
This is the accepted version of the journal article:

Gil Sepulcre, Marcos; Axelson, Jordan C.; Aguiló, Joan; [et al.]. «Synthesis
and Isomeric Analysis of RuII Complexes Bearing Pentadentate Scaffolds».
Inorganic Chemistry, Vol. 55, Issue 21 (November 2016), p. 11216-11229. DOI
10.1021/acs.inorgchem.6b01755

This version is available at https://ddd.uab.cat/record/288404

under the terms of the license

https://ddd.uab.cat/record/288404


 

Synthesis and Isomeric Analysis of RuII-Complexes Bearing Pentaden-

tate Scaffolds  

Marcos Gil-Sepulcre,a Jordan C. Axelson,b Joan Aguiló,a Lluís Solà-Hernández,a Laia Francàs,c Albert 
Poater,d Lluís Blancafort,d Jordi Benet-Buchholz,c Gonzalo Guirado,a Lluís Escriche,a Antoni Llobet,a,c 
Roger Bofill,a* and Xavier Salaa*  

a  Departament de Química, Facultat de Ciències, Universitat Autònoma de Barcelona, Cerdanyola del Vallès, 08193 Bar-
celona (Catalonia), Spain. 
b Department of Chemistry, University of California, Berkeley, CA 94720, United States. 
c Institute of Chemical Research of Catalonia (ICIQ), Av. Països Catalans 16, 43007 Tarragona (Catalonia), Spain. 
d Institut de Química Computacional i Catàlisi and Departament de Química, Facultat de Ciències, Universitat de Girona, 
17003 Girona (Catalonia), Spain. 

 

ABSTRACT: A RuII-pentadentate polypyridyl complex [RuII(-N5-bpy2PYMe)Cl]+ (1+, bpy2PYMe = 1-(2-pyridyl)-1,1-bis(6-
2,2’-bipyridyl)ethane) and its aqua derivative [RuII(-N5-bpy2PYMe)(H2O)]2+ (22+) have been synthesized and characterized 
by experimental and computational methods. In MeOH, 1+ exists as two isomers in different proportions, cis (70%) and trans 
(30%), which are interconverted under thermal and photochemical conditions by a sequence of processes: chlorido decoor-
dination, decoordination/recoordination of a pyridyl group and chlorido recoordination. Under oxidative conditions in di-
chloromethane, trans-12+ generates a [RuIII(-N4-bpy2PYMe)Cl2]+ intermediate after the exchange of a pyridyl ligand by a Cl- 
counterion, which explains the trans/cis isomerization observed when the system is taken back to Ru(II). On the contrary, cis-
12+ is in direct equilibrium with trans-12+, with absence of the -N4-bis-chlorido RuIII-intermediate. All these equilibria have 
been modeled by DFT calculations. Interestingly, the aqua derivative is obtained as a pure trans-[RuII(-N5-
bpy2PYMe)(H2O)]2+ isomer (trans-22+), while the addition of a methyl substituent to a single bpy of the pentadentate ligand 
leads to the formation of a single cis isomer for both chlorido- and aqua-derivatives, [RuII(-N5-bpy(bpyMe)PYMe)Cl]+ (3+) 
and [RuII(-N5-bpy(bpyMe)PYMe)(H2O)]2+ (42+), due to the steric constraints imposed by the modified ligand. This system has 
also been structurally and electrochemically compared to the previously reported [RuII(PY5Me2)X]n+ system (X=Cl, n=1 (5+); 
X=H2O, n=2 (62+)), which also contains a -N5-RuII coordination environment, and to the newly synthesized [RuII(PY4Im)X]n+ 
complexes (X=Cl, n=1 (7+); X=H2O, n=2 (82+)), which possess an electron-rich -N4C-RuII site due to the replacement of a 
pyridyl group by an imidazolic carbene. 

 INTRODUCTION 

Transition metal complexes containing polypyridyl lig-
ands have been extensively used in catalytic oxidation sys-
tems due to their stability and synthetic versatility.1 Among 
these, Ru-aqua polypyridyl complexes are particularly in-
teresting because of both their easily accessible high oxida-
tion states through proton-coupled electron transfer 
(PCET) processes and the inertness of the polypyridyl lig-
ands bonded to the Ru metal center.2 

Pentadentate ligands that coordinate metals in a square 
pyramidal fashion are able to both enforce an octahedral ge-
ometry around the metal center as well as restrict the metal 
substitution chemistry to a single coordination site.3 An ar-
chetypical example is the PY5R2 family (PY = pyridine, R = 
H, Me, OH, OMe, etc., Chart 1), which usually binds the metal 
ion through one axial and four equatorial positions.4 Re-
cently, several works have emerged taking advantage of the 

interesting properties of this scaffold. For instance, Berlin-
guette et al. have reported the first tetravalent Co complex 
stabilized by proton coupled electron transfer (PCET) pro-
cesses by employing the PY5R2 ligand (R = H).5 This penta-
dentate ligand ensures: (a) one single free coordination site 
in an octahedral type of geometry to accommodate the aqua 
ligand, thus allowing PCET processes, (b) a rugged coordi-
nation environment non-susceptible to oxidative decompo-
sition, and (c) the stabilization of the coordination site trans 
to the M-O bond, preventing in consequence decomposition 
via ligand dissociation. Other examples of the PY5R2 family 
include the PY5Me2 ligand (R = Me),6 whose RuIII-OH com-
plex has been recently reported by Kojima et al. to oxidize 
substrates such as hydroquinones in water.7 In addition, 
PY5Me2-related compounds containing Co(II)8 and Mo(II)9 
have been proven to be active in electrocatalytic water re-
duction. Also, in 2010, Long and co-workers reported a 
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series of first row metal complexes containing the PY4Im 
ligand, in which the axial pyridine of the PY5R2 scaffold was 
replaced by a N-heterocyclic carbene (NHC) moiety.10 Fi-
nally, the same group reported in 2013 a series of first row 
metal complexes containing the related pentapyridyl ligand 
bpy2PYMe, which in the case of Co(II) has been show to be 

an active catalyst for the proton reduction reaction.6b,11 

An important issue to be considered during redox cataly-
sis employing polypyridyl transition metal complexes is the 
potential presence of several isomers due to the flexibility 
of the polydentate ligand, which can hamper a rational anal-
ysis of their behavior.12 Furthermore, it is also fundamental 
to assess the stability of a given isomer when the central 
metal ion experiences the gain or loss of an electron. Within 
this context, we present the synthesis and isomeric analysis 
by spectroscopic, electrochemical and theoretical (DFT) 
methods of two Ru(II) complexes bearing 1-(2-pyridyl)-1,1-
bis(6-2,2’-bipyridyl)ethane ligand scaffolds (L1 and L2 in 
Chart 1), and the comparison of their structural and elec-
tronic properties with those of related Ru(II) complexes 
containing the pentadentate ligands L3 and L4 (Chart 1). 

 

 

Chart 1. Schematic drawing of the ligands discussed in this 
work. 

RESULTS AND DISCUSSION 

Synthesis and Characterization of 1(Cl), 2(PF6)2, 3(Cl) 
and 4(PF6)2. For the synthesis of bpy2PYMe (L1), the two-
step procedure reported by Long and co-workers11 involved 
reacting 2-ethylpyridine with MeLi and 6-bromo-2,2’-bipyr-
idine and mixing the isolated intermediate with BuLi and 
another equivalent of 6-bromo-2,2-bipyridine. However, in 
this study the route was simplified to a one-pot reaction of 
2-ethylpyridine with LDA (lithium diisopropylamide) and 
6-bromo-2,2’-bipyridine, obtaining L1 as a yellow oil in 
70% yield (a detailed description of the synthesis can be 
found in the Supplementary Material). The synthetic strat-
egy followed for the preparation of the respective chlorido 
and aqua complexes 1(Cl) and 2(PF6)2 is depicted in 
Scheme 1 and in the Experimental Section.  

 

 
 

Scheme 1. Synthetic pathway for the preparation of the chlo-
rido complexes 1+ and 3+ and the aqua complexes 22+ and 42+. 

 
For the synthesis of the chlorido complex 1+, the 1H NMR 

spectrum of the reaction mixture in ethanolic solution 
showed the presence of two compounds, which could be 
separated by fractionated precipitation through sequential 
exposure to EtOH followed by DCM (see the Experimental 
Section for further details). With this method, two pure iso-
mers were obtained, which have been called trans-1+ and 
cis-1+, respectively, depending on whether the pyridyl moi-
ety is positioned trans or cis with respect the Cl- ligand 
(Scheme 1 and Figure 1).  

 

   

Figure 1. Plot of the DFT calculated structures of cis-1+ (left) 
and trans-1+ (right). Atom color code: blue, nitrogen; light 
green, chlorine; dark green, ruthenium; light grey, carbon. All 
Ru-X calculated distances (X=Cl, N) are shown in Å. Hydrogen 
atoms have been omitted for clarity.  

