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A series of species [Ru™(NH,),(Cat-R)]"" have been synthesized where Cat-R is a catecholate dianion having the
substituent R = CO,~, CO,H, OMe or H. These so-called parent species were characterized by their electronic
spectra, FTIR, mass spectrum, cyclic voltammetry and EPR. Controlled potential reduction yields [Ru"(NHj),-
(Cat-R)]®~ D* while controlled potential oxidation yields [Ru™(NH,),(Q-R)]” * P* (Q-R = substituted quinone).
Density Functional Theory (DFT) was primarily used to explore the electronic structures of these complexes.
Application of the INDO semi-empirical model proved less useful. Time dependent density functional response
theory was used to calculate the electronic spectra of the species with R = H. The electronic spectra of the closed
shell species are well reproduced by the calculations. The physical properties of these complexes indicate a charge
delocalized system reminiscent of a delocalized organic molecule. The simple valence descriptions noted above are
convenient to use but do not reflect the actual electronic structure. The electronic spectra of the parent species are
temperature dependent. The visible region charge transfer band shifts by about 1500 cm™! to higher energy in acidic
media at liquid nitrogen temperature. This is interpreted in terms of solvent effects rather than valence tautomerism.
The electrochemical properties of [Ru™(NH;),(Cat-R)], in aqueous solution, reveal the first example of a reversible

and stable Ru—quinone species in that medium. The pK, values for several dioxolene species, with R = CO, ", are

derived from a Pourbaix diagram.

Introduction

In the recent past significant attention has been devoted to the
properties of catechol and its oxidation products (semiquinone
and quinone, generally referred to as "dioxolenes") as ligands
with transition-metal ions."?® The non-innocent character of
these dioxolene ligands has often created ambiguity in assess-
ing the oxidation state of the metal ion and catechol ligand.
Members of the catechol-semiquinone—quinone redox chain
have orbitals that can be close in energy to the transition-metal
d orbitals generating an opportunity for considerable covalency
between the redox-active metal centre and coordinated redox-
active ligand *7101213:17:18.23.242633 Qpe of the most intriguing
aspects is the thermally driven valence tautomerism that
has been observed for some complexes in solution or in the
solid state, 'b-eik16.10.27-313436 Thege species are characterized
as electronically labile, and electronic degeneracy or near
degeneracy leads to vibronic interactions and an appreciable
sensitivity to the environment. The possibility of using these
kinds of system as building blocks for molecular electronic
devices®” makes them of potential value and interesting to
study.

T Electronic  supplementary information (ESI) available: Tables
of frontier orbitals, DFT energies, symmetries and orbital mixing.
HOMO and LUMO of the free quinone ligand, Pourbaix diagram of
[Ru (NH;),(cat-CO,)], FTIR spectrum of [Ru(NHj;),(Cat)]Cl and cyclic
voltammograms. See http://www.rsc.org/suppdata/dt/b0/b005488g/
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Clarke and co-workers® have previously reported two
ruthenium tetraammine complexes, [Ru(NH;),(Cat)] and
[Ru(NH,),(Cat-CO,)], However, only limited spectroscopic
and voltammetric data were reported. In re-examining these
compounds more intensively we noted some differences from
this earlier work (e.g in the number of observed redox pro-
cesses) and have extended the series to [Ru™(NH,),(Cat-R)]"",
R =H, OMe, CO,” or CO,H, referred to here as the parent
species. Q, Sq and Cat are used to describe the ligands in the
quinone, semiquinonate(l1—) and catecholate(2—) oxidation
states.

Experimental

Physical data were recorded on instrumentation as follows:
electronic spectra, Cary 2400 and Hewlett-Packard model
89532A; EPR spectra, at liquid nitrogen temperature, using a
Bruker ESP300E X band spectrometer at a frequency of
ca. 9.45 GHz and 1 mW power; infrared spectra, Mattson 3000
FTIR spectrometer using KBr or CsI pellets, with some data
at 77 K; FAB mass spectra, Kratos Liquid Second Ray Ion
Mass Spectrometer, with a caesium ion gun as bombarding
source, glycerol as matrix and the results from an average
of 5-9 scans. Electrochemical data were obtained by cyclic
voltammetry using Princeton Applied Research Models 175
and 179 instrumentation. The electrochemical cell used was a
conventional three electrode type: glassy carbon working
electrode, platinum wire auxiliary electrode and AgCl-Ag

DOI: 10.1039/b005488g

This journal is © The Royal Society of Chemistry 2000



reference electrode. The potentials were calibrated with respect
to the [Ru™(NH,)]**—[Ru™(NH,) *" couple (E;;, =0.05 V vs.
SHE).* The pH measurements were made with a Fisher
Accumet pH meter model 120. The pH was adjusted from 3.5
to 7.0 with acetate buffer and 1.8 to 3.5 with trifluoroacetate
buffer. Potassium chloride was added to keep a minimum ionic
strength 7=0.2 M. C, H, and N analysis were furnished by
Guelph Chemicals Laboratories Ltd. and the University of Sdo
Paulo.

The complex [Ru™(NH,),CI|Cl, was prepared using a
published procedure.* The species [Ru™(NH;),Cl;, 3.4-
dihydroxybenzoic acid (H,Cat-CO,H), 1,2-dihydroxy-4-
methoxybenzene (H,Cat-OMe) and 1,2-dihydroxybenzene
(H,Cat) were used as supplied (Aldrich). Potentially displace-
able protons on the ligands are noted in the abbreviations, thus
Cat-CQO, carries three negative charges.

Preparation of complexes

All the complexes were synthesized under an argon atmosphere.

[Ru™(NH,),(Cat-CO,)]. This complex was synthesized
according to the literature method.* However the published
elemental analysis for hydrogen was poor. We now report an
improved elemental analysis. Calc. for [Ru™(NH;),(Cat-CO,)]:
2H,0, C,;H{,2N,O¢Ru: C, 23.60; H, 5.37; N, 15.72. Found: C,
24.04; H, 5.31; N, 15.54%.

[Ru™(NH,),(Cat)]CL This complex was similarly synthesized
using a solution of 1,2-dihydroxybenzene in aqueous ammonia.
The ligand in excess was removed by washing 3 times with
diethyl ether. Sodium chloride (0.58 g, 1 x 1072 mol) was added
to the solution. The NaCl in excess and other by-products were
removed by fractional precipitation by adding acetone (150 ml).
The complex [Ru™(NHj;),(Cat)]Cl was separated by filtration
after standing for 5 h in a freezer and washed three times with
ethanol-water (90:10 v/v). Yield 40%. Calc. for [Ru™(NH,),-
(Cat)]CI-2H,0, C¢H,,CIN,ORu: C, 20.66; H, 5.78; N, 16.07.
Found: C, 21.00; H, 5.04; N, 16.00%. The mass spectrum
showed peaks at m/z 278(P) and at 261, 244 and 227 due to
successive loss of NHj.

