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ABSTRACT: The complex Ru"(NH,),(0-benzoquinonediimine)Cl, under-
goes a reversible apparent acid/base reaction, although it has no obvious
basic lone pairs. The reaction is a proton-assisted disproportionation yielding
an oxidant ([Ru™(NHj,),(0-benzoquinonediimine)Cl,]*) and a reductant
([Ru™(NH;),(o-phenylenediamine)Cl,]*). These species were characterized
by electrochemistry, ultraviolet—visible light (UV-vis), vibrational (infrared
(IR) and Raman), mass and electron paramagnetic resonance (EPR)
spectroscopy, and X-ray structural analysis. The reaction is shown to be
downhill from an isodesmic calculation. Three different isosbestic
interconversions of the parent and product species are demonstrated. The
electronic structures of these species were analyzed, and their optical spectra 40
assigned, using density functional theory (DFT) and time-dependent DFT.

This disproportionation of a noninnocent ligand complex may be relevant to

the application of noninnocent ligands in organometallic catalysis and in the biological milieu.
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B INTRODUCTION (Figure 1) upon the addition of acid but reverts to the same
Noninnocent ligands have been recognized, in recent years, to original simple spectrum when the solution is neutralized.
play prominent roles in biological systems.l_22 The very Essentially the same behavior is seen with hydrochloric, nitric,
unusual disproportionation reported here simultaneously sulfuric, and phosphoric acids, in water or in water-miscible
generates stable oxidizing and reducing agents, related by a organic solvents, etc. Thus, the counterion is irrelevant. The

two-electron process. This may be considered to be a proton-
induced charge separation that zproduces reactive but stable
species. We previously reported™ the synthesis and properties

system is also stable in cold concentrated hydrochloric or
sulfuric acid, yielding essentially the same complex UV-vis

of the species Ru"(NH,),(bqdi)Cl, (I) (bqdi = o-benzoquino- spectrum. o ) )
nediimine). This highly covalent molecule, which has no free We demonstrate below that this is not a simple acid—base
protonatable sites, reacts with dilute mineral acids in a reaction but is, in fact, a proton-induced disproportionation
reversible manner. Thus, the very simple ultraviolet—visible whereby the metal is oxidized and one ligand is reduced.
light (UV-vis) spectrum changes to a much richer spectrum The reaction may be written as

2Ru"(NH,), (bqdi)Cl, + 2H' — [Ru"(NH;), (bqdi)CL,]* + [Ru'(NH,), (opda)Cl,]* o
2(1) (1) (1) 1

where opda =1,2-phenylenediamine.
There are isosbestic points in the spectroscopic conversion
(Figure 1). Such an observation is commonly believed to

subsequent protonation to form ligated 1,2-phenylenediamine
(opda), accompanied by oxidation of Ru" to Ru', i.e., net one
electron reduction with the addition of two protons.

indicate that only two species are present in solution; however, The reaction proceeds rapidly in very strong acid, but
as discussed previously by Drag0,24 there are conditions where relatively slowly in dilute acid. Thus, in 0.001 M HC], there is
three or more species in equilibrium may generate isosbestic time, using a diode array spectrometer, to collect a series of
points. This is an example where three species are involved (but optical spectra as the species convert.
see below). In Figure 1, absorption labeled “I” belongs to the It proved possible to define synthetic conditions that allow
parent species (I), that labeled “II” is assigned to species II, and for the separate recovery of the two species. We report
that labeled “III” is associated with species IIL

Species 1I is derived from I by one electron oxidation, while Received: July 19, 2012
species III involves two-electron reduction of bqdi and Published: December 17, 2012
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Figure 1. Reaction of [Ru"(NH;),(bqdi)Cl, (I) (red) in methanol
with a few drops of concentrated HCI to form [Ru™(NH,),(bqdi)-
CL,]* (11) and [Ru™(NH;),(opda)Cl,]* (III). See text for annotation.
Isosbestic points occur at 17 360, 23 930, and 32 040 cm™.

electronic and vibrational data (IR), mass spectra, cyclic
voltammetry, electron paramagnetic resonance (EPR), X-ray
structural characterization, and density functional theory
(DFT) analysis of the new species II and III and magnetism
and resonance Raman data for species II.

B RESULTS AND DISCUSSION

Syntheses of [Ru'"'(NH;),(bqdi)Cl,]ICI (ll) and
[Ru™(NH;),(opda)Cl,]CI (lll). Species II is obtained from the
parent species (I) by treatment with concentrated hydrochloric
acid, in which it is almost insoluble. The resulting black/deep
green solid (II) is analytically pure. Its identity as a simple Ru'-
to-Ru'™" oxidation product of species I is assured from CHN
analysis, mass spectrum (see the Experimental Section),
magnetic data (low-spin d*), and the crystal structure described
below. It may also be obtained by spectroelectrochemical
oxidation (Figure 2) or chemical oxidation of species I with
AgNO; (see the Supporting Information).

[Ru"(NHj;),(bqdi)CL,]* (II) is soluble in methanol, yielding
a green solution that is fairly stable. It is sparingly soluble in
acetonitrile and in water, enough to monitor its spectrum in a
cuvette, but reconverts to species I over a period of days, or
rapidly if base is added. In water containing 1 M (or stronger)
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Figure 2. Spectroelectrochemical oxidation of Ru'(NH;),(bqdi)Cl,
(I) (red) in methanol/TBAPF; at +0.8 V vs SCE to yield
[Ru™(NH,),(bqdi)CL,]* (II) (blue). Isosbestic points occur at 17
790, 20 860, 33 500, and 40 900 cm ™.

HC], it is indefinitely stable. The infrared spectrum shows two
sharp peaks at 3257 and 3340 cm™', which are due to the
symmetric and antisymmetric N—H (bqdi) stretching vibra-
tions, compared to the peaks observed at 3234 and 3327 cm™
for the Ru" species (I).

The pink cationic [Ru™(NH;),(opda)Cl,]* species (III) is
retrieved from the filtrate of the concentrated HCI reaction
with I noted above. Freeze-drying of the initial filtrate from
HCI yielded the chloride salt. However, this species is very
unstable. It reconverts to species I in pure water on a time scale
of minutes, and instantaneously if base is added. Attempts to
wash the sample in preparation for CHN analysis always caused
some contamination with species I or II, as confirmed by the
electronic spectra. Its identity is ensured by its mass spectrum
(see the Experimental Section) and the crystal structure of the
zincate salt. It shows broad structured absorption in the NH
stretching region of the IR spectrum.