 
The experimentally obtained cis:trans ratio is approxi-

mately 70:30, and both individual compounds have been 
characterized by NMR (Figure 2 and Figures S1 and S2), UV-
vis spectroscopy (Figure S3) and ESI-TOF and MALDI-TOF 
MS (Figure S4).  
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Figure 2. 1H NMR spectra including the assignment of signals 
for trans-1+ (400 MHz, 298 K, d3-MeNO2) (a) and cis-1+ (600 
MHz, 298 K, d3-MeNO2) (b). A zoom of the aromatic region is 
shown in the insets. 

 
The higher symmetry of the trans isomer, which belongs 

to the CS point group, compared to the C1 point group of the 
cis isomer can be confirmed in the NMR spectra; whereas 
the former only shows 12 1H and 17 13C resonances (Figure 
2a and Figure S1a), the latter displays 19 1H and 27 13C res-
onances (Figure 2b and Figure S2a). The unequivocal as-
signment of the respective cis and trans isomers is also clear 
when observing the integrals of the down-field doublets 
corresponding to H19, H1 and H16 (1:1:1) and H1 and H12 
(2:1), respectively. 

Complexes cis-1+ and trans-1+ are both stable in a DCM so-
lution in darkness at RT. However, at 0 C in the presence of 
light (100 W incandescent white light bulb) trans-1+ is par-
tially converted into cis-1+ as monitored by NMR. In sharp 
contrast, cis-1+ remains stable in DCM under irradiation. In-
terestingly, the behavior of both isomers is completely dif-
ferent in MeOH. In this case both isomers are interconverted 
under irradiation at 0 C and under heating (RT or 50 C) in 
darkness, with faster interconversion rates observed for the 
photo-induced case. For example, under irradiation at 0 C 
pure cis-1+ is converted into a cis-1+:trans-1+ (73:15) 

mixture and pure trans-1+ is converted into a cis-1+:trans-
1+ (63:19) mixture within 30 hours (Figure S5). Further-
more, an additional minor species has been detected by 
NMR (12% abundance for the former case and 18% for the 
latter), in which at least one MeOH solvent molecule is co-
ordinated to the Ru ion.  

To obtain additional information regarding  the potential 
mechanism of isomerization between trans-1+ and cis-1+, 
density functional theory (DFT) calculations13 in MeOH and 
DCM were carried out (Figure 3). In both solvents, the cal-
culations tend to show a slightly higher stability of the cis 
isomer by 0.1 kcal/mol in MeOH and by 0.4 kcal/mol in 
DCM. The isomerization may be understood as a stepwise 
equilibrium involving three steps: (1) decoordination of the 
chlorido ligand, (2) isomerization of one pyridyl group in 
the decoordinated species, and (3) recoordination of the 
chloride ion (see Figure 3). Light-induced Ru-Cl bond break-
age should not be surprising, since breakage of Ru-X bonds 
(e.g. X = N, S, O) in Ru(II)-polypyridyl complexes upon light 
irradiation has been previously described elsewhere.14 In-
terestingly, in our case the DFT calculations have deter-
mined that reaching the equilibrium starting from a single 
form depends on the polarity of the solvent, as has been ex-
perimentally observed. In MeOH, the chlorido decoordina-
tion step from the trans-1+ and cis-1+ forms costs 12.7 and 
13.5 kcal/mol, respectively, and the barrier involving the 
ligand isomerization step is 19.7 kcal/mol. Therefore, the 
isomerization is energetically possible in MeOH at RT, and 
the equilibrium between the cis and trans forms can be es-
tablished. In contrast, in DCM the decoordination, isomeri-
zation and decoordination sequence has a barrier of 32.1 
kcal/mol due to the lower polarity of the solvent, which dis-
favors the separation of charges that occurs during this pro-
cess. Although there is a concerted transition state linking 
the two isomers of 1+ in DCM, this path is not viable ener-
getically because it has a barrier of 37.4 kcal/mol relative to 
trans-1+ (see coordinate data sets and absolute energy for 
DFT optimized complexes in the Supplementary Material). 
Thus, the cis and trans isomers are kinetically trapped un-
der these conditions, and no isomerization occurs at RT. 

The cis-trans isomerization in the photo-excited triplet 
state also follows the chlorido decoordination/recoordina-
tion mechanism according to the calculations, which are in 
agreement with the experimentally observed behavior (Fig-
ure 3). Under these conditions, isomerization from the trans 
to the cis isomer occurs in both solvents. The calculations 
show that the chlorido decoordination step is exothermic in 
MeOH by 8.6 kcal/mol, while it is only slightly endothermic 
in DCM (by 4.0 kcal/mol). The different endothermicity of 
the reaction in the ground and excited state explains why 
trans-1+ is stable in DCM in the dark, but not under irradia-
tion. The situation is different for the triplet-state isomeri-
zation in the cis to trans direction, which occurs only in 
MeOH. The decoordination reaction starting from cis-1+ fol-
lows a stepwise mechanism which goes through an inter-
mediate, T1-INT-1+, where the chlorine atom is partially 
dissociated (Ru-Cl distance of 4.0 Å) and the ligand has a 
quasi-trans conformation. The barrier for this step is low in 
both solvents (3.7 kcal/mol). At T1-INT-1+, the energy gap 
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between the triplet and ground state is small, 5.1 kcal/mol 
in DCM and 5.6 kcal/mol in MeOH. Therefore, when the mol-
ecule is at T1-INT-1+, it can decay from the triplet to the 
ground state instead of completing the dissociation.  In the 
ground state, this is followed by re-association of the chlo-
ride ion to the complex and regeneration of the cis-1+ spe-
cies without isomerization. The calculations suggest that 
this process will be more favorable in DCM, where the en-
ergy gap is smaller, and this might explain why the light-in-
duced isomerization from the cis form is suppressed in this 
solvent, but not in MeOH. Such non-adiabatic processes are 
common in the photoreactivity of transition metal com-
plexes15 and organic molecules,16 and involvement of a sin-
glet/triplet crossing has been previously postulated in the 
photoisomerization of Ru(II) monoaquo complexes.17 

 

 
Figure 3. Energy diagram (B3LYPd3/TZVP-
D95+~sdd//B3LYPd3/SVP~sdd) for the thermal and photo-
induced isomerization processes for 1+ in MeOH and DCM. Red 
curve denotes the singlet spin surface, and blue curve denotes 
the triplet spin surface in DCM, whereas black and green curves 
denote the singlet and triplet spin surfaces in MeOH, respec-
tively. All Gibbs energies are calculated relative to cis-1+ and 
are reported in kcal/mol (transition state energies in brackets). 
S0 = ground state, T1 = first excited triplet state. 
 

The computational results also indicate that the minor 
species (12-18%) detected in the NMR experiments in 
MeOH are the trapping products of the decoordinated inter-
mediates. This corresponds to a stepwise replacement of 
the chlorido ligands by MeOH. The relative energy of the 
MeOH-coordinated products is 5.2 and 5.9 kcal/mol with 
respect to trans-1+ and cis-1+, respectively. The alternative 
structures where MeOH replaces one of the pyridyl ligands 
instead of a chloride are less favorable energetically; from 
trans-1+ the cost of dissociating the pyridyl ligand trans to 
Cl- (25.0 kcal/mol, Figure S6) is higher than that of the chlo-
ride dissociation, and the concerted substitution of the 

pyridyl ligand by MeOH is 6.4 kcal/mol even higher in en-
ergy. 

The electrochemical behavior of the cis-1+ and trans-1+ 
isomers has also been studied in DCM, a non-coordinating 
solvent, at different scan rates (Figure 4).  

 

Figure 4. Cyclic voltammogram for trans-1+ (a) and cis-1+ (b) 

in DCM + 0.1 M n-Bu4NPF6 at different scan rates. Glassy carbon 

electrode is used as working electrode (diameter: 1 mm). The 
redox potentials are determined vs. SCE. Red circle denotes for-

mation of [RuII/III(-N4-bpy2PYMe)Cl2]0/+ intermediate. 

 
Typical cyclic voltammograms (CVs) for trans-1+ show a 

one-electron pseudo-reversible wave at 0.829 V vs. SCE.18 In 
the corresponding cathodic counter scan and in a second 
scan a new reversible wave appears at 0.241 V vs. SCE, indi-
cating the formation of a new electroactive product through 
a chemical reaction linked to the RuII/RuIII electron transfer 
process (Figure 4a and Figure S7, red). A closer look at the 
CVs reveals that the peak currents are of the same order of 
magnitude as those expected for a one electron transfer re-
action for a diffusing solution species in DCM.19 The analysis 
of the peak current values (and their dependence on con-
centration and scan rate), the peak potential values (and 
their dependence on concentration) and the potential width 
values provide a window into the nature of the electro-
chemical mechanism and the values of the kinetic constants 
coupled to the electron transfer. Increasing the concentra-
tion of trans-1+ results in increases in the peak current value 
without significant shifts in the peak potential up 0.5 mM, 
whereas the anodic peak potential shows a dependence 
with scan rate (ca. 30 mV), which means that the chemical 
reaction coupled to the electron transfer should be a first 
order reaction, EC mechanism (Figure S8).19 

In the case of the cis-1+ isomer, a similar electrochemical 
behavior is observed: a quasi-reversible one electron oxida-
tion wave appears at 0.851 V, and the same peak detected 
in solutions of trans-1+ isomer appears again at 0.241 V in 
the corresponding cathodic counter scan but now with 
lower associated currents (Figure 4b). The lower cathodic 
and anodic peak current values obtained for the peak at 
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0.241 V reflect the higher stability of the oxidized cis-12+ 
form in comparison with trans-12+ (Figure S7, black).   

