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ABSTRACT: The complexes trans-[Ru(NHj;),,(4-pic) (H,0)](CF;SO;),
(1) and [Ru™(NH,)(4-pic)](CF;SO;); (2) were isolated and studied
experimentally by electron paramagnetic resonance (EPR) and UV—vis
spectroscopies, cyclic voltammetry, and X-ray crystallography and
theoretically by ligand-field theory (LFT) and density functional theory
(DFT) calculations. Complex 1 is reported in two different crystal forms,
1a (100 K) and 1b (room temperature). EPR and UV—vis spectroscopies
suggest that aqua ligand interaction in this low-spin ruthenium(III)
complex changes as a function of hydrogen bonding with solvent molecules.
This explicit water solvent effect was explained theoretically by DFT
calculations, which demonstrated the effect of rotation of the aqua ligand
about the N, —Ru—O,, axis. The UV—vis spectrum of 1 shows in an
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aqueous acid solution a broad- and low-intensity absorption band around
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28 500 cm ™' (¢ &~ S00 M~ cm™) that is assigned mainly to a charge-transfer (CT) transition from the equatorial ligands to the
Ru f$-4d,, orbital (f-LUMO) using DFT calculations. The electronic reflectance spectrum of 1 shows a broad and intense
absorption band around 25 500 cm™' that is assigned to a CT transition from 4-picoline to the Ru $-4d,, orbital (5-LUMO)
using DFT calculations. The t2g5 set of orbitals had its energy splitting investigated by LFT. LFT analysis shows that a rhombic
component arises from C,, symmetry by a simple z-bonding ligand (H,O in our case) twisting about the trans (C,) axis. This
twist was manifested in the EPR spectra, which were recorded for 1 as a function of the solvent in comparison with
[Ru(NH;),(4-pic)]*" and [Ru(NH;)s(H,0)]*". Only 1 shows an evident change in the g-tensor values, wherein an increased
rhombic component is correlated with a higher nucleophilicity (donor) solvent feature, as parametrized by the Abraham system.

B INTRODUCTION

The electronic properties of transition-metal complexes in
solution as a function of the chemical and physical properties of
the solvent have been studied for decades.'~” Stabilization of
the Ru oxidation state in ruthenium(III) tetra- and
pentaammine complexes is directly related to the capacity of
the nonbonding electrons of solvent molecules to interact with
the ammine protons.”” The nature of this interaction is
described as weak and characteristic of hydrogen bonding, "
These interactions have an important influence on the
electronic transitions [mainly charge-transfer (CT) bands]"?
and electrochemical properties® of ruthenium(III) ammine
complexes. However, consideration of these effects on the
solid-state structure, electron paramagnetic resonance (EPR)
spectroscopy, and reactivity of these complexes has not
received much attention.

Inspired by the results of biological and biochemical studies,
the effects of the secondary coordination sphere and non-
covalent associations such as hydrogen bonds are becomin%
subjects of increased attention in coordination chemistry.®™"
Ligands such as ammines and aqua frequently particiipate in
such secondary coordination sphere interactions.*”'' The
nonheme iron enzyme lipoxygenase, for example, had its
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activity explained as a function of hydrogen-bond formation
between amino acids and the aqua/hydroxido ligands (active
site containing FeOH and Fe'OH,)."”"* The chemical
properties of the generic MOH,/OH fragment have been
explored in various catalytic processes."*”'® Recently, water
oxidation by aquaruthenium(II) polypyridine complexes was
described,* wherein a series of reactive ruthenium species
([Ru™OH]*, [Ru™MOOH]*, [Ru"=0]*, and [RuVOO]*")
are formed via a mechanism that proposes metal oxidation,
disproportionation reactions, and nucleophilic attack by water
at neutral pH. Studies with another class of ruthenium
compounds also have received attention, namely, the Ru-bda
water oxidation catalysts [specifically, [Ru(bda)(L),] where,
bda = 2,2’-bipyridine-6,6’-dicarboxylate and L = monodentate
ligand such as pyridine (py)], wherein the catalytic efficiency
was studied as a function of L."” Complexes such as
[Ru(bda)(4-pic),] and [Ru(bda)(mmi),] (mmi = 1,3-di-
methylimidazolium-2-ylidene) may dramatically change their
water oxidation mechanism when one of the pyridyl ligands is
replaced by an aqua ligand.
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Our experience with ruthenium nitrosyl complexes of the
type trans-[Ru(NO)(NH,),(L)]*>" suggests that, under bio-
logical conditions, Ru"/™OH, species are the main products
after NO release because of reaction with biological reductants
(eq 1). The same product is observed by photochemical
processes (eq 2)."

trans-[RuH(NOJ’)(NH3)4(L):|3+ + red + H,0

- t‘rans-|:RuH(NH3)4(L)(H20):|3+ + oxi + NO (1)
trans-[Ru" (NO")(NH,), (L)’* + H,0
id trans-[Ru'(NH,), (L) (H,0)’* + NO @)

However, information regarding the properties of coordi-
nated water in these complexes and its influence on the
ruthenium center and axial ligand (L) is scarce.***" These
previous studies were primarily limited to investigation of the
kinetics of water substitution.”””>> With the goal of
contributing on this issue, the present work reports the
synthesis and crystal structure of the complexes trans-
[Ru(NHj;),(4-pic) (H,0)](CF,S0;)3-H,O (1; 4-pic = 4-pico-
line, 4-methylpyridine). The aqua ligand reactivity was
investigated by cyclic voltammetry, UV—vis and EPR spectros-
copies, and density functional theory (DFT) calculations. The
Ru™OH, bond strength was evaluated through the water
substitution rate constant and the calculated pK, values. DFT
and ligand-field theory (LFT) calculations and EPR spectros-
copy probed the solvent dependence of the properties of the
coordinated water molecule. For comparison, the correspond-
ing complex lacking the aqua ligand, [Ru(NH,);(4-pic)]-
(CF;805); (2) was also investigated where appropriate.

B EXPERIMENTAL SECTION

General Procedures. All chemicals were reagent-grade (Aldrich,
Merck, or JT Baker) and were used without further guriﬁcation. The
solvents were purified as described in the literature.”® Milli-Q water
(18 MQ) was used throughout the experiments. A Bruker model EMX
Plus spectrometer operating at X-band frequency (~9.5 GHz) and
coupled to a standard cavity was used to obtain the EPR spectra at
liquid-nitrogen temperature (77 K). A Digital Temperature Control
System, B-VT-2000, with a dewar insert holder uses liquid nitrogen as
a coolant for variable-temperature EPR spectra. Spectra of 1 were
recorded as both a powder and a frozen solution at 119, 150, and 175
K. The spectrum at 119 K gave optimal signal/noise although spectra
are observable at up to 180 K (see Figure S1 in the Supporting
Information, SI), but these higher temperature spectra were not useful
for quantitative purposes. UV—vis spectra were recorded using Hitachi
U-3501 and Hewlett-Packard diode array model 8452A spectropho-
tometers. A UV—vis reflectance spectrum of 1-H,O mixed with BaSO,,
was recorded using a diffuse-reflectance accessory from a Shimadzu
UV-3600 spectrophotometer. Differential scanning calorimetry (DSC)
analysis was performed under a flowing nitrogen atmosphere in the
temperature range of +25 to —150 °C at a cooling rate of 10 °C min™"
using a TA Instruments DSC-Q20 calorimeter. Voltammetric
measurements were carried out with a Princeton Applied Research
Polarographic Voltammeter system (model 264) coupled to a
microcomputer. The formal reduction potential (E,/,) was measured
by cyclic voltammetry using a three-electrode cell: (1) saturated
calomel (reference electrode); (2) glassy carbon (working electrode);
(3) platinum (auxiliary electrode). The E, , values are listed in relation
to a standard hydrogen electrode. The measurements were carried out
in CF;COOH/NaCF;COO (pH 2.0, 4 = 02 M) at 25.0 + 02 °C
under an argon atmosphere. The acidity of the coordinated water
molecule in trans-[Ru(NH;),(4-pic)(H,0)]** was studied through
cyclic voltammetry and UV—vis spectrophotometry. The variations in
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the E,/, values as a function of the pH were plotted according to a
Pourbaix diagram,” which allows one to calculate the pK, value for the
following reaction (eq 3):

trans-[Ru(NH,), (4-pic) (OHZ)]?’+ + H,0

= trans-[Ru(NH,), (4-pic)(OH) T+ + H,0" 3)

The pK, value was also calculated from the spectrophotometric data
by a graphical solution of eq 4, where A = absorbance of the mixture,
A, = absorbance of the protonated species, and A4 = absorbance of the

P - 28
deprotonated species.

