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Intermolecular hydrogen···metal interactions. The crystal structure of
{cis-[PdCl2(TPA)2]}2·H2O, a water-soluble palladium(ii) tertiary phosphine
complex
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The single-crystal X-ray structural determination of {cis-
[PdCl2(TPA)2]}2·H2O (TPA = 1,3,5-triaza-7-phosphaada-
mantane) establishes that pairs of cis-[PdCl2(TPA)2] mole-
cules are linked about inversion centres by intermolecular
Pd···H···C three-centre–four-electron interactions (2.86, 3.00
Å for the two independent dimers); the water molecule links
these dimers via O–H···N hydrogen bonds to form infinite
chains extending in the c-direction in the crystal lattice.

Attention has focused recently on complexes of the air-stable
water-soluble phosphine 1,3,5-triaza-7-phosphaadamantane
(TPA) with transition metal ions.1,2 Darensbourg and co-
workers have shown the high catalytic activity of certain
ruthenium and rhodium complexes towards the hydrogenation
of alkenes and the conversion of unsaturated aldehydes to
saturated aldehydes or unsaturated alcohols.1b,c,f Given the
potential for applications of water-soluble palladium and
platinum complexes in catalysis, e.g. [Pd(TPPTS)4] [TPPTS =
P(m-C6H4SO3Na)3] is used for the telomerization of dienes3

and cis-[PtCl2(TPPTS)2] for the functionalization of dienes,4
we are currently extending our preliminary investigations of
group 10 complexes of TPA.2a,c We report here our discovery
that the crystal structure of the square-planar water-soluble
palladium(ii) complex of TPA, {cis-[PdCl2(TPA)2]}2·H2O 1
contains rare intermolecular C···H···Pd interactions; such
C···H···M interactions, originally postulated in the literature as
possible examples of agostic bonding, are best described as
three-centre–four-electron (3c–4e) hydrogen bonds.5

The analytically pure compound was synthesized by the
reaction of solid PdCl2 with an excess of TPA in water.6 The
analytical, 1H and 31P NMR spectral data† of the isolated
greenish–yellow product 1 show that the TPA ligand is bonded
through its phosphorus atom to the metal ion in a 2 : 1 ratio. In
contrast, a similar reaction employing PtCl2 gave a product
having the formula [Pt(TPA)3Cl]Cl.2c Crystals of 1 suitable for
X-ray diffraction analysis were obtained from a H2O–MeCN–
MeOH mixture by slow evaporation.‡ Our preliminary studies
show that this complex is unstable in water, giving TPA oxide,
but it is relatively stable in the presence of an excess of TPA.
The mechanism of decomposition, which also occurs for the
analogous Ni and Pt complexes, is under further investiga-
tion.6

Compound 1 crystallised in the triclinic space group P1̄ and
the asymmetric unit contains two molecules of cis-
[PdCl2(TPA)2] and a water molecule which links the two Pd
complexes via O–H···N hydrogen bonds [O(1)–H(1)···N(13),
O···N 2.916(6); O(1)–H(2)···N(33), O···N 2.914(6) Å]. A view
of this hydrogen-bonded complex is in Fig. 1. The two
independent Pd complexes have essentially identical stereo-
chemistry and conformation; each palladium atom is surroun-
ded by two chlorine and two TPA ligands, giving the expected
square-planar geometry. It is well established that cis- and
trans-isomerization in palladium(ii) trialkylphosphine com-
plexes of the type [PdX2L2] (X = halogen, L = trialkylphos-
phine) is mainly determined by the phosphine size.7–9 Thus, the
PMe3 (cone angle q = 118°) complex is cis,7 whereas larger

phosphines such as PEt3, PPr3, PMe2Ph, etc., form isomeric
mixtures8 and the PCy3 (q = 170°) complex is trans.9 Since the
cone angle of TPA is only 102°,1a not surprisingly, in the
present complex the two TPA ligands are arranged in a cis-
orientation, and indeed the P–Pd–P bond angles [93.25(5),
93.58(5)°] are the smallest found for any cis-[Pd(PR3)2X2]
complexes.7–10 The P–Pd–P angle for the PMe3 analogue is
reported as 94.7(1) Å in the solid state.7 Comparable values for
trans-P–Pd–Cl bond angles also show that less distortion is
present in the TPA complex, mean 176.8(4)° compared with a
mean value of 172.5(1)° in the PMe3 complex.7 The observed
Pd–P [2.2392(13)–2.2551(13) Å] and Pd–Cl bond distances
[2.3467(14)–2.3777(13) Å] are similar to those in cis-
[Pd(PMe3)2Cl2] [av. 2.257(2) and 2.368(3) Å respectively] and
other analogous complexes.7–10