In order to determine the nature of the product formed 
after the first electron transfer of trans-1+, a controlled po-
tential electrolysis (CPE) at 1.2 V vs. SCE was performed in 
darkness. After the passage of 1.0 F per mol of complex, the 
analysis of the oxidized sample by means of CV shows the 
formation of the electroactive product at 0.241 V (Figure 
S9). Interestingly, this species is not formed when exchang-
ing the coordinating Cl- counterion in 1+ by the non-coordi-
nating PF6- ion. The CV of trans-[RuII(bpy2PYMe)Cl](PF6) in 
DCM only shows a reversible wave at 0.829 V, with com-
plete absence of the signal of the new species at 0.241 V 
(Figure S9c). Therefore, the new species must be formed 
upon coordination of a Cl- ion to the Ru metal center under 
oxidative conditions in DCM to generate a [RuIII(-N4-
bpy2PYMe)Cl2]+ species (or -N4-bis-Cl+) after the ex-
change of a pyridyl ligand by a Cl- counterion. Indeed, this -
N4-bis-Cl+ species shows a RuIII/RuII potential of 0.241 V vs. 
SCE ([RuIII(bpy2PYMe)Cl2]+/[RuII(bpy2PYMe)Cl2] redox 
pair) by CV, and has been detected by MALDI-TOF MS after 
a CPE at 1.2 V for 6 h (7.56 F/mol) of a trans-1+ sample. As 
can be observed in Figure S4a, the higher intensity of the 
upper MW peaks compared to the parent cis-1+ and trans-
1+ compounds is indicative of the presence of the second Cl- 
atom in the bis-chlorido compound, since total loss of one 
Cl- ligand and partial loss of the second Cl- ligand is happen-
ing. Interestingly, when oxidizing trans-1+ in darkness in 
DCM (CPE at 1.2 V for 16 h, 4.15 F/mol) and then reducing 
it back again (CPE at 0 V for 5 h, 1.62 F/mol), a 70:30 mix-
ture of cis-1+: trans-1+ was obtained according to NMR data 
(Figure S10), which is the same proportion obtained during 
the synthesis of 1+ (Scheme 1). Consequently, isomerization 
can also be achieved in non-coordinating solvents (DCM) by 
bulk electrolysis. Therefore, the -N4-bis-Cl+ species 
formed after oxidation of trans-1+ is in fact an intermediate 
in the isomerization process that, when reduced back to 
Ru(II), it may exchange either of the two chloride ligands 
with the dangling Npyr ligand. If the exchanged Cl- ion is the 
same as the one that entered during oxidation, the system 
will return to the original isomer (trans-1+), whereas if the 
other is lost, the cis-1+ isomer will be formed. It also became 
apparent that the [RuII(-N4-bpy2PYMe)Cl2] intermediate 
(-N4-bis-Cl) formed upon reduction at potentials lower 
than 0.241 V is poorly stable, since its detection by MS or 
NMR has been completely unfruitful.  

A detailed analysis of the CV parameters for trans-1+ and 
cis-1+ at different scan rates allows for the experimental de-
termination of their first order kinetic constants, 1.6 s-1 and 
0.02 s-1, respectively, by plotting the anodic peak potential 
vs. log v (where v is scan rate, V s-1 ) and log [1+] for both cis-
1+ and trans-1+ (Figure S8) according to the following equa-
tions (1) and (2).19 
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From this analysis, it can be deduced that the Ru(III)-
species trans-12+ possesses a lower G0 compared to the cis-
12+ isomer. Thus, the bis-chlorido Ru(III)-intermediate (-
N4-bis-Cl+) is not formed directly after the oxidation of cis-
1+ (Figure 4b), but through a previously established equi-
librium between cis-12+ and trans-12+ (Scheme 2). Hence, in 
all cases, departing either from cis-1+ or trans-1+, the 
Ru(III)-bis chlorido intermediate is only formed after the 
formation of trans-12+. Finally, the remaining kinetic and 
thermodynamic parameters have been obtained by individ-
ually simulating the experimental CVs recorded at 200 
mV/s for both cis-1+ and trans-1+ by an iterative mathemat-
ical process using the DigiSim 2.0 CV simulator software20 
(Figure S11) assuming the proposed mechanistic model of 
Scheme 2 (for further details please refer to the Experi-
mental Section).21 The dramatic differences between the 
value of the thermodynamic constant K1 deduced for Ru(III) 
and those of K2 and K3 deduced for Ru(II) between the -N4-
bis-Cl and the -N5-Cl species is also consistent with the 
hard-soft acid-base (HSAB) theory and the charge of the 
central metal ion. Thus, according to the HSAB principle one 
might expect higher affinity of Ru(II) to bind to N-donor lig-
ands compared to a chlorido ligand, whereas for Ru(III) the 
higher charge on the metal makes it more prone to bind to 
negatively charged ligands. 

 

 
 

Scheme 2. Proposed isomeric equilibria and kinetic rate con-
stants (k, in s-1) and thermodynamic constants (K, highlighted 
in boxes) in DCM under oxidative and reductive conditions of 
cis-1+ and trans-1+ complexes. 

 
To obtain more insight into the electrochemical behavior 

of 1+, we have modeled the formation of the bis-chlorido in-
termediates -N4-bis-Cl and -N4-bis-Cl+ species in DCM by 
DFT calculations (Figure 5). The -N4-bis-Cl species can ex-
ist as several possible isomers, of which we have character-
ized the two most likely to be formed from a structural 
viewpoint. These two isomers are labeled trans-1-INT3-S0 
and cis-1-INT3-S0, where the two chlorido ligands are in 
trans or cis, respectively. We postulate that these isomers 
are formed from trans-1+ and cis-1+ after decoordination of 
the single pyridyl ligand and coordination of the chloride 
counterion. The barriers for pyridyl decoordination are 
25.5 and 26.7 kcal/mol, respectively, and the relative en-
ergy of the -N4-bis-Cl intermediates INT3 are 9.2 kcal/mol 
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(for trans) and 25.1 kcal/mol (for cis). From the electro-
chemical measurements, the relative energy of the -N4-
bis-Cl intermediate is 14.2 kcal/mol, which suggests that 
the isomer detected experimentally corresponds to trans-
INT3, where both chlorido ligands are in axial positions and 
the electrostatic repulsion between these two ligands is re-
duced. In Figure 5 we also show a possible isomerization 
path that interconnects both isomers of INT3. Starting from 
trans-INT3, it involves decoordination of a chlorido ligand 
to give trans-INT4, rotation of one of the bipyridyl ligands 
and recoordination of the chloride ion.  

With regard to the Ru(III) species, the possible cis-trans 
isomerization pathway involving chlorido decoordination 
and recoordination is shown in Figures S12 and S13. The 
decoordination step from trans-12+ in MeOH and DCM has 
high barriers of 29.1 and 48.9 kcal/mol, respectively, be-
cause of the higher charge on the Ru atom, and probably 
precludes the occurrence of this mechanism for 12+. In con-
sequence, for Ru(III) the isomerization involving the -N4-
bis-Cl+ intermediate is the more favorable path in DCM, 
since it involves a maximum barrier of 33.9 kcal/mol (Fig-
ure 5) compared to the barrier of 48.9 kcal/mol for the chlo-
rido decoordination (Figure S13).  
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Figure 5. Energy diagram (B3LYPd3/TZVP-D95+~sdd//B3LYPd3/SVP~sdd) for the thermal and photo-induced isomerization pro-
cesses for 1+ and 12+ in DCM in the presence of added chloride ions. Red curve denotes the singlet spin surface, and blue curve 

denotes the triplet spin surface for RuII, whereas pink and violet curves denote the doublet and quadruplet spin surfaces for RuIII, 

respectively. All Gibbs energies are calculated relative to cis-1+ or cis-12+ and are reported in kcal/mol (transition state energies in 

brackets). S0 = ground state. 
 

The corresponding aqua complex 22+ was prepared by 
stirring an aqueous solution of 1+ for 2 days under reflux 
(Scheme 1). In contrast to the chlorido complex 1+, 22+ ex-
ists in solution as a single trans-22+ isomer according to 
NMR data (Figure S14), showing very similar spectra to 
those corresponding to trans-1+ given the fact that both 
molecules possess the same symmetry. The trans configura-
tion of 22+ has also been confirmed by X-ray diffraction anal-
ysis (see Figure 6a in the Comparative Analysis Section be-
low), and the complex has been further characterized by 
UV-vis spectroscopy (Fig. S15a) and ESI-TOF MS (Figure 
S19a). 

