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At present, investigations of heterometallic coordina-
tion compounds that can be employed as precursors for
the preparation of various bimetallic formulations are of
increased interest. The first problem in the study of such
complexes is to determine their structures.

Complexes with bridging ligands constitute one of
the main groups of binuclear compounds. Their struc-
tures can be represented as the coordination spheres of
complexing metals joined by their vertices, edges, and
faces. Such binuclear complexes with tetrahedral,
square, and octahedral coordination entities are exempli-
fied in [1]; however, the given examples include no com-
plex containing the coordination squares with a shared
vertex. Such an example may be provided by the double
complex salt 
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deprotonated diethylenetriamine), in which the dimeric
cation shows a similar geometry (two squares joined by
vertices) [2]. In the dimeric cation of this salt, deproto-
nated diethylenetriamine serves to bridge two gold atoms.
Having three functional groups (N atoms), diethylenetri-
amine (H
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, Dien) is a tridentate
ligand and usually can be coordinated in the (1, 2, 3)-
types, in terms of the notation cited in [3]. Only a few
complexes with Dien as a bridging ligand have been
obtained. For instance, in 
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and 

 

[

 

Hg

 

2

 

(

 

Dien

 

)

 

3

 

](

 

ClO

 

4

 

)

 

4

 

 [5], diethylenetriamine is coor-
dinated according to the (1, 2)–(3) type; i.e., one terminal
and central N atoms are bound to the metal atom, while
the other terminal N atom is bound to the other atom of
the same metal. A similar coordination type is found in
the cations 
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complexes with the anionic rhenium chalcocyanide clus-
ters 

 

[

 

Re

 

4

 

Q

 

4

 

(

 

CN

 

)

 

12

 

]

 

4–

 

 (Q = Se and Te) [3]. Another type
of (1)–(3) coordination of diethylenetriamine is found in
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OH [6]. Upon proton abstraction
from Dien, the central N(2) atom acquire a lone electron
pair and can be involved in a donor–acceptor interaction
with another metal atom, thus functioning as a bridge [7].
In the dimeric cation 
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, either Au atom is
bound to the central and one terminal N atom; i.e., diethyl-
enetriamine is coordinated in a new (1, 2)–(2, 3) type.

This study is devoted to the structure of the heterobinu-
clear gold and palladium complex 
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 with an unexpected and earlier unknown (1, 2, 3)–(2')
type of diethylenetriamine coordination (the prime
serves to indicate the coordination with a dissimilar
metal).
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 were prepared as described in [8, 9].

 

Synthesis of complex I.
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 (0.0203 g, 0.05 mmol) was dissolved in
0.01 M HCl (5 ml) and then 
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0.05 mmol) was added. Concentration of this mixture at
room temperature gave crystals as dark brown flattened
prisms; crystallization began after 20–30 min. After a
day, the crystals were filtered off, washed with minimum
amounts of 0.01 M HCl, ethanol, and ether, and dried in
air. The yield was 0.025 g (~
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). Out of them, a suit-
able single crystal was used for X-ray diffraction analy-
sis. The same crystals were obtained from the reaction
mixture in the presence of NaCl (1.0 mol/l) or when
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The content of (Au + Pd) was determined gravimetri-

cally: a sample was decomposed in HClO
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Abstract

 

—The heterobinuclear complex [AuCl(

 

µ

 

-Dien*)PdCl

 

3

 

] (Dien* is deprotonated diethylenetriamine) was
obtained and examined by X-ray diffraction analysis. Crystals are orthorhombic: 

 

a

 

 = 13.886(3) Å, 

 

b = 7.213(1) Å,
c = 11.824(2) Å, V = 1184.3(4) Å3, space group Pna21, Z = 4, ρcalcd = 3.070 g/cm3, R = 0.02. The coordination entities
of gold and palladium are AuN3Cl and PdNCl3, respectively. The central N(2) atom of deprotonated diethylenetri-
amine is the shared vertex of the coordination squares of gold and palladium.
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the metals were reduced with hydrazine sulfate; elemen-
tal analysis for C, H, and N was performed at the Novosi-
birsk Institute of Organic Chemistry (Siberian Division
of the Russian Academy of Sciences).

For C4H12N3Cl4AuPd anal. calcd. (%): C, 8.78; H,
2.21; N, 7.68; (Au + Pd), 55.42.