[Ru"™(NH,),(Cat-OMe)]Cl. This complex was synthesized
and purified similarly to [Ru™(NH;),(Cat)]Cl, but using
1,2-dihydroxy-4-methoxybenzene as ligand. Yield 30%. Calc.
for [Ru™(NH,),(Cat-OMe)]CI-H,0, C,H,,CIN,O Ru: C, 23.30;
H, 5.59; N, 15.53. Found: C, 23.78; H, 5.02; N, 15.47%.

[Ru™(NH,),(Cat-CO,H)ICIL. This complex was prepared by
dissolution of [Ru™(NHj;),(Cat-CO,)] in HCI at pH 4.0 and
evaporation to dryness.

[Ru"(ND,),(Cat-R)]* (Cat-R = Cat, Cat-OMe or Cat-
CO,D). The [Ru™(ND,),(Cat-R)] species were prepared by dis-
solving [Ru™(NH,),(Cat-R)]"" in D,0. Sodium deuteroxide
was added in order to have pD around 9.0. Higher pD must
be avoided to prevent decomposition, The [Ru™(ND,),-
(Cat-CO,D)]CI was prepared similarly by addition of DCI to
[Ru™(ND,),(Cat-CO,)].

[Ru"(NH,),(Q-R)I** and [Ru"(NH,),(Cat-R)] (Q-R = Q,
Q-OMe or Q-CO,H). These were synthesized in situ by
controlled potential electrolysis, oxidation and reduction
respectively.

Computational details

As a starting geometry for density functional theory (DFT)
calculations we used an optimized geometry at the semi-
empirical level, obtained using the INDO/1%* method with
p(d)=—14 eV for Ru and with the overlap weighting factors

Fig. 1 Structure of the [Ru(NHj;),(Cat)] fragment and coordinate axes.

6-c and m-7 both set at 1.0.** This was obtained using a
developmental version of ZINDO kindly provided by Zerner
and running on a SGI Origin 2000 Computer. INDO/S cal-
culations used Zerner’s INDO/S model with code written by
Reimers and Hush*® and were performed on the geometry
optimized structures. The overlap weighting factors 6—c and
n—n were set at 1.265 and 0.585, respectively. These programs
were run on a Pentium IIT 600 MHz or Silicon Graphics Origin
Computer.

All DFT calculations were carried out using GAUSSIAN
98.%* We used Becke’s three parameter hybrid functional * with
LYP correlation functional* (B3LYP) employing an effective
core potential (ECP) triple-split basis set (CEP-121G),*
LanL2DZ ECP* Stuttgart/Dresden ECP (SDD),*® and
split-valence double-zeta plus polarization orbital basis set
(DZVP).® Basis set dimensions were 162 basis functions/
414 primitive gaussians (LanL2DZ), 191/417 (SDD), 226/334
(CEP-121G) and 236/548 (DZVP).

The R = H complexes were optimized within C,, symmetry.
The stability of the DFT wavefunctions was tested with respect
to relaxing spin and symmetry constraints. Energy minima
were characterized by harmonic frequency calculations. The
axis system adopted in this work is shown in Fig. 1.

Gross Mulliken populations of molecular orbitals were
obtained using the program MOMIX.** Time dependent
density functional response theory (TD-DFRT)?! calculations
were performed on the closed shell species, wherein the energies
and intensities of the lowest 30 singlet-singlet transitions were
calculated.

The Onsager self consistent reaction field model (SCRF)>?
with a spherical cavity in a continuum with a dielectric constant
(relative permittivity) ¢ = 78.39, corresponding to water at 298
K, was also used for modeling the interaction between the
solute and the solvent. The calculated radius of the solute,
[Ru(NH,),(Cat)]", was 4.80 A for BSLYP/DZVP and 4.87 A for
B3LYP/LanL2DZ calculations.

Results
Synthesis

The complexes [Ru™(NH,),(Cat-R)] (Cat-R = Cat, Cat-OMe or
Cat-CO,) have been prepared by treating [Ru™(NH;);CI|Cl,
with the corresponding catechol in the presence of base under
an inert atmosphere. The tetraammine(R-substituted catechol
ato)ruthenium(m) complexes are denoted as [Ru™(NH,),-
(Cat-R)]"* (n=0 for Cat-CO, and 1 for Cat, Cat-OMe or
Cat-CO,H).

The anionic catechol ligands are bases (pK, is ca. 9 for the
first proton and ca. 11 for the second one).>* As coordination to
the metal involves ligand deprotonation in the first step, 7 M
aqueous ammonia was used for that purpose, although Clarke
and co-workers*® used phosphate buffer solution in a similar
synthesis. Phosphate buffer appears to induce some side reac-
tions leading to a different product. The electronic spectrum
of [Ru™(NH,),Cl; in a phosphate buffer solution (pH 10)
was compared with that in 7 M aqueous ammonia. In the
first solution a new band appears around 27000 cm ™! which is
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Table 1 Main FTIR bands of [Ru(NH;),(Cat-R)]Cl, (n = 0 or 1) and related complexes. Data in wavenumbers collected from KBr disks

Assignment
Complex 0 (HNH) o0 (HNH) p (NH;) Other V (diolato ring)
[Ru™(NH,),(cat)]Cl 1637 (m) 1298 (s), 814 (m) — 1568 (w), 1460 (m), 1415 (w), 1244 (m), 856
1267 (s) (m), 783 (m), 761 (s)
[Ru™(ND,),(cat)]Cl 1184 (mw) 993 (m) 633 (m) — 1458 (s), 1304 (m), 1248 (s), 1103 (m), 1028
(m), 856 (m), 787 (m), 756 (s)
[Ru™(NH;),(Cat-OMe)]Cl 1622 (m) 1300 (m) — 1088 (s)* 1466 (s), 1446 (m), 1242 (m), 770 (m), 723 (m)
[Ru™(ND,),(Cat-OMe)]Cl — 1070 (m) — 1088 (s)“ 1570 (m), 1466 (s), 1439 (m), 1410,% 1242 (m),
997 (m), 769 (m), 723 (m)
[Ru™(NH,),(Cat-CO,)] 1616 (m) 1308 (m) 823 (m) 1566 (m),? 1508 (m), 1408 (m), 1267 (s), 791 (m), 663
1358 (s)¢ (mw)
[Ru™(NH,),(Cat-CO,H)]Cl 1614 (m) 1294 (s) 812 (m) 1681 (m)“ 1497 (w), 1448 (w), 1194 (m), 1119 (m), 1057
(m), 773 (m)
[Ru™(ND,),(Cat-CO,)] 1185 (w) 1000 (mw) — 1568 (m),? 1518 (m), 1456, 1404 (m), 1267 (s), 791 (m),
1358 (s)° 669 (m)
[Ru™(ND,),(Cat-CO,D)]Cl 1117 (m) 1085 (m) 645 (m) 1671 (m),? 1575 (m), 1195 (m), 938 (w), 785 (m), 1270 (s)
1378¢

w = Weak, m = medium, s = strong. “ veo(OMe). * V,m(CO; 7). € vyym(CO, 7). ¥ v,gym(CO,H).

