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ABSTRACT: Redox series of the complexes [Ru(L)(L’),]", L = 1,5-
diphenyl-3-(4-tolyl)-formazanate and L’ = 2,4-pentanedionate
(acac™), 2,2'-bipyridine (bpy), or 2-phenylazopyridine (pap), were
studied by cyclic and differential pulse voltammetry and by TD-DFT-
supported spectroelectrochemistry (UV—vis—NIR, EPR). The
precursors [Ru™(L7)(acac™),], [Ru'(L7)(bpy),]ClO,, and
[Ru"(L™)(pap),]ClO, were identified in their indicated oxidation
states by X-ray crystal structure determination. The six-membered
formazanato-ruthenium chelate rings have an envelope conformation
with puckering of the metal. DFT calculations indicate a pronounced
sensitivity of the N—N bond lengths toward the ligand oxidation
state. Several electrochemically accessible charge states were
analyzed, and the derived oxidation numbers Ru", Ru', or Ru",
L’ or (L')*7, and L7, L**", or the new formazanyl ligand L* for the

. e R @apyl®
[Ru™(L7)(pap),] ‘—_:{:
e [Ru"' (L) (pap),**

pap: 2-phenylazopyridine

two-way noninnocent formazanate reflect the increasing acceptor effect of the ancillary ligands L’ in the series acac™ < bpy < pap.

B INTRODUCTION

Nitrogen-rich redox-active molecules have been promlnent
among the series of noninnocently behaving hgands
Representative examples are the 1,2,4,5- tetrazmes, azo
compounds,” verdazyls,* and triazenides.5 Recently, formaza-
nates were shown to occur as anions or dianions in zinc(II)
complexes.® Coordination compounds of formazanate ligands
have long been studied in connection with industrial dyes and
other colorimetric applications;’ among the metals and
nonmetals employed were Cu, B, Co, Pd, and Ni.”*

Complexes of formazanate ligands with ruthenium were not
much investigated,” although the interaction of ruthenium (in
the +I to +IV oxidation states)'® with noninnocently behaving
ligands can offer a rich and challenging chemistry, as
demonstrated for compounds of nitrosyl,'" a-diimine,'> or
quinone-type ligands."’

We therefore reacted the 1,5-diphenyl-(4-tolyl)-formazane
(LH) with appropriate ruthenium reagents to produce the
structurally characterized complexes [Ru™(L7)(acac),],
[Ral'(L")(bpy),]CIO,, and [Ra(L") (pap),]CIO; (Figure 1)
Their electron transfer response with particular attention given
to the possible noninnocence of L was studied using EPR and
UV—vis—NIR spectroelectrochemistry,'* allowing us to probe
the potential of such systems for noninnocent ligand-based
reactions.'

The formazanate ions belong to the same class of chelate
ligands as the f-diketonates I (cf, “acac™ or the related f-
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Figure 1. Representation of complexes.

diketiminato ligands I (NacNac™). 8916 The latter were shown
to have a potential for nomnnocent behavior, as evident from
the “hidden noninnocence” of an oxidized nickel complex.'®
The replacement of O donors by NR in I — II causes increased
basicity and steric shielding, which is also true for formazanates
III. Furthermore, these ligands III have two CR functions
replaced by N, whereas the remaining carbon atom in the
chelate ligand is frequently carrying substituents.®

The systems I—-III form six-membered chelate rings, which is
relatively uncommon for noninnocent ligands.'*™"*
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B RESULTS AND DISCUSSION

Synthesis and Characterization. The compounds 1,
[2]ClO,, and [3]ClO, (Figure 1) were obtained by reacting
1,5-diphenyl-3-p-tolylformazan (HL) with the ethanolic
solution of the metal precursors cis-Ru(acac),(CH;CN),, cis-
[Ru(bpy),(EtOH),](ClO,),, and ctc-[Ru(pap),(EtOH),]-
(ClO,), (ctc: cis—trans—cis with respect to EtOH, pyridine,
and azo nitrogens, respectively), in the presence of NEt; as a
base and purified via column chromatography using silica gel.
The presence of three negatively charged ligands (two acac™
and formazanate) has facilitated the selective stabilization of
Ru(Ill) in 1 under aerobic reaction conditions as has been
observed earlier in {Ru(acac),} containing complexes.'’
Analytical and mass spectrometric data confirm the molecular
composition (Experimental Section and Figure S1).

Molecular Structures. The isolated compounds were 1,
[2]ClO,, and [3]ClO,, which could be characterized by single-
crystal X-ray crystallography (Figures 2—4, Tables 1—3, Figure

Figure 2. Molecular structure of 1 in the crystal. Ellipsoids are drawn
at the 50% probability level. Hydrogen atoms are removed for clarity.

