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Introduction

N-Heterocyclic carbenes (NHCs) are neutral compounds featur-
ing a divalent C atom that possesses six electrons in its

Mononuclear ruthenium compounds bearing
N-donor and N-heterocyclic carbene ligands:
structure and oxidative catalysis¥
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A new CNNC carbene-phthalazine tetradentate ligand has been synthesised, which in the reaction with
[Ru(T)Cl3] (T = trpy, tpm, bpea; trpy = 2,2",6',2"-terpyridine; tpm = tris(pyrazol-1-yl)methane; bpea =
N,N-bis(pyridin-2-ylmethyl)ethanamine) in MeOH or iPrOH undergoes a C—N bond scission due to the
nucleophilic attack of a solvent molecule, with the subsequent formation of the mononuclear com-
plexes cis-[Ru(PhthaPz-OR)(trpy)X]"*, [Ru(PhthaPz-OMe)(tpm)X]"* and trans,fac-[Ru(PhthaPz-OMe)
(bpea)X]™ (X = CL, n = 1; X = H,O, n = 2; PhthaPz-OR = 1-(4-alkoxyphthalazin-1-yl)-3-methyl-1H-
imidazol-3-ium), named 1a*/2a®* (R = Me), 1b*/2b%>" (R = iPr), 3*/4%* and 57/6°", respectively.
Interestingly, regulation of the stability regions of different Ru oxidation states is obtained by different
ligand combinations, going from 6%, where Ru(in) is clearly stable and mono-electronic transfers are
favoured, to 2a*/2b?*, where Ru(in) is almost unstable with regard to its disproportionation. The cata-
lytic performance of the Ru—OH, complexes in chemical water oxidation at pH 1.0 points to poor stabi-
lity (ligand oxidation), with subsequent evolution of CO, together with O,, especially for 4°* and 6°*. In
electrochemically driven water oxidation, the highest TOF values are obtained for 2a%* at pH 1.0. In
alkene epoxidation, complexes favouring bi-electronic transfer processes show better performances
and selectivities than those favouring mono-electronic transfers, while alkenes containing electron-
donor groups show better performances than those bearing electron-withdrawing groups. Finally,
when cis-p-methylstyrene is employed as the substrate, no cis/trans isomerization takes place, thus
indicating the existence of a stereospecific process.

valence shell and is inserted into an N-heterocycle. NHCs are
excellent ligands for transition metal ions (M), forming rather
strong M-C bonds and often stable complexes under ambient
conditions.” Transition metal complexes containing NHCs
have found multiple applications in important catalytic trans-
formations, such as hydrogenation, transfer hydrogenation,
water reduction and water oxidation.”
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When designing catalysts for redox processes, controlling
the oxidative power, the accessibility and stability of the oxi-
dation states involved in the catalytic cycle is of paramount
importance for the selectivity of the catalysed reaction. In
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general, in the presence of electron-donating ligands (such as
carbenes) high oxidation states of the central metal ion will be
stabilised, and hence its redox potentials decrease,’ thus facili-
tating oxidative catalytic processes. Additionally, when a water
molecule is directly coordinated to the metal centre, the redox
properties of the complex will be affected by proton exchange.
The successive 1e~ oxidations taking place are accompanied by
a sequential loss of protons favoured by the enhanced acidity
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of the bonded aqua ligand. This phenomenon, known as
proton coupled electron transfer (PCET), allows transition
metals to achieve high oxidation states quite easily, since the
successive loss of protons - going from the aqua to the
hydroxo and finally oxo ligand - allows the maintenance of the
total charge of the complex.” In addition, the ¢ and & donation
of the oxo ligand present at high oxidation states further stabil-
ises high oxidation states at the metal centre. Thus, promising
examples of water oxidation catalysis have been reported
within the last 6 years with Ir> and Ru® NHC complexes, most
of which are monometallic, although a few are multimetallic.
Interestingly, during the past few years researchers have
emphasised the distinctive and sometimes superior perform-
ance of bimetallic catalysts because of the possible cooperative
interactions existing between both M-OH, active sites thanks
to their relative disposition imposed by the bridging ligand.”

Furthermore, Ru NHC complexes have also found relevant
applications in alkene epoxidation catalysis.® A remarkable
example is the use of Ru-aqua complexes with an increasing
number of NHC units that stabilise the Ru(iv)/Ru(m) redox
potential to a much higher extent than the Ru(u)/Ru(u) one,
thus favouring the disproportionation of the Ru(ur) oxidation
state. As a consequence, the Ru(iv)=O species becomes a
powerful two-electron oxidant. This is interesting because it
avoids radical reaction pathways associated with 1 electron oxi-
dation processes,” and becomes particularly attractive for the
olefin epoxidation reactions, since it will favour a concerted
pathway that will generate a stereoselective product.®

Within this context, and given the feasible preparation of
thermodynamically stable NHCs and the interest in using them
as ligands in oxidative catalytic systems, we have synthesised
and characterised a new tetradentate imidazolium precursor
ligand (1,4-bis(1-methylimidazolium-1-yl)phthalazine; H,L1>")
and evaluated its effect on the electrochemical properties and
oxidative catalytic activity of the corresponding Ru complexes
obtained in combination with an additional auxiliary tri-N-
dentate ligand such as the meridional ligand trpy, the facial
ligand tpm and either the meridional or facial ligand bpea
(trpy = 2,2":6',2"-terpyridine, tpm = tris(pyrazol-1-yl)methane,
bpea = N,N-bis(pyridin-2-ylmethyl)ethanamine) (Chart 1).
However, this new ligand H,L1%>" loses a carbene moiety upon

O
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Chart1 Drawing of the imidazolium precursor ligands (H,L1%",
Me-HL2*, iPr-HL2") and the auxiliary tri-N-dentate ligands (tpm, bpea
and trpy) used in this work.
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reacting with Ru(m) precursors under reflux in MeOH or
iPrOH, generating two new imidazolium precursor ligands
1-(4-alkoxyphthalazin-1-yl)-3-methyl-1H-imidazol-3-ium (PhthaPz-
OR; R = Me, iPr), named, respectively, Me-HL2" and iPr-HL2"
(see Chart 1). As a consequence, we have obtained the mono-
nuclear complexes cis-[Ru(Me-L2)(trpy)X]"", cis{Ru(iPr-L2)
(trpy)X]™", [Ru(Me-L2)(tpm)X]"" and trans,fac-[Ru(Me-L2)(bpea)
X" (X = Cl, n = 1; X = H,0, n = 2), named, respectively, 1a'/
2a*", 1b"/2b*", 37/4*" and 5'/6>", which show interesting redox
properties when employed in water oxidation and alkene
epoxidation catalysis.

Results and discussion
Synthesis of the ligand H,L1**

H,L1(Cl), and H,L1(PFs), were obtained following a one-step
nucleophilic attack of 1-methylimidazole to 1,4-dichlorophthal-
azine (dcp) in DMF (Scheme 1). The insolubility of H,L1(Cl),
in DMF allowed the easy isolation of the ligand by simple
filtration and subsequent washing with diethyl ether (yield
70%). Subsequent treatment of H,L1(Cl), with a NH,PF, satu-
rated solution in MeOH allowed the exchange of the chloride
by the PFs~ counterion (H,L1(PFs),).

Characterization of the ligand H,1.1**

NMR spectroscopy for L1** has been carried out both in
acetone-dg (H,L1(PF¢),) and methanol-d, (H,L1(Cl),). Both 1D
(*H, C{'H}) and 2D (HSQC and HMBC) experiments were
necessary to characterise the structure of the ligand in solution
(Fig. 1 and S1 in the ESIf). All resonances could be unambi-
guously assigned based on their integrals, multiplicity and the
C,, symmetry of the ligand in solution. For H,L1(PF¢),, both
H9 and H10 (or H9' and H10') display a doublet of doublets
with a mirror effect, which is in agreement with the typical AA’
BB’ (9 9'10 10’ in our case) pattern of this kind of systems,'® as
shown in the inset of Fig. 1. The singlet appearing at very low
fields in acetone-de (Fig. 1a) can be assigned to the imidazolic
protons 6 and 6’ in accordance with the high electron-

N g
- g/ [®) N N/ﬁ
c—\ /)—=c /N@/ N-t \@N\
N-N DMF o el
dep 120°C, 4h H,L1(Cl),
NH,PFg
MeOH
@N—j\ /;—N@
/N\/ N-N \/N\
PFg PFs
H,oL1(PFg),

Scheme 1 Synthetic procedure for the synthesis of H,L1(Cl), and
H,L1(PFe),.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 600 MHz *H NMR spectrum of H,L1(PFe), in acetone-ds (a) and
of H,L1(Cl), in MeOD (b). Inset: Zoomed image of the aromatic region
of HyL1(PFg),. Note the sharp decrease in the intensity of the acidic
protons H6 when recorded in MeOD due to fast exchange with the
solvent.

withdrawing effect of the two heteroatoms present in the
« position, as previously reported for similar ligands."! However,
the integral of this resonance at 9.9 ppm sharply decreases (up
to only 5% of the expected value) when the "H NMR spectrum of
H,L1(Cl), is recorded in methanol-d, (Fig. 1b), showing the fast
exchange rate of these acidic protons with a protic solvent.
Suitable crystals for X-ray diffraction analysis were obtained
by slow diffusion of diethyl ether into a solution of H,L1(PFs),
in acetone (Fig. 2). It is worth mentioning that the steric con-
gestion of both five membered rings with the central phthala-
zine moiety (especially protons H6-H9' and H4-H9, at
2.40-2.45 A) place the three scaffolds in different planes, with
the left-side imidazole ring 42.5° below the phthalazine plane
and the right-side imidazole ring 44.3° above (Fig. 2). The
ORTEP plot for the cationic moiety of H,L1*" and the acqui-

Fig. 2 ORTEP plot of the crystal structure of H,L12*. The hydrogen
atoms at closer distances have been labelled, and the angles between
the plane of two imidazoles and the phthalazine scaffold are included.
Color code: nitrogen, violet; carbon, black; hydrogen, blue.
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sition and crystallographic data for H,L1(PFs), can be found in
Fig. S2 and Table S1 in the ESI,} respectively.

