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1. Introduction

After the first comprehensive reports on the chemistry of 1,3,5-
triaza-7-phosphatricyclo[3.3.1.1]decane (PTA, also denoted in the
literature as 1,3,5-triaza-7-phosphadamantane) published in
2004 and 2010, respectively [1], the use of this cage-like water-
soluble phosphine and its derivatives, often obtained by cage func-
tionalisation and introduction of different substituents (Chart 1)
was expanded further by many research groups worldwide,
beyond their established role as ligands for coordination chemistry
to noble and base metals. Further to use in catalysis, luminescence
studies and medicinal applications, novel approaches were
described in the literature, including for example the synthesis of
1D and 3D materials, novel bimetallic complexes endowed with
peculiar characteristics, the use as capping agent to stabilise metal
nanoparticles (MNPs) and further derivatisations of the adamantyl
cage.

In this review article, recent (2010–2017) contributions in the
field of synthetic coordination chemistry of PTA and its novel
derivatives and use in catalysis will be summarised.

In the field of medicinal inorganic chemistry, the number of
reports on the use of ruthenium(II)–arene PTA (RAPTA-type) com-
plexes grew dramatically in the reference years due to their activ-
ity as antitumour agents. The synthetic chemistry and the most
effective derivatisations of RAPTA complexes, together with stud-
ies of the mechanisms of interaction with cells obtained by differ-
ent experimental techniques and theoretical calculations, has been
recently reviewed [2]. Thus, these literature data will not be
included in the present review article. The antitumour activity of
other classes of PTA complexes will be mentioned in the chapters
N
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Chart 1. 1,3,5-Triaza-7-phosphatricyclo[3.3.1.1]decane (PTA).
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related to the corresponding syntheses. Finally, the use of (mainly)
Group 11 coordination compounds of PTA as antimicrobial agents
has recently emerged as a viable application, and selected exam-
ples will be here described.
2. Recent ligand structural variations and functionalisations

As previously reviewed [1], PTA can be functionalised either at
the ‘‘upper rim”, on P or C atoms, or at the ‘‘lower rim”, essentially
through quaternisation of a N atom (Chart 1). Whereas the target
of C-atom functionalisation is mainly to introduce a pendant arm
with donor atoms in such a way to obtain a bidentate P-element
ligand, the formation of NAC bonds is generally thought as a suit-
able way to tune water-solubility and add the desired degree of
lipophilicity to the parent compound. Novel PTA analogues and
miscellaneous synthetic reactions will be briefly reported below.
Table S1 (Supporting Information) summarises 1H and 31P{1H}
NMR data reported in the literature cited, including deuterated sol-
vents used, for the novel ligands and complexes.
2.1. Upper rim functionalisations

P-atom derivatives: Iminophosphorane PTA analogues 1a and 1b
were obtained by Staudinger-type reaction of PTA with thiophos-
phoryl azides (RO)2P(@S)N3 (Scheme 1, R = Et, 1a; Ph, 1b) [3]. The
products were fully characterised and showed 31P{1H} NMR dou-
blets with 2JPP = 8.9 Hz, at �27.92 ppm for the iminophosphorane
and at 62.38 ppm for the thiophosphoryl group in the case of 1a,
Scheme 1. PTA–iminophosphorane derivatives.

f 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA) and derivatives. Part
rd. Chem. Rev. (2017), https://doi.org/10.1016/j.ccr.2017.09.024
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Fig. 1. X-ray crystal structure of PTA–iminophosphorane derivative 1b. Adapted
from Ref. [3b].
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while 1b showed 31P{1H} NMR doublets with 2JPP = 14.7 Hz, at
�34.27 ppm for P@N and at 55.64 ppm for the P@S group,
respectively. For 1b, the corresponding X-ray crystal structure
was obtained (Fig. 1). The structure showed PAN bond lengths in
line with a P@N double bond P(1)AN(4) at 1.569(3) Å and a PAN
single bond P(2)AN(4) at 1.584(3) Å [3b]. Reaction of (RO)2P(@S)
N3 with DAPTA (DAPTA = 3,7-diacetyl-1,3,7-triaza-5-phosphabicy
clo[3.3.1]nonane) also gave the corresponding iminophosphorane
derivatives. The X-ray crystal structure determination for R = Ph
confirmed the proposed structure in the solid state, with PAN bond
lengths very similar to those of 1b [3b]. Remarkably, only the
products with R = Et were found to be water-soluble, with
S(H2O)20�C = 201 g L�1 for 1a and 312 g L�1 for the DAPTA analogue,
respectively.

Another iminophosphorane-PTA ligand, namely PTA@NAC(O)-
2-BrC6H4 (1c) was obtained in 86% yield by the Pomerantz method
Scheme 2. Phosphonium alkanoates 2a–b from

Scheme 3. Synthesis of b-phosphino alcohol 3 a
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reacting PTA with 2-bromobenzaldehye and tBuDAD (tert-butyl
diazadiene) [4].

Reactions of PTA and mPTA (mPTA = 1-methyl-1,3,5-triaza-7-p
hosphatricyclo-[3.3.1.1]decane) with four different unsaturated
dicarboxylic acids (maleic, fumaric, citraconic and mesaconic acids,
Scheme 2) showed the selective formation of the corresponding
phosphonium alkanoate zwitterions 2a–b in water in the absence
of added strong acids. NMR studies using D2O and DFT calculations
helped to unravel the lack of reactivity upon N-atom protonation.
In details, N-atom quaternisation decreases the reactivity at P atom
due to distortion of the cage electron density distribution. The
higher reactivities observed for the E-isomers were attributed to
the more favourable steric and electronic parameters of the corre-
sponding carbanions. As expected, the reaction of PTA with mesa-
conic acid gave 2b in very low yields (<10%) after very long
reaction time at room temperature [5].

C-atom derivatives: In order to obtain ‘‘upper rim” PTA deriva-
tives, introducing binding atoms on pendant arms close to P atom,
the lithium salt of PTA (with a formal carbanion on a C atom adja-
cent to P) was synthesised and reacted with electrophiles by our
group and others in the recent past [6]. Expanding on the scope
of electrophiles which could react cleanly with PTA–Li, we reported
on the synthesis of the water soluble b-phosphino alcohol 40-(dime
thylamino)phenyl-(1,3,5-triaza-7-phosphatricyclo[3.3.1.1]dec-6-y
l)methanol, (PZA–NMe2, 3) and the corresponding phosphine oxide
O@PZAANMe2 (4) and sulfide S@PZAANMe2 (5), as shown in
Scheme 3 [7]. For 3, a value of S(H2O)20�C = 1.9 g L�1 was measured.

The compounds were fully characterised in solution by NMR
spectroscopy. 31P{1H} NMR signals were observed for 3 as singlets
at �102.72 and �106.27 ppm (3:1 ratio), due to the presence of
two distinct diastereoisomers. By fractional crystallisation, the
pure (SR,RS) isomer was recovered and the corresponding X-ray
crystal structure was obtained (Fig. 2). 31P{1H} NMR signals at
2.09(s) and �14.07(s) ppm were observed for 4 and 5, respectively.
reaction of PTA with dicarboxylic acids.

nd the corresponding oxide 4 and sulfide 5.

f 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA) and derivatives. Part
rd. Chem. Rev. (2017), https://doi.org/10.1016/j.ccr.2017.09.024
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Fig. 2. X-ray crystal structure of (SR,RS)-PZA-NMe2 (3). Adapted from Ref. [7].
Copyright 2011 American Chemical Society.
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Reaction of PTA–Li with 1-methyl-2-imidazole carboxyalde-
hyde and bis(N-methylimidazole-2-yl)ketone gave the first
imidazolyl ‘‘upper rim” PTA derivatives, namely 1-methylimidazo
lyl-(1,3,5-triaza-7-phosphatricyclo[3.3.1.13,7]dec-6-yl)methanol (6)
and bis(1-methylimidazolyl)(1,3,5-triaza-7-phosphatricyclo[3.3.1.
13,7]dec-6-yl)methanol (7), as shown in Scheme 4, together with
the corresponding phosphine oxides 8 and 9, the latter obtained
in NMR scale quantities by simple reaction of the parent com-
pounds with H2O2 in D2O [8].

Compounds 6 and 7 showed good water solubility, with S
(H2O)20�C = 320 and 78 g L�1, respectively. As for 3, the 31P{1H}
NMR pattern for 6 showed two singlets, at �103.39 and
�104.65 ppm, due to the presence of two diastereoisomers in solu-
tion. In the case of 7, a singlet at �97.55 ppm was present. Phos-
Scheme 4. Synthesis of ‘‘upper rim” imidazolyl deriva

Scheme 5. Synthesis of P,N bidentate ‘‘upper rim” PTA b-aminophosphin
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phine oxides 8 and 9 showed two singlets at 0.59 and �0.48 ppm
for 8, and a singlet at �0.20 ppm for 9.

Three different (racemic) P,N bidentate ‘‘upper rim” PTA b-
aminophosphine derivatives 10–12 were obtained by reaction of
PTA–Li with aryl imines (Scheme 5) in THF at �78 �C followed by
quenching with water [9]. Water solubilities were measured at
20 �C in the range 2.7–4.9 g L�1.

The 31P{1H} NMR patterns and chemical shift values closely
resemble those observed for other ‘‘upper rim” derivatives
described above, with values at �102.4 and 105.9 ppm (10),
�102.1 and �105.9 ppm (11) and �97.7 ppm (12). As previously
described for related compounds, the corresponding P-oxides
(13–15) could be obtained by simple reaction of 10–12 with aque-
ous H2O2, showing 31P{1H} NMR singlets at �2.9 and �5.7 ppm (13
and 14) and �1.5 ppm (15). X-ray crystal structures were obtained
for 10 (both SR and RS diastereoisomers) and 12 (both R and S
enantiomers). Fig. 3 shows the X-ray crystal structures of SR-10
and R-12.

Two chiral PTA derivatives (Scheme 6) were synthesised in
racemic form upon reaction of PTA–Li with ClPiPr2 or
ClP(NiPr)2(CH2)2 [10]. The corresponding P,P bidentate ligands
PTA–PiPr2 (16) and PTA–P(NiPr)2(CH2)2 (17) showed moderate
water solubilities at 25 �C (13.3 and ca. 10 g L�1 for 16 and 17,
respectively). Compound 16 showed a pair of 31P{1H} NMR dou-
blets at �3.3 (PiPr2) and �98.3 ppm (PTA) with a 2JPP = 50 Hz,
whereas 17 was characterised by a similar pattern with
chemical shift values of 100.4 (PR2) and �100.2 ppm (PTA) with
a 2JPP = 38 Hz. For both compounds, X-ray crystal structures of
R-enantiomers were obtained (Fig. 4).

By reaction of 16 and 17 with H2O2, as expected, both P atoms
were oxidised to give the corresponding bis(P@O) oxide derivatives
18 and 19, respectively, characterised by 31P{1H} NMR doublets at
tives 6 and 7 and the corresponding oxides (8, 9).

e derivatives 10–12 and the corresponding phosphine oxides 13–15.

f 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA) and derivatives. Part
rd. Chem. Rev. (2017), https://doi.org/10.1016/j.ccr.2017.09.024
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Fig. 3. X-ray crystal structures of SR-10 (left) and R-12 (right). Adapted from Ref. [9]. Copyright 2013 American Chemical Society.

Scheme 6. Synthesis of P,P bidentate ‘‘upper rim” bis(phosphine) derivatives 16 and 17 and the corresponding bis(phosphine) dioxides 18 and 19.

Fig. 4. X-ray crystal structures of R-16 (left) and R-17 (right). Adapted from Ref. [10]. Copyright 2015 Elsevier Science B.V.
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57.0 (O@PiPr2) and �8.8 ppm (O@PTA) with a 2JPP = 5 Hz for 18,
and by two singlets at 24.9 (O@PR2) and �10.5 ppm (O@PTA) for
19.

2.2. Lower rim functionalisations

N-atom quaternisations: A common and generally facile PTA
derivatisation consists of alkylation/benzylation on a N atom of
Please cite this article in press as: A. Guerriero et al., Coordination chemistry o
III. Variations on a theme: Novel architectures, materials and applications, Coo
the cage ‘‘lower rim” using terminal organohalides. The water sol-
ubility is usually higher than the parent compound due to the ionic
nature of product and, when appropriate, to the presence of polar
groups on the quaternising group attached. On the other hand, the
introduction of long-chain alkyl group can be used to modulate the
degree of lipophilicity of the N-derivative. A summary of the
selected recent N-functionalised PTA derivatives is shown in
Scheme 7.
f 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA) and derivatives. Part
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Scheme 7. Some PTA reactions to give N-functionalised PTA derivatives.

Scheme 8. Ion pairs 28a–c obtained from N-functionalised PTA and mTPPMS.
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Straightforward reaction of PTA with either benzyl bromide
[11] or p-(t-butyl)benzyl bromide [12] gave the corresponding N-
benzylated PTA derivatives 20 and 21a as bromide salts. Similarly,
the p-methoxybenzyl derivative 21b was obtained using p-
methoxybenzyl chloride. The strategy used for 21b was also
employed to graft PTA onto chloride-ending dendrimers (genera-
tions G1–G3) and the corresponding water-soluble macromolecular
ligand was used for catalytic and medicinal applications [13].

N-alkylations with different electrophiles were described in the
literature. Reaction of PTA with methyl bromoacetate and (methox
ycarbonyl)methyltrifluoromethane sulfonate in acetone at 0 �C
gave compounds 22a and 22b, respectively, in high yields after
workup. Anion exchange by salt metathesis in 22a with KBF4 gave
the corresponding BF4� derivative 22c. The corresponding analogue
with a terminal carboxylic acid group (23) was obtained by reac-
tion of 22a with NaOH. Another terminal polar group such as
nitrile was introduced in a similar way by reacting PTA with bro-
moacetonitrile to give compound 24 [11]. A slightly different pro-
cedure was used to obtain the methyl ester derivatives 25a,b
(X = Br, a; PF6, b, obtained by anion exchange with KPF6) bearing
a A(CH2)2A spacer between N and the carboxylic group, namely
Please cite this article in press as: A. Guerriero et al., Coordination chemistry o
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reacting PTA with bromoethanol in the presence of acetic anhy-
dride. [14] Ligand 25 was used to coordinate to CpRu moieties by
phosphine ligand exchange from [RuCpCl(PPh3)2] [14].

Long-chain alkyl groups were introduced onto PTA at the N
atom by reaction with C12, C16 and C18 primary iodides, giving com-
pounds 26a–c, together with the corresponding PF6� salts 26d–f by
anion exchange [15]. A ca. 20 ppm shift in the 31P{1H} NMR spectra
was observed compared to PTA, with singlets at �84.32 ppm for
26a, �84.27 ppm for 26b and �84.26 ppm for 26c, respectively.

Zwitterionic PTA derivatives were obtained by reaction of the
parent compound with 1,3-propanesultone and 1,4-
butanesultone. The corresponding products, PTA+C3H6SO3

� (27a)
and PTA+C4H8SO3

� (27b) are endowed with moderate to good
water solubility, with S(H2O)25�C = 50 and 504 g L�1, respectively.
The 31P{1H} NMR chemical shift values resemble those observed
for the long-chain derivatives 26a–c, namely at �83.67 and
�82.86 ppm in D2O [16]. Other examples of PTA-based ligands
in the form of ion pairs, with the positive charge on the N-
alkylated or benzylated lower rim atom, and meta-
monosulfonated triphenylphosphine (mTPPMS) as anion (28a–c,
Scheme 8) were also described [17].
f 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA) and derivatives. Part
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Scheme 9. Synthesis of CAP and its reactivity towards protonation, alkylation and oxidation.
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2.3. PTA analogues and other reactions

Recently, the novel tris-(homoadamantane) cage compound 1,
4,7-triaza-9-phosphatricyclo[5.3.2.14,9]tridecane (CAP), formally a
higher homologue of PTA, was obtained [18]. As for PTA, the syn-
thesis of CAP involves a Mannich-type condensation, using 1,4,7-
triazacyclononane (TACN) and tris-(hydroxymethyl)phosphine
(THP), as shown in Scheme 9. An alternative synthesis using the
easier-to-handle tetrakis-(hydroxymethyl)phosphonium chloride
salt (THPC) from which THP is generated in situ was also demon-
strated [19]. CAP is air-stable and can be stored in glass vials with-
out the need of a protecting atmosphere at room temperature for
at least one year. It is soluble in MeOH, EtOH, iPrOH and MeCN,
and insoluble in acetone, THF, benzene, toluene and hexane. Water
solubility of CAP was measured as S(H2O)25�C = 20 g L�1, ca. one
order of magnitude lower than PTA (235 g L�1), having a melting
point of ca. 50 �C.

Although CAP formally differs from PTA only by the presence of
A(CH2)2A spacers between the lower rim N atoms, this has pro-
found implications on its reactivity and donor properties, together
with unexpected NMR chemical shift values [20]. The 31P{1H} NMR
spectrum for CAP shows a singlet at 46.72 ppm in D2O and
47.49 ppm in CDCl3, in contrast to the value observed for PTA
(�96.20 ppm in D2O). In addition, most 31P{1H} NMR resonances
of CAP derivatives are displaced well upfield relative to the parent
compound (Dd = ca. �34 ppm). The authors concluded that this
behaviour is due to a closer resemblance of CAP to Verkade’s base
(hexahydro-2a,4a,6a-triaza-6b-phosphacyclopenta[cd]pentalene,
Chart 2) than to PTA, and related to the flexible bi-/tricyclic atrane-
type conformations.

DFT calculations followed by electron density distribution anal-
ysis, using molecular electrostatic potential (MESP) and atoms-in-
molecules (AIM) approaches, substantiate the unusual NMR pat-
tern. Calculations showed that, as in azaphosphatranes, the lone
Please cite this article in press as: A. Guerriero et al., Coordination chemistry o
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pairs on bridgehead P and the N atoms in CAP derivatives are
involved in four-centred intrabridgehead interactions, with
transannular P N bonds arising from substitution-induced
shrinkage of the bicyclic[3.3.3]pro-atrane cages. The small cone-
angle of CAP, 109� for the symmetrical [333] cage conformation,
slightly larger than for PTA (103�), approaches the value calculated
for P(OEt)3.