S2 and Tables S1—SS5). As confirmed by the EPR signal (Figure
5) and by the '"H NMR behavior showing partly broadened
features (Figure S3a and Experimental Section), the neutral 1 is
paramagnetic with the unpaired electron delocalized over the
metal (formally Ru™) and the triaryl-formazanate ligand (see
EPR discussion and Figure 6). The *C NMR spectra of the
complexes are shown in Figure S4a—c. The structure data are
confirmed largely by the results from DFT calculations (Tables
1-3, Tables S3—S5 and Figure S5). A set of reference
calculations for the noncoordinated redox series L®, L™, L*2~
(Table 4) suggests particular sensitivity of the N—N bond
lengths, similarly to 1,2,4,5-tetrazines” (for the experimental
molecular structure of HL, see ref 8c).

The diamagnetic compounds [2]ClO, and [3]ClO, are EPR
silent and exhibit corresponding 'H/"*C NMR spectra (Figures
S3b,c and S4b,c and Experimental Section). Compound
[2]ClO, crystallizes with two independent cationic molecules
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Figure 3. Cationic part of [2]ClO, (molecule A) in the crystal.
Ellipsoids are drawn at the 50% probability level. Hydrogen atoms are
removed for clarity.

Figure 4. Cationic part of [3]ClO, in the crystal. Ellipsoids are drawn
at the 20% probability level. Hydrogen atoms are removed for clarity.

A and B in the asymmetric unit (Figure 3 and Figure S2), both
having very similar bond parameters.

The comparison of Ru—N(L), NN, and NC intrachelate
bond lengths within the series of complexes reveals a distinct
trend on replacing the more donating acac™ coligands by
weakly (bpy) or strongly (pap) m-accepting ancillary ligands.
The average Ru—N bond lengths to the formazanate increase
by about 0.1 A (1.96 — 2.07 A) in the order 1 < 2* < 37,
indicating diminished electrostatic attraction as illustrated by
the oxidation state assignments (Scheme 1). While the average
NN distances decrease along that series by about 0.07 A (1.32
— 1.25 A), the intrachelate NC bonds grow longer by the same
amount (1.35 — 1.42 A), in agreement with lowered negative
charge, that is, diminishing contributions from the L*>~ form
and more contributions from a L° formulation. Previous
experimental data®® have yielded typical NN bond lengths of
1.31 A and intrachelate CN distances of 1.34 A for
monoanionic formazanate ligands, shifting to 1.36 A for the
NN bond on reduction to the dianionic state, whereas the CN
bonds remain unchanged.6 Our DFT calculations on various
charged forms of the free ligands confirm this metric correlation
(Table 4), yielding NN bond lengthening/shortening from
about 1.30 to 1.34/1.28 A on reduction/oxidation, while the
intraligand CN distances exhibit less variation. According to
this, there is a notable charge shift from L~ to the strongly 7-
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Table 1. Selected Experimental and DFT Calculated Bond
Lengths (A) for 1"

X-ray DFT
bond lengths 1 1"(S=0) 1(S=1/2) 1 (S=0)
Rul—-N2 1.9606(19) 1.991 2.014 2.044
Rul—N4 1.9720(19) 2.026 2.014 2.049
Rul-01 2.0357(14) 2.082 2.090 2.104
Rul-02 2.0648(16) 2.059 2.107 2.129
Rul-03 2.0169(14) 2.044 2.053 2.092
Rul—-04 2.0538(15) 2.050 2.086 2.130
N1-N2 1.320(2) 1.309 1.298 1.295
N3-N4 1.312(3) 1.280 1.291 1.296
C8-N1 1.342(3) 1.340 1.345 1.350
C8—N3 1.354(3) 1.377 1.354 1.350
C9—N4 1.443(3) 1.430 1.437 1.429
C15-N2 1.441(3) 1.420 1.436 1.430
Cl1-C2 1.509(3) 1.506 1.510 1.512
C2-C3 1.392(3) 1.408 1.401 1.401
C2-C7 1.395(3) 1.408 1.402 1.402
C3—-C4 1.385(3) 1.388 1.392 1.393
C4-CS 1.395(3) 1411 1.406 1.408
Cs—-C6 1.396(4) 1412 1.406 1.409
CsS—C8 1.487(3) 1.458 1.484 1.487
C6-C7 1.387(4) 1.386 1.391 1.392

accepting pap ligands in system 3" with a L*/(pap®~) ligand set
as a limiting formulation.