A—AP

H = pK, + lo
PH = pK, + log -

(4)

Coordinated water molecule substitution by halide ions (X~ = CI,
Br7) in trans-[Ru(NH,),(4-pic)(H,0)]** (eq 5) was performed by
dissolving the triflate salt in degassed acidic aqueous sodium bromide
or chloride solutions (0.5—2 mol L' in 1.0 X 1072 mol L7!
CF;CO,H), which were quickly transferred to a quartz cuvette (1
cm path length). The absorbance data were collected at 350 and 420
nm, following in each case the formation of trans-[Ru(NH;),(4-
pic)(C1)]** and trans-[Ru(NHj;),(4-pic)(Br)]*, respectively.

trans-[Ru(NH,), (4-pic) (OH,) P+ + X~

= truns-[Ru(NH3)4(4-pic)(X)]2+ + H,0 (5)

Synthesis. The complexes [RuCI(NH;);]Cl;, [Ru(NH;)(H,0)]-
(CF;S80,); (3), trans-[RuCl(NH,),(SO,)]Cl, and trans-[Ru(SO,)-
(NH,),(4-pic)]Cl were prepared from RuCly-3H,O as described in
the literature.”

[Ru(NH3);5(4-pic)l(CF3S05); (2). [Ru(NH,),(4-pic)](ClO,), and
the aqueous Ru™ ion, [Ru(NH,)(4-pic)]*, were prepared as
described in the literature.>> A CF;SO,H solution (6.0 mol L") was
used to precipitate the complex as the triflate salt. To obtain crystals,
the dry solid (100 mg) was completely dissolved in S mL of CF;SO;H
(0.2 mol L) and filtered and the solution maintained at 5 °C for 2
days. The yellow crystals formed were separated by filtration (0.07
mmol, yield 52%).

trans-[Ru(NHj;),(4-pic)(H,0)1(CF3S0s); (1). A total of 100 mg of
trans-[Ru(SO,) (NHj;),(4-pic)]Cl (0.25 mmol) was added to 1.0 mL
of a degassed CF;CO,H solution (1.0 X 107 mol L™") containing
pieces of Zn (Hg). The reaction mixture remained under a constant
flow of argon for 20 min. The resulting red solution was transferred to
a previously degassed flask, and 39 uL of 30% H,O, (0.38 mmol) was
added. The resulting pale-yellow solution was immediately transferred
for another flask containing 2.5 mL of a degassed solution of
CF;SO;H (6 mol L™). An air-stable and fine yellow crystalline
precipitate was immediately formed. The mixture was maintained at 5
°C for 3 h to ensure complete precipitation. The solid obtained was
separated by filtration and exhaustively dried under vacuum. To obtain
crystals, the dry solid (130 mg) was completely dissolved in 6 mL of
CF,SO;H (2 mol L") and filtered and the solution maintained at 5
°C for 2 days. The yellow crystals formed were separated by filtration
(0.11 mmol, yield 43%).

X-ray Data Collection and Structure Determination. A
summary of the crystal data and detailed refinement conditions for
1, solved at 100 K (1a) and room temperature (1b), and 2, solved at
room temperature, are given in the SI (X-ray data collection and Table
S1). Listings of atomic coordinates and equivalent isotropic displace-
ment parameters, full intramolecular bond distances and angles,
hydrogen coordinates, and anisotropic thermal parameters are
available from the authors and were deposited at the Cambridge
Crystallographic Data Centre (CCDC), reference numbers CCDC
999499 (1a), 886779 (1b), and 980664 (2).
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Figure 1. ORTEP plots of two different views of trans-[Ru(NH;),(4-pic) (H,0)]** (cation of 1; left) and [Ru(NH;)(4-pic)]** (cation of 2; right)
both with displacement ellipsoids shown at the 30% probability level. The CF;SO;™ anions were omitted for clarity.

Table 1. Interatomic Distances (A) and Angles (deg) for trans-[Ru(NH,),(4-pic)(L)]*" [L = H,0 (1), NH, (2), CI", and SO,*7]

distance (A)

angle (deg)

L Ru-L Ru—N;ic
H,07 2.043(5) 2.050(5)
H,0%¢ 2.025(4) 2.050(5)
H,0%¢ 2.049(4) 2.037(5)
Cl-¢ 2.344(9) 2.074(2)
e Xeatd 2.046(2) 2.064(2)
NH,* 2.118(5) 2.083(5S)

Ru—NH, L—Ru—Ny; NH,—Ru—NH,
2.111(9) 178.5(2) 176.9(2)
2.109(8) 177.3(18) 176.4(19)
2.114(6) 177.6(18) 176.9(19)
2.105(6) 179.0(8) 179.64(8)
2.104(4) 175.2(1) 179.21(7)
2.108(6) 178.97(16) 178.54(17)

“This work (solved at room temperature). “This work (solved at 100 K). “Independent complex 1a,. dIndependent complex 1a,. “Reference 46.

FReference 47.

B THEORETICAL APPROACH AND COMPUTATIONAL
DETAILS

DFT Quantum Calculations. Spin-unrestricted DFT
calculations were performed with the Gaussian03 package.*
The optimizations were performed using Kohn—Sham DFT
with the hybrid B3LYP exchange-correlation functional and the
basis set DGDZVP for ruthenium and LANL2DZ for the
ligands. The BP86 functional and other basis sets also were
initially tested (see Table S2 in the SI). However, the B3LYP/
DGDZVP-LANL2DZ basis set provides the best relationship
between the results and computational cost. No symmetry
condition was imposed. Implicit solvent effects were included
using the integral equation formalism polarized continuum
model (IEF-PCM) with water as the solvent. Vibrational
frequency calculations were performed at the same level of
theory for all optimized structures to verify that no imaginary
frequencies were present and to ensure the true local minima
energy. The modeling of an explicit solvent effect (Figure S2 in
the SI) was performed with a discrete number of water
molecules (see geometry optimization in the SI for more
details). Single-point energy calculations were performed on
optimized structures using the B3LYP functional with
DGDZVP (ruthenium) and a larger basis set than LANL2DZ
for all other atoms, the DGTZVP. Time-dependent DFT (TD-
DFT) calculations were done at the same level of theory. The
energies and intensities of the 80 lowest singlet-energy
electronic transitions of the complexes were performed in the
TD-DFT calculations. Orbital contour plots were generated
using Gaussview 04; analysis of the population and TD-DFT
data was done with GaussSum 3.0.>*
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LFT Calculations. Several LFT programs were employed.
The first program, DLSDS, is based on work by McGarvey et
al>>* It is available from J. Telser and was used previously in a
study of low-spin (LS) Fe" complexes,®® which described in
detail its operation. DLSDS uses as input the three observed g
values and outputs the calculated best-fit ligand-field parame-
ters: k, A/{, and V/{, which correspond to the orbital
reduction factor (k < 1), and the axial and rhombic ligand-field
splittings within the Zng ground state (t,’¢’ in a strong field
representation) of octahedral LS d°. These are defined so that
Idy;) is at energy A and Id;;) and Id;;) are at energies +V/2 and
—V/2, respectively (disregarding spin—orbit coupling, SOC).
These ligand-field parameters are normalized by the one-
electron SOC constant, £, which is not well-determined for
free-ion Ru™>” but values of 800—1000 cm™' are commonly
used; > e.g, a value { = 880 cm™! was estimated for Ru™ in
(Ph,As);[Ru(CN),]-2H,0.*® We will use here { = 800 cm™,
simply to be on the conservative side in terms of SOC effects.
We are concerned here only with relative comparisons among
closely related systems and not with the actual values of the
ligand-field parameters. The second program used, DDN,
performs LET calculations employing the full d° basis set (252
microstates), is also available from J. Telser, and has been used
in studies of other transition-metal ion systems, such as LS
Mn'™.* The very powerful LET program Ligfield, by Bendix et
al, was also used.”” Ligfield provides a description of the d
orbital occupancy of the ground-state doublet using these
models and confirms the energy levels calculated by DDN.

DOI: 10.1021/ic5030857
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B RESULTS AND DISCUSSION

Molecular Structures. Crystallographic data for the
isolated complexes 1 and 2 are given in Table SI in the SI
and as ORTEP representations in Figure 1. Table 1 summarizes
the bond lengths and angles for 1, 2, and other selected
ruthenium(IIT) complexes. The Ru™ ion in both 1 and 2 is very
close to being in a regular octahedral environment with the
aromatic moiety perpendicular to the plane through the four
ammine equatorial nitrogen atoms and bisecting two opposite
N—Ru—N angles.

At 100 K, the crystal of 1 has a unit cell composed of two
crystallographically independent complexes (1a, and lay; see
the X-ray data collection in the SI) and three noncoordinated
water molecules (W1, W2, and W3; Figure S3 in the SI). The
two complexes have slightly different bond distances in the
Nic—Ru—0,q axis (see Table 1). The X-ray data show that the
three noncoordinated water molecules are distributed such that
two of them are closer to 1a, (distances of 2.50 and 4.10 A
from the aqua ligand respectively for W1 and W2), while the
third noncoordinated water molecule (W3) is 2.71 A from the
aqua ligand in 1a,. W2 is only 2.70 A from W1, which suggests
a strong hydrogen-bonding interaction between the two. This
interaction may explain the shorter distance between W1 and
the aqua ligand in 1a; in comparison to that observed for W3
and la,. In each independent complex, there is a close by
CF;SO; anion, with one of its oxygen atoms located 2.62 A
(1a;) and 2.69 A (1a,) from the aqua ligand oxygen atom. All
of these observed distances are compatible with strong
hydrogen bonding. The shorter anion distance in 1la; is
consistent with the shorter Ru—0O,, bond length in 1a, relative
to la, (see Table 1 and Figure S3 in the SI).