not present in the spectrum taken of the aqueous ammonia
solution. Similar results were obtained by dissolving [Ru™-
(NH,)sCI]Cl, in phosphate medium. Phosphato complexes may
be formed. The variation in electrochemical behavior between
our [Ru(NH,),(Cat)] species and those of Clarke and co-
workers® may possibly be due to the presence of some
phosphate side-product. The isolated [Ru™(NH,),(Cat)]Cl,
[Ru™(NH,),(Cat-OMe)]Cl and [Ru™(NH,),(Cat-CO,)] are
stable in air and can be stored for long periods without any
change.

FTIR

The main bands in the infrared spectra of the parent
[Ru™(NH,),(Cat-R)]"* species are shown in Table 1. The
band assignments were facilitated by comparison with the
deuteriated species. The data are consistent with the formation
of a catechol species showing a strong band near 1250 cm™'.
However a second strong band expected near 1480 cm ™" was
not observed.* Both NHj stretching and rocking vibrations
were assigned. The NH; rocking vibration, whose frequency
is a measure of the metal-NH, interaction,>> was observed
for [Ru™(NH,),(Cat-R)]"" near 820 cm™'. This is taken as an
indication of a strong interaction between Ru™ and NH; in
[Ru™(NH;),(Cat-R)]"*, in comparison to some other ammine
complexes also shown in Table 1. This rocking vibration was
generally difficult to observe in the data at room temperature,
but, for the unsubstituted complex, was resolved clearly in
data collected when the sample was cooled to liquid nitrogen
temperature (ESI Fig. S1).

Electron paramagnetic resonance (EPR) spectra

In the solid state, at liquid nitrogen temperature, the parent
complexes yield very broad and poorly resolved EPR signals
which are not very satisfactory but are illustrative of a
ruthenium(i)® contribution rather than a semiquinone free
radical bound to Ru", e.g see a free radical signal for a related
Ru"-semiquinone species (Fig. 3 in ref. 26a).

In frozen aqueous acidic medium (HCl-MeOH-water) these
species (R = H or CO,; OMe was not studied) generally present
a narrow signal [g ~ 2.08, pp (peak to peak separation) ~ 50 G]
indicative of a free radical with some small ruthenium contri-
bution. In neutral (MeOH-water) solution the signal broadens
(pp ~ 400 G) and a shift to g ~ 2.3 consistent with a significantly
greater ruthenium(1ir) contribution but in no case do we observe
the 3 g values typical of ruthenium(ii) species.®® No signal can
be observed at room temperature. This is also consistent with
the presence of Ru™ rather than a simple organic free radical.
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Table 2 Electrochemical potentials for the parent [Ru™(NH,),-
(Cat-R)]" species, in water.” Volts vs. AgCl-Ag. Supporting electrolyte
0.1 M KCI, scan rate 0. 2 Vs™*

Eyp (Ru"(Q)- Ey, (Ru"(Cat)-
Complex Ru™(Cat)) Ru"(Cat))
[Ru™(NH,),(Cat)]* 0.23 ~0.70
[Ru™(NH,),(Cat-OMe)]* 0.22 ~0.70
[Ru™(NH;),(Cat-CO,)|* 0.32 ~0.65

“See ESI Fig. S2 for an example of the cyclic voltammogram. Note that
regions I, II and III in Fig. S2 refer to potentials negative of —0.70,
between +0.2 and —0.65 and positive of 0.32 V respectively.

Absorbance

15000 20000 25000 30000 35000 40000

Wavenumber /cm’™

Fig. 2 Electronic spectra recorded with an optically transparent thin
layer electrode (OTTLE) cell during the oxidation of 107> M [Ru™-
(NH,),(Cat)]"* (as chloride, solid line) to [Ru™(NH;),(Q)]** (final ———
line) in aqueous 0.2 M KCI.

Electrochemistry

The cyclic voltammetry (CV) data for [Ru™(NH,),(Cat-R)]*, in
aqueous solution, are listed in Table 2 and shown for
[Ru™(NH,),(Cat-CO,)] in ESI Fig. S2. At pH 7.0 two couples
were found in the region scanned (0.8 to —1.0 V vs. AgCl-Ag).
The Nicholson-Shain® criteria (1,, vs. scan rate; I/, = 1; and
peak—peak separation near 60 mV) were used to diagnose
the couples as reversible, one-electron processes in all three
complexes.

On the basis of previous literature and spectroelectro-
chemistry (Fig. 2) described below, the species existing in
solution upon controlled potential reduction or oxidation of
the parent species, [Ru™(NH,),(Cat-R)]* (at points I and III
in Fig. S2), are formally [Ru™(NH,),(Cat-R)] and [Ru™(NH,),-
(Q-R)J** respectively.

Studying the pH dependence of the peak potentials in buffer
solutions allows one to obtain the pK, values for several

12,13,17



Table 3 Electronic spectral data of the [Ru"(NH;),(Q-R)],
[Ru™(NH,),(Cat-R)] and [Ru"(NH;),(Cat-R)] series in aqueous solu-
tion at room temperature

Observed band energy (¢, 4,,,)“

R=H R = OCH, R =CO,

[Ru"(NH,),(Q-R)I*"*

19400 (7.6, 1870) 19600 (8.5, 2130) 19270 (7.6, 1690)

22200sh 22700sh 21900sh
27800sh 27800sh 27800sh
36750 (6.7) 37050 35200

[Ru™(NHj),(Cat-R)]"

14800 (2.9, 2730)¢ 14500 (2.9, 2630) 15200 (2.8, 2390)

24300sh ¢
28600sh ¢

35000 (4.8)¢ 36000sh 33700 (8.2), 37600 (9.3)
44200 (8.9)¢ 47200 (18.2) 47200 (24.1)