In order to prevent the isomeric equilibrium between the 
cis and trans-chlorido forms and to obtain a single cis-aqua 
species to be compared to the trans-22+ species (e.g. in ca-
talysis), a methyl substituent was introduced at the 6’ posi-
tion of one of the bpy moieties of bpy2PYMe in order to in-
crease the steric hindrance and disrupt the formation of the 
trans configuration. The new ligand bpy(bpyMe)PYMe (L2, 
Chart 1) was obtained in a 17 % yield following the same 
one-pot methodology used for the synthesis of bpy2PYMe 
(L1), the only difference being that 6-bromo-6’-methyl-2,2’-
bipyridine was used instead of 6-bromo-2,2’-bipyridine 

(see Experimental Section for further details). A thorough 
NMR analysis of L2 can be found in Figure S16, in which the 
newly added methyl group can be clearly identified at 2.59 
ppm in the HMBC spectrum. Concerning the respective chlo-
rido and aqua complexes 3(Cl) and 4(PF6)2, the synthetic 
strategy followed for their preparation is depicted in 
Scheme 1 and in the Experimental Section.  

Complexes 3(Cl) and 4(PF6)2 have been characterized by 
NMR spectroscopy (Figures S17 and S18, respectively). The 
presence of 28 13C NMR resonances for 3(Cl) and 4(PF6)2 
and a 1H NMR spectrum that resembles that of cis-1+ (alt-
hough the signals now appear in a narrower range) are ef-
fectively an indication of the formation of a single cis isomer 
for both chlorido and aqua compounds. This is a conse-
quence of the steric hindrance provided by the extra methyl 
group introduced into the original bpy2PYMe ligand (which 
according to the HMBC NMR spectra in Figures S17i and 
S18i can be assigned at 3.63 ppm and 3.05 ppm for 3+ and 
42+, respectively). Moreover, the formation of a pure cis iso-
mer for 3+ and 42+ has also been confirmed by X-ray diffrac-
tion analysis after slow evaporation of an acetone:water so-
lution of 3(Cl) (Figure S23, Table S2 and Experimental Sec-
tion) and after ether diffusion into an acetone:DCM solution 
of 4(PF6)2 (see Figure 6b in the Comparative Analysis 
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Section below). All Ru-N distances and N-Ru-N angles of 
both complexes logically resemble, and for cis-3+ the Ru-Cl 
distance (2.456 Å) lies within normal expected values.7,13d,22 

Additionally, 3(Cl) and 4(PF6)2 have been characterized 
by ESI-TOF MS, UV-vis and CV/DPV techniques (Figures 
S19, S21 and S22 in the Supporting Information, respec-
tively), confirming the purity and integrity of the complexes 
and the expected similar spectroscopic and electrochemical 
properties to those of their related chlorido  and aqua de-
rivatives 1+ and 22+, respectively. It should be highlighted as 
well that during the reductive scan of cis-3+ a RuII--N4-bis-
Cl species is formed at potentials near 0.27 V (Fig. S22a, 
black). However, this species cannot isomerize to a hypo-
thetical trans-3+ species when reattaching the unbound NPyr 
ligand due to the steric hindrance introduced by the extra 
methyl group present in L2. We believe this is the reason 
why no trace of either trans-3+ or trans-42+ has been de-
tected. Furthermore, DFT calculations for both isomers of 
system 3 revealed that cis-3+ was 2.7 kcal/mol more stable 
than trans-3+, in perfect agreement with the experimental 
data. 

 
Synthesis and Characterization of 5(Cl), 6(OTf)2, 7(Cl) 

and 8(BF4)2. The synthetic strategy followed for the prepa-
ration of the respective chlorido and aqua complexes 5(Cl) 
and 6(OTf) bearing the PY5Me2 (L3) ligand differs from the 
recently published data7 and is therefore depicted in 
Scheme 3 and in the Experimental Section.  

 
Scheme 3. Synthetic pathway for the preparation of the chlo-
rido complexes 5+ and 7+ and the aqua complexes 62+ and 82+. 

NMR spectra of 5+and 62+ were coincident with data pub-
lished by Kojima et al.7 (for more information please refer 
to the Experimental Section), and good quality crystals of 
62+ could be obtained and analyzed by X-ray diffraction for 
the first time (Figures 6c and S24 and Table S4). Also, the 
electrochemical properties of 5+ have been studied by CV in 
acetonitrile (Figure S25), exhibiting a unique reversible 
wave at E0 = 0.78 V vs. SCE (∆E = 61 mV), corresponding to 
the RuIII/RuII process. 

Complexes 7+ and 82+, bearing the PY4Im (L4) ligand, 
were synthesized according to Scheme 3 (further details 
can be found in the Experimental Section) and have been 
characterized by ESI-MS (Figures S26 and S27), NMR (Fig-
ures S28 and S29), CV and DPV (Figures S31-S33), and UV-
vis (Figure S34) techniques. Compound 7+ in MeOH shows 

a unique reversible wave at E0 = 0.84 V (∆E = 75 mV) corre-
sponding to the RuIII/RuII process (Figure S31). NMR analy-
sis of 7+ and 82+ show that both compounds display C2v 
symmetry in solution, with one symmetry plane passing 
through the chlorido/oxygen, the C(14) of the central imid-
azole and the Ru atom and bisecting the C(12)-C(13) bond 
of the imidazole ring, thus interconverting the two sides of 
the complex. Moreover, one symmetry plane (perpendicu-
larly bisecting the former) contains the imidazole ring and 
the Ru and chlorido/aqua groups, hence interconverting the 
other two pyridine rings. As a result, we expect only 6 1H 
resonances, as confirmed in the corresponding 1H NMR 
spectra (Figures S28a and S29a). It is worth mentioning that 
the characteristic down-field shift of the doublet corre-
sponding to H1 (9.42 and 9.20 ppm, respectively) is likely 
due to hydrogen bonding interactions between the protons 
alpha to the nitrogen atoms of each pyridyl ring and the 
chlorido/oxygen coordinated to the Ru ion. HMBC and 
HSQC experiments have played an essential role in unam-
biguously assigning H12 and H6 singlets as well as all qua-
ternary carbon resonances (Figures S28 and S29). Suitable 
crystals for X-ray diffraction analysis of 8(BF4)2 were ob-
tained as well (Figures 6d and S30 and Table S5), the struc-
ture of which is compared to those of trans-22+, cis-42+ and 
62+ in the next Section. 

 
Structural and Electrochemical Comparative Analysis 

of the aqua complexes. 
Mercury plots of the X-ray crystal structures of trans-22+, 

cis-42+, 62+ and 82+ are shown in Figure 6, and the corre-
sponding crystallographic data can be found in Tables S1 
and S3-S5, respectively. Table S6 includes a list of selected 
bond distances and angles for the four aqua complexes, 
which are in the expected range compared to other Ru(II) 
polypyridyl complexes.23 The effect of the higher rigidity of 
the bpy2PYMe ligand (L1) compared to the more flexible 
PY5Me2 (L3) and Py4Im (L4) ligands can be seen in the ge-
ometry around the Ru(II) atom, as it displays the least ideal 
octahedral environment of the series (N1-Ru-N2 and O-Ru-
N5 angles –entries 7 and 11- close to 170° and O-Ru-N1 an-
gle –entry 12- close to 80° in trans-22+, and longer Ru-N1 
distance –entry 1- in trans-22+ compared to 62+ and 82+). 
The distortion from the ideal octahedral geometry is even 
more pronounced upon introduction of the Me moiety to 
generate L2 (cis-42+) due to the steric constraints it im-
poses. Thus, the N1-Ru-N3 and N2-Ru-N4 angles (entries 9 
and 10) are 11° and 5° smaller than for the case of L1 (N1-
Ru-N2 angle, entry 7), respectively, and the O-Ru-N1 and O-
Ru-N4 angles are 12° and 6° off from 90° (entries 12 and 15 
in Table S6, respectively, and Figure 6b). 
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Figure 6. Mercury plot of the X-Ray crystal structures of trans-22+ (a), cis-42+ (b), 62+ (c) and 82+ (d). Atom color code: blue, nitro-

gen; red, oxygen; dark green, ruthenium; light grey, carbon. Only the hydrogen atoms closest to the oxygen atoms are shown in white. 

The less rigid character of the L3 and L4 scaffolds is re-
flected in the relative orientation of the 4 equatorial pyri-
dine rings in 62+ and 82+, which are clearly non parallel and 
show four alpha H atoms within hydrogen bonding distance 
to the O atom of the aqua ligand (2.6-2.9 Å, Figure 6c-d). On 
the other hand, for L1 and L2 the existence of a C-C bridge 
in the bpy ligands precludes any relative rotation of the pyr-
idine rings and impedes the approach of any pyridyl H at-
oms to the axial O atom. The closest distances for trans-22+ 

fall in the range of 3.9 Å for O-H1, and 2.8 Å for O-H16 in cis-
42+ (Figure 6a-b), all of which are longer than clear O···H 
bond distances. Exceptionally, one of the hydrogen atoms of 
the 6’ Me substituent in cis-42+ lies within the limit of hydro-
gen bonding to the O atom (O-H28 distance of 2.6 Å), which 
is again an indication of the steric constraints imposed by 
the methylated ligand.  