X-ray Structures. The [Ru™(NH,),(bqdi)CL][Cl] (II)
complex (see Table 1 and Figure 3, left) crystallizes in a very
similar manner to [Ru''(NH,),(bqdi)Cl,] (I).>* Both crystallize
in the Pnma space group with the ruthenium complex lying on
plane m. The Ru—Nyy;, bond length is 2.135 A, which is nearly

unchanged from the Ru" species, while the Ru—Cl bond
lengths are contracted by ca. 0.05 A, to an average of 2.33 A.
The Ru—Nj,q; distance is 1.985 A, which is 0.02 A longer than
in the reduced species. The C—C distances alternate between
short and long, as expected for the bqdi ligand, and are
essentially unchanged from the Ru" crystal. The Cl-Ru—Cl
angle is 175°, with the Cl atoms pushed slightly away from the
bqdi ligand. The bqdi ligand is essentially planar; however,
there is an angle of 11° between the plane of the benzoquinone
ring and the Ru—Nj,; plane. It is likely that this bend is due to
packing effects.

The [Ru™(NH;),(opda)Cl,] [ZnCl,(H,0)] (Illc) complex
(see Table 1 and Figure 3, right) crystallizes in the P2,/c space
group, with one unique cation and anion within the unit cell.
The average Ru—N,4, distance is 2.091 A, which is much
greater than that in the bqdi analogue (II) of 1.985 A. The Ru—
Nyp, distances have contracted slightly, with respect to II, to

2.113 A. The Ru—Cl bond lengths remain nearly the same at
2.34 A, while the Cl-Ru—Cl angle is nearly linear at 175.2°.
The C—N distance has increased to 1.462 A, which is indicative
of an aromatic C—N bond. The C—C bonds are all
approximately 1.38 A, indicating that we do not have a
quinonoid structure but a delocalized phenyl ring, which is
indicative of opda. The opda is planar, but is canted out of the
N, plane, such that the interplanar angle is 18.2°. The
aquatrichlorozincate(II) anion**~*’ has Zn—Cl distances of
224 A, and a Zn—Oy distance of 2.01 A. Selected bond

distances for [Ru"(NH;),(bqdi)Cl,] (I), and species II and
IIIc, are shown in Table 2.

Cyclic voltammetry. The cyclic voltammograms of species
II and III in methanol are shown in Figure 4.

The data were internally corrected using the Fc"/Fc couple,
which is assumed to lie at 0.346 V vs SCE (0.102 V vs NHE) in
methanol (MeOH).*® The small wave near 0.5 V in the
voltammogram of III is due to the slight decomposition to
species I. The current scale is arbitrary.

One expects that the cyclic voltammogram of species II will
look identical to that of the parent species (I),> aside from
displacement on the current axis, and that is the case. Wave A
(0.49 V vs NHE) is then simply the Ru™" process with the
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Table 1. Summary of Crystal Data and Refinement Results for [Ru(NH;),(bqdi)CL,][CI] (II) and [Ru(NHj,),
(opda)CL][Zn(OH,)Cl,] (IIIc)

I IIlc
empirical formula (C¢H},CLN,Ru)(CI) (C¢H,4,CLN,Ru) (H,0Cl3Zn)
formula weight, fw 347.62 503.92
temperature (K) 150(1) 150(1)
wavelength (A) 0.71073 0.71073
cryst dimensions (mm) 0.20 X 0.10 X 0.06 0.30 X 0.20 x 0.07
crystal shape, color needle, brown needle, purple
crystal system orthorhombic monoclinic
space group Pnma P2,/c
unit-cell dimensions

a(A) 8.1451(3) 6.7263(3)

b (A) 8.8999(5) 13.0769(3)

¢ (A) 16.0424(10) 18.2430(8)

a (deg) 90 90

B (deg) 90 94.267(2)

7 (deg) 90 90

volume (A%) 1162.92(11) 1600.19(11)
V4 4 4
calcd density (g cm™) 1.985 2.092
abs coeff (mm™") 2.005 327
F(000) 684 988
0 range (deg) 2.6-27.5 2.6-27.5
limiting indices —-10<h <10 -8<h<8

11 <k<11 -14 <k<16
-19<1<20 -17 <1<23

reflns collected/unique/I > 20(I) 10090/1427/925 10488/3637/2903
completeness to 6 (%) 99.9 98.9
max. and min transmission 0.903, 0.676 0.803, 0.440
data/params/restraints 1427/71/0 3637/173/0
GOF on P L12 1.04
R indices ([F* > 26(F?)]) R1 = 0.0530 R1 = 0.0407
weighted R indices ([F* > 26(F*)]) wR2 = 0.139 wR2 = 0.0944
R indices (all data) R1 = 0.1021 R1 = 0.0565
Largest residual diff. peak and hole (e A%) 1.70, —1.18 144, —1.26

r
Na [ O
O—4JR

N

Figure 3. ORTEP rendering of II (left) and Illc (right) with thermal displacement ellipsoids drawn at the 50% probability level.

[Ru(NH;),ClL,] fragment attached to o-benzoquinonediimine.
No other processes are observed or expected in the range

studied.

The characteristic feature of species III is wave B (—0.20 V vs
NHE) located ca. 0.7 V negative of wave A. The ligand
electrochemical parameter29 (EL(L)) can be used to predict the
potential, for any ruthenium (or other metal)
complex, using the known E; (L) values for the ligands.
E,(bqdi), is 0.41 V> for species I and IL The E; (opda) value
has not been reported; however, as a primary amine, it will
most likely have a value in the range of 0.06 = 0.05 V (vs
NHE).* Assuming the observed wave at —0.20 V vs NHE is

expected Ru'™/!

the Ru™™ potential for species III, we then derive E; (opda) =
0.07 V vs NHE, well within the expected range. Thus, wave B is

so assigned. There are no obvious oxidation waves more
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positive than 0.3 V vs Fc'/Fc within the range studied.

Magnetochemistry of [Ru"(NH5),(bqdi)CL,I[CI] (II). At
room temperature, the yT value of 0.45 cm® K mol™" (1.90 ug)
4d° recorded for species II is slightly higher than the expected
theoretical value of 0.375 cm® K mol™" for one low-spin Ru
ion, assuming g = 2 (see Figure S4 (left) in the Supporting
Information). This indicates a slightly larger g-value for II,
consistent with the EPR data (vide infra). Upon cooling, the yT
product remains roughly constant down to 50 K. Below 50 K,

dx.doi.org/10.1021/ic301573c | Inorg. Chem. 2013, 52, 169—181
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Table 2. Selected Bond Distances for [Ru"(NHj;),(bqdi)Cl,] (I),” and Species II and Illc

Bond Distances (A)