Reaction of H,L1>" with [Ru(T)Cl;] (T = trpy, tpm, bpea).
Breakage of ligand H,L1>" and synthesis of complexes
1a*/2a%*, 1b*/2b**, 3'/4>* and 5*/6**

Following synthetic strategies previously reported by our
group”’?**'? 3 molar equivalents of [Ru™(T)Cl;] (T = trpy, tpm,
bpea) were mixed with H,L1**, triethylamine (Et;N) as the
reducing agent and LiCl to ensure the presence of a labile site
in the generated complexes, and refluxed in MeOH for 16 h.
After hot filtration, addition of a few drops of a saturated
aqueous solution of NH,PF¢ to the crude solution and partial
solvent evaporation under vacuum, a brown precipitate
appeared in all cases. However, despite the expected bimetallic
species with the general formula [Ru}(T),(p-Cl)(p-L1)]*" or
[Rull(T),(Cl)y(n-L1)]**, when the obtained compounds were
subjected to '"H NMR analysis, their integrals matched those
of a mononuclear Ru complex (see, for example, the "H NMR
spectrum shown in Fig. S3 in the ESIf for the mononuclear
compound obtained after reflux of [Ru"(trpy)Cls] with H,L1
(Cl), in MeOH, where the sum of the integrals of the aromatic
protons is a multiple of 17 instead of the expected number of
30 for a dinuclear complex).

As a consequence, although H,1.1>* shows excellent stability
in air and also dissolves in acetone or methanol at room temp-
erature, it decomposes when refluxed overnight in methanol,
thus pointing to the replacement of one imidazole ring of
H,L1*" by a methoxy group due to the nucleophilic attack of
the solvent (Scheme S1 in the ESIt and Chart 1). Similar
phenomena have already been reported by other authors when
using related tetradentate CNNC or tridentate CNN ligands
under similar conditions.'® Then, isopropanol, with increased
steric hindrance compared to methanol, was also tested as the
solvent for the coordination of H,L1*" to Ru. However, the
same process occurred, with decomposition of the tetradentate
ligand and formation of a mononuclear complex (Scheme 2).
As a result, the new ligands PhthaPz-OMe (Me-HL2") and
PhthaPz-OiPr (iPr-HL2") have been obtained from H,L1**
(Chart 1 and Scheme S17), which can only act as CN bidentate
ligands towards Ru. The breakage of H,L1** can also be
explained from an electronic point of view, since when H,L.1**
coordinates to the first electrophilic Ru ion, there is a flow of
electron-density from the ligand to the metal centre and, there-
fore, the nucleophilic attack of a MeOH or iPrOH solvent mole-
cule becomes still more favourable.

As a consequence, due to the breakage of H,L1”" under the
conditions used, we adjusted the [Ru™(T)Cl;]: H,L1*" molar
ratio to 1.5:1 in order to maximise the yield of formation of
the Ru mononuclear species. Therefore, complexes 1a* (cis-
[Ru(Me-L2)(trpy)Cl]|PF,), 1b" (cis-[Ru"(iPr-L2)(trpy)Cl]PF), 3°
([Ru"(Me-L2)(tpm)CI]PF,) and 5" (trans,fac-[Ru"(Me-L2)(bpea)
Cl]PF¢) were obtained in good yields. The subsequent syn-
thesis of the corresponding aqua complexes involved the pres-
ence of AgBF, in acetone/H,0, which promotes the decoordi-
nation of the chlorido ligand by formation of an AgCl

12+

Dalton Trans., 2017, 46, 2829-2843 | 2831
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Scheme 2 Synthetic procedures used for the synthesis of 1a*/2a®*, 1b*/2b?*, 3*/4%* and 5%/62*. Note the breakage of H,L1>* when refluxed in

MeOH or iPrOH.

precipitate and allows the coordination of a water molecule.
After AgCl filtration, acetone was slowly evaporated under
vacuum. The counter ion could be easily exchanged from BF,~
to PFs~ by adding excess NH,PF¢(aq) into the aqueous solution,
obtaining the whole set of Ru-aqua complexes [Ru(R-HL2)(T)
(H,0)](PF), (R = Me, T = trpy, 2a>"; R = iPr, T = trpy, 2b°"; R =
Me, T = tpm, 4°"; R = Me, T = bpea, 6°) as red (or brown) pre-
cipitates in yields ranging from 35 to 68% (Scheme 2).

Structural characterisation of complexes 1a*/2a**, 1b*/2b*",
3*/4>* and 5*/6**

All mononuclear complexes have been characterised by
spectroscopic (1D and 2D NMR) and spectrometric (ESI-MS)
techniques and by elemental analysis (EA).

In the 'H NMR spectrum of 1a” (Fig. 3), the loss of the
“ABBA” spin-spin coupling pattern perfectly agrees with the
reduced symmetry of H,L1>" after nucleophilic decomposition.
Furthermore, the two singlets integrating three protons each at
4.78 and 3.47 ppm can be assigned to the methyl group of the
intact imidazole ring and the methyl group of the new
methoxy substituent formed, respectively. Additional **C NMR
and 2D-NMR spectra allowed full assignment of all resonances
(see Fig. S4 in the ESIY).

As expected, a similar 'H NMR spectrum to 1a* was
obtained for 1b". However, now the singlet at 3.47 ppm
assigned to the methoxy substituent in 1a' is replaced by a

2832 | Dalton Trans., 2017, 46, 2829-2843
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Fig.3 600 MHz 1H NMR spectrum of 1a* in CD,Cl, and its corres-
ponding proton assignment.

doublet and a septuplet (at 1.09 and 4.54 ppm, integrating six
and one protons, respectively) due to the presence of the
isopropoxy substituent (Fig. S5a in the ESIf). Furthermore, the
integrity and purity of 1a" and 1b" were confirmed by EA and
ESI-MS (Fig. S8a and b in the ESIY).

The chlorido compounds 1a" and 1b* display C; symmetry
in solution, with the symmetry plane passing through the
PhthaPz-OMe (1a') and PhthaPz-OiPr (1b') ligand, the
Ru centre, the chlorido ligand and carbons C(27) (1a*) or C(28)
(1b") of the trpy ligand, interconverting the two sides of the

This journal is © The Royal Society of Chemistry 2017
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molecule. Thus, with respect to the relative position of the
chlorido ligand in relation to the Ru carbene bond, both the
cis and trans isomers could be formed either for 1a" or 1b'.
However, only one isomer was obtained in the reaction crude
for both 1a” and 1b", as determined by 'H NMR (Fig. 3 and
S5at). 2D ROESY NMR spectra were then obtained to identify
the cis or trans nature of the obtained compounds. As shown
in Fig. 4, in the case of 1b" (see Fig. S5ef for the ROESY NMR
spectra of the aromatic region of 1b") strong interactions were
observed between the isopropyl group and H24, H27 and H28
of the trpy ligand as well as between the methyl group of the
imidazole ring and H21 of the trpy ligand, which clearly allow
the identification of the cis disposition of the 1b" complex.
The same conclusion could be extracted from the ROESY NMR
spectra of 1a" (Fig. S4ef), and therefore the only obtained
isomer is also cis in nature. Again, additional >C NMR and
2D-NMR spectra allowed full assignment of all resonances of
1b" (Fig. S5 in the ESIY).

With regard to 3", due to the C5 symmetry of the tpm ligand
and its characteristic facial coordination mode, no isomeric
mixtures are expected. This has been corroborated by its
"H NMR spectrum (Fig. S6at). The lack of symmetry of 3"
(C, group) converts the whole set of protons in different reson-
ances, and a complex spectrum is obtained. The assignment
of each resonance to a single proton and carbon was carried
out by 2D NMR experiments (HSQC, HMBC, ROESY and
TOCSY), while the integrity and purity of 3" were confirmed by
EA and ESI-MS (see Fig. S6 and S8c, respectively, in the ESI{).

Concerning 5', due to the flexibility of the tridentate bpea
ligand, able to potentially coordinate the Ru metal ion either
facially or meridionally,'* seven diastereomers could be poten-
tially formed when combining bpea with the non-symmetric
bidentate CN ligand Me-L2 (Fig. 5)."> The notation fac and mer
refers to the facial or meridional disposition of the bpea
ligand, respectively, whereas up and down indicate the relative
orientation of the ethyl group of bpea with regard to the chlor-
ido ligand upon coordination. In the fac complexes, the cis/
trans notation refers to the position of the chlorido ligand with
respect to the aliphatic N atom of the bpea ligand, while in the

00

92 oo 88 86 84 82 80 78 76 74 72 ppm

Fig. 4 Expanded area of 2D ROESY NMR spectrum of 1b* in acetone-
de and schematic drawing of the observed interactions.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

(\ANJ (/Yvr
N e N N
/ N’R\UF("n 4 NrRlu,’Cl
VN7 ) C

cis,fac (1)

Cl/—\ = Cly N
,JNT”‘@:> N7 ON=
\N'R|U‘N SN

(J ¢/

| TN
(J ¢/
down,trans,mer up,trans,mer

trans,fac cis,fac (2)

Cly—\ - cyN
74Ni_‘-ﬁ\j:> N—" N=
é T LR
[ Nj > N-j:
down,cis,mer up,cis,mer

Fig. 5 Possible diastereomers for 5°. The Me-L2 ligand is represented
as a CN connector for the sake of clarity.

mer cases the cis/trans notation refers to the position of the
chlorido ligand with respect to the carbene atom of Me-L2.
Both steric and electronic interactions between the ligands co-
ordinated to the Ru metal ion play a key role in the formation of
the synthetically obtainable isomeric mixture. However, in the
synthesis of 5%, only the trans,fac isomer is formed (see below).
Hydrogen bonding interactions between the protons o to the
pyridylic nitrogens of bpea and the chlorido ligand dramatically
stabilise the trans,fac conformation, lowering the energy of the
system. This strong stabilisation of the transfac isomer has
already been reported and thoroughly studied by means of
theoretical DFT calculations for similar Ru-based systems,®
and the predominance of these hydrogen-bonding interactions
over other factors for stabilising and selectively obtaining the
trans,fac isomer in a series of related complexes has already
been established by several research groups.'” Furthermore, the
preference of bpea for the facial coordination upon heating
(thermodynamic conditions) has also been reported.*
Effectively, the trans,fac nature of the 5" complex was con-
firmed by selective NOESY NMR experiments, whose key inter-
actions unambiguously revealed its stereoisomeric nature
(Fig. S7e in the ESIf). Thus, interactions between H1 and H20-
H21 and between H18 and H34 are observed, confirming its
trans,fac configuration. As a consequence, analogously to what
happened with 3%, no symmetry is observed in its '"H NMR
spectrum (Fig. 6). Finally, the assignment of each resonance to

Y T

Fig. 6 600 MHz *H NMR spectrum of 5* in acetone-dg and its corres-
ponding proton assignment.
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a single proton and carbon was carried out by 2D NMR experi-
ments (HSQC, ROESY), while the integrity and purity of 5"
were confirmed by EA and ESI-MS (see Fig. S7 and S8d,
respectively, in the ESIf).

