culmics deta

sl
ELSEVIER

Inorganica Chimica Acta 258 (1997) 113-118

Note

Diammine( pyrazine-2,3-dicarboxylato-N,O) palladium(II):
synthesis, crystal structure, spectroscopic and thermal properties

Mireille Wenkin ®, Michel Devillers **, Bernard Tinant °, Jean-Paul Declercq ®
* Laboratoire de Chimie Inorganique et Analytique, Université Catholique de Louvain, place Louis Pasteur 1, B-1348 Louvain-la-Neuve, Belgium
® Laboratoire de Chimie Physique et Cristallographie, Université C de Louvain, place Louis Pasteur 1, B-1348 Louvain-la-Neuve, Belgium

Received 4 Suly 1996; accepted 30 September 1996

Abstract

The synthesis, crystal and sp pic (IR, XPS) characterization of a new Pd lex with 2,3 inedicarboxylic acid
(2.3-H,pzdc), Pd(2,3-pzdc) (NH;), (1), are reported. This compound crystallizes in the monoclinic space group P2,/c with four molecules
in the unit cell. Using 2697 independent reflections up to 260=60°, the structure was refined to R =0.044. The lattice is formed of isolated

zwitterionic moicties in which the square-planar coordination of palladium is ensured by three nitrogen aloms and one oxygen from a
k. Thermal

carboxylale group attached to the pyrazine ring. Both the
under ni d

()

a related d with 3,5-p; ledicarb
positive charge in the pyrazine ring.

1and the infr
a mixture of palladium metal and PdO at 773 K. The XPS dataof 1 aredtscussed together with those of
ylic acid (H;Dep), (NBuy)2{Pd:(Dcp),] (2) and suggest the presence of a delocalized

d data confirm the ab: ofap

Keywords: Crystal Palladi lexes; Pyrazinedi 1

1. Introduction

Carboxylate-type compounds of transition metals generate

antiferromagnetic interactions in Co(2,3-Hpzdc).(H,;0),
{5]. In this work, the thermal behaviour of the title com-
pound, in view of itsuse as ap for the incorp

of palladium in various malemls, is also investigated. This

great interest as potential precursors for the preparation of
finely divided metal or oxide-type solid compounds, namely
in fields like heserogeneous catalysis (pure or supported) and

appmach is validated namely by the enormous catalytic

high-T, superconductivity. In many of these applications, the
absence of heteroatoms such as sulfur and halogens is a key
point to prevent unwanted poisoning effects that alter the
materials properties. Carboxylic derivatives of nitrogen-con-
taining heterocycles behave |deally with respect to that pomt

The p paper is d d to the h
scopic charactenzauon a.nd crysta.l structure determmauon of
a new palladi pound with 2,3-py

dlcarboxyhc acid (2,3-H,pzdc). This molecule is a rather
strong acid ligand (pK,, = 0.8, pK,, = 2.84) with six potential
coordination sites involving the oxygens of the carboxylic
groups and the nitrogen atoms of Lhe pyrazme ring. Several

ialities of palladium, in ionas well asin oxidation
lysis. Anal Pd pk described so far in the
literature are the ding derivatives of 2,5-pyrazi

dicarboxylic acid [11, 12] (2,5 -H,pzde) and 3,5-pyrazole-
dicarboxylic acld [13] (3.5-H;Dcp). The crystal structure
and jzation of th s

plex wuh 2,3-] Hzpzdc will be described and compm'ed with
those reported for the complexes of other metals with similar
ligands.

2. Experimental

dination types and three-di were
therefore observed [1-9], and in many cases, complexauon
results in the formation of infinite chains that glve nse to

2.1. P

P!

2.1.1. Pd(2,3- pde)(NH3)z (1)

llective i ies, like fer

P

exchange in the complex Cu(2,3-pzdc) - HCI [ 10], or weak
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An of palladium dichloride (Jans-
sen 59 wt.% Pd, 250ml 0.01 mol) isadded to acold solution
(160 ml) containing 0.01 mol of pyrazine-2,3-dicarboxylic

acid (2,3-Hppzdc, Janssen 97%). PdCl, dissolves on heating
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and the solution is concentrated upon boiling to about 200 ml.
The compound Pd(2,3-pzdc) (NH;), (1) formed in the boil-
ing mixture is collected on a sintered glass funnel without
allowing the solution to cool down. The precipitate is washed
with iced water and further dried in vacuo over P,Os at 100°C
(yield 55%). Yellow crystals of 1 grown from the filtrate
upon standing at room temperature for several days are fil-
tered and dried in air at room temperature.