Found (%): C, 8.9; H, 2.1; N, 7.5; (Au + Pd), 55.5.
X-ray diffraction analysis. The unit cell parameters

and experimental reflection intensities for crystal struc-
ture I were measured at 293(2) K on a Bruker-Nonius
X8Apex automated four-circle diffractometer equipped
with an XY-detector (MoKα radiation, λ = 0.71073 Å,
graphite monochromator) according to a standard proce-
dure. Crystallographic parameters and a summary of
data collection for complex I are given in Table 1. The
coordinates of the basic atoms have been deposited with
the Cambridge Crystallographic Data Collection
(no. 679 045).

Structure I was solved by the direct method and refined
in the anisotropic (isotropic for H atoms) approximation.
The hydrogen atoms were located geometrically.

Selected bond lengths and angles in structure I are
given in Table 2. All calculations were performed with
the SHELX-97 program package [10]. The powder dif-
fraction pattern (DRON-3M, CuKα radiation) was
indexed from single-crystal X-ray diffraction data. The
diffraction pattern shows no irrelevant lines, which sug-
gests that product I consists of one phase.

In pH measurements of the mother liquors, ä2[PdCl4]
was used instead of (NH4)2[PdCl4]; the reaction volume
was doubled. Measurements were carried out on an
ELWRO N5170 pH meter with an ESK-10301/7 glass
electrode calibrated against HCl solutions. Electronic
absorption spectra were recorded on an UV-VIS spectro-
photometer.

RESULTS AND DISCUSSION

A room-temperature reaction of (NH4)2[PdCl4] with
[Au(Dien)Cl]Cl2 in 0.01 M HCl gave the heterobinuclear
complex [AuCl(µ-Dien*)PdCl3] (I), which was proved
by elemental analysis and X-ray diffraction data. The
formation of this complex was unexpected, because first
of all we anticipated growing single crystals of a binary
complex salt with the metal-to-metal ratio 1 : 1, as in a
reaction between [Au(Dien)Cl]2+ and [MCl6]2– (M =
Ir(IV) and Pt(IV)) [11].

It is known that [PdCl4]2– in an aqueous solution
rapidly undergoes aquation and that the complex
[Pd(H2O)Cl3]– is a weak acid (ä‡ = 7.0) [12]. The com-
plex cation [Au(Dien)Cl]2+ behaves like a weak acid
(ä‡ = 4.0) [13] because of easy proton abstraction from
coordinated diethylenetriamine. The crystals of binu-
clear complex I were obtained in an acidic medium (final
pH < 2); i.e., deprotonated species were absent almost
completely. In an acidic aqueous solution, palladium
exists at [Cl–] = 0.03 mol/l, mainly as [PdCl4]2– and
[Pd(H2O)Cl3]–; at [Cl–] ≥ 1.0 mol/l, the dominant palla-

Table 1.  Crystallographic parameters and a summary of da-
ta collection for [AuCl(µ-Dien*)PdCl3]

Parameter Value

å 547.33

Crystal system Orthorhombic 

Space group Pna21

Unit cell parameters:

a, Å 13.886(3)

b, Å 7.213(1)

c, Å 11.824(2)

V, Å3 1184.3(4)

Z 4

ρcalcd, g/cm3 3.070

µ, mm–1 14.754

F(000) 1000

Crystal size, mm 0.22 × 0.07 × 0.04

θ scan range, deg 2.93–32.56

Ranges of h, k, and l –20 ≤ h ≤ 20, –10 ≤ k ≤ 10, 
–8 ≤ l ≤ 17

Number of measured reflec-
tions

11746

Number of independent reflec-
tions

2981 (Rint = 0.0343)

Number of reflections 
with I > 2σ(I)

2764

Completeness of data collec-
tion for θ = 25°, %

99.3

Refinement method Full-matrix least-squares 
method on F2

Number of parameters refined 125

GOOF on F2 0.934

R factors, I > 2σ(I) R1 = 0.0211, wR2 = 0.0441

R factors for all reflections R1 = 0.0247, wR2 = 0.0454

Absolute parameter 0.005(6)

 Extinction coefficient 0.00001(6)

Residual electron density 
(min Ë max), e Å–3

–1.375 and 1.031 
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dium species in solution is [PdCl4]2– [14]. The formation
of binuclear complex I can be represented by the equa-
tions:

(1)

(2)