Suitable crystals for X-ray diffraction analysis of 5" were
obtained by slow diffusion of diethyl ether into a solution of
the complex in methanol (Fig. 7), and a selection of the more
relevant bond distances and angles is reported in Table S2.
An ORTEP plot for the cationic moiety of this complex as
well as that corresponding to its unit cell can be found in
Fig. S9 of the ESL.{ Thus, 5 crystallises in a small unit cell
containing one PFs~ anion and one independent complex
molecule. Additionally, a complete description of the acqui-
sition and crystallographic data can be found in Table S3 of
the ESL¥

The Ru(u) ion adopts a distorted octahedral geometry with
bond distances and angles that resemble those of analogous
complexes reported in the previous literature.’*”'® The Ru
carbene bond distance (1.962 + 0.004 A) is shorter than the
Ru-N bonds, which range between 2.0 and 2.1 A. The N1-Ru-
Cl (171.63° + 0.10°), N2-Ru-Cl (94.92° + 0.12°) and N3-Ru-Cl
(90.90° + 0.11°) bond angles clearly confirm the facial coordi-
nation of bpea to Ru. In addition, the Ru-Cl bond appears
trans to the aliphatic N atom of bpea, confirming again the
trans,fac nature of 5'. Furthermore, the imidazole and the
phthalazine rings do not lie exactly on the same plane.
Instead, there is a torsion angle of 10.6° + 0.7°. However, this
angle is obviously shorter with regard to the one observed for
the free ligand, which is around 43° (Fig. 2). The methoxy
group is nearly on the same plane of the phthalazine skeleton,
since the observed torsion angle C18-O-C14-N5 is only

Fig. 7 ORTEP plot of the crystal structure of the cationic part of 5%,
Color code: ruthenium, blue; nitrogen, violet; oxygen, red; chlorine,
green; carbon, black; hydrogen, blue. Atoms appearing in Table S2f or
throughout the text have been labelled accordingly.
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1.9° + 0.6°. Finally, the N1-Ru-N3 and N1-Ru-N2 angles are,
respectively, 81.15° + 0.14° and 81.68° + 0.15°, away from the
90° angle for an ideal octahedral geometry, due to the for-
mation of two five-membered rings when bpea coordinates to
the central Ru ion. In addition, clear hydrogen-bonding inter-
actions are observed between the pyridyl protons of bpea on
€20 and €34 and the chlorido ligand (2.68-2.71 A). This elec-
tronic interaction is responsible for the strong stabilisation of
the trans,fac configuration of 57, as stated before.'®'”

Replacement of the chlorido ligand by a water molecule in
this family of complexes induces significant chemical shift dis-
placements. This is exemplified by the 1a*/2a®>" "H NMR com-
parison shown in Fig. $10, where mainly protons close to
these monodentate ligands such as H22, H26 and H27 are
affected. Similar displacements of the chemical shifts were
obviously observed for the very similar 1b*/2b>* couple, and
both complexes maintain their cis conformation after the
coordination of the aqua ligand (see Fig. S11 and S12,f
respectively, for a full NMR assignment of all proton and
carbon resonances of 2a*>* and 2b*").

Complexes 4°" and 6" also maintain their original confor-
mation in solution after chloride displacement, as can be
deduced from the NMR spectra shown in Fig. S13 and S14 in
the ESL,t respectively. Furthermore, the integrity and purity of
all four aqua complexes were confirmed by EA and ESI-MS
(Fig. S15 in the ESIY).

Electrochemical and spectrophotometric characterisation of
complexes 1a*/2a%*, 1b*/2b**, 3*/4*" and 5*/6**

CV and DPV techniques have been used to determine the
electrochemical properties of all complexes. The CVs of com-
plexes 1a*, 1b", 3" and 5" in dichloromethane are depicted in
Fig. S16 in the ESLt All chlorido complexes exhibit a single
reversible wave corresponding to the Ru"™/Ru' process. The
redox potentials vs. SCE are very close for 1a" (0.79 V) and 1b"
(0.78 V) given the high structural and chemical similarity of Ru
in both meridional complexes, while a clear downshift of E;,,
is observed for the facial derivatives 3" (0.71 V) and 5" (0.68 V).
This is in agreement with the higher c-donating and lower
m-acceptor capacity of both the pyrazolyl rings (3") and the ali-
phatic N (5) with regard to the pyridyl units of the trpy
scaffold. The observed decrease in the redox potentials lies
within a 70-110 mV range and is in agreement with previous
results obtained for analogous Ru carbene complexes contain-
ing trpy or bpea.'®?

The redox behaviour of the four Ru-OH, complexes has
been extensively investigated in aqueous media and their
redox potentials and pK, values are summarised in Table 1,
together with those of related aqua complexes containing the
bpy ligand instead of the carbene bidentate scaffold for the
sake of comparison.

At pH 1, a single reversible wave corresponding to the Ru
OH,/Ru"-OH, process is observed for all aqua complexes
(black lines in Fig. S17, S19, S21 and S22 in the ESI}), in which
again a cathodic shift of E;,, (110-130 mV) takes place when
introducing the facial ligands (entries 3 and 4 vs. entries 1 and

jug
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Table 1 Redox potentials (V) vs. SCE and pK, values of complexes 2a%* to 62* and related aqua complexes where the carbene bidentate scaffold

has been replaced by bpy

Entry Elf/lé“ Ellv/gﬂ E;I;gﬂ AEy), ¢ Ei‘%n 4 EY//;V Ref.
pH 1° pH 7° pKa, pKa,

1 2a°" 0.74 0.52 0.49 0.03 0.50 1.29 3.0 11.5 ¢

2 2b*" 0.73 0.51 0.48 0.03 0.49 — 2.8 11.0 e

3 4> 0.62 — 0.35 — — 1.33 1.8 11.2 €

4 62 0.61 0.52 0.32 0.20 0.42 1.28 1.2 11.7 e

5 [Ru(trpy)(bpy)(OH,)** 0.81 0.62 0.49 0.13 0.55 — 1.7 9.7 19

6 [Ru(tpm)(bpy)(OH,)]** 0.70 0.71 0.40 0.31 0.55 — 1.9 10.8 20

7 [Ru(bpea)(bpy)(OH,)** 0.70 0.46 0.34 0.12 0.40 — 1.2 11.1 21

0.1 M triflic acid. ? Phosphate buffer solution (4 = 0.1 M). € AE; ), = (Ei%m - Ei%u). “ Calculated as (Ell\;éIII + Ell%u)/z. ¢ This work.

2, Table 1), following the same trend observed for the Ru-aqua
complexes bearing bpy instead of the bidentate carbene ligand
(entries 5-7, Table 1).

At neutral pH, two very close redox processes separated by
only 30 mV can be observed for 2a** and 2b**, corresponding
to the Ru"-O/Ru™-OH and Ru"-OH/Ru"-OH, processes
(red lines in Fig. S17 and S19%), thus making the stability
region of the Ru(um) species very small (AE;, = 30 mV,
Table 1). The decrease in the stability region of Ru(m) when
introducing carbene ligands into Ru polypyridilic complexes
has already been described,®'*” which can be confirmed in
our case when comparing with the AE;,, value for [Ru(trpy)
(bpy)(OH,)]** (130 mV, Table 1). This tendency, however, can
be reversed when replacing the trpy ligand in 2a®>" and 2b**
by the facial aliphatic ligand bpea (Fig. S227), since the
higher o-donating and lower w-acceptor capacity of bpea
provoke a stabilisation of the Ru(m) state®! (lowering the Ell%n
potential by 160-170 mV while keeping Ell\;ém unaltered,
entries 1, 2 and 4, Table 1). Consequently, AE;,, is 200 mV for
6°". Unfortunately, for the tpm derivative 4" the Ru'v-0/
Ru'-OH process could not be detected (Fig. S21f). The
absence of the Ru(wv/m) redox couple in CV experiments is
quite common for aqua complexes and is due to slow hetero-
geneous electron-transfer kinetics from the solution to the
electrode surface.”” Finally, the effect of the higher c-donat-
ing character of the carbene ligand compared to bpy is evi-
denced when comparing the Elll/lén values of 4" and [Ru(tpm)
(bpy)(OH,)]** (cathodic shift of 50 mV, entries 3 and 6,
Table 1). The simultaneous removal of protons and electrons
(PCET processes) taking place for the four aqua-complexes
can be observed in their Pourbaix diagrams (Fig. 8 and S207),
which allows the measurement of their pK,, (Ru''-OH,) and
pK,, (Ru"-OH,) values. Thus, the aqua groups of 6>' (bpea)
and 4> (tpm) for the Ru(m) state are more acidic than those
corresponding to their meridional (trpy) counterparts (pK,,
values of 1.2 and 1.8 vs. 3.0-2.8, Table 1), while no significant
differences are observed among the pK,, values. Finally,
higher acidities are observed for their non-carbene analogues
(lower pK, and especially pK,, values, entries 5-7, Table 1),
given the lower c-donating character of bpy compared to the
carbene bidentate ligand.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Plot of Ey» vs. pH (Pourbaix diagram) for complexes 2a%* (a), 4°*
(b) and 62* (c). The pH/potential regions of stability for the various oxi-
dation states and their dominant proton compositions are indicated by
using abbreviations such as Ru"'-OH,, for example, for [Ru'(Me-L2)
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regions show the pKj, values.
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Also, in order to confirm the correspondence of all
observed redox waves to mono-electronic electrochemical pro-
cesses, bulk electrolysis experiments were carried out at pH
4.9 for the aqua complexes (Fig. S18 in the ESIf). Thus, for
2a®" at 0.75 V vs. SCE (just after the predicted potential of the
second redox wave) a value of 2.06 electrons per complex
molecule was obtained (Fig. S18aft), while for 4" at 0.6 V
(after the potential of the unique redox wave was observed)
a value of 0.97 electrons per molecule was obtained
(Fig. S18bt). Finally, the stability of the Ru™-OH species and
the stepwise mono-electronic nature of both Ru™" and
Ru™™ processes have been confirmed for 6%, since after
applying a potential of 0.57 V vs. SCE (just after the expected
potential of the first redox process), a value of 0.91 electrons
per molecule was obtained (Fig. S18ct), while when the
potential was set at 0.75 V, 1.87 electrons were transferred per
molecule (Fig. S18d7). In summary, from an electronic point
of view all aqua complexes favour mono-electronic transfers
between Ru(u), Ru(m) and Ru(v). However, for 2a’ and 2b"
their tendency for a bielectronic Ru™/" process is very similar
to the one electron transfer process Ru""™", whereas in all the
other cases the 1 electron transfer process is clearly favoured,
as evidenced when comparing their respective Ell\;én and
Ei%m values (Table 1).