At room temperature, the crystal quality of 1 decreases and
only one crystallographically independent complex and one
noncoordinated water molecule, which is 2.58 A from the
coordinated water, can be seen. Because the crystals solved at
100 K and room temperature are the same, the absence of the
half water molecule in 1 can be ascribed to crystal disorder.
Indeed, the crystal structures described in this work are
characterized by some disorder in the CF;SO;™ anion, which
appears to be caused by the highly charged character of the
cations and the consequent strong hydrogen bonding
originating from the counteranions’ interactions with water
molecules, mainly regarding the coordinated water. These
features result in structures that do not present high diffraction
quality, as pointed out and explained in the CIF archives (SI).
Despite this, some interesting properties were observed, such as
that the unit cell volume of 1 changes from 5339.6(5) A? at 100
K to 2784.64(18) A’ at room temperature. This transition
happens in a totally reversible way without crystal destruction.
A DSC experiment suggested an endothermic process at 180 K
(Figure S4 in the SI) that may correspond to this transition. In
contrast, DSC gives no evidence for any phase transition in 2,
which is an “aqua-free” analogue to 1. Although apparently
there are no reports about this phenomenon specifically in
ruthenium ammine complex crystals, this is a relatively
common process in crystalline organic structures and metallic
complexes unleashed by changes in pressure,*® temper-
ature,""** solvent crystallization,”** and hydrogen-bonding
interaction.” In particular, the phase transitions reported45 for
the coordination polymers [Cu(NCS),(L)], (L = 4-amino-
pyridine and 4-methylaminopyridine) were quite affected by
the motion of the NCS™ group and by hydrogen bonding. In

1,4
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this case, a considerable displacement of the NCS™ group was
reported and associated with the phase transition. The phase
transition in complex 1 needs to be more deeply investigated in
future work, which could evaluate the influence not only of the
solvent but of the counterion as well. Currently, we are unable
to obtain crystals with counterions other than triflate, and even
those crystals do not exhibit high diffraction quality, albeit
sufficient for our purposes. This difficulty may be the result of
the high displacement factors generated not only in the three
triflate ions but also in the aqua ligand and crystallization water
molecules owing to strong hydrogen bonding as reported for
[Cu(NCS),(L)],.

Water Ligand Properties: pK, and Lability. The
reactivity of the aqua ligand was briefly studied in terms of
its acidity and replacement by chloride and bromide ions. The
electronic spectrum of trans-[Ru(NHj;),(4-pic)(H,0)]** as a
function of the pH is presented in Figure 2. The intense

35.21 32.25

i
\J

0,8

Absorbance

0,6

0.4

0,24

0,0

45 40 30 25 20 15

35

Energy / 10° cm™

Figure 2. Electronic spectrum as a function of the pH for a solution
containing trans-[Ru™(NH;),(4-pic) (H,0)]*" ion. Cg, = 2.8 X 107
M; p = 0.1 M (CF;CO,Na); extreme pH values are shown as 2 (red
line) and 7.7 (blue line).

absorption around 32250 cm™ at pH > 6 can be associated

with the formation of trans-[Ru(NHj;),(4-pic)(OH)]** (eq 3).
This absorption is associated with coordination by a better 7
donor than water, namely, hydroxide ion, and may be assigned
to a p7(OH) — 4dr ligand-to-metal charge-transfer (LMCT)
band. This assignment is analogous to that made for other ions
in the series trans-[Ru™(NH;),(4-pic)(L)]", where L is
chloride, bromide, iodide, and sulfate.”” According to the
observed LMCT energies for this series, the water ligand is a
poorer 7 donor than hydroxide ion, as expected from the
spectrochemical series NH; < H,0 < OH™ < SO,*” < CI” <
Br™ < I'. TD-DFT calculations have provided theoretical
support for this assignment (see the Electronic Structure
section).

In the electrochemical study, the formal reduction potential
(E,),) for the Ru™/Ru" couple is shifted to more negative
values as the pH is increased (Figure SS in the SI). That shift is
in agreement with Ru" being more stabilized in trans-
[Ru"™(NH,),(4-pic)(OH)]** than in trans-[Ru™(NH;),(4-
pic)(H,0)]*". Both electronic spectra and cyclic voltammetry
measurements (see Figures S6 and S7 in the SI), in
concordance, gave pK, = 3.65 + 0.0S. This is an intermediate
value in comparison to those reported*' for

DOI: 10.1021/ic5030857
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Table 2. Summary of Selected Interatomic Distances (A), pK, Values, and Water Substitution Rate Constants (k_y 0, M™' s™")

for Ruthenium Aqua Species

complex d(Ru—OH,) pK,
[Ru"(NH,)(H,0)],[5,04]5 2.110° 4.1°
trans-[Ru(NO)(NH,),(H,0)]Cl, 2.040° 3.1
trans-[Ru™(NH;),,(4-pic) (H,0)](CF,80;), 2.043% 3.67

k_iz,0(CI7) at 40 °C k_i1,0(CI7) at $5 °C k_pz,0(Br7) at 55 °C

87 x 1075% 2.1 % 1073¢ 13X 1073°¢
3.7 x 107¢%
34 % 107%¢ 2.5 x 1074 15 x 10749

“Reference 48. “Reference 21. “Reference 25. “This work (solved at room temperature).

[Ru™(NH,)(H,0)]** and trans-[Ru(NH,),(NO)(H,0)]*
and suggests a stronger Ru—OH, bond in the 4-picoline
species than in the pentaammines. A similar trend was provided
by the rate constant for water replacement (k_y; o); see Table 2.

When the trans NH; ligand in [Ru(NH;)(H,0)]*" is
changed to L = 4-picoline or nitric oxide, trans-[Ru(NH;),(L)-
(H,0)]*, then the rate constant for substitution of the aqua
ligand by CI™ (to give trans-[Ru(NH,),(L)(C1)]*") decreases
respectively by approximately 2.5- and 23-fold at 40 °C.
Because 4-picoline, unlike NH;, is a s-acceptor ligand, the
stronger Ru—OH, bond in trans-[Ru™(NH;),(4-pic) (H,0)]*"
versus [Ru™(NH,);(H,0)]*" can be ascribed to an increase in
the ruthenium 7z acidity. The same effect results from the
replacement of NH; by the strong 7-acceptor NO”, as reported
for trans-[Ru'(NH,),(NO)(H,0)]***' Also this is likely the
reason for the lower pK, of trans-[Ru™(NH;),(4-pic) (H,0)]**
and trans-[Ru'(NH;),(NO)(H,0)]%" relative to
[RuIH(NH3)5(H20)]3+-

To gain more insight about the electronic effect of the 4-
picoline ligand and hydrogen bonding of the H,O ligand, DFT
and LFT theoretical approaches and EPR spectroscopy were
applied to both trans-[Ru™(NH;),(4-pic)(H,0)]** and
[Ru"(NH,);(4-pic)]*" complexes. The parameters and molec-
ular reference frame considered in these studies are illustrated
in Chart 1. The choice of the ligand-field coordinate system for

Chart 1. Molecular Reference Frame Applied to the
Ruthenium(III) complexes of Interest, Primarily trans-
[Ru"(NH,),(4-pic) (H,0)]** but Also [Ru™(NH;) X]** (X
= Halide and Other Ligands)®

N A =NHj
;| i -
e |
\Ruﬂ_w‘ A\RU/A
""""""""" Vitzo = 45° x y —= S~
o =19 A s
AN A
HoH
T=VYL - VoYL
T =45 - 45 = 0° (coplanar)
| b, ¢
N Q/H +6r\-g‘ 1
///,,,76| \\\\N{//H ----- il
Ru H
>
/)
H H. 3
K‘;:Sclv

“The twist effect of the H,O ligand plane related to the 4-picoline
plane (upper and left sides, as given initially by wo, = w;, = 45°) on
the g values was investigated by LFT. Chart 1 (lower) shows the
solvent interactions that were probed by DFT calculations.
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these complexes, as shown in Chart 1 (upper), is based on their
own crystal structures (Figure 1) and on previous work on
related systems: [Ru(NH,)X]**, where X~ = Cl” and Br™.*
These pentaammine complexes are, to our knowledge, the only
relevant complexes for which the g matrix orientation has been
definitively determined, by single-crystal EPR, and exhibit g, =
Zmax along the “trans” X—Ru—NHj axis (Chart 1, upper right).
What is different in our tetraammine complexes relative to
these [Ru(NH;);X]*" complexes is the relative orientation of
the m-interacting ligands, trans 4-picoline and aqua, which are
parametrized respectively by yq, and oy, (Chart 1, upper left).