Anal. Found: C, 23.45; N, 18.20; H, 2.55. Calc. for
CsHgN,O4Pd: C, 23.49; N, 18.27; H, 2.61%. The palladium
content was determined gravimetrically as the bis(dimeth-
ylglyoximato) complex Pd(C,H;N,0,),: found: 34.3; calc.:
34.7%.

2.1.2. {NBu,),[PdyDcp),] (2)

The tetrabutylammonium salt of the dinuclear complex of
palladium with 3,5-pyrazoledicarboxylic acid (Scheme 1)
was synthesized according to a literature procedure [13].

2.2. Instrumental

2.2.1. Crystal structure determination

Suitable crystals of 1 were obtained by slow evaporation
from water at room temperature. The crystals were examined
at 20°C on a Huber four circle diffractometer with graphite
monochromatized Mo Ka radiation (A=0.71069 A). Crys-
tal and refi data are
Table 1. The lattice parameters were refined using 19 reflec-
tions in the range 5°<26<25° Intensities were collected
with  scans. One standard reflection was checked every 50
measurements and no significant deviation was observed. The
intensity data were corrected for Lorentz polarization and for
absorption by semi-empirical (¥ scans) method. The struc-
ture was solved from Patterson and difference synthesesusing
the programme SHELXL93 [14]. It was refined by full-
matrix least-squares on F> with anisotropic temperature fac-
tors for all non hydrogen atoms. All the H atoms were
localized from difference Fourier and included in the refine-
ment with a common isotropic temperature factor (U=
0.051 A2). The largest peak in the final difference synthesis
was close to the heavy atom. Atomic scattering factors were
taken from Ref. [31]. Additional material available from the
Cambridge Crystallographic Data Centre comprises full list

ized in

Table 1

Data coll and

Formula CeHgN,O,Pd

M, 306.56

System monoclinic

Space group P2)/e

a(d) 8.348(2)

b(A) 7.041(1)

c(A) 15.875(4)

B() 97.89(2)

V(A% 924.3(3)

z 4

D, (gem™") 2.203

Ad) 0.71069

F(000) 600

2 (mm™Y) 2.009

Approximate crystal size (mm) 0.32%0.32x0.12

Collection range (sin 8/A) s (A1) 0.70

Range of h, &, 1 -8<h<ll
-9<k<?
-2251522

Indices of standard reflections 2-1-4

Number of collected reflections 5338

Number of independent reflections 2697 (R, =0.037)

Number of observed reflections (/=20(1)) 2141

Number of parameters 161
Absorption corrections, min., max. 0.8381, 1.1013
transmission factors
R(I220D) 0.0305

(all data) 0.0438
wR, 0.0676
Weight 1/{0F 2 +0.0353P%}
s 1.021
Extinction parameter no correction
Shift/e.s.d. max, 0.003
Residual density (max., min.) (e A~%) 0.610, —0.82

of atomic coordinates, bond lengths and angles, H-atom coor-
dinates, and thermal parameters.

2.2.2. Physico-chemical characterization

Infrared spectra were registered as KBr pellets in the
wavenumber range 4000450 cm ™' on a Fourier Transform
spectrometer Perkin-Elmer type 1710. Thermogravimetric
analysis was carried out under air or nitrogen with a
SETARAM TGC8S5 analyzer at aheating rate of 20 K min~!.
Powder X-ray diffractograms of the solid residues were
obtained on a SIEEMENS 500 diffractometer equipped witha
copper anode.

X-ray photoel P py was perf i on a
SSI1100 model 206 spectrometer from Surface Science Instru-
ments. The binding energy scale was calibrated with respect
to the C 1s photopeak of residual carbon fixed at 284.8 eV.

3. Results and discussion
3.1. Crystal structure

The molecular structure of complex 1 is illustrated in Fig. 1
and shows the square-planar coordination expected for



M. Wenkin et al. / Inorganica Chimica Acta 258 (1997) 113-118 s

Fig. 1. Molecular structure of complex 1 with atom labelling {30].