The UV-vis spectra of the eight complexes described in
this work have been recorded in methanol and are displayed
in Fig. S23 in the ESL{ Two regions can be observed in all
cases: one region between 260 nm and 350 nm (or 325 nm for
5%/6°") with very intense bands due to intra ligand n-n* tran-
sitions, and a second one between 350 nm (or 325 nm for
57/6°") and 550 nm, where typical broad unsymmetrical
metal-to-ligand charge transfer (MLCT) bands appear, which
could be tentatively assigned to Ru(dn)-N ligand(n*) tran-
sitions."®>' Also, the electronic nature of the monodentate
ligand influences to some extent the energies of the tran-
sitions involving Ru d orbitals. Thus, the MLCT bands for the
Ru-aqua complexes are blue-shifted with regard to those of
their Ru-Cl counterparts due to the relative stabilisation of
the Ru(dn) levels provoked by the almost non-r-donor charac-
ter of the aqua ligand.

Electrochemical and chemical water oxidation by complexes
2a**, 2b**, 4*>* and 6**

The capacity of the aqua complexes to oxidise water into dioxy-
gen was initially tested electrochemically. For this purpose, the
CVs of 2a*", 4*" and 6" were recorded in aqueous solution at
pH 1.0 until redox potentials were high enough to reach the
oxidation states potentially able to oxidise water. Accordingly,
a large electrocatalytic wave above 1.4 V vs. SCE corresponding
to the oxidation of water to dioxygen was observed in all cases
(see below).

In order to obtain kinetic information about the catalytic
process, a “foot of the wave analysis” (FOWA)>* was carried out
to calculate the apparent rate constant k.. For this purpose
we followed the equations adopted for water oxidation recently
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reported by some of us.>* Thus, under catalytic conditions,
eqn (1) is operative:

8.96 /RT
ii . Fu obs (1)

0 F /.,
P 1+exp {R_T (EPQ —E)}

where EgQ is the standard potential for the catalysis-initiating
redox couple (which corresponds to the pH independent
Ru'O/Ru™0 wave, observed at 1.29 V for 2a*", at 1.33 V for 4**
and at 1.28 V for 6>* according to the DPVs shown in Fig. S24
in the ESIT and shown in Table 1), i is the CV current intensity
in the presence of the substrate, ig is the peak current intensity
of a one-electron redox process of the catalyst (we approximate
this current to the current associated with the Ru/Ru"
couple), F is the Faradaic constant, and v is the scan rate and
R is 8.314 J mol™' K™%, thus allowing the extraction of k.ps. AS
an example, Fig. 9 shows the CV of a 0.69 mM solution of 4>*
at pH 1.0 (Fig. 9a) and the plot of i/} vs. 1/{1 + exp[(F/RT)(Epq
E)]} (Fig. 9b) as well as the dependence of k,ps on the catalyst
concentration (Fig. 9b, inset). Identical studies have been per-
formed for 2a>* and 6>, which can be found in Fig. S25 in the
ESL{

In all cases, the largest slope at the very beginning of the
catalytic process (which translates to the foot of the wave in
the original CVs) gives the value of ks, which is independent
of the catalyst concentration, indicating the existence of a
water nucleophilic attack (WNA) mechanism.>> Moreover,
under the used electrocatalytic scheme, ks is equivalent to
the maximum turnover frequency (TOF,,,) that a catalyst
molecule can operate the water oxidation reaction when the
applied potential tends to infinite.”® At pH 1.0, the obtained
kobs values (expressed in s™') follow the trend 2a>" (0.570) > 6>*
(0.051) > 4** (0.015).

Finally, the relationship between the turnover frequency
TOF and the overpotential (i), defined as the difference
between the applied potential E and the thermodynamic
potential of the catalysed reaction ES., in this case water

(a) (b)

03
SE-05 - _
14 4 , 01
B F--o8-----9
4E-05 121 701
3E-05 4 | 03—
= 10 02 04 06 08
< 2E-05 o 424 (mM
= g 08 1 [4%] (mM)
1E-05 - 06 4
OE+00 04 |
-1E-05 —— 02 . . . i X
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E(V) 1/{1+expl(F/RT)(E%q-E)1}

Fig. 9 Background corrected CV of a 0.68 mM solution of 4%* in 0.1 M
aqueous triflic acid (pH 1.0) at 100 mV s™* scan rate (a), and “foot of the
wave analysis” of 4°* by plotting i/iS vs. 1/{1 + expl(F/RT)(E3q — E)I} (b).
Inset: Plot of different ks values extracted from the “foot of the wave
analysis” at each concentration (the dotted line represents the trend of
the kgps values).
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Fig. 10 Catalytic Tafel plots for 2a®* (green), 4** (red) and 62* (blue) at
pH 1.0.

oxidation, is governed by eqn (2), whose logarithms for all
three aqua compounds at pH 1.0 are plotted in Fig. 10
(catalytic Tafel plots).

kobs ( 2)

TOF =
1+ exp|—(ES, — ES: — 1)
RT ™ AC

Fig. 10 shows how the higher value of £}, for 4*" (1.33 V,
Table 1) translates in lower turnover frequencies when 7 is low
(red line before reaching the plateau, when 5 makes the TOF
reach its maximum and equals kops). Also, the higher perform-
ance of 2a®>" (green line) is evident, in concordance with the
higher k., values deduced by the “foot of the wave analysis”.
However, it should be noted that the kinetic parameters for
catalytic reactions derived from electrochemical measurements
depend on various details of the experimental procedures, and
therefore values from different studies should be compared
carefully.”®

The four aqua complexes were also tested as chemically
triggered water oxidation catalysts in the presence of Ce(wv) as
the sacrificial oxidant. The total gas evolved was manometri-
cally measured (Fig. S26 in the ESI{) and its composition in
terms of the O,: CO, ratio was analysed by means of on-line
mass spectrometry (Fig. S271). In the presence of 100 equiva-
lents of Ce(wv) at pH 1, 4°" generated more gas (~ 15 mBar)
after 30 min of reaction than the other three complexes
(Fig. S267). In general, only considering the amount of gener-
ated gas, facial complexes are superior to their meridional
counterparts. However, when the composition of the generated
gases is analysed by on-line MS (Fig. $271), 4> has the lowest
0, : CO, ratio (1:5.5), followed by 6°*, with a 1: 1.4 ratio, while
the O,:CO, ratio is much higher for 2a®>" and 2b*" (1:0.6).
Therefore, despite being poor, the stability of the meridional
trpy-based complexes 2a>*/2b*" is clearly higher than that of
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their facial (tpm or bpea) counterparts 4>*/6>", which easily get
oxidised under the harsh reaction conditions of chemical
water oxidation by Ce(wv) at pH 1.0. This is clearly reflected in
Fig. S28,7 where the profile of O, evolution of the four aqua
complexes has been compared. Therefore, taking into account
the volume of the vial (16.04 mL) and the amount of catalyst
used (2.0 pmol), the turnover numbers (TN) at 298 K for 2b**
and 2a®" (2.39 and 2.17, respectively) are higher than those of
6> (1.63) and 4" (0.75). Moreover, this behaviour is consistent
with the results obtained during the electrochemically trig-
gered water oxidation at pH 1.0, with the highest TOF value
corresponding to the trpy derivatives (2a>*/2b>") and the lowest
one to the tpm complex (4*").

Catalyst—catalyst intermolecular oxidative degradation invol-
ving Ru™V=0 species®” or the direct degradation of the com-
plexes by the highly oxidant Ce(iv) species are considered as
the potential origin of the evolved CO,. In our system, the only
relevant differences between the four evaluated complexes are
the tridentate ligands employed. Therefore, tpm and bpea
(both containing aliphatic carbon atoms prone to be easily
oxidised under the harsh catalytic conditions employed)
quickly decompose, generating large amounts of CO, that
arise from ligand oxidation. Given that a great number of
robust water oxidation catalysts containing the trpy ligand
have been reported,”® the observed evolution of CO, from
2a**/2b*" clearly reflects a relative weakness of the PhthaPz-OR
family of ligands under oxidative conditions.

Alkene epoxidation by complexes 2a**, 2b**, 4> and 6**

Complexes 2a>", 2b**, 4" and 6" have been tested with regard
to their ability to chemically oxidise alkenes. The catalytic reac-
tions have been carried out using a catalyst:substrate:
oxidant: water ratio of 1:1000:2000:2000 after a 120 min
mixing period of the catalysts in the absence of the substrate
(see the Experimental section for further details), during
which the excess of water ensures the generation of the
oxidant PhIO species from PhI(OAc),.">*° This mixing period
before substrate addition is crucial in order to improve the rate
of the catalytic reaction. Scheme S21 summarises the set of
reactions that take place during the catalytic epoxidation of
alkenes for the proposed systems. All products of each catalytic
experiment have been identified by GC-MS, and all gathered
results are shown in Table 2. For instance, the system: 1.7 mM
of 2a®", 1.7 M of cis-B-methylstyrene, 3.4 M of PhI(OAc),, and
3.4 M of H,0 in 1,2-dichloroethane (DCE, entry 2) gives 1.42 M
of cis-f-methylstyrene oxide in 525 minutes, which represents
a TN value of 840 and a TOF value of 1.6 min™", and since the
conversion of the initial substrate is complete the selectivity in
the epoxide formation is 84%.