I II Ilic
Ru—N1 1.969(3) 1.985(5) 2.084(3), 2.097(3) (N1,N2)
Ru—-N2 2.149(3) 2.135(6) 2.116(3), 2.110(3) (N3,N4)
Ru—CI2 2.373(1) 2.313(3) 2.3358(9)
Ru—Cl1 2.382(1) 2.352(2) 2.3406(9)
N1-Cl 1.330(5) 1.323(8) 1.462(5), 1.447(5) (N1-C1, N2—C2)
C1-C2 1.408(S) 1.424(9) 1.378(6), 1.392(5) (C1-C6, C2—C3)
C1-ClA 1.457(7) 1.443(9) 1.381(6) (C1-C2)
C2-C3 1.358(6) 1.357(9) 1.378(6), 1.376(6) (C3—C4, C5—C6)
C3-C3A 1.427(8) 1.445(9) 1.384(6) (C4—Cs)
“Data taken from ref 23.
B
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Figure 4. Cyclic voltammograms of species [Ru™(NHj;),(bqdi)CL]Cl g=186
(1) (red trace) and [Ru™(NH;),(opda)CL,]Cl (III) (black trace) in g=243
methanol/TBAPF. Scan rate = 100 mV s7L
1500 2000 2500 3000 3500 4000
Field /Gauss

xT decreases rapidly to reach a minimum value of 0.11 cm® K
mol ™! at 2 K. This decrease is most likely due to a combination
of factors, such as significant magnetic anisotropy and/or weak
intermolecular antiferromagnetic interactions. The data could
be fitted to the Curie—Weiss law (C = 0.46 cm® K mol™ and 6
= —4.20 K), which suggests a weak intermolecular
antiferromagnetic interaction. It was not possible to obtain a
sufficiently dry and pure (removal of solvent caused some slight
decomposition) sample of species III to pursue its magnetism.

Electron Paramagnetic Resonance (EPR) Spectra. The
EPR spectra of ruthenium complexes of quinonoid ligands have
been extensively studied and most frequently involve semi-
quinones. These species usually §ive rise to anisotropic spectra
with g-values clustered close®** ™" to 2.0. Ruthenium(III)
complexes containing the closed-shell quinone are rare, but
one is reported3'7 to give a slightly rhombically split, axial signal.
Ruthenium(III) complexes containing the fully reduced
catecholate are quite common and usually give rise to an
anisotropic signature (see, e.g., refs 32 and 37—39). Generally,
ruthenium (1) species in pseudo-octahedral environments may
have rhombic or axial symmetry.** Indeed, the species II
spectrum appears axial while species III exhibits a rather typical
rthombic low spin d° Ru'™ spectrum (see Figure S).

As further confirmation, the g-tensors were evaluated using
DFT and the NMR keyword. The results are approximate and
the numerical values are dependent, to some degree, on the
basis set used; however, it is satisfying that these calculations
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Figure 5. Electron paramagnetic resonance (EPR) spectra of species I
(lower, red trace) and III (upper, black trace), both in frozen
methanol, at liquid nitrogen temperature. The DPPH signal is shown
for the species III trace and has been mostly excluded for the species II
trace. No signals were observed for species II below 2000 G.

confirm the above analysis. Thus, using B3LYP (PCM,
methanol), the g-tensors evaluated for these species are

Species II: 2.27, 2.27, 2.02 (axial, C,)
Species III: 2.82, 2.38, 2.00 (rhombic, C,)

which is in excellent agreement with the experimental pattern
and is in moderate agreement with the numerical values. Thus,
the unpaired electron in species III clearly displays a rhombic
signal, while that of species II is tetragonal (see DFT discussion
below).

Density Functional Theory (DFT) Calculations. The
DFT analysis initially employed the B3LYP functional and
LANL2DZ basis sets, which work well with many ruthenium
species but have a tendency to overestimate some metal—ligand
distances.*' ™' In this system, the Ru—Cl distance was
especially overestimated. To alleviate this error, we explored
using triple-{ functions, initially trying def2-TZVP for
ruthenium®* while retaining LANL2DZ for the other elements.
This improved the situation (Table 3) but the Ru—CI bond was
still rather too long. However, including def2-TZVP for both

dx.doi.org/10.1021/ic301573c | Inorg. Chem. 2013, 52, 169—181
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Table 3. Comparative Selected Bond Distances with Basis
Set, DFT“

LANL2DZ LANL2DZ — LANL2DZ — CH)N;
= C,H,N,C]; def2-TZVP Ru, Cl
bond CHN,CLRu  def2-TZVP Ru [X-ray expt]
[R“III(NHs)z(qui)Clz]+ (Im)
Ru—NH, 2.16 215 2.16 [2.135]
Ru—Nigq; 2.01 1.985 1.985 [1.985]
Ru—Cl 243 2.40 2.35 [2.33,,]
C=NH 133 1.34 1.34 [1.32]
[Ru"(NH;),(bqdi)CL,] (1)*
Ru—NH, 2.18 2.16 217 [2.15]°
Ru—Njgq; 2.00 1.98 1.98 [1.97]
Ru—Cl 2.50 247 241 [2.38]
C=NH 1.35 1.355 1.355 [1.33]
[Ru"(NH;),(opda)CL,]* (I11)
Ru—NH, 215 2.14 2.14 [2.12]
Ru—N,,, 214 212 2.13 [2.08]
Ru—Cl 243 241 2.36 [2.34]
C—NH, 1.47 1.48 1.48 [1.46]

“Experimental values given in square brackets. bExperimental data
previously reported in ref 23.

removed the negative frequencies for species IIL In the X-ray
structure of species III, the opda group is slightly canted out of
the N, plane, as noted above, but in the geometry-optimized C,
version, the opda lies in the N, molecular plane.

Molecular Orbitals of [Ru"(NH;),(bqdi)Cl,]CI (1l). Figure
6 shows the makeup of the frontier a- and f-manifold orbitals
of species II. We assume a 2-fold (z-) axis through the bqdi
ligand with the bqdi plane being xz. The a-#63 orbital
(HOMO) is mostly comprised of #-bqdi (HOFO, highest
occupied fragment orbital) in an out-of-phase (antibonding)
combination with the Ru d,, orbital that has &-symmetry
(Figure 7 (left)), with respect to the bqdi ligand (d6). Orbital

82,50

Figure 7. Location of unpaired a-electron in (left) species II (a-#63,
HOMO) and (right) species III (a-#63, HOMO-1).

chlorine and ruthenium led to excellent agreement between
predicted DFT key bond distances and X-ray data for species II
and III and very good agreement for species I (see Table 3).
Employing def2-TZVP for anionic ligands is especially effective.

Therefore, we employed LANL2DZ for C, H, and N, and
def2-TZVP for Ru and Cl. The computation employs a
geometry-optimized molecule in a PCM (methanol) in silico
environment.

Both species could belong to point groups C,, C,, C, or C,,,
depending on the relative orientations of the ammine protons.
Not unexpectedly, these alternatives have very similar SCF
energies; indeed, in solution, the ammine groups are likely
rotating. We initially chose to use the C,, orientation for both
species to maximize symmetry, since this also corresponds to
the molecular symmetry of species II in the crystal. However,
this led to some negative frequencies in the vibrational
spectrum associated with ammine group rotation. Indeed, a
small rotation of the ammine groups and C; symmetry removed
the negative frequencies for species II (the mirror plane bisects
the bqdi ring and the two Ru-NH; bonds), while C, symmetry

a-#61 is the corresponding in-phase (bonding) combination,
and a-#5$ is d,, bonding to z-chloride. Orbitals a-#56 and a-
#62 involve a bonding and antibonding interaction of d, and #-
chloride, respectively. a-#62 is also bonding between d,, and
7*-LUFO (bqdi) (lowest unoccupied fragment orbital).

