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reactivity of neutral water-soluble
Ru(II)–PTA carbonyls towards the model imine
ligands pyridine and 2,20-bipyridine†
Federica Battistin, ‡* Alessio Vidal, Gabriele Balducci and Enzo Alessio *

As a continuation of our strategy for preparing new Ru(II) precursors to be exploited as building blocks in the

construction of metal-mediated supramolecular assemblies with improved solubility in water, here we

describe the reactivity of selected neutral Ru(II)–PTA carbonyls (PTA ¼ 1,3,5-triaza-7-

phosphaadamantane) towards the model imine ligands pyridine (py) and 2,20-bipyridine (bpy) and the

preparation and characterization of several neutral and cationic water-soluble derivatives:

trans,trans,trans-[RuCl2(CO)(py)(PTA)2] (7), cis,cis,trans-[RuCl2(CO)2(py)(PTA)] (9), cis,trans-[Ru(bpy)

Cl(CO)(PTA)2]Cl (10), mer-[Ru(bpy)(CO)(PTA)3](Cl)2 (12), cis,trans-[Ru(bpy)(CO)2Cl(PTA)]Cl (13), cis,trans-

[Ru(bpy)(CO)2(PTA)2](NO3)2 (14NO3). In addition, we found that light-induced isomerization in some bpy

compounds could be induced. The following species, either side-products isolated in low yield or

compounds obtained exclusively in solution, were also unambiguously identified: cis,cis,trans-

[RuCl2(CO)(py)(PTA)2] (8), trans-[RuCl2(bpy)(CO)(PTA)] (11), cis,cis-[Ru(bpy)Cl(CO)(PTA)2]Cl (15) and

cis,cis-[Ru(bpy)(CO)2Cl(PTA)]Cl (16). The X-ray structures of 7, 11$H2O, and 12$7H2O are also reported.

All compounds are new and – with few exceptions – show a good solubility in water.
Introduction

The cage-like monodentate phosphane 1,3,5-triaza-7-
phosphaadamantane (PTA, Fig. 1)1 is an amphiphilic, air-
stable, neutral ligand that – besides dissolving in several
organic solvents – is characterized by a high solubility in water
(ca. 235 g L�1) by virtue of H-bonding to the tertiary amine
nitrogens. The coordination chemistry of PTA has been thor-
oughly addressed by Peruzzini and co-workers in a series of
review papers.2 PTA typically makes strong bonds with most
transitionmetal ions through the so P atom (PTA-kP). P-bound
PTA has moderate steric demand (cone angle 103�), good s- and
p-bonding abilities and, above all, it typically imparts excellent
water solubility to its complexes. For this reason PTA metal
compounds have been investigated as potential anticancer
drugs,3–7 and as homogeneous catalysts in aqueous solution or
in biphasic aqueous–organic conditions.2,8–10
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In addition, PTA-kP can bind also to other metal ions
through the three hard N atoms, thus acting as a bridging
ligand,2,11 and undergo N-protonation at relatively mild pH (in
Ru(II) complexes PTA-kP has a pKa value of ca. 3),12,13 thus
altering the charge and solubility of its complexes.

In recent years we have actively investigated the chemistry of
Ru(II)–PTA compounds, mainly with the aim of obtaining new
precursors to be exploited as building blocks in the construc-
tion of metal-mediated conjugates and supramolecular assem-
blies with improved solubility in water. Ideally, such water-
soluble fragments might contribute to the solubilization in
aqueous media of neutral assemblies containing hydrophobic
linkers (e.g. synthetic porphyrins). In particular, we focused on
Ru–PTA–dmso and Ru–PTA–CO compounds, describing several
new derivatives and nding systematic trends.14,15 Here we
Fig. 1 Schematic structures of the chelating diimine linkers 40-
methyl-2,20-bipyridine-4-carboxylic acid (bpyAc) and 2-(20-pyridyl)
pyrimidine-4-carboxylic acid (cppH) and 1,3,5-triaza-7-phosphaada-
mantane (PTA).
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Fig. 2 Schematic structures of the neutral Ru(II)–PTA–CO precursors
investigated in this paper. Top row: the monocarbonyls trans,-
trans,trans-[RuCl2(CO)(OH2)(PTA)2] (1), cis,cis,trans-[RuCl2(CO)(dmso-
S)(PTA)2] (2), cis,mer-[RuCl2(CO)(PTA)3] (3), trans-[RuCl2(CO)(PTA)3]
(4); bottom row: the dicarbonyls [RuCl(m-Cl)(CO)2(PTA)]2 (5) and cis,-
cis,trans-[RuCl2(CO)2(PTA)2] (6). The potentially leaving ligands are
colored.

Scheme 1 Preparation of trans,trans,trans-[RuCl2(CO)(py)(PTA)2] (7)
upon treatment of trans,trans,trans-[RuCl2(CO)(OH2)(PTA)2] (1) with py
in water.
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report an explorative investigation on the reactivity of a series of
Ru–PTA carbonyls towards the imine ligands pyridine (py) and
2,20-bipyridine (bpy), used as models for monodentate pyridyl-
linkers (e.g. 4,40-bpy or pyridylporphyrins) and for chelating
diimine linkers, such as 40-methyl-2,20-bipyridine-4-carboxylic
acid (bpyAc) and 2-(20-pyridyl)pyrimidine-4-carboxylic acid
(cppH) (Fig. 1),16 respectively.

In particular we investigated the six neutral and water-soluble
Ru(II)–PTA–CO precursors shown in Fig. 2 that have at least one
or two potentially labile ligands, i.e. H2O, dmso-S, Cl.15,17

We describe here the preparation and characterization of
a series of new derivatives. The compounds trans,trans,trans-
[RuCl2(CO)(py)(PTA)2] (7), cis,cis,trans-[RuCl2(CO)2(py)(PTA)] (9),
cis,trans-[Ru(bpy)Cl(CO)(PTA)2]Cl (10), mer-[Ru(bpy)(CO)(PTA)3](-
Cl)2 (12), cis,trans-[Ru(bpy)(CO)2Cl(PTA)]Cl (13), cis,trans-
[Ru(bpy)(CO)2(PTA)2](NO3)2 (14NO3), were obtained in good yield
and fully characterized, whereas cis,cis,trans-[RuCl2(CO)(py)(PTA)2]
(8), trans-[RuCl2(bpy)(CO)(PTA)] (11), cis,cis-[Ru(bpy)Cl(CO)(PTA)2]
Cl (15), and cis,cis-[Ru(bpy)(CO)2Cl(PTA)]Cl (16) were either iden-
tied in solution only (8, 15, 16) or isolated in low amounts (11).
The X-raymolecular structures of 7, 11$H2O, and 12$7H2O are also
reported, together with a comprehensive collection of the typical
31P NMR chemical shi in Ru(II)–PTA complexes as a function of
the trans ligand.

