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One of the latest trends in supramolecular chemistry is the
quest for reproducible methods to achieve controlled self-
organization of discrete units to form homo- and heterome-
tallic coordination networks, aggregates, and polymers.[1] This
development is based on the use of appropriate organic,
inorganic, and organometallic building blocks that allow the
synthesis of 1D linear or twisted chains, 2D squares and
polygons, and 3D cubes and polyhedra.[2] Among the organic
spacers, nitrogen-based aromatic heterocycles are the most
widely used due to their good donor properties and rigidity.
These ligands can act as corner units (bipy, phen)[3] and
spacers (pyrazines,[4] terpy,[5] porphyrinates,[6] tetraazamacro-
cycles[7]). P-donor ligands as spacers have received less

attention:[8] P2 and P5 ligands have been studied by Scheer
and co-workers,[9] whereas the use of multidentate phos-
phanes has been reviewed recently.[10] To the best of our
knowledge, the use of mixed N,P ligands as metal-coordinat-
ing spacers has not been reported to date.

Very few coordination polymers are water soluble, an
example being the poly(ferrocenylsilane)-b-poly(aminome-
thacrylate) copolymer recently described by Manners and co-
workers[11] as part of their ongoing study on metallocene-
based polymers,[12] which can be prepared by ring-opening
polymerization to afford either macromolecules with pendant
ferrocenyl substituents in the polymer side chains[13] or
poly(ferrocenylsilane)s.[14] Other examples of ligands that
afford coordination polymers with various topologies and
applications are ferrocenyl ligands bearing bipyridines[15] or
carboxylates.[16]

Herein we describe the first known case of a water-
soluble, air-stable, heterobimetallic polymeric structure based
on two metal-containing moieties ([CpRu]+ and [AgCl2]

�)
bridged by a cagelike, water-soluble monodentate phosphane,
1,3,5-triaza-7-phosphaadamantane (pta), in an unprece-
dented N,P coordinating mode.

We recently reported the synthesis and characterization of
the water-soluble cyclopentadienylruthenium complex
[CpRuCl(pta)2] (1), which is stabilized by the phosphaada-
mantane-like pta ligand, and described its catalytic and
biological properties.[17] As part of our studies on new
water-soluble organometallic derivatives based on the
[CpRu(pta)2]

+ moiety,[18] we treated 1 with one equivalent
of AgOTf (OTf = OSO2CF3) in DMSO to remove the chloro
ligand. Unexpectedly, no AgCl precipitated from the resulting
orange solution, and neither did it contain the expected
product [CpRu(OTf)(pta)2] (2), which was obtained by
treatment of 1 with TlOTf.[19]

Intrigued by this apparently odd result, we repeated the
experiment in an NMR tube. 31P{1H} NMR analysis in
[D6]DMSO indicated the formation of a 1:1 mixture of the
new complex [CpRu(pta)2(dmso-kS)]OTf (3 ; singlet at d =

�28.13 ppm) and the bimetallic neutral coordination polymer
[{CpRu(pta)2(dmso-kS)}{AgCl2}]¥ (4 ; singlet at d =

�23.19 ppm), as shown in Scheme 1.
Quantitative formation of 4 could be attained by adding

one equivalent of NH4Cl to a reaction mixture containing 1
and AgOTf. The elemental analysis and spectroscopic data
are consistent with one molecule of DMSO being incorpo-
rated in the compound (see Experimental Section).