The LUMO (a-#64) comprises the antibonding d,,—7-bqdi
combination. The relatively pure d-orbital (MO a-#60) is d,,
that lies in the bqdi molecular plane. It has a weak o-interaction
with bqdi and an antibonding interaction with to z-chloride.

The empty f-#63 orbital is mostly d,, so the “hole” in this
low-spin d° complex (II) lies on d,,, and the odd electron is in
the a-#63 orbital (overlap 0.76 with B-#63). The two orbitals,
dy and d,, (HOMO and HOMO-1), differ in energy by 0.12
eV and therefore are fairly close to an “e” pair, displaying
pseudo-tetragonal symmetry (see EPR above).>> Orbital f-#62
corresponds with a-#62 as a 7-bonding combination between
i}g and 7*-LUFO (bqdi). Similarly, f-#60 is the partner of a-

0.

Table 4 lists some of the electronic structural characteristics
of the [Ru™(NH,),(bqdi)Cl,]* species (II) derived with this

MO Index

80

60
Percent Composition

20 40 100

MO Index

40 60 100

Percent Composition

20

Figure 6. Percent composition of frontier orbitals of [Ru™(NHj;),(bqdi)CL]CI (II) (left-a, right-f). Legend: Ru (black), bqdi (red), chloride
(yellow), ammonia (green). DFT (B3LYP LANL2DZ and def2-TZVP, PCM methanol (see text)). The HOMO—LUMO gap is represented by the
larger white bar identified by “---” along the vertical axis to the left of each panel.
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Table 4. Summary of Charges, Spin Densities, and Bond
Orders for [Ru™(NHj,),(bqdi)Cl,]* (II) and the Parent
Species [Ru"(NH;),(bqdi)Cl,] (I)

net Mulliken (NPA)” charge on
Ru

+0.88 (+0.10)

[Ru"(NH;),(bqdi) [Ru"(NH;),(bqdi)
CL,J* (1) CLI (M

+0.86 (+0.00)

net Mulliken (NPA) charge on +0.63 (+0.37) +0.15 (—0.14)
[RH(NH3)2C12J
net Mulliken (NPA) charge on +0.37 (+0.63) —0.15 (+0.14)
bqdi
o,m-transfer bqdi > Ru 0.39(a), 1.13(B)° 0.69
m-transfer Ru — bqdi 0.18(a), 0.32(p)° 0.85
occupancy #29 bqdi 0.14(a), 0.25(8) 0.73
[Ru(NH,),Cl,] [bqdi] bond 0.86(a), 1.13(5) 215
order
Ru—NH(bqdi) bond order 0.74(a), 1.00(8)* 1.56¢
Ru—NH, bond order® 0.44(a), 0.42(8)¢ 0.667
Ru—Cl bond order® 0.72(a), 0.93(8)¢ 1.314
net spin on Ru—Mulliken (NPA)  0.96 (0.87) nr.’

“For direct comparison, these data were derived using Gaussian 09
C.01, LANL2DZ, and def2-TZVP, as noted in the text, and the PCM
model with methanol as the solvent; therefore, the data differ slightly
from those reported in the earlier paper.23 bNatural population
analysis. “Large electronic (ff) polarization [Ru(NH;),CL] — (bqdi) =
0.76 a.u. “Per two ligands. “n.r. = not relevant.

computational analysis. More subtly, the Ru-NH(bqdi) and the
[Ru(NH;),Cl,] and [bqdi] fragment bond orders are larger
from the f-manifold than from the @-manifold, because the
extra a-electron is in an orbital that is antibonding with respect
to bqdi. The greater donation from bqdi to Ru™ in the f-
manifold than the a-manifold, while incorporating a polar-
ization contribution is also real because the “hole” in the f-
manifold allows z-donation from bqdi to Ru™, which is not
possible in the a-manifold.

The a-#61 orbital is antibonding between d,, and a pair of
chloride 7-orbitals. Since the f-d,, electron is absent, there is no
such antibonding interaction in the f-manifold, thereby
explaining why the S-Ru—CI bond order exceeds that of the
a-Ru—Cl bond order. The d,, orbital does not interact with the
ammonia residues, so the Ru—NH; bond orders are the same in
both manifolds.

It is of interest to include herein a comparison with the
corresponding ruthenium(II) species [Ru'(NH;),(bqdi)Cl,]
(I). Species I is unusual in having very strong 7-back-donation
from Ru to bqdi, such that the overall net charge on the bqdi
fragment is negative, despite the o-bonding interaction, which
would move charge toward Ru. This 7-back-donation is greatly
diminished in species II, because of the higher formal charge on
Ru. Hence, the net charge on bqdi is now ca. 0.52 a.u. more
positive than in species I. The net positive charge on the
molecular fragment [Ru(NH;),Cl,] is correspondingly much
greater in II than in I The bond order between the
[Ru(NH;),CL] and [bqdi] fragments is smaller for the Ru™
species (total 1.99) than for the Ru" species (2.15), because of
the enhanced z-back-donation in the latter. The individual Ru—
N bonds (Figure 8) also have higher bond orders for the Ru"
species than for Ru™. Both the Ru—NH; and Ru—Cl bond
orders, on the other hand, are greater for the Ru"" than the Ru"
species, which is due to the greater positive charge on the
former. The variations in the bqdi bond orders (Figure 8)
reveal that the bqdi ligand is more quinonoid in the Ru' than

174

1.209 Ru-NH 5
1178 H 0.776  0.334
PR N \0.?24 0.421
1.244 1.122 R
1.184 1.166 152? u
e i Ru-Cl
1.594 H 0.653
1.619 0.824

Figure 8. Comparison of Mayer bond orders in species I and II. The
black data refer to the ruthenium(II) species, and the red data refers to
the ruthenium(III) species. The molecule has C, symmetry with the
mirror plane bisecting the bqdi ring, so the C; symmetry-related bonds
have the same force constants, which, therefore, are not shown.

in the Ru" species, where the quinonoid character is reduced
significantly by the z-back-donation.

Molecular Orbitals of [Ru'(NH,),(opda)Cl,ICI (lll). The
frontier molecular orbital composition is displayed in Figure 9.
Since there is only a o-interaction with the opda ligand, z-MOs
associated with this ligand are essentially pure with little mixing
with metal, ammonia, or chloride (see, e.g., a,f-#60,61). The
a,p-#62 MOs are clearly d, lying in the opda molecular plane
and, lacking interaction with chloride, are essentially pure d-
orbitals. As in species II, the “hole” is in a d,j-orbital, but here
the “odd” a-d,, is the HOMO-1, although still a-#63. Thus, a-
#55,56 and a-#63,64 comprise the bonding and antibonding
combinations between d,, and d,, and 7-chloride, respectively.
The absence of an electron in f3-d,, explains the absence of the
aforementioned pair of bonding and antibonding combinations
with z-chloride in the f-manifold.