The six-membered chelate rings show a distinct puckering
with the metal being situated about 0.75 A (1), 0.30 A (2*), or
0.45 A (3%) above the respective best planes (Table S6). While
the N-phenyl groups in positions 1 and S are significantly
twisted by about 60° (average, Table S7), the unhindered p-
tolyl group in 3-position is more coplanar with the N,CN,
formazanate moiety (average twist angle 16°).

Despite the presence of a redox-active metal and of the
potentially noninnocent coligands bpy and pap, we set out to

probe the potential for noninnocent behavior of the
formazanate ligand in complexes 1, [2]ClO,, and [3]ClO,.
The multistep electron transfer behavior of the compounds is
illustrated by cyclic and differential pulse voltammetry (Figure
7, Table 5).

To assign the sites of individual redox processes, we used
EPR (Figures S and 8, Table 6) and UV-vis—NIR
spectroelectrochemistry (Figures 9—11, Tables S8—S10) as
experimental information in conjunction with calculation
results of spin densities (DFT, Figure 6, Table 7), electronic
transitions (TD-DFT, Tables S8—S10), and MO compositions
in accessible redox states (Tables S11—S24).

Compound 1 exhibits one reversible oxidation and one
reversible reduction. Compounds [2]ClO, and [3]ClO, show
also one reversible oxidation but display several reduction
waves, due to the presence of reducible bpy or pap coligands. In
accordance with the stronger acceptor pap and in agreement
with the EPR and UV—vis—NIR data (cf, below), the
facilitated reduction of [3]ClO, is attributed to the pap ligands
as sites of the first electron additions. Conversely, the oxidation
potential is shifted anodically for [3]ClO, as compared to
[2]CIO,. Irreversible second oxidations are observed for all
three compounds.

Assignment of Electronic States. For assignment of
paramagnetic charge states, the EPR method is most
suitable, **° especially when it used in conjunction with
calculated spin densities.”’ Both the g factor anisotropy as
affected by the spin—orbit coupling constant of the heavy metal
and the hyperfine coupling, if resolved, can provide information
on the distribution of spin between metal and ligand.'***~*

The paramagnetic complex 1 may be tentatively formulated
as a ruthenium(III) complex with three monoanionic chelate
ligands, two acac™ ligands, and one formazanate. However, both
the EPR spectra in fluid and frozen solution (Figure S, Table 6)
and the DFT calculated spin densities (Figure 6, Table 7)
indicate a significant contribution (spin density of 0.303) from
the formazane ligand at the spin distribution. The isotropic

Table 2. Selected Experimental and DFT Calculated Bond Lengths (A) for 2" (Molecule A)

X-ray DFT
bond lengths 2" 22 (S =1/2) 2" (§=0) 2(S=1/2) 27 (S=1)
Rul—N2 2.031(5) 2.071 2.084 2.083 2.088
Rul—N4 2.052(5) 2.062 2.086 2.084 2.088
Rul—NS5 2.112(5) 2.155 2.157 2.143 2.138
Rul—-N6 2.071(5) 2.126 2.112 2.112 2.119
Rul-N7 2.083(S) 2.127 2.112 2.113 2.119
Rul—-N8 2.096(6) 2.160 2.155 2.142 2.138
N1-N2 1.288(8) 1.285 1.292 1.294 1.296
N3-N4 1.301(7) 1.284 1292 1.294 1.297
C8-N1 1.365(9) 1.361 1.348 1.348 1.350
C8—-N3 1.352(9) 1.365 1.347 1.348 1.350
C9—N4 1.450(8) 1.447 1.440 1.436 1.433
C15—-N2 1.488(9) 1.443 1.440 1.436 1.433
Cl1-C2 1.531(12) 1.502 1511 1511 1.512
C2-C3 1.425(13) 1.410 1.401 1.401 1.401
C2-C7 1.338(13) 1411 1401 1.401 1.401
C3-C4 1.402(12) 1.383 1.393 1.393 1.393
C4-CS 1.369(11) 1419 1.405 1.406 1.408
C5-C6 1.411(10) 1.420 1.404 1.406 1.408
C5-C8 1.522(10) 1.457 1.492 1.492 1.489
C6-C7 1.376(11) 1.383 1.393 1.393 1.393
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Table 3. Selected Experimental and DFT Calculated Bond Lengths (A) for 3"

X-ray DFT
bond lengths 3" 3% (S=1/2) 3" (S=0) 3(5=1/2) 37(S=1)