Similar figures are obtained for both trpy-based aqua-
complexes (2a**/2b**) on the one hand and for both facial
derivatives (4°°/6>*) on the other. Also, when comparing both
sets of catalyst pairs, a clearly higher epoxidation capacity
(higher conversion and selectivity) is observed for 2a**/2b**
compared to 4°7/6>*. For example, styrene 2a>" yields a 42%
conversion (entry 1), while 4> and 6** only reach 23 and 21%
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Table 2 Catalytic performance of 2a* to 62* in the epoxidation of cis-
and trans-alkenes using PhlO as the oxidant in DCE?

Conv.”  selec.
Cat.  Entry  Alkene (%) (%) TN/TOF?
22> 1 Styrene 42 46 194/0.8
2 cis-p-Methylstyrene ~ >99 84° 840/1.6
3 trans-Stilbene’ >99 68 680/1.3
4 Cyclooctene >99 93 930/1.9
26> 5 Styrene 29 66 191/1.1
6 cis-p-Methylstyrene ~ >99 82° 816/1.3
7 trans-Stilbene’ >99 60 596/1.1
8 Cyclooctene 99 96 946/2.2
" 9 Styrene 23 26 60/0.5
10 cis-p-Methylstyrene 97 56° 545/0.4
11 trans-Stilbene’ 90 16 148/0.3
12 Cyclooctene >99 76 756/0.3
6> 13 Styrene 21 13 27/0.1
14 cis-p-Methylstyrene 99 69° 687/0.7
15 trans-Stilbene’ 91 15 136/0.2
16 Cyclooctene >99 94 940/0.4

¢ Catalyst : substrate : oxidant: water ratio of 1:1000:2000: 2000. See
the Experimental section for further details. ? Substrate conversion =
{[substrate]initial — [substrate]final}/[substrate]initial x 100. “Epoxide
selectivity = [epoxide]final/{[substrate]initial — [substrate]final} x 100.
4TN is the turnover number with regard to the total epoxide obtained.
TOF is the turnover frequency expressed in epoxide cycles per minute
(TN min™"). ® cis-Epoxide.” DCE volume is 5 mL.

conversion, respectively (entries 9 and 13), and selectivity for
2b*" is 66% (entry 5) while it is only 26% and 13% for 4>" and
6>, respectively. Also, for cis-B-methylstyrene selectivities
above 80% are obtained for 2a®>" and 2b”>" (entries 2 and 6),
while for 4>* and 6" they are below 60% and 70%, respectively
(entries 10 and 14), and for trans-stilbene complete conversion
and selectivities above 60% are obtained for 2a*" and 2b**
(entries 3 and 7), while for 4" and 6> conversion is around
90% and selectivity is close to 15% (entries 11 and 15). This
behaviour can be rationalised on the basis of the electronic
nature of the two pairs of complexes. Thus, while for 2a**/2b**
bi-electronic transfers between the Ru(u) and Ru(wv) species are
thermodynamically almost as favourable as the mono-elec-
tronic processes (Ru(u) stability region is minimal with regard
to its disproportionation, Fig. 8a and S20%), for 4>*/6** clearly
mono-electronic processes take place (Fig. 8b and c). It is well
known that catalysts favouring bi-electronic processes drive
epoxidation reactions to concerted pathways and mono-
electronic ones drive them to radical mechanisms, the latter
usually ending up reducing the selectivity of the whole
process by the generation of a wide set of by-products
(Scheme S3t).%5%3% Therefore, the existence of bi-electronic
processes for 2a”*/2b>* could explain the higher selectivity
observed with regard to their mono-electronic counterparts 4>
and 6", Also, together with these electronic arguments, other
conceivable reasons for the reduced epoxidation capacity of
4°'/6>* may arise due to the chemical nature of their facial
ligands, since tpm and bpea are prone to be oxidised under
oxidative conditions (they possess aliphatic C atoms), and
their steric bulkiness may also hinder the interaction between
the substrates and the catalyst active site. Interestingly,
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different results have been obtained with related Ru-NsC
complexes containing the same auxiliary trpy or bpea ligands
but the smaller NHC ligand N-methyl-N'-2-pyridylimidazolium,
where the bpea-containing complex yields higher selectivity in
front of styrene and higher conversion efficiency and selectivity
towards trans-stilbene than its corresponding trpy-complex.'*”
Therefore, these results demonstrate again the dramatic in-
fluence of the electronic and steric properties of the carbene
ligand on the catalytic performance of the Ru complexes.

Table 2 also shows that the studied aqua complexes
perform much better with substrates containing electron-
donor groups than with those bearing electron-withdrawing
substituents, indicating the strong electrophilic character of
the Ru™=0 group in all cases. Therefore, the best results are
gathered for cyclooctene (entries 4, 8, 12 and 16) whereas the
poorest values are obtained for styrene (entries 1, 5, 9 and 13)
and trans-stilbene (entries 3, 7, 11 and 15), the latter also
suffering from potential steric effects due to the bulkiness of
its two phenyl rings.

Finally, another interesting feature observed is the stereo-
specific nature of the catalytic epoxidation process. For the
whole set of aqua complexes when cis-f-methylstyrene is
employed as the substrate no cis/trans isomerisation takes
place. Therefore, for 4>*/6>" ring closure must be faster than
C-C rotation for the radical intermediates proposed to be
formed (Scheme S3,f top), while for 2a®*/2b*" the stereo-
specificity could be explained on the basis of the proposed
concerted bi-electronic oxene insertion into the double bond
(Scheme S3,t bottom).

Conclusions

A new tetradentate imidazolium precursor ligand has been
synthesised and fully characterised by NMR and X-ray diffrac-
tion analysis. This ligand decomposes in nucleophilic solvents
at high temperatures due to C-N bond cleavage, generating a
bidentate NHC-phthalazine scaffold (R-L2) during the syn-
thesis of the corresponding four Ru chlorido and aqua com-
plexes [Ru(R-L2)(T)X]"" (X = Cl, n = 1, X = H,0, n = 2; R = Me,
iPr; T = trpy, tpm, bpea), which have been fully characterised
electronically and spectroscopically.

Modulation of the thermodynamic stability in aqueous
media of the Ru(m) oxidation state has been observed for the
four aqua compounds. Thus, while for 4°7/6>" (T = tpm/bpea)
the Ru(m) state is clearly stable at moderately high potentials
and they increase their oxidation state from Ru(u) through
mono-electronic processes (AE;,, = 200 mV for the latter), for
the trpy-based complexes 2a*>*/2b>" the Ru(m) state is almost
unstable with regard to its disproportionation (AE;, = 30 mV).
This divergence in the electronic behaviour has direct impli-
cations in the epoxidation capacity of alkenes with PhI(OAc),,
since the higher conversion and selectivity observed for 2a**/2b**
can be rationalised on the basis of the existence of bi-
electronic transfers that avoid the generation of radical inter-
mediates of high energy that could reduce the selectivity of the
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whole process. Additionally, the absence of cis/trans isomer-
isation in all cases - therefore leading to stereospecific epoxi-
dation processes — may be explained on the basis of either a
concerted bi-electronic process (2a>/2b**) or a radical mech-
anism in which the ring closure is much faster than C-C
rotation (4°7/6°").

We have also shown that the four aqua complexes are
moderately unstable during catalytic water oxidation triggered
by Ce(iv) addition due to ligand oxidation under the harsh con-
ditions employed, especially those containing aliphatic carbon
atoms (4°7/6>"). Also, under electrochemically triggered con-
ditions 2a”* is the fastest catalyst at pH 1.0.

In conclusion, in this work we have evidenced that it is
possible to modulate the electronic and catalytic properties of
Ru NHC complexes by using different auxiliary meridional or
facial N-tridentate ligands.

Experimental section
Materials and instrumentation

All reagents used in the present work were obtained from
Sigma Aldrich Chemical Co. and were used without further
purification. Reagent-grade organic solvents were obtained
from Scharlab. RuCl;-3H,0 was supplied by Alfa Aesar. The
starting ligands tri(1H-pyrazol-1-yl)methane (tpm) and N,N-bis
(pyridin-2-ylmethyl)ethanamine (bpea) were prepared as
described in the literature.”’**> The synthetic manipulations
were routinely performed under a nitrogen atmosphere using a
Schlenk flask and vacuum-line techniques.

