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Zinc and copper vinylphosphonates were characterized by
X-ray crystallography and IR, and have layered structures
which undergo facile delamination on contact with
aqueous solutions of rhodium trichloride.

Layered metal phosphonates as materials have potentially use-
ful properties such as ion exchange, catalysis, and homogeneous
catalyst supports.1 One of our recent research objectives has
been the preparation of covalently-bonded, catalytically active
layered organometallic phosphonates which retain certain
desirable features of both a homogeneous catalyst: high activity
and selectivity in organic transformations, and a heterogeneous
support: high thermal stability and greatly facilitated separ-
ation of solid catalyst from liquid reaction media. This object-
ive may be achieved prior to the formation of the layered
structure using well defined molecular organometallic phos-
phonates,2 or post-layer formation via reaction of organic
functional groups within the layered structure, with metal com-
plexes.3 Numerous intercalation studies performed on layered
phosphonates have demonstrated that the interlayer region may
be altered significantly by the inclusion of small molecules such
as amines and alcohols.4 Studies on the oxidative polymeriz-
ation of aniline at high temperature within the layers of copper
methylphosphonate led to the destruction of the layered struc-
ture via a possible redox process, resulting in the deposition
of copper metal.5 It is also known that layered metal organo-
phosphonates undergo exfoliation under acidic conditions. As
part of a study on the reactivity of metal vinylphosphonates
with transition metal ions to give supported organometallic
catalysts, we discovered a facile rhodium mediated delamination
of layered copper and zinc vinylphosphonate.

Copper() and zinc() vinylphosphonates were prepared by
the reaction of vinylphosphonic acid and either CuSO4�5H2O
or Zn(NO3)2�6H2O in water at 70 �C. The reactions were carried
out in the presence of urea, which slowly hydrolyses at the
temperature of the reaction, releasing ammonia and slowly
raising the pH of the solution. After a period of 72 hours,
blue crystalline [Cu(C2H3PO3)]�H2O (1), and white crystalline
[Zn(C2H3PO3)]�H2O (2) were formed in 80 and 71% yields
respectively. § The new compounds were characterized using IR
spectroscopy, TGA, elemental analysis, X-ray powder diffrac-
tion, and for compound 1, single crystal X-ray diffraction. The
X-ray powder data indicated the presence of a single phase for
both 1 and 2.

Surprisingly, no crystal structures have been reported for
metal vinylphosphonates although one metal vinylphosphon-
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spectrum of the reaction of 2 with RhCl3 in H2O. See http://
www.rsc.org/suppdata/dt/b1/b110356n/

ate, [Zr(C2H3PO3)2], has been known for some time.6 Although
compound 1 crystallized as rather large irregular plates and
chunks, a suitable crystal was found which allowed us to obtain
a single crystal X-ray analysis. ¶ The molecular structure is
shown in Fig. 1. The structure is clearly typical of a layered
metal organophosphonate in which the vinyl groups project
into the interlayer spaces of the structure, which is held together
by van der Waal’s forces.

Fig. 2 shows the five-coordinate copper atom coordination
sphere and the geometry is best described as a distorted tetra-
gonal pyramid 7 not unlike that observed for the copper methyl
and phenylphosphonates, [Cu(CH3PO3)]�H2O, and [Cu(C6H5-
PO3)]�H2O,8 in which three phosphonate oxygens, O(1), O(3)#2
and O(2)#1 and a coordinated water molecule (O1W) make up
the base of the pyramid. The copper–oxygen bond distances are
1.961(3), 1.978(3), 1.932(3), and 2.001(3) Å respectively and are
remarkably close to those reported for the methyl [1.928(4)–
1.991(5) Å] and phenyl [1.921(4)–1.990 (4) Å] analogs reported
by Zhang and Clearfield.8 The fifth oxygen, O(3)#3, that occu-
pies the apical site has a Cu–O bond length of 2.306(2) Å. The
interlayer distance of 9.878(5) Å is equal to the length of the a
axis, cf. 8.495(4) and 13.991 Å for the methyl and phenyl
analogs respectively. This was independently confirmed from
the X-ray powder diffraction pattern for 1 that indicated a
d-spacing of 9.88 Å. Although a single crystal X-ray analysis of
the zinc analog 2 was not undertaken, both IR and X-ray pow-
der data were consistent with a molecular structure analogous
to that found in [Zn(C2H5PO3)]�H2O.9 The interlayer spacing
found in 2, measured using X-ray powder diffraction, is 9.57 Å.