palladium(II) compounds. The 2,3-pyrazinedicarboxylic
acid ligand has six potential oxygen or nitrogen-based coor-
dination sites. In the present case, metal coordination is
ensured by three nitrogen atoms, two of them belonging to
ammonia molecules, and the third onc to the pyrazine ring,
and by one oxygen atom from a carboxylate group. This type
of coordination results in a five-membered ring around Pd,
which is sterically much more favoured than the seven-mem-
bered ring that would be obtained if the two carboxylate
groups in ortho positions were both acting as ligands for the
same metal centre. The overall spatial configuration of com-
plex 1 can be described by using three different planes. The
first one contains the Pd atom and the four ligating atoms
involved in its square planar coordination (O(8), N(1),
N(13), N(14)). Mean deviations of these atoms from the
mean plane are less than 0.04 A and the metal atom is found
to be located exactly (0.003 A) within this plane. The second
plane is that of the pyrazine ring and is slightly tilted, by some
10°, with respect to the first one. The third one is defined by
the non-coordinating carboxylate group and is orientated at
75° from the second one. This orientation allows to minimize
steric interactions between the oxygens of the two carboxy-
late groups, given the fact that the location of the oxygen
atom O(9) is fixed by the involvement of O(8) in Pd coor-
dination. The ionic nature of the second carboxylate is clearly
demonstrated by the C(10)-0(12) and C(10)-O(11) bond
distances, which are exactly the same (1.243(4) and
1.245(4) A). The absence of hydrogen atom is confirmed by
the lack of density in the neighbourhood of O(11) and O(12)
atoms in the final Fourier difference synthesis. There is also
no specific mteracuon betwaen this carboxylic group and

Table 2

Bond lengths (A) and angles (°) for 1

Pd-N(1) 2.014(3)
Pd-N(14) 2017(3)
Pd-0(8) 2020(2)
Pd-N(13) 2021(3)
N(1)-C(6) 1.333(4)
N{1-C(2) 1.367(4)
C(2)-C(3) 1.378(4)
C(2)-C(N 1.504(4)
C(3)-N(4) 1.349(4)
C(3)-C(10) 1.532(4)
N(4)-C(5) 1.345(5)
C(5)-C(6) 1.373(5)
C(N-0(9) 12214
C(N-0(8) 1.298¢4
C(10)-0(12) £.243(4
C(10)-0(11) 1.245(4)
N(1)-Pd-N(14) 1713.9(1>
N(1)-Pd-O(8) 82.0(1)
N(14)-Pd-O(8) 92.2(1)
N(1)-Pd-N(13) 95.7(1)
N(14)-Pd-N(13) 90.1(15
O(8)-Pd-N(13) 176.8(1
C(6)-N(1)-C(2) 118.8(3)
C(6)-N(1)-Pd 1289(2)
C(2)-N(1)-Pd 1122(23
N(1)-C(2)-C(3) 120.0(3>
N(1)-C(2)-C(T) 114.7(3>
C(3)-C(2)-C(7) 125.1(3)
N(4)-C(3)-C(2) 121.3(3)
N(4)-C(3)-C(10) 115.0(3)
C(2)-C(3)-C(10) 123.7(3)
C(5)-N(4)-C(3) 117.3(3)
N(4)-C(5)-C(6) 122.3(3)
N(1)-C(6)-C(5) 120.2(3)
0(9)-C(7)-0(8) 124.7(3)
0(9)-C(T)-C(2) 119.3(3)
0O(8)-C(7)-C(2) 116.0(3)
C(7)-0(8)-Pd 114.1(2)
0(12)-C(10)-0(11) 126.5(3)
0(12)-C(10)-C(3) 116.6(3)
0O(11)-C(10)-C(3) 116.8(3)

of our knowledge, the only case where a deprotonated non-
coordinating carboxylate group has been observed so far in
such kinds of compounds is the Cu(1I) complex with pyra-
zine-2,3,5,6-tetracarboxylic acid [9], in which the geometry
(mean C-O value: 1.24 A, O-C-O bond angle: 128°) is
similar to that found in 1 (Table 2).

Except for a poorly reliable study published more than 20
years ago [15], there are no crystallographic data on the
of the free ligand. The comparison is however pos-

lladium atoms b g to other molecul;

by the Pd-O di the sh ones ranging
between 3.61 and 3.88 A. In comparison with related com-
plexes previously described in the literature [1-8], the pres-
ent structure seems to be a rather uncommon example of

dination of 2,3-py dicarboxylate ligand, in the
sense that a non-coordinating ionized carboxylate group is
present and is not involved in a polymeric network, like that
observed in Zn(II) and Co(II) complexes [4]. To the best

sible with a compilation of By [16] and
carboxypyrazine [17-19] structures that are related to the
present compound. In complex 1, the mean value of she C—
C bond distances in the pyrazine ring (1.375 A) is shorter
than the average value reported in the literature (1.405 A
[16]). Similarly the C-N bond distances in 1 (mean value
1.348 A) appear to be longer than in the other related
compounds (1.336 Aq6]).
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Table 3