UV-vis spectroscopy was carried out with a HP8453 spectro-
meter using 1 cm quartz cells. NMR spectroscopy was
performed on a Bruker DPX 250 MHz, DPX 360 MHz, Avance-1I
400 MHz, DPX 500 MHz or a Avance-II 600 MHz spectrometer.
Samples were run in MeOD, DCM-d, or acetone-ds with
internal references. Elemental analyses were performed using
a Carlo Erba CHMS EA-1108 instrument from the Chemical
Analysis Service of the Universitat Autonoma de Barcelona
(SAQ-UAB). Electrospray ionisation Mass Spectrometry
(ESI-MS) experiments were performed on an HP298s gas
chromatography (GC-MS) system from the SAQ-UAB. Cyclic vol-
tammetry and differential pulse voltammetry experiments were
performed on a Bio Logic Science Instrument SP-150 potentio-
stat using a three-electrode cell. A glassy carbon electrode
(7 mm diameter) was employed as the working electrode while
a platinum wire as the auxiliary electrode and a SCE as the
reference electrode. Working electrodes were polished with
0.05 micron alumina paste and washed with distilled water
and acetone before each measurement. The complexes were
dissolved in acetonitrile, methanol or dichloromethane solu-
tions of 0.1 M ionic strength containing the necessary amount
of n-Bu,NPF, (TABH) as the supporting electrolyte. For electro-
chemical analysis performed in water, the complexes were dis-
solved in pH 1 triflic acid solution or solutions of phosphate
buffer for other pH values, with a 0.1 M ionic strength. The pH
values were increased or reduced by adding drops of 0.1 M
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NaOH solution or the pH 1 triflic acid solution. E,, values
here presented were estimated from CV experiments from the
average of the oxidative and reductive peak potentials (Ej, +
E, c)/2. For the epoxidation catalytic studies, experiments were
performed as follows. First, mixing for a period of 120 min was
carried out by adding in a vial 1 mL of 1,2-dichloroethane
(DCE) as the solvent, 1.60 g (5.0 mmol) of (diacetoxyiodo)
benzene (PhI(OAc),) as the oxidant, 1 mmol of 1,1-biphenyl as
the internal standard, 2.5 x 10~ mmol of catalyst (2a>" to 6>")
and 90 pL (5.0 mmol) of water. This mixing period before sub-
strate addition was observed to be important in order to
improve the rate of the catalytic reaction. Then, the substrate
(2.5 mmol) was added to the previous mixture, achieving a
final volume of approx. 1.47 mL and the corresponding initial
concentrations: catalyst, 1.7 mM; substrate, 1.7 M; biphenyl,
0.68 M; PhI(OAc),, 3.4 M; water, 3.4 M. These concentrations
correspond to a catalyst: substrate : oxidant: water ratio of
1:1000:2000: 2000. Aliquots were taken every 5, 10, 15, 20, 25
or 30 min until completion of the reaction. Each aliquot was
filtered through a Pasteur pipette filled with Celite; after that
diethyl ether was added in order to elute the organic com-
pounds and the filtrate was analysed in an HP 5890 PACKARD
SERIES II Gas Chromatograph (GC) coupled to a mass selective
detector with ionisation by electronic impact. The characteris-
ation of the reaction products was carried out by comparison
with commercial products or by GC-MS spectrometry. GC con-
ditions: initial temperature 40 °C for 10 min, ramp rate vari-
able for each substrate (typically from 10 °C min™" to 20 °C
min~"), final temperature 250 °C, injection temperature
220 °C, detector temperature 250 °C. Yield of epoxide and sub-
strate conversion were calculated with regard to the initial con-
centration of the substrate.

Substrate conversion = {[substrate] substrate]g ., }/

initial — [
[substrate]; ;. X 100.

Epoxide selectivity

= [epoxidelg,, /{ [substrate] [substrate]g .. } x 100.

initial —
On-line manometry measurements were performed on a
Testo 521 differential pressure manometer with an operating
range of 1 to 100 hPa and a measurement accuracy of 0.5%,
coupled to thermostatted reaction vessels for dynamic moni-
toring of the headspace pressure above each reaction. On-line
monitoring of the gas evolution was carried out on a Pfeiffer
Omnistar GSD 301C mass spectrometer. Typically, a degassed
vial of 16.04 mL containing 1.5 mL of a 1.33 mM solution of
the catalysts in 0.1 M triflic acid was connected to a capillary
tubing apparatus. Subsequently, 0.5 mL of an Ar degassed
solution of 400 mM (NH,),Ce"(NO;), in 0.1 M triflic acid
(100 equiv.) were injected by using a Hamilton gastight
syringe, and the reaction was dynamically monitored at 25 °C.
A response ratio of 1:2 was observed when equal concen-
trations of dioxygen and carbon dioxide were injected, which
was used for the calculation of their relative concentrations.

Dalton Trans., 2017, 46, 2829-2843 | 2839


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6dt04729g

Open Access Article. Published on 25 January 2017. Downloaded on 2/13/2026 9:13:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

X-ray crystal structure determination

Crystals of H,L1>" were grown by slow diffusion of diethyl
ether into a solution of H,L1(PFg), in acetone. Crystals of 5"
were prepared by slow diffusion of diethyl ether into a solution
of 5" in methanol.

Structure solution and refinement were performed using
SHELXTL. The crystal data parameters of H,L1>" and 5" are
listed in Tables S1 and S3.t The structures of H,L1*" and 5"
were analysed using the programs ORTEP and Mercury. All
information related to the structures can be found in the
deposited CIF-files.

Synthetic preparations

1,4-Bis(1-methylimidazolium-1-yl)phthalazine dichloride
(H,L1(Cl),). To an evacuated Schlenk flask a mixture of 1,4-
dichlorophthalazine (dcp) (990 mg, 0.5 mol) and 1-methyl-
imidazole (2.050 g, 3 mol) was dissolved into 2 ml of DMF. The
mixture was stirred under a nitrogen atmosphere at 120 °C for
4 hours. A white precipitate appeared in the reaction crude,
which was filtered off, washed with DMF and diethyl ether and
dried under vacuum. Yield: 1.26 g (70%). "H-NMR (600 MHz,
acetone-dg, 298 K) & 9.95 (s, 2H, H6, H6'), 8.57 (dd, 2H, Jo_10 =
6.2, 3.0 Hz, H9, H9'), 8.50 (s, 2H, H4, H4'), 8.46 (dd, 2H, J19.0 =
6.3, 3.0 Hz, H10, H10'), 8.23 (s, 2H, H3, H3'), 4.39 (m, 6H, H1).
BC-NMR (151 MHz, acetone-dq, 298 K) & 150.65 (C7), 138.44
(C6), 136.50 (C10), 125.28 (C3), 124.16 (C9), 124.08 (C8), 123.57
(C4), 36.84 (C1). Elemental analysis (% found): C, 52.98;
H, 4.49; N, 23.09. Caled for Cy6H;6ClNg: C, 52.90; H, 4.44;
N, 23.14.

cis-[Ru"(Me-L2)(trpy)Cl|PF; (1a(PFg)). [Ru(trpy)Cls] (130 mg,
0.3 mmol), 1,4-bis(1-methylimidazolium-1-yl)phthalazine
dichloride (H,L1(Cl),) (73 mg, 0.2 mmol) and LiCl (38 mg,
0.9 mmol) were mixed in a round bottom flask and dry metha-
nol (20 mL) was added as the solvent. Triethylamine (121 mg,
166 pL, 1.2 mmol) was added to the solution and the mixture
was refluxed at 65 °C for 16 hours. After cooling to room temp-
erature, the reaction crude was filtered through Celite® to
remove the black solid formed and then 20 drops of saturated
aqueous NH,PF, solution were added to the filtrate. The solu-
tion was concentrated under vacuum until about 10 mL, when
a brown precipitate appeared. The precipitate was filtered off,
washed with diethyl ether and dried under vacuum. Yield:
62 mg (41%). "H-NMR (600 MHz, CD,Cl,, 298 K) & 8.63 (d, 1H,
Ja_z = 2.4 Hz, H4), 8.53 (d, 1H, Jo 40 = 8.7 Hz, H9), 8.37 (d, 2H,
J26-27 = 8.1 Hz, H26), 8.22 (d, 2H, J»3-,, = 8.0 Hz, H23), 8.18 (t,
1H, J27 2626 = 8.1 Hz, H27), 8.12 (d, 1H, J1, 1; = 8.1 Hz, H12),
8.07 (td, 1H, J10-011 = 7.8 Hz, J10_1, = 1.1 Hz, H10), 7.94 (d, 2H,
J20-21 = 5.3 Hz, H20), 7.85 (t, 1H, J11-1012 = 7.6 Hz, H11), 7.82
(t, 2H J5p 21,3 = 7.8 Hz, H22), 7.69 (d, 1H J3 4 = 2.4 Hz, H3),
7.20 (td, 2H, /1 2022 = 6.5 Hz, J21 53 = 1.1 Hz, H21), 4.78 (s, 3H,
H1), 3.47 (s, 3H, H18). >*C-NMR (151 MHz, CD,Cl,, 298 K)
8 200.66 (C6), 158.75 (C24), 158.43 (C14), 156.51 (C20), 155.50
(C25), 151.45 (C7), 136.59 (C22), 135.43 (C27), 133.91 (C10),
132.29 (C11), 126.88 (C21), 125.83 (C3), 124.51 (C12), 122.95
(C23), 121.16 (C26), 121.00 (C8), 120.20 (C9), 119.51 (C13),

2840 | Dalton Trans., 2017, 46, 2829-2843

View Article Online

Dalton Transactions

118.77 (C4), 54.61 (C18), 38.15 (C1). UV/vis (methanol): Apax,
nm (e, M™' em™) = 281 (11988), 313 (14247), 413 (4700),
475 (4332). ESI-MS (MeOH): m/z = 610.1 ([M — PF4]). Elemental
analysis (% found): C, 44.58; H, 3.10; N, 12.95. Calcd for
C,sH,5CIFgN,OPRu: C, 44.54; H, 3.07; N, 12.99.