[Ru"(NH,),(Cat-R)]

30700sh
37800 (6.7)

“Data are presented as energy in cm ' with, in parentheses, molar
absorptivity in 1000 M ™' cm ! and half band width in cm ™, only shown
for bands that are well separated from other bands. ® Data for the Q-R
species were collected by spectroelectrochemistry in the presence of
0.1 M KCI. ¢ ROHF INDO/S predicted electronic spectra using B3LYP/
DZVP optimized geometry (prominent bands only): 14000(0.085),
H-3—> S, d——>n* 2B;; 24350(0.04), S—> L, n—> * B,
27400(0.002), H-1—— L + 3, d —> d ?B,; 33300(0.02), S—— L + 2,
n—> 1* 2B;; 36650(0.07), H-8 — S, 1—— * 2A,; 37800(0.13),
H-2——> L + 1, d— n* *B,. H=HOMO, L = LUMO, S = SOMO.
4The UV bands for [Ru"(NH,),(Cat-OMe)] occur below 250 nm and
were not recorded.

35200 (12.6)
37800 (12.8)

1

[Ru"-QCO,HI™"
0.4 1 .——.—O_L.Q_L._'i;

0.4 - [Ru'-CatCO,T

\\“w

08 | [Ru...-(H,0),"*
-0.8 -

G .‘\ Ru'-aco,I"

2

¢ 0s) [RMCacOHr  teeees
2 2] [Ru"-CatCO,]
:

O

o

r.
[Ru'-CatCOH] $

T T T T

0 1 2 3 4 5 6 7 8
pH

Fig. 3 The pH—potential regions of stability for the various oxidation
states of the R = CO,” species. The species existing in each region are
indicated by using, for example, abbreviations such as [Ru™-Cat-CO,]
for [Ru(NH,),(Cat-CO,)]. The pK, values are shown by the vertical lines
in the various E vs. pH regions.

species (Fig. 3). In acidic medium below pH ca. 3 the fully
reduced [Ru™(NH;),(Cat-R)] species dissociate irreversibly
to cis-[Ru(NH;),(H,0),]** via a mechanism which has been
discussed previously.*!

FElectronic spectra and spectroelectrochemistry

The electronic spectral data for this series of tetraammine
ruthenium complexes in the three oxidation states are shown
in Table 3. Fig. 3 displays the spectra of the parent
[Ru™(NH,),(Cat-CO,)] and of [Ru™(NH,),(Q-CO,)] prepared
by controlled potential oxidation (in region III). Controlled
potential reduction of [Ru™(NH;),(Cat-CO,)] (in region I
in ESI Fig. S2) yields a species with no strong visible
region absorption consistent with its formulation as [Ru'-

Table 4 Summary of low temperature UV/Vis data (thermochrom-
ism) for [Ru™(NH,),(Cat-R)]*

MeOH-EtOH-water“ 0.1 M HCl in MeOH-EtOH

Cat-R 298 K 78 K 298 K* 78 K

Cat 13.9 15.4

22.9 24.4

27.9sh 31.1sh 15.6 17.3

36.0 34.5

14.1

32.5sh

37.9sh

46.3

14.5

Cat-CO, 333 15.6¢ 17.2¢
37.7

“49.7:49.7:0.6. ®50:50, with 0.1 mL conc. HCI. ¢ Corresponds to
Cat-CO,H species.

Cat-OMe

Absorbance

15000 20000 25000 30000 35000 40000 45000
Wavenumber /cm'™
Fig. 4 Electronic spectrum of [Ru™(NH,),(Cat-CO,)] in EtOH-

MeOH-water solution at room temperature (hatched line) and liquid
nitrogen temperature (solid line).

(NH,),(Cat-R)]. The spectroelectrochemical changes are fully
reversible.

The Ru"-quinone exhibits an intense visible region band
common to this type of species,'>'*'"? fundamentally a Ru—Q
MLCT transition. The energy shifts slightly with substituent R,
increasing in the sequence CO,” < H < OMe.

The parent Ru™-catecholate species show a rather weaker
and certainly broader, visible region band, at lower energy than
the aforementioned Ru-Q transition and which also shifts
slightly with R but in the opposite sense. The visible absorption
spectra of these Ru™-catecholate species are moderately
temperature dependent as indicated in Table 4. For example, in
methanol-ethanol-water (49.7:49.7:0.6) the frequency of the
low energy band in the spectrum of the [Ru™(NHj;),(Cat-CO,)]
species shifts to the blue with a decrease in temperature.
This shift is even more pronounced in 0.1 M HCI at cryogenic
temperatures (Table 4; Fig. 4).

Geometry optimization and TD-DFRT calculations
(Tables 5-11)

The geometries of the [Ru(NH,),(O,CcH, )P4 species were
optimized using DFT (B3LYP) with various basis sets for the
purposes of generating input coordinates to derive electronic
structural information. There are still relatively little data
in the literature concerning the performance of different basis
set combinations for different types of problems, including
geometries, vibrational and electronic spectra of transition
metal complexes. These results are listed in Tables 5-7.

B3LYP is currently the most widely used hybrid functional
for studying different types of problems from geometry to
thermochemistry to optical properties, efc.? In these systems
it provides excellent electronic spectroscopic predictions (see
below) even though the calculated Ru—N and Ru-O distances

J. Chem. Soc., Dalton Trans., 2000, 4078-4088 4081



Table 5 DFT Optimized geometries (distances in A, angles in °) of [Ru(NH;),(O,CsH,)*" (C,,) using B3LYP

LanL2DZ SDD CEP-121G DZVP DZVP+SCRF*
Ru-N,, 2.169 2.163 2.186 2.190 2.185
Ru-N,, 2.179 2.168 2.193 2.198 2.195
N-Ru-N,, 97 98 97 94 93
N-Ru-N,, 179 180 180 179 179
Ru-O 2.063 2.041 2.072 2.088 2.086
c-o 1.310 1.317 1.317 1.271 1.272
cc? 1.498 1.490 1.506 1.508 1.499
c:c 1.429 1.427 1.437 1.432 1.433
cc 1.383 1.385 1.388 1.367 1.367
ct-Cs 1.461 1.459 1.470 1.460 1.455

“The SCRF calculations (the Onsager model, solvent—water, a, = 4.82 A).