Optimized Structures (DFT). The trans-[Ru™(NH,),(4-
pic)(H,0)]** and [Ru™(NH;);(4-pic)]** complexes were
optimized considering up to five free water molecules ideally
distributed in the vicinity of the ligands (Figure S2 in the SI).
The optimized geometries present bond distances in good
agreement with the X-ray data; see Table 3. The calculated
Ru—L bond lengths are up to 0.058 A (~3%) longer than the
experimental values, which is expected with the B3LYP
functional.>”>' The complex trans-[Ru(NH;),(4-pic) (H,0)]**
(opt-0), which is absent of any free water molecule(s), exhibits
the longest Ru—O,, bond length among the optimized
geometries. The inclusion of a free water molecule produces
a structure containing a hydrogen-bonded aqua ligand. This
optimized structure, trans-[Ru(NH;),(4-pic)(H,0)]**-H,0
(opt-1), presents bond distances even more consistent with
the X-ray data than opt-0. This result points to the Ru—0O,,
bond distance being strongly dependent on the hydrogen-
bonding interaction of the hydrogen atoms, as the crystallo-
graphic data have indicated. The calculated energy involved in
the formation of opt-1 from trans-[Ru(NH;),(4-pic) (H,0)]**
and H,0 showed a stabilization at about —79.5 kJ mol™". This
value is consistent with those reported for hydrogen bonds
involving water molecules as donors.>>

Zerner and Pearl' studied the effect of an explicit water
solvent in [Ru(NH,)(py)]*" with ab initio (Hartree—Fock
level of theory) and semiempirical quantum-chemical (quan-
tum mechanics/molecular mechanics, QM/MM) techniques.
The QM/MM calculations with dozens of water molecules
produced structures with an average intermolecular bond
distance of 2.75 A for N(NH;)—O(H,O solvent). In these
calculations, a comparison with ideal systems containing only
4—6 explicit nearest-neighbor water molecules showed a
reduced CT from the solvent to the complex. This effect was
ascribed to the extra CT provided by the solvent—solvent
interaction, which likely disperses the positive charge of the
cation complex over a greater number of solvent molecules.
Nevertheless, Zerner and Pearl showed that the idealized
systems with nearest-neighbor water molecules, carried out at
the Hartree—Fock level of theory, can provide structural and
spectroscopic results that are accurate enough to be used in
conjunction with QM/MM calculations. In our data, a
comparison between [Ru(NH;)(4-pic)]** and trans-[Ru-
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Table 3. Experimental and DFT-Calculated Geometry Distances, in A, for trans-[Ru(NH;),(4-pic)(H,0)]**

experimental calculated

bond 1a,” 1a,” 1b° opt-0 opt-1 opt-5a opt-Sb
Ru—OH, 2025 2.049 2.045 2.103 2.061 2.089 2.063
Ru—N(4-pic) 2055 2037 2.055 2073 2.093 2.094 2.109
Ru—N(NH,) 2.109 2.114 2.110 2.165 2.165 2.159 2.160
HZOCmOsz 2.500 2.713 2.580 2.458 2.594 2.551
HOHE®---OH,? 1.398 1.576 1.538
H-O 0.977 0.976 0.975 1.004
O-H 0.977 1.058 1.018 1.018

“Values taken from the crystal solved at 100 K. 1a,; and 1a, are the crystallographically independent complexes (see the description on the previous
section). “Values taken from the crystal solved at room temperature. “Coordinated water molecule. “Water solvent molecule.

Table 4. Energy and Composition of the Main MOs Calculated (DFT) for the trans-[Ru(NHj;),(4-pic)(L)]"" Geometries

geometry (L) MO assignment
NH, LUMO+1 Tty — o
LUMO SN
HOMO d, — Tyie(30)*
HOMO-1 d,
Opt-Sa LUMO+1 ”pic(lv)* -d,
LUMO dy
HOMO d, — Tyic(zoy® — 1b,(aq)
HOMO-1 d,
Opt-5b LUMO+1 Tpic()* — d,
LUMO dxz,yz = pic(30)* 1b,, 1b,(aq)
HOMO d,
HOMO-1 Az e T Tpiczoy* = 1Dy, 1b,(aq)
OH LUMO+1 Tyic(iv)* — e
LUMO d. - PZ(OH) = Tpic(30)*
HOMO d,. — p,(OH)
HOMO-1 d,

% contribution

E (eV) Ru 4-pic L NH,
-2.09 2 97 0 0
—4.71 95 0 0
—-7.41 80 16 0 3
—7.66 94 0 1 S
-2.13 2 97 0 0
—4.87 96 0 0 4
—7.26 72 18 1 8
—7.84 93 0 1 S
-2.16 N 94 0 0
—4.67 84 8 S 2
=747 93 0 0 6
-7.53 86 8 3 2
—-191 7 92 1 0
—4.00 70 10 18 2
—6.94 86 1 10 4
—7.24 94 0 0 6

(NH;),(4-pic)(H,0)]** showed that the addition of five
explicit water molecules to each geometry produced similar
solvent—ammine ligand interactions in the equatorial plane but
a stronger interaction with the axial aqua ligand of trans-
[Ru(NHj;),(4-pic) (H,0)]*". Both geometries have distances of
N(NH;)—O(H,O solvent) in the range of 2.8—2.9 A, while the
aqua complex has distances of O(H,O ligand)—O(H,O
solvent) in the range of 2.55-2.62 A.

Certainly, in the absence of a large number of water solvent
molecules, the explicit solvent effect is relatively under-
estimated. However, for our purposes, namely, the influence
of this effect on the axial bonds (mainly on the Ru-0, bond),
the number of solvent molecules is sufficient. Indeed, the
optimized geometry opt-Sb illustrates the effect on the axial
bond lengths when two of five water molecules interact with
the aqua ligand. The calculated interactions in opt-Sb
demonstrate an elongation of the both O—H bonds in the
aqua ligand and its rotation in relation to the 4-picoline plane
compared to opt-Sa (aligned aqua ligand). Both effects seem to
contribute to the decrease of the Ru—OH, bond length in opt-
Sb in relation to opt-Sa and can represent theoretically the
transformation observed in the crystal of 1 when it is cooled
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from room temperature, during which the N .—Ru—0,, axial
distances slightly decrease.

Electronic Structure. The frontier molecular orbitals
(MOs) calculated for opt-5a, opt-5b, [Ru(NH;)s(4-pic)]**
5H,0, and trans-[Ru(NH,),(4-pic)(OH)]** are tabulated in
Table 4 and depicted in Table S6 in the SI. Owing to the
similar features of the o bonding of a e, set of orbitals in both a-
and f-spin functions and considering that the only unoccupied
tyg function (hole) is a f-spin function, as expected for a LS
Ru™ complex (tzg5 ), we limit ourselves to analyzing only the -
spin set of orbitals. The LUMO+1 (LUMO = lowest
unoccupied MO) in all complexes is a 7* orbital of the 4-
picoline ligand that lies between the t,, and e, sets of orbitals
and is labeled as 7,;(;,)* (see Chart S1 in the SI). Although
LUMO+1 is essentially centered in the 4-picoline ligand, this
orbital has a small contribution from ruthenium (d,,), which
seems to be a function of the z-donor ability of the L ligand in
trans-[Ru(NH,),(4-pic)(L)]™: increasing from 2% (opt-Sa and
pentaammine) to 5% (opt-5b) and to 7% (hydroxo complex).
The LUMO, highest occupied MO (HOMO), and HOMO-1
are formed by the t,, set of orbitals with a significant
contribution of an occupied 4-picoline orbital (7,c(30)*),
while the LUMO+2, LUMO+3, and LUMO+4 are formed by
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the e, set of orbitals and another z* orbital of the 4-picoline
ligand, labeled 7,5, * (see Chart S1 in the SI). It is possible to
observe (Table 4) that the LUMO, HOMO, and HOMO-1 in
opt-5a and opt-5b also present a slight contribution of orbitals
originating from the aqua ligand with 1b, (antibonding) and
1b, (nonbonding) symmetry (see Chart S2 in the SI). The d,,
and d,, orbitals in opt-5b are mixed, which is a function of the
aqua ligand twist that also promotes the interaction of
ruthenium with water for 1b,.