Rul—-N2 2.067(6) 2.080 2.084 2.081 2.089
Rul—-N4 2.081(6) 2.093 2.084 2.081 2.092
Rul—-NS5 2.063(4) 2.115 2.101 2.096 2.110
Rul—-N7 2.045(5) 2.161 2.164 2.154 2172
Rul—-N8 2.050(4) 2207 2.168 2.159 2.174
Rul—N9 2.075(4) 2.113 2.100 2.095 2.110
N1-N2 1.243(8) 1.283 1.290 1.292 1.294
N3-N4 1.268(8) 1.282 1.290 1.292 1.294
C8—N1 1.446(8) 1.364 1.346 1.347 1.349
C8-N3 1.398(8) 1.361 1.346 1.347 1.348
C9—N4 1.456(8) 1.438 1.442 1.438 1.435
C15—-N2 1.462(9) 1.443 1.442 1.437 1.436
Cl1-C2 1.531(11) 1.501 1.510 1511 1.512
C2-C3 1.379(10) 1412 1.402 1.401 1.401
C2-C7 1.382(10) 1.412 1.401 1.401 1.401
C3-C4 1.389(10) 1.382 1.392 1.393 1.393
C4-CS 1.408(9) 1.420 1.408 1.406 1.407
Cs—Cé6 1.404(9) 1.420 1.404 1.405 1.408
Cs—C8 1.474(9) 1455 1.491 1.492 1.490
C6—C7 1.391(9) 1.382 1.393 1.393 1.393
N6-N7 1.305(6) 1.275 1.280 1.308 1.340
N8—N10 1.291(6) 1.274 1.279 1.309 1.340

(a)

50 G

(c) fi% § %

100 G

<>

Figure S. The X-band EPR spectra of 1 at room temperature (a) with
simulation (b) and at 100 K (c) in CH,Cl,.

919Ru hyperfine coupling of about 20 G lies between the
values for radical complexes of diamagnetic ruthenium of a few
gauss” and the approximately 30 G expected for a pure Ru'™
species.”* The natural abundancies are 12.7% for “Ru (I = 5/2)
and 17.0% for '”'Ru (I = 5/2), and the gyromagnetic ratio is
1.12 in favor of the heavier isotope.”™ The isotropic hyperfine
constants a, are 7052 and 6294 G, respectively.”” The
relatively high **'”'Ru hyperfine splitting despite significant
spin density on the ligand is a result of the chelate coordination
of the metal by two centers (N2, N4) with high spin
populations (Figures S6 and S7). Similarly, the g factor
anisotropy as measured by g,—g; = 0.13 is situated between that
of genuine ruthenium(III) species (>0. 5) and the typical values
for radical complexes of Ru" (<0.1).'* The necessity to
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e X

Figure 6. Spin density representations of 1 (S = 1/2), 2** (S = 1/2), 2
(§=1/2),27(§=1),3* (§=1/2),3 (S=1/2),and 37 (S = 1).

describe a [Ru"(Q™)]* charge form with more than one integer
oxidation state combmatlon has been pointed out earlier on the
basis of experiment”'* and theory.”’ Kaupp and Remenyi have
thus stated that “The true situation in a given complex may be
intermediate between integer oxidation numbers. »21b Alter-
natives for oxidation and reduction of 1 (Scheme 1) lead to
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Table 4. DFT Calculated ((U)B3LYP/6-31G*) Bond
Lengths (A) for L"

DFT

bond lengths L (S=1/2) L (S=0) L*> (S =1/2)
N1-N2 1.276 1.286 1.341
N3-N4 1.276 1.304 1.341
C8-N1 1.357 1.378 1.359
C8—N3 1.356 1.354 1353
C9—N4 1.400 1.397 1.363
C15—-N2 1.400 1.409 1.356
C1-C2 1.510 1511 1512
C2-C3 1.402 1.400 1.405
C2-C7 1.402 1.402 1.403
C3-C4 1.390 1.393 1392
C4-CS$ 1.407 1.409 1.414
C5-C6 1.406 1.409 1.413
C5—-C8 1.470 1.481 1.489
C6-C7 1.391 1.391 1.393

Scheme 1. Redox Transitions with Assignments of the Most
Appropriate Oxidation States

[Rut(L*)(acac),]*/
[RuY(L")(acac),]"

e

[Ru(L")(acac),] / [Rul(L™)(bpy),]*/
[Ru''(L*)(acac),] /

[Rul(L*)(bpy)]**
[RuV(L**")(acac),]

X e

[Ru™(L")(acac),]"/ [Ru(L")(bpy),]*
Iy o2— -
[Ru(L*>")(acac),] 76_“ e

[Rul(L™)(bpy"")(bpy)]
—e'“-*—e‘
[Ru' (L") (bpy* )a]”

2)1

[Ru'(L*)(pap),|**

76'1%6'
[Ru(L")(pap),]"

|

[Ru(L™)(pap™)(pap)]

N
[R"(L)pap™ el

3"

—

—e

17

EPR silent products and are discussed in the UV—vis—NIR
spectroelectrochemistry section.