The last significant difference observed between the four 
structures is the shorter Ru-Xax distance for 82+ (Table S6, 
entry 3) due to the much stonger -donor character of the 
carbene moiety (Cax) with regards to the pyridyl scaffold 
present in trans-22+, cis-42+ and 62+. This feature has a dra-
matic effect in the acidity of the aqua group, which is signif-
icantly decreased (see pKa values in Table 1 below). Inter-
estingly, despite the presence of different coordinating at-
oms in the site trans to the aqua group, all Ru-O distances 
are similar, between 2.1 and 2.2 Å (Table S6, entry 6).  

The electrochemical behavior of the aqua-complexes has 
also been studied in detail at different pHs, therefore allow-
ing the construction of their Pourbaix diagrams (Figure 
S20), and a global comparison of the redox potentials at pH 
7 and the pKa values of trans-22+, cis-42+, 62+, 82+ and those 
of the paradigmatic Ru-penta-N-dentate complex24  
[Ru(trpy)(bpy)(H2O)]2+ is presented in Table 1.  

 

Table 1. Redox potentials at pH 7 (in V vs. SCE), and pKa val-
ues for the aqua-complexes 22+, 42+, 62+ and 82+ and the re-
lated Ru complex [Ru(trpy)(bpy)(H2O)]2+.   
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trans-22+ a 0.56 0.75 190 2.6 11.0 c 

cis-42+ a 0.51 ---  --- --- c 

62+ a 0.38 ---  2.7 10.7 c 

62+ b 0.46 ---  --- 11.0 7 

82+ a 0.58 0.80 220 5.3 12.7 c 

[Ru(trpy)(bpy)(H2O)]2+ a 0.49 0.62 130 1.7 9.7 24 

a In aqueous phosphate buffer pH 7. b In Britton-Robinson 
buffer. c This work. d E = EIV/III – EIII/II. 

 
It is well known that the presence of an aqua group ena-

bles a simultaneous removal of electrons and protons 
(PCET) at relatively low and close potentials since the 
buildup of high columbic charges is avoided,25 allowing easy 
access to high oxidation states necessary for oxidative cata-
lytic transformations. According to the Pourbaix diagrams 
(Figure S20), slopes of approximately -59 mV per pH unit in 
the central pH regions indicate the presence of the single 
PCET processes RuIII-OH/RuII-OH2 and RuIV-O/RuIII-OH.24 
Consequently, the two waves observed at 0.56 V and 0.75 V 
vs. SCE for trans-22+ and at 0.58 V and 0.80 V for 82+ at pH 7 
can be assigned to the RuIII-OH/RuII-OH2 and RuIV-O/RuIII-
OH processes, respectively (L1 and L4 have been omitted 
for clarity), whereas for cis-42+ and 62+ the wave corre-
sponding to the RuIII-OH/RuII-OH2 process can be detected 
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at 0.51 V and 0.38 V, respectively (Table 1). Thus, at pH 7 
the RuIII/RuII and RuIV/RuIII redox processes are separated 
by 190 mV in trans-22+ and by 220 mV in 82+, while this sep-
aration is only of 130 mV in [RuII(trpy)(bpy)]2+. This differ-
ence points out the higher stability of the RuIII(OH) species 
of trans-22+ and even more so for 82+ than in 
[RuII(trpy)(bpy)]2+, which in the case of 82+ could be due to 
hydrogen bonding interactions between the hydroxo group 
and the hydrogen atoms alpha to the pyridyl nitrogens of 
the pentadentate ligand (see Figure 6d). 

Referring again to the Pourbaix diagrams, the two vertical 
lines (non-redox processes) allow determination of the pKa1 
(RuIII-OH2) and pKa2 (RuII-OH2) values. Therefore, for trans-
22+ these values are 2.6 and 11.0, respectively, which are 
very similar to those of 62+ (2.7 and 10.7) given the strong 
resemblance from an electronic viewpoint of L1 and L3. The 
pKa2 value for 62+ differs slightly from the value obtained 

previously by Kojima et al. (11.0),7 although this difference 
may be attributed to the different buffers used in both 
works (Table 1). Finally, the pKa values of the aqua group 
for 82+ (5.3 and 12.7 for RuIII and RuII, respectively) are sig-
nificantly higher because of the strong -donating charac-
ter of the carbene scaffold present in L4. The decreased 
acidity of the aqua group in 82+ is also evident when com-
paring its pKa values with those of [Ru(trpy)(bpy)(H2O)]2+; 
the pKa1 and pKa2 values for the PY4Im complex increase by 
3.6 and 3 units, respectively, compared to 
[Ru(tpy)(bpy)(H2O)]2+, while 22+ and 62+ occupy an inter-
mediate position, with pKa values only 0.9-1.3 units greater 
than those of [Ru(trpy)(bpy)]2+. 

 
Conclusions. The combined use of spectroscopic, spec-

trometric, electrochemical and theoretical methods has led 
to a proposed isomerization mechanism for the 1+ chlorido 
species and the quantification of the thermodynamic pa-
rameters. In MeOH both isomers are interconverted under 
thermal and photochemical conditions by a sequence of 
chlorido decoordination, decoordination/recoordination of 
a pyridyl group and chlorido recoordination. Also, under ox-
idative conditions in DCM the exchange of a pyridyl group 
of the ligand by a Cl- counterion in trans-12+ generates a bis-
chlorido intermediate [RuIII(-N4-bpy2PYMe)Cl2]+ (-N4-
bis-Cl+), which is essential for the isomerization process ob-
served when the system is reduced back to Ru(II). In con-
trast, under the same conditions cis-12+ is in direct equilib-
rium with trans-12+, with absence of the bis-Cl+ intermedi-
ate. Interestingly, its aqua derivative exists as a pure single 
isomer (trans-22+), while by increasing the steric hindrance 
of the pentadentate ligand via introduction of a methyl 
group the isomerization equilibrium is completely inhibited 
and a single cis isomer is obtained (cis-3+/cis-42+). The elec-
trochemical and structural data of this series of complexes 
(1+ to 42+) has also been compared to those of related Ru 
pentadentate choro- and aqua-compounds, some of which 
are reported here for the first time (7+ and 82+). This com-
parison shows how the influence of the chemical and struc-
tural characteristics of the pentadentate ligand impacts on 
the electrochemical and acid-base properties of the result-
ing Ru(II) complexes, which are fundamental for 

modulating their activity in redox catalysis. In the near fu-
ture we plan to further extend this study by comparing the 
capacity of the aqua compounds described as catalysts for 
redox oxidative transformations. 

 

EXPERIMENTAL SECTION 

Materials. All reagents used in the present work were ob-
tained from Aldrich Chemical Co. and were used without 
further purification. Reagent-grade organic solvents were 
obtained from Scharlab. RuCl3·3H2O and [Ru(p-cy-
mene)(Cl)2]2 were supplied by Alfa Aesar and were used as 
received. The synthesis of the ligand PY5Me2 was per-
formed following the procedure described in the litera-
ture.26 In order to obtain the bpy2PYMe, bpy(bpyMe)PYMe 
and PY4Im ligands, some modifications have been intro-
duced to the procedures already published. Thus, for 
bpy2PYMe11 and bpy(bpyMe)PYMe we performed a one-
pot reaction of 2-ethylpyridine with LDA and 6-bromo-2,2’-
bipyridine (as well as 6-bromo-6’-methyl-2,2’-bipyridine 
for the latter), whereas for PY4Im10 the silver derivative 
PY4Im-Ag was obtained by reaction of (PY4Im)Br with Ag2O 
in acetonitrile instead of DCM (see Results Section for fur-
ther details). 