Rather striking differences between PTA and CAP were observed
in protonation, methylation and oxidation reactions. While PTA
can be selectively protonated with strong acids at one N atom only,
CAP is prone to tris-protonation, giving compounds CAP-2H and
CAP-3H by addition of up to 3 equiv. of HCl (Scheme 9). CAP
methylation by MeI (1 equiv.) gives selectively P-methylation
instead of N-methylation, in contrast with the known behaviour
of PTA, where only a single N-methylation is obtained. Compound
(CAP-Me)I displays a 31P{1H} NMR singlet at 25.56 ppm and 1H
f 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA) and derivatives. Part
rd. Chem. Rev. (2017), https://doi.org/10.1016/j.ccr.2017.09.024
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NMR doublets at 1.52 and 1.35 ppm (2JPH = 17.3 Hz) for the Me
group due to the coupling of P and H atoms. Reaction of (CAP–
Me)I with 1 equiv. of MeI gave the P,N dimethylated species
CAP–2Me. Even more remarkable is the reactivity of CAP towards
oxidation. Whereas PTA cleanly reacts with aqueous H2O2 to give
selective P oxidation to PTA@O, P-oxidation and double N-
hydroxylation were observed for CAP under the same conditions,
to give the bis-hydroxylated phosphine oxide CAP@OA2OH. Com-
pound CAP@O, the P-oxidised analogue of PTA@O, could be
obtained by a milder route, namely reaction with O2 in the pres-
ence of Cu2+ salts. Also this compound is endowed with reactivity
towards HCl and MeI at N atoms, giving the corresponding bis-
protonated and bis-methylated CAP@OA2H and CAP@OA2Me,
respectively (Scheme 9). In the words of the authors, CAP can be
thus defined either as a ‘‘Verkade’s ligand with bridging PACAN
atoms” or as a ‘‘macrocyclic counterpart of PTA”.

Finally, PTA@O reduction is a potentially interesting reaction to
recover PTA, for example at the end of catalytic reactions, where
the water-soluble ligand is often found in its oxidised form.
Together with other authors, we disclosed a sustainable, simple
and cheap method to achieve this reaction in ca. 83% yield, using
polymethylhydrosiloxane (PMHS, a by-product of silicon industry)
as reductant, without the need of added solvents, in a metal-free
process run under nitrogen at 220 �C for 1 h [21].
3. Recent examples of transition metal complexes of PTA and
derivatives

In the following chapter, selected recent examples of PTA coor-
dination compounds and related applications will be summarised,
divided by groups of the Periodic Table to which the corresponding
transition metals belong. Examples of bi- and polymetallic coordi-
nation compounds will also be described.
3.1. Group 7 complexes

Novel Group 7 coordination compounds of PTA were described
in the recent literature (Chart 3). The Mn(I) complex fac-[Mn(j2S-
S2CNEt2)(PTA)(CO)3] (29) was obtained by reaction of [MnBr(CO)5]
with 1 equiv. of PTA and 1 equiv. of Na(S2CNEt2), and characterised
by a singlet at �36.9 ppm in the corresponding 31P{1H} NMR spec-
trum. In the solid state, 29 shows an octahedral environment
around the metal centre, with a chelating diethyldithiocarbamate
ligand, one P-coordinated PTA and three carbonyl ligands in fac-
arrangement. The MnAP bond length was measured as 2.3049
(6) Å and the angle C(3)AMnAP(1), where C(3) belongs to CO trans
to PTA, was of 175.9(8)�. The intended use of 29 as CO releasing
molecule (CORM) evaluated by standard myoglobin (Mb) assay
was hampered by the low solubility of the complex in water [22].

Two PTA–Mn(I) carbonyl complexes bearing co-ligands 2-
(pyridyl)benzothiazole (pbt) and 1,10-phenanthroline (phen),
namely fac-[Mn(CO)3(L)(PTA)](OTf) (L = pbt, 30a; phen, 30b;
OTf = CF3SO3

�), were obtained in a two-step synthesis from [MnX
(CO3)L] (X = Br, L = pbt; X = Cl, L = phen), at first by reaction with
MeCN/AgOTf to obtain the intermediates [Mn(MeCN)L(CO)3]OTf,
which were then reacted with excess PTA to obtain the desired
complexes. The Re(I) analogues fac-[Re(CO)3(L)(PTA)](OTf)
(L = pbt, 31a; phen, 31b) where similarly obtained [23]. All com-
pounds were characterised in solution by NMR and UV–vis spec-
troscopies and in the solid state by single-crystal X-ray
diffraction. The coordination geometries display distorted octahe-
drons at the metals, three CO ligands in fac-disposition, the chelat-
ing N,N ligands and one P-coordinated PTA molecule. The planes
constituted by the metal, two N atoms and two C atoms of the car-
bonyl ligands are relatively distorted from planarity in the case of
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L = phen, by 0.023 Å for 30b and 0.029 Å for 31b, respectively.
Complexes 30 and 31 were applied as photoCORMs (photo-
induced CORMs) and their CO releasing properties upon illumina-
tion were evaluated by a number of spectroscopic techniques,
standard Mb assay and evaluation of dose-dependent eradication
of breast cancer cells MDA-MB-23. Mn complexes 30a and 30b
showed exhaustive photolysis with broad-band visible light,
resulting in the release of all three CO molecules, whereas the Re
analogues 31a and 31b release only one CO molecule under UV-
A irradiation.

The Re(I) analogue of complex 29, namely fac-[Re(j2S-S2CNEt2)
(PTA)(CO)3] (32), was obtained in nearly quantitative yield by reac-
tion of either [ReCl(CO)5] or [Re(CO)3(H2O)3]Br with 1 equiv. of PTA
and 1 equiv. of Na(S2CNEt2) [24]. The corresponding X-ray crystal
structure showed a geometry similar to 29.

Reaction of [ReBr2(MeCN)3(NO)] with PTA in dioxane gave the
water soluble complex cis-[ReBr2(PTA)3(NO)] (33), with 31P{1H}
NMR signals at �88.0 (d, 2JPP = 10.7 Hz) and �70.4 ppm (t,
2JPP = 11.0 Hz). Reaction of 33 with excess of HBr yielded cis-
[ReBr2(HPTA)3(NO)]Br3 (34) by N-atom protonation at all three
PTA ligands. On the other hand, complex trans,trans-
[ReBr2(MeCN)(PTA)2(NO)] (35), showing a 31P{1H} NMR singlet at
�89.4 ppm, could be obtained by reduction of [Me4N]2[ReBr4(NO)]
in acetonitrile with Zn in the presence of PTA [25]. Stepwise proto-
nation of 35 with HBr gave sequentially complexes trans,trans-
[ReBr2(MeCN)(PTA)(HPTA)(NO)]Br (36a) and trans,trans-
[ReBr2(MeCN)(HPTA)2(NO)]Br2 (36b). Complex 35 was also used
as precursor for the bis-hydrido species cis,trans-[Re
(H)2(PTA)2(NO)(THF)] (37) by reaction with NaHBEt3 in THF at
�30 �C. Complex 37 was characterised by a 31P{1H} NMR singlet
at �68.5 ppm and two doublets of triplets (dt) signals in the nega-
tive region of the 1H NMR spectrum at �1.93 (dt, 2JHH = 8 and
2JHP = 32 Hz) and �6.97 ppm (dt, 2JHH = 8 and 2JHP = 36 Hz). X-ray
crystal structures were obtained for both 33 and 35. Exposure of
37 to ethylene under pressure gave complex trans-[ReH(CH2CH3)
(g2-C2H4)(PTA)2(NO)] (38), whereas reaction of 35 with RCH@CH2

(R = H, Ph) gave complexes cis,trans-[ReBr2(g2-RCH@CH2)(PTA)2
(NO)] (R = H, 39a; R = Ph, 39b) [25a].

The previously reported cluster complex [Re6(l3-Se)8(PEt3)5
(PTA)](SbF6)2was used to coordinate Zn(II) and Cu(II) by oneN atom
of PTA, giving complexes [M{Re6(l3-Se)8(PEt3)5(PTA)(NO3)3}](SbF6)
(M = Zn,40a; Cu,40b). Complex40awascharacterised in solutionby
NMR techniques, with a 31P{1H) singlet at �105.35 ppm for PTA.
Single-crystal X-ray diffraction data confirmed the proposed coordi-
nation of PTA and showed significant distortions of the cage uponN-
coordination to hard metals [26].

The water soluble oxorhenium(VII) complexes [ReO3(PTA)2]
[ReO4] (41), [ReO3(mPTA)][ReO4]I (42), [ReO3(g2-Tpm)(PTA)]
[ReO4] (43), were obtained by reaction of Re2O7 in MeOH at room
temperature with PTA only in Re:PTA = 1:3 ratio (in case of 41),
with the N-methyl derivative (mPTA)I using Re:ligand = 1:2 ratio
(for 42) and with PTA together with the scorpionate ligand
hydrotris(pyrazol-1-yl)methane (Tpm) using Re:PTA:Tpm = 1:2:1
ratio for 43, respectively. A PTA-based Re(III) complex, namely
[ReCl2{@N@NC(O)Ph}(PTA)3] (44), was instead obtained by ligand
exchange reacting precursor [ReCl2{@N@NC(O)Ph}(Hpz)(PPh3)2]
with a 10:1 excess of PTA (Hpz = pyrazole) [27].

3.2. Group 8 complexes

Recent examples of Group 8 coordination compounds of PTA are
largely dominated by ruthenium, also due to the application of
such complexes in catalysis and medicinal inorganic chemistry.
As stated above, the literature covering Ru–arene PTA complexes
(RAPTA), with a focus on arene (for example with the introduction
of fluorinated and hydrophilic or hydrophobic substituents, acetals,
f 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA) and derivatives. Part
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Chart 3. Group 7 complexes 29–40 bearing PTA and derivatives.
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aldehydes, amino-, amido-, peptido groups and oximes) and co-
ligands variations (including for example triazole–imidazole, b-
ketoamine, maleimide, etc.) has been already reviewed [2,28].
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RAPTA-type complexes were also recently encapsulated into poly-
meric matrixes or degradable micelles, obtaining macromolecular
complexes that increase drug resistance, solubility and cell uptake
f 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA) and derivatives. Part
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[29]. Incorporation and release of metallodrug RAPTA-C (RAPTA-
C = [RuCl2(p-cymene)(PTA)]) in the highly robust MOF (metal
organic framework) [Ni8(OH)4(H2O)2(4,40-(buta-1,3-diene-1,4-diy
l)bispyrazolato)6]n was also reported [30].

Apart from these aspects, novel Ru–arene complexes bearing
PTA and derivatives were synthesised for different applications.
New structural analyses to investigate ligand effects on the proper-
ties of RAPTA complexes were described, mainly using ion mobility
mass spectrometry, collision-induced dissociation and DFT calcula-
tions [31]. Ligand (PTA–Bn)Cl was reacted with [RuCl2(p-cymene)]2
in 2:1 ratio in MeOH at room temperature to give [RuCl2(p-
cymene)(PTA–Bn)]Cl (45), which was also characterised in the
solid state by single-crystal X-ray diffraction, showing two water
molecules in the unit cell [17]. In the same article, the authors also
described the synthesis of two related Ru–arene complexes using
ligand 28a. Using a 1:1 ratio to the Ru precursor, each phosphine
in the ligand ion pair coordinate a Ru–arene moiety giving the
bimetallic ion-pair complex {[RuCl2(p-cymene)(PTA–Bn)]
[RuCl2(mTPPMS)(p-cymene)]} (46) after 1 h in 70% yield. At longer
reaction time (10 h) using a 2:1 ligand to Ru dimer ratio, the
monometallic complex [RuCl(mTPPMS)(p-cymene)(PTA–Bn)]Cl
(47), with both phosphine ligands binding to the same Ru atom,
was instead obtained in 82% yield.

Ru–arene complexes of general formula [RuCl2(g6-arene)
(mPTA)]Cl (48, g6-arene = C6H6, a; p-cymene, b; 1,3,5-C6H3Me3,
c; C6Me6, d) were obtained by reaction of the corresponding
[RuCl2(g6-arene)]2 precursors with (mPTA)Cl. Successful hetero-
genisation of 48a was obtained by wet impregnation of Montmo-
rillonite K-10, at different Ru weight percentages ranging from
0.7% to 3.1% [32].

The cationic half-sandwich guanidinatoruthenium(II) complex
[Ru{jN,N0-(ArN)2CAN(H)Ar}](p-cymene)(PTA)](OTf) (49, Ar = 2-
MeC6H4, Chart 4) was isolated from the reaction of neutral [RuCl
{jN,N0-(ArN)2CAN(H)Ar}(p-cymene)] with PTA in the presence of
AgOTf. It was characterised in solution by NMR techniques and
in the solid state by single-crystal X-ray diffraction [33]. Variable
temperature (VT) 31P{1H} NMR spectroscopy of 49 revealed the
presence of a mixture of four isomers in CD2Cl2, in a ratio of
approximately 1.4:11.0:1.6:0.1 at 238 K. DFT calculations were
performed on the syn–syn, syn–anti, anti–syn, and anti–anti con-
formers of 49, imparted by the guanidinate ligand, and revealed
that the syn–anti was the most stable conformer, both in the gas
phase and in solution.

Ru–arene complexes bearing either PTA or other water-soluble
monodentate phosphines and a N-heterocyclic carbene (NHC)
ligand were also reported. The complexes of general formula
[RuCl(NHC)(p-cymene)(L)]n+ (50, NHC = bmim = 1-butyl-3-methy
l-imidazole-2-ylidene; L = PTA, a; mPTA, b; PTA–Bn, c; mTPPMS,
d; mTPPTS, e; n = 1–2, Chart 4) were obtained in situ by reaction
of [RuCl2(NHC)(p-cymene)] with ligands L. Complex 50a was char-
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Chart 4. Ruthenium complexes 49 and 50a–e.
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acterised in solution by NMR spectroscopy, showing a 31P{1H} sin-
glet at �38.50 ppm in DMSO-d6. NMR analysis, using DMSO-d6, of
the crude reaction mixture (carried out in MeOH) showed other
two 31P{1H} singlets at �37.55 ppm and �35.54 ppm. The authors
attributed the singlet at �35.54 ppm to [RuCl2(p-cymene)(PTA)]
and the singlet at �37.55 ppm to [Ru(solv)(NHC)(PTA)(p-
cymene)]2+ (solv = MeOH, DMSO). Thus it can be concluded that
in solution 50a could either exchange the NHC ligand with PTA
or the coordinated Cl� ligand with a solvent molecule [34].

More recently, the same group obtained the novel complex [Ru
(g2-O2CO)(p-cymene)(PTA)] (51) from simple exchange of chloride
with carbonate ligands from [RuCl2(p-cymene)(PTA)]. The pres-
ence of the carbonato ligand was confirmed by solution 13C{1H}
NMR spectroscopy, showing a singlet at 166.8 ppm in CD3OD and
by IR spectroscopy with sharp bands at 1663 and 1613 cm�1. The
31P{1H} NMR signal due to PTA was observed at �34.4 ppm. Com-
plex 51 was characterised in the solid state by single-crystal X-ray
diffraction as dihydrate adduct, with a Ru(1)AP(1) bond distance of
2.309(5) Å [35].

Another class of Ru(II) complexes bearing PTA and derivatives is
represented by (substituted) g5-cyclopentadienyl (Cp) complexes.
The long-chain N-alkyl PTA ligands 26were used to obtain the cor-
responding complexes [RuCpCl(PPh3)(L)]X (L = 26a–c; X = I�;
L = 26d–f; X = PF6�), namely 52a–c (X = I�) and 52d–f (X = PF6�)
[15]. Two different synthetic routes were applied, the first by direct
alkylation of PTA in complex [RuCpCl(PPh3)(PTA)] using the corre-
sponding terminal iodides, the second by ligand exchange from
[RuCpCl(PPh3)2] with ligands 26d–f bearing PF6� as counter anion
(Scheme 7). The reaction was monitored by 31P{1H} NMR spec-
troscopy, showing that the initial signals at 40.52 ppm due to
PPh3 and �81 ppm (free ligands) gradually turned upon formation
of the products into an AM pattern at ca. 47 and �14 ppm, with a
2JPP = 43.7 Hz. The stability of the known complex [RuCpCl
(mPTA)2](OTf)2 towards aquation was assessed by mass spectrom-
etry and UV–vis spectroscopy. Coordination of water molecules
was found to occur, following chloride and mPTA exchange with
water, hydroxide or triflate anions, to give a series of different sub-
stitution products. Stabilisation of the parent compound towards
water coordination and ligand exchange was obtained with dilute
HCl or isotonic neutral 0.15 M NaCl solutions [36].

The coordination chemistry of the lower-rim open PTA ana-
logue dmoPTA (dmoPTA = 3,7-dimethyl-1,3,7-triaza-5-phosphabi
cyclo[3.3.1]nonane) was expanded to the synthesis of hetero-
bimetallic complexes, exploiting the ligand heteroditopic beha-
viour [37]. Synthetic pathways to Ru–Ni, Ru–Zn were devised,
together with a high-yielding synthesis of precursor [RuCpCl(jP-
HdmoPTA)(PPh3)](OTf), previously reported by the same authors
(HdmoPTA = 3,7-H-3,7-dimethyl-1,3,7-triaza-5-phosphabicyclo[3.
3.1]nonane). In these complexes, of general formula [RuCpCl(PPh3)
{l-dmoPTA-1j1P:2kN,N0-M(j2O-acac)2}] (M = Ni, 53a; Zn, 53b; Co,
53c), the P atom of dmoPTA coordinates the ‘‘soft” Ru(II) centre,
while the ‘‘open” lower rim binds the ‘‘hard” metals in a bidentate
N,N fashion. The reactions were performed in a two-step synthetic
pathway, passing through intermediate [RuCpCl(jP-dmoPTA)
(PPh3)]. The Co(II) complex 53c could instead be obtained directly
from [RuCpCl(jP-dmoPTA)(PPh3)](OTf). This reactivity is shown in
Scheme 10.

The isostructural complexes 53a and 53b were also charac-
terised in the solid state by X-ray crystal structure determination
as mono-aquo species (Fig. 5).

The geometry around the Ru atom does not substantially devi-
ate from that of the parent compound and related complexes. A
slightly distorted octahedral geometry is adopted by the metal
coordinated by the N,N open lower rim atoms in a pseudo-chair
conformation. In solution, the diamagnetic Ru–Zn complex 50b
was fully characterised by NMR spectroscopy at 193 K as two
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Scheme 10. Synthesis of heterobimetallic complexes 53a–c.

Fig. 5. X-ray crystal structures of 53a. Adapted from Ref. [37]. Copyright 2011 The
Royal Society of Chemistry.