The experimental absorption spectra of 1 and 2 in an
aqueous acid solution are formed by broad and weak bands in
the visible range but with a high-intensity absorption in the UV
region, which can be ascribed to a 7 — 7™ transition in the 4-
picoline ligand, as described for similar systems.” The
absorption spectra of 1 and 2 (Table S and Figures 3 and 4)

Table S. Main Experimental and TD-DFT-Calculated Bands
and Their Assignments

exptl, 10° cnill_l (e, M1

cm caled (f) assignment
trans-[Ru(NH;),(4-pic) (H,0)]** *
28.50 (~500) 27.89 very mixed; NH; — 4d Ru
(0.0018)
27.99 H-5(8) — L+0(8); NH; — 4d Ru
(0.0023)
H-10(f) — L+0(f); NH; — 4d Ru
28.74 H-0(8) — L+1(8); 4d Ry, pic —
(0.0015) pic
35.21 (4300) 3527 H-1(a) — L+3(a), pic — pic
(0.0123)
39.37 (6100) 37.31 H-0(a) — L+1(a); 4d Ru, pic —
(0.1325) pic
37.98 H-0(8) - L+1(p); 4d Ru, pic —
(0.0157) pic
40.65 H—4(a) — L+2(a); 4d Ru—~4d Ru
(0.0273)
H-3(a) — L+1(a), pic, 4d Ru —
pic
[Ru(NH;);(4-pic) |*
30.00 (~465) 24.85 H-3(B) — L+0(8), pic, 4d Ru —
(0.0133) 4d Ru
2831 H-4(8) — L+0(8), NH; — 4d Ru
(0.0018)
29.39 H-6(8) — L+0(8), NH; — 4d Ru
(0.0021)
39.76 (5000) 35.52 very mixed
(0.0038)
37.78 very mixed
(0.0073)
3828 (0.11) H-0(B) — L+1(p), 4d Ru, pic —
4d Ru, pic
41.31 H-0(a) — L+0(a), 4d Ru, pic —
(0.035) pic

“Calculated data from trans-[Ru(NH,),(4-pic)(H,0)]**-5H,0 (opt-
5a). #Calculated data from [Ru(NH,);(4-pic)]**-SH,O.

were calculated using the geometries opt-Sa and [Ru(NH;)s(4-
pic)]**:SH,0. In agreement with the experiment, both
complexes exhibit spectra formed by weak bands in the visible
region arising from LMCT transitions from the ammine ligands
to the LUMO (f-d,,) and high-intensity ones in the UV region
that were ascribed essentially as intraligand transitions (7 —
7*). The contribution of the equatorial ligands in the NH; —
d,, transition seems to originate from the CT provided by the
interaction with solvent molecules. Nevertheless, as will be

shown in the next sections, the assignment of a pure f-d,,
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Figure 3. Electronic absorption spectra of trans-[Ru(NH;),(4-
pic)(H,0)]%. Blue trace: TD-DFT-calculated spectrum in an IEF-
PCM model solvent for the opt-Sa structure, generated from
GaussSum 3.0 software with half-widths of 5300 cm™ (the electronic
transitions are identified by their relative oscillator strengths: blue
bars). Black trace: experimental spectrum in aqueous CF;SO;H (0.01
mol L™). Inset: experimental spectrum in acetonitrile.
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function as the LUMO agrees with the nearly axial EPR signal
observed in acidic aqueous solution or acetonitrile for trans-
[Ru(NH,),(4-pic) (H,0)]*". The LUMO in opt-5b and trans-
[Ru(NH,)(4-pic)(OH)]** is a f-d,,-orbital type with 84 and
70% of ruthenium contribution, respectively. The L and 4-
picoline contributions in this MO indicate strongly covalent
Ru—L bonding. This is reflected in the calculated LMCT
transitions HOMO—3 — LUMO (f = 0.0562, 87%) and
HOMO-4 — LUMO (f = 0.0488, 33%), where the ground
states are bonding orbitals 87 and 63% centered on the 4-
picoline ligand, respectively. The HOMO-3 — LUMO
transition corresponds to the absorption band calculated in
25520 cm™! for opt-Sb shown in Figure S. Figure S also
presents the experimental UV—vis spectrum in the solid state of
1, which presents a CT band in the visible region around
25000 cm™'. We suggest that the molecules statically
positioned in the solid state give an aqua ligand in 1 with
features similar to those calculated in opt-Sb. In this case,
interactions between the aqua ligand and solvent molecules are
stronger than those in opt-Sa and promote the aqua ligand
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Figure S. Electronic absorption spectra of trans-[Ru(NH;),(4-
pic)(H,0)]*:5H,0 (opt-5b). Blue trace: TD-DFT (water)-calculated
spectrum, generated from GaussSum 3.0 software with half-widths of
6500 cm™" (the electronic transitions are identified by their relative
oscillator strengths: blue bars). Black trace: experimental diffuse
reflectance spectrum of 1. The ordinate in this case is arbitrary and is
scaled to match the intensity of the calculated spectrum.

twist with respect to the 4-picoline plane. In agreement with
this, the EPR powder spectrum of 1 gave a signal that is more
rhombic than those in a frozen solution (whether in an aqueous
acid solution or acetonitrile; see the EPR Data Analysis
section). It would also be desirable to use quantum
computational methods to calculate the g values for comparison
with the experiment. Unfortunately, the Gaussian software has
only a rudimentary implementation of the SOC phenomenon
and is particularly unsuited to a 4d ion such as Ru', for which
SOC is so dominant (see the LFT discussion) so that fully
relativistic quantum-chemical methods are needed.*>** Indeed,
such computations of spin Hamiltonian parameters of para-
magnetic 4d ions are very uncommon. A rare example is the
recent work of McNaughton et al,>® who studied a Mo™ 443
complex with a LS (S = '/,) ground state.

The first two excited states predicted for opt-Sa, opt-Sb, and
[Ru(NH,),(4-pic)]**-SH,0 in the TD-DFT calculation are
attributed to intra t,, transitions with small energy (850—2290

-1 .
em™') and low oscillator strength (f < 0.0002). The t,, set of
orbitals in these transitions are distributed among the p-
HOMO-1, f-HOMO, and f-LUMO orbitals, as can been seen
in Tables 4 and S6 in the SI. An energy diagram shown in
Figure 6 represents the transitions for each geometry. There is a
clear destabilization of the MO formed by the d,, — 7
antibonding combination in opt-Sb (LUMO) in comparison
with that in opt-Sa (HOMO). This effect probably originates
from the mixing of the d,, and d,, functions on the opt-5b
MOs, which, in turn, originates from the aqua ligand twist.
Overall, a hole in a mixed d,,,, function gives a reasonably
rhombic character to the set of t,, orbitals on opt-5b compared
to the more axial character of opt-Sa. However, on the basis of
the energy of the excited states, a truly rhombic character is
observed only for the pentaammine geometry. In this case, the
axial non-z-donor ammine ligand and the mixed d,, and d,,
functions favor a small ligand-field energy splitting.

EPR Data Analysis. EPR spectra are recognized to be
greatly sensitive to energy changes in the tZg5 orbitals.>
Assuming an important role for the aqua ligand in both the
primary and secondary coordination spheres of Ru", it is
reasonable to evaluate the electronic proprieties of trans-
[Ru(NH,),(4-pic)(H,0)]** as a function of the different
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Figure 6. Energy levels of the t,, transitions calculated (TD-DFT) for
trans-[Ru(NH,),(4-pic)(L)]", where L = NH; (labeled pentaam-
mine), H,O (labeled opt-Sa and opt-5b), and OH™ (labeled RuOH).

solvent environments. Solvent selection was carried out
following the experimental Abraham values for the basicity
parameter (Y4%,).>">° EPR measurements were performed
on complexes 1—3, and the resulting g values and ligand-field
parameters are summarized in Table 6 (see the EPR Spectra
and Solvent Influence section) and will be discussed in the
following sections.

LFT Analysis. To gain insight about the energies and
electronics features of the d orbitals using EPR experimental
data from the above-listed complexes, we begin with a simple
octahedral [Ru(NH;)s]** complex with values taken from
Harzion and Navon:* Racah parameters B = 580(40) cm™!, C
=2300 cm™' (C/B =~ 4), Dq = 3480(60) cm™’, which gives the
AOM parameter:°" e6(NH;) = 10Dg/3 = 11600 cm™". Harzion
and Navon also reported Dq = 2860(40) cm™ for [Ru-
(H,0),]%".% This value corresponds to 10Dq = 3&6 + 4ex, and
we have no way of separating the two bonding contributions;
however, we note that Dolder et al.** determined em — emy =
1200 cm™! for [Ru(H,0)¢]*, so if we assume that one of these
contributions is zero, then ez(OH,) & 1200 cm™’, so that
€6(OH,) ~ 8000 cm™'. Somewhat arbitrarily, we also set
€6(Np) = 7000 cm ™" for the generic imino donors (i.e., slightly
weaker than aqua and much weaker than ammine donors).
These crudely estimated bonding parameters will be used for
illustrative purposes for the entire series of complexes
investigated here by LFT: [Ru(NH;);(H,0)]*", [Ru-
(NH,);L]", trans-[Ru(NH,;),L(H,0)]**, and trans-[Ru-
(NH;),(L),]"™ (used also for trans-[Ru(NH;),(LL')]"*),
where n = 3 for L(’) being a neutral imino ligand, as in most
cases, but n = 2 or 1 for complexes with mono- or bisanionic
ligands such as [Ru(NH,);Cl]** or trans-[Ru(NH,),CL]".