Upon repetition of the latter experiment in noncoordi-
nating CDCl3 instead of [D6]DMSO, a similar Ru–Ag
polymeric structure was obtained with the coordination
sphere of Ru completed by an h1-O-coordinated triflate
anion, as suggested by the corresponding IR stretching
frequency nOSO at ñ = 1261 cm�1 [20] and 19F{1H} NMR chem-
ical shift at d =�78.77 ppm.[21] The negative charge of the
repeating unit in this coordination polymer is likely to be
balanced by the ammonium cation (Scheme 2). The complex
{NH4[{CpRu(OTf)(pta)2}{AgCl2}]}¥ (5) is characterized by a
singlet at d =�20.85 ppm (CDCl3) in the 31P{1H} NMR
spectrum. When dissolved in DMSO, 5 is quantitatively
converted into 4 with elimination of NH4OTf.
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Complex 4 is air stable both in the solid state and in
solution, and dissolves in D2O (S25 8C = 12 mgmL�1) with
reversible exchange of the coordinated dmso ligand to yield
the aquo complex [{CpRu(pta)2(D2O)}{AgCl2}]¥ (6) (singlet
at d =�24.83 ppm in D2O in the 31P NMR spectrum) as
shown in Scheme 2. Slow crystallization of a dilute DMSO
solution in air gave pale yellow crystals that were suitable for
an X-ray diffraction study.[22] In the solid state 4 is a linear-
chain polymer formed by alternating [CpRu(dmso-kS)]+

cations and [AgCl2]
� anions, with bridging pta ligands as

tethering units between the two metal aggregates (dRu···Ag =

6.52(1) �). Selected bond lengths and angles are provided in
the caption of Figure 1.

The crystal structure includes a mole-
cule of water, which is kept in place by
hydrogen bonding to an uncoordinated pta
nitrogen atom belonging to a different
polymer chain (dO···N = 2.919(2) �). The
most striking feature of this solid-state
structure is that pta is behaving for the
first time as a bidentate ligand, bonded to
the ruthenium center in the conventional
way through the lone pair of the P atom and
to the dichloroargentate(i) moiety through

one of the three nitrogen atoms contained in the
adamantane cage. The [AgCl2]

� moiety bridges two
[CpRu(pta)2(dmso)]+ units to give a strongly distorted
tetrahedron with the Cl1-Ag1-Cl2 angle opened up to
124.078 and the two N-Ag-Cl angles closed to about 988.
Crystallographically authenticated compounds contain-
ing [AgCl2]

� units are very rare; the average Ag�Cl
distance for these complexes is 2.523 � in a range
between 2.097 and 2.915 �.[23] The Ag�Cl distance in 4 is
2.540 � (average value), which is near to the average
Ag�Cl distance reported in the literature. The Ag�N
distance (2.423(6) �) is longer than that found for other
diaminoargentato complexes (2.38 �).[24]

The coordination geometry around ruthenium is
more regular, with the Ru�Cpcentroid distance (1.925 �)
slightly longer than in 1 (1.846 �),[25] while the Ru�P
separation (2.2856(19) �) matches that found for the few
other X-ray authenticated Ru–pta derivatives.[18,25, 26] A

symmetry plane in the molecule contains the atoms Ru1, S1,
and O1, as well as one carbon atom of the Cp ring. The effects
of the bridging pta phosphane, for which N-coordination to a
transition metal is unprecedented,[27] are much more intrigu-
ing regarding the structural parameters of the ligand. The
coordination of the dichloroargentate unit to the nitrogen
atom of pta does not affect significantly the structural features
of the cage with respect to other Ru–pta complexes.[17, 18,25]

The Ru–Ag chains are kept together in a 2D array by
electrostatic interactions between the [CpRu(dmso)]+ and
[AgCl2]

� units, with an interchain separation between the
metal ions of 6.5673(9) � (Figure 2). The 2D arrays are
stacked in the lattice through a network of hydrogen bonds to
water molecules that bridge a chlorine atom of one layer and
a pta nitrogen atom of the adjacent one (Figure 3). The
shortest hydrogen contacts between atoms in contiguous
layers are 2.699(1) � (Cl2�H17C) and 2.7382(11) � (Cl1�
H17B), which are longer than a normal hydrogen bond but
shorter than the sum of the van der Waals radii. The Cp
groups within adjacent layers alternate to minimize their
steric interactions.[28]

Dynamic light-scattering (DLS) experiments[29] were
carried out on 6 to determine the size of the particles in
water and to verify whether the polymeric structure is
retained in solution or shorter oligomeric substructures are
formed.[30] The mean averaged diffusion coefficient was
determined and the mean particle size calculated from the
Einstein–Stokes equation.[31] The resulting hydrodynamic
diameter indicates a monodisperse sample of about 500 nm,
which suggests that the coordination polymer does not

Scheme 1. Chloride abstraction from 1 with AgOTf leads to the soluble organometallic
polymer 4.