cis[Ru"(iPr-L2)(trpy)CI]PF, (1b(PF,)). [Ru(trpy)Cl;] (130 mg,
0.3 mmol), 1,4-bis(1-methylimidazolium-1-yl)phthalazine
dichloride (H,L1(Cl),) (73 mg, 0.2 mmol) and LiCl (38 mg,
0.9 mmol) were mixed in a round bottom flask and dry isopro-
panol (20 mL) was added as the solvent. Triethylamine
(121 mg, 166 pL, 1.2 mmol) was added to the solution and the
mixture was refluxed at 83 °C for 16 hours. After cooling to
room temperature, the reaction crude was filtered through
Celite® to remove the black solid formed and 20 drops of satu-
rated aqueous NH,PF were added to the filtrate. The solvent
was then totally removed in a rotary evaporator and the brown
solid obtained was redissolved in isopropanol. The mixture
was filtered through Celite® and isopropanol was removed
from the filtrate under vacuum until about 10 mL was left.
During this process a brown precipitate appeared, which was
filtered off, washed with diethyl ether and dried under
vacuum. Yield: 55 mg (35%). "H-NMR (600 MHz, acetone-d,
298 K) 6 9.02 (d, 1H J,_; = 2.4 Hz, H4), 8.84 (d, 1H, Jo_1o =
9.0 Hz, H9), 8.75 (d, 2H, J;;s = 8.1 Hz, H27), 8.57 (d, 2H,
J2a23 = 15.8 Hz, H24), 8.35 (t, 1H, J,5 577 = 8.1 Hz, H28), 8.11
(m, 4H, Jr10, = 7.2 Hz, H21; J1541 = 4.8 Hz, H12; Jip011 =
9.0 Hz, H10), 8.00 (d, 1H, J5_4 = 2.4 Hz, H3), 7.92 (m, 3H, H11,
H23), 7.29 (ddd, 1H, /55 51,324 = 7.0, 5.6, 1.2 Hz, H22), 4.79
(s, 3H, H1), 4.54 (sept, 1H, J1410 = 6.2 Hz, H18), 1.09 (d, 1H,
Jio-1s = 6.2 Hz, H19). >C-NMR (151 MHz, acetone-ds, 298 K)
5 200.91 (C6), 159.08 (C25), 157.41 (C14), 156.82 (C21), 155.61
(C26), 151.44 (C7), 136.70 (C23), 135.48 (C28), 133.82 (C10),
132.09 (C11), 126.85 (C22), 126.03 (C3), 124.30 (C12), 123.13
(C24), 121.64 (C27), 121.28 (C8), 120.94 (C9), 119.61 (C13),
119.14 (C4), 70.79 (C18), 37.48 (C1), 20.96 (C19).
UV/vis (methanol): Ama, nm (6, M™' em™) = 276 (11315),
314 (14 616), 413 (5036), 479 (3889). ESI-MS (MeOH): m/z =
638.1 ([M — PF¢]). Elemental analysis (% found): C, 46.07;
H, 3.52; N, 12.49. Caled for CsoH,,CIFGN,OPRu: C, 46.01;
H, 3.48; N, 12.52.

[Ru"(Me-L2)(tpm)CI]PF; (3(PFg)). [Ru(tpm)Cl;] (130 mg,
0.3 mmol), 1,4-bis (1-methylimidazolium-1-yl)phthalazine
dichloride (H,L1(Cl),) (73 mg, 0.2 mmol) and LiCl (38 mg,
0.9 mmol) were mixed in a round bottom flask and dry metha-
nol (20 mL) was added as the solvent. Triethylamine (121 mg,
166 pL, 1.2 mmol) was added to the solution and the mixture
was refluxed at 65 °C for 16 hours. After cooling to room temp-
erature, the reaction crude was filtered through Celite® to
remove the black solid formed and 20 drops of saturated
aqueous NH,PF¢ were added to the filtrate. The methanolic
solution was concentrated in a rotary evaporator until about
10 mL and a brown precipitate was obtained. The precipitate
was filtered off, washed with diethyl ether and dried under
vacuum. Yield: 88 mg (60%). "H-NMR (600 MHz, acetone-d,
298 K) 6 9.66 (s, 1H, H24), 8.88 (d, 1H, J, ; = 2.3 Hz, H4), 8.87
(d, 1H, Jo_10 = 8.6 Hz, H9), 8.68 (d, 1H, J,y_»; = 1.6 Hz, H20),
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8.57 (d, 1H, J31.3> = 2.3 Hz, H31), 8.52 (d, 1H, J; 1 = 2.2 Hz,
H22), 8.47 (d, 1H, J33_3, = 1.7 Hz, H33), 8.46 (d, 1H, Joe_7 =
2.5 Hz, H26), 8.39 (d, 1H, Ji,-11 = 8.0 Hz, H12), 8.20 (t, 1H,
Ji0-011 = 7.3 Hz, H10), 8.07 (t, 1H, J11 10,12 = 7.6 Hz, H11), 7.64
(d, 1H, J5_4 = 2.3 Hz, H3), 6.89 (d, 1H, J,5 »; = 1.9 Hz, H28),
6.74 (t, 1H, Jo1 2022 = 2.3 Hz, H21), 6.67 (t, 1H, J35 3133 =
2.4 Hz, H32), 6.33 (t, 1H, J,7 2628 = 2.4 Hz, H27), 4.16 (s, 3H,
H18), 3.73 (s, 3H, H1). *C-NMR (151 MHz, acetone-ds, 298 K)
§ 205.44 (C6), 157.87 (C14), 151.40 (C7), 149.12 (C33), 146.71
(C28), 146.66 (C20), 134.70 (C26), 133.97 (C31), 133.75 (C10),
132.43 (C22), 132.27 (C11), 124.89 (C3), 124.34 (C12), 121.57
(C8), 121.28 (C9), 120.17 (C13), 119.63 (C4), 108.41 (C32),
108.27 (C27), 107.51 (C21), 76.77 (C24), 55.04 (C18), 36.27 (C1).
UV/vis (methanol): Ayay, nm (e, M~ em™) = 302 (7799),
410 (4745). ESI-MS (MeOH): m/z = 591.1 ((M — PF,]). Elemental
analysis (% found): C, 37.60; H, 3.05; N, 18.99. Calcd for
C,3H,,CIFgN,; (OPRu: C, 37.53; H, 3.01; N, 19.03.

trans,fac-[Ru"(Me-L2)(bpea)CI[PF, (5(PF)). [Ru(bpea)Cls]
(130 mg, 0.3 mmol), 1,4-bis(1-methylimidazolium-1-yl)phthala-
zine dichloride (H,L1(Cl),) (73 mg, 0.2 mmol) and LiCl (38 mg,
0.9 mmol) were mixed in a round bottom flask and dry metha-
nol (20 mL) was added as the solvent. Triethylamine (121 mg,
166 pL, 1.2 mmol) was added to the solution and the mixture
was refluxed at 65 °C for 16 hours. After cooling to room temp-
erature, the reaction crude was filtered through Celite® to
remove the black solid formed and 20 drops of saturated
aqueous NH,PFs were added to the filtrate. The methanolic
solution was concentrated in a rotary evaporator until about
10 mL was left and a brown precipitate appeared. The precipi-
tate was filtered, washed with diethyl ether and dried under
vacuum. Yield: 68 mg (45%). 'H-NMR (600 MHz, acetone-dq,
298 K) & 9.63 (d, 1H, Jo0_o; = 5.3 Hz, H20), 9.56 (d, 1H, J34_33 =
5.0 Hz, H34), 8.84 (d, 1H, J,_3 = 2.0 Hz, H4), 8.79 (d, 1H, Jo_10 =
8.3 Hz, H9), 8.25 (d, 1H, /1,11 = 8.0 Hz, H12), 8.12 (t, 1H,
Jio-011 = 7.5 Hz, H10), 7.97 (t, 1H, J11 10,12 = 7.6 Hz, H11), 7.92
(t, 1H, J32-3133 = 7.3 Hz, H32), 7.82 (t, 1H, J55 213 = 7.4 Hz,
H22), 7.58 (m, 2H, J;_4 = 2.3 Hz, J3;_3, = 7.3 Hz, H3, H31), 7.50
(m, 1H, Ja3-22,33-32,34 = 7.3 Hz, H23, H33), 7.41 (t, 1H, Jo1 2022 =
6.5 Hz, H21), 4.52-4.42 (m, 4H, H25, H29), 3.65 (s, 3H, H18),
3.58 (s, 3H, H1), 2.53 (m, 1H, Jo7070s = 13.8, 6.8 Hz, H27),
2.35 (m, 1H, Jo7 27,5 = 13.7, 6.8 Hz, H27'), 0.91 (m, 3H, H28).
BC-NMR (151 MHz, acetone-dq, 298 K) & 204.97 (C6), 161.42
(C20), 160.02 (C34), 158.07 (C14), 151.65 (C24), 150.15 (C13),
149.42 (C30), 136.55 (C32), 125.73 (C22), 133.74 (C10), 131.47
(C11), 125.00 (C3), 124.30 (C12), 123.63 (C21), 123.13 (C33),
121.52 (C8), 121.01 (C23), 120.70 (C9), 120.64 (C31), 119.44
(C7), 118.85 (C4), 67.49 (C25), 66.09 (C29), 61.96 (C27), 53.89
(C18), 35.45 (C1), 7.98 (C28). UV/vis (methanol): Ama, NM
(e, M™" em™) = 299 (5226), 434 (5612). ESI-MS (MeOH): m/z =
604.1 ([M — PFg]). Elemental analysis (% found): C, 43.37;
H, 3.94; N, 13.05. Caled for C,,H,oCIF{N,OPRu: C, 43.29;
H, 3.90; N, 13.09.

cis{Ru"(Me-L2)(trpy)(OH,)](PFs), (2a(PF¢),). 1a* (120 mg,
0.16 mmol) was dissolved in a mixture of acetone and water
(acetone : water = 1: 3, 40 mL). AgBF, (109 mg, 0.56 mmol) was
added into the solution, which was then refluxed at 90 °C for
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4 hours. After cooling to room temperature, the reaction crude
was filtered through Celite® to remove the black solid formed.
The red-brown solution was concentrated under vacuum until
about 20 mL was left, followed by centrifugation (10 000 rpm,
10 min) to remove the potential colloidal silver still remaining.
To the clear red solution 20 drops of saturated aqueous
NH,PF, solution were added and the precipitate formed was
filtered off, washed with diethylether and dried under vacuum.
Yield: 91 mg (65%). 'H-NMR (600 MHz, acetone-ds, 298 K)
59.01 (d, 1H, J, 5 = 2.4 Hz, H4), 8.80 (d, 2H, J56 »7 = 7.4 Hz,
H26), 8.78 (d, Jo_10 = 8.7 Hz, H9), 8.62 (d, 2H, J»3_,, = 8.0 Hz,
H23), 8.44 (t, 2H, J57 2626 = 8.1 Hz, H27), 8.19 (d, 2H, J20 21 =
5.0 Hz, H20), 8.12 (t, 1H, J10-0,11 = 8.7 Hz, H10), 8.04-8.00 (m,
4H, H12, H3, H22), 7.91 (t, 1H, J11.1012 = 7.5 Hz, H11), 7.37
(m, 2H, H21), 4.56 (s, 3H, H1), 3.46 (s, 3H, H18). ">*C-NMR
(151 MHz, acetone-ds, 298 K) & 200.62 (C6), 159.47 (C24),
158.01 (C14), 157.82 (C20), 156.41 (C25), 153.08 (C7), 138.22
(C22), 137.65 (C27), 134.20 (C10), 132.83 (C11), 127.53 (C21),
126.29 (C3), 124.05 (C12), 123.85 (C23), 122.38 (C26), 121.12
(C9), 120.90 (C8), 119.57 (C14), 119.21 (C3), 54.43 (C18), 36.55
(C1). UV/vis (methanol): Ayay, M (e, M~ ecm™) = 275 (12 189),
309 (13 040), 388 (4338), 467 (4474). ESI-MS (MeOH): m/z =
594.1 ([M — 2PF; + 1]). Elemental analysis (% found): C, 38.14;
H, 2.89; N, 11.06. Caled for C,gH,sF;,N,0,P,Ru: C, 38.11;
H, 2.86; N, 11.11.