Finally, it is interesting to note that water-soluble Ru–PTA–
CO complexes and their derivatives are potentially of interest as
homogeneous catalysts in aqueous medium or in biphasic
systems for reactions that involve CO or CO2,2,8b,9,10,13,18–24 and as
controlled CO-releasing and photo-releasing systems (CORMs
and photoCORMs) for medicinal application.25–35
Fig. 3 X-ray molecular structure (50% probability ellipsoids) of
trans,trans,trans-[RuCl2(CO)(py)(PTA)2] (7) (major population: 74.7%).
Coordination distances (Å): Ru1–Cl1 ¼ 2.409(1), Ru1–Cl2 ¼ 2.419(1),
Ru1–N3¼ 2.207(6), Ru1–C36¼ 1.861(7), Ru1–P1¼ 2.349(1), Ru1–P2¼
2.344(1).
Results and discussion
Reactions with pyridine (py)

To the best of our knowledge, there are very few examples of
Ru(II)–PTA coordination compounds with monodentate pyri-
dine or azole ligands, i.e. not included in polydentate
ligands.5b,36–40 Only recently the group of Romerosa described
a series of neutral Ru(II)–PTA half-sandwich compounds that
26718 | RSC Adv., 2020, 10, 26717–26727
bear a natural purine bound through the N7 or N9 of the imi-
dazolic ring.41

When trans,trans,trans-[RuCl2(CO)(OH2)(PTA)2] (1) was treated
with a slight excess of pyridine in water at room temperature, the
yellow complex trans,trans,trans-[RuCl2(CO)(py)(PTA)2] (7) was
selectively obtained upon evaporation of the solvent (Scheme 1)
and fully characterized by ESI-MS, NMR, and IR spectroscopies
(ESI†). Thus, pyridine easily and selectively replaced the labile
aqua ligand with retention of the geometry. The 31P{1H} NMR
spectrum of 7 (D2O) presents a singlet at �50.0 ppm, in the
typical region of mutually trans PTAs. The IR spectrum shows
a carbonyl stretching band at 1946 cm�1.

The geometry of complex 7 was conrmed by single crystal X-
ray diffraction analysis (Fig. 3). In the structure, the trans CO/py
ligands were found to be disordered by exchanging their mutual
positions, with a major population of 74.7%.

Conversely, treatment of cis,cis,trans-[RuCl2(CO)(dmso-
S)(PTA)2] (2) with a slight excess of pyridine in water afforded
mixtures of products, comprising 7, 8 (see below) and other
unidentiedminor species with coordinated py. However, when
the reaction was performed in chloroform under microwave
This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Reactivity of cis,cis,trans-[RuCl2(CO)(dmso-S)(PTA)2] (2) with py in chloroform under MW assisted conditions (100 �C) affording
a mixture of the stereoisomers trans,trans,trans-[RuCl2(CO)(py)(PTA)2] (7) and cis,cis,trans-[RuCl2(CO)(py)(PTA)2] (8).

Scheme 3 Reactivity of the dinuclear species [RuCl(m-Cl)(CO)2(PTA)]2
(5) with pyridine in water affording cis,cis,trans-[RuCl2(CO)2(py)(PTA)]
(9).
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View Article Online
assisted conditions (100 �C) it afforded a mixture of 7 (see
above) and of a minor component (ca. 20%) that was identied
as the stereoisomer cis,cis,trans-[RuCl2(CO)(py)(PTA)2] (8) (that
formally derives from 2 upon replacement of the dmso without
geometrical rearrangement) (Scheme 2). In fact, the main NMR
resonances of 8 (i.e. the py signals in the proton spectrum and
the singlet for the two PTAs in the phosphorous spectrum) are
only slightly shied compared to those of 7, and integration
conrmed the stoichiometry (ESI†). The IR spectrum of the
mixture shows a broad carbonyl stretching band at 1977 cm�1.

As previously observed by us, in aqueous solution the dinu-
clear species [RuCl(m-Cl)(CO)2(PTA)]2 (5) behaves as a monomer
with a formally vacant position trans to PTA aer the selective
and rapid cleavage of the chloride bridges leading to the
formation of the neutral aqua species cis,cis,trans-[RuCl2(-
CO)2(OH2)(PTA)].15 Consistently, treatment of 5 with a slight
excess of py in D2O at ambient temperature afforded crystals of
cis,cis,trans-[RuCl2(CO)2(py)(PTA)] (9). Even though the crystals
were of low quality, the X-ray structure (ESI†) unambiguously
conrmed the geometry of the complex, with the pyridine trans
to PTA (rst example in Ru(II) species), i.e. in the place of the
cleaved bridging chloride (Scheme 3).

The ESI-MS and NMR spectra of 9 in CDCl3 (ESI;† the solu-
bility of this species was much higher in chloroform than in
water) are fully consistent with this formulation. The IR spec-
trum presents two bands (2058 and 1994 cm�1) at frequencies
Scheme 4 Reactivity of trans,trans,trans-[RuCl2(CO)(OH2)(PTA)2] (1) and
cis,trans-[Ru(bpy)Cl(CO)(PTA)2]Cl (10).

This journal is © The Royal Society of Chemistry 2020
very similar to those found in the precursor 5,15 in agreement
with the presence of two adjacent CO ligands that, in both
compounds, are trans to chlorides. The 31P{1H} NMR spectrum
shows a singlet at �28.7 ppm.

Reactions with 2,20-bipyridine (bpy)

Examples of neutral and cationic Ru(II)–PTA complexes, con-
taining one (cis,cis- and cis,trans-[Ru(bpy)Cl2(PTA)2], fac- and
mer-[Ru(bpy)Cl(PTA)3](PF6)) or two (cis- and trans-[Ru(bpy)2(-
PTA)2](PF6)2, and cis-[Ru(bpy)2(OH2)(PTA)](CF3SO3)2) bpy
ligands have been described by us and other groups.7,14,42 They
were obtained either by treatment of Ru–PTA precursors with
bpy, or through a complementary approach (i.e. by reaction of
Ru–bpy complexes with PTA).

In this work, we found that trans,trans,trans-[RuCl2(-
CO)(OH2)(PTA)2] (1) reacts with bpy in reuxing water by
replacing the water molecule and one of the adjacent chlorides
affording the orange cationic complex cis,trans-[Ru(bpy)
Cl(CO)(PTA)2]Cl (10) (Scheme 4).

Compound 10 was fully characterized by NMR spectroscopy
and mass spectrometry. The 1H NMR spectrum in D2O shows
eight equally intense resonances in the aromatic region,
consistent with the asymmetric environment of the bpy ligand
(ESI†). In agreement with previous ndings,16a,43 the highest
frequency doublet was assigned to H6, i.e. the proton with
a partial positive charge that points towards the adjacent chlo-
ride (Scheme 4). The 31P{1H} NMR spectrum presents a singlet
in the region of mutually trans PTAs (d ¼ �50.6 ppm). The CO
stretching frequency in the IR spectrum (1984 cm�1) is shied
to higher wavenumbers compared to the precursor 1
(1941 cm�1), in agreement with a lower p back-bonding
contribution from ruthenium because of the positive charge.
With time, a very small amount of colorless crystals grew
spontaneously from the D2O NMR solution of the raw product.44

They were found to belong to the unexpected neutral Ru(II)
complex trans-[RuCl2(bpy)(CO)(PTA)] (11), whose formation
implies replacement of one PTA. The full spectroscopic
cis,cis,trans-[RuCl2(CO)(dmso-S)(PTA)2] (2) with bpy in water affording

RSC Adv., 2020, 10, 26717–26727 | 26719
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Scheme 5 Preparation of mer-[Ru(bpy)(CO)(PTA)3](Cl)2 (12) upon
treatment of cis,mer-[RuCl2(CO)(PTA)3] (3) with bpy in water at reflux.

