7 x

10/1.7 x 10% 1.7 x 10%) of about 10*> and 10% respectively,
implying a moderate thermodynamic stability of the odd-electron
intermediates, [(Q®)Ru"Cl(u-tppz)CIRu"(Q" )] (17/2%) and

dx.doi.org/10.1021/ic102280q |Inorg. Chem. 2011, 50, 4753-4763
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Scheme 1

[(QVR!Cl(u-tppz) CIRUN(Q ) or {QRUMCHa-tppz) CIRUM(Q™)]2*

e

[(QORUICI(z-tppz) CIRUNQ*)]* or

e

L(Q)Ru"Cl(z-tppz) CIRuY(Q>)] (Starting Form)

e _

HQ™RUMCI(-tppz)CIRUNQ>)] ™ or [(Q*)RU"Cl(-tpp7)CIRUWQ )]
1 27
e ©
QT RUICI(tppz)CIRW( Q™) ~

of <

[(Q)RUICHg-tppz T )CIRUNQ )™

[(Q)RU'Clz-tppz) CIRUMQ )]

Table 4. EPR Data” of 1" and 2"

complex & J:o) 83
1 2.06 2.00 2.00
2 2,03 2.00 1.987
1" 2.03 2.00 2.00
2" 2.025 2.00 1.986
1~ 2.26 2.095 1.998
27° 2.02 2.00 1.986

?From in situ measurements at 110 K in CH3;CN/0.1 M Bu,NPFg;
electrolytic oxidation and reduction, respectively. " Unresolved hyper-
fine structure. “Weak signal also at 300 K.

2000 2500 3000 3300 4000 4500
B/G

2000 2500 3000 3500 4000 4500
B/G

Figure 9. EPR spectra in frozen CH3CN solutions (110 K) of 1 (top)
and 1~ (bottom).

[(Q7)Ru"Cl(u-tppz)CIRu"(Q* )]~ (17/27). The potential
separation between the first oxidation (Ox1) and the first
reduction (Redl) is only about 0.6 V in both 1 and 2, leading

Figure 10. Spin-density plots of 1, 17, 17, and 1>~ (from top to
bottom).

Table S. Spin Densities of Paramagnetic Forms of 1” as
Calculated from DFT*

1 i 1~ 5=
ruthenium® 02187 0.0098 0.2646 0.0335
02178 0.0703 0.1195 0.0782
chlorine 0.0115 —0.0139 0.0124 —0.0024
tppz —0.0349 0.0386 —0.2618 0.8622
quinone? 1.5864 0.8813 0.8653 0.0285

“From (U)B3LYP calculations. * Triplet ground state. “Rul and Ru2.
d Quinone/semiquinone/catecholate redox system.
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Inorganic Chemistry

1500 500 1000 1500
Alnm Alnm

500 1000 1500 500 1000 1500

Alnm Alnm
(e)go l
T
Sl |
IE
820
IS I
0

500 1000 1500
Alnm

Figure 11. UV—vis—NIR spectroelectrochemistry for the conversions of
@) 1—=15,B)1T—=1>",(c)1—17,(d) 1~ —1>",and (e) 1> — 1>~
in CH CN/0.1 M BuyNPFg. Signal at 1000 nm from detector switching.

to K. values of ca. 10"%, which are typical for semiquinone inter-
mediates (Figure 8 and Table 3).

The redox series for 1 and 2 (cf. Scheme 1) appears qualita-
tively similar to that observed for the analogous [(Q)RuCl-
(u-tppz)CIRu(Q)]" system 3 with Q = 4,6-di-tert-butyl-N-phen-
yl-o-iminobenzoquinone.”* Upon a comparison of 1 and 2 with 3,
it is found that the potentials are 0.6—1.3 V more positive for 1
and 2, obviously because of the weaker o-donor and stronger 7-
acceptor effects of the quinone ligands in 1 and 2 relative to the
N-phenyliminoquinone ligands in 3. Accordingly, complexes 1
and 2 were obtained and isolated in their neutral states in contrast
to the dicationic forms obtained in the case of 3.”° Despite the
rather different values of the redox potentials, the compropor-
tionation constants are of the same order of magnitude as those
found for 3 (K.; (monocation) = 7.9 x 10% K., (monoanion) =
7.9 x 10%, and K (neutral) = 1.5 x 1010) 7¢ which suggests a
similar electron redistribution for corresponding redox steps of
1—3. However, there are more subtle consequences of the alter-
ation of the quinone-type ligands, as is evident from a more
detailed inspection. Both the slightly lower K. and K., and
the higher K¢ values for 1 and 2 in comparison to 3 reveal a more
pronounced stabilization of the neutral forms in the case of 1 and
2. Substantial variation of the electron distribution in the mono-
anionic forms of the complexes is evident from electron para-
magnetic resonance (EPR) spectroelectrochemistry (see the
next section and the Conclusions section).