A. Guerriero et al. / Coordination Chemistry Reviews xxx (2017) xxx–xxx 11
diastereomeric pairs of enantiomers, namely R-Ru, D-Zn; R-Ru, K-
Zn; S-Ru, D-Zn; S-Ru, K-Zn. Cyclic voltammetry (CV) studies
demonstrated that the redox properties of the complexes depend
essentially on the nature of the M atom, with a fully reversible
Ru-centred process. The complexes were tested in antiproliferative
activity by 48 h exposure SBS assay against human tumour cells
HBL-100 (breast cancer), HeLa (cervix carcinoma), SW1573 (lung
carcinoma) and WiDR (colorectal adenocarcinoma). GI50 values
showed higher activities than cisplatin and a small but evident dif-
ference in activity in favour of 53a and 53c compared to 53b, con-
firming that although the main active part of the molecule is the Ru
(II) moiety, the introduction of other metals can have an effect on
the overall cancer cell growth inhibition [38].

A novel highly water soluble (S(H2O)25�C = 320 g L�1) homo-
bimetallic CpRu–PTA type complex was described and charac-
terised by neutron diffraction. Complex [(PTA)2CpRu-l-CN-
1jC:2jN-RuCp(PTA)2](OTf) (54) was obtained by reaction of
previously described [RuCp(PTA)2(jC-CN)] with [RuCpCl(PTA)2]
in water, where the two CpRu moieties are bridged by a CNA group
acting as bidentate C,N ligand. Measurement of the radial atom–
atom correlation functions g(r) confirmed that in water solution
the shortest and better-defined correlation for water protons
(Hw) resides around the N atoms of PTA, pointing to an almost
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linear NPTA–Hw–Ow configuration (Ow = water oxygen atoms;
dN–Hw = 1.85 Å; dN–Ow = 2.8 Å). The study was complemented by
DFT and TD-DFT (time-dependent density functional theory) calcu-
lations both in gas phase and using explicit water molecules [39].

Expanding on the synthetic scope starting from complex 54, the
same authors reported on the synthesis of the heterobimetallic
water soluble organometallic polymer [{(PTA)2CpRu-l-CN-
1jC:2jN-RuCp(PTA)2}-l-NiCl3]n (55), which was found to be
stable in the solid state for several days in air. The two piano-
stool [RuCp(PTA)2]+ moieties are linked by a crystallographically
disordered CN� ligand and connected by N atoms of two different
PTA molecules to a NiCl3� unit (Scheme 11). NMR studies indicated
that 55 is reverted to 54 in water solution. Further proof of this
behaviour was obtained by hydrodynamic radius measurements
at different concentrations. For both 54 and 55 the same values
were measured, namely r (5.2 mg mL�1) = 8.23 Å, r (25 mg mL�1)
= 9.09 Å, confirming the observation made by NMR spectroscopy
[40].

The new water soluble complexes [RuCpCl(HPTA)2]Cl2�2H2O
(56), [RuCp(jS-DMSO)(PTA)2]Cl (57), [RuCp(jS-DMSO)(PTA)2]
(OTf) (58) and [RuCp(jS-DMSO)(HPTA)2]Cl3�2H2O (59) were syn-
thesised from [RuCpCl2(PTA)] by ligand N-protonation with HCl
and exchange (either in the presence or in absence of AgOTf as
chloride scavenger) and fully characterised by NMR, IR and ele-
mental analysis. The solid-state structures of complexes 56�2H2O
and 59�2H2O were also obtained by single crystal X-ray diffraction
[41].

An overview of synthetic routes to complexes of general formu-
las [RuCpXL1L2]n+ (X = Cl, Br; L1 = PPh3, mTPPMS; L2 = mPTA, PTA;
L1 = L2 = PTA, mPTA) was recently reported, showing a large scope
for different synthetic derivatives with tunable water solubilities
[42].

Complex [RuCp⁄(PTA)3]PF6 (60, Cp⁄ = g5-C5Me5) was easily
obtained by naphthalene ligand exchange from precursor [RuCp⁄

(g6-C10Me8)](PF6) upon irradiation with near-UV (365 nm) or visible
light. Relevant bond lengths in the corresponding X-ray crystal
structure were measured as RuACp⁄ centroid = 1.915; Ru(1)AP
(1) = 2.2997(11); Ru(1)AP(2) = 2.2973(11); Ru(1)AP(3) = 2.2926
(11) Å. The 31P{1H} NMR spectrum showed a singlet at �37.2 for
PTA [43]. Similarly, complex [Ru(g5-C6H3Me4)(PTA)3]PF6 (61)
was obtained starting from [Ru(g5-C6H3Me4)(g6-C10Me8)](PF6)
by PTA–naphthalene exchange reaction in acetone at 60 �C after
10 h and workup. The 31P{1H} NMR spectrum showed a singlet at
�42.99 for PTA [44].

Water-mediated hydrogen activation by complexes [RuCpCl
(PTA)2] and [RuCp⁄Cl(PTA)2] was re-investigated by DFT calcula-
tions using a discrete + continuum model involving a four-water-
molecule cluster [45]. It was shown that starting from [RuCp0Cl
(PTA)2] (Cp0 = Cp, Cp⁄), H2 activation initially gave the dihydrogen
species [RuCp0(g2-H2)(PTA)2]+. Two different mechanisms involv-
ing both PTA- and water-assisted heterolytic or homolytic g2-H2

splitting gave the monohydride [RuCpH(PTA)(HPTA)]+ (62) and
the dihydride [RuCp⁄(H)2(PTA)2]+ (63), respectively, in agreement
with the experimental observations.

The reactivity of [RuCpCl(PTA)(PPh3)] with HC„CPh and
HC„CC(OH)PPh2 has been studied [46]. As previously observed,
[46] reaction of [RuCpCl(PTA)(PPh3)] with phenylacetylene in the
presence of AgOTf in DMSO did not afford the expected acetylene
complex, instead giving [RuCp(jS-DMSO)(PTA)(PPh3)](OTf). On
the other hand, reaction of [RuCpCl(PTA)(PPh3)] with HC„CC
(OH)PPh2 gave the expected diphenylallenylidene complex [RuCp
(C@C@CPh2)(PTA)(PPh3)](OTf) (64). The reactivity of 64 towards
water, O2, n-propylamine, cyclohexylamine and ethanethiol was
then studied. Addition of amines and thiols was demonstrated to
occur on the a–b carbons of the allenylidene moiety, giving in both
cases two isomers (65a–d and 66a,b, Scheme 12). Protonation of
f 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA) and derivatives. Part
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Scheme 11. Synthesis of homobimetallic Ru2-complex 54 and polymer 55 having a trinuclear Ru2Ni repeating unit.

Scheme 12. Reactivity of allenylidene complex 64 towards amines and thiols.
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64 with HBF4 did not afford the desired carbyne derivative
expected for selective reactivity on the allenylidene moiety. N-
protonation of PTA in 64 occurred instead, and this was attributed
to the higher basicity of the N atoms of PTA compared to the
allenylidene.

The reactivities of hydrotris(pyrazol-1-yl)borate (Tp) Ru–PTA
complexes were investigated by various authors. Reaction of
the previously described complex [Ru(j3N-Tp)Cl(PTA)(PPh3)]
with phenylacetylene gave either the alkynyl complex [Ru(j3N-
Tp)(C„CPh)(PTA)(PPh3)] (67) or the neutral vinylidene complex
[Ru(j3N-Tp)Cl{C@C(H)Ph}(PTA)] (68), depending on the solvent
and the reaction conditions. Protonation of 67 with HOTf in CH2-
Cl2 resulted in N-protonation at PTA and a vinylidene moiety in
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complex [Ru(j3N-Tp){C@C(H)Ph}(PPh3)(HPTA)](OTf)2 (69). The
reactivity of the parent compound was also tested with 1,1-
diphenyl-2-propyn-1-ol. The cationic [Ru(j3N-Tp)(C@C@CPh2)
(PTA)(PPh3)]PF6 (70) and the neutral [Ru(j3N-Tp)Cl(C@C@CPh2)
(PTA)] (71), were obtained by carrying out the reactions either
in MeOH in the presence of NaPF6 or in toluene without other
additives, respectively. Then, the reactivity of complexes 70
and 71 toward tertiary phosphines such as PTA and PPh2Me
was investigated. For both compounds, these reactions resulted
in the regioselective nucleophilic attack at the allenylidene C-a
position yielding the r-allenyl-phosphonium complexes [Ru
(j3N-Tp){C(L)@C@CPh2}(PTA)(PPh3)]PF6 (72, L = PPh2Me, a; PTA,
b) and [Ru(j3N-Tp)Cl{C(L)@C@CPh2}(PTA)] (73, L = PPh2Me, a;
f 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA) and derivatives. Part
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Scheme 13. Reactivity of complex [Ru(j3N-Tp)Cl(PTA)(PPh3)] towards phenylacetylene and 1,1-diphenyl-2-propyn-1-ol, followed by C@C unsaturated bond activation by
tertiary phosphines L (L = PPh2Me, PTA).

Fig. 6. X-ray crystal structures of 67 (left) and 73b (right). Adapted from Ref. [47]. Copyright 2009 American Chemical Society.
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PTA, b), respectively, as shown in Scheme 13. The X-ray crystal
structures of 67 and 73b were also obtained and are shown in
Fig. 6 [47].

A similar study was proposed almost at the same time by other
authors [48]. In addition to the results described above [47], the
reactivity of [Ru(j3N-Tp)Cl(PTA)(PPh3)] with other terminal alky-
nes was tested. The neutral alkynyl complexes [Ru(j3N-Tp)(C„R)
(PTA)(PPh3)] (67, R = Ph; 74, R = nBu, a; 1-cyclopentenyl, b; p-
methoxypnehyl, c; 6-methoxynaphth-2-yl, d) were obtained and
Please cite this article in press as: A. Guerriero et al., Coordination chemistry o
III. Variations on a theme: Novel architectures, materials and applications, Coo
characterised by NMR techniques. Reaction with propargyl alco-
hols (1,1-diphenyl-2-propyn-1-ol, 9-ethynyl-9H-fluoren-9-ol)
gave as expected complex 70 (either as PF6� or OTf� salt) and the
new allenylidene complex [Ru(j3N-Tp)(C@C@CHAC12H8)(PTA)
(PPh3)]PF6 (75), respectively. Electrophilic attack on 67, 74 and
75 with MeOTf or HPF6 (with 75 only) in CH2Cl2 at �30 �C gave
invariably either N-methylation or N-protonation of PTA.

The synthesis of other [Ru(j3N-Tp)Cl(L)(PTA)] complexes with
different ancillary ligands (76, L = PMe2Ph, a; PMe3, b; P(OMe)3,
f 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA) and derivatives. Part
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Scheme 14. Reactivity of complex [Ru(j3N-Tp)Cl(PTA)(PPh3)] with NaN3 and further reactions centred on the azide moiety.
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c; P(OPh)3, d) and the corresponding [Ru(j3N-Tp)Cl(L)(mPTA)]
(OTf) complexes (77a–d) derived from 76 by PTA N-methylation,
was also carried out. The hydrido complexes [Ru(j3N-Tp)H(PPh3)
(L0)](OTf)x (78, L0 = PTA, x = 0, a; mPTA, x = 1, b) and the cationic
complexes [Ru(j3N-Tp)(MeCN)(PPh3)(L0)](OTf)x (78, L0 = PTA,
x = 1, a; mPTA, x = 2, b) were also obtained [49]. The study was
complemented by electrochemical studies by CV techniques. The
antitumour activity of the complexes against three tumour cell
lines (NCI-H460, lung cancer; SF-268, brain cancer; MCF-7, breast
cancer) and non-tumour cells (HUVEC, Human Umbilical Vein
Endothelial Cells) was assessed by a combination of mobility shift
assay and DNA binding studies using MALDI-TOF analysis, showing
the coordination of the fragments [Ru(j3N-Tp)(PTA)]+ or [Ru(j3N-
Tp)(mPTA)]2+ to a single strand of DNA. High antitumour activity
was also observed in some cases, with IC50 values comparable to
drugs used in clinical practice.

More synthetic reactions were reported starting from [Ru(j3N-
Tp)Cl(PPh3)(PTA)]. Complex [Ru(j3N-Tp)(N3)(PPh3)(PTA)] (79) was
obtained reacting the title compound with NaN3 in MeOH. N-
alkylation of 79with either MeOTf or CH2@CHCH2I gave complexes
[Ru(j3N-Tp)(N3)(PPh3)(PTA-R)]Y (80, R = Me, Y = OTf�, a; R = CH2-
@CHCH2, Y = I�, b) [50]. Both 79 and 80 underwent ‘‘click” reaction
on the azide ligand by reaction with TCNE (tetracyanoethylene) to
afford [Ru(j3N-Tp)(N4C{C(CN)@C(CN)2})(PPh3)(L)]n+Yn� (81,
L = PTA, n = 0, Y = null) and 82 (L = mPTA, n = 1, Y = OTf�, a;
L = PTAACH2@CHCH2, n = 1, Y = I�, b). Reaction of 79 with alkynes
DMAD (dimethylacetylenedicarboxylate) and DEAD (diethylacety
lenedicarboxylate) gave instead the triazolato complexes [Ru
(j3N-Tp){N3C2(CO2R)2}(PPh3)(PTA)] (83, R = Me, a; Et, b), respec-
tively, as shown in Scheme 14.

Other scorpionate-type Ru–PTA complexes were described
using Tpms [Tpms = j3N-tris(pyrazol-1-yl)methanesulfonate
lithium salt] and Tpm [Tpm = j3N-tris(pyrazol-1-yl)methane]
instead of Tp. Stepwise reaction of [Ru(j3N-Tpms)Cl(PPh3)2] with
1.0 equiv. of PTA in toluene under reflux conditions for 4 h gave
complex [Ru(j3N-Tpms)Cl(PTA)(PPh3)] (84), which was then
reacted with another equiv. of PTA to give [Ru(j3N-Tpms)Cl
(PTA)2] (85). Complex 85was also obtained directly from the metal
precursor by reaction with 2.3 equiv. of PTA in toluene under reflux
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conditions for 5 h. A similar reactivity was observed starting from
[RuCl(j3N-Tpm)(PPh3)2]Cl, which gave [RuCl(j3N-Tpm)(PTA)
(PPh3)]Cl (86) and [RuCl(j3N-Tpm)(PTA)2]Cl (87). Electrophilic
attacks on 84–87 using BH3, acids and alkyl halides gave invariably
PTA–N-substituted derivatives [51].

Further elaborating on this motif, the same authors described
the synthesis of the hydrido complex [Ru(j3N-Tpms)H(PTA)2]
(88) by ligand exchange from the PPh3 analogue [Ru(j3N-Tpms)H
(PPh3)2], the latter obtained from the reaction of [Ru(j3N-Tpms)
Cl(PPh3)2] with NaOMe in MeOH [52]. Complex 88 was charac-
terised in solution by a 31P{1H} NMR singlet at �20.7 ppm and a
1H NMR triplet at �15.36 ppm (2JHP = 28 Hz). In the solid state, a
characteristic RuAH stretching band at 1889 cm�1 was observed
in the corresponding IR spectrum (KBr pellets). An X-ray crystal
structure of 88 was also obtained, showing a Ru(1)AH(1) bond dis-
tance of 1.58(4) Å. The reaction of [Ru(j3N-Tpms)H(PPh3)2] with
3 equiv. of PTA in refluxing toluene gave complex [Ru(j2N-Tpms)
H(PTA)3] (89) with an open arm from the Tpms ligand. The reactiv-
ity of 88 with alkynes was then explored and compared to that
observed for [Ru(j3N-Tp)H(PPh3)(PTA)]. In the case of the Tpms
complex, harsher conditions were required (refluxing toluene) to
obtain the insertion products [Ru(j3N-Tpms){(E)-C(CO2Me)@CH
(CO2Me)}(PTA)2] (90), [Ru(j3N-Tpms){(E)-CH@CHPh}(PTA)2] (91)
and [Ru(j3N-Tpms){(E)-CH@CH2OH}(PTA)2] (92), by reactions of
88 with DMAD, phenylacetylene and prop-2-yn-1-ol, respectively.
Using alkynes such as but-1-yn-3-ol, 1-ethynylcyclopentanol and
1-ethynylcyclohexanol, the corresponding a,b-unsaturated Ru-
alkenyl E-complexes were regioselectively obtained, by facile
dehydration of the hydroxyalkenyl complexes formed in the inser-
tion reaction involving the RuAH bond. Finally, hydride ligand pro-
tonation in [Ru(j3N-Tp)H(PPh3)(PTA)] was reinvestigated. Using
HBF4, selective reaction with the hydrido ligand and hydrogen
elimination occurred giving as product complex [Ru(j3N-Tp)(F-
BF3)(PPh3)(PTA)] (93) bearing a coordinated BF4 ligand. Monitoring
the reaction by VT NMR techniques, it was possible to observe sig-
nals corresponding to [Ru(j3N-Tp)(g2-H2)(PPh3)(PTA)]+ (94) at
233 K, with a broad 1H NMR signal at ca. �9 ppm due to the
non-classical dihydrogen ligand. The presence of the g2-H2 ligand
was further confirmed by T1 measurement, giving a short T1 = 62
f 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA) and derivatives. Part
rd. Chem. Rev. (2017), https://doi.org/10.1016/j.ccr.2017.09.024

https://doi.org/10.1016/j.ccr.2017.09.024


C

N
N

N
N N

N

Ru

SO3

P
N
N N

84

Ph3P Cl

C

N
N

N
N N

N

Ru

SO3

P
N
N N

85

ClPN
N N

C

N
N

N
N N

N

Ru

H

P
N
N N

86

Ph3P Cl

C

N
N

N
N N

N

Ru

H

P
N
N N

87

ClPN
N N

C

N
N

N
N N

N

Ru

H

SO3

P
N N
N

88

PN
N N

C

N
N

Ru

H

O3S

P
NN

N
89

PN
N N

N N

P
N
N

N

N
N

C

N
N

N
N N

N

Ru

SO3

P
N
N N

90

PN
N N

CO2Me

H
CO2Me

C

N
N

N
N N

N

Ru

SO3

P
N
N N

91

PN
N N

H

H
Ph

C

N
N

N
N N

N

Ru

SO3

P
N
N N

92

PN
N N

H

H
CH2OH

B

N
N

N
N N

N

Ru

H

P
N
N N

93

Ph3P F
BF3

B

N
N

N
N N

N

Ru

H

P
N
N N

94

Ph3P
H
H

Cl Cl

+

Chart 5. Ruthenium complexes 84–94.