A similar metal/ligand spin-mixed EPR response with slightly
lower g anisotropy and metal hyperfine coupling than for 1 is
observed for the in situ electrochemically oxidized complex 2**
(Figure 8, Table 6), although the DFT calculations predict
largely ligand-based spin (Figure 6, Table 7). The experiment,
however, clearly demonstrates sizable contributions from the
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Figure 7. Cyclic (black) and differential pulse (green) voltammograms

of (a) 1, (b) [2]ClO,, and (c) [3]ClO, in CH,CN/0.1 M Et,NCIO,
versus SCE; scan rate 100 mV s\,

Table 5. Electrochemical Data”

E°.s/V (AE/mV)® KS
compd Ox Redl Red2 K4 K,°
1 0.55(70) —0.68(80) 10208
[2]cio, 0.36(70) —1.51(60) —1.78(70) 10316 10*¢
[3]clo, 0.86(70) —0.38(80) —0.88(90) 1010 1083

“From cyclic voltammetry in CH;CN/0.1 M Et,NCIO,/GC at 100
mV s~". ®Potential in V versus SCE; peak potential differences AE/mV
(in parentheses). “Comproportionation constant from RT In K, =
nF(AE). de between Ox and Redl. °K_, between Redl and Red2.

Ru™(L™) combination (Scheme 1). Reduction to neutral 2
produces a hyperfine-split spectrum (Figure S8), which agrees
with calculated ligand-based spin (Table 7). Oxidation and
reduction of 3" produce single-line EPR signals (Figures
$9,510) with g > 2 for 3%, pointing to L® as a ligand, and with g
< 2 for 3, suggesting the reduction of a pap coligand (Figure
6).”° The Ru'lstabilizing effect of the pap coligands in 3" leaves
only the formazanate available for oxidation to a formazanyl
ligand (L™ — L*), demonstrating the two-way noninnocence of
L~ in either reduction (to L*>7)° or oxidation (to L*).

According to the DFT calculations, the spin density on the
metal is only 10% in 3** (Table 7). The spin density
distribution within the coordinated formazanyl ligand L* in
that state is shown in Figure S11, revealing the largest
contributions from N2, N4, C8, and the para-positioned
carbon within the p-tolyl ring (each with about 20% spin
density). This result suggests a significant role of the aryl
substitution in accommodating the spin, stabilizing the oxidized
form L°®, and favoring noninnocence of this frequently used®®
formazan ligand.

This is to note that oxidation of free (noncoordinated)
formazans has long been known to give (depending on
conditions) tetrazolinyl radicals or tetrazolium cations, both of
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Figure 8. The X-band EPR spectra of electrogenerated 2** at room
temperature (a) with simulation (b) and at 120 K (c) with simulation
(d) in CH,Cl,/0.1 M BuNPFq.

Table 6. EPR Data”

Siso 81 & & 8183
1 2.022° 2.070 2.020 1.94 0.13
22 2.021° 2.097 2.017 1.96 0.137
2 2.0044 e e e e
3% 2.001° 2.01 2.002 1.99 0.02
3 1.99¢ 2.00 2.00 1.98 0.02

“Measurements in CH,Cl,/0.1 M Bu,NPF. g, values at 293 K, g;—g;
determined from frozen solution spectra at 120 K. *a(®*'*'Ru) = 23 G.
“a(®Ru) = 15 G. “Hyperfine-split signal, insufficiently resolved.
“Not resolved.

1000
Alnm

500 1500

Figure 9. UV—vis—NIR spectroelectrochemistry of 1" in CH;CN/0.1
M Bu,NCIO,,

which result from NN bond formation, which clearly is not
possible when formazan is metal-bound.”” This redox chemistry
associated with formazans has long been utilized in cell staining

applications.”®
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Those charge states that could not be ascertained through
structure determination or EPR spectroscopy can be inves-
tigated, as all others, by UV—vis—NIR spectroelectrochemistry
in conjunction with TD-DFT calculation results. Figures 9—11
and Tables S8—S10 illustrate good agreement between
experimental and calculated data for the major low-energy
transitions.
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Table 7. DFT Calculated (UB3LYP/LanL2DZ/6-31G*)
Mulliken Spin Densities

Ru L coligands
1(S=1/2) 0.632 0.303 0.065 (acac™)
2% (S =1/2) 0.159 0.847 —0.006 (bpy)
2 (S=1/2) 0.018 0.007 0.975 (bpy)
27 (S=1) 0.036 0.036 1.928 (bpy)
3 (S =1/2) 0.098 0.901 0.001 (pap)
3(S=1/2) —0.005 —0.017 1.022 (pap)
37 (S=1) 0.147 0.005 1.848 (pap)