EPR Spectroscopy. The EPR results for neutral 1 and 2 as well

as for the monooxidized and monoreduced species 17,2717,
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Figure 12. UV—vis—NIR spectroelectrochemistry for the conversions of
(a)2—2",(b) 2" —27",(c)2—27,(d) 2~ —2* ,and (e) 2>~ — 2%
in CH CN/0.1 M BuyNPFg. Signal at 1000 nm from detector switching.

and 27 are presented in Table 4; Figure 9 shows the representa-
tive spectra.

No half-field signals were observed for compounds 1 and 2.
Except for 17, all other signals are nearly axial (Figure 9) with
small g anisotropy around g = 2, signifying only small participa-
tion of the 4d metal with its high spin—orbit coupling constant at
the singly occupied molecular orbital (SOMO). This is con-
firmed by DFT spin-density calculations (Figure 10 and Table S).
We attribute this well-established” feature to the o-semiquino-
natoruthenium(1I) moiety. The only exception, 1, exhibits a
larger g anisotropy, with components significantly higher than g =
2 (Figure 9 and Table 4), which points to some ruthenium(III)
character with the low-spin d° configuration.” Apparently, the
system 1 with the better electron-accepting (unsubstituted)
quinone termini Q prefers the metal—metal mixed-valent bis-
(catecholate) alternative after reduction (Scheme 1), whereas 2™~
with the more easily oxidizable DTBQ"™ stays with the diruthe-
nium(II) arrangement and a partially oxidized catecholate com-
bination, DTBQ"~/DTBQ*™ (Scheme 1).

For the monocations 1" and 2", the observed semiquinone-
type spln can be interpreted by either formulation from Scheme 1,

e, [(Q")Ru"Cl(u-tppz)CIRu"(Q" )] with a ruthenium(II)/
quinone and an EPR-active ruthenium(II) /semiquinone terminus
or [(Q7)Ru"Cl(u-tppz) CIRu™(Q" )] ™ with an EPR-inactive™
ruthenium (II1) /semiquinone and one EPR-active ruthenium(11) /
semlqulnone component. The difference thus lies in the Ru"/Q°
versus Ru™/Q"™ alternative, which is hard to pmpomt9b 1020 4nd
best described through a resonance formulation with variable non-
negligible contributions from both forms."’
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Table 6. UV—vis—NIR Spectroelectrochemical Data for 1 and 2 in CH;CN/0.1 M Bu,NPF4