The unpaired a-electron resides in HOMO-1 (a-#63), which
overlaps the f-LUMO (#64) with an overlap integral of 0.90.
HOMO-1 is close in energy with HOMO-2 (differ by 0.1 eV),
so the unpaired electron again resides in a quasi-tetragonal
environment; however, in this case, we observe a rhombic EPR
spectrum. Species III possesses a very low-lying d—d excited
state (at ca. 2100 cm™") in which the odd electron is now in dy;
this will provide a mixing mechanism®* to generate the rhombic
asymmetry of the EPR spectrum. In species II, such d—d
excited states lie at or above 6500 cm™ (see Tables S4 and S6
in the Supporting Information), therefore, species II exhibits a
tetragonal EPR spectrum.

Electronic Spectra. Figures 10 and 11, and Table 5, display
the experimental spectra of species II and III and the TD-DFT
predicted spectra (also see Tables S4 and S6 in the Supporting
Information). The TD-DFT analysis of species II reproduces
the visible region band envelope of a strong band (labeled “9”)
with its two nearby lower (labeled “6,7”) and higher (labeled
“13”) energy satellites extremely well. The energy of the
experimental band at 21 050 cm™" is predicted exactly, and the
predicted satellite energies also agree well. The intense
transition (labeled as “9” in Figure 10) is very complex, being
a mixture of LgLy CT, chloride to 7* bqdi charge transfer,
L,MCT, bqdi # — Ru 4dx to the hole in the f-manifold, and
indeed MLCT to #* bqdi in the a-manifold. A predicted
transition 10, 7—z* bqdi, apparently lies under the broad
envelope of this intense transition. The peak at 16 660 cm™ is
assigned to the transitions labeled “6,7”, a similar complex
combination of transitions (see Table S). The experimental
band near 25000 cm™" is evidently the expected LoMCT,
chloride to the hole on the metal CT. The UV absorption arises
from many transitions contributing to the broad experimental
band between 30000 cm™' and 35000 cm™. However, TD-
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Figure 9. Percent composition of frontier orbitals of [Ru™(NH;),(opda)CL]Cl (III) (left, @; right, ). Legend: Ru (black), opda (red), chloride
(yellow), and ammonia (green). (B3LYP LANL2DZ and def2-TZVP, PCM water (see text).)
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Figure 10. Electronic spectra of [Ru"™(NHj;),(bqdi)ClL,]* (II). Time-
dependent DFT spectrum of solvent (methanol) optimized geometry
(red). Experimental spectrum in methanol (black). The numbering of
key bands refers to the numerical listing given in the Supporting
Information and Table S.
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Figure 11. Electronic spectra of [Ru™(NH,),(opda)Cl,]* (III).
Experimental spectrum in dilute aqueous HCI (black trace); DFT
predicted spectrum of the aqueous-phase optimized geometry (red
trace).

DFT seriously overestimates the intensity of the transition

labeled “26”.
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Interestingly, species [Ru"(NH,),(opda)ClL,]* (IIT) has just
one strong, narrow, absorption in the near-UV region (28900
cm™), with a significant shoulder near 39 000 cm™} rising to a
very intense absorption at ca. 50000 cm™" (see Figure 11).

Since the s-levels of opda are not conjugated with
ruthenium, the electronic spectrum of species III is expected>
to be much simpler than that of species II. The only low-energy
transition with significant intensity is peak 11, which is the
anticipated LoMCT transition, from chloride to the hole in Ru
dn® (see Table 5). The shoulder near 39 000 cm™' is the other
expected LMCT transition, L,,MCT, while the band near 50
000 cm ™" is due to a cluster of internal opda z—7z* transitions.
Aside from the near-UV band, the predicted spectrum shows
no strong transitions below ca. 50000 cm™" (see Table S and
Table S6 in the Supporting Information).

There has been some discussion of the use of TD-DFT, as
currently formulated,> for open-shell calculations, specifically
that it cannot deal with them properly.56 However, the
agreement here is quite acceptable, aside from one rather
too-intense transition. We have previously seen very good
agreement between theory and experiment for open-shell
species*’ including higher-energy transitions (at least to 40 000
cm™h).

Resonance Raman (RR) Spectroscopy. The resonance
Raman (RR) spectra of [Ru"(NH,),(bqdi)Cl,]* (II) excited at
488 and 782 nm are shown in Figure 12, together, for
comparison purposes, with that of the previously reported”>>’
[Ru"(NH,),(bqdi)ClL,]* (I). Weak overtone and combination
bands are also observed (see Figure S3 in the Supporting
Information), but they are not as well-defined as was previously
obtained with the parent species (I) and are not discussed
further. The DFT-calculated Raman spectrum of
[Ru"(NH,),(bqdi)CL,]* (II) is also included. This calculation
requires an energy-minimized structure and the gas-phase
optimized geometry was used. Three strong bands in the
1400—1500 cm™ region are clearly associated with the three
experimental bands in this region. The calculated wavenumber
data were multiplied by a factor of 0.96 to map onto the
experimental data. Overall agreement in energy between the
observed and calculated (scaled) data is remarkably good. The
most obvious difference is the weakness of the bands below
1200 cm™, relative to those near 1500 cm™), in the regular
(nonenhanced) Raman spectrum (see the top panel in Figure
12).
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Table S. Comparison of Experimental and DFT Calculated Optical Spectra and Assignments®

assignment®

[Ru"(NH,),(bqdi)CL,]* (I1) (C, symmetry)

60 —635(98%) d—d

62 — 636(95%) d—d

62 — 644 (61%), 62 — 64a(39%) MLy, CT, LciLy, CT

63 — 64a (66%), 61 — 64(29%) m—7* bqdi

61 — 63/(59%), 62 — 64a(26%) L, MCT, MLy,CT, LoLy, CT
61 — 64a(49%), 61— 643(24%) LiLy CT, 7—7* bqdi

61 — 63/(38%), 62 — 64a(33%), 62 — 64§(23%) Ly MCT, LoL,,,CT, ML, CT
61 — 64a(45%), 61 — 64/3(44%) LciLy CT, 7—7* bqdi

59 — 634(95%) LgMCT

$7 — 64a(33%), 57 — 64(24%) LoLy,CT

60 — 65a(37%), 60 — 654(26%) d—d

v. mixed

[R“HI(NH3)2(°Pda)C12]+ (1)

63 — 64(97%) d—d

59 — 643(98%) LgMCT

54 — 64p(96%) Lo, MCT, etc.”