Scheme 2. Synthesis of the organometallic polymers 4, 5, and 6.

Figure 1. X-ray crystal structure of 4 (repeating unit). Selected bond
lengths [�] and angles [8]: Ru1�P1 2.285(2), Ru1�S1 2.248(3), Ru1�
Cpcentroid 1.925(1), S1�O1 1.482(7), Ag1�N1P 2.423(6), Ag1�Cl1
2.573(3), Ag1�Cl2 2.507(4); P1-Ru1-P1A 93.8(1), S1-Ru-P1 92.48(7),
Cl1-Ag1-Cl2 124.07(12), Cl1-Ag1-N1P 98.15(14), Cl2-Ag1-N1P
98.50(17).
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dissociate in water. DLS experiments were also performed
with complexes 4 and 5, both of which were obtained in situ as
shown in Scheme 2. These measurements showed that the
polymeric structure is also retained in CHCl3 (5, 312 nm) and
DMSO (4, 247 nm).

Macromolecular chains of organometallic species assem-
bled into supramolecular structures by an extensive network
of hydrogen-bonding interactions are rare,[8, 32] and systems
such as 4–6 that incorporate both half-sandwich cyclopenta-
dienyl units and phosphanes have not been reported until
now. Additionally, these coordination polymers are the first
example of such organometallic macromolecules that are also
water soluble.

Experiments are in progress to verify the N,P-coordina-
tion ability of pta with other transition-metal moieties and to
establish the conductivity and electrochemical behavior of
these organometallic polymers, as well as their chemical
behavior in water.

Experimental Section
Complex 4 was obtained as pale yellow microcrystals from a DMSO
solution (0.5 mL) of 5 (100 mg, 0.12 mmol) after standing at room
temperature in the air for a week. Yield: 86 mg, 95%.

Alternatively, 4 was prepared by adding 0.5 mL of a DMSO
solution of AgOTf (100 mg, 0.39 mmol) to a solution of 1 (201 mg,
0.39 mmol) and NH4Cl (20.8 mg, 0.39 mmol) in the same solvent
(0.5 mL). The reaction mixture was heated at 40 8C for 1 h. Addition
of n-hexane (3 mL) gave 4 as a white powder, which was collected by
filtration, washed with n-hexane (2 � 1.5 mL), and dried under
vacuum. Yield: 283 mg, 96%. Elemental analysis (%) calcd for
4·H2O, C19H37AgCl2N6O2P2RuS (753.96): C 30.24, H 4.95, N 11.14, S
4.24; found C 30.00, H 4.99, N 10.95, S 4.00. IR (KBr): ñ = 1012 cm�1

(S=O). 1H NMR (300.13 MHz, 20 8C, SiMe4, [D6]DMSO): d = 4.12–
4.19 (m, pta protons: PCH2N + PCH2NAg, 12H), 4.59, 4.82 (br, AB
part of an ABCD spin system, 2JHAHB

= 12.4 Hz, 4JHAHD
= 3.0 Hz, pta

protons: NCH2NAg, 8H), 4.50, 4.71 (br, CD part of an ABCD system,
2JHCHD

= 14.1 Hz, 4JHAHD
= 3.0 Hz, pta protons: NCH2N, 4H), 5.23 ppm

(s, Cp, 5H); 13C{1H} NMR (75.47 MHz, 20 8C, SiMe4, [D6]DMSO):
d = 48.0 (sept, 1JC,D = 21.4 Hz, CD3 of kS-coordinated [D6]DMSO,
exchange of coordinated DMSO with [D6]DMSO takes place), 55.1
(br s, 2 � PCH2N + PCH2NAg), 71.1, 71.7 (partially overlapping br s,
2 � NCH2N + NCH2NAg), 83.6 ppm (s, Cp); 31P{1H} NMR
(121.49 MHz, 20 8C, 85 % H3PO4, [D6]DMSO): d =�23.19 ppm (brs).