On the basis of these results and supported by the earlier
discussed EPR information, the major low-energy transitions of
the accessible charge states can be identified. The assignments
reflect the oxidation state descriptions as listed in Scheme 1.
Neutral 1, for example, formulated as a Ru'" species, exhibits an
absorption of medium intensity at 740 nm, which is reproduced
in agreement with a mainly LMCT (ligand-to-metal charge
transfer) transition (with some MLCT admixture). On
reduction to 17 the MLCT (metal-to-ligand charge transfer)
character dominates, confirming the ruthenium(II) assignment.
A more mixed situation prevails for 1" with correspondingly
complex transition assignments (Figure 9, Table S8).

The system 2" is characterized by MLCT/LLCT (ligand-to-
ligand charge transfer) bands for the monocation, with 7* (bpy)
as target MO (Figure 10, Table S9). On oxidation to 2*', a
relatively intense HOMO — LUMO absorption band emerges
at 815 nm with intraligand (IL) characteristics. Reduction, on
the other hand, reveals several ligand-to-ligand transitions, in
addition to the well-known IL band of bpy radical anion in the
near-infrared.”” The second reduction shows a relatively small
change, confirming the reduction of the second 2,2'-bipyridine
ligand.

The series 3" (Figure 11, Table S10) displays a behavior
similar to that of 2", regarding the NIR absorption after
oxidation. Mixed transitions involving mainly both types of
noninnocent ligands are responsible for the near IR absorption
of the neutral and monoanionic forms of 3". From these data
and the underlying frontier MO identification, one can confirm
the structurally and EPR spectroscopically derived oxidation
state assignments and add the missing information in Scheme 1.
According to this, the reduction of 1 occurs mostly on the
metal, yielding a Ru"(L™) species (Scheme 1). Oxidation of 1
proceeds on L™ as well as on the metal (SOMO of 1, 65% L,
25% Ru; and LUMO of 1%, 51% L, 37% Ru) to produce the
spin-paired complex containing Ru™(L*) (antiferromagnetically
coupled) and closed shell Ru™(L"™) contributions, in agreement
with the stability of [Ru'(acac),]***° (E(S=1) — E(S=0) =
2200 cm™! for 1%, Table S22). Further, the calculated identical
energy of broken symmetry singlet and closed shell singlet of 1"
signifies the appreciable contribution of Ru"VL™.

In the series of 2" and 3", the oxidation of the isolated cations
yields either a metal (2**) or a formazanate-centered process
(3*"), reflecting the particular stabilization of ruthenium(II) by
strongly 7-accepting pap. In both cases, the reduction to the
neutral form occurs at the reducible neutral coligands (bpy or
pap) and not at the anionic formazanate, in contrast to zinc(II)
complexes [Zn(L),]".°

Bl CONCLUSION

We have shown that formazanate ligands can not only be
reduced beyond the conventional monoanionic state® but can
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also undergo oxidation to the neutral formazanyl form within
metal complexes (Scheme 2), evident from the conversion of
[Ru"(L™)(pap),]* to [Ru"(L*)(pap),]** instead of [Ru"(L")-
(pap),]™.

Scheme 2. Formazanate Ligand Redox System

/ / /
N—N —N —N
K \ —e- (" \ —e- TN\
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They are thus truly noninnocently behaving ligands in more
than one way (“bidirectional”) N7 complementing the still small
number of redox-active ligands able to act within six-membered
chelate ring situations.’®~"® These include f-diketonates with
anellated aromatic rings as in 9-oxidophenalenone'” or S-
diketiminates.'® The related verdazyl radical ligands* were also
shown to exhibit noninnocent behavior of six-memebered ring
chelates. Future studies of combinations between formazanates
and metals other than zinc® or ruthenium will have to illustrate
as to which situations favor oxidation or reduction of these
coordinated redox-active ligands.

B EXPERIMENTAL SECTION

Materials. The precursor complexes cis-Ru(acac),(CH;CN),,*" cis-
Ru(bpy),CL,*>* cte-Ru(pap),Cl,,> and the ligand 1,5-diphenyl-3-p-
tolylformazan® (HL) were prepared according to the literature
procedures. Other chemicals and solvents were of reagent grade and
used as received. For spectroscopic and electrochemical studies, HPLC
grade solvents were used.