A. Guerriero et al. / Coordination Chemistry Reviews xxx (2017) xxx–xxx 15
ms, in the expected range for this class of complexes (T1 = spin–lat-
tice relaxation time). Drawings of complexes 84–94 are shown in
Chart 5.

A class of Ru–PTA complexes containing 8-thiotheophylline
derivatives was recently described and studied for its antiprolifer-
ative properties towards cisplatin sensitive (T2) and resistant
(SKOV3) ovarian cancer cells. Monometallic complexes including
[RuCpX(L)(PTA)] (X = 8-thio-theophyllinate (TTH�), L = PTA (95a),
L = PPh3 (95b); X = 8-methylthio-theophyllinate (8-MTT�),
L = PTA (96a), L = PPh3 (96b); X = 8-benzylthiotheophyllinate (8-
BzTT�), L = PTA (97a), L = PPh3 (97b)) and binuclear complexes
[{RuCp(PTA)(L)}2-l-(Y-jN7,N07)] (Y = bis(S-8-thiotheophyllinate)
methane (MBTT2�), L = PTA (98a), L = PPh3 (98b); Y = 1,2-bis(S-8-t
hiotheophyllinate)ethane (EBTT2�), L = PTA (99a), L = PPh3 (99b);
Y = 1,3-bis(S-8-thiotheophyllinate)propane (PBTT2�); L = PTA
(100a), L = PPh3 (100b)) have been synthesised and characterised
by NMR, IR spectroscopy and elemental analysis [53]. The syn-
thetic pathway usually involved reaction of [RuCpCl(PTA)2] with
mono- and bis-thiopurines in water in the presence of KOH. Tests
showed that only complex 97b had an activity comparable to cis-
platin on T2 and no activity on SKOV3 cells, and the authors attrib-
uted this effect to the favourable lipophilicity/hydrophylicity
balance obtained with this combination of ligands around Ru. In
the case of the mPTA analogues, the corresponding binuclear com-
plexes with thiopurines MBTTH2, EBTTH2, PBTTH2 were obtained.
They were studied by cyclic voltammetry showing two one-
electron oxidative responses (RuII–RuII/RuIII–RuII; RuIII–RuII/RuIII–
RuIII) that increase their redox potential when the bis(8-thiotheo
phylline)-alkyl-bridge grows in length [54].

This chemistry was recently revisited by the same authors,
extending the choice of phosphine ligands to combinations of
PTA, mPTA and PPh3 in the presence of 8-MTT. The stability of com-
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plexes [RuCp(jS-8MTT)(L)(L0)] (101) and [RuCp(jN-8MTT)(L)(L0)]
(102; L, L0 = PTA, mPTA; L = mPTA, L0 = PPh3) have been investigated
by DFT theoretical methods at B3LYP/DZVP level of theory, both in
gas phase and in explicit polar solvents. It was shown that, in the
gas phase, complex [RuCp(jS-8MTT)(PPh3)(mPTA)]+ was slightly
more stable than [RuCp(jN-8MTT)(PTA)2] and [RuCp(jN-8MTT)
(PPh3)(mPTA)]+. In water and ethanol, calculations showed that,
in general, the jS-8MTT complexes were more stable than the cor-
responding jN-8MTT complexes [55].

Ru complexes bearing ‘‘upper rim” PTA derivatives were also
described. The imidazolyl-PTA ligands 6 and 7 were reacted with
[RuCl2(p-cymene)]2 in refluxing CHCl3 to form [RuCl(p-cymene)
(jP,N-L)]Cl (103, L = 1-methylimidazolyl-(1,3,5-triaza-7-phospha
tricyclo[3.3.1.13,7]dec-6-yl)methanol, a; L = bis(1-methylimidazo
lyl)(1,3,5-triaza-7-phosphatricyclo[3.3.1.13,7]dec-6-yl) methanol,
b). Similarly, ligands phenyl(1,3,5-triaza-7-phosphatricyclo[3.3.1.
13,7]dec-6-yl)methanol (PZA) and the single diastereoisomer (SR,
RS)-40-dimethylaminophenyl(1,3,5-triaza-7-phosphatricyclo[3.3.1.
13,7]dec-6-yl)methanol (SR,RS-PZA-NMe2) gave complexes [RuCl2(-
p-cymene)(jP-L)] (104, L = PZA, a; L = SR,RS-PZA-NMe2, b). The
ligands could bind to Ru either in jP or jP,N fashion, but not as
jP,O chelates, as shown in Scheme 15, as clarified by NMR exper-
iments and DFT calculations [8]. The 31P{1H} NMR spectra were
generally characterised by one or two singlets, reflecting the
diastereomeric nature of some of the ligands. Chemical shift values
of �40.23 and �28.71 ppm (104a), �40.35 ppm (104b), �26.37
and �22.88 ppm (103a) and �19.77 ppm (103b) were recorded,
respectively.

In the case of the potentially jP,N bidentate b-aminophosphines
10–12, a solvent-dependent coordination preference jP vs. jP,N
was observed, depending on the nature of substituents R1 and R2

(Scheme 16). In polar solvents, such as water or methanol, com-
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Scheme 15. Synthesis of jP and jP,N complexes bearing ‘‘upper rim” imidazolyl and benzyl alcohol PTA derivatives.

Scheme 16. Solvent-dependent equilibrium between jP,N and jP complexes
bearing ‘‘upper rim” benzylamine PTA derivatives.
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plexes [RuCl(g6-toluene){jP,N-(PTA-CR1R2NHPh)}]Cl (R1 = H,
R2 = Ph, 105a; R1 = H, R2 = p-C6H4OMe, 106a; R1 = R2 = Ph, 107a)
were obtained, albeit in methanol 105 showed ca. 15% of jP isomer
(105b). In less polar solvents, such as CH2Cl2 or CHCl3, 105–107
exist as equilibrium mixtures of monodentate and bidentate coor-
dination modes, whereas in CD3CN 105 and 106 exist mainly as the
jP,N species while 107 is found principally as the jP isomer [9].

The same authors investigated the coordination chemistry of
ligand PTA–PiPr2 (16) to Ru(II) and W(0). Starting from [RuCl2(g6-
toluene)]2, addition of 2 equiv. of 16 in benzene at room tempera-
ture gave complex [RuCl2(g6-toluene){jP-(PTA–PiPr2)}] (108),
with 31P{1H} NMR signals at 11.17 (d, 2JPP = 65 Hz, PiPr2) and
�27.40 ppm (d, 2JPP = 65 Hz, PTA). On the other hand, addition of
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2 equiv. of 16 to the metal precursor in CH2Cl2 led, over the course
of a few days, to a mixture of 108 and complex [RuCl(g6-toluene)
{j2P-(PTA–PiPr2)}]Cl (109) as a couple of diastereoisomers, with
31P{1H} NMR signals at 62.95 (d, 2JPP = 64 Hz, PiPr2), �54.97 ppm
(d, 2JPP = 64 Hz, PTA) and 51.30 (d, 2JPP = 65 Hz, PiPr2),
�46.41 ppm (d, 2JPP = 65 Hz, PTA). Complex 109 could be also
obtained in 94% yield by leaving 108 in CH2Cl2 for ca. 3 days.
Ligands 16 and 17 were
also used to coordinate W(0) using precursor [W(CO)4(pip)]
(pip = piperidine). In both cases, the ligands adopted a j2P binding
mode in the corresponding products [W(CO)4(L)] [110a, L = j2P-
{PTA–PiPr2} (16); 110b, L = j2P-{PTA–(NiPr)2(CH2)2} (17)] [10].

Other ancillary ligands were used to stabilise Ru–PTA com-
plexes. Bis(allyl)ruthenium(IV) complexes containing PTA, PTA–
Bn and DAPTA were obtained from the dimeric precursor [{RuCl
(l-Cl)(g3:g3-C10H16)}2] (C10H16 = 2,7-dimethylocta-2,6-diene-1,8-
diyl) by reaction with two equiv. of the water soluble ligands in
CH2Cl2 [56]. Complexes [RuCl2(g3:g3-C10H16)(L)] [111, L = PTA, a;
(PTA–Bn)Cl, b; DAPTA, c) were obtained and fully characterised
in solution by NMR and IR spectroscopies and in the solid state
by single-crystal X-ray diffraction. As an example, the X-ray crystal
structure of complex 111c is shown in Fig. 7.

Complex [RuCp(PTA)(CH3CN){PH2(OH)}]PF6 (112), bearing a
Ru-coordinated phosphinous acid molecule PH2(OH), the tautomer
of elusive phosphine oxide, O@PH3, was obtained by trapping the
electrochemically-generated phosphine oxide in water/ethanol
mixtures containing white phosphorus (P4), in a water solution
containing [RuCp(PTA)(CH3CN)2]PF6. Complex 112 was charac-
f 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA) and derivatives. Part
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Fig. 7. X-ray crystal structures of 111c. Adapted from Ref. [56]. Copyright 2010 John
Wiley and Sons.
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terised by 31P{1H} NMR spectroscopy, with signals at 74.1 (td,
1JPH = 366.2 Hz, 2JPP = 63.0 Hz, PH2OH), �11.6 (d, 2JPP = 63.0 Hz,
PTA), �145.1 (septet, 1JPF = 706.1 Hz, PF6) [57].

A series of ruthenium–arene complexes of formula [Ru(DBM)
(g6-arene)(PTA)]X (113a–d, arene = p-cymene, C6Me6;
DBM = deprotonated DBMH, dibenzoylmethane; X = PF6� or OTf�)
were synthesised and fully characterised in solution by NMR spec-
troscopy. For five of them, the solid-state structures were
determined by single-crystal X-ray diffraction, confirming
j2O-coordination of DBM to Ru. These complexes show intense
photoluminescence emission at room temperature in the solid
state and proved efficient in binding to calf thymus DNA through
intercalative/electrostatic interactions. Moreover, the antitumour
activity of free DBMH ligand and complexes was evaluated against
U266 and RPMI human multiple myeloma cell lines. Some of them
showed a higher cytotoxic effect for the OTf� complexes than for
the PF6� analogues, likely due to solubility reasons [58].

Complexes [RuCl2(HL)(HPTA)2]Cl2 (114a–d), where HL = bioac-
tive 5-nitrofuryl thiosemicarbazones, have been synthesised and
fully characterised in solution by NMR spectroscopy. They were
obtained from reaction of [RuCl2(DMSO)4] with PTA in refluxing
EtOH in the presence of four different thiosemicarbazones, with
different substituents R = H, Me, Et, Ph on the NHC(@S)NHR group.
Their properties against protozoan parasites such as Trypanosoma
cruzi and Entamoeba histolytica were assessed in vitro, and complex
114 containing HL where R = Ph was found to be the most active.
The study was complemented with evaluation of cytotoxicity on
RAW 246.7 murine macrophages and DNA intercalation [59].
Chart 6. Ruthenium co
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Complex [RuCl{j4N-tris(benzimidazole-2-yl-methyl)amine}(PT
A)]Cl (115) was obtained by ligand exchange from the correspond-
ing PPh3 precursor. The complex features an octahedral geometry
around Ru, with Cl ligand trans to the alkyl N atom of the N4 ligand
(Chart 4). The corresponding 31P{1H} NMR spectrum showed a sin-
glet at �20.88 ppm, consistent with a P atom trans to N. A modest
degree of water solubility was measured, with a value of
S(H2O)25�C = 10 g L�1 [60]. Drawings of complexes 113–115 are
shown in Chart 6.

Ruthenium carbonyl cluster compounds of different nucleari-
ties bearing PTA were obtained and characterised by IR, NMR and
HRMS (high resolution mass spectrometry), and some of them in
the solid state by single-crystal X-ray diffraction [61]. Starting from
[Ru3(CO)12] by addition of PTA in either CH2Cl2 or MeOH, a mixture
of three different complexes was obtained and separated by col-
umn chromatography, namely [Ru3(CO)12�x(PTA)x] (116a–c,
x = 1–3). 31P{1H} NMR data showed signals due to a single isomer
for 116a (s,�43.5 ppm) and 116c (�44.6 ppm) and for two isomers
for 116b (s, �45.96 and �44.02 ppm in 1:4 ratio). Starting from the
Ru–carbido carbonyl precursor [Ru5C(CO)15], addition of 1–5 equiv.
of PTA afforded compounds [Ru5C(CO)15�x(PTA)x] (117a–f, x = 1–6).
31P{1H} NMR spectra varied from simple singlets for 117a
(�23.7 ppm) and 117b (�32.5 ppm) to rather complicated patterns
with up to 4 signals for 117e (�52.63, �47.54, �44.11 and
�32.31 ppm, in 20/46/20/14 ratio), depending on the number of
coordinated PTA ligands and on the symmetry of the molecule.
Finally, using [Ru6C(CO)17] and PTA, compounds [Ru6C(CO)17�x(PTA)x]
(118a–f, x = 1–6) were obtained. For the [Ru3(CO)12] derivatives,
water solubility was observed at acidic pH only in the case of com-
plex 116c. For higher nuclearity clusters, derived from [Ru5C
(CO)15] and [Ru6C(CO)17], this property was instead obtained with
less than one phosphine per ruthenium atom. According to the
authors, in the latter case ‘‘PTA has to form a solubility envelope
around the metal core”, bringing about water solubility even at
Ru:PTA ratios lower than 1 (Fig. 8).

Another class of Ru–PTA complexes that is receiving growing
interest includes complexes having bipyridine (bipy) as co-
ligand. Treatment of [RuCl2(bipy)2]�2H2O with PTA in the presence
of NaBH4 and NH4PF6 gave the ruthenium hydrido complex cis-
[RuH(bipy)2(PTA)](PF6) (119), with a 31P{1H} NMR singlet at
�29.7 ppm and a 1H NMR doublet at �12.6 (2JPH = 32 Hz) for the
hydrido ligand, respectively. Complex 119 was reacted with CO2

and CS2 to give the corresponding formato and dithioformato com-
plexes cis-[Ru{g1-EC(E)H}(bipy)2(PTA)](PF6) (120, E = O, a; E = S,
b). Reaction of 119 with HOTf in CH3CN gave cis-[Ru(MeCN)
(bipy)2(PTA)](PF6)2 (121) by coordination of one molecule of ace-
tonitrile to Ru on the vacant coordination site obtained upon loss
of hydrogen [62]. Both insertion reactions followed second-order
mplexes 113–115.

f 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA) and derivatives. Part
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Fig. 8. X-ray crystal structures of 118a (x = 1, left) and 118b (x = 2, right). Adapted from Ref. [61]. Copyright 2015 Elsevier Science B.V.
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kinetics, with second-order rate constants (k2) ranging from
(9.40 ± 0.41) � 10�4 M�1 s�1 in acetone to (1.13 ± 0.08) � 10�1 -
M�1 s�1 in MeOH for CO2 and from (3.43 ± 0.10) M�1 s�1 in MeOH
to (24.0 ± 0.5) M�1 s�1 in DMF for CS2. By electrochemical methods,
using a Ag/AgCl reference electrode (Ag/AgCl vs NHE = 197 mV), it
was observed that in MeCN the anodic oxidation of 119 irreversibly
occurred at 0.5 V to give 121, which in turn was oxidised irre-
versibly at a potential exceeding 1.5 V. It was proposed that the
electrochemical formation of 121 should proceed via a sequential
loss of two electrons and a proton from 119 followed by the coor-
dination of a solvent molecule (MeCN).

A detailed study on synthetic modifications, interconversion
and ligand release upon irradiation under acidic conditions of a
series of Ru(bipy)–PTA complexes was reported [63]. Complex
cis-[Ru(bipy)2(PTA)2]Cl2 (122a) was obtained from [RuCl2(bipy)2]
by reaction with 10 equiv. of PTA in H2O under reflux conditions,
whereas the trans-isomer trans-[Ru(bipy)2(PTA)2](OTf)2 (122b)
was instead obtained from trans-[Ru(bipy)2(H2O)2](OTf)2 under
identical reaction conditions. Both complexes showed fluorescence
properties in water at room temperature, both in air and under
nitrogen atmosphere. Under strongly acidic conditions (pH = 0,
using HOTf 1.0 M), irradiation of 122a (k = 360 nm) and 122b
(k = 402 nm) caused the decoordination of one PTA molecule and
protonation of the Ru-bound PTA, with formation of cis-[Ru
(bipy)2(HPTA)](OTf)3�H2O (123a) and trans-[Ru(bipy)2(HPTA)]
(OTf)3�H2O (123b), respectively. This reaction was followed by
Fig. 9. X-ray crystal structures of 126a cation (left) and 127 (right)

Please cite this article in press as: A. Guerriero et al., Coordination chemistry o
III. Variations on a theme: Novel architectures, materials and applications, Coo
trans–cis isomerisation and water coordination to yield the final
common product cis-[Ru(bipy)2(H2O)(HPTA)](OTf)3 (124). The
electrochemical behaviour of 122a and 122b was then studied in
water and DMF, using a standard Ag/AgCl reference electrode. Irre-
versible anodic oxidation in water, corresponding to the RuII/RuIII

redox process, occurs at 1.47 V (Eox) with reduction at 0.39 V (Ered)
(DEP = 1.08 V) for 122a, whereas for 122b the process is quasi-
reversible (E = 0.89 V; DEP = 0.79 V). In DMF, both complexes
showed irreversible anodic oxidations at lower potential than in
water (Eox = 1.00 V, 122a; 0.98 V, 122b). The X-ray crystal struc-
tures of 122a and 122b were also obtained.