We then apply an external field of 300 mT, equivalent to X-
band resonant fields, ie, adding spin and orbital Zeeman
interactions to yield g values. For [Ru(NH,)4]*, the isotropic g
value calculated in this way is extremely sensitive to the choice
of k: g, = 2.204 for k = 1.0, but g, = 1.898 for k = 0.8, and g,
= 1.974 for k = 0.85, closest to our experimental data [g, =
1.97 for ([Ru(NH;),]Cl; in aqueous ethylene glycol (1:1, v/v)
(see Figure S8 in the SI)].> For generality, we explored the
effects of varying k in the range 0.8 < k < 1.0 in the other
complexes as well. The use of an isotropic k is an
oversimplification but necessary to limit the parameter space
and provide more general conclusions.
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Table 6. Summary of Ligand-Field Parameters for 1—3 as Powder and in Frozen Solution in Different Solvents”

complex solvent lgl, 1o, g3l A/C v/¢ V/A k >p
1 aqueous solution 2.735, 247, 1.18 1.982 0.506 0.255 0.9017
acetonitrile 2.75, 2.435, 1.18 1.944 0.585 0.301 0.8896 0.32
acetone 2.78, 2.43, 1.10 1.885 0.612 0.325 0.8991 0.49
propylene carbonate 2.78, 243, 1.10 1.885 0.612 0.325 0.8991
dimethylformamide 2.83, 2.38, 1.05 1.843 0.753 0.408 0.8993 0.74
ethylene glycol 2.865, 2.35, 1.05 1.863 0.868 0.466 0.9043 0.78
2-methoxyethanol 2.885, 2.35, 1.05 1.873 0.901 0.481 0.9149 0.84
powder 2.925, 2.32, 0.90 1.709 0.888 0.519 0.9017
2 water/ethylene glycol 2.81, 1.56, 1.20 —0.671 —0.112 0.167 0.9378
acetonitrile 2.81, 1.535, 1.215 —0.675 —0.099 0.147 0.9351 0.32
acetone 2.81, 1.52, 1.26 —0.664 —0.081 0.122 0.9412 0.49
2-methoxyethanol 2.81, 1.54, 1.26 —0.657 —0.087 0.132 0.9458 0.84
powder 2.80, 1.60, 1.18 —0.658 —0.131 0.199 0.9398
3 2-methoxyethanol 2.632, 2.622, 0.50 1.288 0.010 0.008 0.9223 0.84
powdaﬁ 2.620, 2.620, 0.60 1.360 0.000 0.000 0.9700
43", experimental Abraham value, which is used to order the solvents. From ref 20.
We next convert from the hexaammine to [Ru(NH,)L]™, We again somewhat arbitrarily choose ez,(N,) = —1000 cm™",

maintaining idealized octahedral geometry: @ = 90° and ¢ = 0,
90, 180, and 270° for the equatorial ammines; 8 = 180° and ¢ =
0 for the axial ammine; & and ¢ = 0° for L(’) (see Chart 1 for
the coordinate system). For [Ru(NH;);L]** with only &
bonding, the complex has idealized C,, point group symmetry,
and the above set of Racah and €6 parameters leads to a *E
ground state, corresponding to orbital occupancy clxyzdg%yz3
{(1/\/2)[|de) + Idf)]} with a very closely lying (A ~ S0
cm™") ?B, excited state, corresponding to dxyldxz’yz“(ldfy)). This
splitting is the result of a slight mixing of the various Id3) and
Idfz_yz) excited states (t,*e' in a strong field representation) into
the low-energy states (t,’e”). This effect is not taken into
account in the McGarvey fitting calculation that uses only the
states derived from Zng (t,%€°). The next-nearest excited state
is a spin quartet, *A, (dxyzdxzyﬂzd;l, from 4Tlg in 0, t%")
located at ~20 000 cm ™" above the ground state. A calculation
including the SOC and Zeeman effects gives an axial system
with g, = 2.186 and g, = 2.276. We are not aware of a
[Ru(NH;);L]*" complex with which to compare these
calculations because L is invariably a s-interacting ligand.
Indeed, the key phenomenon in these ruthenium(III)
complexes (and many other LS d° systems), as has been
noted extensively elsewhere, is M—L 7 bonding,>%3>6>¢4~6¢
In order to represent in the AOM the structure found
crystallographically, L is given the additional twist angle yg =
45°, defined from the x axis. This effect (necessarily in
combination with noncylindrical, nonzero 7 bonding) lowers
the idealized point group symmetry to C,,. The use of a
definition appropriate for 64 whereby the d,, orbital has A,
rather than A, symmetry, causes the d,'d,, . *(Id5)) excited
state to be a ?A; state. The °E ground state (in C,,) splits into
’B, and ’B, states in C,,, one of which is the ground state and
the other is an excited state. These states have different overall
d-orbital populations, but in each, the populations of Id);) and
Idf) are the same (ie. each is dxyzdxz,yf{(l/\/Z)[ldyiz) +
Id£)])} so these both can be designated only as *B(;,). We
employ fully noncylindrical 7 bonding [er,(NL) # 0; ez (NL)
= 0]. This choice, when the situation arises (see below) leads
to the Id;;) state (*B,, using the standard definition of C,,
symmetry) being the ground state and the IdL) state (*B,)
being the excited state, which corresponds to V > 0, consistent
with the McGarvey model (i.e., A and V having the same sign).
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maintaining é6(NH;) = 11600 cm™, even for the ammine trans
to L. These simplifying assumptions are necessary to limit the
parameter space but, as will be shown below, nevertheless
provide valuable illustrations of the electronic structure of these
ruthenium(II1) complexes.

This m-acceptor interaction of L does not affect the relative
energy of the very low-lying (A ~ 60 cm™") *A,; excited state,
but the splitting of °E results in a *B(,,) excited state lying at
~1000 cm™ (in the absence of SOC). The symmetry is still
axial, but the g values are now in the range seen for
[Ru(NH,)L]** complexes, with significant sensitivity to the
choice of k, as seen above for the hexaammine example: g, =
2.618, g = 1.473 (k = 1.00); g, = 2459, g = 1.360 (k = 0.90);
g1 =2.379, g = 1.304 (k = 0.85). That these calculated g values
are meaningful can be seen by comparison with entries in Table
S11 in the SL For example, taking g = (g)(ma) + L2(mid))/2s
[Ru(NH,)s(py)]>" has g, = 2.34 and [Ru(NH;)s(Him)]*
(Him = neutral imidazole) has g, = 2.50. The lowest g value
(&3(min) ® g)) in these complexes was not determined but was
calculated with the constraints g3 < 1.2 and k = 0.89 to be 0.99
and 0.63 respectively for L = py and Him.** These g; values are
lower than our calculated ones, but the difference can be
narrowed. On the one hand, acceptable solutions using the
McGarvey model could still be found in each case if g3 were
increased by ~0.1 and, on the other hand, an increase in the
magnitude of e7,(Ny) leads to lower calculated values for gs;
e.g, em(Ny) = —1500 cm™" yields g, = 2.501 and g; = 1.076 (k
= 0.853).

A final point is the assignment of g values to symmetry axes.
The LFT results indicate that gy, (g)) corresponds to g, so
that g 5(ma) (g1) corresponds to 8y This is the “expected”
result, where the unique axis corresponds to z (here the L—
Ru—NHj axis). As mentioned above, that orientation (Chart 1)
has been found experimentally for [Ru(NH;)X]**, where X~ =
Cl™ and Br~, by single-crystal EPR studies™ and well extended
for similar systems like trans-[Ru(NH,),(Him)(L)]**** We
need to be clear that the situation for [Ru(NH;).X]** differs
from that for [Ru(NH;)L]*" in that the halido ligand (X") is a
7 donor. Nevertheless, our model is reasonably successful at
modeling this system as well. The use of the same parameters
for [Ru(NH;)X]** as those for [Ru(NH,),L]*, except for
e6,(X) = 6000 cm™ and ex,(X) = en(X) = 500 cm™ (ie.,
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weaker ¢ donation than that for L and cylindrical 7 donation),
yields g, = 1.73 and g; = 3.03 (k = 1.00), compared to the
experiment:* g1 = 1.25 and g = 2.98 (for CI7, averaging the
observed rhombic g, and g4 values to give g, ). As is always
the case, the parameter space is huge and the system apart from
our chief interest in this work, but the chief characteristic,
namely, the extreme g value lying along the unique axis, results
from our model.

We next consider complexes with two z-interacting ligands,
trans-[Ru(NH,),(L),]™ (n = 3, 2, or 1). Interestingly, trans-
[Ru(NH,),(im),]* (im = anion of imidazole) exhibits g, = 2.5
and g, = 1.54,°* which exactly match the above model for
[Ru(NH;);L]*". This implies that the 7z acidity of the
imidazolate anions is less than that of neutral imines, which
is reasonable. This effect can be crudely modeled by using
smaller magnitude ez, (N ) for both axial ligands: ex,(Ny) =
—500 cm™! yields g, = 2.361 and gy = 1.167, while e, (N) =
—1000 cm™ yields g, = 2.648 and g; = 0.148 (k = 0.85 for
both). Note that trans-[Ru(NH,),(Him),]** has g, = 3.04, g, =
2.20 (g~ 2.6), and gy (i) calculated to be 0.15. * Here again,
we find that g3 (g) corresponds to g..