Physical Measurements. The electrical conductivity of solutions
was checked using an autoranging conductivity meter (Toshcon
Industries, India). The EPR measurements were made in a two-
electrode capillary tube®* with an X-band (9.5 GHz) Bruker system
ESP300 spectrometer. Cyclic voltammetric and differential pulse
voltammetric measurements of the complexes were done using a PAR
model 273A electrochemistry system. Glassy carbon working, platinum
wire auxiliary electrode, and saturated calomel reference electrode
(SCE) were used in a standard three-electrode configuration with
tetraethylammonium perchlorate (TEAP) as the supporting electrolyte
(substrate concentration ~ 10> M; standard scan rate 100 mV s™1).
(Caution! Perchlorate salts are explosive and should be handled with
care.) UV—vis—NIR spectroelectrochemical studies were performed in
CH,;CN/0.1 M Bu,NPF; at 298 K using an optically transparent thin-
layer electrode (OTTLE) cell*> mounted in the sample compartment
of a J&M TIDAS spectrophotometer. All spectroelectrochemical
experiments were carried out under a dinitrogen atmosphere. 'H
NMR spectra were recorded on a Bruker Avance III 400 MHz
spectrometer. The elemental analyses were recorded on a PerkinElmer
240C elemental analyzer. Electrospray mass spectral measurements
were done on a Micromass Q-ToF mass spectrometer.

Preparation of Complexes. Synthesis of [Ru(L™)(acac),] (1).
The precursor cis-Ru(acac),(CH;CN), (100 mg, 0.26 mmol) and the
ligand HL (82 mg, 0.26 mmol) were dissolved in S0 mL of C,H;OH,
upon which NEt; (0.045 mL, 0.27 mmol) was added to the solution,
followed by refluxing for 8 h under aerobic reaction condition. The
solvent was removed and the product was purified using a silica gel
column, and the yellowish-brown complex 1 was eluted by a 2:1
CH,Cl,:hexane mixture. The solvent was removed to yield pure 1.
Yield, 116 mg (72%). MS (ESI+, CH;CN): m/z {1}* calcd, 612.67;
found, 613.04. "H NMR (400 MHz) in CDCl, [§/ppm (J/Hz)]: 8.43
(d, 8, 1H), 8.35 (d, 8, 1H), 8.12 (d, 8, 2H), 7.73 (m, 1H), 7.44 (m,
6H), 7.16 (d, 8, 3H), 2.4 (s, 1H), 2.42 (s, 3H), 2.39 (s, 1H), 2.37 (s,
3H), 2.18 (s, 3H), 2.11 (s, 3H), 1.96 (s, 3H). >*C NMR (400 MHz) in
CDCl, [6/ppm]: 129.55, 12930, 128.85, 128.65, 126.60, 125.50,
124.11, 56.20, 32.00, 31.90, 22.65, 21.50, 14.10, —9.80. Anal. Calcd for
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CyoHyN,O,Ru: C, 58.81; H, 5.10; N, 9.14. Found: C, 58.88; H, 5.23;
N, 8.97. Molar conductivity (CH;CN): Ay = 5 Q7' em®> M.

Synthesis of [Ru(L™)(bpy),ICIO, ([2]CIO,). The starting complexes
cis-Ru(bpy),Cl, (100 mg, 0.21 mmol) and AgClO, (87.07 mg, 0.42
mmol) were taken in EtOH and refluxed for 2 h. The precipitated
AgCl was filtered off through a sintered Gooch crucible. The filtrate
was then treated with HL (66 mg, 0.21 mmol) and NEt; (0.035 mL,
0.21 mmol). The mixture was refluxed for 10 h under dinitrogen
atmosphere. The solvent was removed, and the residue was moistened
with a few drops of CH;CN followed by the addition of a saturated
aqueous solution of NaClO,. After being stored at 273 K overnight,
the precipitate was filtered and washed with chilled water to remove
excess NaClO, and dried in vacuo over P,Oy. The product was
purified using a silica gel column, and the green complex [2]CIO, was
eluted by 4:1 CH,Cl,:CH;CN mixture. The solvent was removed to
yield pure [2]ClO,. Yield, 109 mg (64%). MS (ESI+, CH;CN): m/z
{2}* calcd, 726.83; found, 727.01. "H NMR (400 MHz) in CDCI, [§/
ppm (J/Hz)]: 8.95 (d, 8, 2H), 8.2 (d, 8, 2H), 8.09 (m, 2H), 7.86 (d, 8,
2H), 7.74 (d, 8, 2H), 7.55 (m, 6H), 7.08 (d, 8, 2H), 7.03 (t, 8, 2H),
6.75 (m, 6H), 6.28 (d, 8, 4H), 2.32 (s, 3H). 1*C NMR (400 MHz) in
CDCl, [8/ppm]: 157.16, 155.68, 151.19, 143.74, 137.94, 13698,
133.82, 133.61, 130.36, 130.16, 129.16, 128.40, 127.55, 126.75, 126.55,
126.23, 123.90, 122.96, 29.58, 22.81. Anal. Calcd for
Cy4oHyN3O,CIRu: C, 58.10; H, 4.03; N, 13.56. Found: C, 57.91; H,
4.11; N, 13.77. Molar conductivity (CH;CN): Ay = 87 Q' em?> M.