The presence of pendant vinyl groups in the layered metal
phosphonates prompted us to investigate their reactivity with
π-coordinating metal ions. To our surprise, when an aqueous

Fig. 1 Molecular drawing of compound 1 showing the layered
structure. Hydrogen atoms are omitted for clarity. Color code: C, black;
O, red; P, blue; Cu, green.
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solution of rhodium trichloride was added to a suspension of 1
(molar ratio Rh/Cu = 1.40–1.60/1.00) in water or methanol and
stirred for 1 hour, the blue crystals completely dissolved to give
clear, blood red solutions. The zinc vinylphosphonate 2 reacted
in a similar manner to give homogeneous orange solutions. No
evidence was found for the deposition of copper or zinc metal
that might indicate a redox process taking place. The room
temperature 31P NMR spectrum of the reaction between zinc
vinylphosphonate and Rh() contained two major resonances
at 25.1 and 14.6 ppm with relative intensities 1.0 : 2.9 (although
the line widths were extremely broad, see ESI†). The ratio
of peak intensities did not change on varying the molar ratio
Rh/Zn. The line broadness suggests either dynamic behavior of
the resulting complex, or the presence of oligomeric/polymeric
structures in solution. No significant changes were seen in the
IR spectra of the solutions compared to the solid state
materials, and it is worth noting the absence of a band that
could be attributable to P–OH. In addition, removal of solvent
from the reaction mixtures gave solids that were shown to be
amorphous by X-ray powder diffraction. Redissolving the
solids in water or methanol gave identical IR and NMR spectra
to those recorded during the reaction. All subsequent attempts
to crystallize a single compound from both of the reaction mix-
tures, using a variety of organic solvents (methanol, ethanol,
diethyl ether, THF) failed. Clearly, the highly ordered, layered
structure of copper and zinc vinyl phosphonate has been
destroyed, and it is tempting to suggest that the interaction of
the rhodium metal center with accessible vinyl groups results in
slow delamination (Fig. 3). Delamination of layered organo-

phosphonates has previously been reported, for example: the
interaction of alkanethiols with cadmium methylphosphonate
results in destruction of the layered structure, presumably via
formation of stable Cd–S bonds.10

Fig. 2 A molecule of 1 showing coordination about the copper atom.
Bond lengths (Å) for the non-hydrogen atoms: Cu–O(2)#1 1.932(3),
Cu–O(1) 1.961(3), Cu–O(3)#2 1.978(3), Cu–O(1W) 2.001(3), Cu–
O(3)#3 2.306(2), P–O(1) 1.527(3), P–O(2) 1.533(2), P–O(3) 1.540(2),
P–C(1) 1.777(4), O(2)–Cu#1 1.932(3), O(3)–Cu#4 1.978(3), O(3)–Cu#5
2.306(2), C(1)–C(2) 1.309(7). Symmetry transformations used to gen-
erate equivalent atoms: #1 �x � 1, �y, �z. #2 x, �y � 1/2, z � 1/2. #3
�x � 1, y � 1/2, �z � 1/2. #4 x, �y � 1/2, z � 1/2. #5 �x � 1, y � 1/2,
�z � 1/2.

Fig. 3 Proposed interaction of rhodium complex with pendant vinyl
groups of lamellar phosphonate.

To investigate the possible role that a π-olefin–Rh interaction
may have in the reaction of 1 and 2 with rhodium trichloride,
several control experiments were performed. The interaction of
an aqueous suspension of zinc phenylphosphonate with an
aqueous solution of RhCl3 was studied, and no reaction took
place after several days of stirring at room temperature as
evidenced by careful before and after weighing of the metal
phenylphosphonate. Similarly, no reaction took place on
raising the temperature to 80 �C for several days. This indicates
that the presence of the vinyl group is important for reactivity.
Changing the surface area of the metal vinylphosphonates to
increase the interaction with rhodium chloride had little effect
on the rate of dissolution and all attempts to further character-
ize the rhodium species in solution, via derivatization with
phosphines or amines, met with little success. However, we were
curious to know whether other transition metal ions would
interact with copper and zinc vinylphosphonates, and the reac-
tion of 1 or 2 with aqueous solutions of cobalt chloride was
studied. After several weeks of stirring either 1 or 2 with CoCl2

in water, no reaction was detected. While olefin complexes of
Co() are known, the stability of these compounds is consider-
ably less than the rhodium() analogs. This is due primarily to
the increased overlap of the filled d-orbitals of the Group 9
transition metal with the π* antibonding orbital of the olefin
ligand in the progression from cobalt to rhodium. Thus we
suggest that the bonding interaction of cobalt ions with 1 and
2 is not sufficiently strong enough to result in the breakdown
of the internal layered structure.