Observed Calculated
#° (em™) & (L mol™'em™) (em™) oscillator strength, f
1 6500 0.000
2 6500 0.000
3 10100 0.0045
4 10400 0.0005
6 16660 2820 17300 0.003
7 17900 0.0025
9 21050 10900 21000 0.187
10 21900 0.016
13 25250 3250 24000 0.043
26 35500 br 31300 0.136
28 31600 0.040
34 35300 0.035
1 2100 0.000
11 28900 5230 26800 0.059
26 38460 sh,br 38800 etc.® 0.0008

“Additional theoretical predictions can be found in Tables $4 and S6 in the Supporting Information. “Transition number as listed in the Supporting
Information. “LeLygCT refers to chloride-to-bqdi charge transfer, MLy, CT refers to ruthenium-to-bqdi charge transfer, LqMCT refers to chloride-
to-ruthenium charge transfer, and L,,MCT refers to opda-to-ruthenium charge transfer. 9One of a group of closely spaced, weak, transitions.
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Figure 12. Resonance Raman (RR) spectra of [Ru"(NH;),(bqdi)Cl,]
(1) (black trace) and [Ru™(NHj;),(bqdi)CL,]* (II) (red trace), both
excited at 488 nm, [Ru™(NH,),(bqdi)ClL,]* (II) excited at 782 nm
(green trace); the DFT-calculated Raman spectrum of
[Ru™(NH;),(bqdi)Cl,]* (II) with methanol solvent optimized
geometry (B3LYP/LANL2DZ) (see text) is shown at the top of the
main panel. The inset in the top panel is the region from ~0 to 1000
em™, scaled up by a factor of 20. DFT-calculated wavenumbers are
shifted down by a factor of 0.96.

A key difference between the 488-nm and 782-nm RR
spectra is the enhancement of low-energy vibrations near 200—
300 cm™ in the 782-nm spectrum, relative to the 488-nm
spectrum. We expect that the 782-nm excitation will enhance
vibrations involved with the weak L;MCT and LLCT
transitions (Table 5). Therefore, we assign the transitions in
this 200—300 cm™’ region to Ru—Cl modes, as confirmed by
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the DFT analysis, which shows the symmetric and asymmetric
Ru—Cl stretching modes to lie at 281 and 347 cm},
respectively (0.96 correction included).

The visible region electronic absorption involves the 7 and
7* orbitals of the bqdi ring (Table S) and three strongly
enhanced vibrations are observed at 1400—1500 cm™'
associated, according to the DFT analysis, with bqdi ring
breathing modes coupled to NH(bqdi) deformation modes
(also see ref 57). There are also several ammonia deformation
modes in this general region, the most intense of which,
according to DFT, lies at 1665 cm™ (corrected). There is no
trace of this vibration in the RR spectrum, and the DFT analysis
reveals that these ammonia modes are essentially uncoupled
from the bqdi breathing modes. Thus, we conclude that all
three enhanced modes in the 1400—1500 cm ™" region are bqdi
ring breathing modes.

Charge transfer excitation from, or to, ruthenium, necessarily
changes the electron density on the metal and, hence, will
excitet Ru—N modes. These modes are coupled to ring
breathing modes of the ruthenium bqdi metallocycle and are
enhanced in the 500—600 cm™ region of both sets of RR
spectra. As noted above, extensive 7-back bonding in the parent
species (I) causes extensive mixing between the ground state
and the excited state and is recognized by the much greater
intensity of the enhanced metallocycle ring breathing mode (ca.
600 cm™'), relative to the bqdi breathing modes. This is
discussed in depth elsewhere.””*” The discussion regarding
Table 4 above shows that this mixing is much less effective in
species II, and this is nicely illustrated by the comparable
intensities of the metallocycle and bqdi breathing modes in the
RR spectra of this species (II). The most intense vibration in
this region lies at 573 cm™ (DFT, corrected; 564 cm™ Expt.),
which is the symmetric Ru—N(H) stretching mode obviously
strongly coupled to a symmetric metallocycle breathing mode.
Although this species contains Ru'", this vibration lies
considerably below the corresponding vibration in the Ru"
species (I) at 654 cm™', where the bonding is strongly
enhanced by z-back-donation. Thus, the RR data elegantly
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support both the electronic spectrum assignments and the
theoretical analysis of the electronic structure.

Mechanism of Disproportionation. There are no basic
lone pairs on the parent species (1), so it is curious that it
should so readily react with acid.

Keene and Meyer”® reported an electrochemical oxidation of
ruthenium-bound ethylenediamine to form a diimine involving
a four-electron oxidation with the loss of four protons. Our process,
while involving two electrons (because the ligand is already
partly unsaturated), is basically similar but in reverse: a two-
electron reduction with a gain of two protons. A similar type of
mechanism may operate here. In the Meyer mechanism,
[Ru"(bpy),(en)]*" is electrochemically or chemically (Ce(IV))
oxidized to [Ru™(bpy),(en)]**. Two [Ru"™(bpy),(en)]**
molecules then facilitate a two-electron oxidation of one
molecule as follows:

2[Ru"(bpy), (en) "
— [Ru"(bpy),(en)** + [Ru"(bpy), (monoim-en)**
+ 2H* )

where, in (monoim-en), one CH,—NH, has been oxidized to
CH=NH. A second analogous step then proceeds to form the
diimine. Reaction 2 may be thought of as starting with two
Ru(III) species that lead to two products: one with a net-one-
electron reduction (left, Ru" species) and one with a net-one-
electron oxidation (right, Ru" monoim-en) species.

Ru'(NH,), (bqdi)Cl,
6

+2H" - [Ru"Y(NH,), (opda)Cl,**

(v) 3)
[Ru"Y(NH;), (opda)CLJ** + Ru"(NH,), (bqdi)Cl,
(v) ¢9)
— [RuHI(NH3)2 (opda)Cl,]*
(1)
+ [Ru"(NH,), (bqdi)C1,T*
(1) (4)

The thermodynamics of eq 1 can be assessed via reactions 3
and 4, even if, as is likely, species IV is ephemeral. These
reactions sum to eq 1. Reaction 3, as a gas phase protonation
process, is downhill and reaction 4 is an isodesmic reaction®”
which is also thermodynamically downhill. The relevant free
energies are shown in Table 6. Indeed, the disproportionation
process, in eq 1, is thermodynamically downbhill.

It is useful in our case to recall that Ru™(NH,),(sqdi)Cl,
where sqdi = benzosemiquinonediiminato(1-), is a resonance
contributor to species I, because of the extensive z-back-
donation therein. This resonance form moves more charge to
the coordinating nitrogen atoms, which may then facilitate a
reaction with protons to form a putative protonated reactive
intermediate, [Ru(NH,),(bqdi-H*)CL,]* (V), which will be an
excellent oxidant. This oxidant then abstracts an electron and a
proton from another molecule of I, resulting in a proton-
coupled disproportionation of two molecules of I to yield the
products II and IIL

The formation of the protonated intermediate (V) must
involve some internal redistribution of electron density, since
there is no site on benzoquinonediimine to accept a proton. A
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Table 6. Isodesmic Calculation of eq 4 (Gas Phase) (via
DFT; C,H,N LANL2DZ; and Ru,Cl def2-TZVP)

species SCF energy (Hartrees)
I —1470.400687

II —1470.175829

III —1471.410188
v —1471.010674
IV+1 —2941.411361

I + III —2941.586018
AG -0.175"

“Spin triplet. “Equal to —459 kJ/mol.