cis[Ru"(iPr-L2)(trpy)(OH,)](PFs), (2b(PFg),). 1b° (120 mg,
0.15 mmol) was dissolved in a 40 mL mixture of acetone and
water (1:3). AgBF, (109 mg, 0.56 mmol) was then added to the
solution, which was then refluxed at 90 °C for 4 hours. After
cooling to room temperature, the reaction crude was filtered
through Celite® to remove the silver chloride formed. The
brown filtrate was then concentrated in a rotary evaporator
until about 20 mL, followed by centrifugation (10000 rpm,
10 min) to remove the remaining solids. To the clear red solu-
tion 20 drops of a saturated aqueous NH,PF, solution were
added. The brown precipitate formed was filtered off, washed
with diethyl ether and dried under vacuum. Yield: 91 mg
(65%). "H-NMR (600 MHz, acetone-ds, 298 K) 6 9.03 (d, 1H,
Jas = 2.4 Hz, H4), 8.84 (d, 2H, J,7 .5 = 6.7 Hz, H27), 8.81 (d,
1H, Jo_10 = 8.7 Hz, H9), 8.63 (d, 2H, J,4»3 = 8.0 Hz, H24), 8.50
(t, 1H, Jas 2707 = 8.1 Hz, H28), 8.23 (dd, 2H, Jp1 2205 = 10.5,
5.6 Hz, H21), 8.13 (t, 1H, Ji0-011 = 8.5 Hz, H10), 8.10 (d, 1H,
Ji2-11 = 8.7 Hz, H12), 8.06-8.01 (m, 3H, H3, H23), 7.93 (t, 1H,
Ji11012 = 7.6 Hz, H11), 7.38 (ddd, 1H, J55 212324 = 7.0, 5.6,
1.2 Hz, H22), 4.58 (s, 3H, H1), 4.49 (dt, 1H, Jig 1010 = 12.3,
6.2 Hz, H18), 1.07 (d, 6H, J10.45 = 6.2 Hz, H19). *C-NMR
(151 MHz, acetone-dg, 298 K) 6 200.66 (C6), 159.47 (C25),
157.96 (C21), 157.31 (C14), 156.32 (C26), 152.73 (C7), 138.23
(C23), 137.53 (C28), 134.05 (C10), 132.74 (C11), 127.63 (C22),
126.16 (C3), 124.24 (C12), 123.77 (C24), 122.47 (C27), 121.15
(C8), 121.07 (C9), 119.80 (C13), 119.62 (C4), 70.98 (C18), 36.39
(C1), 20.90 (C19). UV/vis (methanol): Ayay, nm (e, M em™) =
280 (12006), 311 (14895), 392 (4700), 463 (4220). ESI-MS
(MeOH): m/z = 622.1 ([M — 2PFs + 1]). Elemental analysis
(% found): C, 39.63; H, 3.24; N, 10.74. Caled for
C30H,0F1,N,0,P,Ru: C, 39.57; H, 3.21; N, 10.77.

Dalton Trans., 2017, 46, 2829-2843 | 2841


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6dt04729g

Open Access Article. Published on 25 January 2017. Downloaded on 2/13/2026 9:13:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

[Ru"(Me-L2)(tpm)(OH,)](PFs),  (4(PFe),). 3° (120 mg,
0.16 mmol) was dissolved in a 40 mL mixture of acetone and
water (1:3). AgBF, (109 mg, 0.56 mmol) was added into the
solution that was then refluxed at 90 °C for 4 hours. After
cooling to room temperature, the reaction crude was filtered
through Celite® to remove the silver chloride formed. The
brown filtrate was then concentrated in a rotary evaporator
until about 20 mL, followed by centrifugation (10000 rpm,
10 min) in order to remove the remaining solids. To the clear
red solution 20 drops of saturated aqueous NH,PF¢ solution
were added. The red precipitate formed was filtered off,
washed with diethyl ether and dried under vacuum. Yield:
76 mg (55%). "H-NMR (600 MHz, acetone-dq, 298 K) & 9.90 (s,
1H, H24), 8.99 (d, 1H, J,_; = 2.4 Hz, H4), 8.97 (d, 1H, Jo_1 =
8.5 Hz, H9), 8.83 (d, 1H, J,0»; = 1.7 Hz, H20), 8.72 (d, 1H,
J31-32 = 2.9 Hz, H31), 8.67 (d, 1H, J55»1 = 2.7 Hz, H22), 8.58 (d,
1H, J33-3, = 2.0 Hz, H33), 8.53 (d, 1H, J,¢.o; = 5.5 Hz, H26),
8.47 (d, 1H, J1, 11 = 8.1 Hz, H12), 8.29 (dd, 1H, J1p.011 = 8.2,
7.7 Hz, H10), 8.17 (t, 1H, J1; 1012 = 7.7 Hz, H11), 7.74 (d, 1H,
Js-a = 2.3 Hz, H3), 6.85 (M, J51 20,2 = 2.4 Hz, J55 57 = 2.2 Hz,
H21, H28), 6.80 (t, 1H, J3, 3133 = 2.5 Hz, H32), 6.34 (t, 1H,
J272628 = 2.5 Hz, H27), 4.20 (s, 3H, H18), 3.74 (s, 1H, H1).
BC-NMR (151 MHz, acetone-ds, 298 K) & 200.22 (C6), 158.58
(C14), 152.76 (C7), 148.70 (C33), 148.04 (C28), 147.06 (C20),
135.74 (C26), 134.89 (C31), 134.17 (C10), 133.64 (C22), 133.40
(C11), 125.84 (C3), 124.48 (C12), 122.02 (C9), 121.75 (C8),
120.96 (C13), 120.61 (C4), 109.06 (C32), 108.69 (C27), 108.04
(C21), 76.61 (C24), 55.38 (C18), 36.65 (C1). UV/vis (methanol):
Jmax, M (g, M™" em™) = 295 (8297), 392 (5315). ESI-MS
(MeOH): m/z = 575.1 ([M — 2PFs + 1]). Elemental analysis
(% found): C, 32.02; H, 2.81; N, 16.19. Caled for
C,3H,,F1,N;00,P,Ru: C, 31.99; H, 2.80; N, 16.22.

trans fac-[Ru"(Me-L2)(bpea)(OH,)](PFs),  (6(PFs),). 5"
(120 mg, 0.16 mmol) was dissolved in a 40 mL mixture of
acetone and water (1:3). AgBF, (109 mg, 0.56 mmol) was then
added into the solution, which was refluxed at 90 °C for
4 hours. After cooling to room temperature, the reaction crude
was filtered through Celite® to remove the silver chloride
formed. The red-brown solution was concentrated in a rotary
evaporator until about 20 mlL, followed by centrifugation
(10000 rpm, 10 min) to remove the remaining solids. To the
clear red solution 20 drops of saturated aqueous NH,PF4 solu-
tion were added. The precipitate formed was filtered off,
washed with diethyl ether and dried under vacuum. Yield:
96 mg (68%). 'H-NMR (600 MHz, acetone-ds, 298 K) & 8.99 (d,
1H, J,-3 = 2.4 Hz, H4), 8.96 (d, 1H, J34-33 = 5.3 Hz, H34), 8.93
(m, 2H, H20, H9), 8.36 (d, 1H, J,, 1, = 8.1 Hz, H12), 8.23 (t, 1H,
J10-011 = 7.7 Hz, H10), 8.08 (t, 1H, J11 10,12 = 7.6 Hz, H11), 7.99
(td, 1H, Jsp 3331 = 7.8, Jaz3sa = 1.4 Hz, H32), 7.88 (td, 1H,
Joa2321 = 78, Jaz 20 = 1.7 Hz, H22), 7.72 (d, 1H, J5_4 = 2.4 Hz,
H3), 7.67 (d, 1H, J31_3» = 7.9 Hz, H31), 7.57 (m, 1H, H33), 7.55
(d, 1H, Jo3 20 = 7.9 Hz, H23), 7.50 (t, 1H, J21 220 = 6.6 Hz,
H21), 4.57-4.40 (m, 4H, H25, H29), 3.71 (s, 3H, H1), 3.65 (s,
3H, H18), 2.40 (m, 1H, /57 2728 = 9.2, 5.0 Hz, H27), 2.30 (m,
1H, Jo7 2728 = 9.2, 5.0 Hz, H27'), 0.91 (t, 3H, Jag 27,7 = 7.0 Hz,
H28). *C-NMR (151 MHz, acetone-ds, 298 K) & 202.85 (C6),
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161.20 (C24), 159.56 (C30), 158.81 (C14), 151.85 (C7), 149.37
(C20), 147.67 (C34), 137.42 (C32), 136.72 (C22), 134.06 (C10),
132.67 (C11), 125.82 (C3), 124.41 (C12), 124.30 (C21), 123.78
(C33), 121.63 (C8), 121.54 (C23), 121.49 (C31), 121.35 (CY),
120.47 (C13), 119.89 (C4), 67.89 (C25), 67.29 (C29), 62.80 (C27),
54.19 (C18), 35.89 (C1), 7.97 (C28). UV/vis (methanol): Amax,
nm (e, M em™") = 299 (5810), 423 (5753). ESI-MS (MeOH):
mjz = 586.1 (M — 2PFg¢]). Elemental analysis (% found):
C, 37.06; H, 3.60; N, 11.15. Caled for C,;Hs,F;,N,0,P,Ru:
C, 36.99; H, 3.56; N, 11.19.
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