All synthetic manipulations were routinely performed un-
der nitrogen or argon atmosphere using Schlenk tubes and 
vacuum-line techniques.  
Instrumentation and Measurements. UV-vis spectros-
copy was performed by a HP8453 spectrometer using 1 cm 
quartz cells. NMR spectroscopy was performed on a Bruker 
DPX 250 MHz, DPX 360 MHz, DPX 400 MHz or a DPX 600 
MHz spectrometer. Samples were run in CDCl3, MeOD, 
CD3CN, CD3NO2 or acetone-d6 with internal references. Elec-
trospray ionization mass spectrometry (ESI-MS) experi-
ments were carried out on an HP298s gas chromatography 
(GC-MS) system from the Servei d’Anàlisi Química of the 
Universitat Autònoma de Barcelona (SAQ-UAB). MALDI-
TOF MS measurements were run on a Bruker MALDI TOF 
ultrafleXtrem model under reflector mode by depositing on 
a GrounSteel plate 0.5 µL of a MeOH solution of the com-
plexes. Cyclic voltammetry (CV), differential pulse voltam-
metry (DPV) and controlled-potential electrolysis (CPE) ex-
periments were performed on a Biologic SP-150 potenti-
ostat, using EC Lab software for data acquisition and data 
handling. Measurements were made using a three-electrode 
conical cell equipped with a methanol jacket, which makes 
it possible to fix the temperature by means of a thermostat. 
A glassy carbon disk electrode of 1.0 mm diameter (or a car-
bon graphite rod in the case of CPE) was used as a working 
electrode, a Pt disk of 1 mm diameter as an auxiliary elec-
trode and an aqueous saturated calomel electrode (SCE) as 
a reference electrode. All of the potentials are reported ver-
sus (SCE) isolated from the working electrode compartment 
by a salt bridge. The salt solution of the reference calomel 
electrode is separated from the electrochemical solution by 
a salt-bridge capped with a frit, which is made of a ceramic 
material, allowing ionic conduction between the two solu-
tions and avoiding appreciable contamination. Ideally, the 
electrolyte solution present in the bridge is the same as the 
one used for the electrochemical solution, in order to 
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minimize junction potentials. Working electrodes were pol-
ished with 0.05 micron Alumina paste washed with distilled 
water and acetone before each measurement. The com-
plexes were dissolved in acetone, acetonitrile or DCM con-
taining the necessary amount of n-Bu4NPF6 (TBAPF6) or 
TBABF4 as supporting electrolyte to yield 0.1 M ionic 
strength solutions. CV were recorded at a 100 mV·s−1 scan 
rate, and DPV were recorded using pulse amplitudes of 0.05 
V, pulse widths of 0.05 s, sampling widths of 0.02 s, pulse 
periods of 0.1 s and quite times of 2 s. E0 values reported in 
this work were estimated from CV experiments as the aver-
age of the oxidative and reductive peak potentials (Ep,a + 
Ep,c)/2. The error associated with the potential values is less 
than 5 mV. In order to minimize the ohmic drop effects, the 
electrode used as a working electrode is 1.0 mm diameter 
and the scan rates investigated were in the range 0.1 – 1 V 
s-1. Positive feedback iR compensation was used through-
out. Typically compensated resistances were 0.5-2.0 kΩ, de-
pending on the electrode location in the electrochemical 
cell. For the Pourbaix diagrams, CV and DPV of the corre-
sponding aqua complexes were recorded in aqueous phos-
phate solutions to which small amounts of HCl 0.1 M or 
NaOH 0.1 M had been added in order to adjust the pH to the 
desired value. For the controlled-potential electrolysis 
(CPE) experiments, a 0.68 mM solution of 1(Cl) in 5 mL 
DCM, containing 0.1 M of TBAPF6 as supporting electrolyte, 
was prepared. Oxidative CPE at different potentials vs. SCE 
was performed using a carbon graphite rod as a working 
electrode. After the passage of the desired number of Fara-
days, the electrolysis was stopped, and the mixture was 
then analyzed by CV. For the light-induced isomerization 
processes, the dissolved complexes in a N2 purged schlenk 
flask were kept at 0 C (water bath) and irradiated by a 100 
W incandescent white light bulb, while for the temperature-
driven isomerization processes the water bath was set at 50 

C and the schlenk was covered with aluminium foil. 

Computational Details. Density functional theory (DFT) 
calculations have been carried out with the Gaussian 09 set 
of programs.27 For geometry optimizations, the well-estab-
lished and computationally fast hybrid-GGA functional 
B3LYP was used,28 including the D3 dispersion correction of 
Grimme.29 The electronic configuration of the molecular 
systems was described with the standard split-valence ba-
sis set with a polarization function of Ahlrichs and co-work-
ers for H, C, N, O, and Cl (SVP keyword in Gaussian).30 For 
Ru we used the small-core, quasi-relativistic 
Stuttgart/Dresden effective core potential, with an associ-
ated valence basis set contracted (standard SDD keywords 
in Gaussian 09).31,32,33 The geometry optimizations were 
performed without symmetry constraints, and the charac-
terization of the located stationary points was performed by 
analytical frequency calculations.  

Gibbs energies, ∆G, were built through single point energy 
calculations on the B3LYP-d3/SVP geometries using the 
B3LYP-d3 functional and the triple- valence plus polariza-
tion on main group atoms (TZVP keyword in Gaussian).34 
Furthermore diffuse basis sets (D95+) have been incorpo-
rated for Cl.35 Solvent effects were included with the PCM 
model using dichloromethane and methanol as solvents.36 

To these B3LYP-d3/TZVP electronic energies in solvent, 
zero point energy and thermal and entropic corrections 
were included from the gas phase frequency calculations at 
the B3LYP-d3/SVP level of theory.  

Synthetic preparations. [RuII(bpy2PYMe)Cl]Cl [1(Cl)]. A 
sample of bpy2PYMe (0.140 mmol) was dissolved in 5 mL 
of dry ethanol, then 81 mg of [Ru(p-cymene)(Cl)2]2 (0.140 
mmol) was added. The mixture was stirred and heated with 
a microwave (MW, 300 W) at 150 C during 1 h. After this 
time the solution was filtrated through celite and the vol-
ume was reduced in the rotary evaporator. After addition of 
ethanol, the trans-1(Cl) isomer precipitated as a burgundy 
coloured solid, which was filtered and washed with DCM. 
Further addition of DCM to the supernatant yielded a bur-
gundy coloured solid (cis-1(Cl) isomer), which was filtered 
and washed with Et2O.  Yield: 20 mg (trans-1(Cl), 24%) and 
49 mg (cis-1(Cl), 60%). 1H NMR cis-1+ (600 MHz, d3-nitro-
methane, 298K):  = 9.93 (d, 1H, J19-18=4.9 Hz, H19), 9.27 
(dd, 1H, J1-2=5.7 Hz, J1-3=1.1 Hz, H1), 8.54 (d, 1H, J16-
17=7.5 Hz, H16), 8.31 (d, 1H, J12-11=8.0 Hz, H12), 8.26 (m, 
2H, H17, H15), 8.21 (d, 1H, J13-14=7.5 Hz, H13), 8.17 (dd, 
1H, J5-6=5.5 Hz, J5-7=2.1 Hz, H5), 8.13 (t, 1H, J14-13,15=7.9 
Hz, H14), 8.08(d, 1H, J9-10=8.3 Hz, H9), 8.04 (m, 1H, H18), 
7.95 (m, 2H, H6, H7), 7.92 (m, 1H, H10), 7.86 (t, 1H, J2-
1,3=7.9 Hz, H2), 7.28 (t, 1H, J3-2,4=6.1 Hz,  H3), 7.24 (t, 1H, 
J11-12,10=6.1 Hz, H11), 7.18 (d, 1H, J4-3=5.3 Hz, H4), 2.964 
(s, 1H, H8). 13C{1H} NMR (151 MHz, d3-nitromethane, 
298K):  = 161.8 (C6), 160.1 (C5), 160.0 (C22), 159.5 (C23), 
158.3 (C13), 158.0 (C10),  156.9 (C18, C1), 153.2 (C27), 
152.1 (C4), 139.1 (C15), 138.2 (C25) 137.6 (C2), 136.3 (C8), 
135.9 (C20), 128.6 (C26), 126.2 (C3), 124.7 (C24), 124.6 
(C14), 124.4-124.3 (C9, C16), 123.5 (C17), 123.2 (C21), 
122.8 (C13), 122.2 (C7) 59.8 (C11), 21.9 (C12). UV/vis 
(DCM): max, nm (, M-1·cm-1)= 295 (20517), 355 (5437), 
523 (4496). ESI-MS (DCM): m/z= 552.1([M-Cl]+). Elemental 
analysis (% found): C, 55.27; H, 3.67; N, 11.90. Calcd for 
C27H21Cl2N5Ru: C, 55.20; H, 3.60; N, 11.92. 1H NMR trans-1+ 
(400 MHz, d3-nitromethane, 298K):  = 9.96 (d, 2H, J1-2=5.3 
Hz, H1), 9.14 (d, 1H, J11-12=4.8 Hz, H12), 8.36 (d, 2H, J4-
3=8.0 Hz, H4), 8.22 (dd, 2H, J7-6=6.4 Hz, J7-5=2.4 Hz, H7), 
8.12 (m, 6H, H3,H5,H6), 7.90 (d, 1H, J9-10=8.1 Hz, H9), 7.83 
(m, 3H, H2, H10), 7.08 (t, 1H, J11-10=6.3 Hz, J11-12=4.9 Hz, 
H11), 2.97 (s, 3H, H8). 13C{1H} NMR (100 MHz, d3-nitrome-
thane, 298K):  = 161.4 (C10), 160.9 (C6), 160.4 (C5), 157.4 
(C17), 154.3 (C1), 140.9 (C13), 139.5 (C15) 139.1 (C3), 
137.1 (C7), 126.6 (C2), 125.6 (C14), 124.3 (C16), 123.8 (C4), 
122.7 (C8), 122.1 (C9), 60.8 (C11), 21.9 (C12). UV/vis 
(DCM): max, nm (, M-1·cm-1)= 298 (19198), 390 (4652), 
534 (5029). ESI-MS (DCM): m/z= 552.1 ([M-Cl]+). Elemental 
analysis (% found): C, 55.31; H, 3.68; N, 11.88. Calcd for 
C27H21Cl2N5Ru: C, 55.20; H, 3.60; N, 11.92. 

