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Dinuclear Cyclopalladated Azobenzene Complexes: 
Crystal Structure Analysis of Homologous Series 

MAURO GHEDINI* and ALESSANDRA CRISPINI 
Dipartimento di Chimica, 
Universitd della Calabria, 

1-87030 Arcavacata (CS). Italy 

(Received 10 December, 1997) 

Organometallic palladium(II) complexes obtained by cyclometallation reactions of 
azobenzene ligands or Schiff bases are of considerable interest in the context of practical 
applications such as lumunescent or liquid-crystalline materials. The,shape and the dimen- 
sions of the molecules can play an important role in the physical properties of these new 
molecular materials. Various dinuclear cyclopalladated azobenzene complexes structur- 
ally characterised are reviewed with the intention to provide insights into the design of 
new dimeric metallomesogens with a suitable molecular shape. 

Keywords: metallomesogens, dinuclear ryclopalladated complexes, X-ray molecular 
structures I molecular fragment analysis 

INTRODUCTION 

Cyclometallated compounds are organometallic species where an addi- 
tional coordination of the metal to a donor atom of the same ligand sta- 
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bilizes the carbon-metal o bond. The stability of the resulting 
metal-containing ring is the reason which has motivated several investi- 
gations into the mechanisms of important catalytic processes, since it 
can be regarded as a possible intermediate in metal-catalyzed C-H bond 
activation.' However, the properties of the wide number of cyclometal- 
lated complexes described in these studies suggest that they can be use- 
ful, besides being model compounds, for certain practical applications 
such as luminescent2 or liquid-crystalline  material^.^ 

With reference to the latter topic the synthesis of thennotropic 
metal-containing liquid crystals (metallomesogens) is usually accom- 
plished by reaction between a mesogenic ligand and the appropriate 
metal source. Accordingly, a large number of mesogenic organornetallic 
palladium(I1) complexes have been obtained by cyclometallation reac- 
tions of azobenzene ligands or Schiff bases. The products are dinuclear 
compounds whose molecular structures consist of two cyclopalladated 
halves connected by the anions formerly bonded to the palladium(I1) 
precursor. The phase diagram of these materials has shown that the 
inclusion of the metal centre increases the transition temperatures by 

4 around 100°C and sometimes thermal decomposition tiikes place. 
However, it has been proven that cyclopalladation of mesogenic 
azobenzenes induces a moderate luminescence5 and, possibly, photore- 
fractivity.6 Therefore, a more thorough knowledge of the structural fea- 
tures of cyclopalladated species is of interest in the synthesis of new 
molecular materials. 

The purpose of the present work is to analyse the molecular structures 
of a homologous series of dipalladium(I1) complexes in order to provide 
an insight into the design of new compounds with a molecular shape 
suitable for dimeric metallomesogens safely processable with reference 
to thermal decomposition. The problems encountered in growing single 
crystals of mesogenic cyclopalladated complexes has resulted in the 
inclusion of species with any thermotropic behaviour but with a very 
similar geometric structure into the ensemble of compounds investi- 
gated. The objective is to rationalise the effects exerted on the global 
geometry of the molecule by the bridging ligands between the palla- 
dium(I1) atoms and the different types of cyclopalladated ligands. 
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MOLECULAR FRAGMENT ANALYSIS OF DINUCLEAR 
CYCLOPALLADATED COMPLEXES 

The dinuclear cyclopalladated complexes structurally analysed here 
contain certain molecular fragments which characterise the whole geo- 
metrical structure (Fig. la-c). 

a) 

I 

0 = 1800 

O, = Y-N-ClCZ, 
% =Y-NCl-C6 

r, = 0, + w, /2 

0,. = Y-N-CI'CZ' 
+ = Y-N-Cl'C6 

Y = N , C  

T\\ N- \\ Y-c d -.----- A :  /y 
C- C 

FIGURE I Molecular fragments and definitions of (a) dihedral angle 8, (b) Figure mean 
torsion angles 5,  and T~ and (c) deviation from planarity in five-membered cyclopalla- 
dated ring 
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Since we are dealing with dinuclear complexes containing bridging 
ligands between metal centres, two possible structural arrangements 
emerge: the central Pd2X2 ring can be planar or hinged (Fig. la). The 
dihedral angle 8 between the local coordination planes Pd(l)X2 and 
Pd(2)Xz of 180" gives rise to a global planar geometry; less than 180" 
leads to a hinged structure. The separation between the two PdXz units 
(the Pd-Pd intramolecular non-bonding distance, d), which is an impor- 
tant parameter in the calculation of the molecular dimensions, is related 
to the nature and type of the bridging ligands. 