Table 6 DFT Optimized geometries (distances in A, angles in °) of [Ru(NH;),(O,CsH,)]'" (C,,) using B3LYP*

LanL2DZ CEP-121G DZVP DZVP+SCRF?
Ru-N,, 2.197 2.209 2.221 2.212
Ru-N,, 2.174 2.189 2.195 2.189
N-Ru-N,, 102 103 99 94
N-Ru-N,, 172 172 172 176
Ru-O 2.049 2.060 2.075 2.074
c-o0 1.360 1.368 1315 1.316
cl-c? 1.449 1.456 1.457 1.448
¢t 1.418 1.426 1.420 1.419
cic 1.397 1.402 1.382 1.387
cCs 1.428 1.435 1.426 1.419

“B3LYP/SDD optimization converges to plajt;ar [Ru(NH3;),(0,C¢H,)]" solvated by two NHj;. See Fig. 1 for labeling scheme. ® SCRF calculations

(the Onsager model, solvent-water, a, = 4.80 A).

Table7 DFT Optimized geometries (distances in A, angles in °) of [Ru(NH,),(0,CcH,)] (C,,) using B3LYP*

LanL2DZ SDD CEP-121G DZVP DZVP+SCRF?

Ru-N, 2.225 2.206 2.232 2.247 2.235
Ru-N,, 2.177 2.163 2.186 2.191 2.185
N-Ru-N,, 109 110 111 107 94

N-Ru-N,, 163 163 163 163 169

Ru-O 2.083 2.074 2.091 2.076 2.118
Cc'-0 1.389 1.391 1.399 1.357 1.335
c-c? 1.445 1.444 1.450 1.438 1.451
c-c 1.410 1.409 1.417 1.406 1.410
c-ct 1.412 1.412 1.418 1.404 1.411
c-c 1.409 1.410 1.415 1.399 1.399

“ See Fig. 1 for labeling scheme. * SCRF calculations (the Onsager model,

solvent-water, a, = 4.82 A).

tend to be somewhat longer than anticipated based upon X-ray
crystallographic data for related species. For example the
Ru™-NH, distance is expected around 2.10 A® and Ru"-NH,
ranges experimentally between 2.10 and 2.20 A.**% The Ru-O
bonds are also somewhat long as are the internal C-C and C-O
dioxolene distances. These differences may partly be due to the
fact that this is a “gas phase” calculation with no involvement
of solvent. In a recent study of [Ru(NH,),J**** % it was shown
that interactions with counter ions can also decrease the
Ru-NH, distances by ~0.05 A, so that Ru-NH, distances from
solid state structures may not exactly resemble those of gas
phase structures.

The optimized structure of [Ru™(NH,;),(Q)]*" ion shows a
pseudo octahedral arrangement of ligands around the metal
atom with axial and equatorial H;N-Ru—NH; angles of 180
and 93-98°. For [Ru™(NH;),(Cat)]* ion the axial H;N-Ru—
NH, angle is no longer 180 but 172°. For [Ru™(NH,),(Cat)]
the distortion from the octahedral arrangement is even
greater; the axial H;N-Ru-NH; angle is 163° and equatorial
H;N-Ru-NH; angle grows to 111°. This small tilt in the axial
H,;N-Ru-NH; angle is reproduced in all the calculations (and
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indeed appears also in INDO/1 calculations, to a lesser extent).
Optimizing the structures (using DZVP) including solvent with
the SCRF model [Tables 5-7] shows a smaller degree of dis-
tortion from the octahedral arrangement; the axial H;N-Ru—
NH; angle goes from 179 (2+ ion) to 169° (zero charge species)
and the equatorial H;N-Ru-NH; angle remains around 94°.
Thus, the solute-solvent interaction brings the Ru-ligand
angles closer to the expected octahedral values.

The calculated axial Ru—NH; distance does not significantly
change in the 2+/1+/0 charged complexes, but the equatorial
Ru-NH; distance tends to decrease with increasing positive
charge on the complex. As a result, for [Ru™(NH;),(Cat)] and
[Ru™(NH,),(Cat)]* the axial Ru-NH, distance is shorter than
the equatorial Ru-NH, distance, while for [Ru™(NH,),(Q)**
the two distances are equivalent.

The most important changes in the set of [Ru(NHj;),-
(dioxolene)**"** complexes are observed in the catechol/
quinone ring. For the [Ru™(NH,),(Q)]*" complexes there is
a clear alternation of long and short C—-C bond distances con-
sistent with a quinone structure. When the charge of the
complex is reduced to +1 this alternation becomes less and at



zero charge it disappears. The C*~C* and C-O bonds become
longer and C'-C? and C*-C® bonds become shorter. The
calculated C-O bond length in the 2+ species is consistent with
that anticipated for, and only slightly shorter than, a bound
semiquinone which is consistent with a quinone having fairly
extensive back bonding. The calculated C-O bond length in
the neutral reduced species agrees with that anticipated for a
catecholate.’’” The C-O bond length in the 1+ is intermediate
between the typical semiquinone and catechol distances.

The TD-DFRT method is gaining prominence as an accurate
procedure to derive excited state transition energies.”® The
predicted electronic spectral data using the several functionals
are shown in Table 8. The B3LYP functional with the DZVP
basis set (using the optimized geometry at the same level)
provides the best agreement with experiment (compare with
data in Table 3).

In view of our previous experience using the semi-empirical
INDO method, /%8 we did investigate using this model for
these species. INDO/1 gave bond lengths significantly closer
to those expected, based on literature crystal structure data
of related species, than those obtained with DFT(B3LYP).
However, using these geometries, the agreement between the
INDO/S predicted optical spectra with experiment was
decidedly inferior to the TD-DFRT results. Somewhat surpris-
ingly, the electronic spectra predicted for both the closed shell
complexes (R =H) using INDO/S with the DFT optimized
geometries were in good agreement with experiment. Since
DFT works well with these species, albeit with somewhat longer
bonds, we do not report the INDO data save for the predicted
INDO/S spectrum of the open shell species (R = H).

Discussion
Redox properties

The [Ru™(NH,),(Cat-R)] species can be oxidized or reduced
reversibly in one electron redox couples in aqueous solution.
This is in contrast to the “free” ligand which has complicated
electrochemical behavior due to coupled protonation
processes.®7 The coordination of the catecholate ligand to
ruthenium effectively decreases the pK, of the catechol species,
simplifying the electrochemical mechanism. In acidic medium
(pH =~ 3.0 depending on R) reduction of the metal center
in [Ru™(NH,),(Cat-R)] is followed by dissociation of the
catecholate ligand by a fast chemical reaction.®?