Hydrogen bonding distances less than 3.0 Ain1(A)

Hydrogen bond N--O H--O
N(13)-H(13A)---0(9) * 293 2.19
N(13)-H(13B)---0(12) ® 295 2.06
N(13)-H(13C)---0(11) © 293 217
N(14)-H(14B)---0(12) * 293 209
Symmetry transformations

*x05-y.05+z

®l-x, —y ~z

€ -x, -y -z
9%, —05-y,05+z

The three Pd—N bonding distances are identical and similar
to those observed in the tetraammine complex [12]. The
departures observed for the bond angles within the square
plane around Pd are in line with the involvement of N(1)
and O(8) atoms in a five-membered ring (bond angle N(1)—
Pd-O(8) equal to 82°) and with the steric hindrance between
one ammonia ligand (N(13)) and the H atom bound to C(6)
(bond angle N(1)-Pd-N(13) near 96°). The latter feature
seems also to be responsible for the tilting angle of 10°
between the plane of the pyrazine ring and that centered on
the Pd atom. Similar angular deformations were reported in
Pd(en)Cl, (bond angles CI-Pd-Cl and N-Pd-N equal to
95.3 and 83.1°, respectively [20]). The steric interaction
mentioned above is also assumed to produce the significant
aperture of the C(6)-N(1)-Pd bonding angle up to
128.9(2)".

The structural data related to the hydrogen bond network
are listed in Table 3. This analysis was restricted to contact
distances smaller than 3 A and shows that the three hydrogen
atoms of one ammonia molecule (N(13)) and one hydrogen
bound to N(14) are involved in hydrogen bonds with oxygen
atoms belonging to symmetric entities'. Fig. 2 illustrates the
crystal packing. The isolated complexes are arranged in a
head-to-tail fashion within a stacking of alternate parallel
layers. Crystal cohesion is ensured by the hydrogen bonds in
and between the stacked layers.

3.2. Infrared spectrum

The infrared sp of ¢ 1 shows strong carbox-
ylate asymmetric stretching bands at 1672 and 1610 cm ™",
The first one is characteristic of carboxylate groups cova-
lently bound to the metal atom, as reported in similar com-
plexes previously described in the literature [1,2,7,8,11,
21,22]. The second band can be assigned to ionized
unbounded carboxylate groups, as observed at about
1620 cm ™! in the sodium and potassium salts of the 2,3-pzdc
ligand [2,21] and in the tetraammine complex [Pd(NH,),]-
(2,5-pzdc) [11]. The presence of this absorption band is also
in line with the absence of a polymeric structure akin to that

! The two other hydrogen atoms bound to N(i4) are distant from a
symmetry related oxygen atom by ca 2.3 A,

0
Fig. 2. View of the crystal packing in 1 [29].

observed in the analogous complexes of 2,3-dicarboxypyra-
zine with several metals of the first transition series [4]. The
IR band centered at 1717 cm™" in the spectrum of the free
acid, assigned to hing vit of the non ionized
carboxylic group, is absent in the IR spectrum of the Pd(2,3-
pzdc) (NH;), complex, confirming that the ligand is doubly
ionized. Symmetric stretching bands of the carboxylate group
appear at 1385 and 1318 cm ™.

According to the literature [23,24], broad medium-strong
bands at 3276 and 3202 cm ™! can be assigned to N-H stretch-
ing modes of the ammonia ligands, and the sharp band at
489 cm™! corresponds most probably to a Pd-N stretching
mode.

3.3. Thermal behaviour

The title compound is thermally stable in a nitrogen atmos-
phere up to ca. 573 K, then undergoes degradation in essen-
tially one step. A similar behaviour has been observed in
several 2,3-pyrazinedicarboxyl plexes of the first tran-
sition series [1,7), which were all found to decompose into
the corresponding metal oxides. At 773 K, the residue cor-
responds to a total weight loss of ca. 60%. Theoretical weight
losses for Pd metal and PdO are 65 and 59.4%, respectively.
The experimental result suggests that the compound is con-
verted into a Pd-PdO mixture, as checked by X-ray powde.
diffractometry of the TGA residue.