Au Dien( )Cl[ ]2+ PdCl4[ ]2–+

=  AuCl µ-Dien*( )PdCl3[ ] I( ) Cl– H+,+ +

Au Dien( )Cl[ ]2+ Pd H2O( )Cl3[ ]–+

=  AuCl µ-Dien*( )PdCl3[ ] I( ) H2O H+.+ +

Essentially, the chloride ion in [PdCl4]2– or water in
[Pd(H2O)Cl3]– are replaced in solution by
[Au(Dien)Cl]2+ with proton abstraction from coordi-
nated Dien. Process (1) may be regarded as a version of
“the Anderson rearrangement” extensively studied for
ammonium complexes with various metals in both solu-
tions and the solid state [7]. It can be seen in Eqs. (1) and
(2) that the formation of binuclear complex I should be
accompanied by an increase in the concentration of the
hydrogen ions in solution. Indeed, pH measurements of
the solution after the removal of the crystals detected
excess ç+ ions (a mole of ç+ per mole of product I).

The resulting complex I is insoluble in water, acetoni-
trile, carbon tetrachloride, chloroform, and hexane and is
poorly soluble in DMF. Apparently, the very low solubility
of binuclear complex I in water favors its formation. The
electronic absorption spectra of complex I (~2 mg) in an
aqueous solution (incomplete dissolution, pH ~ 6) and in
0.01 M HClO4 (V = 50 ml, 5-h stirring) show either dis-
tinct peaks or inflections characteristic of [Pd(H2O)Cl3]–,
[Pd(H2O)2Cl2] [14] and either [Au(Dien*)Cl]+ [15] (in the
former case) or [Au(Dien)Cl]2+ [15] (in the latter case).
Obviously, the dissolution of binuclear complex I in aque-
ous solution is accompanied by cleavage of the bridging
bond.

According to X-ray diffraction data, structure I is
built from the neutral binuclear complexes [AuCl(µ-
Dien*)PdCl3] (Fig. 1). The intramolecular Au···Pd dis-
tance (3.407 Å) is substantially shorter than the Au···Au
distance (3.52 Å) in the dimeric cation [Au2(Dien*)Cl4]+

[2]. In binuclear structure I, the coordination polygons of
the Au and Pd atoms are distorted squares. The Au atom
coordinates three N atoms of the chelating tridentate
ligand Dien* and the Cl atom. The coordination square
of the Pd atom is made up of three Cl atoms and the N
atom of Dien*. Thus, deprotonated diethylenetriamine
fulfils a double function: chelation of the Au atom and
bridging of the Au and Pd atoms. The bridging N(2)
atom is bound to the metal atoms and two C atoms. The
R'–N(2)–R" bond angles (103.8°–112.2°) are close to
tetrahedral ones. Also note that the sums of the same
angles at the N(2) atom in complexes I and
[Au(Dien*)Cl](Clé4) (II) [8] are comparable (322.7°
and 321(3)°, respectively) and are much smaller than that
in [Au(Dien)Cl]Cl(Clé4) (III) (332(4)°) [8]. The N–C
and C–C bond lengths in complex I have standard values
(on average, 1.492 and 1.514 Å, respectively). On the
whole, the geometry of the ligand Dien* in structure I is
similar with that found in complex II.

The Au–Cl distance in structure I (2.297 Å) is inter-
mediate between analogous distances in complexes II
(2.33(1) Å) and III (2.273(8) Å). The lengths of three
Au–N bonds in structure I are close; their average
(2.036 ± 0.005 Å) is the same as in complex II.

The Pd–Cl bond lengths in structure I (on average,
2.321 ± 0.019 Å) are close to those in K2[PdCl4]
(2.298 Å) [16]. The Pd–N bond length in complex I

Table 2.  Selected bond lengths and angles in [AuCl(µ-Di-
en*)PdCl3]

Bond d, Å Angle ω, deg

Au(1)–N(2) 2.031(6) N(2)Au(1)N(1) 85.83(16)

Au(1)–N(1) 2.038(4) N(2)Au(1)N(3) 85.03(18)

Au(1)–N(3) 2.039(4) N(1)Au(1)N(3) 168.88(18)

Au(1)–Cl(3) 2.2975(18) N(2)Au(1)Cl(3) 178.55(14)

Pd(1)–N(2) 2.090(5) N(1)Au(1)Cl(3) 94.60(12)