The redox couples for [Ru™(NH;),(Cat-CO,)] are pH-
dependent, as shown in the Pourbaix diagram (Fig. 3).
From these data one may conclude that the pK, values for
the carboxylic acid function of [Ru™(NH;),(Cat-CO,H)] and
[Ru™(NH,),(Cat-CO,H)]* are ca. 6.3 and 4.6 respectively,
while that for the carboxylic acid function of [Ru™(NH,),-
(Q-CO,H)]** is ca. 3.1. The —60 mV per pH unit dependence of
the more negative wave below pH ~ 3 is due to the dissociation
to form [Ru™(NH,),(H,0),]**.%

The species, R=H, show a similar pH dependence of
the [Ru™(NH,),(Cat-R)]"/[Ru™(NH;),(Cat-R)] wave due to
formation of [Ru™(NHS,),(H,0),]*" below about pH 3; however
unlike the case with R = CO,, this wave is pH independent
above pH 3. The [Ru"™(NH;),(q-H)**/[Ru™(NH,),(Cat-H)]*
wave is pH independent over the range 2-7. These data
confirm that the pH dependence of the R =CO, species is
localized at the CO, site.

FTIR

Studies of infrared spectra of the ligands in metal-transition
complexes have provided useful information on the nature of
the metal-ligand bond.*® The effect of coordination may shift
the frequency of a ligand vibration depending on its interaction
with the metal. In ammine transition metal complexes the
symmetric and asymmetric NH; stretches shift to lower energy

H series

Table 8 Calculated (TD-DFRT) and experimental electronic spectral data for [Ru(NH;),(O,C¢H,)**"° (in parentheses: electric dipole oscillator strengths, /), R
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in comparison to those of the “free” ligand while the degener-
ate deformation, symmetric deformation and rocking vibration
of the coordinated ammonia shift to higher energy.***® Band
assignments for the various NH; modes occurring in the 600—
4000 cm ™! region were made by comparison with the spectra
of other ammine complexes of ruthenium and of the N-
deuteriated derivatives (Table 1).

The N-H stretching frequencies of ruthenium ammine
complexes may be used as a rough measure of Ru-N bond
strength.>>"7 The rocking mode is the most sensitive to co-
ordination and can be used to compare the M—N bond strength
in a series of complexes.® The higher the energy of the rocking
vibration the stronger is the M—NH; bond. The NH; rocking
vibrational frequencies in [Ru™(NH,),(Cat-R)]* were com-
pared with those in [Ru™(NHS,),(0x)],S,0,® and [Ru(NH,)(]Cl,
(n=2 or 3)% (Table 1) and found at a substantially higher
energy in these complexes than in either the oxalate complexes
or the hexaammine, reflecting a significantly stronger interaction
between ruthenium and the ammine group in the dioxolene
complexes. This provides further evidence for the Ru™-Cat
rather than Ru™-Sq formulation of the parent species.

Although infrared spectroscopy has proven to be a potent
probe in determining the structure of transition-metal quinone
complexes,®!*?7"* " the FTIR data are not, curiously, fully
supportive of the Ru™-Cat formulation. Metal-catecholate
complexes are often characterized by two intense bands at 1480
(ring stretch) and 1250 cm™' (CO stretch) also found for
the “free” ligand.**>* These bands gain intensity in transition
metal catechol species due to coupling between the ring and
CO stretching vibrations.™ In the FTIR spectra of the
[Ru™(NH,),(Cat-R)]* species (ESI Fig. S1; Table 1) diolato
bands are observed at 1250 (medium intensity) and 1460 cm™
(medium-weak intensity). Possibly, a strong interaction
between the Ru™ and the CO bond has modified the ligand
sufficiently that the strong band usually seen at 1480 cm™! has

substantially weakened and shifted to 1460 cm ™.

Table 9 Energies, symmetries, and compositions of frontier orbitals
of [Ru(NHj;),(Cat)] calculated with B3LYP/DZVP

Ru NH, Cat

MO Energy/eV Symmetry (%) (%) (%)
LUMO+4 1.77 b, 7 90 3
LUMO+3 1.50 b, 0 2 98
LUMO+2 1.12 b, 55 33 12
LUMO+1 0.96 a, 72 23 5
LUMO —-0.15 a, 85 25 —-10
HOMO -3.35 b, 23 2 75
HOMO-1 —4.00 a, 87 3 11
HOMO-2 —4.00 a, 67 3 29
HOMO-3 —4.51 b, 69 3 28
HOMO-4 —4.98 a, 23 1 76
HOMO-5 —6.15 a, 14 2 85

Electronic structure (Tables 9-11)

Tables 9-11 show the populations of frontier orbitals in terms
of % contributions from atomic orbitals of the central atom
and the ligands, using the Mulliken population analysis from
the B3LYP/DZVP calculations. Some of the gross orbital
populations are negative, which is a frequent problem of
the Mulliken population analysis.*” Since the DZVP basis
set is the largest among those we used, and provides excellent
agreement with the experimental electronic spectrum, we
use this to describe the molecular orbitals of the various
complexes.

The “free” ligand LUMO has b; symmetry while the
HOMO has a, symmetry. The frontier d(t,,) orbitals transform
as b, (d,,, m symmetry), a, (d,, 8 symmetry) and a; (d_,
o symmetry) where the symmetry noted is with respect to
the dioxolene ligand. We discuss specifically interactions
within this group of five orbitals (bold in Tables 9-11). It is the
bonding and antibonding interactions between these b, and
a, ligand orbitals and the b, and a, d orbitals, respectively,
which are primarily responsible for the mixing between metal
and ligand.

In the quinone oxidation state ([Ru™(NH,),(Q)]*") the
LUMO is predominantly a quinone ©* orbital of b, symmetry
and is the antibonding combination of the “free” ligand b, ©*
LUMO and d,,. This orbital is progressively filled as the species
is reduced and becomes the HOMO in the doubly reduced
[Ru™(NH,),(Cat)]. The three d(t,,) orbitals lying below this b,
orbital are a,, a, and by, in this sequence, being the same for all
three oxidation states, i.e. with the b, orbital being the most
stable. The a, and a, orbitals generally lie very close together,
while the by is stabilized due to being comprised of the bonding
combination of d,, with the ligand n* b, orbital. The d(t,,)
splitting energies are very similar, in the range from 0.35 to
0.7 eV for all three oxidation states. Clearly, the lower energy b,
is mainly metal in character while the higher energy b, is mainly
localized on the ligand. This mostly ligand b; orbital how-
ever has approximately 20% ruthenium character in all three
oxidation states in the DFT calculation.