The parameter space available to reproduce experimental g
values (even in the simplifying, and erroneous, assumption of
axial symmetry) is impossibly large. Not only would there be
changes in €6,7(E.) (E = N, O, or halide donor atom) as L
varies, as touched on above, there is no reason that even the
Racah parameters, SOC constant ({), or ¢6(NH;) bonding
parameter(s) would not change slightly on going from
[Ru(NH,)4]** to [Ru(NH;)L]™ to trans-[Ru(NH,),(L),]"
(n = 1,2, 3) or to trans-[Ru™(NH,),(LL")]™, which is the
proper description of many of the complexes studied earlier.**

A final illustration is in order, namely, to show how easily
rhombic symmetry, as is found in most cases, can arise.
Obviously, if we allow inequivalence among the equatorial
ammine ligands, whether by geometry or bonding parameters,
or both, a rhombic g tensor can result. A more interesting and
perhaps more useful means to achieve rhombicity is by simply
changing the twist angle for one of the axial 7-bonding ligands
so that the two are not parallel. In this case, the axial symmetry
is lost and the effect is dramatic even for small twists: a change
in Y from 45° to 40° yields g, = 2.770, g, = 2.519, and g; =
0.156 [k = 0.85; ex (N, /) = —1000 cm™']. In this case, &3(min)
still corresponds to g, and now g(,q) corresponds to g, and
81(max) COrresponds to g,. These are the “expected” assignments
but, as will be shown below, cannot always be made so easily.

Turning to the complex of interest here, trans-[Ru(NH;),(4-
pic)(H,0)]*, we see that this is characterized by g, ~ 2.8 and
g ~ 1 as a consensus for the results in all solvents, which is
similar to the situation modeled above for [Ru(NH,).L]*,
where L is a m-acceptor ligand. However, in contrast to the
pentaammine complex, where the ligand trans to L is a o-only
donor, in trans-[Ru(NH;),L(H,0)]*" this ligand is a 7 donor
as well. This changes the situation significantly. As described
above, on the basis of data for hexaaquaruthenium(III), we will
use the following parameters for the aqua ligand: e6(OH,) =
8000 cm™ and ex,(OH,) = 1200 cm ™. These are likely to have
changed as a consequence of replacement by both ammine and
L, and may also be affected by the solvent, but are sufficient for
our illustrative purposes and will not be varied. We can
demonstrate that this choice is reasonable by performing a
calculation for [Ru(NHj;)s(H,0)]*", replacing the bonding
parameters for L with those for H,O. As given in Table 6 (see
the EPR Spectra and Solvent Influence section), this complex
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exhibits a nearly axial EPR spectrum with calculated g = 2.632,
2.622, and 0.50. The use of k = 0.85, as was the case for
[Ru(NH,)4]*, gives the best match to the experiment: g, ;) =
2.695, g,y = 2.679, and g,(3) = 0.366 (the use of k = 0.90 or
1.00 is also reasonable but gives larger values for g,(;) and g,
and smaller for g,(;); k = 0.80 gives g, values slightly below
those of the experiment). Note that this assignment of the axes
is the same as that proposed by LaChance-Galang et al. for
trans-[Ru'M(NH,),(LL")]"*.°* The success for [Ru-
(NH,);(H,0)]** allows us to move forward with trans-
[Ru(NH,),(4-pic)(H,0)]*". As suggested above by the strong
effect on the g values of varying i in trans-[Ru-
(NH;)4(LL")]™, the key parameter is the aqua ligand twist
angle, Wop,. This is indeed that case, as shown graphically in

Figure 7 and numerically in Table S12 in the SI, where we

3.5

gxl gy’ gZ

——1.00

0.5 AL A B R R B R R B R A B R S|

15 30 90

T / deg.

Figure 7. Calculated canonical g values (g,, red traces; g blue traces;
g, black traces) for trans-[Ru(NH;),L(H,0)]** using LFT as a
function of the twist angle of the H,O ligand with respect to L (a
planar, imino ligand such as 4-picoline). The twist angle here is
defined as 7 = Yy, — Yy 0, W = 45°. The calculation uses (in cm™)

Racah B = 580, C = 2300, and { = 800, AOM bonding parameters
ea(L) = 7000, e,(L) = —1000, e6(OH,) = 8000, ex,(OH,) = 1200,
and €6(NH,) = 11600, and ideal octahedral geometry for the location
of the donor atoms. Plots generated using three different values of the
Stevens orbital reduction factor, k, are shown. Numerical values and
further information are given in Table S12 in the SI Reflection of the
pattern about either 7 = 0° or 7 = +90° gives the alternate, but
equivalent, assignment where g, is g,;, and g, is (generally) g, ..

explore the effect on calculated g values of trans-[Ru(NH,),L-
(H,0)]** over the entire range, 45° < Wou, < 135°, which is
more conveniently given by the difference from alignment of
the H,O ligand with the 4-picoline ligand, 7 = y1, — w0, Y1, =
45° (see Chart 1). First, a comment is warranted on the
electronic structure of trans-[Ru(NH,),L(H,0)]>*. When the
bonding of the L and aqua ligands are aligned yoy, = 45°, then
the structure is essentially the same as that for [Ru(NH;);L]*,
except for the specific energy splittings: the *B(, ,) ground and
excited states are separated by ~2200 cm ™', and the *A, excited
state lies at ~1300 cm ™" above the ground state (absent SOC).
However, when Yoy, = 0, then the ground state is °B, (Id52)),
with *A; (Id3)) at ~1000 cm™ and *B; (Id%)) at ~1500 cm™.
When SOC is included, then the orbital descriptions of the
three lowest doublet states are more mixed but are qualitatively
the same, with the ground state essentially ’B, with *A; at
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~1400 cm ™" and B, at ~2200 cm™". The quartet excited states
remain >16 000 cm™" higher in energy.

With this established, we can examine the g values as a
function of yoy . As seen in Figure 7, the value for g, is nearly

constant [~2.4(1), depending on the choice of k], but those for
8 and g, vary greatly. It is interesting to note that when the 7
bonding of the L and aqua ligands are nearly aligned, g,
becomes gj(,.), the opposite situation from that described
above for trans-[Ru(NH;),(LL’)]™. Moreover, in this situation,
all of the g values are above 2.00, which can be modeled using
the McGarvey equations only by using k > 1. This shows that
one should not necessarily reject fits using that type of method
(ie., szg—only basis set) when k > 1 results. This point has also
been made by Sakaki et al.®>% The assignment of g3(yin) to g,
by LaChance-Galang et al.%* is appropriate for the range 135° <
Won, < 215° (alternatively, —45° < oy, < 45°), which is the
continuation of Figure $ either lower to 7 = —90° or higher to 7
= —90°. Using Figure 7, a value of 7 = & 75° (yop, = 120°,
—30°) gives g values of 2.7(1), 2.4(1), and 1.0(1), which are
roughly those of trans-[Ru(NH,),(4-pic)(H,0)]*" in various
solvents, as discussed in the following section.

Another illustration using the data of Table S12 in the SI was
performed with the goal to confirm that the orientation of the
coordinate system for the g matrix adopted in this work (Chart
1) and based in single-crystal EPR studies of [Ru(NH;)X]***
was indeed adequate. Figure 8 shows the calculated g values (at

v =45, 30, 15, 0°
1.0 T T T T T T T T
0 10 20 30 40 50 60 70 80 90
Magnetic Field Angle / deg.

Figure 8. Calculated g values for trans-[Ru(NH;),L(H,0)]*" using
LFT as a function of the external magnetic field orientation for yoy, =

45° (black traces), 30° (red traces), 15° (green traces), and 0° (blue
traces). For Woy, = 45°, there are two (black) curves corresponding to

the angle going between g, and g, = g, and between g, and g,; for the
other angles, there are three (red, blue, and green) curves
corresponding to the angle traversing between g, and g,, between g,
and g, and between g, and g, so that g, appears on both sides of the
graph, while g, and g, each appear only once (respectively on the left
and right sides of the graph).

300 mT) for the trans-[Ru(NH;),(4-pic)(H,0)]* complex
using the bonding parameters given in Table S12 in the SI, with
four different yoy, angles: 45° (lined up with 4-pic), 30°, 15°,
and 0° in different orientations of the simulated external
magnetic field. We can see that the g, value remains constant,
while the twist of the water ligand with respect to 4-picoline
makes the g, and g, values diverge greatly. Although the g,
could be the maximum in a few cases or usually the middle g

value, the z direction is always Ny.—Ru—0O,,.
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We have shown that, with the use of a LFT model, it is
possible to reproduce at least semiquantitatively, the key EPR
features of ruthenium(III) complexes with equatorial ammine
ligands and a variety of axial ligands, both 7 donors and 7
acceptors. We now turn to the experimental EPR data for 1 and
related complexes.

EPR Spectra and Solvent Influence. For [Ru-
(NH;)(H,0)](CF;S05)5, the following set of EPR parameters
have been reported: g, = (g, = g&) = 2.620, 0.6 > g (=g;) > 0,
in powder, water, and propylene carbonate, which yield the
following ligand-field parameters: V' = 0, 0.97 > k > 0.91, and
0.99 < A/ < 1.36.° The set of parameters is typical of axial
symmetry (g, > g; V/{ = 0) where two of the t,, antibonding
dz MOs are close and with lesser energy than the third one (so
that the “hole” is in the higher, nondegenerate orbital, which is
dxy). This result from EPR and LFT is in agreement with that
from DFT for opt-5a, the result of which predicts a hole in a d,,
function higher in energy than two other nearly degenerate 4dx
Ru functions (see Figure 6). The higher energy of the dz MO
was promoted by the 7 donation of a oxygen electron pair
perpendicular to the water molecule plane (1b,). In the present
work, the [Ru(NH,);(H,0)]* EPR spectrum was obtained in
a solvent with higher basicity (2-methoxyethanol, Y S,
0.84). Nevertheless, just a slight difference in the values was
observed, g, = 2.632, g, = 2.622, and g; = 0.5, which yielded V/
£=0.01 and A/& < 1.288 (Table 6). Figure 9 shows the EPR
spectra for 1 and 2, both as powders.