The controversial trans–cis isomerisation mechanism for the
known complex [RuCl2(PTA)4] (125) was further investigated,
and it was concluded that the best synthetic procedure to get the
thermodynamic product cis-[RuCl2(PTA)4] was the irradiation of
an aqueous solution of trans-[RuCl2(PTA)4] with blue light
(k = 470 nm) for 1 h [64]. In the same article, the authors employed
trans-125 and cis-125 as precursors for further syntheses. Reaction
of trans-125 with bipy in refluxing water gave mer-[RuCl(bipy)
(PTA)3](PF6) (126a), while a mixture of 126a (minor) and fac-
[RuCl(bipy)(PTA)3](PF6) (126b, major) was obtained starting from
cis-125 in the presence of Ag+ salts. Moreover, complex cis,cis-
[RuCl2(bipy)(PTA)2] (127) was obtained by ligand substitution
from cis,cis,trans-[RuCl2(jS-DMSO)2(PTA)2] with bipy in EtOH
under reflux conditions. In water complex 127 slowly released a
chloride and coordinated H2O to give the ionic cis-[RuCl(bipy)
. Adapted from Ref. [64]. Copyright 2016 John Wiley and Sons.

f 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA) and derivatives. Part
rd. Chem. Rev. (2017), https://doi.org/10.1016/j.ccr.2017.09.024

https://doi.org/10.1016/j.ccr.2017.09.024


A. Guerriero et al. / Coordination Chemistry Reviews xxx (2017) xxx–xxx 19
(H2O)(PTA)2]Cl (128). The X-ray crystal structures of 126a (cation)
and 127 are shown in Fig. 9. On the other hand, reaction of cis,cis,-
trans-[RuCl2(jS-DMSO)2(PTA)2] with 4-methyl-2,20-bipyridine-4-c
arboxylic acid (bipyAc) gave cis,cis-[RuCl2(bipyAc)(PTA)2] (129) as
a 50:50 mixture of two isomers with 4-carboxylic acid either trans
or cis to PTA, respectively.

Fe–hydrogenase-inspired Fe–Fe carbonyl complexes bearing
PTA where synthesised in an attempt to increase basicity of the
metal core by CO substitution, and increase the electrocatalytic
activity in hydrogen release from acetic acid (HOAc) in polar
media. Thus, complexes [Fe2(l-C6H4S2)(CO)5(PTA)] (130a) and
[Fe2(l-C6H4S2)(CO)4(PTA)2] (130b) were obtained from the car-
bonyl precursor [Fe2(l-C6H4S2)(CO)6] by reaction with 1 or 2 equiv.
of PTA in either MeOH or THF, respectively [65]. The electrocat-
alytic reduction of HOAc took place at �2.15 V (130a) and
�2.35 V (130b), however only moderate activities were observed
at overpotentials near 0.7–0.9 V (E�HOAc = �1.46 V).

Cluster carbonyl complexes [Os3(CO)12�x(PTA)x] (131a–d, x = 1–
4) were obtained by different synthetic routes and in different
yields, and their water solubility as a function of pH was measured.
It was found that complex 131d (x = 4) was soluble in water at ca.
neutral pH. In acidic media, 131c (x = 3) undergoes protonation at
PTA, resulting in [Os3(CO)9(HPTA)3]Cl3 (131e). The X-ray crystal
structures of 131a and 131c, both obtained as MeOH adducts, are
shown in Fig. 10 [66].

Complex trans-[OsCl2{(S,S)-iPr-pybox}(PTA)] (132, (S,S)-iPr-pybox =
2,6-bis[40(S)-isopropyloxazolin-20-yl]pyridine) was obtained from
the corresponding g2-C2H4 precursor by reaction with PTA in
toluene at reflux in 63% yield, and characterised in solution by a
31P{1H} NMR singlet at �93.5 ppm for PTA trans to pyridine [67].
Further reaction of 132 with HCl�OEt2 gave as expected the N-
PTA-protonated trans-[OsCl2{(S,S)-iPr-pybox}(HPTA)]Cl (133),
whereas alkylation with RX (R = methyl, a; allyl, b; propargyl, c;
benzyl, d; X = I�, Br�) gave complexes trans-[OsCl2{(S,S)-iPr-
pybox}(PTA-R)]X (134a–d). All complexes were found to be water
soluble, in the range 1.98 (for 133) to 10.10 g L�1 (for 134d) at
20 �C and were tested for plasmid DNA mobility shift assay for
DNA intercalation studies, as in vitro antitumour drugs against cell
lines of human cervical cancer (HeLa) and colon cancer (HT29), and
as antimicrobial agents against bacteria such as Micrococcus luteus,
Bacillus subtilis, Escherichia coli, Streptomyces coelicolor, Strepto-
myces antibioticus, Pseudomonas aeruginosa and yeasts (Candida
albicans and Candida parapsilosis). Complex 134d showed the high-
est activity in all tests and largest intercalation with DNA.

The first Ru–arene complexes bearing CAP as ligand were
recently described [19]. The RAPTA-C analog [RuCl2(p-cymene)
(CAP)] (135) was obtained in 87% yield reacting [RuCl2(p-
cymene)]2 with 2 equiv. of CAP in CH2Cl2 at room temperature.
Complex 135 was used as precursor for the synthesis of [RuCl(p-
Fig. 10. X-ray crystal structures of 131a (left) and 131c (right). A

Please cite this article in press as: A. Guerriero et al., Coordination chemistry o
III. Variations on a theme: Novel architectures, materials and applications, Coo
cymene)(CAP)2](PF6) (136) by reaction with one equiv. of CAP
and a stoichiometric amount of TlPF6, and to obtain complex
[RuCl(p-cymene)(MeCN)(CAP)](PF6) (137) by a similar reaction in
the presence of MeCN. The 31P{1H} NMR spectra showed singlets
at 52.83 (135, CDCl3), 51.60 (136, acetone-d6) and 48.17 ppm
(137, acetone-d6), respectively. The X-ray crystal structures of
135 and 136 were also obtained. Compared to RAPTA-C, the com-
pounds tested are considerably more cytotoxic toward A2780
(IC50 = ca. 48–65 vs. 230 lM, RAPTA-C) and A2780cisR (IC50 = ca.
70–108 vs. 270 lM, RAPTA-C) ovarian cancer cell lines. However,
only complex 135 showed equal cytotoxicity toward both types
of cells. Noteworthy, all complexes maintain their cancer cell selec-
tivity by a 2-fold stronger growth inhibition effect on A2780 cancer
cells compared to noncancerous HEK293 cells (IC50 = ca. 80–
163 lM vs. >1000, RAPTA-C).

3.3. Group 9 complexes

The Co(II) compounds [CoCl(bipy)2(jS-PTA@S)]X (138, X = BF4,
PF6) [CoCl(bipy)2(jO-PTA@O)]X (139, X = BF4, PF6) and [CoCl
(bipy)2(jN-PTA)]BF4 (140) were obtained by reacting anhydrous
CoCl2 with PTA@S, PTA@O and PTA, respectively, in EtOH at room
temperature, and in the presence of bipy and NaBF4 or NaPF6.
When the reaction with PTA is carried out in EtOH under nitrogen
atmosphere, complex 140 is formed, showing a 31P{1H} NMR sin-
glet at �95.4 ppm. Upon dissolution in water and standing in air,
140 evolves to 139 by PTA oxidation followed by jO-
coordination to Co [68].

On the other hand, attempted coordination of (mPTA)I to Co(II)
by reaction with CoCl2 in MeOH or EtOH resulted in Co oxidation
giving the salt [mPTA][CoCl4] [69].

The rhodium(I) complex trans-[RhCl2(PTA)(HPTA)] (141) was
obtained either by reaction of known trans-[RhCl(CO)(PTA)2] with
aqueous HCl or N-chlorosuccinimide, or by room temperature
reduction of RhCl3 and coordination by PTA in EtOH [70]. It was
characterised in solution by IR, 1H and 31P{1H} NMR spectroscopies
and ESI-MS spectrometry, and in the solid state by single crystal X-
ray diffraction, showing as expected a square planar RhCl2P2 geom-
etry. Monitoring the stepwise addition of diluted HCl to an aqueous
solution of trans-[RhCl(CO)(PTA)2] by 31P{1H} NMR and ESI-MS
techniques, the authors proposed a rationale for the formation of
141, namely passing through steps involving [RhCl(PTA)4]2, then
a mixture of [RhCl(H2O)(PTA)2] and [RhCl(H)(PTA)(HPTA)],
converting into cis-[RhCl2(PTA)(HPTA)] and finally isomerising to
141.

The Rh(I) complex [Rh(CO)(PTA)4]Cl (142) and the Rh(III) com-
plex [RhCl2(PTA)4]Cl (143) were synthesised by reaction of [RhCl
(CO)2]2 or RhCl3�3H2O with stoichiometric amounts of PTA, respec-
tively [71]. Reduction of 143 to 142 was also obtained under
dapted from Ref. [66]. Copyright 2016 Elsevier Science B.V.
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Fig. 11. X-ray crystal structures of 142 (left) and 143 (right). Adapted from Ref. [71]. Copyright 2013 The Royal Society of Chemistry.
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syngas (H2/CO = 1:1). Upon addition of NaBH4 to either 142 or 143,
the hydrido species [RhH(PTA)4] (144) was obtained. The authors
reported 31P{1H} NMR patterns as unresolved broad singlets in
D2O at �56.6 ppm for 142 and at �46.0 for 143. Complex 144
instead showed a more complex pattern with signals at
�39.50 ppm (dtd, 1JPRh = 94.1 Hz; 2JPP = 23.7 Hz), �53.55 ppm (dt,
1JPRh = 85.2 Hz) and �53.65 ppm (dt, 1JPRh = 85.2 Hz). The hydrido
ligand showed a 1H NMR resonance at �11.2 ppm (ddtd,
2JPH = 123.0 and 25.6 Hz; 1JRhH = 13.6 Hz). The X-ray crystal struc-
tures of 142 and 143 are shown in Fig. 11.

Complex [RhCl(cod)(PTA-R)]PF6 (145, cod = g4-1,5-C8H12;
R = p-tBu-C6H4CH2) was obtained from the reaction of the Rh(I)
dimer [RhCl(cod)2]2 with the PF6� analogue of ligand 21a. The com-
plex showed a 31P{1H} NMR doublet at �33.1 ppm (1JPRh = 160 Hz)
[72].

The chemistry of cyclopentadienyl rhodium(III) derivatives
bearing PTA was revisited. For example, the known complexes
[RhCp⁄Cl(PTA)2]X (146, X = I�, Cl�, OTf�, PF6�, BF4�) were shown to
undergo an H/D exchange process between the methyl groups of
Cp⁄ and D2O and that the rate depended on the coordinating ability
of the counterion X�. Kinetic studies and DFT calculations indi-
cated that deuteration proceeds by abstraction of a proton from
the methyl group of the pentamethylcyclopentadienyl ligand by
a coordinated OH� and that this process is mediated by the basic
N atoms of PTA [73].

The novel water-soluble rhodium complexes [RhCp⁄(PTA)3]Cl2
(147) and [RhCp⁄Cl(PTA)(THP)]Cl [148, THP = tris(hydroxymethyl)
phosphine] have been synthesised, by addition of either PTA or
THP to 146, respectively. Very high water solubilities were mea-
sured, with values of S(H2O)20�C = 650 and 533 g L�1, respectively
[74]. Cp⁄M-PTA (M = Rh, Ir) type complexes bearing the O,O-
chelating ligands curcumin (curcH) and bis-demethoxycurcumin
(bdcurcH) in their deprotonated forms were obtained as [MCp⁄(L)
(PTA)](OTf) (149a–d, M = Rh, Ir, L = curc, bdcurc) and tested as
anticancer agents towards A2780, A2780cisR ovarian cancer cells
and non-tumourigenic HEK293 hembrionic kidney cell lines, after
evaluation of stability to aquation and ligand exchange under
pseudo-physiological conditions. Only moderate cytotoxicity and
cell selectivity were observed in all cases [75].

Examples of ‘‘upper rim” PTA derivatives coordination to Ir(I)
were described [7]. Reaction of [IrCl(cod)]2 with two equiv. of
either PZA (PZA = phenyl-(1,3,5,-triaza-7-phosphatricyclo[3.3.1.1]
dec-6-yl)methanol) or PZA–NMe2 (3) in CH2Cl2 at room tempera-
ture gave the corresponding [IrCl(cod)(jP-PZA)] (150) and [IrCl
(cod)(jP-PZA–NMe2)] (151). Complex 151 was then reacted with
TlPF6 to give complex [IrCl(cod)(jP,O-L0)] [152, L0 = 1-H-4-(dimethy
lamino)phenyl-(1,3,5,-triaza-7-phosphatricyclo[3.3.1.1]dec-6-yl)m
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ethanolate]. In this compound, jP,O-coordination was accompa-
nied by deprotonation of the ligand alcohol pendant arm and pro-
tonation of one N atoms of the lower rim, as demonstrated by a
combination of NMR studies and DFT calculations.

Starting from precursor [Ir(cod)2](PF6), by addition of 2 equiv. of
PTA, complex [Ir(cod)(PTA)2](PF6) (153) was obtained. Complex
153was anchored on two sulfonated gel-type Dowex resins, differ-
ing from the nature of the cation (Li+ or H+). In the first case,
anchoring was obtained by electrostatic interactions through
exchange of 153 with Li+, whereas in the second case this was
obtained by prior protonation of the N atoms of PTA on the Ir com-
plex, as shown in Scheme 17 [76].

3.4. Group 10 complexes

A few novel Pd and Pt complexes bearing PTA and derivatives
were reported. Pd(II) imidate complexes trans-[Pd
(imidate)2(PTA)2] (154, imidate = succinimidate, a; maleidimidate,
b; phthalimidate, c; saccharinate, d) were synthesised from reac-
tions of PTA with the precursors trans-[Pd(imidate)2(SMe2)2]. The
products were characterised by spectroscopic techniques, showing
31P{1H} NMR singlets in the range �51.4 to �41.8 ppm and IR masym
CO stretching frequencies for the imidate ligands in the range
1675–1609 cm�1 [77].

Other water-soluble cyclometalated Pd–imidate complexes
were obtained starting from precursors [Pd(l-imidate)(C^N)]2
where C^N are jC,N-coordinated coligands such as 2-
phenylpyridine and 2-benzoylpyridine and imidate are phthalimi-
date and saccharinate. The corresponding complexes of general
formula [Pd(C^N)(imidate)(PTA)] (155) showed as expected a
square-planar geometry around Pd with a chelate C,N ligand, a
N-coordinated imidinate and PTA in mutually cis position, also
shown in the solid-state structures obtained by single-crystal X-
ray diffraction with imidate = phthalimidate [78].

Another class of palladacycle complexes bearing PTA is repre-
sented by compounds [PdCl(C^E)(PTA)] (156, E = N = N,N-dime
thyl-1-phenylmethanamine, a; 1-methyl-5-phenyl-1H-benzo[e][1
,4]diazepin-2(3H)-one, b; E = S = benzyl(methyl)sulfane, c). The
complexes were characterised in solution and in the solid state
by single-crystal X-ray diffraction. They were tested as in vitro
cytotoxic agents on A2780/S ovarian cancer cells and evaluated
as cathepsin B (cat B) inhibitors, showing however lower activities
(IC50 cat B = 70 vs. 9.5 lM; IC50 A2780/S = >50 vs. <2 lM) than
counterparts containing diphosphine ligands such as dppe
(dppe = bis(diphenylphosphino)ethane) [79].

Mononuclear platinum-hypoxanthine complexes of the type [Pt
(dmba)(PTA)(9-mhypH-N7)]ClO4 [157, dmba = jN,C-2-(dimethyl-
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Scheme 17. Heterogenisation of 153 by ion-exchange (above) and by ion-exchange plus acid–base interaction (below).
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aminomethyl)phenyl; 9-mhypH-N7 = 9-methylhypoxanthine,
coordinating by N7 atom to Pt] and [Pt(dmba)(PTA)(9-mhyp-N1)]
[158, 9-mhyp-N1 = deprotonated 9-methylhypoxanthine, coordi-
nating by N1 atom to Pt] were obtained from precursor [Pt(dmba)
(PTA)Cl]. After chloride abstraction by addition of AgClO4 in ace-
tone, the solvent complexes [M(dmba)(L)(Me2CO)](ClO4) (M = Pd
or Pt), generated in situ, reacted with 1 equiv of 9-mhypH to give
the cationic complexes [Pt(dmba)(PTA)(9-mhypH)](ClO4), which
gave the desired products upon deprotonation with base. Preferen-
tial hypoxanthine binding to metal, either by N1 or N7 atoms, was
confirmed by DFT calculations, which results agreed with the
experimentally obtained X-ray crystal structures [80]. Drawings
of complexes 154–158 are shown in Chart 7.

Among Pd complexes bearing novel lower rim PTA derivatives,
cis-[PdCl2(PTA–Bn)2]Cl2 [159] was prepared reacting a suspension
of cis-[PdCl2(cod)] with 2 equiv. of (PTA–Bn)Cl in methanol over-
night at room temperature. The complex showed a 31P{1H} NMR
singlet at �16.98 ppm [81]. More recently, reactions of [NH4]2[-
PdCl4] with HPTA or N-alkylated PTA salts (PTA–R)I (R = Me, a;
Et, b; nPr, c; nBu, d) in the presence of excess KI were shown to
afford the water-soluble palladium(II) complexes of type
[PdI3(PTA–R)] (160a–d) in isolated yields of 62–81% [82].

The lower rim open version of PTA, originally named PTN–Me
(PTN–Me = 7-methylphospha-3-methyl-1,3,5-triazabicyclo[3.3.1]n
onane), was used to coordinate in a jP,N fashion to PdCl2, by reac-
tion with cis-[PdCl2(cod)], obtaining the [PdCl2(jP,N-PTN–Me)]
complex (161), showing a 31P{1H} NMR singlet at �26.6 ppm
[83]. The corresponding X-ray crystal structure was also obtained.
In the same article, the authors described the synthesis of the p-tBu
analogue of a previously described lower rim PTA derivative,
namely 2,4,6-tri(phenyl)-1,3,5-phosphatricyclo[3.3.1.1]decane
(PTAR3) and its tert-butyl analogue PTAR30, i.e. 2,4,6-tri(p-tert-butyl
phenyl)-1,3,5-phosphatricyclo[3.3.1.1]decane. Both PTAR3 and
PTAR30 were used as jP ligands to PdCl2, obtaining the novel
trans-[PdCl2(jP-L)2] complexes (162, L = PTAR3, a; L = PTAR30, b).
The 31P{1H} NMR spectrum of 162b contained as expected a singlet
resonance at �51.4 ppm in CDCl3. Compound 162a was obtained
as a mixture of cis- and trans-isomers with singlets at �51.5
(trans-162a) and at �34.0 ppm (cis-162a) in CDCl3. The X-ray crys-
tal structure of 162b is shown in Fig. 12.