Fig. 4 X-ray molecular structure (50% probability ellipsoids) of mer-
[Ru(bpy)(CO)(PTA)3](Cl)2$7H2O (12$7H2O) obtained by recrystallization
of the raw product from water/acetone. Coordination distances (Å):
Ru1–C1 ¼ 1.8746(14), Ru1–N51 ¼ 2.119(1), Ru1–N52 ¼ 2.139(1), Ru1–
P2 ¼ 2.3650(4), Ru1–P3 ¼ 2.3391(4), Ru1–P4 ¼ 2.3631(4).
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characterization and X-ray molecular structure of this minor
species are reported in the ESI.†

Compound 10 was obtained also by treatment of cis,cis,trans-
[RuCl2(CO)(dmso-S)(PTA)2] (2) with bpy in water (either 16 h at
reux or 30 min at 150 �C in a microwave reactor, Scheme 4). In
this case bpy replaces the molecule of dmso and the adjacent
chloride.

The reaction of cis,mer-[RuCl2(CO)(PTA)3] (3) with bpy in
reuxing water led to the replacement of both chlorides by bpy,
affording the orange dicationic complex mer-[Ru(bpy)(CO)
(PTA)3](Cl)2 (12) (Scheme 5).

Compound 12 was fully characterized by NMR and IR spec-
troscopy, mass spectrometry, and its single-crystal X-ray struc-
ture was also determined (Fig. 4 and ESI†). The PTA region of
the 1H NMR spectrum in D2O consists of two pairs of signals, in
a 1 : 2 ratio. The two low-frequency multiplets (12H each)
centered at 4.41 and 3.83 ppm and correlated in the H–H COSY
spectrum, were attributed to the two equivalent trans PTA
Scheme 6 Reactivity of trans,mer-[RuCl2(CO)(PTA)3] (4) towards bpy in

26720 | RSC Adv., 2020, 10, 26717–26727
ligands whose protons fall in the shielding cone of the adjacent
bpy. The other two signals (6H each), centered at 4.81 ppm
(partially overlapped with the water signal) and 4.65 ppm,
respectively, belonged to the PTA trans to N. The 1H–13C HSQC
spectrum established that, in each set, the high-frequency
quartet belongs to the NCH2N protons and the other signal to
the NCH2P protons. The downeld region of the spectrum
(eight resonances, three of which overlapping in an unresolved
multiplet centered at 8.42 ppm) is consistent with the asym-
metric coordination environment of bpy. The aromatic protons
were assigned through a 1D NOESY spectrum: saturation of the
singlet of the NCH2P protons of the PTA trans to bpy gave an
NOE effect with the multiplet at 8.42 ppm thus implying that it
contains the resonance of proton H60, i.e. the one closest to the
adjacent PTA. The other bpy resonances were then assigned
through an H–H COSY spectrum. The 31P{1H} NMR spectrum
presents an AX2 system. The triplet that belongs to the PTA trans
to bpy (�49.6 ppm) is upeld shied of ca. 10 ppm compared to
most of the known monocationic and dicationic Ru(II)
complexes featuring one or two PTAs trans to bpy, i.e. mer-
[Ru(bpy)Cl(PTA)3](PF6) (�30.2 ppm), fac-[Ru(bpy)Cl(PTA)3](PF6)
(�43.5 ppm),14 cis-[Ru(bpy)2(PTA)2](Cl)2 (�38.8 ppm) and cis-
[Ru(bpy)2(PTA)(H2O)](CF3SO3)2 (�31.6 ppm).42b The difference
might be attributed to the presence of the CO ligand in 12.

The IR spectrum shows a carbonyl stretching band at
2010 cm�1, i.e. at higher wavenumbers than in the precursor
(1942 cm�1), in agreement with the 2+ charge of 12. For
comparison, the CO stretching band in the dicationic mono-
carbonyl Ru(II) complex fac-[Ru(CO)(dmso-O)3(dmso-S)2](PF6)2
falls at 2012 cm�1,45 suggesting that this parameter is not
particularly affected by the nature of the ligands, but rather by
the net charge of the complex.

X-ray quality crystals of 12 were obtained upon recrystalli-
zation of the raw product from water/acetone (Fig. 4). The
coordination distances are in general agreement with the
known trans inuence of the ligands: thus, the Ru–P bond
lengths of the two trans PTA ligands are longer than the Ru–P
distance trans to N. Similarly, the Ru–N bond length trans to
CO is longer than that trans to P, consistent with the previous
nding that CO has a stronger trans inuence than PTA.14

The reaction of trans-[RuCl2(CO)(PTA)3] (4) – a stereoisomer
of 3 – with bpy led to a mixture of compounds (Scheme 6),
identied through the 31P{1H} NMR spectrum as 10, 11, and
mer-[Ru(bpy)Cl(PTA)3]

+ (previously described by us as PF6 salt),14

in ca. 1 : 7.5 : 3 ratio. This nding suggests that, even though
refluxing water.

This journal is © The Royal Society of Chemistry 2020
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Scheme 7 Reactivity of [RuCl(m-Cl)(CO)2(PTA)]2 (5) towards bpy in
refluxing water affording cis,trans-[Ru(bpy)(CO)2Cl(PTA)]Cl (13).

Scheme 9 Preparation of cis,trans-[Ru(bpy)(CO)2(PTA)2](NO3)2
(14NO3).
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bpy preferentially replaces the two chlorides, it can also replace
either a PTA/Cl� or a CO/Cl� pair.

Treatment of the dinuclear species [RuCl(m-Cl)(CO)2(PTA)]2
(5) with bpy in reuxing water led to the isolation of the cationic
dicarbonyl red-orange compound cis,trans-[Ru(bpy)(CO)2-
Cl(PTA)]Cl (13), formally derived from the replacement in each
half of the precursor of the two chlorides trans to CO, one
bridging and the other terminal (Scheme 7). In fact, the 31P{1H}
NMR spectrum in D2O presents a singlet at �25.4 ppm, i.e. in
the typical region of PTA trans to Cl. The 1H NMR spectrum
shows in the aromatic region four equally intense signals (2H
each), in agreement with bpy coordinated in a symmetrical
environment. The integration ratio of bpy and PTA resonances
is consistent with the stoichiometry of the complex. No hydro-
lysis of the chloride was observed in D2O solution (i.e. no new
set of proton resonances attributable to [Ru(bpy)(CO)2(OH2)(-
PTA)]2+ grew with time), most likely because of the positive
charge of the complex. The IR spectrum of 13 presents two CO
stretching bands at 2085 and 2034 cm�1, in agreement with the
presence of two cis carbonyls. For comparison, the CO stretch-
ing bands in the cationic dicarbonyl Ru(II) complex cis,fac-
[Ru(CO)2Cl(dmso)3](PF6) fall at 2092 and 2030 cm�1.45