complex Amax [nm] (& [M ™ em™'])
12+ 679 (58000), 380 (64 300), 365 (63 800), 292 (sh), 268 (57 800)
1" 849 (28300), 630 (35900), 363 (58 600), 294 (52 500), 260 (49 000)
1 925 (47 500), 613 (14900), 468 (9300), 425 (sh), 362 (51 500), 298 (44700), 255 (40400)
1 885 (24000), 665 (19700), 505 (sh), 357 (44 500), 340 (sh), 295 (39700), 255 (sh)
1> 714 (33000), 495 (sh), 353 (56 200), 295 (42 400), 260 (sh)
13 1210 (sh, br), 710 (20700), 446 (38 900), 375 (sh), 354 (53 700), 255 (49 500)
22+ 719 (99 500), 380 (72 300), 364 (69 800), 273 (66200)
2" 830 (37500), 665 (42 500), 365 (67 500), 295 (60 300), 262 (59 100)
2 916 (74000), 615 (17 500), 472 (10200), 430 (sh), 360 (65 300), 302 (58 200), 252 (55 000)
2 895 (46200), 663 (20900), 510 (sh), 347 (58 200), 290 (sh), 260 (sh)
22 728 (34300), 510 (sh), 352 (62 500), 255 (sh)
2% 1205 (sh, br), 670 (sh), 449 (44 300), 355 (62 000), 250 (sh)
7000 - 0.08 the longer time needed for spectroelectrochemical measure-
6000 0.07 _ ments”* was proven for all steps through comparison of the
0.06 5L starting and final spectra obtained from the cyclic (reduction/
- 5000 5 reoxidation or oxidation/rereduction) spectroelectrochemical
g 4000 aad experiments. Similarly, we did not observe any substantial differ-
—"E S .04 5 ence in the (spectro)electrochemical behavior of tlle revers+ible
= 0.03 = processes as a function of electrolyte changes, NEt, /NBu, "~ or
“ 2000 _ 002 2 ClO, /PFg4 . Stepwise oxidation results in diminishing intensity
1008 i = and a hypsochromic shift of the NIR band and in the emergence
: of a very intense band around 700 nm. As outlined in the EPR
0 600 00 1000 1200 1300 ° discussion, the Ru"/Q° versus Ru™/Q" ™ alternative is difficult to
% / (nm) establish,”>'%?° thus frequently best described through a reso-

Figure 13. Absorption spectrum of 1 with DFT-calculated transitions.

The DFT-calculated spin densities (Figure 10, Table S, and
Tables S2—S7 in the Supporting Information) agree with the
experimental results from EPR spectroscopy (Figure 9 and
Table 4). The neutral triplet compound 1 has most of the spin
on the semiquinones, as does the oxidized form 1", The mono-
anion 1, on the other hand, bears a high percentage of spin on
the metals, whereas the trianion 1°~ is calculated to be a tppz"~
radical complex, as deduced experimentally from NIR spectro-
electrochemistry (Figures 11e and 12e).

Electronic Transitions and Spectroelectrochemistry. The
small difference of only about 0.6 V between the oxidation and
reduction potentials of each of the compounds 1 and 2 is
reflected by the small frontier orbital energy gap, as calculated by
DFT for 1 (Table S2 in the Supporting Information). In
agreement with this notion, the compounds exhibit low-ener
absorptions in the NIR region, around 920 nm (10870 cm ™,
1.34 eV), with the bands being characterized by a rather small
width (Av,,, ca. 1800 cm ') and very high intensity with
€> 50000 M ' cm ™" (Figures 11 and 12 and Table 6). The
time-dependent DFT (TD-DFT) calculation for 1 predicts an
intense absorption at 956 nm, in agreement with the experiment,
with the transition involving charge transfer from the periphery
(Q, Ru) to the 7z*(tppz) core region. Figure 13 depicts the TD-
DFT-calculated transitions (Table 7) and the synthesized spec-
trum of 1, which agrees well with the experimental spectrum.

Two reversible oxidation and three reversible reduction
processes could be monitored by UV—vis—NIR spectroelectro-
chemistry (Figures 11 and 12 and Table 6). The reversibility and
preserved integrity of the electrode-generated redox states during

nance formulation. Such an interpretation is also suggested for
the assignment of the intense long-wavelength bands in 17,2%,
1>", and 2>", which we attribute to mixed (MLCT/LMCT)
charge-transfer transitions involving the two formulations Ru'Y/
Q° and Ru""/Q"". It may be noted that unreduced o-quinones
are weakly basic and thus generally labile ligands,>® while the
antiferromagnetically coupled ruthenium(III)/semiquinone en-
tity has been well established.”