Salicylaldiminato thiosemicarbazone (saltsc-R, R = H, a; 3-OMe,
b; 3-tBu, c; 5-Cl, d), dianionic tridentate ligands with different sub-
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stituents on 3- or 5-position, were used to coordinate Pd(II) from
precursors cis-[PdCl2L2] (L = PPh3, PTA, 4-picoline) in the presence
of base. The resulting water-soluble complexes [Pd(saltsc-R)
(PTA)] (163a–d) showed PTA coordination trans to the N atom of
the N,S,O tridentate ligands, as demonstrated by NMR spectra
and single-crystal X-ray diffraction analysis for 163c. The com-
plexes were tested as antimicrobial agents against Trichomonas
vaginalis, and complex 163d gave the best inhibition with
IC50 = 17 lM, ca. 95% of the activity observed with FDA approved
drug metronidazole [84a]. The study was extended to multimeric
salicylaldimine di- and trithiosemicarbazones, showing again N,S,
O tridentate ligand behaviour. In spite of the low water solubilities,
especially for the dithiosemicarbazone derivatives, some activity
was observed during in vitro tests against WHCO1 oesophageal
cancer cells [84b].

Cyclometalated Pd complexes of ligand PTA@NAC(O)A2-
BrC6H4 (1c) were obtained, starting from the dimeric [Pd(l-Br)
{C6H4(C(O)N@PTA-jC,N)-2}]2 (164) obtained by oxidative addition
of 1c to [Pd2(dba)3]. Small libraries of complexes of type [Pd(L–L)
{C6H4(C(O)N@PTA-jC,N)-2}] (165, LAL = acac, a; S2CNMe2, b; 4,7-
diphenyl-1,10-phenanthrolinedisulfonic acid disodium salt, C12H6-
N2(C6H4SO3Na)2, c) and [PdBr(L){C6H4(C(O)N@PTA-jC,N)-2}] (166,
L =mTPPTS, a; P(3-pyridyl)3, b; PTA, c) were obtained from 164 by
ligand addition and cleavage of the l-Br bridged dimer [4]. All new
complexes were tested as potential anticancer agents, and their
cytotoxicity properties were evaluated in vitro against human
Jurkat-T acute lymphoblastic leukaemia cells, normal T-
lymphocytes (PBMC), and DU-145 human prostate cancer cells.
Best results were obtained with 164 and 165a, with IC50 values
in the range of other promising cyclopalladated compounds, and
lower toxicity towards normal T-lymphocytes (PBMC).

Complex trans-[Pd(PTA)2(N3)2] (167) was obtained by ligand
exchange from trans-[Pd(PPh3)2(N3)2] in CH2Cl2 at room temper-
ature. The obtained product was used as scaffold for the synthesis
of tetrazolato complexes trans-[Pd(PTA)2(N4CR)2] (168, R = Ph, a;
2-NC5H4, b; 3-NC5H4, c; 4-NC5H4, d) by reaction with the corre-
sponding RCN organonitriles under reflux for 12 h or by micro-
wave irradiation at 125 �C for 1 h. The reaction of 168a with
diluted HCl (0.5 M) under reflux for 1 h gave trans-[Pd
(HPTA)2Cl2]Cl2 (169) with liberation of 5-phenyl-1H-tetrazole,
showing that this can be a convenient tool for the synthesis of
substituted tetrazoles [85].
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Chart 7. Pd and Pt-PTA complexes 154–158.
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The water soluble cis- and trans-Pt(II) and Pd(II) complexes
[MR2(PTA)2] (170), [M(Me)X(PTA)2] (171), [Pt(Et)X(PTA)2] (172),
[MR2(DAPTA)2] (173), [MX2(DAPTA)2] (174) and [M(Me)X
Please cite this article in press as: A. Guerriero et al., Coordination chemistry o
III. Variations on a theme: Novel architectures, materials and applications, Coo
(DAPTA)2] (175), with M = Pt or Pd; R = Me, Et, C„CR (R = Ph,
SiMe3); X = Cl, Br, I, were obtained either by ligand exchange start-
ing from [M(R)2(cod)] or [M(R)(X)(cod)], or by metathesis reactions
f 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA) and derivatives. Part
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Fig. 12. X-ray crystal structure of Pd complex 162b. Adapted from Ref. [83].
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from [MCl2L2] (L = PTA, DAPTA) in good yields (63–90%) [86]. All
complexes were characterised by NMR, IR and ESI-MS techniques
and for some of them the corresponding X-ray crystal structures
were obtained. All of them showed lower water solubilities com-
pared to the free water-soluble ligands, in the range 0.35–
3.5 mol L�1 vs. 1.5 (PTA) and 7.4 mol L�1 (DAPTA). Later on, the
same authors expanded on the scope of these synthetic reactions,
to get bis-alkynyl Pt(II) and Pd(II) complexes of general formula
Chart 8. Pd(II) and Pt(II)-PT
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cis- or trans-[M(C„CR)2L2] (176a–p, L = PTA or DAPTA; R = p-
tolyl, o-pyridyl, m-pyridyl, m-C6H4NH2, and CH2Ph, see NMR data
and full nomenclature in Table S1). The complexes were prepared
either from [M(C„CR)2(cod)] or [MCl2L2] precursors by reaction
either with the water soluble ligands or with the alkynes, respec-
tively [87]. Alternative syntheses of known cis-[PtCl2(PTA)2] and
[PtCl(PTA)3]Cl were also proposed, by room-temperature reaction
of trans-[PtCl2(jS-DMSO)2] with 2 equiv of PTA in MeNO2 and by
reaction of K2[PtCl4] with 3 equiv. of PTA in aqueous EtOH, respec-
tively [88].

Heteroleptic complexes cis-[M([9]aneS3)(PTA)2](PF6)2 (177) or
[MCl([9]aneS3)(PTA)](PF6) (178) (M = Pt(II), a; Pd(II), b; [9]
aneS3 = 1,4,7-trithiacyclononane) were synthesised by reaction of
[MCl2([9]aneS3)] with either 2 or 1 equiv. of PTA and NH4PF6 in
MeNO2, respectively [89].

Complexes cis-[Pt(L)(PTA)2] (179, L = ethane-1,2-dithiolato, a;
3-hydroxypropane-1,2-dithiolato, b) and cis-[Pt(L)(PPh3)(PTA)]
(180, L = 2-hydroxypropane-1,3-dithiolato) were obtained by
ligand exchange from cis-[PtCl2(PTA)2]. The 31P{1H} NMR spectra
showed a singlet at �55.3 ppm with Pt satellites (1JPPt = 2554 Hz)
for 179a, and more complex AB spin systems with signals at
�55.6 (1JPPt = 2546 Hz, 2JPP = 59 Hz) and �56.3 ppm (1JPPt = 2568 -
Hz, 2JPP = 59 Hz) for 179b, and signals at 21.5 (1JPPt = 2872 Hz,
2JPP = 27 Hz) and �63.6 ppm (1JPPt = 2442 Hz, 2JPP = 27 Hz) for 180,
respectively. No antiproliferative activity was observed against
A2780 ovarian cancer cells [90].

The same reaction pathway and precursor were used to obtain
thiocarbamato complexes cis-[Pt{SC(NR02)@NC6H4R}(PTA)2](PF6)
(181, R = H, R0 = Me: a; R = Cl, R0 = Me: b; R = Cl, R0 = Et: c) and cis-
[Pt{SC(NR)@NC6H4Cl}(PTA)2](PF6) (182, R = 2-pyridylpiperazine).
A complexes 177–182.

f 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA) and derivatives. Part
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Chart 9. Complex [PtCl(ET-dmba)(PTA)] (186b).
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The complexes were evaluated as in vitro antitumour agents in
three human cancer cell lines (non-small cells lung A549, ovarian
CH1, colon SW480), using the MTT assay to assess cytotoxicity.
IC50 values showed that these complexes are by one to two orders
of magnitude less active than cisplatin in A549 and SW480 cells,
but have a remarkably high activity in the cisplatin-sensitive CH1
cells (IC50 = 0.66 lM) [91]. Drawings of complexes 177–182 are
shown in Chart 8.

Cyclometalated analogues of the salicylaldiminato thiosemicar-
bazones [84] were prepared by reacting at first K2[PtCl4] with
ligand 3,4-dichloroacetophenone thiosemicarbazone, obtaining
the tetranuclear species [Pt(jC,N,S-3,4-dichloroacetophenone
thiosemicarbazone)]4 that, upon further reaction with PTA, gave
the monometallic complex [Pt(jC,N,S-3,4-dichloroacetophenone
thiosemicarbazone)(PTA)] (183), with PTA trans to the N atom of
the tridentate ligand. Poor antiparasitic activity of 183 was
observed against Plasmodium falciparum strains and T. vaginalis,
whereas good activity as antitumour agent was observed against
ovarian cancer cell lines A2780 and cisplatin resistant A2780cisR
(IC50 = 21.2 and 32 lM, respectively) [92].

Pd and Pt–PTA complexes [MCl(jN,S-L)(PTA)] (184a–h, see
Table S1 in Supporting Information) where L = 5-nitrofuryl
thiosemicarbazones were synthesised from [MCl4]2� salts in the pres-
ence of PTA and L. They were studied by cyclic voltammetry, ESR
(electron spin resonance) spectroscopy, lipophilicity assessment
and tested against Trypanosoma cruzi, showing in all cases activi-
ties similar to the free thiosemicarbazones, without significant dif-
ferences between Pd and Pt [93].

A small library of PTA and DAPTA-type Pt(II) and Pd(II) thionate
complexes trans-[M(SN)2P2] (185) were prepared from cis-
[MCl2P2] (M = Pt, Pd; P = PTA, DAPTA) with deprotonated hetero-
cyclic thiones S-m-methylpyrimidine-2-thione, S-4,6-
dimethylpyrimidine-2-thione, S-4,6-dihydroxypyrimidine-2-thion
e, benzothiazole-2-thione, benzoxazole-2-thione, S-1,3,4,-
thiadiazole-2-thione, S-4,5-H-thiazolan-2-thione, and S-
pyrimidine-4(1H)-one-2-thione. Complexes 185 were tested
in vitro against ovarian cancer cell lines A2780 and A2780cisR. All
showed high inhibition of cellular growth comparable to cisplatin,
up to 7-fold higher activity in cisplatin-resistant A2780cisR cell
lines. X-ray crystal structures were obtained for six different com-
plexes, all showing trans-geometry. In the case of bimetallic [Pd2-
Cl2(S-pyrimidine-4(1H)-one-2-thionate)2(PTA)2], a Pd–Pd distance
of 3.0265(14) Å was measured (Fig. 13) [94].

Natural and synthetic oestrogens have been attached to a range
of different organometallic and coordination units with the aim of
targeting the oestrogen receptors (ER) and achieve more efficient
Fig. 13. X-ray crystal structure of [Pd2Cl2(S-pyrimidine-4(1H)-one-2-thionate)2(-
PTA)2]. Adapted from Ref. [94]. Copyright 2013 American Chemical Society.
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Pt-based drug delivery with decreased general toxicity. Novel
17-a-[40-ethynyldimethylbenzylamine]-17-b-testosterone (ET-
dmbaH) was used to coordinate to Pt(II) precursors by
C,N-chelation giving complexes [PtCl(ET-dmba) (L)] (186,
L = DMSO, a; PTA, b). Complex 186bwas synthesised from reaction
of [PtCl2(DMSO)2] with ET-dmbaH giving 186a, followed by
dimethyl sulfoxide exchange with PTA (Chart 9). IC50 values were
measured for 186a,b against a panel of human tumour cell lines
representative of ovarian (A2780 and A2780cisR) and breast can-
cers (T47D). Very low resistance factors (RF) were measured at
48 h (RF = 0.9–1.5) against an A2780 cell line which has acquired
resistance to cisplatin, thus proving that efficient circumvention
of cisplatin resistance was obtained [95].

Pt(II) complexes bearing ligands PTA–C2H4OCOMe (25) and of
PTA–CH2COOEt were obtained as cis-[PtCl2L2]X2 (187, X = Cl�,
PF6�) [14]. They showed low activity on ovarian cisplatin-resistant
SKOV3 and appreciable activity towards ovarian A2780 cell lines
(IC50 = 17–36 vs. 0.91 lM for cisplatin).
3.5. Group 11 complexes

The coordination chemistry of coinage metals to PTA was fur-
ther developed, and some of the corresponding Cu, Ag and Au com-
plexes were used as antitumour and antimicrobial agents.

Starting from [Cu(CH3CN)4](BF4) or [Cu(CH3CN)4](PF6) precur-
sors, a series of Cu(I) complexes bearing PTA, HPTA and (mPTA)X
(X = OTf�, I�) were obtained, namely [Cu(PTA)4](BF4) (188�BF4),
[Cu(HPTA)4][Cl4(BF4)] (189), [Cu(mPTA)4][(OTf)4(BF4)] (190a), [Cu
(mPTA)4][(OTf)2(BF4)3] (190b), [Cu(mPTA)4][(OTf)4(PF6)] (190c)
and [CuI(mPTA)3]I3 (191). 31P{1H} NMR spectra showed singlets
in the range �78.0 to �81.5 ppm. For some of the complexes the
corresponding X-ray crystal structures were obtained, showing as
expected a tetrahedral geometry around Cu(I). Tests performed
with 188, 189, 190a, 190c on cisplatin-sensitive and resistant cell
lines showed that against human ovarian 2008/C13 tumour cell
line pair, the resistance factor was ca. 7-fold lower than that of cis-
platin, whereas against human cervix cancer A431/A431-Pt cell
line pair it was about 2.5-fold lower, confirming the circumvention
of cisplatin resistance [96]. The study was extended to DAPTA and
PTA–SO2 (PTA–SO2 = 2-thia-1,3,5-triaza-7-phosphatricyclo[3.3.1.1]
decane-2,2-dioxide) obtaining the corresponding [CuL4](BF4) com-
plexes (192, L = DAPTA, a; PTA–SO2, b). The complexes showed
in vitro antiproliferative activity against several human cancer cell
lines derived from solid tumours and an anti-angiogenic activity at
sub-cytotoxic concentrations. The compounds were further
assessed by in vivo experiments in C57BL mice, on a murine model
of solid tumour and on an established in vivo bioassay of physiolog-
ical angiogenesis, showing a higher performance and lower toxicity
for 192a [97]. More recently, the same authors studied the effect of
different ionic media on 188 and the related Ag analogue [Ag
(PTA)4]X (193, X = BF4�, PF6�) to establish a relationship between
their stability in solution, formation equilibria and cytotoxicity,
by a series of thermodynamic studies and DFT calculations. It
was demonstrated that cations [Cu(PTA)2]+ and [Ag(PTA)]+ are
f 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA) and derivatives. Part
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the most stable species under pseudo-physiological conditions
[98].

A series of heteroleptic PTA–Cu complexes bearing bidentate
j2N-dihydrobis(pyrazolyl)borate, [H2B(pz)2]�; dihydrobis(tria-
zolyl)borate, [H2B(tz)2]�; dihydrobis(3-nitro-1,2,4-triazolyl)borate,
[H2B(tzNO2)2]�; bis(pyrazol-1-yl)methane, CH2(pz)2; tridentate
jN,N,O-bis(3,5-dimethylpyrazol-1-yl)acetate, [bdmpza]�; j3N-tris
(pyrazol-1-yl)methane, Tpm, were obtained either from CuCl or
from [Cu(CH3CN)4](BF4) and tested against a range of tumour cell
lines such as breast MCF-7, cervical A431, colon HCT-15 and LoVo,
lung A549 cancer, leukaemia HL60 and melanoma A375, compar-
ing the results of IC50 values with those of cisplatin. Results
showed that, in general, the most efficient antitumour agents could
be found among complexes having pyrazolyl ligands binding with
only two out of three N atoms. The most active complex was found
to be [Cu(jN,N,O-bdmpza)(PTA)] (194), whereas the cationic j3N-
complexes were the least effective [99].

The reactivity of Cu(I)/Cu(II) salts with PTA and some of its
derivatives brought about unexpected structural features, of
importance for crystal engineering, coordination polymers synthe-
ses and supramolecular self-assembly reactions. This was demon-
strated for instance in the reaction of Cu(NO3)2 with PTA which,
in the presence of either sodium azide or iodide as auxiliary
ligands, gave either the coordination polymer [Cu(l-N3)(l:jP,N-
PTA)]n (195) or the monomeric species [CuI(PTA)(HPTA)2]I2�H2O
(196), respectively. In the absence of auxiliary ligands, complex
[Cu(PTA)4](NO3)�6H2O (188�NO3) was obtained. X-ray crystal
structure analyses showed that in the solid state 195 is composed
of a unique 1D coordination network with a [Cu2(l-N3)2] core. In
the case of 196, extensive interlikage of [CuI(PTA)(HPTA)2]2+

cations is brought about by intermolecular H-bonding yielding a
1D supramolecular cationic chain. Finally, 188�NO3 showed a more
common 3D network due to extensive OAH� � �N hydrogen bonding
with the solvent molecules [100]. In the case of N-alkyl PTA deriva-
tives, reaction of (PTA-R)I (R = Me, Et, nPr) gave as expected com-
plex 191, the ethyl analogue [CuI(PTA–Et)3]I3 (197) and, rather
surprisingly, a trinuclear species [Cu3I2(l-I)(l3-I)2(PTA–nPr)2]
(198), featuring the unprecedented copper iodide cluster {Cu3I2(-
l-I)(l3-I)2}, all endowed with tunable luminescence properties
depending on the solvent, the nature of PTA ligand and the nucle-
arity [101]. The reaction between Cu(NO3)2, sodium azide and
(mPTA)I was then investigated by the same authors, achieving
the self-assembled, mixed valence tetranuclear Cu(I)/Cu(II) com-
plex [Cu4I4(l-N3)2(N3)4(l-mPTA)2(mPTA)2]�2H2O (199), featuring
a hexaazido dicopper(II) core {Cu2(l-N3)2(N3)4}2� and two copper
(I) {CuI2(l-mPTA)(mPTA)}+ units (Fig. 14). Magnetic susceptibility
and EPR studies showed the presence of a ferromagnetic interac-
tion between the Cu(II) atoms through l-azido ligands [102].
Fig. 14. X-ray crystal structure of mixed valence tetracopper complex 199.
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On the other hand, the unusual combination of Cu(HCO2)2 and
Cu powder with PTA in MeCN gave the unexpected 1D mixed
valence Cu(II)/Cu(I) coordination polymer [Cu3(l-
HCO2)2(HCO2)3(l-PTA)3(PTA)]n�nH2O (200). This polymer has
bitubular 1D chains made of tetracopper {Cu4(l-
HCO2)4(HCO2)6}2� anions, in turn kept together by ionic interac-
tions through the {l3-Cu(PTA)4}+ units. Compound 200 also
showed magnetic properties, in details a global antiferromagnetic
exchange between the ‘‘outer” and ‘‘inner” pairs of copper atoms
[103].