The reaction between cis,cis,trans-[RuCl2(CO)2(PTA)2] (6) and
bpy yielded amixture of 13with a new product 14 (in ca. 1/2 ratio)
(Scheme 8). The new species is characterized by a set of four
equally intense bpy signals in the aromatic region of the 1H NMR
spectrum, and by a singlet at �50.9 ppm in the 31P{1H} NMR
spectrum, typical of mutually trans PTAs. Based on this spectro-
scopic evidence, 14 was formulated as the dicationic complex
with two mutually trans PTAs, cis,trans-[Ru(bpy)(CO)2(PTA)2](Cl)2
(14Cl), derived from 6 upon replacement of both chlorides. To be
noted that the formation of 13 from 6 involves isomerization: Cl,
that was trans to CO in the precursor, is trans to PTA in 13.

Compound 14 was selectively obtained, as the orange nitrate
salt (14NO3), when 6 was reacted with bpy in reuxing water
aer the addition of 2.1 eq. of AgNO3 (Scheme 9). The 1H, 31P
{1H} NMR, and ESI-MS spectra of 14NO3, are coincident with
those of 14Cl (Scheme 8). Consistent with the cis geometry of
Scheme 8 Reactivity of cis,cis,trans-[RuCl2(CO)2(PTA)2] (6) towards
bpy in refluxing water yielding a mixture of cis,trans-[Ru(bpy)(CO)2-
Cl(PTA)]Cl (13) and cis,trans-[Ru(bpy)(CO)2(PTA)2](Cl)2 (14Cl).

This journal is © The Royal Society of Chemistry 2020
the CO ligands, the complex has two CO stretching bands (2086
and 2038 cm�1) in the IR spectrum. Compared with the
precursor 6, the CO stretching frequencies of both 13 and 14 are
shied to higher wavenumbers, in accordance with the positive
charge of the two products; nevertheless, it is remarkable that in
14 they are very similar to those found in 13, despite the higher
positive charge. Compound 14 is the rst dicationic dicarbonyl
Ru(II) compound that we have isolated thus far; the previously
prepared dicationic species have a single CO (e.g.
[Ru(CO)(dmso)5](PF6)2), whereas the dicarbonyl compounds
were monocationic (e.g. 13).
Light-induced rearrangements in Ru(II)–PTA–bpy carbonyls

Both Ru(II)–PTA and RuX2(CO)n(P)4�n (n ¼ 1–3) complexes have
shown to be photoreactive.14,15,24,46–49 The group of Romerosa has
recently reported a study of the effects of visible light on a series
of water-soluble Ru(II) complexes with PTA.24 For this reason we
decided to perform a preliminary investigation of the effect of
visible light on selected Ru(II)–PTA–bpy carbonyls, that are
characterized by the presence of an absorption band in the
range of 400–525 nm. In general, D2O solutions of the
complexes were directly irradiated in the NMR tube and the
products were characterized spectroscopically, without being
isolated.

We found that 24 h irradiation with blue light (l ¼ 470 nm)
of an orange D2O solution of cis,trans-[Ru(bpy)Cl(CO)(PTA)2]Cl
(10) induces its clean and complete transformation to the new
cis-isomer cis,cis-[Ru(bpy)Cl(CO)(PTA)2]Cl (15) (Scheme 10). In
fact, the 31P{1H} NMR spectrum of the product (ESI†) presents
an AX system of two doublets, one in the region of PTA trans to
Cl (�25.1 ppm, 2JP–P ¼ 24.7 Hz) and the second in that of PTA
trans to bpy (�42.3 ppm). The PTA region of the 1H NMR
spectrum shows a broad singlet at 3.93 ppm and three partially
overlapped AB systems centered respectively at 4.41, 4.58, and
4.71 ppm (4H each), consistent with the non-equivalence of the
two PTAs. The two most upeld signals, correlated in the 1H–1H
COSY spectrum (ESI†), were attributed to the PTA trans to Cl
that falls into the shielding cone of the adjacent bpy. As above
Scheme 10 Light-induced isomerization (l ¼ 470 nm, 24 h) of cis,-
trans-[Ru(bpy)Cl(CO)(PTA)2]Cl (10) to cis,cis-[Ru(bpy)Cl(CO)(PTA)2]Cl
(15).
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Scheme 11 Light-induced isomerization (l ¼ 470 nm, 72 h) of cis,trans-[Ru(bpy)(CO)2Cl(PTA)]Cl (13) to cis,cis-[Ru(bpy)(CO)2Cl(PTA)]Cl (16) and
cis,cis-[Ru(bpy)Cl(CO)(PTA)2]Cl (15).

Table 1 The main Ru(II)–PTA–pyridine carbonyls described in this
work

Precursor

Product
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for 12, the aromatic protons were assigned through a 1D NOESY
spectrum, followed by an 1H–1H COSY spectrum (ESI†). Finally,
the IR spectrum of compound 15 shows a single carbonyl
stretching band at 1992 cm�1, i.e. a frequency similar to that of
the trans-isomer 10 (1984 cm�1).

A similar light-induced isomerization was observed with
cis,trans-[Ru(bpy)(CO)2Cl(PTA)]Cl (13) (Scheme 11). In this case
the process was slower (and less selective) and complete
Table 2 The main Ru(II)–PTA–bpy carbonyls described in this work liste

Precursor

Product

26722 | RSC Adv., 2020, 10, 26717–26727
transformation required the irradiation of an aqueous solution
of 13 with blue light for 3 days. The major product of this
reaction, 16, shows a singlet in the region of PTA trans to bpy
(�39.6 ppm) in the 31P{1H} NMR spectrum, and eight reso-
nances in the aromatic region of the 1H NMR spectrum for an
asymmetrically bound bpy (with two multiplets of overlapping
resonances). Consistent with these spectroscopic evidence, the
new compound 16 was formulated as cis,cis-[Ru(bpy)(CO)2-
Cl(PTA)]Cl. The IR spectrum presents two carbonyl stretching
bands at 2006 and 1979 cm�1 in agreement with the presence of
two cis CO ligands. Compared to the starting trans isomer 13
(2085 and 2034 cm�1), the two bands of 16 are shied to lower
wavenumbers, possibly because one CO is trans to the good p-
donor Cl.

To our surprise, the 31P{1H} NMR spectrum showed that
formation of 16 is accompanied by that of 15 (ca. 6/1 ratio), in
addition to other uncharacterized minor species (ESI†). Since
there is no external source of PTA, the formation of 15 from 13
implies the occurrence of a decarbonylation process followed by
disproportionation.