A further parameter which should be considered is the orientation of 
the two rotationally free phenyl rings of the azobenzene or imine ligands 
with respect to the planar core of the molecule described by the two 
mean torsion angles 'tl and 22 (Fig. l(b)). The coplanarity of the two 
phenyl rings with the central core depends mainly on the position of 
their substituents (if any)7 and influences the molecular packing more 
than the crystal structure itself. 

Finally, the five-membered cyclopalladated rings are expected to be 
planar in any cyclopalladated complex containing azobenzeme or imine 
as the chelate ligands. The planarity of the five-membered cyclopalla- 
dated rings is described in terms of the deviation of the Pd atom with 
respect to the mean plane N-Y-C-C ( A )  (Fig. l(c)). 

1. Geometrical Influence of the Bridging Ligand 

In order to evaluate the possible structural differences induced by the 
bridging ligand a systematic single-crystal X-ray study on a homolo- 
gous series of Pd2(p-X), was required. For this purpose, dinuclear 
halo-bridged cyclopalladated complexes of the general formula 
[(Azo-6)Pd(p-X)12 [H(Azo-6) = 4,4'-bis-hexyloxyazobenze1ne; X = C1, 
(l), X = Br, (2), X = I, (3)] have been synthesized and structurally char- 
a~ter ized.8~ The structure of the chloro-bridged derivative is shown in 
Fig. 2. Since the complexes 1, 2 and 3 crystallize in the monoclinic 
space group P2]/c  and are isomorphous, the only possible differences in 
geometrical parameters are observed within the Pd2X2 central core. 

The size of the halogen bridging ligand influences the Pd-Pd intramo- 
lecular non-bonding distance d. In fact, the value of d increases in the 
order C1 < Br < I, being 3.528(1), 3.674(2) and 3.890(2) A for X = C1, 
Br, I. However, the geometry of the Pd2X2 ring is not related to the 
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FIGURE 2 Molecular structure of complex I(Az0-6)Pd(p-C1)]~ (1) (from Ref. 8) 

nature of the bridging ligand as the values of the dihedral angle 0 have 
been found to be very similar in all three cases. The Pd2X2 rings exhibit 
a slight folding and the dihedral angles are 14.5" for complex 1, 13.0' 
for complex 2 and 12.8', for complex 3. 

In similar [(L')Pd(p-X)]* complexes [HL' = 2 ,  6-dimethylazoben- 
zene; X = CI (4), Br (5), I (6)] only the chloro-bridged derivative has 
been found to have a global planar geometry with 0 = 180' (Fig. 3(a)).I0 
Both complexes 5 and 6 exhibit a hinged structure with dihedral angles 
of 15.1( I )  and 19.8', respectively (Fig. 3(b) and (c))." The relationship 
between the d parameter and the nature of the halogen bridged ligand in 
complexes 4 , 5  and 6 confirms the relationship found in complexes 1,2 
and 3, as is shown in Fig. 4. 
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FIGURE 3 Molecular structure of complexes (a) [(L’)Pd(i-CI)],(rl), (b) [(L’)Pd(p-Br)lz 
( 5 )  and (c) [(L’)Pd(p-1)]2 (6 )  (from Refs. 10 and 1 1 )  

3.80 3’ww 
3.70 

2 1  3.60 

3.501 : 
X 

3.40 
C1 Br I 

FIGURE 4 Pd-Pd intramolecular non-bonding distance d for complexes 1-6 plotted 
against the halogen bridged ligands 

The geometry of the PdZX, central ring can be drastically changed by 
replacing the halogen atoms for bridging groups. The crystal structure 
of [(L’)pd(~-L-x)]~ complexes where X is thiocyanate (7), azide (8) and 
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acetato (9) have been resolved.I2 Substitution of bridging X- by SCN- 
is known to increase the metal-metal distance within M-X2-M groups 
when the SCN- ion bridges the two metals through N and S atoms.13 In 
fact, in complex [(L')Pd(p-SCN)I2 (7) (Fig. 5) the two bridging thiocy- 
anate ligands give a Pd-Pd intramolecular distance of 5.575(3) A. 