Just below this set of t,, orbitals is a filled ligand n orbital
of a, symmetry which was the HOMO in the “free” ligand.
The pair of a, orbitals are formed from the bonding and
antibonding interactions between metal d,, and “free” ligand
n-a, HOMO. In this case the lower a, orbital is mostly localized
on the ligand but consists of approximately 20% d,, in all
three oxidation states. This 20% mixing of Ru into the ligand
orbital, true also for the b, orbital, is a common observation in
dioxolene ruthenium complexes. 34/

The calculations illustrate that, aside from electron occu-
pancy, there is not much difference in electronic structure
between the formal [Ru™(NH,),(Q)]*" and supposed [Ru™-
(NH;),(Cat)]* species. This would reinforce the view that the
latter species contains a significant contribution from
[Ru"(NH;),(Sq)]".

Table 10 Energies, symmetries, and compositions of frontier orbitals of [Ru(NH;),(Cat)]* calculated with BSLYP/DZVP

MO Energy/eV Symmetry Ru (%) NH; (%) Cat (%)
LUMO+4 —2.89 (—2.58) b, 0(0) 1(D) 99 (99)
LUMO++3 —3.32(-3.24) b, 74 (74) 13 (13) 13 (14)
LUMO+2 —3.48 (—3.42) a, 74 (74) 21 (21) 5(5
LUMO+1 —3.70 (—3.69) a, 78 (77) 33(33) —10(—10)
SOMO —8.11 (—6.22) b, 22 (16) 1(1) 77 (83)
HOMO-1* —8.63 (—8.54) a, 85 (84) 303 12 (13)
HOMO-2* —8.68 (—8.49) a, 73 (62) 303 24 (35)
HOMO-3 —9.31 (-8.71) b, 70 (75) 303 27 (23)
HOMO-4 —9.56 (—9.39) a, 19 (29) 1(1) 80 (70)
HOMO-5 —10.91 (—10.79) a, 13 (14) 2(2) 85 (84)

Data for beta-spin orbitals are given in parentheses. * HOMO-1(a) corresponds to HOMO-2(B), HOMO-2(a) to HOMO-1(B).
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Table 11 Energies, symmetries, and compositions of frontier orbitals
of [Ru(NH,),(Q)I** calculated with BSLYP/DZVP

Ru NH, Cat

MO Energy/eV Symmetry (%) (%) (%)
LUMO+4 =717 a, 1 0 99
LUMO+3 =7.21 a, 73 37 -10
LUMO+2 -7.99 b, 75 14 11
LUMO+1 —8.02 a, 72 24 4
LUMO -11.13 b, 16 1 83
HOMO -13.25 a, 84 3 14
HOMO-1 -13.32 a, 73 3 24
HOMO-2 —13.60 b, 76 3 22
HOMO-3 —14.15 a, 20 1 79
HOMO-4 —15.63 a, 13 3 85
HOMO-5 -16.22 b, 4 7 90
Nature of the bonding

The IR data suggest that the parent complex is well described
as Ru™-Cat whereas the EPR data do not show clear
ruthenium(in) signals (3 g values) under any conditions
although the absence of room temperature signals is evidence
for Ru™ rather than an organic free radical. The calculations
show significant covalency between the metal and ligand
but with the closest localized description, for the gas phase cal-
culation of the parent species, being Ru™-Sq. A preliminary
calculation using a dielectric continuum to model the solvent
does however show that the presence of solvent causes an
increase in the spin density on the ruthenium atom of some
60-95%, depending on basis set, reaching 0.52 with the B3LYP/
LanL2DZ calculation, i.e. the calculation predicts that solvent
makes the species more Ru™-like, consistent with the EPR
data in neutral solution. It is probable that the real electronic
distribution lies between Ru™ and Ru™ with the b, mixed
orbitals being closer to 50 £ 10% Ru + 50 + 10% dioxolene.

With similar extensive covalency involving the frontier a,
orbitals, the changes in electronic spectra observed, for the
parent species, with change of temperature and/or medium
may reflect small variations in the extent of mixing caused by
solvent-solute interactions. In such highly mixed species we
expect relatively little solvatochromism since the ground and
excited state of the visible region principal absorption band
will have very similar geometry and dipole moment. This is in
contrast to species such as [Ru(NH,)s(py)]*" where the extent of
mixing is much smaller, the MLCT state will possess a rather
different dipole moment from the ground state, and the system
will be much more solvatochromic.”®! In this case gas phase
calculations using INDO/S or TD-DFRT do not reproduce the
solution spectra well. For example, while experiment shows the
principal visible region MLCT band at 24600 cm ™! ( /= 0.16),%
calculations yield 35900,% 34500 cm™ ( f=0.39),% or, using
TD-DFRT (B3LYP/DZVP), we find 32900 cm™* ( f=0.11).
When solvent (water) is incorporated into the calculation there
is a red shift to 30600% or 27700 cm '# approaching the
experimental value #>%3

With this magnitude of mixing the effect on the electronic
spectrum of protonation of the R =CO,” group might well
be very small. The effect of acid seems to be identical for the
R = CO,” substituted complex, as for the unsubstituted, R =
H, complex (Table 4) leading us to conclude that we may be
seeing a solvent effect and that protonation of CO,~ does not
significantly affect the electronic structure.

Electronic spectra (Tables 3, 8)
The predicted spectra using TD-DFRT are shown in Table 8.

[Ru"(NH,),(Q-R)I** [Ground state 'A,]. The visible spectra
of the quinone complexes showing a strong charge transfer

(CT) band near 19400 cm™" (2.4 eV) are typical of ruthenium(ir)
complexes of this oxidation state.'>!3172426 These bands are
fairly narrow, indicative of substantial mixing between the
Ru™Q ground state and Ru™-Sq excited state. The band-
width is similar to that (1740 cm™!) observed for the com-
parable band in the similarly mixed [Ru(NHj,),(bqdi)]*" (bqdi =
o-benzoquinone diimine)."*

According to TD-DFRT calculations the intense visible
region absorption is assigned to a d,(Ru) + n*(Q)—>
1*(Q)— d,(Ru) transition, i.e. HOMO-2 (b;)—— LUMO
(b;) MLCT. Of the various functionals investigated the B3LYP/
DZVP gives the best agreement with the experimental data
(Table 8, R = H); indeed the agreement is excellent.

Electronic transitions originating from the other two d(t,,)
orbitals, HOMO (a;) and HOMO-1 (a,), to LUMO have not
been observed experimentally. The TD-DFRT -calculations
show that these transitions should occur in the near IR region,
but their intensity should be very low (see Table 8). There is
another transition, HOMO-3 (a,) (mixed with HOMO-I1,
a,) ——> LUMO, which has energy comparable to, but intensity
lower than that of the HOMO-2—— LUMO major band.
This does not appear as a separate band in the experimental
spectra but may be responsible for the low energy tail on the
19200 cm ™! band (see Fig. 3). The two weaker features seen as
shoulders in the experimental spectrum are d-d transitions
according to the TD-DFRT calculations.