Conversely, compound cis,trans-[Ru(bpy)(CO)2(PTA)2](NO3)2
(14NO3) was light-stable. The 31P NMR spectrum of a D2O
solution of 14NO3 remained unchanged even aer one week of
irradiation either with blue or white light.
d in order of increasing number of PTA ligands

This journal is © The Royal Society of Chemistry 2020
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Table 3 Typical 31P{1H} NMR chemical shift intervals (D) and Ru–P distances for PTA bound to octahedral Ru(II) complexes as a function of the
nature of the trans ligand

Ligand trans to PTA D 31P{1H}a (ppm) D Ru–P distance (Å) Ref.b

OH2/OH �5 O �16 — 14, 15, 24 and 50
Cl �14 O �30 2.232 O 2.283 p.w. and 8b, 14 and 15
N(azole) �17 O �49 2.2605 O 2.2971 36–40
Br �24 O �27 2.266 O 2.281 51
H �26.6c 2.299 O 2.300 48
N(py)c �28.8 p.w.
Sd �30 O �45 2.280 O 2.318 12, 16b and 43
N(bpy, phen) �30 O �50e 2.2849 O 2.3391f p.w. and 7, 14 and 42b
P(PTA) �42 O �60 2.290 O 2.400 p.w. and, 7, 8b, 13–15, 24, 42, 48, 50 and 52–54
CO �55 O �70 2.3821 O 2.3828 15
Cg �68.4 2.395(1) 55

a For comparison, the singlet of free PTA falls at d ¼ �98.2 ppm in D2O and at �102.3 ppm in CDCl3.
b p.w. ¼ present work. c Single hit. d From [9]

aneS3¼ 1,4,7-trithiacyclononane. e When PTA is trans to 2,20-bipyridine-6,60-dicarboxylato (bda), the 31P{1H} chemical shi falls at �51.2 ppm (not
included in the table).54 f Concerns bpy complexes exclusively. In the single phen complex, mer-[Ru(phen)Cl(PTA)3]Cl (two independent cations in
the asymmetric unit), the Ru–P distances are slightly shorter, 2.269(3) and 2.279(3) Å.42b g Single hit, from cyclometallated 2-phenylpyridine.
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Conclusions

We have investigated the reactivity of selected neutral Ru(II)–
PTA carbonyls with potentially labile ligands (i.e. H2O, dmso
and/or Cl) towards the model imine ligands pyridine (py) and
2,20-bipyridine (bpy). The results are graphically summarized in
Tables 1 and 2 that collect the main products with their
respective precursors. To be noted that 5 is the only precursor
that affords derivatives with a single PTA bound to ruthenium.
Whereas the monodentate pyridine replaces exclusively neutral
ligands, i.e. H2O or dmso-S, bpy is capable of replacing also the
chlorides, thus affording mono- and dicationic products. PTA
and supporting CO ligands are typically not replaced. Consis-
tent with the expected lability order, the aqua ligand is easily
replaced by pyridine at room temperature (e.g. 7), whereas
replacement of dmso-S required more forcing conditions
(reuxing chloroform or ethanol) that induced partial isomeri-
zation. Replacement of chlorides by bpy was typically performed
in reuxing water, and was occasionally silver-assisted. Most of
the complexes are well soluble in water and alcohols (methanol
and ethanol). Exceptions are the neutral carbonyls 9 and 11,
both containing a single PTA ligand.

Coordination of bpy is oen accompanied by stereochemical
changes. We notice that bpy does not like being bound trans to
two PTA ligands. In fact, in all the Ru(II)–PTA–bpy complexes
described in the literature that feature two or three PTA ligands,
the coplanar {Ru(bpy)(PTA)2} fragment is found only in fac-
[Ru(bpy)Cl(PTA)3](PF6), that however is a kinetic product that
thermally isomerizes to the thermodynamic meridional
stereoisomer.14 We believe that this is due to both steric and
electronic factors (p back-bonding competition).

We found that in some bpy compounds light-induced
isomerization could be induced. Thus, irradiation with blue
light selectively transformed cis,trans-[Ru(bpy)Cl(CO)(PTA)2]Cl
(10) into cis,cis-[Ru(bpy)Cl(CO)(PTA)2]Cl (15) (Scheme 10),
whereas the isomerization of cis,trans-[Ru(bpy)(CO)2Cl(PTA)]Cl
This journal is © The Royal Society of Chemistry 2020
(13) to cis,cis-[Ru(bpy)(CO)2Cl(PTA)]Cl (16) was accompanied by
formation of 15 (Scheme 11).

We have already observed that is possible to use 31P{1H}
NMR chemical shis as a diagnostic tool for establishing the
geometry of octahedral Ru–PTA complexes.14,15 We report here
an updated list of the typical 31P{1H} NMR chemical shi
intervals (D) for PTA bound to Ru(II) as a function of the nature
of the trans ligand, that contains the data from the new py and
bpy derivatives (Table 3). We observe that when PTA is trans to
an imine nitrogen (i.e. py, bpy), the 31P{1H} NMR chemical shi
is remarkably affected by the nature of the ligand: when trans to
py it falls at �28 ppm (we have only one example: complex 9),
whereas when trans to bpy it falls in a rather broad range which
is shied to lower frequencies compared to py:�30O�50 ppm
(but most oen between�30 a�40 ppm, see below). Pyridine is
known to be a weaker eld ligand compared to bpy, being both
a worse s-donor and p-acceptor. In addition, the orientation of
the pyridyl rings are different: for bpy they are in the plane
containing PTA, whereas pyridine is typically canted with
respect to such plane, implying a different involvement of their
p orbitals. Indeed, in the complex trans-[RuCl2{(R,R)-

iPr-
pybox}(PTA)] where pyridine is part of a tridentate chelating
ligand, and is forced to lay in the equatorial plane that contains
the trans PTA, the 31P chemical shi falls at �41.5 ppm, i.e. in
the range typical for bpy.5b

As already observed by us,14,15 Table 3 provides also a trans-
inuence ranking for the ligands trans to PTA; in fact there is
a rough correlation between the Ru–P bond length and the
chemical shi of the 31P{1H} NMR resonance: as the Ru–P
distance increases, the phosphorous resonance shis progres-
sively to lower frequencies (i.e. closer to that of free PTA). To this
regard we notice that there are only two examples of PTA trans to
bpy in which the 31P chemical shi falls at frequencies lower
than�40 ppm: fac-[Ru(bpy)Cl(PTA)3](PF6) (�43.5 ppm) andmer-
[Ru(bpy)(CO)(PTA)3](Cl)2 (12, �49.6 ppm). In both complexes,
due to the overall charge and competing ligands, the p-back
RSC Adv., 2020, 10, 26717–26727 | 26723
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donation to such PTAs is expected to be lower than for the other
cases, leading to weaker and longer Ru–P bonds.