Although bridging hydrogen–palladium interactions are
known for a few palladium–phosphine complexes,5 {e.g. Pd···H
2.8 Å in [Pd(PPhMe2)2I2] and 2.92 Å in [Pd(PEt3)2Cl(C6H4C-
MeN2HPh)]} in most cases the interaction is purely an
intramolecular one. Examination of the crystal structure of 1
with PLATON11 shows that each Pd complex lies close to an

Fig. 1 A view of the asymmetric unit of 1 with our numbering scheme.
Anisotropic displacement ellipsoids are drawn at the 40% probability
level.
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inversion centre and this leads to a short intermolecular
Pd···H···C interaction with an H atom of a TPA ligand of a
molecule related by the inversion centre. Each Pd complex
forms essentially identical dimers in this way with Pd···H
distances of 2.86 [Pd(1)···H(13BA) (at 2x, 2y, 2z)] and 3.00 Å
[Pd(2)···H(33BB) (at 2x, 2y, 1 2 z)] some 0.5–0.6 Å less than
the sum of the van der Waals radii. A view of the hydrogen-
bridged dimer involving Pd(1) is in Fig. 2; a view of the dimer
with Pd(2) is given in supplementary material available from
the authors. The orientation of the bridging H atoms above the
PdP2Cl2 planes is given by e.g. the angles
P(12)–Pd(1)···H(13BA) (99°) and P(22)–Pd(2)···H(33B) (95°).
In the crystal structure, the effect of these Pd···H···C interactions
together with the O–H···N hydrogen bonds noted above is to
generate infinite chains in the c-direction which have
‘H-bridged dimers’ linked via water molecules. These linear
C–H···Pd interactions are best described as 3c–4e hydrogen
bonds rather than 3c–2e agostic bonds (i.e. the out-of-plane Pd
d orbital is filled), as has been well documented by Bram-
mer.5b
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Notes and References

* E-mail: alyea@chembio.uoguelph.ca
† Selected analytical and spectroscopic data for 1: yield, 250 mg, 87%, mp.
235 °C (decomp.). Anal. Calc. for 2(C12H24Cl2N6P2Pd)·H2O: C, 28.79; H,
5.03; N, 16.79. Found: C, 28.8; H, 4.9; N, 16.7%. FT-Raman: 273, 302
cm21; 31P{1H} [(CD3)2SO]: d 218.3. 1H [(CD3)2SO]: d 4.35–4.55 (m,
PCH2, NCH2).
‡ Crystal data for 1: 2(C12H24Cl2N6P2Pd)·H2O, Mr = 1001.2, space group
P1̄, a = 9.6132(6), b = 9.8611(5), c = 19.5682(8) Å, a = 98.902(4), b =
96.754(4), g = 90.722(5)°, U = 1819.0(2) Å, Z = 2, Dc = 1.828 g cm23,
F(000) = 1012, R(Fo) = 0.0360 for 4645 observed reflections with I >
2s(I), wR2(F2) = 0.0822 for all 6381 unique reflections. Data were

collected on an Enraf-Nonius CAD4 diffractometer and corrected for
Lorentz, polarization and absorption (Gaussian) effects. The structure was
solved using the Patterson heavy-atom method with NRCVAX12 and
refined using SHELXL97.13 All non-H atoms were allowed anisotropic
motion. All H atoms were visible in difference maps and were allowed for
as riding atoms. CCDC 182/716.

1 (a) L. R. DeLerno, L. M. Trefonas, M. Y. Darensbourg and R. J.
Majeste, Inorg. Chem., 1976, 15, 816; (b) D. J. Darensbourg, F. Joo, M.
Kannisto, A. Katho and J. H. Reibenspies, Organometallics, 1992, 11,
1990; (c) D. J. Darensbourg, F. Joo, M. Kannisto, A. Katho, J. H.
Reibenspies and D. J. Daigle, Inorg. Chem., 1994, 33, 200; (d) J. P.
Fackler, Jr., R. J. Staples and Z. Assefa, J. Chem. Soc., Chem. Commun.,
1994, 431; (e) Z. Assefa, B. G. McBurnett, R. J. Staples, J. P. Fackler,
Jr., B. Assmann, K. Angermaier and H. Schmidbaur, Inorg. Chem.,
1995, 34, 75; (f) D. J. Darensbourg, N. W. Stafford, F. Joo and J. H.
Reibenspies, J. Organomet. Chem., 1995, 488, 99; (g) Note added in
proof: subsequent to the submission of this paper, a brief description of
the anhydrous cis-PdCl2(TPA)2 structure has appeared: D. J.
Darensbourg, T. J. Decuir, N. W. Stafford, J. B. Robertson, J. D. Draper,
J. H. Reibenspies, A. Katho and F. Joo, Inorg. Chem., 1997, 36,
4218.