Aqueous solutions of [RhCl3(OH2)3] are known to be moder-
ately acidic, which suggested to us that 1 and 2 were simply
dissolving under acid conditions. Under our experimental con-
ditions the pH of [RhCl3(OH2)3] was measured, and gave values
in the range pH 2.3–4.5 depending on the batch of rhodium
chloride used. A sample of 1 was suspended in a solution of
hydrochloric acid with a known pH of 2.3 and rapidly stirred
for 24 hours. No change in the appearance of the crystals was
observed and the material was recovered without mass loss,
confirming that 1 does not dissolve at this pH. Further work is
in progress to understand the detailed nature of the rhodium-
mediated delamination of metal vinylphosphonates.

The donors of the Petroleum Research Fund administered by
the American Chemical Society are thanked for support of this
work.

Notes and references

§ Preparation of [Cu(C2H3PO3)]�H2O (1). A 1 L round-bottomed flask
was charged with copper sulfate (9.10 g, 57.0 mmol), vinylphosphonic
acid (3.51 g, 57.0 mmol), and de-ionized water (350 mL). Urea (3.38 g,
56.3 mmol) was added to the solution, followed by an aqueous solution
of NaOH (0.10 M), until the pH reached 2.8. The solution was heated
in an oil-bath at 70 �C for 72 hours. The resulting crystals were collected
by filtration and dried in air to give 1 as large blue plates (7.82 g, 80%).
Anal. calc. for C2H5PO4Cu: C, 12.81; H, 2.69. Found: C, 12.68; H,
2.77%.

Preparation of [Zn(C2H3PO3)]�H2O (2). A 1 L round-bottomed flask
was charged with zinc nitrate (8.37 g, 44.2 mmol), vinylphosphonic
acid (3.42 g, 31.7 mmol), and de-ionized water (350 mL). Urea (3.24 g,
53.9 mmol) was added to the solution, followed by an aqueous solution
of NaOH (0.10 M), until the pH reached 2.8. The solution was heated
in an oil-bath at 70 �C for 72 hours. The resulting crystals were collected
by filtration and dried in air to give 2 as white needles (5.44 g, 71%).
Anal. calc. for C2H5PO4Zn: C, 12.68; H, 2.66. Found: C, 12.65; H,
2.63%.
¶ Crystal data for 1: C2H5PO4Cu, M = 187.57, monoclinic, space group
P21/c, a = 9.878(5), b = 7.628(3), c = 7.332(3) Å, U = 549.5(4) Å3, Z = 4,
Dc = 2.267 Mg m�3, µ(Mo-Kα) = 4.183 mm�1, F(000) = 372, T  = 293(2)
K, 1254 independent reflections (Rint = 0.0293) with 2θ < 55�. Refine-
ment of 95 parameters converged at final R1 [for selected data with
I > 2σ(I )] = 0.0487, wR2 (all data) = 0.1216.

X-Ray powder patterns were recorded on a Scintag XDS-2000 auto-
mated powder diffractometer, fitted with a graphite monochromater,
using Cu Kα radiation. The diffractometer was operated in constant
scan mode of 2.00� min�1 over the range 5 < 2θ > 60� with zero point
determined from an external silicon standard. Step scanning was per-
formed with a step size of 0.03� 2θ and a count time of 27.5 min.
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Single crystal X-ray measurements were made using a Siemens P4S
diffractometer. The structure was solved by direct methods and
refined by full-matrix least-squares methods based on F 2 using the
SHELXTL package.11 Two peaks in the final difference map had a
value greater than one electron per cubic Ångstrom, with distances of
0.99 Å to the copper atom and 0.79 Å to the phosphorus atom
respectively. Non-hydrogen atoms were refined anisotropically. Hydro-
gen atoms bonded to the water oxygen atom (O1W) were located in
difference Fourier syntheses and refined isotropically. The three
hydrogen atoms bonded to carbons were treated as riding atoms.
CCDC reference number 168372. See http://www.rsc.org/suppdata/dt/
b1/b110356n/ for crystallographic data in CIF or other electronic
format.

1 See for example: A. Clearfield, Metal Phosphonate Chemistry, in
Progress in Inorganic Chemistry, K. D. Karlin, ed., John Wiley &
Sons, New York, 1998, vol. 47, p. 271; G. Alberti, in Comprehensive
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Inorg. Chem., 1988, 27, 2781; R.-C. Wang, Y. Zhang, H. Hu,
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