Experimental section
Materials

All chemicals were purchased from Sigma-Aldrich and used as
received. Solvents were of reagent grade. The Ru(II)–PTA
carbonyls 1–6 were synthesized and puried as previously re-
ported by us.15

Instrumental methods

Mono- and bi-dimensional (1H–1H COSY, 1H–13C HSQC) NMR
spectra were recorded at room temperature on a Varian 400 or
500 spectrometer (1H: 400 or 500 MHz, 13C{1H}: 100.5 or 125.7
MHz, 31P{1H}: 161 or 202 MHz). 1H and 13C{1H} chemical shis
were referenced to the peak of residual non-deuterated solvent
(d ¼ 7.26 and 77.16 for CDCl3, 2.50 and 39.52 for DMSO-d6) or
were measured relative to the internal standard DSS (d ¼ 0.00)
for D2O. Carbon resonances were assigned through the HSQC
spectra. 31P chemical shis were referenced to external 85%
H3PO4 at 0.00 ppm. ESI mass spectra were collected in the
positive and negative mode on a PerkinElmer APII spectrometer
at 5600 eV. The UV-vis spectra were obtained on an Agilent Cary
60 spectrophotometer, using 1.0 cm path-length quartz cuvettes
(3.0 mL). Solid state infrared spectra were obtained as Nujol
mulls between NaCl plates and recorded on a PerkinElmer
Fourier-transform IR/Raman 2000 instrument in the trans-
mission mode. Solution IR spectra (in chloroform, ethanol or
methanol) in the CO stretching region were recorded between
CaF2 windows (0.5 mm spacer). A thermostatted Berghof
stainless steel vessel (autoclave), equipped with a 100 mL Teon
liner, was used for the reactions with CO under pressure. A CEM
Discover microwave reactor was used for the microwave-
assisted reactions performed in 10 mL vessels. Elemental
analyses were performed in the Department of Chemistry of the
University of Bologna (Italy). A homemade LED apparatus,
described in detail elsewhere,56 was used for performing the
photochemical reactions in NMR tubes.

X-ray diffraction

Data collections were performed at the X-ray diffraction beam-
line (XRD1) of the Elettra Synchrotron of Trieste (Italy) equipped
with a Pilatus 2 M image plate detector.

Collection temperature was 100 K (nitrogen stream supplied
through an Oxford Cryostream 700); the wavelength of the
monochromatic X-ray beam was 0.700 Å and the diffractograms
were obtained with the rotating crystal method. The crystals
were dipped in N-paratone and mounted on the goniometer
head with a nylon loop. The diffraction data were indexed,
integrated and scaled using the XDS code.57 The structures were
solved by the dual space algorithm implemented in the SHELXT
code.58 Fourier analysis and renement were performed by the
full-matrix least-squares methods based on F2 implemented in
SHELXL.59 The Coot program was used for modeling.60 Aniso-
tropic thermal motion was allowed for all non-hydrogen atoms.
26724 | RSC Adv., 2020, 10, 26717–26727
Hydrogen atoms were placed at calculated positions with
isotropic factors U ¼ 1.2 � Ueq., Ueq. being the equivalent
isotropic thermal factor of the bonded non hydrogen atom.
Crystal data and details of renements are in the ESI.†
Synthesis of the complexes

All the synthetic procedures with Ru–PTA carbonyls precursors
were performed under dimmed light and in light-protected
glassware.

trans,trans,trans-[RuCl2(CO)(py)(PTA)2] (7). trans,-
trans,trans-[RuCl2(CO)(OH2)(PTA)2]$3H2O (1, 30 mg, 0.051
mmol) was dissolved in 3 mL of water obtaining a yellow solu-
tion; 1.4 equivalents of pyridine (13.1 mL, 0.07 mmol) were
added and the solution was stirred at room temperature for
three days. Removal of the water by rotary evaporation afforded
a yellow precipitate that was treated with acetone (2 � 2 mL).
The resulting yellow powder was collected on a glass lter,
washed with acetone and diethyl ether, and dried in vacuo
(yield: 19.2 mg, 63%). The solid was pure 7 according to 1H and
31P{1H} NMR spectra. Elemental analysis calcd for [C18H29Cl2-
N7OP2Ru] (MW: 593.0): C 36.43; H 4.93; N 16.52. Found: C 36.53;
H 4.89; N 16.59. 1H NMR (D2O) d (ppm): 9.08 (d, 2H, H2, 6), 8.11
(t, 1H, H4), 7.66 (t, 2H, H3, 5), 4.35 (m, 12H, NCH2N), 3.90 (br s,
12H, NCH2P).

13C NMR from the HSQC spectrum (D2O),
d (ppm): 151.0 (C2, 6), 139.6 (C4), 125.9 (C3, 5), 70.6 (NCH2N),
47.0 (NCH2P).

31P{1H} NMR (D2O), d (ppm): �50.0 (s, 2P,
mutually trans PTAs). Selected IR absorption (Nujol, cm�1):
1946 (nCO). ESI mass spectrum: 594.3 m/z [M + H]+ (calcd 594.0).

cis,cis,trans-[RuCl2(CO)2(py)(PTA)] (9). [RuCl(m-Cl)(CO)2(-
PTA)]2 (5, 30 mg, 0.038 mmol) was partially dissolved in 3 mL of
water obtaining a colorless solution; 1.2 equivalents of pyridine
(16.0 mL, 0.091 mmol) were added and the solution was stirred
at room temperature for three days. Removal of the water by
rotary evaporation afforded a precipitate that was dissolved in
chloroform (a small amount of undissolved solid was removed
by ltration over Celite). Removal of the chloroform by rotary
evaporation afforded a solid that was pure 9 according to 1H and
31P{1H} NMR spectra (yield: 7.3 mg, 55%). X-ray quality crystals
of 9 formed spontaneously from a concentrated D2O solution.
Elemental analysis calcd for [C13H17Cl2N4O2PRu] (MW: 463.9): C
32.63; H 3.69; N 12.07. Found: C 32.54; H 3.59; N 11.95. 1H NMR
(CDCl3) d (ppm): 8.91 (d, 2H, H2, 6), 7.87 (t, 1H, H4), 7.45 (t, 2H,
H3, 5), 4.60 (br s, 6H, NCH2N), 4.53 (br s, 6H, NCH2P).

13C NMR
from the HSQC spectrum (CDCl3), d (ppm): 154.2 (C2, 6), 138.8
(C4), 125.8 (C3, 5), 73.1 (NCH2N), 53.5 (NCH2P).

31P{1H} NMR
(CDCl3), d (ppm): �28.8 (s, 1P, PTA trans to py). Selected IR
absorption (chloroform solution, cm�1): 2058 (nCO), 1994 (nCO).
ESI mass spectrum: 464.5 m/z [M + H]+ (calcd 464.9).

cis,trans-[Ru(bpy)Cl(CO)(PTA)2]Cl (10). cis,cis,trans-[RuCl2(-
CO)(OH2)(PTA)2]$3H2O (1, 20 mg, 0.034 mmol) was dissolved in
5 mL of water. One eq. of bpy (5.3 mg, 0.034 mmol) was added
and the mixture was reuxed for 2 h. The yellow solution turned
rapidly orange. The solvent was removed by rotary evaporation
affording an orange solid. The solid was pure 10, according to
1H and 31P{1H} NMR spectra (yield 22.3 mg, 98%). Elemental
analysis calcd for [C23H32Cl2N8OP2Ru] (MW: 670.5): C 41.20; H
This journal is © The Royal Society of Chemistry 2020
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4.81; N 16.71. Found: C 41.12; H 4.86; N 16.77. 1H-NMR (D2O)
d (ppm): 9.27 (d, 1H, H6), 8.93 (d, 1H, H60), 8.66 (d, 1H, H3), 8.55
(d, 1H, H30), 8.42 (t, 1H, H4), 8.23 (t, 1H, H40), 7.96 (t, 1H, H5),
7.60 (d, 1H, H50), 4.41, 4.31 (ABq, 12H, NCH2N), 3.82, 3.76 (ABq,
12H, NCH2P).