The UV region band is the expected internal m—— *
quinone ligand transition, formally, according to TD-DFRT
calculations, from HOMO-5 to LUMO.

[Ru"(NH,),(Cat-R)]* [Ground state B,]. These parent
species show a single broad band in the visible region of lower
intensity than the visible region band of the Q-R complexes.
Ruthenium bipyridine complexes containing the Ru™-Sq
fragment display a strong and narrow band in the near infrared
region. The broad band seen for these parent complexes
near 14000-15000 cm™! is at substantially higher energy and
much broader perhaps because of a greater contribution from
[Ru™(Cat)]. This broad band is assigned to the same transition
as in the quinone oxidation state, i.e. b;—— b,. TD-DFRT
code to predict the electronic spectra of open shell species is not
yet generally available. We therefore carried out a restricted
open shell INDO/S calculation on the DFT B3LYP/DZVP
geometry. This predicted the main visible region band at 14000
cm™! (R = H) in excellent agreement with experiment and con-
firmed its assignment as b;,—— b; (HOMO-3 —— SOMO)
(Tables 3, 10).

In the case of R=CO, there is an extra strong UV
transition generated through coupling between the ligand
n* and CO, function. The inverse shift in energy with variation
of R to the band in the Ru™(Q-R) species would be consistent
with the direction of charge displacement being reversed in this
species relative to the quinone species,®#% j ¢ that the main
band of the [Ru(NH,),(Q-R)]"* V" species is MLCT while the
broad band of these parent ruthenium(ir) species has LMCT
character. LMCT character is also supported by the blue rather
than red shift when the R = CO,~ species is protonated.

Although a very limited data set, it was reasonable to
question whether these data correlate with Hammett sub-
stituent constants.®” Indeed there is an approximately linear
relationship, for both oxidation states, with the field/inductive
parameter o,,. However the slope of this relationship is the
inverse of that expected with the MLCT band shifting to the
red as the substituent becomes more negative. Since these tran-
sitions (see below) involved the m framework of the molecule,
the inductive effect may not be relevant here. Indeed there is
also a linear correlation with the Resonance parameter,®” and
this does possess a slope consistent with the expectation that
a m-mesomeric effect moving charge into the ligand will shift
the MLCT band to the blue and the LMCT band to the red.
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However the data spread is rather too small to draw a firm
conclusion. Variations in the Coulomb (J) and exchange (K)
integrals® with R could cause a CT band to shift in the inverse
sense to that predicted upon a simple consideration of MLCT
or LMCT. Nevertheless the optical experimental data do
seem best understood in terms of a [Ru™(NH,),(Cat-R)]**
description for the parent species.

Given the valence tautomerism observed in many other
dioxolene species !5-¢Mkb6.10.27313436 the temperature depend-
ence of the spectra of the [Ru™(NH,),(Cat-R)]" species was
explored. Indeed the visible region LMCT band shows signifi-
cant thermochromism (Table 4, Fig. 4). In a MeOH-EtOH-
water mixture the visible region LMCT band shifts up to 1500
cm™! to the blue, from room to liquid nitrogen temperature.
In 0.1 M HCI-MeOH-EtOH the effect is even more marked
(1700 cm™* blue shift). However the band does not sharpen, but
remains very broad. The EPR evidence presented above shows
that at low temperature, in this medium, the species is more
closely represented by the description [Ru™(NH,),(Sq)]*.

[Ru"(NH,),(Cat-R)] [Ground state 'A,]. These species show
strong absorption only in the UV region caused by 1 —> n*
transitions of the catechol ligand. According to TD-DFRT
calculations the strongest electronic transition is from HOMO
to LUMO+3. The calculations predict two low-intensity
electronic transitions in the visible region, but we suppose
that this may be an artifact of the calculation on the isolated
molecule. These transitions are the electron transfer from
HOMO (d,, — n) and HOMO-1 (d,:_ ) to the LUMO which
is the o* orbital localized on Ru and the NH; ligands. It has
been noticed' that the TD-DFRT method works well only
if the excitation energies do not exceed the negative of the
HOMO energy, —é&gomo, Where the ionization continuum
begins, and if transitions to unbound virtual orbitals are not
involved. The HOMO and LUMO energies of [Ru(NH;),(Cat)]
are quite high (around —3 eV and 0 respectively) and, in this
situation, it is to be expected that the TD-DFRT excitation
energies will be very sensitive to the diffuseness of the basis set.
Since solvation of [Ru(NH,),(Cat)] by water molecules affects
the energies of the orbitals, calculation of the excitation ener-
gies would possibly be more accurate if the TD-DFRT/SCRF
code were available.

It is of interest that for R = CO, there are two m— 1*
transitions between 30000 and 40000 cm™' for this Ru'-
Cat-CO, species. There are also two such transitions for the
Ru™-Cat-CO, species but only one for the Ru™-Q-CO, species.
Thus there is yet additional evidence for the validity of the
Ru™-Cat-R formulation of the parent species.

Conclusion

Attempts to describe these species in terms of a single oxidation
state are probably not useful. This is especially true of the par-
ent species which, under various conditions, displays properties
of both [Ru™(NH,),(Cat)]* and [Ru™(NH,),(Sq)]*. We do not
appear to be observing valence tautomerism in the sense
that one species exists at low temperature, or under specified
conditions, and is converted into the other above a certain
temperature. Rather there is very substantial covalency between
metal and ligand orbitals such that these species behave
rather like delocalized organic molecules. In solution a change
of temperature changes the solvent characteristics and, through
solvent interactions, the extent of delocalization is modified
causing the small spectroscopic shifts. The evidence for this lies
in the electronic structural calculations and spectroscopic
assignments. An abrupt change from MLCT behavior in
[Ru™(NH,),(Q)*" species to LMCT behavior in [Ru™(NH,),-
(Cat)]* is not observed. Rather, both these species have
remarkably similar electronic structures in terms of mixing of
the frontier orbitals and differ only in the electron occupancy
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of these orbitals. Interestingly, the major spectroscopic features
have the same provenance in both the parent and oxidized
species. DFT B3LYP/DZVP provides a very adequate descrip-
tion of these species, and TD-DFRT is effective in predicting
the electronic spectra of the closed shell species very accurately.
Although such calculations are “gas phase” and we are compar-
ing with experimental data in solution, this may be reasonable
due to the small solvatochromism anticipated for these highly
mixed species.
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