Synthesis of [Ru(L™)(pap),ICIO, ([3]CIO,). The starting complex
cis—trans—cis-Ru(pap),Cl, (100 mg, 0.19 mmol) and AgClO, (79.04
mg, 0.38 mmol) were taken in EtOH and refluxed for 2 h. The
precipitated AgCl was filtered off through a sintered Gooch crucible.
The filtrate was treated with HL (60 mg, 0.19 mmol) and NEt; (0.035
mL, 0.21 mmol). The mixture was refluxed for 8 h, and then the
solvent was removed. The residue was moistened with a few drops of
CH,;CN followed by the addition of saturated aqueous solution of
NaClO,. After being stored at 273 K overnight, the precipitate was
filtered, washed with chilled water to remove excess NaClO,, and dried
in vacuo over P,O,y. The product was purified using a silica gel
column, and the dark violet complex [3]ClO, was eluted by a 5:1
CH,Cl,:CH,CN mixture. Yield, 111 mg (68%). MS (ESI+, CH;CN):
m/z {3} calcd, 780.88; found, 781.23. 'H NMR (400 MHz) in
CD,),SO [8/ppm (J/Hz)]: 8.88 (d, 6, 2H), 8.57 (d, 6, 2H), 8.40 (t,
7.5, 2H), 7.88 (m, 2H), 7.63 (d, 10, 2H), 7.43 (m, 2H), 7.20 (4, 6,
2H), 7.15 (t, 10, 4H), 7.1 (t, 7.5, 3H), 7.00 (t, 7.5, 4H), 6.67 (m, 7H),
2.32 (s, 3H). *C NMR (400 MHz) in CD3),SO [5/ppm]: 164.40,
155.16,152.27, 150.31, 144.94, 140.71, 135.32, 133.08, 129.04, 128.71,
128.14, 127.76, 127.35, 124.66, 123.79, 123.28, 123.18, 54.87, 20.75.
Anal. Caled for C,H;N,,O,CIRu: C, 57.26; H, 4.01; N, 1591.
Found: C, 57.53; H, 4.06; N, 15.58. Molar conductivity (CH;CN): Ay,
=92 Q'em® M.

(Caution! Perchlorate salts are explosive and should be handled with
care.)

Crystal Structure Determination. Single crystals of 1, [2]ClO,, and
[3]ClO, were grown by slow evaporation of 1:1 CH,Cl,—hexane,
CH,Cl,—toluene, and CHCl;—CH;OH solutions, respectively. X-ray
diffraction data were collected using a Rigaku Saturn-724+ CCD
single-crystal diffractometer using Mo Ka radiation. The data
collection was evaluated by using the CrystalClear-SM Expert
software. The data were collected by the standard w-scan technique.
The structure was solved by direct method using SHELXS-97 and
refined by full matrix least-squares with SHELXL-97, refining on F2.°
All data were corrected for Lorentz and polarization effects, and all
non-hydrogen atoms were refined anisotropically. The remaining
hydrogen atoms were placed in geometrically constrained positions
and refined with isotropic temperature factors, generally 1.2U, of their
parent atoms. Hydrogen atoms were included in the refinement
process as per the riding model. SQUEEZE was applied for the
disordered unidentified solvent molecule in the crystal of [2]ClO,.

Computational Details. Full geometry optimizations were carried
out using the density functional theory method at the (U)B3LYP level
for 1" (n=0),2" (n=2+,0,—),and 3" (n = 2+, 0, —) and (R)B3LYP
for 1" (n = +, =), 2" (n = +), and 3" (n = +).”” All elements except
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ruthenium were assigned the 6-31G(d) basis set. The LanL2DZ basis
set with effective core potential was employed for the ruthenium
atom.® All calculations were performed with the Gaussian 09 program
package.39 Vertical electronic excitations based on (U)B3LYP
optimized geometries were computed using the time-dependent
density functional theory (TD-DFT) formalism®® in acetonitrile
using the conductor-like polarizable continuum model (cpcm). M
Chemissian 1.7** was used to calculate the fractional contributions of
various groups to each molecular orbital. All calculated structures were
visualized with ChemCraft.*
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