13C NMR from the HSQC spectrum (D2O),
d (ppm): 155.7 (C60), 149.0 (C6), 141.0 (C4), 139.4 (C40), 128.1
(C50), 127.9 (C5), 125.0 (C30), 124.8 (C3), 70.3 (NCH2N), 46.3
(NCH2P).

31P{1H} NMR (D2O), d (ppm): �50.6 (s, 2P, mutually
trans PTAs). Selected IR absorption (ethanol solution, cm�1):
1984 (nCO). ESI mass spectrum: 635.6 m/z [M+] (calcd 635.9). UV-
vis (H2O): lmax ¼ 401 nm.

Compound 10was also obtained, in lower yield, by treatment
of an aqueous solution of cis,cis,trans-[RuCl2CO(dmso-S)(PTA)2]
(2) (40.0 mg, 0.067 mmol) with bpy (10.5 mg, 0.067 mmol) for
16 h at reux or in a microwave reactor at 150 �C for 30 min. The
solvent was removed by rotary evaporation affording an orange
solid that was crushed with acetone (2 � 2 mL), then washed
with diethyl ether, and dried in vacuo (yield 25.6 mg, 57%).

mer-[Ru(bpy)(CO)(PTA)3](Cl)2 (12). cis,mer-[RuCl2CO(PTA)3]
(3) (40.0 mg, 0.060 mmol) was dissolved in 5 mL of water. One
eq. of bpy (9.4 mg, 0.060 mmol) was added and the yellow
solution was reuxed for 1 h, during which time it turned
rapidly to orange (10 min). The solvent was removed by rotary
evaporation affording an orange solid that was treated with
acetone (2 � 2 mL), washed with diethyl ether and dried in
vacuo. The solid was pure 12, according to 1H and 31P{1H} NMR
spectra (yield 30.0 mg, 60%). X-ray quality crystals of 12 were
obtained by slow diffusion of acetone into a water solution of
the complex. Complex 12 is soluble in water, methanol, ethanol
and DMSO. Elemental analysis calcd for [C29H44Cl2N11OP3Ru]
(MW: 826.6): C 42.09; H 5.36; N 18.62. Found: C 42.00; H 5.25; N
18.54. 1H-NMR (D2O) d (ppm): 9.07 (d, 1H, H6), 8.92 (m, 2H, H3
+ H30), 8.53 (m, 3H, H60 + H4 + H40), 7.99 (m, 2H, H5 + H50), 4.85,
4.73 (ABq, 6H, NCH2N PTA trans to N), 4.66 (br s, 6H, NCH2P,
PTA trans to N) 4.40 (m, 12H, NCH2N mutually trans PTAs), 3.86,
3.80 (ABq, 12H, NCH2P).

13C NMR from the HSQC spectrum
(D2O), d (ppm): 154.9 (C6), 153.8 (C60), 142.4 (C4 + C40), 129.9
(C5 + C50), 126.9 (C3 + C30). 31P{1H} NMR (D2O), d (ppm): �49.6
(t, 1P, 2JP–P ¼ 25.2 Hz, PTA trans to N), �55.4 (d, 2P, mutually
trans PTAs). Selected IR absorption (Nujol, cm�1): 2010 (nCO).
ESI mass spectrum: 631.6 m/z [M � PTA + OH]+ (calcd 631.7).
UV-vis (H2O): lmax ¼ 415 nm.

cis,trans-[Ru(bpy)(CO)2Cl(PTA)]Cl (13). [RuCl(m-Cl)(CO)2(-
PTA)]2 (5, 30 mg, 0.038 mmol) was dissolved in 5 mL of water.
One eq. of bpy (5.9 mg, 0.038 mmol) was added and the color-
less solution was reuxed for 1 h, during which time it turned
rapidly to orange-red. The solvent was removed by rotary evap-
oration affording an orange solid that was treated with acetone
(2 � 2 mL), washed with diethyl ether, and dried in vacuo. The
solid was pure 13, according to 1H and 31P{1H} NMR spectra
(yield 13.4 mg, 65%). Elemental analysis calcd for [C18H20Cl2-
N5O2PRu] (MW: 541.3): C 39.94; H 3.72; N 12.94. Found: C 39.84;
H 3.66; N 12.85. 1H-NMR (D2O) d (ppm): 9.08 (d, 2H, H6, 60), 8.67
(d, 2H, H3, 30) 8.44 (t, 2H, H4, 40), 7.91 (t, 2H, H5, 50), 4.46 (m,
6H, NCH2N), 4.09 (br s, 6H, NCH2P).

13C NMR from the HSQC
spectrum (D2O), d (ppm): 153.5 (C6, 60), 142.0 (C4, 40), 129.0 (C5,
50), 125.5 (C3, 30), 70.3 (NCH2N), 50.6 (NCH2P).

31P{1H} NMR
This journal is © The Royal Society of Chemistry 2020
(D2O), d (ppm): �25.5 (s, 1P, PTA trans to Cl). Selected IR
absorption (methanol solution, cm�1): 2085 (nCO), 2034 (nCO).
ESI mass spectrum: 478.6 m/z [M � CO]+ (calcd 478.7). UV-vis
(H2O): lmax ¼ 526 nm.

cis,trans-[Ru(bpy)(CO)2(PTA)2](NO3)2 (14NO3). cis,cis,trans-
[RuCl2CO2(PTA)2] (7) (40.0 mg, 0.074 mmol) was dissolved in
8 mL of water. 2.1 eq. of AgNO3 (26.4 mg, 0.155 mmol) and 1 eq.
of bpy (11.6 mg, 0.074 mmol) were added and the mixture was
heated to reux for 1 h. Upon heating the colorless solution
turned rapidly orange-red, and a grey AgCl precipitate formed.
At the end of reaction, the precipitate was removed by ltration
on a Celite pad. The solution was rotary evaporated to dryness
affording a red solid that was treated with acetone (3 � 2 mL),
washed with diethyl ether, and dried in vacuo. The solid was
pure 14NO3, according to 1H and 31P{1H} NMR spectra (yield
30.0 mg, 57%). Complex 14NO3 well soluble in water and
DMSO. Elemental analysis calcd for [C24H32N10O8P2Ru] (MW:
751.6): C 38.35; H 4.29; N 18.64. Found: C 38.20; H 4.22; N 18.73.
1H-NMR (D2O), d (ppm): 9.02 (d, 2H, H6, 60), 8.82 (d, 2H, H3, 30)
8.57 (t, 2H, H4, 40), 8.02 (t, 2H, H5, 50), 4.47, 4.43 (ABq, 12H,
NCH2N), 4.04 (br s, 12H, NCH2P).