Stepwise reduction also causes a lowering of the intensity and
the eventual disappearance of the long-wavelength band, while a
new absorption around 600 nm emerges during the first and
second reductions and then diminishes during the third reduc-
tion step. The last reversible reduction step also produces a weak
and broad absorption around 1200 nm. No other band with
absorptivity 4 > 1000 nm was detected, although the EPR
experiments suggest a metal—metal mixed-valent situation for
complexion 1. The ruthenium(II) /catecholato species 1>~ and
2>~ exhibit MLCT [d(Ru") — 7r*(tppz)] absorptions around
720 nm, with the low energy resulting from the catecholato
donor effect on the metals. The NIR absorption for the three-
electron-reduction product is typical for the tppz"~ chromo-
phore,” suggesting the formulation shown in Scheme 1.

Comparison of the Semiquinone (2") and Iminosemiqui-
none (3") Redox Series. Although modification of the redox
system 2", in relation to the previously reported’* analogue 3"
with two iminobenzoquinone instead of benzoquinone termini,
appears small enough, there are some notable differences. Most
importantly, the above-mentioned shift of the redox potentials
(Table 3) to significantly more positive values in the all-oxygen-
coordinated diruthenium system leads to isolation of the neutral
forms 1 and 2, in contrast to the more accessible dication 3*".7
Higher oxidized (n = 3+, 4+4) states were thus available”® for 3",
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Table 7. Main TD-DFT/(U)B3LYP Calculated Transitions of 1

energy (eV) wavelength (nm) oscillator strength transition character
1.225 1012 0.0106 (85%) SOMO1(a) — LUMO() Q) — tppz(r*) (major)
Ru(dw) — tppz(,r*) (minor)
1.297 956 0.0751 (82%) SOMO2(a) — LUMO(ct) Q(7r) — tppz(7r*) (major)
Ru(dm) — tppz(«r*) (minor)
1.352 917 00156 (53%) HOMO—2(c) — LUMO(@) Ru(dr) — tppz(r*)
(29%) HOMO—1() — LUMO(p) Ru(dr)/Q() — Q(¥)
2.005 618 0.0645 (49%) HOMO—5(8) — LUMO(f) Ru(dr)/Q(n) — Q(7*)
(26%) HOMO—4(ct) — LUMO(cx) Ru(dr)/Cl(7r) — tppz(7r*)
whereas 1" and 2" can be reduced to the n = 3— forms transfer are as expected, replacement of the popular® 4,6-di-tert-

(Scheme 1). The common 2+ forms exhibit similar absorption
maxima around 700 nm and the isolated anti configuration of
diamagnetic 3*" can be best described as an antiferromagneti-
cally coupled bis[iminosemiquinonatoruthenium(III)] system.
The [1+] intermediates of 17, 2", and 3" exhibit absorption and
EPR features comparable with those of a semiquinone-based
spin, in agreement with DFT-calculated spin densities (Figure 10
and Table 5).”° While the neutral form 3 could not be isolated,
the present study reveals not only a specific paramagnetic beha-
vior (as discussed above) but also different long-wavelength
absorptions in the form of two very intense and rather narrow
bands at about 920 and 615 nm (Figures 11—13 and Table 6).
The electrogenerated compound 3 had shown one less intense
band at ca. 750 nm.”® Like the spin—spin interaction, these
absorptions, identified as mainly ligand-to-ligand transitions
(Table 7), are presumed to be highly sensitive to the conforma-
tion, which is most likely to be affected by steric interference
involving the phenylimino group in 3". Replacement of that
interfering and mobile NPh function by oxygen leads to more
spectacular optical absorption, useful for NIR applications.*®

Bl CONCLUSION

In summary, we have succeeded in bridging two o-semiqui-
nones in the form of stable metal complexes with considerably
narrowed frontier orbitals, which leads to intramolecular spin—
spin coupling across ca. 1 nm distance, intermolecular magnetic
interactions between semiquinone ligands, hlgh 1nten51ty NIR
absorption (a sought-after molecular property),”® and multiple
electron-transfer activity within a ca. 1 V range, which allowed for
spectroelectrochemical characterization of several charged states.
The DFT-supported oxidation state assignments with conceiva-
ble alternatives (Scheme 1) can be compared with a related
system [(Q")RuCl(u-tppz)CIRu(Q"")]" containing a substi-
tuted iminosemiquinone Q°~,” revealing correspondences but
also differences: As a result of positively shifted redox potentials
for the quinone versus iminoquinone systems, it is the neutral
triplet forms 1 and 2 that are isolated and not the dication, as in
3**7¢ Oxidation to the mixed-valent trication’® was thus not
possible here. A further remarkable difference is the stability of
iminosemiquinone toward reduction, which, for the monoanion,
leads to bis(iminosemiquinonato)diruthenium(II) bridged by
tppz~ , whereas 2° has mixed catecholato/semiquinonato and
1 exclusively catecholato terminal ligands (and unreduced tppz
as a bridge; see Scheme 1). For the redox series presented here,
reduction of tppz occurs only after the metals and quinone
ligands have been reduced to their lowest oxidation levels. While
the redox potential shifts (Table 3) for quinone-based electron