5 : A solution of AgOTf (300 mg, 1.17 mmol) in 2 mL of CHCl3

was added to a stirred solution of 1 (500 mg, 0.97 mmol) and NH4Cl
(54 mg, 1.0 mmol) in 5 mL of CHCl3. The orange solution obtained
after 1 h stirring at room temperature was filtered, and the solvent
was removed from the solute under vacuum to afford 5 as an orange
powder. Yield: 665 mg, 83%. Elemental analysis (%) calcd for
C18H33AgCl2F3N7O3P2RuS (826.35): C 26.18, H 4.03, N 11.88, S 3.88;
found C 25.90, H 4.19, N 11.46, S 3.40. IR (KBr): ñ = 1260 cm�1

(OSO)OTf.
1H NMR (300.13 MHz, 20 8C, TMS, CDCl3): d = 3.90–4.22

(m, pta protons: PCH2N + PCH2NAg, 12 H), 4.42–4.62 (m, pta
protons: NCH2N + NCH2NAg, 12H), 4.86 ppm (s, Cp, 5H); 13C{1H}
NMR (75.47 MHz, 20 8C, TMS, CDCl3): d = 55.9 (br s, 2 � PCH2N +

PCH2NAg), 70.5 (br s, 2 � NCH2N + NCH2NAg), 80.3 ppm (s, Cp),
CF3SO3 not observed; 19F{1H} NMR (282.40 MHz, 20 8C, CFCl3,
CDCl3): d =�78.77 ppm (s, CF3SO3); 31P{1H} NMR (121.49 MHz,
20 8C, 85% H3PO4, CDCl3): d =�20.85 ppm (s).

Complex 6 was obtained quantitatively by dissolving 4 in D2O. A
pale cream powder was obtained after evaporating the solvent under
vacuum. Yield: 92%. Elemental analysis (%) calcd for 6·4D2O,
C17H29AgCl2D8N6O4P2Ru (739.35): C 27.61, H + D 6.13, N 11.37;
found C 27.40, H + D 6.20, N 11.68. 1H NMR (300.13 MHz, 20 8C,
TMS, D2O): d = 4.15–4.18 (m, pta protons: PCH2N + PCH2NAg,
12H), 4.59, 4.81 (br, AB part of an ABCD spin system, 2JHAHB

=

12.4 Hz, 4JHBHD
= 1.1 Hz, pta protons: NCH2NAg, 8H), 4.51, 4.79

(br, CD part of an ABCD system, 2JHCHD
= 13.1 Hz, 4JHBHD

= 1.1 Hz,
pta protons: NCH2N, 4H), 5.37 ppm (s, Cp, 5H); 13C{1H} NMR
(75.47 MHz, 20 8C, TMS, D2O): d = 54.4–54.7 (brm, 2 � PCH2N +

PCH2NAg), 70.6 (br s, 2 � NCH2N + NCH2NAg), 83.5 ppm (s, Cp);

Figure 2. Spatial distribution of 4 showing the 2D arrangement formed
by different polymeric chains intercalated by water molecules.

Figure 3. Spatial distribution of 4 showing the hydrogen-bonding network connecting the polymeric chains between a chlorine atom of one layer
and a pta nitrogen atom of the adjacent one.
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31P{1H} NMR (121.49 MHz, 20 8C, 85% H3PO4, D2O): d =

�24.83 ppm (s).
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