DFT geometry-optimized structure for this species (V) reveals
it to be best-described as [Ru™(NH;),(sqdi-H)CL]". It is a
species that contains Ru'' strongly spin-coupled to the
protonated diiminosemiquinone (sqdi-H), being the neutral
1-amino-2-iminosemiquinone. The Ru-NH,(sqdi-H) and Ru-
NH(sqdi-H) bond lengths are calculated as 2.14 and 1.86 A,
respectively.

Species IV was also geometry-optimized. It can exist as a spin
singlet or triplet, the latter being favored by 0.03 hartree in the
gas-phase DFT calculation. It is, of course, the singly oxidized
product of species III, and its geometry is quite similar thereto.
The major difference is a much shorter Ru—Cl bond length of
2.25 A; the four Ru—N distances are essentially the same as
those in species IIL

Some effort was expended to determine if there were any
intermediates in this reaction that could be trapped at low
temperature. At the freezing temperature of water, the reaction
slowed but no additional species were evident. Note, in passing,
that the related species® [Ru(acac),(bqdi)] does not respond
to acid in this fashion.

Aspects of Reactivity. The relative intensities of the 28
900 cm ™" absorption band (III, Figure 1) and the 21 050 cm™
absorption band (II, Figure 1) varied somewhat in different
experiments, depending on the solvent, the presence of oxygen
or argon, the time, and the pH. The chemical interconversions
between the various species are summarized in Figure 13. The
fundamental chemistry has been discussed above. Furthermore,
we note that if a disproportionated solution containing both
species II and III is left to stand in an inert gas atmosphere
under acidic conditions, then the peaks due to [Ru-

AgNO; or electrochemical
oxidation

2 (1) é(m) + (I

N,/reducing
agent/H*

Figure 13. Reactivity of species I, II, and III. Ru(NHj;),(bqdi)Cl, (I)
is converted to [Ru(NH,),(bqdi)ClL,]* (II) with a chemical oxidant,
such as AgNO;, or by controlled potential oxidation. Species II is
converted to species [Ru(NH;),(opda)CL]" (III) (two-electron
reduction) in an acidic medium in the presence of an expeditious or
deliberately added reducing agent.
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(NH;),(bqdi)CL,]* (II) slowly diminish in intensity while
those for species [Ru(NH;),(opda)CL]* (III) grow larger;
thus, species II is being converted to species III, which is a two-
electron reduction process. The reaction is more rapid and goes
to completion (species III), if a reducing agent such as sodium
hypophosphite is added (Figure 13). This can be understood as
follows: species II, in the presence of acid, is a moderately
strong oxidant and will oxidize expeditious reductants or
deliberately added reductant (e.g., hypophosphite). This will
generate the initial Ru" species (I). Since acid is present, this
will disproportionate back to II and III. However, this
represents a net conversion of two molecules of II to form II
+ III, and thus species II will ultimately be converted entirely to
species IIL

Both species II and III, if left in neutral water in air, will
ultimately decay back to species I (the latter more rapidly
(within minutes) than the former). Since no acid is present,
there will be no subsequent disproportionation. Species II is
stable on a time scale of days in dilute acid solutions, such as 1
M HCL

[Ru"(opda)(NH;),Cl,]* (III) converts back instantly to the
parent (I) when treated with a base in air, because
deprotonation will create, at least transiently, the
[Ru"(NH,),(sqdi)Cl,]™ species that will be sensitive to air;
the reaction is much slower under inert gas (ie., reoxidation is
suppressed). [Ru™(bqdi)(NH;),ClL,]* (II) also converts back
rapidly to the parent (I) when treated with NaOH, under argon
or air, probably because the hydroxide ion behaves as a
reductant (see Figure 14).61’62

10000 -

8000 -

6000 4

Molar Absorbance /L mol”' cm™

Wavenumbers /10° cm™

Figure 14. The initial solution of Ru"(NH,),(opda)Cl, (I) (red
trace), in methanol, treated with HCl, disproportionates, yielding a
mixture of species IT and III (green trace). Upon the addition of
sodium hypophosphite under argon, species II converts, over a period
of hours, to [Ru™(NHj;),(opda)Cl,]* (III) (blue trace). Note the
isosbestic points at 30440 and 27 570 cm ™.

Some Consideration of Isosbestic Points. In Figure 1,
we see isosbestic points with apparently three species in
equilibrium. As noted by Drago,”* this is certainly possible;
however, in this case, while three species are indeed involved, it
is a special case of two species in equilibrium. Thus, species I is
converted to a 50:50 mix of IT and IIL. Over the short time of
the experiment, we can assume that there is little or no
subsequent conversion of III to II in air. This 50:50 mixture has
a specific electronic spectrum, being the sum of the
spectroscopic signatures of species II and III, the sum of
which may be considered that of a single species. Thus, the
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isosbestic is formed, as a two-component equilibrium, between
the spectrum of I and the spectrum of this mixture of II + IIL

In Figure 2, we have a different set of isosbestic points for the
conversion of I directly to II, while in Figure 14, there is yet
another set for the conversion of III to IL

B CONCLUSION

A proton-induced disproportionation is introduced and
analyzed in detail. Such reactions are uncommon but not
without precedent. One of the most well-known simple
examples, of biological interest, is the proton-induced
disproportionation of the superoxide ion.*** An organic
example is the two-proton-induced disproportionation of 4,4'-
diiodohydrazobenzene.” Phosphododecamolybdate ions  dis-
proportionate under the influence of protons.® Proton-induced
disproportionation reactions of a lutetium bis-phthalocyanine
are also known.®” Some platinum complexes disproportionate
in acidic solution.?®® As a complementary aside, base-induced
disproportionation has been observed, for example, with a
biological o-quinone’® and with cobalt phthalocyanine.”"”?

It is worth reassessing biological and catalytic mechanisms
involving quinonoid noninnocent ligands with a view to
assessing whether such disproportionation may play a role in
a pH gradient.

6

B EXPERIMENTAL SECTION

X-ray Data. Crystallographic data were collected at 150 K using a
Nonius Kappa CCD diffractometer, with a Mo Ka radiation source (4
=0.71073 A). Intensity data were corrected for absorption effects prior
to use in calculations. Initial structure solutions were obtained via
direct methods, using SHELXL97, while full-matrix least-squares
refinement was performed on F~. All hydrogen atoms were placed at
ideal positions, with thermal parameters constrained to ride on their
parent atoms, using U,,,(H) = 1.2Ueq(C/ N) for parent sp? hybridized
carbon or nitrogen atoms, and 1.5U,,(N) for parent sp® hybridized
nitrogen atoms (see Table 1). Crystallographic parameters have been
deposited at the Cambridge Crystallographic Data Centre (CCDC).