butyl-N-arylimino-o-benzoquinone ligands by the o-benzoqui-
none parent systems as in 1 or 2 described here can have
additional, less immediately obvious consequences. For a given
charge state, the weaker o-donor capacity of O versus NR
analogues, the diminished 7 overlap,ga’m’S and the smaller steric
requirements (allowing for closer contact; see Figure 2) can
affect intra- and intermolecular magnetic interactions and ligand-
based electronic transitions.

B EXPERIMENTAL SECTION

Materials. The starting complex [ClyRu™(u-tppz)Ru""Cl;] was
prepared according to the reported procedure.”® The ligands catechol
(H,Q) and 3,5-di-tert-butylcatechol [H,(DBQ)] were purchased from
Aldrich, USA. Other chemicals and solvents were reagent-grade and
were used as received. For spectroscopic and electrochemical studies,
high-performance liquid chromatography grade solvents were used.

Instrumentation. UV—vis—NIR spectroelectrochemical studies
were performed in CH3;CN/0.1 M Buy,NPFg at 298 K using an optically
transparent thin-layer electrode cell*’* mounted in the sample compart-
ment of a J&kM TIDAS spectrophotometer. '"H NMR spectra were
obtained with a 300 MHz Varian FT spectrometer. EPR measurements
were taken in a two-electrode capillary tube®”® with an X-band Bruker
system ESP300, equipped with a Bruker ER035 M gaussmeter and a HP
5350B microwave counter. Cyclic voltammetric, differential pulse volta-
mmetric, and coulometric measurements were carried out using a PAR
model 273A electrochemistry system. Platinum wire working and
auxiliary electrodes and an aqueous saturated calomel reference elec-
trode were used in a three-electrode configuration. The supporting
electrolyte was 0.1 M Et,NCIO,, and the solute concentration was
~10"3 M. The half-wave potential E°,o5 was set equal to 0.5(Epa + Epe),
and E,, are anodic and cathodic cyclic voltammetric peak
potentials, respectively. Elemental analyses were carried out with a
Perkin-Elmer 240C elemental analyzer. Electrospray mass spectra were
recorded on a Micromass Q-ToF mass spectrometer.

Crystallography. Single crystals of 2 were grown by the slow diffu-
sion of its dichloromethane solution into acetonitrile, followed by the
slow evaporation of the solvent mixture. X-ray diffraction data were
collected using an Oxford XCALIBUR-S CCD single-crystal X-ray diffrac-
tometer. The structure was solved and refined by full-matrix least-squares
techniques on F* using the SHELX-97 program.”® The absorption correc-
tion was done by the multiscan technique. All data were corrected for
Lorentz and polarization effects, and the non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included in the refinement process as
per the riding model. 2 crystallized with 1.25 molecules of H,O and 1
molecule of CH,Cl,. The hydrogen atoms associated with the H,O
molecules could not be located.

Magnetic Measurements. The variable-temperature magnetic
susceptibilities were measured on polycrystalline samples with a Quantum

where E,,
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Design MPMSXL superconducting quantum interference device
(SQUID) susceptometer over a temperature range of 2—300 K at
constant fields of 0.1, 1, and § T. Each raw data set was corrected for the
diamagnetic contribution of both the sample holder and the complex to
the susceptibility. Molar diamagnetic corrections were calculated on the
basis of Pascal constants. Magnetization measurements were carried out
at 2 and 300 K from 0 to 5 T. For complex 1, hysteresis loops between —$
and +5 T at 2 and 300 K were measured. ZFC and FC susceptibilities for
1 were also measured at a magnetic field of 0.1 T from 2 to 300 K. The
fitting of the experimental data was carried out using the MATLAB
V.5.1.0421 program.