Pd(1)–Cl(4) 2.3097(13) N(3)Au(1)Cl(3) 94.69(14)

Pd(1)–Cl(1) 2.3128(13) N(2)Pd(1)Cl(4) 91.84(15)

Pd(1)–Cl(2) 2.3395(14) N(2)Pd(1)Cl(1) 175.04(12)

N(1)–C(1) 1.494(6) Cl(4)Pd(1)Cl(1) 89.22(5)

C(1)–C(2) 1.519(7) N(2)Pd(1)Cl(2) 90.34(15)

C(2)–N(2) 1.495(6) Cl(4)Pd(1)Cl(2) 174.76(5)

N(2)–C(3) 1.479(7) Cl(1)Pd(1)Cl(2) 89.01(5)

C(3)–C(4) 1.509(8) C(1)N(1)Au(1) 107.8(3)

C(4)–N(3) 1.501(7) C(4)N(3)Au(1) 108.1(3)

N(1)C(1)C(2) 107.4(4)

N(2)C(2)C(1) 107.3(4)

C(3)N(2)C(2) 114.8(4)

C(3)N(2)Au(1) 104.1(4)

C(2)N(2)Au(1) 103.8(3)

C(3)N(2)Pd(1) 112.2(3)

C(2)N(2)Pd(1) 109.9(3)

Au(1)N(2)Pd(1) 111.5(2)

N(2)C(3)C(4) 107.1(4)

N(3)C(4)C(3) 108.5(4)

N(3)C(4)C(3) 108.5(4)



RUSSIAN JOURNAL OF COORDINATION CHEMISTRY      Vol. 35      No. 3      2009

BINUCLEAR Au(III)–Pd(II) COMPLEX WITH DEPROTONATED DIETHYLENETRIAMINE 213

(2.090 Å) is somewhat longer than that in
[Pd(Dien)NO2]+ (2.047 Å) [17].

The bond angles at the central Au and Pd atoms in
structure I differ from perfect values (90°) by no more than
5°. The coordination squares are planar to within ±0.08 Å.
The angle between the normals to these planes is 89.6°;
i.e., the planes of the coordination squares AuN3Cl and
PdNCl3 are virtually perpendicular to each other.

The square coordination of the Au atom in structure I
is extended to an asymmetrically elongated tetragonal
bipyramid (4 + 1 + 1) with two Cl atoms from the Pd
environment. The Cl(4) atom in the same binuclear com-
plex is at a distance of 2.951 Å from Au (intramolecular
contact); the Cl(2A) atom in an adjacent complex is sub-

stantially more distant (Au···Cl 3.825 Å, intermolecular
contact) (Fig. 2). The angle Cl(4)AuCl(2Ä) is 167.4°.
The square coordination of the Pd atom is extended to an
elongated tetragonal pyramid (4 + 1) with the Cl(3) atom
from the Au environment in the adjacent complex
(Pd···Cl 3.833 Å). Through such additional contacts, the
molecules in structure I are united into chains. The
Au···Pd distance in a chain is 4.558 Å.

The general character of molecular packing in crys-
tal structure I is shown in Fig. 3. Apart from the afore-
mentioned additional contacts of the central atoms, the
binuclear molecules are united through N–H···Cl and
C–H…Cl hydrogen bonds (the shortest N···Cl and C···Cl
distances are 3.23 and 3.47 Å, respectively).

N(1)

C(1)

Cl(4)

Pd(1)
Au(1) N(2)

N(3)

C(2)

C(3)

C(4)

Cl(3) Cl(2)

Cl(1)

Fig. 1. Binuclear structure I with atomic numbering.

Au(1A)

Cl(4A)
N(2)

3.833

3.825

Au(1)

Cl(2A)

Cl(3) Cl(4)

Pd(1)

Pd(1A)

N(2A)

Fig. 2. Fragment of crystal structure I and additional contacts of the central metal atoms (symmetry operation code for the atoms
in molecule A is 0.5 – x, 0.5 + y, 0.5 + z).

2.951
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To sum up, we obtained for the first time the heterob-
inuclear complex [ClAu(µ-Dien*)PdCl3] (I) and deter-
mined its structure by X-ray diffraction analysis. In com-
plex I, the central N atom of deprotonated diethylenetri-
amine (Dien*) binds the Pd and Au atoms; structure I can
be described as the coordination squares of the metals
joined by their vertices.
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