13C NMR from the HSQC
spectrum (D2O), d (ppm): 153.9 (C6, 60), 142.7 (C4, 40), 129.1 (C5,
50), 126.7 (C3, 30), 70.4 (NCH2N), 47.8 (NCH2P).

31P{1H} NMR
(D2O), d (ppm): �50.9 (s, 2P, mutually trans PTAs). Selected IR
absorption (methanol solution, cm�1): 2086 (nCO), 2038 (nCO).
UV-vis (H2O): lmax ¼ 523 nm.

cis,cis-[Ru(bpy)Cl(CO)(PTA)2]Cl (15). The reaction was per-
formed in an NMR tube, and the product was not isolated.
cis,trans-[Ru(bpy)Cl(CO)(PTA)2]Cl (23, 5.0 mg, 7 mmol) was dis-
solved in 0.6 mL of D2O, and the orange solution was irradiated
with blue light (l ¼ 470 nm, 40 mW) for 24 h. Even though no
evident color change was observed during the reaction, the nal
1H and 31P{1H} NMR spectra indicated complete formation of
15. 1H-NMR (D2O) d (ppm): 9.09 (d, 1H, H6), 8.75 (d, 1H, H60),
8.65 (d, 1H, H3), 8.58 (d, 1H, H30), 8.41 (t, 1H, H4), 8.32 (t, 1H,
H40), 7.87 (t, 1H, H5), 7.81 (d, 1H, H50), 4.61 (m, 6H, NCH2N),
4.45 (m, 6H NCH2P) 4.31, 4.16 (ABq, 6H, NCH2N), 3.80 (br s,
12H, NCH2P).

13C NMR from the HSQC spectrum (D2O),
d (ppm): 153.4 (C6), 153.3 (C60), 141.5 (C4), 140.7 (C40), 128.4
(C5), 128.1 (C50), 125.5 (C3), 125.0 (C3), 70.6 (NCH2N), 70.3
(NCH2N), 80.8 (NCH2P), 49.0 (NCH2P).

31P NMR (D2O), d (ppm):
�25.0 (1P, 2JP–P ¼ 24.8 Hz, PTA trans to Cl), �42.4 (1P, PTA trans
to N). Selected IR absorption (cm�1): 1992 (nCO). ESI mass
spectrum: 635.4 m/z (635.9 calcd) (M+). UV-vis (H2O): lmax ¼
405 nm.

cis,cis-[Ru(bpy)(CO)2Cl(PTA)]Cl (16). The reaction was per-
formed in an NMR tube, and the product was not isolated.
cis,trans-[Ru(bpy)(CO)2Cl(PTA)]Cl (13, 2.5 mg, 4 mmol) was dis-
solved in 0.6 mL of D2O, and the orange-red solution was irra-
diated with blue light (l ¼ 470 nm, 40 mW) for 72 h. The
solution turned from orange-red to orange during the reaction.
The nal 1H and 31P{1H} NMR spectra indicated complete
formation of 16 in mixture with cis,cis-[Ru(bpy)Cl(CO)(PTA)2]Cl
(15) (6/1 ratio ca.). 1H-NMR (D2O) d (ppm): 9.28 (d, 1H, H6), 8.77
(d, 1H, H60), 8.61 (d, 1H, H3), 8.44 (m, 3H, H30 + H4 + H40), 7.92
(m, 2H, H5 + H50), 4.47 (m, 6H, NCH2N), 4.05, 4.01 (ABq, 6H
NCH2P).

13C NMR from the HSQC spectrum (D2O), d (ppm):
RSC Adv., 2020, 10, 26717–26727 | 26725
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155.8 (C6), 155.5 (C60), 140.7 (C4 + C40), 128.3 (C5 + C50), 125.8
(C30), 125.5 (C3), 70.5 (NCH2N), 48.4 (NCH2P).

31P{1H} NMR
(D2O), d (ppm): �39.6 (s, 1P, PTA trans to N). Selected IR
absorption (ethanol solution, cm�1): 2006 (nCO), 1979 (nCO). ESI
mass spectrum: 478.6m/z [M� CO]+ (calcd 478.7). UV-vis (H2O):
lmax ¼ 400 nm.
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and F. Joó, Green Chem., 2003, 5, 213–217.

9 Aqueous-phase Organometallic Catalysis: Concepts and
Applications, ed. B. Cornils and W. A. Hermann, Wiley-
VCH, Weinheim, 2nd edn, 2004.

10 W.-C. Lee and B. J. Frost, Green Chem., 2012, 14, 62–66.
11 F. Battistin, A. Vidal, P. Cavigli, G. Balducci, E. Iengo and

E. Alessio, Inorg. Chem., 2020, 59, 4068–4079 and
references therein.

12 B. Serli, E. Zangrando, T. Gianferrara, C. Scolaro, P. J. Dyson,
A. Bergamo and E. Alessio, Eur. J. Inorg. Chem., 2005, 3423–
3434.

13 A. Udvardy, A. C. Bényei and Á. Kathó, J. Organomet. Chem.,
2012, 717, 116–122.

14 F. Battistin, G. Balducci, E. Iengo, N. Demitri and E. Alessio,
Eur. J. Inorg. Chem., 2016, 2850–2860.

15 F. Battistin, G. Balducci, B. Milani and E. Alessio, Inorg.
Chem., 2018, 57, 6991–7005.

16 (a) F. Battistin, G. Balducci, N. Demitri, E. Iengo, B. Milani
and E. Alessio, Dalton Trans., 2015, 44, 15671–15682; (b)
F. Battistin, D. Siegmund, G. Balducci, E. Alessio and
N. Metzler-Nolte, Dalton Trans., 2019, 48, 400–414.

17 In all the Ru(II) compounds described in this paper PTA is
always bonded exclusively through the P atom , thus kP is
omitted in the formulas.

18 G. Laurenczy, S. Jedner, E. Alessio and P. J. Dyson, Inorg.
Chem. Commun., 2007, 10, 558–562.

19 P. Crochet and V. Cadierno, Dalton Trans., 2014, 43, 12447–
12462.

20 S. Moret, P. J. Dyson and G. Laurenczy, Nat. Commun., 2014,
5, 4017–4024.

21 A. Guerriero, H. Bricout, K. Sordakis, M. Peruzzini,
E. Monier, F. Hapiot, G. Laurenczy and L. Gonsalvi, ACS
Catal., 2014, 4, 3002–3012.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05898j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/1
5/

20
26

 1
0:

49
:5

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
22 A. Guerriero, H. Bricout, M. Peruzzini, P. J. Dyson,
E. Monier, F. Hapiot, L. Gonsalvi and G. Laurenczy, Inorg.
Chim. Acta, 2015, 431, 132–138.

23 F. Scalambra, M. Serrano-Ruiz and A. Romerosa, Dalton
Trans., 2017, 46, 5864–5871.

24 A. Udvardy, M. Serrano-Ruiz, V. Passarelli, E. Bolyog-Nagy,
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