 [RuII(bpy2PYMe)(H2O)](PF6)2 [2(PF6)2]. 40 mg (0.06 
mmol) of the 3:7 trans-1+:cis-1+ mixture obtained in the 
crude of the synthesis of 1(Cl) were dissolved in 20 mL of 
water. The mixture was stirred and heated at 100 C for 2 
days, after which 0.5 mL of a NH4PF6 saturated aqueous so-
lution was added. The volume was reduced until a brown 
precipitate appeared, which was filtered and washed with 
Et2O. Yield: 43 mg (76%). 1H NMR (400 MHz, d6-
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acetone:D2O 95:5, 298K):  = 10.32 (d, 2H, J1-2=5.4 Hz, H1), 
9.58 (d, 1H, J12-11=4.7 Hz, H12), 8.84 (d, 2H, J4-3=8.0 Hz, 
H4), 8.70 (d, 2H, J7-6=7.3 Hz, H7), 8.51 (m, 7H, H3,H5,H6), 
8.20 (m, 3H, H2, H9, H10), 7.50 (t, 1H, J11-10=6.4 Hz, J11-
12= 4.9 Hz, H11), 3.21 (s, 3H, H8). 13C{1H} NMR (100 MHz, 
d6-acetone:D2O 95:5, 298K):  = 159.7 (C10), 159.4 (C6), 
158.1 (C5), 157.2 (C13), 156.2 (C17), 154.5 (C1), 140.4 
(C15) 140.0 (C3), 138.9 (C7), 127.4 (C2), 126.9 (C14), 124.7 
(C16), 124.5 (C4), 123.8 (C8), 122.4 (C9), 59.9 (C11), 21.2 
(C12). UV/vis (H2O): max, nm (, M-1·cm-1)= 371 (3988), 
494 (4485). ESI-MS (MeOH): m/z= 536.2 ([M-2PF6-2H+]+). 
Elemental analysis (% found): C, 39.42; H, 2.85; N, 8.51. 
Calcd for C27H23F12N5OP2Ru: C, 39.33; H, 2.81; N, 8.49. 

bpy(bpyMe)PYMe (L2). For the synthesis of L2 the same 
methodology used for the synthesis of L1 was employed, ex-
cept that in the second step (16 h reaction) 6-bromo-6’-me-
thyl-2,2’-bipyridine was used instead of 6-bromo-2,2’-bi-
pyridine. The synthesis of 6-bromo-6’-methyl-2,2’-bipyri-
dine was performed introducing some modifications with 
respect to the procedure described in the literature.37 Thus, 
to a solution of 2-bromo-6-methylpyridine in THF at -65 C, 
1.2 equiv of BuLi in hexanes was added slowly (30 min), and 
the mixture was stirred for 3 h at -65 C. Then, 1.2 equiv of 
Me3SnCl in THF was added slowly (30 min), and the mixture 
was then allowed to slowly reach RT (1 h) under an Ar at-
mosphere and with constant stirring. The reaction was 
quenched with 10 mL NH4Cl saturated solution, the mixture 
was extracted with ethyl acetate and dried with sodium sul-
fate, filtered and dried by solvent evaporation. The orange 
liquid obtained corresponds to 2-methyl-6-(trime-
thylstannyl)pyridine. Then, this stannate derivative was 
used to perform the coupling reaction with 2,6-dibro-
mopyridine in the presence of LiCl (2 equiv.) and Pd(PPh3)4 
(catalytic amounts) in order to obtain 6-bromo-6’-methyl-
2,2’-bipyridine, as described elsewhere.38 Yield: 17 %. 1H 
NMR (400 MHz, CDCl3, 298K):  = 8.62 (m, 2H), 8.30 (m, 2H), 
8.26 (d, 1H, J = 7.3 Hz), 8.01 (d, 1H, J = 6.9 Hz), 7.71 (m, 3H), 
7.54 (m, 2H), 7,15 (m, 6H), 2.59 (s, 3H), 2.54 (s, 3H). 13C NMR 
(100 MHz, CDCl3, 298K):  = 166.5, 165.2, 164.9, 157.5, 
156.5, 155.9, 154.9, 154.5, 148.9, 148.7, 136.9, 136.7, 136.7, 
136.7, 135.7, 123.9, 123.9, 123.6, 132.5, 123.5, 123.0, 121.3, 
121.1, 118.3, 118.3, 118.2, 60.7, 27.7, 24.4. ESI-MS (DCM): 
m/z= 430.2 ([M+H]+). Elemental analysis (% found): C, 
78.21; H, 5.44; N, 16.34. Calcd for C28H23N5: C, 78.30; H, 5.40; 
N, 16.31. 

[RuII(bpy(bpyMe)PYMe)Cl]Cl [3(Cl)]. A sample of 
bpy(bpyMe)PYMe (0.233 mmol) was dissolved in 5 mL of 
dry ethanol, then 71 mg of [Ru(p-cymene)(Cl)2]2 (0.116 
mmol) was added. The mixture was stirred and heated with 
a MW (300 W) at 150 C for 1 h. After this time the volume 
was reduced in the rotary evaporator. After addition of 
MeOH and 0.5 mL of a NH4PF6 saturated aqueous solution, 
cis-3(Cl) precipitated as a red solid, which was filtered and 
washed with MeOH and Et2O. Yield: 112 mg (68%). 1H NMR 
(400 MHz, d2-DCM, 298K):  = 9.40 (d, 1H, J = 6.0 Hz), 8.33 
(d, 1H, J = 8.0 Hz), 8.12 (m, 2H), 8.06 (m, 3H), 7.98 (m, 3H), 
7.92 (t, 1H, J = 7.6 Hz), 7.83 (m, 3H), 7.31 (t, 1H, J = 6.4 Hz), 
7.22 (t, 1H, J = 6.4 Hz), 6.90 (d, 1H, J = 6 Hz), 3.63 (s, 3H), 
2.90 (s, 3H). 13C NMR (100 MHz, d2-DCM, 298K):  = 165.6, 

161.2, 160.1, 159.0, 158.6, 158.6, 157.7, 156.9, 156.1, 150.6, 
137.8, 137.3, 136.1, 135.9, 134.6, 128.3, 125.5, 123.2, 122.8, 
122.7, 122.1, 122.0, 121.8, 121.7, 120.5, 57.8, 27.6, 21.9. 
UV/vis (DCM): max, nm (, M-1·cm-1)= 292 (29954), 379 
(4787), 502 (5802). ESI-MS (DCM): m/z= 566.1 ([M-Cl]+). 
Elemental analysis (% found): C, 56.01; H, 3.89; N, 11.59. 
Calcd for C28H23Cl2N5Ru: C, 55.91; H, 3.85; N, 11.64. 

 [RuII(bpy(bpyMe)PYMe)(H2O)](PF6)2 [4(PF6)2]. 30 mg of 
3(Cl) were dissolved in 12 mL of water. The mixture was 
stirred and heated at 100 C for 2 days, after which 0.5  mL 
of a NH4PF6 saturated aqueous solution was added. The vol-
ume was reduced until a red precipitate appeared, which 
was filtered and washed with Et2O. Yield: 31 mg (86%). 1H 
NMR (400 MHz, d6-acetone:D2O 5:95, 298K):  = 9.04 (d, 1H, 
J = 4.8 Hz), 8.27 (t, 2H, J = 7.6 Hz), 8.16 (dd, 1H, J = 6.8, 2.4 
Hz), 8.01 (m, 6H), 7.81 (m, 5H), 7.28 (t, 1H, J = 6.4 Hz), 7.19 
(t, 1H, J = 6.4 Hz), 7.02 (d, 1H, J = 6 Hz), 3.05 (s, 3H), 2.80 (s, 
3H). 13C NMR (100 MHz, d6-acetone:D2O 5:95, 298K):  = 
164.2, 161.2, 158.7, 157.9, 157.0, 157.0 156.8, 156.5, 156.0, 
151.7, 138.6, 138.2, 138.0, 136.7, 136.3, 128.7, 125.9, 124.2, 
124.0, 123.7, 123.0, 122.5, 122.0, 121.4, 121.4, 58.0, 24.9, 
20.5. UV/vis (H2O): max, nm (, M-1·cm-1)= 300 (21271), 
354 (6125), 392 (5709), 521 (5203). ESI-MS (DCM): m/z= 
550.1([M-2PF6+2H]+). Elemental analysis (% found): C, 
40.19; H, 3.03; N, 8.32. Calcd for C28H25F12N5OP2Ru: C, 40.11; 
H, 3.01; N, 8.35. 