2 (a) E. C. Alyea and K. J. Fisher, Third Chemical Congress of North
America, June 5–10, 1988, Toronto, ON, Inorg. Abstract, 12, 420; (b)
E. C. Alyea, K. J. Fisher and S. Johnson, Can. J. Chem., 1989, 67, 1319;
(c) M. M. Muir, J. A. Muir, E. C Alyea and K. J. Fisher, J. Cryst. Spect.
Res., 1993, 23, 745; (d) K. J. Fisher, E. C. Alyea and N. Shahnazarian,
Phosphorus, Sulfur, Silicon, Relat. Elem., 1990, 48, 37; (e) E. C. Alyea,
K. J. Fisher, S. Foo and B. Philip, Polyhedron, 1993, 12, 484; (f) E. C.
Alyea, G. Ferguson and S. Kannan, Polyhedron, 1997, 16, in press; (g)
E. C. Alyea, G. Ferguson and S. Kannan, Polyhedron, 1998, 17, in
press.

3 E. G. Kuntz, Fr. Pat., 2 366 237, 1976.
4 W. A. Hermann, J. A. Kalpe, J. Kellner, H. Riepl, H. Bahrmann and W.

Konkol, Angew. Chem., Int. Ed. Engl., 1990, 29, 391.
5 (a) M. Brookhart, M. L. H. Green and L. L. Wong, Prog. Inorg. Chem.,

1988, 36, 1 and references therein; (b) L. Brammer, J. M. Charnock,
P. L. Goggin, R. J. Goodfellow, A. G. Orpen and T. F. Koetzle, J. Chem.
Soc., Dalton Trans., 1991, 1789; (c) A. Albinati, P. S. Pregosin and F.
Wombacher, Inorg. Chem., 1990, 29, 1812; (d) R. H. Crabtree, Angew.
Chem., Int. Ed. Engl., 1993, 32, 789.

6 S. Kannan, E. C. Alyea and G. Ferguson, unpublished work.
7 G. Schultz, N. Yu. Subbotina, C. M. Jensen, J. A. Golen and J. Hagittai,

Inorg. Chim. Acta, 1992, 85, 191.
8 S. O. Grim and R. L. Keiter, Inorg. Chim. Acta, 1970, 4, 56.
9 V. V. Grushin, C. Bensimon and H. Alper, Inorg. Chem., 1994, 33,

4804.
10 L. L. Martin and R. A. Jacobson, Inorg. Chem., 1971, 10, 1795; D. R.

Powell and R. A. Jacobson, Cryst. Struct. Commun., 1980, 9, 1023;
N. W. Alcock and J. H. Nelson, Acta. Crystallogr., Sect. C, 1985, 41,
1748; J. J. MacDougall, J. H. Nelson, F. Mathey and J. J. Mayerle,
Inorg. Chem., 1980, 19, 709; G. R. Newkome, D. W. Evans and F. R.
Fronczek, Inorg. Chem., 1987, 26, 3500; T. Gebauer, G. Frenzen and
K. Z. Dehnicke, Z. Naturforsch., Teil B, 1993, 48, 1661; N. W. Alcock,
T. J. Kemp and F. L. J. Wimmer, J. Chem. Soc., Dalton Trans., 1981,
635.

11 A. L. Spek, PLATON Molecular Geometry Program, July 1997 version.
University of Utrecht, Utrecht, Holland, 1997.

12 E. J. Gabe, Y. Le Page, J.-P. Charland, F. L. Lee and P. S. White, J. Appl.
Crystallogr., 1989, 22, 384.

13 G. M. Sheldrick, SHELXL-97, Program for the Refinement of Crystal
Structures, University of Göttingen, 1997.

Received in Bloomington, IN, USA, 27th August 1997; 7/06243E

Fig. 2 A view of one of the ‘hydrogen-bridged dimers’ of cis-[PdCl2(TPA)2]
[atom Pd(1A) is related to Pd(1) by the symmetry transformation 2x, 2y, 1
2 z]
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