4 complex 1
] complex 2
34
24
»nA 1
(=) 14
e
2 04
o 14
2
£ ]
24
.34
-4
R B — e S S R A E——
1000 2000 3000 4000 5000 6000 7000 8000
Gauss

Figure 9. EPR spectra for powder 1 (black trace) and 2 (blue trace) at
77 K.

The EPR spectrum of 1 is composed by two well-defined g
values higher than 2.0 (g, = 2.92 and g, = 2.32) and a third
much smaller than 2.0 (g; = 0.9), while 2 exhibits only one g
value higher than 2.0 (g; = 2.80) and two g values smaller than
2.0 (g, = 1.60 and g; = 1.18). In comparison to the complex
[Ru(NH,)(H,0)](CF,;S0;); (axial symmetry, A/{ > 0 and
V/¢ = 0), these set of signals suggest two quite different t2g5
electronic configuration for both 1 (axial symmetry, A/{ > 0
and V/{ # 0) and for 2 (rhombic symmetry, A/¢ < 0 and V/{
# 0), see Table 6. For 1, these signals correspond to a set of th
orbitals in axial symmetry that has had the degeneracy removed
and its rhombic character increased. However, the consequence
of the g matrix for 2 is that the resulting ligand-field parameters
give a negative A/{ value, meaning that the orbital ordering is
reversed from the case of 1 and the “hole” is distributed within
the two nearly degenerate orbitals. That condition is quite close
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to that observed in the DFT calculation, which suggests a
rhombic distribution of the t,, orbitals in [Ru(NH,);(4-pic)]**
SH,0 (optimized with five explicit water molecules) and a
mixed function of d,, and d,.. The 7 interaction features in the
[Ru(NH;)s(4-pic)]** ion cannot be reproduced using the LFT
model that yielded Figure 7, which was appropriate for trans-
[Ru(NH,),(4-pic)(H,0)]**, so that the orientation of the
coordinate system for the g matrix of 2 cannot be suggested
with confidence. A similar hindrance was reported for
[Ru(NH;);(py)]**, which has g values and ligand-field
parameters”' quite close to those of 2 (see Table S11 in the
SI). For [Ru(NH;)s(4-pic)]**, the absence of a z-donor ligand
trans-positioned to the 4-picoline ligand seems to decrease the
mixing of the 4dz (Ru) and #* (4-picoline) orbitals. This was
demonstrated by DFT, which suggested the LUMO+1 to be
composed of the weak antibonding combination 7;(;,)*—d,.
(see Table 4), where the metal contribution is 2%. In this case,
the splitting within the 4dx orbitals has a magnitude similar to
that of SOC and thus promotes a highly mixed ground state, as
the TD-DFT calculation has suggested (see Figure 6). The
DFT calculation suggested the same orbital composition
(Tyic(y*—dy,) for trans-[Ru(NH;) ,(4-pic) (H,0)]>" in the
geometry opt-5a (aligned 4-picoline and H,0; see Table 4).
In that configuration, the aqua ligand seems to be a poorer 7
donor than those in opt-5b (twisted 4-picoline and H,O),
which can explain why its orbital composition is relatively close
to that calculated by DFT for [Ru(NH;)(4-pic)]*-5H,0.
Interestingly, LFT calculations also suggested that when the 7-
bonding L and aqua ligands are aligned (o, = 45°), the

structures trans-[Ru(NH,),(L)(H,0)]*" and [Ru(NH,),(L)]**
are qualitatively the same, differing only in the specific energy
splitting, which result from the simplified choice of bonding
parameters (see the LFT Analysis section).

Our comparison between trans-[Ru(NHj;),(4-pic)(H,0)]*
and [Ru(NH,);(4-pic)]*" has demonstrated the aqua ligand 7-
donor versatility on the {[Ru(NHj;),(4-pic)]} fragment based
on its orientation and interaction with solvent molecules. The g
values and ligand-field parameters of the powder 1 coherently
reflect a structure containing a strong interaction between H,O
and 4-picoline. Experimentally, the contrary condition (aligned
ligands) was crudely modeled by tuning the magnitude of the
solvent interaction with the aqua ligand using solvents with a
range of basicity as parametrized by the Abraham system.>” >’
EPR measurements performed in a wide range of solvents
showed a progressive signal differentiation—an increasing
rhombicity—as seen in Figure 10. These spectral changes can
be correlated with an increase in the solvent basicity (Y4";
Table 6).

The spectrum in aqueous solution has a signal that is nearly
axial, while that in 2-methoxyethanol has significant rhombicity.
The rhombicity increase has been associated with the twist
angle for one of the axial 7-bonding L(’) ligands in trans-
[Ru(NH;),(LL)]*" by a LFT model, as discussed above.
Considering the aqua ligand acidity and the donor character of
the solvent, the increased rhombicity in the experimental
spectra may be a direct effect of the solvent under the aqua
ligand orientation.

Additionally, compared to trans-[Ru(NH;),(4-pic) (H,0)]*,
the g values and thus the ligand-field parameters in [Ru-
(NH,);(4-pic)]*" did not change significantly as a function of
the solvent. Obviously, the o-only donor character of the trans-
NH; ligand cannot induce any further effect on the 4dz Ru
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2-methoxyethanol

;

__J\/\/ethylene glycol
—J\/\/ acetone
___J\.\/ acetonitrile
/ \ water *
" 1 " 1 " 1
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Gauss

Figure 10. EPR X-band spectra for trans-[Ru(NH;),(4-pic)(H,0)]**
in different frozen solvents, as indicated on the figure: (*) water =
CF,CO,H solution (1 mM). Experimental conditions: Cy, = 4 X 107>
mol L™'; temperature = 77 K; frequency range = 9.522184—9.525919
GHz. The spectra are ordered from top to bottom by decreasing the
solvent basicity (Abraham values ¥,8,°"7%%), which correlates with
decreasing EPR spectrum rhombicity.

splitting energies, in contrast to the behavior observed for the
aqua ligand with its varying & interaction.

B SUMMARY

Coordinated water is an important ligand in controlling the
reactivity of ruthenium(III) ammine complexes. Our data on
such a representative complex, trans-[Ru(NH;),(4-pic)-
(H,0)]*, attributes to its aqua ligand an important role on
the Ru™ t, orbital energies. The combination of experimental
data and theoretical approaches provides a description of the
aqua ligand interaction with Ru"" as being modulated by the
secondary coordinate sphere generated by solvent molecules.
DFT calculations have suggested a higher electron density on
the aqua ligand oxygen atom when a secondary coordination
sphere is provided, exemplified by the calculated geometry opt-
Sb, which exhibits an idealized disposition of water solvent
molecules. That effect promotes, in turn, an increased 7
donation from the aqua ligand to 4dz Ru orbitals, as well as a
greater contribution of the ruthenium into a virtual 4-picoline
orbital (77,;(1,)*—d,.). However, a comparison of the optimized
geometries opt-Sa (aligned 4-picoline and aqua ligands) and
opt-Sb (unaligned 4-picoline and aqua ligands) suggests that
the increased # interaction is heavily dependent on the aqua
ligand twist. This effect has likely contributed to the
crystallographically observed short bond distances in the
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N, .—Ru—0,, axis of 1. This complex also undergoes a slight
decrease in the Ru—OH, and Ru—N, ;. bond distances when
cooled from room temperature to 100 K. That process is
associated with an increase in the unit cell volume, which is
totally reversible upon warming. Such reversibility can be
associated with a low-energy phenomenon, such as a hydrogen-
bond formation or the aqua ligand twist.

Our studies also shed light on the 4-picoline ligand, relative
to ammine or other such ligands. Although 4-picoline exhibits
primarily both a o- and #-donor character in trans-[Ru-
(NH,),(4-pic) (L)]™, its m-acceptor ability is favored by the 7*
orbital (7,(1,)*) that lies between the Ru t,, and e, levels. The
unoccupied orbital 7;,)* has accepted from the Ru™ a
portion of the z-electron density donated for L. That effect can
offer a mechanism whereby species such as trans-[Ru(NH;),(4-
pic)(OH)1*, trans-[Ru(NH,),(4-pic)(OOH)]**, and trans-
[Ru(NH,),(4-pic)(O)]**, all containing stronger 7z donors
than H,O, are generated and their respective fragments,
Ru™OH, Ru™OOH, and RuV=O0, are partially stabilized.
These species are potentially important intermediates in water
oxidation catalysis, so that an understanding of their generation,
interconversion, and stabilization is of great interest.
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