 [RuII(PY5Me2)Cl]Cl [5(Cl)]. A sample of PY5Me2 (0.225 
mmol) was dissolved in 5 mL of dry ethanol, then 137 mg of 
[Ru(p-cymene)(Cl)2]2 (0.225 mmol) was added. The mix-
ture was stirred and heated with a MW (300 W) at 150 C 
during 1 h. After this time the volume was reduced in the 
rotary evaporator. After addition of Et2O, a yellow solid pre-
cipitated, which was filtered and washed with Et2O. Yield: 
103 mg (74%). 1H NMR (400 MHz, DMSO-d6, 298K) δ = 9.67 
(dd, J = 5.8, 1.8 Hz, 4H), 8.04 (m, 7H), 7.96 (td, J = 7.8, 1.5 Hz, 
4H), 7.53 (ddd, J = 7.3, 5.8, 1.4 Hz, 4H), 2.76 (s, 6H). Ele-
mental analysis (% found): C, 56.66; H, 4.12; N, 11.31. Calcd 
for C29H25Cl2N5Ru: C, 56.59; H, 4.09; N, 11.38. 

[RuII(PY5Me2)(H2O)](OTf)2 [6(OTf)2]. 5(Cl) (40 mg, 0.07 
mmol) and AgOTf (23 mg, 0.09 mmol) were dissolved in 
darkness in a flask containing acetone:water (10 mL, 1:1). 
The resulting solution was stirred and heated under reflux 
for 5 h. After cooling down to room temperature the solu-
tion was filtered to remove the AgCl byproduct. Slow evap-
oration of the acetone yielded a yellow solid, which was fil-
tered and dried in air. The residue was crystalized by Et2O 
diffusion into water. Yield: 40 mg (67%). 1H NMR (400 MHz, 
DMSO-d6, 298K) δ = 9.45 (dd, J = 5.9, 1.7 Hz, 4H), 8.06 (m, 
11H), 7.63 (ddd, J = 7.3, 5.7, 1.4 Hz, 4H), 7.52 (s, 2H), 2.78 (s, 
6H). Elemental analysis (% found): C, 43.31; H, 3.19; N, 8.11. 
Calcd for C31H27F6N5O7S2Ru: C, 43.26; H, 3.16; N, 8.14. 

PY4Im-Ag (L4). For the synthesis of L4, 2-methylpyridine 
reacted with 2-fluoropyridine via lithiation in hexanes af-
fording 2-(2-pyridylmethyl)pyridine,39 which was subse-
quently brominated to yield bis(2-pyridyl)bromo-
methane.40 This precursor was then added to a basic solu-
tion containing imidazole to obtain (PY4Im)Br, as previ-
ously described by Long and Smith.10 However, the silver 
derivative PY4Im-Ag could only be isolated as a pure white 
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powder when (PY4Im)Br reacted with Ag2O in acetonitrile 
instead of in CH2Cl2.10 

 [RuII(PY4Im)Cl]Cl [7(Cl)]. [PY4ImAg]Br (0.062 g, 0.202 
mmol) and [Ru(p-cymene)(Cl)2]2 (0.062 g, 0.101 mmol) 
were dissolved in a flask containing acetonitrile (25 mL), 
and the resulting solution was heated under reflux over-
night. After that time a yellow precipitate appeared, which 
was filtered and dried with diethyl ether. Yield: 94 mg 
(86%).1H-NMR (400MHz, DMSO-d6, 298K):  = 9.42 (d, 4H, 
J1-2=5.67 Hz, H1), 7.93 (d, 4H, H4), 7.92 (t, 4H, H3), 7.77 (s, 
2H, H12), 7.46 (t, 4H, H2), 7.45 (s, 2H, H6). 13C{1H} NMR 
(100 MHz, DMSO-d6, 298K):  = 194.78 (C14), 155.63 (C1), 
154.91 (C5), 137.20 (C4), 125.67 (C3), 124.40 (C2), 120.51 
(C12), 65.19 (C6). ESI-MS (MeOH): m/z= 541.05([M-Cl]+). 
Elemental analysis (% found): C, 52.10; H, 3.69; N, 14.51. 
Calcd for C25H21Cl2N6Ru: C, 52.00; H, 3.67; N, 14.55. 

 [RuII(PY4Im)(H2O)](BF4)2 [8(BF4)2]. 7(Cl) (0.060 g, 0.103 
mmol) and AgBF4 (0.061 g, 0.309 mmol) were dissolved in 
darkness in a flask containing acetone:water (10 mL, 1:4). 
The resulting solution was stirred and heated under reflux 
overnight. After cooling down to room temperature, the so-
lution was filtered to remove the AgCl byproduct. Slow 
evaporation of the acetone yielded yellow crystals, which 
were filtered and dried over air. Yield: 60 mg (84%). 1H-
NMR (400 MHz, D2O, 298K):  = 9.20 (d, 4H, J1-2=5.60 Hz, 
H1), 7.89 (d, 4H, H4), 7.87 (ddd, 4H, H3), 7.62 (s, 2H, H12), 
7.44 (ddd, 4H, J2-3=7.73 Hz, J2-1=5.60 Hz, J2-4=2.12 Hz, 
H2), 7.13 (s, 2H, H6). 13C{1H} NMR (100MHz, D2O, 298K):  
= 195.18 (C14), 154.24 (C1), 153.26 (C5), 137.15 (C4), 
125.46 (C3), 124.00 (C2), 119.64 (C12), 66.07 (C6). UV/vis 
(aqueous solution at pH 8, phosphate buffer): max, nm (, 
M-1·cm-1)= 245 (10270), 360 (6549), 394 (7140). ESI-MS 
(MeOH): m/z= 269.0 ([M-2BF4-H2O+MeOH]2+). Elemental 
analysis (% found): C, 43.07; H, 3.35; N, 11.98. Calcd for 
C25H23B2F8N6ORu: C, 43.01; H, 3.32; N, 12.04. 

 X-ray Crystal Structure Determination. X-ray crystal 
structure determination was made on a Bruker-Nonius dif-
fractometer equipped with an APPEX II 4K CCD area detec-
tor, a FR591 rotating anode with Mo K radiation, Montel 
mirrors as a monochromatic and a Kryoflex low-tempera-
ture device (T = -173C). Full-sphere data collection was 
used with w and f scans. Programs used were as follows: for 
data collection, Bruker APPEX II (versions v1.0-22, v2009.1-
0 and v2009.1-02); for data reduction, Bruker SAINT (ver-
sions V.2.10, V/.60A and V7.60A); for absorption correc-
tions, Bruker SADABS (versions V.2.10, V2008 and 
V2008/1);41 and for structure refinement, SHELXTL (ver-
sions V6.12 and V6.14)42 and SQUEEZE43 implemented in 
Platon.44  

Crystals of 2(PF6)2 have been obtained by slow ether dif-
fusion in an acetone:water solution of the aqua complex. 22+ 
crystallizes in a cell in which the asymmetric unit of this 
structure contains half a molecule of the cationic metal com-
plex, which has Cs symmetry since the Ru ion shows a dis-
torted octahedral symmetry, two half PF6- anions and highly 
disordered acetone molecules. The cationic metal complex 
is coordinated to an oxygen atom, which likely corresponds 
to a water molecule in accordance with the number of 

counteranions and a diamagnetic NMR spectrum. The PF6- 
anions are disordered in different orientations shared with 
neighboring asymmetric units. In order to avoid the highly 
disordered acetone molecules the program SQUEEZE43 was 
applied leading to a refined model with a R1 value of 4.79 % 
in which all the solvent molecules were removed. For 3(Cl), 
crystals have been obtained after slow evaporation of an ac-
etone:water saturated solution of the chlorido complex. The 
asymmetric unit of this structure contains one molecule of 
cis-3+ with distorted octahedral geometry, one Cl- counter-
ion and seven water molecules, in agreement with a Ru(II) 
oxidation state. For 4(PF6)2, crystals have been obtained af-
ter slow ether diffusion in an acetone:dichloromethane so-
lution of the aqua complex. The asymmetric unit of this 
structure contains one molecule of cis-42+ with distorted oc-
tahedral symmetry coordinated to a water molecule, two 
PF6- anions and one dichloromethane molecule (R1 value of 
3.02 %). For 6(OTf)2, crystals have been obtained by slow 
ether diffusion in an acetone:water solution of the aqua 
complex, The structure of 62+ is very similar to that ob-

served by Kojima for the corresponding chlorido complex,7 
containing a pseudo-octahedral coordination environment 
around the metal. Additionally, the triflate counter ions ap-
pear above the coordinated water molecule within hydro-
gen bonding distance, and the axial pyridine is tilted 3° from 
the Ru-Nax axis, similar to the observed 9° tilt for the Co(II) 

derivative of Py5Me2.8 For 8(BF4)2, crystals have been ob-
tained after slow evaporation of an acetone:water saturated 
solution of the aqua complex. 82+ crystallizes in a cell con-
taining four [Ru(PY4Im)(H2O)]2+ cationic units, sixteen wa-
ter molecules and eight BF4- anions, in agreement with a 
Ru(II) oxidation state. The asymmetric unit contains one 
molecule of the cationic complex with a coordinated water 
molecule, two BF4- anions and four non-coordinated water 
molecules. One of the BF4- anions and three of the water 
molecules are disordered over two positions. 
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