Even more spectacular variations on coordination typologies
were observed switching from Cu to Ag. The reaction of AgNO3

with PTA in the presence of a base and various arylcarboxylic acids
(benzoic, Hba; 4-cyanobenzoic, Hcba; 2-aminobenzoic, Haba;
terephthalic, H2tpa) as auxiliary ligands, gave an array of different
P,N-PTA coordination polymers such as the 1D zigzag [Ag(ba)(l-
PTA)]n (201), the ladder-like [Ag(l-cba)(l-PTA)]n�5nH2O (202),
the tubular-like [Ag(l-aba)(l-PTA)]n�3nH2O (203) and the 2D grid-
like undulating nets in [Ag2(l4-tpa)(l-PTA)2]n�2nH2O (204). The
polymers 202 and 203 act as supramolecular hosts for water mole-
cules, which are associated by H-bonding interactions either into
2D {(H2O)11}n wavelike layers or discrete (H2O)3 clusters, respec-
tively [104]. Furthermore, the first PTA-based luminescent 3D-
MOFs (metal organic frameworks) of formula [Ag2(l2-bpca)(l3-
PTA)2]n�2nH2O (205, H2bpca = biphenyl-4,40-dicarboxylic acid)
and [Ag4(l4-pma)(l2-PTA)2(l3-PTA)2]n�8nH2O (206, H2-
pma = pyromellitic acid) were obtained by simple change of auxil-
iary carboxylic acids. An interesting structural feature in 206
(Fig. 15) is the presence of PTA binding the metal in both l2 and
l3-coordination modes, never observed before [105].

Further variations included the use of alkyl instead of aryl car-
boxylic acids. For instance, reacting Ag2O with PTA and acids such
as succinic (H2suc), adipic (H2adip) or malonic (H2mal) acids gave
unconventional jN,P or j3N:jP-coordinations modes at PTA,
depending on the flexibility of the ancillary ligands, resulting in
the silver–organic networks [Ag2(l-PTA)2(l-suc)]n�2nH2O (207,
1D polymer), [Ag2(l-PTA)2(l4-adip)]n�2nH2O (208, 2D polymer),
and [Ag2(l4-PTA)(l4-mal)]n (209, 3D polymer). All compounds
showed a certain degree of activity as antimicrobial and antifungal
agents against Gram-negative (E. coli, P. aeruginosa) and Gram-
positive (Staphylococcus aureus) bacteria and yeast (C. albicans)
[106]. Similarly, the use of substituted cyclohexanecarboxylate
building blocks such as cyclohexanecarboxylic (Hchc), 1,4-
cyclohexanedicarboxylic (H2chdc), and 1,2,4,5-cyclohexanetetra
carboxylic (H4chtc) acid, gave the silver–organic 1D network [Ag
(l3-PTA)(chc)]n�n(Hchc)�2nH2O (210), the 3D MOF [Ag2(l3-
PTA)2(l2-chdc)]n�5nH2O (211), and the 2D polymer [Ag2(l2-
PTA)2(l4-H2chtc)]n�6nH2O (212), active against the bacteria
Adapted from Ref. [102]. Copyright 2012 American Chemical Society.
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(10–18 nmol L�1) and yeast (57 nmol L�1) listed above [107].
Replacing these acids with substituted glutarates (3-phenylglutaric
acid, H2pga; 3,3-dimethylglutaric acid, H2dmga) and malonate
(phenylmalonic acid, H2pma) gave [Ag2(l2-PTA)(l3-PTA)(l2-pga)
(H2O)]n�6H2O (213), [Ag2(l2-PTA)(l3-PTA)(Hpmal)2]n�2H2O (214),
and [Ag(l3-PTA)(Hdmga)]n (215), endowed with biological activi-
ties, similar to the parent compounds [108]. Other variations
included the use of Ag(I) acetate or trifluoroacetate giving 1-D
coordination polymers [Ag(l2:jP,N-PTA)(l2:j2O-
O2CCH3)]n�2nH2O (216) and [Ag(l2:jP,N-PTA)(l2:j2O-
O2CCF3)]n�nH2O (217), and reaction of Ag(I) trifluoroacetate with
mPTA to achieve the coordination polymer [Ag(mPTA)(l3-
O2CCF3:j2O-O2CCF3)(l2-O2CCF3:j2O-O2CCF3]n (218) [109].

Ancillary ligands other than carboxylic acids were tested for
their properties in building coordinations polymers vs. monomeric
discrete structures. Chelating diimines (NAN) such as 2,20-
bipyridine (bipy, a), 4,40-di-tert-butyl-2,20-bipyridine (dtbpy, b),
1,10-phenanthroline (phen, c), 2,9-dimethyl-1,10-phenanthroline
(neocup, d) and 1,10-phenanthroline-5,6-dione (dione, e) were
reacted with AgNO3 and PTA to yield coordination polymers [Ag
(NAN)(l-PTA)]nXn (219) and monomers [Ag(NAN)(PTA)2]X (220,
X = NO3

�, PF6�) endowed with antimicrobial and antiproliferative
activities [110]. Tris(pyrazolyl)methanesulfonate (Tpms) was also
used with Ag salts in combination with PTA and mPTA to obtain
complexes active as antibacterial and antifungal agents. The pyra-
zolyl ligand showed different coordination modes in various cases.
For instance, in complex [Ag(Tpms)(PTA)] (221) the Tpms ligand
adopts a jN,N,O-coordination mode [111], whereas j3N-
coordination was observed for [Ag(j3N-Tpms)(mPTA)](BF4) (222).
Fig. 16. X-ray crystal structures of 224 and 225 cores. Adapted f
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An unusual behaviour was instead observed for the highly water-
soluble [S(H2O)25�C = 30 g L�1] complex [Ag(mPTA)4](Tpms)4(BF4)
(223), where Tpms acts for the first time as non-coordinating anion
[112]. Complexes 222 and 223 were studied for intercalation with
calf thymus DNA by fluorescence studies. Moreover, the interac-
tion with BSA (bovine serum albumin) was tested to assess the
affinities of the complexes to proteins and the corresponding bind-
ing constants were determined. Their antimicrobial and antifungal
activities towards S. aureus, Enterococcus faecalis, P. aeruginosa, E.
coli, and C. albicans were also assessed.

Among PTA derivatives, interesting properties were observed
for PTA@O and PTA@S in combination with Ag(I) salts. In the for-
mer case, self-assembly reactions with AgNO3 or Ag2SO4 gave
two distinct silver–organic frameworks [Ag(NO3)(l3-PTA@O)]n
(224) and [Ag2(l2-SO4)(l5-PTA@O)(H2O)]n (225), respectively.
Single-crystal X-ray diffraction data showed the formation of infi-
nite 3D non-interpenetrating networks driven by multiply bridging
PTA@O spacers that adopt unprecedented N2O- or N3O-
coordination modes (Fig. 16) [113]. Both compounds exhibited
high antibacterial and antifungal activities against Gram-negative
E. coli and P. aeruginosa, and Gram-positive S. aureus bacteria, as
well as C. albicans fungi.

In the case of PTA@S, silver–organic frameworks [Ag(l3-
PTA@S)]n(NO3)n�nH2O (226) and [Ag4(l4-PTA@S)(l5-PTA@S)(l2-
SO4)2(H2O)2]n�2nH2O (227) were obtained, and X-ray crystal struc-
ture analysis revealed unprecedented N2S-coordination modes of
PTA@S [114].

The number of articles describing the synthesis of novel Au–PTA
complexes and their use in medicinal inorganic chemistry has
rom Ref. [113]. Copyright 2011 American Chemical Society.
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grown in recent years and has been already reviewed [115]. Apart
from other reports on this specific application [116], a few more
examples will be summarised here.

Ligand exchange from [AuCl(tht)] (tht = tetrahydrothiophene)
in the presence of PTA N-derivatives 20 and 22a,b gave the corre-
sponding jP–Au(I) complexes [AuCl(L)]X (228, L = 20, 22a, 22b;
X = Br�, OTf�), characterised by 31P{1H} NMR singlets at ca.
�31.5 ppm [11]. The synthetic scope was further expanded by
the same authors, for instance by halide metathesis to obtain the
corresponding [AuBr(L)]Br (229), by use of Au precursor [Au
(C6F5)(tht)] giving [Au(C6F5)(L)]Br (230), or by addition of another
equivalent of ligand L to 228 to obtain the bis(phosphine) deriva-
tives [AuClL2]Br2 (231). X-ray crystal structure analysis of [AuBr
(PTA–Bn)]Br showed that the asymmetric unit consisted of two
symmetry-related Au molecules, leading to a crossed structure
with a short Au. . .Au interaction of 2.8439(11) Å [117]. The com-
plexes were tested for luminescence and antiproliferative proper-
ties against ovarian cancer cell lines A2780 and A2780cisR. All
Au complexes showed better activities than cisplatin and, in partic-
ular, complex [AuCl(PTA–Bn)]Cl (228a–Cl) showed IC50 values 11
times lower than cisplatin for cell line A2780. Further develop-
ments were disclosed later on by the same group, with the
synthesis of thiolato derivatives [Au(SR)(PTA–R)]Br (232, PTA–
R = PTA–Bn, PTA–CH2CO2Me; SR = pyridine-2-thiolate, Spy;
pyrimidine-2-thiolate, Spyrim; 4-methylpyrimidine-2-thiolate,
Smepyrim; 4,6-dimethylpyrimidine-2-thiolate, SMe2pyrim) by
ligand exchange from the corresponding bromide precursors. The
complexes were tested for their cytotoxicity properties against
human colon cancer cell lines Caco-2 and Caco-2/TC7 and com-
pared to cisplatin and auranofin. It was observed that complexes
bearing (PTA–Bn)Br as ligand were the most effective in inducing
cell apoptosis, in particular the one with Spyrim as ancillary ligand
[118].

The luminesce properties of Au(PTA)-type systems have been
investigated by various research groups. Polymer [Au(C„CAC5H4-
N)(jP-PTA)]n (233) belongs to the class of low molecular weight
gelators (LMWGs) and showed a gel structure composed of very
long fibres. It is characterised by head-to-head 1D chains based
on p–p interactions between the AuAC„C-py units, which in turn
favoured aurophilic interactions in water. The compound displayed
luminescence by excitation at 280 nm at room temperature, yield-
ing an emission band at 420 nm, or excitation at 320 nm at 77 K, in
turn giving a new broad emission band at ca. 500 nm [119]. The
study was then extended to DAPTA gold complexes bearing
coumarin-based coligand, namely [Au(7-prop-2-in-1-yloxy)-1-ben
zopyran-2-one)(DAPTA)] (234), shown in Chart 10. In this case, the
fibres showed strong blue luminescence with a broad emission
band centred at 350–380 nm due to the coumarin emission. Fluo-
rescence microscopy revealed the presence of luminescent fibre-
like structures at millimolar concentrations. While strong blue
emission (bandpass filter at 300–400 nm, corresponding to the flu-
orescence of the coumarin) was only observed in isolated fibres,
green emission (bandpass filter at 450–490 nm, derived from cou-
Chart 10. Complex [Au(7-prop-2-in-1-yloxy)-1-benzopyran-2-one)(DAPTA)] (234).

Please cite this article in press as: A. Guerriero et al., Coordination chemistry o
III. Variations on a theme: Novel architectures, materials and applications, Coo
marin phosphorescence) was observed throughout the bulk of the
reticulated network of fibres. The authors suggest that this phe-
nomenon may be related to increased intersystem crossing at high
concentrations in water solution [120]. In aqueous media, aurophi-
lic, p–p interactions and hydrogen bonding all contribute to fibre
formation, as shown by single-crystal X-ray diffraction.

A rather striking difference in the morphologies resulting from
supramolecular assemblies was observed upon subtle changes in
the pyridyl structure and using positively charged (mPTA)+. Com-
plexes [Au(C„CAC5H4N)(mPTA)]X (235, X = I, a; X = OTf, b), [Au
(C„CAC5H4NCH3)(PTA)]X (236, X = I, a; X = OTf, b) and [Au
(C„CAC5H4NCH3)(DAPTA)]X (237, X = I, a; X = OTf, b) showed
structures ranging from rod-like (235a) to vesicles (236a and
237a) and square-like assemblies (236b and 237b). Solvent effects
were also observed to influence aggregation and luminescence
properties [121].

Finally, a rather spectacular behaviour of CAP and derivatives
toward gold was observed. (CAP-H3)Cl3 was able to reduce AuCl4�

to Au(0) giving in turn CAP@O. CAP was observed to promote oxi-
dation of nanocrystalline gold(0) with formation of [Au(CAPAH2)3]
Cl7 (238), and finally to displace cyanide from K[Au(CN)2] to give
the [Au(CAP)3]+ cation [18].
3.6. Group 12 complexes

A few examples of Group 12 coordination compounds bearing
PTA and derivatives were reported. Reaction of ZnCl2 with PTA@O
and 1,10-phenathrolin-5,6-dione (dione) in the presence of NaBF4
gave [ZnCl(dione)(jO-PTA@O)](BF4) (239) which was endowed
with high cytotoxic activity against human colorectal (HCT116)
hepatocellular (HepG2) and breast (MCF-7) cancer cell lines [69].
PTA@O and PTA@S were used to obtain monomeric and polymeric
species [ZnCl2(jO-PTA@O)(H2O)] (240), [ZnCl2(l-PTA@O)]n (241),
[CdCl2(jO-PTA@O)(H2O)] (242), [CdBr2(jO-PTA@O)(H2O)] (243),
[CdI2(jO-PTA@O)(l-PTA@O)] (244), [HgCl2(l-PTA@O)]n (245),
[CdCl2(jS-PTA@S)(CH3OH)]n (246) and the unusual [ZnCl2(-
HPTA@S){(PTA@S)ZnCl3}] (247, Fig. 17), depending on reaction
conditions, starting from the corresponding metal dichloride pre-
cursors. X-ray analysis could elucidate the different coordination
modes of the water-soluble ligands in each case, often involving
both O (or S) and N atoms of the PTA lower rim [122].

A library of self-assembled Zn(salphen)-type supramolecular
complexes bearing PTA was obtained by reacting a series of differ-
ently substituted Zn(R-salphen)2 complexes (R-
salphen = substituted N,N0-bis(salilcylidene)imine-1,2-phenylene
diamine, Chart 11) with PTA. It was observed that 2 up to 3 Zn
units were kept together by PTA by available N-coordination to
the metal, giving namely [{Zn(R-salphen)2}2(j2N-PTA)] (248a,
Fig. 17. X-ray crystal structure of 247. Adapted from Ref. [122]. Copyright 2010
Elsevier Science B.V.
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Chart 11. Zn complexes bearing substituted salphen-type ligands [123].

Fig. 18. X-ray crystal structures of 248a and 248b. Adapted from Ref. [123]. Copyright 2013 The Royal Society of Chemistry.
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R = 3,4-tBu2) or [{Zn(R-salphen)2}3(j3N-PTA)] (248b, R = 3,4-tBu2).
The nature of substituents on the salphen-type ligand influenced
the bulkiness and flexibility of the Zn(R-salphen)2 moieties
(Fig. 18), and in general, a preference was observed for a Zn:
PTA = 2:1 stoichiometry [123].

Reaction of the cluster complex [Re6(l3-Se)8(PEt3)5(PTA)]
(SbF6)2 with HgI2 in MeCN/MeOH gave two distinct products
depending on the reaction time and conditions. At room tempera-
ture after 5 min, complex [{Re6(l3-Se)8(PEt3)5(PTA)}2(Hg4I9)]
(SbF6)3�2MeCN (249) was obtained. On the other hand, running
the reaction for 30 min under reflux, gave instead the chain-like
product [{Re6(l3-Se)8(PEt3)5(PTA)}2(Hg3I7)(SbF6)]n�(MeCN)n (250),
where the Re atom is jP-coordinated and three HgI3 units are coor-
dinated to PTA in a j:l3-N3 fashion [124].
4. Selected applications of complexes of PTA and derivatives in
catalysis

4.1. Organonitrile hydration reactions

Catalytic nitrile hydration to amides (Eq. (1)) is an atom-
efficient process of potential interest as amides are versatile inter-
mediates in synthetic chemistry including pharmaceuticals, poly-
mers, detergents, lubricants etc.

R-CBN + H2O !R-C(O)NH2 ð1Þ
Metal-mediated nitrile activation and addition of H2O to the

C„N bond obviates the need for strong bases or acids and harsh
conditions that reduce the scope of the reactions due to functional
group sensitivity. Some Ru–PTA complexes were demonstrated to
be active catalysts for this class of reactions in water phase or
biphasic conditions. Complexes [RuCl2(g3:g3-C10H16)(L)] (111,
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L = PTA, a; (PTA–Bn)Cl, b; DAPTA, c, Fig. 7) were used (5 mol%)
for the hydration of benzonitrile to benzamide at 100 �C, reaching
94–97% yields and 100% selectivities after 24 h, a lower activity if
compared to the corresponding RAPTA-type complexes [56].

Nano-RAPTA complexes were obtained by tethering [PTAA
(CH2)3ASi(OMe)3]I to Fe3O4 magnetic nanoparticles, then using
this material to coordinate to [RuCl2(p-cymene)] moiety. The so-
obtained heterogeneous catalysts, which could be recovered from
the reaction solution at the end of the runs by application of an
external magnetic field, gave excellent results in the hydration of
a large family of variously substituted aryl and alkyl nitriles using
1.58 mol% Ru in neat water at 150 �C under microwave irradiation,
with the possibility to recycle the catalyst for consecutive runs.
Yields ranging from 75% to 99% were obtained, with reaction time
from 0.5 to 16 h. The dicyano-derivatives were also tested with
good results, yielding either the corresponding monoamides or
diamides depending on reaction time [125].