3.4. Photoelectron spectra

The binding energy values of carbon (C 1s), oxygen
(O 1s), nitrogen (N 1s) and palladivm (Pd 3d;,,) in the
complexes 1 and 2 and the related free ligands are listed in
Table 4,
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Table 4
XPS data of the complexes Pd(2,3-pzdc) (NH,);, (NBuy)[Pd;(Dcp).] and the corresponding free ligands 2.3-H,pzdc and HyDep-H,0
Photopeak Binding energy (eV) (Relative intensities, %) Assignment
Pd(2,3-p2dc) (NH;), 2,3-Hypzde (NBu,);[Pd;(3,5-Dcp),) 3,5-H;Dep
1 2
Cis (4] 2848 (21) 2848 (8) 284.8 (72) 284.8 (28) CH,
{n 2863 (53) 2863 (63) 286.0 (20) 2859 (38) C=N
(am 288.6 (26) 289.4 (29) 288.2(8) 289.2 (34) oo
Ols 531.4 (100) 532.2 (60)-533.7 (40) 531.0 (100) 531.9 (52)-533.3 (48) Ccoo
Nis [4)] 400.1 (100) 400.0 (50) N=C
{an 401.3 (50) N-H
[4)] 399.5 (25)-400.1 (50) 400.3 (68) N-Pd
(I 401.1 (25) 4019 (32) N*,NBuJ
Pd 3dy,, 338.8 (100) 3385 (100) Pd2*

All the C 1s photoelectron spectra of the palladium com-
pounds 1 (Fig. 3(a)) and 2 (Fig. 3(c)) and the correspond-
ing free ligands exhibit three components. The first one at the

cyclic carbon (C3, C5) and the remaining carbon of the butyl
groups. The experimental intensity ratio of the C 1s compo-
nents in 2 (C(l):C(Il):C(III) equal to 2.0:5.0:17.5) is in

lowest energy (C(I)) corresp

x

ds to the residual hyd: g with the th i valueof2,6l31foneukes
For each d, this into account the additional ibution of residual
component was fixed at 284.8 eV as reference value for the nation to C(I).
binding energy scale. The highest energy component In both compl the Pd 3d photoel spectra attest

(C(II)) corresponds to the carboxylic group and, in both
Pd compl is shifted do ds (0.8eVinl, 1.0eVin
2) in the carboxylate group. The intermediate component
(C(II) ) can be assigned to the heterocyclic carbon bound to
nitrogen and, as expected, is not affected by the formation of
the lex. In ag) with the stoichi ic butk com-
posntlon. the intensity ratios C(II)/C(IIl) are close to 2.0
inl.

The C 1s spectrum of compound 2 (Fig. (3(c)) showsthe

the presence of Pd(I). Flmhermote, ionization of the two
carboxylic groups the non equivalence between the
oxygen atoms and the O 1s photoelectron spectra of both
compounds display one single cxygen photopeak.

The Nl1s ph of lex 1
(Fig. 3(b)) shows three componen(s with an m(cnsxty ra!lo
equalto2:1:1. The assig
by comparing with thedaxaobmnedoncompoundlandby
referring to the literature [25-28]. The two lowest energy

same general shape. In this case, the C(I)
includes also the C4 atom of the pyrazole ring and three of
the four aliphatic carbons of the butyl chains, whereas C(1I)
is the sum of all nitrogen-bound carbon atoms, i.e. hetero-

A

-288.5 28s.8

282.6

»

1.7

counts ———>

. 400.4 398.4

<«— Binding eaergy (eV)
Fig. 3. C 1s and N Is photoelectron spectra of Pd(2,3-pzdc)(NH;), (1)
(a, b) and (NBu,)2[Pd(Dcp)] (2) (c.d).

in complex 1, labelled N(Ia) and N(Ib) can be
1dem1ﬁed as nitrogen atoms bound to palladium; inagreement
with their reiative intensities, they are assumed to correspond

to ni atoms belonging to the p ring and the

ammonia ligands, respectively. Literature values for the cis-
and trans-diammine complexes Pd(NH;),X, (X=Cl, Br)
and the tetraammine complex [ PA(NH;),1X; licin the range
400.2-400.5 eV [27] and the value of 400.2 ¢V has been
reported in the Pd complex with 2-pyridi boxylic acid
[25]. The third component in the N 1s spectrum of complex
1is characterized byahigiwrbindingenergymdmm
the value observed for the nitrogens of the tetrabutyl

ium cations in 2 (Literature value for NBu; is 4017eV
[28]); this shift is therefore assumed to reveal the presence
of a delocalized positive charge in the pyrazine ring, in rela-
tionship with the zwitterionic nature deduced from the crys-
tallographic data.
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