Computational Details. Full geometry optimizations were carried
out using the DFT method at the B3LYP level.* All elements except
ruthenium were assigned to the 6-31G(d) basis set. The SDD basis set
with effective core potential was employed for the ruthenium atom.*
The vibrational frequency calculations were performed to ensure that
the optimized geometries represent the local minima and there are only
positive eigenvalues. All calculations were performed with the
Gaussian03 program package.®' Vertical electronic excitations based
on B3LYP-optimized geometries were computed using the TD-DFT
formalism® in acetonitrile using a conductor-like polarizable continuum
model.>* GaussSum®* was used to calculate the fractional contributions
of various groups to each molecular orbital.

Synthesis of [{(Q)CIRu"},(z-tppz)] (1). The starting complex
[Cl;Ru(u-tppz)RuCl;] (100 mg, 0.124 mmol), catechol (H,Q; 34 mg,
0.31 mmol), excess LiCl (54 mg, 1.3 mmol), and NEt; (0.2 mL, 1.55
mmol) were mixed in 20 mL of ethanol, and the mixture was heated to
reflux for 3 h under atmospheric conditions. The initial greenish solution
gradually changed to deep green. The solvent was then removed under
reduced pressure. The dried crude product was purified by using a silica
gel column. The green dinuclear complex 1 was eluted by a solvent
mixture of CH;CN/MeOH (6:1). Evaporation of the solvent under
reduced pressure yielded pure complex 1.

Yield: 57 mg (52%). Anal. Caled (found) C3¢H,4ClLNgO4Ru,: C,
49.21 (49.09); H, 2.76 (2.82); N, 9.57 (9.43). ESI-MS (in CH;CN).
Calcd (found) for [1]1: m/z 877.93 (877.03). "H NMR in CDCl; (6,
ppm): 22.6 (2H),21.0 (1H), 20.5 (1H), 13.7 (1H), 12.9 (1H), 8.9 (2H),
8.3 (2H), 6.7 (3H, m), 3.7 (6H, m), —1.2 (1H), —19.3 (2H), —37.6
(2H).

Synthesis of [{(DTBQ)CIRU"},(u-tppz)] (2). The starting com-
plex [Cl;Ru(u-tppz)RuCl;] (100 mg, 0.124 mmol), 3,5-di-tert-butyl-
catechol [H,(DTBQ); 69 mg, 0.31 mmol], excess LiCl (54 mg,
1.3 mmol), and NEt; (0.2 mL, 1.55 mmol) were mixed in 20 mL of
ethanol, and the mixture was heated to reflux for 4.5 h under atmo-
spheric conditions. The initial greenish solution gradually changed to
deep green. The solvent was then removed under reduced pressure.
The dried crude product was purified by using a silica gel column. The
green dinuclear complex 2 was eluted by a solvent mixture of CH,Cl,/
CH;CN (6:1). Evaporation of the solvent under reduced pressure
yielded pure complex 2.

Yield: 65 mg (47%). Anal. Calcd (found) Cs,HssClL,NgO4Ru,: C,
56.61 (56.79); H, 5.12 (5.28); N, 7.62 (7.56). ESI-MS (in CH;CN).
Calcd (found) for [2]1: m/z1102.18 (1101.83). "H NMR in CDCl, (9,
ppm): 20.6 (1H), 18.4 (2H), 14.9 (30H), 10.3 (1H),9.2 (1H), 6.8 (2H),
4.3 (1H), 3.5 (1H), 2.6 (10H), 1.3 (6H), —3.4 (1H).

B ASSOCIATED CONTENT

© Ssupporting Information. Calculated bond distances,
molecular orbitals, mass spectra, "H NMR spectra, DFT-opti-
mized structure of 1, magnetization versus magnetic field plots,
magnetic susceptibility, and hysteresis loops. This material is
available free of charge via the Internet at http://pubs.acs.org.
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