The long-known air-stable complex [RuCl2(PTA)4] (125) was
applied as catalyst for nitrile hydration, with a good substrate
scope. All nitriles were converted with 67–99% conversions after
7 h and >99% after 24 h, using 5 mol% of catalyst at 100 �C in neat
water, with best efficiency observed for aryl substrates containing
electron-withdrawing groups. Catalyst loadings as low as
0.001 mol% could be used in the hydration of benzonitrile, reaching
TON >22,000 (TON = turnover number). However, under these con-
ditions the reactions were low-yielding (max 22%) and extremely
sluggish (ca. 2300 h, TOF = 9.5 h�1). Excellent recyclability was
observed, with quantitative benzonitrile conversions after 7 con-
secutive runs. Biphasic water/t-amyl alcohol conditions were also
successfully tested, with good activity and recyclability [126].
Ligand variations were explored, showing that with catalysts
obtained in situ either from [RuCl2(jS-DMSO)4] and (PTA–Bn)Cl
in 3:1 ratio, or using [RuCl2(p-cymene)]2 and (PTA–Bn)Cl in 6:1
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ratio, 16 aromatic and aliphatic nitriles were hydrated to the corre-
sponding amides in 92–99% conversions in refluxing water after
only 1 h [127]. The [RuCl2(jS-DMSO)4]/(PTA–Bn)Cl system was
also able to bring about the hydration of glycosyl cyanides to C-
glycosyl formamides in water or water/N-methylpyrrolidone with
good functional group tolerance and conversions [128].

Complexes [RuCl2(g6-toluene)(jP-PTAAPiPr2)] 108 [10] and
[RuCl(g6-toluene)(jP,N-PTAACR1R2NHPh)]Cl (R1 = H, R2 = Ph,
105a; R1 = H, R2 = p-C6H4OMe, 106a; R1 = R2 = Ph, 107a, Scheme 16)
[9] also showed activity in nitrile hydration. The former (5 mol%)
brought about the catalytic hydration of various nitriles to amides
at 43–99% conversions in the air at 100 �C. A slightly higher effi-
ciency than for the j2P-derivative 109 was observed, suggesting
that chelation did not allow for the (reversible) hemilabile beha-
viour needed to free a coordination site on the metal for substrate
activation. Complexes 105–107 showed to be active in catalysis,
with benzonitrile conversions ranging from 53% to 95%, respec-
tively. Complex 107 proved to be the most active, with the best
performance (TON = 97,000, TOF = 285 h�1) achieved using
0.001 mol% of catalyst. A catalyst scope study was also performed
and a small library of aryl and alkyl nitriles was converted to the
corresponding amides in yields in the range 51–85% using 5 mol
% of 107.

Ag-PTA nanoparticles (AgNPs) of average diameter of 3.5 nm
were synthesised and tested as catalysts for aryl nitrile hydrations,
however it was established that their role was merely of precursors
for the catalytically active molecular species, which the authors
suggest to be [Ag(CN)2]� [129].

4.2. Hydrogenation and transfer hydrogenation reactions

Hydrogenation of unsaturated C@C, C@O and C@N groups in a
variety of organic substrates were reported using novel PTA-
based complexes, both under a hydrogen pressure and using trans-
fer hydrogenation conditions. The iridium complexes [IrCl(cod)
(jP-L)] (150, L = PZA; 151, L = PZA-NMe2) bearing upper rim PTA
derivatives were used as catalysts for the reduction of a,b-
unsaturated substrates such as cinnamaldehyde (CNA), benzyli-
dene acetone (BZA), 2-cyclohexen-1-one and for acetophenone.
For CNA, high conversions and selectivities to cinnamol (C@O bond
reduction) were observed using HCO2Na/H2O/MeOH as transfer
hydrogenation protocol ([H] in Eq. (2)) at 40 �C, however further
studies demonstrated that the catalytic activity was partially due
to colloidal or nanosized Ir particles formed during the reactions.

Ph(CH@CH)CHO + [H] !Ph(CH@CH)CH2OH + Ph(CH2CH2)CHO
þPh(CH2CH2)CH2OH ð2Þ
Scheme 18. Imines to amines hydrogenation using t
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As an example of cyclic substrates, 2-cyclohexen-1-one was
reduced essentially at the C@C double bond under the same condi-
tions to give cyclohexanone, whereas more forcing reductants
(KOH/iPrOH) gave higher selectivity to the fully hydrogenated pro-
duct (cyclohexanol) after 24 h at 80 �C. Acetophenone was reduced
efficiently to 2-phenylethanol with the latter method, with yields
in the range 84–94%. Using instead tBuOK/iPrOH and H2 (30 bar),
acetophenone was reduced in up to 94.1% yield after 6 h at room
temperature [7]. At higher temperature and shorter reaction times
(60 �C, 4 h), the same substrate was quantitatively reduced using
the latter protocol, in the presence of the ruthenium imidazolyl–
PTA complex [RuCl(p-cymene)(jP,N-L)]Cl (103a, L = 1-methylimi
dazolyl-(1,3,5-triaza-7-phosphatricyclo[3.3.1.13,7]dec-6-yl)methanol,
Scheme 15) [8].

The heterogeneous Ir catalyst H-resin-153, obtained by immo-
bilisation of [Ir(cod)(HPTA)2]3+ on a Dowex resin (Scheme 17), was
particularly effective for C@N bond reduction for a small library of
aromatic imines in neat water at 80 �C under H2 pressure (20 bar),
with negligible metal leaching and good recyclability (Scheme 18)
[76].

Water-phase hydrogenation of a small library of allylic alcohols
was achieved under H2 pressure (20 bar) and mild temperature
(30 �C) using a self-assembled supramolecular Rh(I) catalyst
obtained from the interaction of [RhCl(cod)(PTAAR)](PF6) (145,
R = p-tBu-C6H4CH2) with mono-amino-b-cyclodextrin, and the
importance of first and second sphere ligands for this target reac-
tion was demonstrated [72]. Catalytic hydrogenation-dehydration
of levulinic acid to c-valerolactone was demonstrated, albeit at
low conversion (34%) and selectivity (14%), using a combination
of [Ru(acac)3] and PTA in water at 140 �C and 50 bar of H2. The poor
performance was attributed to the lack of proper steric and elec-
tronic properties in PTA, if compared to higher performances
obtained using the more bulky, less basic TPPTS ligand [130].

PTA-stabilised Ru and Pt nanoparticles were obtained by estab-
lished reduction methods from the corresponding organometallic
precursors in the presence of PTA. Under hydrogen at 70 �C in
THF, stable and very small MNPs (1.3 nm, Ru; 0.9 nm, Pt) were
obtained [131]. These were tested as aqueous biphasic hydrogena-
tion catalysts for simple olefins and aromatic substrates, under
hydrogen pressures in the range 1–10 bar and at room tempera-
ture. Very high conversions to alkanes were observed using cata-
lysts with 1.0 mol% of metal content, but long reaction times (up
to 16 h) were usually needed to fully reduce aromatic rings in sub-
strates such as toluene and m-methylanisole [132].

PTA and (mPTA)I were also used to stabilise Pd nanoparticles of
size 2.8–3.5 nm obtained from Pd@TOAB precursors
(TOAB = tetraoctylammonium bromide) by exchange with the
he immobilised Ir(I) catalyst H-resin–153 [76].
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water-soluble ligands. The Pd@PTA nanoparticles obtained were
tested as catalysts for selective C@C and C„C bond reduction
under biphasic conditions at room temperature, using hydrogen
pressures in the range 1–10 bar. Excellent recyclability of the cat-
alyst confined in the water phase was demonstrated, with up to 9
consecutive runs for the hydrogenation of 1-dodecene, virtually
without any loss of activity [133].

C@C double bond reductions of allylic substrates were also
accomplished using Re-catalysed (complex 35, Chart 3) transfer
hydrogenation by alcoholysis of amine–borane adducts, obtaining
excellent yields at 70 �C in iPrOH and in the presence of tBuOK as
base (TOFs up to 396 h�1 for the reduction of allylcyclohexane)
[25a].

Complex [RuCl2(PTA)4] (125) recently found application as cat-
alyst for the direct hydrogenation of CO2 to HCOOH using hydro-
gen, an important reaction for CO2 utilisation and hydrogen
storage, in aqueous phase and in DMSO without any additives. In
water, at 40 �C, 0.2 M formic acid solutions were obtained using
a total pressure of 200 bar. Further optimisation showed that a
maximum TON = 159 was obtained at 60 �C using a pressure of
100 bar of CO2/H2 mixture (1:1). Other solvents were tested, and
in pure DMSO at 50 �C, a 1.93 M formic acid solution was obtained
using a pressure of 100 bar of CO2/H2 mixture (1:1), with
TON = 635 after 120 h [134].
4.3. Hydroformylation and hydrosilylation reactions

A thermocontrolled long-chain terminal alkene hydroformyla-
tion catalytic system was obtained by supramolecular interaction
of b-cyclodextrins with [Rh(acac)(CO)2] and ligands (PTA–Bn)Cl
and 21a (Scheme 7). Both ligands gave high conversions and
chemoselectivities to aldehydes using 1-decene, 1-dodecene
and 1-tetradecene as substrates, with linear to branched (l/b)
ratios of ca. 2 at 100–120 �C under H2/CO = 50 bar in water.
The advantage of the cyclodextrin/21a couple was the rapid
decantation of the biphasic system after the reaction, allowing
for efficient product separation, catalyst recovery and recycle
(Scheme 19) [12].

The Ru–arene complex [RuCl2(g6-arene)(PTA)] (251, arene = C6-
H5OCH2CH2OH) was tested as catalyst for 1-octene hydroformyla-
tion at 125 �C under H2/CO = 50 bar in water. Although good
conversions were reached (83%), high chemoselectivity to iso-
merised alkene (83.74%) was observed, with 6% selectivity to alde-
hydes and 10.19% selectivity to alcohol, respectively. This was
attributed to the high basicity of the ligand, favouring Ru-
Scheme 19. Thermocontrolled hydroformylation of higher olefins in the presence of c
Society of Chemistry.
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catalysed isomerisation–hydrogenation vs. hydroformylation
[135].

Hydrosilylation of 1-hexene was tested in the presence of the
supramolecular self-assembled Zn(salphen)2/PTA complexes
248a,b (Fig. 18) and [RhCl(C2H4)2]2 using PhMe2SiH at room tem-
perature for 1 h reaction time. The highest conversions and yields
were obtained using a ratio Zn(salphen)2/PTA = 3. It was observed
that conversions as high as 79% were obtained with ratios Rh/Zn/
PTA = 1:2:6 and comparable values (74%) were obtained with
ratios Rh/Zn/PTA = 1:4:12, suggesting that even in the presence
of an excess of the supramolecular bulky phosphine-based system,
active Rh(I) catalysts are formed. The authors concluded that the
supramolecular in situ formation of bulky phosphines may be use-
ful as an alternative for covalent phosphines for Rh(I)-catalysed
olefin hydrosilylation reactions [123].

4.4. Allylic alcohol isomerisation reactions

Catalytic allyl alcohol isomerisation was investigated in the
presence of water-soluble complexes, mainly Ru-based, as a useful
and atom-efficient reaction to obtain the corresponding ket-2-
ones. Reaction of precursor cis-[RuCl2(jS-DMSO)3(jO-DMSO)]
with 2 equiv. of PTA, (mPTA)(OTf) or (PTA–Bn)Cl gave cis,cis,-
trans-[RuCl2(jS-DMSO)2(L)2]n+Xn� complexes (n = 0, L = PTA;
n = 2, L = mPTA, PTA–Bn; X = Cl, OTf) which were tested as catalysts
for isomerisation of a small library of allylic alcohols CH@CHCH
(OH)R (R = CH3, C2H4, C3H7, C4H9, C5H11), both under a hydrogen
atmosphere and using HCO2Na (50 equiv. to Ru) as reductant in
neat water at 80 �C for 1h. It was observed that for all the Ru–phos-
phine complexes the activities were lower than for the phosphine-
free Ru precursor, although good selectivity to ketone formation
was observed in all cases [136].

Deeper insights on pH effects in catalysis were obtained by test-
ing complexes [RuCpCl(mPTA)2](OTf)2 and [RuCp(H2O)(mPTA)2]
(OTf)3�(H2O)(C4H10O)0.5 (252) for the conversion of a series of
alk-1-en-3-ols to the corresponding ketones in aqueous solutions
or in biphasic systems at 80 �C. Conversions at different pH values
were monitored over time, showing that in phosphate buffer the
highest values were obtained at ca. pH = 4.75. In the case of 252,
at this pH the activity was lower and kept decreasing with increas-
ing pH. By a combination of kinetic and NMR measurements, the
authors concluded that H2PO4

� and HPO4
2� anions strongly inter-

acted with the cationic complexes, in turn causing a severe drop
in activity in the pH range 5–7 [137]. These observations were also
confirmed in a following study, comparing the effect of phosphate
buffers in alcohol isomerisations in the presence of complexes
yclodextrin/21a and Rh(I). Reproduced from Ref. [12] by permission of The Royal
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[RuCpCl(HPTA)2]Cl2�2H2O (56), [RuCp(jS-DMSO)(PTA)2]Cl (57),
[RuCp(jS-DMSO)(PTA)2](OTf) (58) and [RuCp(jS-DMSO)(HPTA)2]
Cl3�2H2O (59) [41].

Complexes [RuCl2(g6-arene)(mPTA)]Cl (48, g6-arene = C6H6, a;
p-cymene, b; 1,3,5-C6H3Me3, c; C6Me6, d) were also tested for
allylic alcohols isomerisation in combination with K2CO3 in reflux-
ing THF, reaching TOF values of ca. 800 h�1 with 48a using CH2@CH
(OH)CH3 as substrate. By heterogenisation of 48a on Montmoril-
lonite K-10 clay, it was possible to obtain a highly efficient and
recyclable system (11 consecutive runs) for the isomerisation of
1-octen-3-ol [32].

Complex [Ru(g2-O2CO)(p-cymene)(PTA)] (51) gave high activ-
ity in oct-1-en-3-ol isomerisation to 2-octanone in pH >10 buffer
solutions or in the presence of alkali metal carbonates, reaching
for example ca. 95% conversion after 1 h at 75 �C. The catalyst
formed in situ by [RuCl2(p-cymene)(PTA)] and 2 equiv. of Na2CO3

could be reused for up to 5 times under biphasic conditions with-
out loss of activity [35].

Very recently, the new complex [RuCp(H2O)(PTA)2](OTf) (253)
was obtained from the parent chloride complex in water by halide
abstraction with AgOTf. The catalytic properties of 253 in the iso-
merisation of a small library of allylic alcohols to the corresponding
ketones were tested, reaching good to excellent conversions (45–
99%) under mild (40 �C) to moderate (85 �C) temperatures,
depending on the nature of the substrate. The need of a protecting
nitrogen atmosphere was demonstrated, as well as the dependence
of the activities on the amount of water present in the catalytic
mixture. A proposed mechanism and deactivation pathway were
also described [138]. The previously described [RuCpCl(dmoPTA)
(PPh3)](OTf) and the bimetallic derivatives [RuCp(PPh3)Cl(l-
dmoPTA-1jP:2jN,N0-MCl2] (M = Zn, Co, Ni, Scheme 10) were
tested as catalysts for the isomerisation of 1-octen-3-ol, 1-
HO

[Pd-PTA], 0.2 mol%

glycerol or water,
25 or 75 °C

HO

cis-[PdCl2(DAPTA)2]

glycerol or water,

R2

R1 R1 = R2 = H, H;
Ph, CH2C(Me)=C

R1 = H, R2

Scheme 21. Cycloisomerisation reactions

OH

[NaOH] = 0.02-0.05 M
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+
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Scheme 20. Isomerisation-condensation reactions ca
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hepten-3-ol and 1-hexen-3-ol with good results under mild condi-
tions, with higher activities observed in phosphate buffer solutions
than in neat water. The monometallic compound gave the best
results, acting as precursor for the catalytically active species
[RuCp(H2O)(dmoPTA)(PPh3)]2+, whereas the bimetallic complexes
decomposed under reaction conditions releasing MCl2 and in turn
chloride anions, whose increased concentration in solution ham-
pered the formation of the active aquo species [139].

Rh-PTA macromolecular catalysts were obtained by tethering
PTA on the surface of phosphorhydrazone dendrimers. The com-
plexes were used as catalysts for the isomerisation of 1-octen-3-
ol to octen-2-one. It was shown that the best (albeit moderate) cat-
alytic activity could be obtained at 75 �C with the smallest (gener-
ation G1) dendrimer, containing 12 PTA molecules on the external
layer of the macromolecule [13].

The catalyst obtained in situ from [Rh(cod)(MeCN)2](BF4) and
PTA showed very fast redox isomerisation of a series of aryl and
alkyl allylic secondary and primary alcohols in the temperature
range 25–80 �C in water at neutral pH, with catalyst loadings as
low as 0.5 mol%. Mechanistic investigations using deuterium
labelled substrates or D2O showed that intramolecular 1,3-
hydrogen shift occurs, with formation of Rh–alcohol, –enone and
–enol intermediates [140]. The same catalytic system was also
used for isomerisation of codeine and morphine into hydrocodeine
and hydromorphine, respectively, with high yields using catalyst
loadings in the range 0.05–10 mol% and temperatures from 70 to
130 �C in neat water, and the reactions could be scaled up to
100 g [141]. Rhodium complexes [Rh(CO)(PTA)4]Cl (142, Fig. 11)
and [RhH(PTA)4] (144) were used as catalyst precursors for iso-
merisation/condensation of allyl alcohol to 3-hydroxy-2-
methylpentanal (HP) and 2-methyl-2-pentenal (MP) in water
under ambient conditions in the presence of NaOH, required only
O

, 0.2 mol%

75 °C

O

R1 = nBu,
H2, R2 = H;
= Ph

R1
R2

catalysed by Pd–PTA complexes [81].

H

O

isomerisation

[NaOH] = 0.15-0.20 M
-H2O

H

O

H

O

condensationMP

MP

talysed by Rh–PTA complexes 142 and 144 [71].
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for the condensation step (Scheme 20). High yields in the desired
products and TOFs as high as 2000 h�1 were obtained in the NaOH
concentration range 0.05–0.2 M [71].

Finally, efficient Pd-catalysed cycloisomerisation of (Z)-3-
methyl-2-penten-4-yl-1-ol into 2,3-dimethylfuran was obtained
both in water and glycerol as reaction media using cis-
[PdCl2(DAPTA)2], cis-[PdCl2(PTA)2] and cis-[PdCl2(PTA–Bn)2]Cl2
(159) either at room temperature or 75 �C for 3–9 h (Scheme 21).
The Pd–DAPTA complex outperformed the others, with TOFs as
high as 1980 h�1 in water at 75 �C, giving 99% of desired product
after 15 min, allowing also for high catalyst recyclability (up to
17 consecutive cycles). The scope of the reaction was extended
to substituted Z-enynols, achieving fast reactions and high yields
using the Pd–DAPTA catalyst [81].
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