Direct current (DC) magnetic susceptibility measurements were
performed on a Quantum Design SQUID magnetometer (Model
MPMS-XL) in Ottawa, Canada, operating between 1.8 K and 400 K
for DC applied fields ranging from —7 T to 7 T. Measurements were
performed on finely ground polycrystalline samples of 20 mg tightly
restrained in a polyethylene membrane. Diamagnetic corrections were
applied for the sample holder and the core diamagnetism from the
sample (estimated with Pascal’s constants).

Raman spectra were measured with a Renishaw Invia Raman
imaging microscope (at the Reber Laboratory in Montreal, Canada),
using excitation wavelengths of 488 and 782 nm. The microscope was
used to focus the light onto a spot ~1 ym in diameter and to collect
the scattered light. The backscattered Raman light was detected with a
Peltier cooled CCD detector. Samples were kept at room temperature.

Electron paramagnetic resonance (EPR) spectra were recorded as
frozen (77 K) solutions on a Varian Model E4 spectrometer calibrated
with diphenylpicrylhydrazyl radical.

UV-vis spectra were recorded with a Hewlett—Packard Model
HP8452A diode array, or a Perkin—Elmer Model Lambda 25
spectrometer.

Mass spectra were collected with a ABSciex (Concord, Ontario,
Canada) QStar “Elite” QqTOF mass spectrometer operating in
positive-ion, MS-only mode. The source voltage was 5 kV, the orifice
potential was 30 V, and the ring potential was 90 V. Spectra were
obtained at a resolution of ~12 000, with a mass accuracy of ~6 ppm.

FT-IR spectra were obtained using KBr disks with a Mattson
Genesis II infrared spectrometer.

Cyclic voltammetry were recorded with an Obbligato Objectives
Faraday MP potentiostat, or a Pine RDE3 bipotentiostat employing an
EDAQ_e-corder and software. The working electrode was a platinum
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wire; a graphite rod was used as the counter electrode, and a pseudo-
reference Ag/AgCl electrode was employed. Ferrocene served as an
internal reference. The corrections employed were those provided by
Geiger.”

Spectroelectrochemistry was performed in a 1-cm quartz cell with
methanol solvent containing 0.1 M TBAPF6, using a gold or platinum
foil as the working electrode, a platinum counter electrode, and an
AgCl/Ag wire as the reference electrode. UV-vis spectra were collected
therefrom, using an Ocean Optics Model HR2000 high-resolution
fiber-optic spectrometer.

Density functional theory (DFT) calculations utilized the Gaussian
09 (Revision B.01 and C.01) program.”* Optimized geometries were
calculated using the B3LYP exchange-correlation functional”® with the
LANL2DZ basis set’® and the def2-TZVP basis sets.”” Tight SCF
convergence criteria (107® a.u.) were used for all calculations. Wave
functions were checked for stability. Vibrational frequency (FREQ)
calculations were also carried out to ensure that the stationary points
were truly minima.

Molecular orbital (MO) compositions were calculated using the
AOMix program,**”® using the Mulliken scheme.**”*®> Atomic
charges were calculated using the Mulliken”®™® and natural
population analysis®> methods (MPA and NPA, respectively), as
implemented in Gaussian 09, Revisions B.01 and C.01. Extended-
charge decomé)osition analysis was performed using AOMix-CDA.””%*
The PCM®*¥*® was used to model solvation for methanol as a solvent.

Time-dependent DFT (TD-DFT)*** ™ was used to calculate the
energies and intensities of the 80 lowest-energy electronic transitions
of both complexes. These were converted with the SWizard program®
into simulated spectra, using Gaussian functions with half-widths 2000
em™h
Synthesis of [Ru'"(NH3)2(qui)C|2]C| (II). Concentrated HCI (5
mL,12 M) was added to (0.0314 g, 0.010 mmol) of Ru(NH;),(bqdi)-
Cl, (I).** The initial red powder instantly changed to a black mixture.
This mixture was stirred in air at room temperature for 24 h. The
insoluble product (II) (dark green, almost black in color) was
separated by centrifuge, washed with diethyl ether, and then vacuum-
dried. The yield of green black species II as chloride salt was 0.0146 g
(83%, based on the disproportionation reaction in eq 1). Concentrated
HCI (0.5 mL) was added to the filtrate (4.5 mL) from the preparation
of II, and the solution was kept at a temperature of ~3—4 °C for 1
month. This solution produced dark-brown needle-shaped crystals of
species II (from the remaining II in solution) with dimensions of 0.20,
0.10, and 0.06 mm, which were used for the X-ray analysis. Analytical
data for C¢H,,Cl,N,Ru: C, 20.7%; H, 3.48%; N, 16.12%. Found: C,
20.35%; H, 3.73%; N, 15.59%. Electrospray mass spectrum parent
cation: obs. m/e 311.9213, calc. m/e 311.9482. The isotopic pattern of
peaks is in accordance with the molecular formula.

Synthesis of [Ru"'(NH3)2(opda)CI2]CI (). Species III exists in
the filtrate of the procedure above (deep red solution). It was isolated
by freeze-drying of the filtrate. The yield of deep red species III as
chloride salt was 0.0142 g (81%, based on the disproportionation
reaction in eq 1). Electrospray mass spectrum parent cation: obs. m/e
313.944, calc. m/e 313.9639. The isotopic pattern of peaks is in
accordance with the molecular formula.

Synthesis of [Ru"(NH;),(opda)Cl,1(ZnCl5(H,0)) (lllc). The
filtrate from the preparation of II above was mixed with 2 equiv of
zinc chloride (ZnCl,). From this solution, purple crystals of a salt that
contained the [ZnCl;(H,0)]™ anion were obtained. The X-ray data
were recorded at 150(1) K with a purple crystal having dimensions of
0.30, 0.20, and 0.07 mm. Attempts to dry these crystals for CHN
analysis led to some decomposition.

B ASSOCIATED CONTENT

© Supporting Information

Complete Raman data, and magnetic data for species II and
detailed TD-DFT calculations and percent contributions to
frontier orbitals for both species are included. The AgNO;
oxidation of species I to II is shown. The complete author list
for ref 74 is provided. XYZ coordinates and SCF energies are
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provided for the DFT optimized species II and III. The
respective numbers for the CIF files deposited with the
Cambridge Crystallographic Data Center (CCDC) are CCDC
881048 and CCDC 881047 for [Ru(III)(NH,),(bqdi)ClL,]Cl
and [Ru(III)(NH;),(opda)CL][Zn(H,0)Cl], respectively.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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