FIGURE 5 Molecular structure of complex [(L')Pd(p-SCN)12 (7) 

The eight-membered Pd2(SCN)2 ring adopts a planar comformation 
as observed in other M-SCN2-M ~omp1exes.l~ Moreover the atoms of 
the Pd2(SCN)2 ring and the atoms of the five-membered cyclopalla- 
dated ring are approximately coplanar with a dihedral angle of  6.2( 1)". 
The bond lengths and angles have their expected values with a P d - N g  
angle of 160.6(6)". The bond distances and angles within the cyclopalla- 
dated 2,6-dimethylazobenzene ligand are also found to be in good 
agreement with those observed for the previously described complexes. 

Examples of decreased dinuclear centre dimensions are represented 
by complexes 8 and 9. In binuclear complexes, where the azide group 
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may function as a bridging group, the M-M intramoIecuIar distance 
depends strongly whether the azide coordinates through the same nitro- 
gen or the two end nitrogen atoms.15 Complex [(L’)Pd(p2-I ,1-N3)l2 (8) 
is one of the few examples of a dipalladium(I1) compound containing an 
azide ligand bridged via a single nitrogen atom (Fig. 6) .  The Pd2N2 cen- 
tral ring is strictly planar and the Pd-Pd non-bonding separation of 
3.283(1) A is slightly smaller than the value of 3.478(1) A observed in 
complex 4.’’ The bond angles Pd( l)-N(3)-Pd( la), Pd(l)-N(3)-N(4) and 
N(3)-N(4)-N(5) of 102.2( I) ,  130.6(3) and 179.1(6)’ are comparable to 
those observed in other p2- 1 ,l-N3 dipalladium(I1) complexes.I6 

FIGURE 6 Molecular structure of complex [(L’)Pd(p’-l .I-N3)]? (8) 

A completly different global geometry is expected from the ace- 
tato-bridged dimer [(L’)Pd(p-0Ac)l2 (9) (Fig. 7). In complex 9 each 
palladium atom has a slightly distorted square-planar coordination 
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geometry comprised of two cis oxygen atoms from each of the two 
bridging acetates. The central part of the molecule has a boal. conforma- 
tion which is the geometry usually found in other acetato-bridged com- 
p l e x e ~ . ' ~ ~ ' ~  The two mutually cis p-acetate ligands force the 
cyclopalladated 2,6-dimethylazobenzene ligands to lie above one 
another in the dimeric molecule. However, the interligand repulsion in 
this case is stronger than the one found in other cyclopallaclated p-ace- 
tate comple~es , '~  due to the presence of two methyl groups in ortho 
positions on the rotationally free phenyl rings. The coordin,ation planes 
of the palladium atoms are tilted at an angle of 49.1(2)". The non-bond- 
ing Pd-Pd distance of 3.196(3) A is in the range observed for other 
p-acetate palladium complexes in which the dihedral angle between the 
coordination planes is around 40".'9,20 

n 

v 

FIGURE 7 Molecular structure of complex [(L')Pd(y-OAc)j2 (9) 
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2. Geometrical Influence of the Cyclopalladated Ligand 

N-donors such as azobenzenes and benzylideneamines are exstensively 
used in cyclopalladation reactions and they have a strong tendency to 
form cyclopalladated five-membered rings containing square-planar 
Pd(I1). 21  

In the series of complexes [(Azo-6)Pd(p-X)12 the planarity of the 
whole molecule is broken by the twist of the two rotationally free phe- 
nyl rings, and the torsion angles T~ and 72 are found to be 35.3( I)" and 
38.7(1)' in 1,36.8(2)' and 38.8(2)" in 2,40.8(3)0 and 39.8(3)" in 3. The 
values of zl and 22 do not seem to be influenced by the nature of the 
halo-bridged ligand. Other examples of halo-bridged cyclopalladated 
complexes arising from azobenzenes not substituted in ortho positions 
are the p-chloro 4-methyl-4'-hydroxyazobenzene derivative (complex 
10, Fig. 8(a)) [tilt angles of 28(1)" and 36(2)"] and the p-chloro 
4,4'-bis-hexylazobenzene derivative (complex 11, Fig. 8(b)) [tilt angle 
of 55(3)']F2 

The degree of twist of the rotationally free phenyl rings increases with 
the presence of non-hydrogen atoms at the ortho positions. In fact, for 
[(L')Pd(p-X)I2 complexes the presence of two methyl groups in ortho 
positions gives rise to a more pronounced loss of planarity. The values 
of z1 and z2 for complexes 4-9 are summarized in Table I. 

TABLE I Values of 7 ,  and 72 for [(L')P~(N-X)]~ complexes 

5 

6 

84.5 

86.1 

99.6 

95.1 

7 14.4 74.4 

8 69.8 69.8 

9 65.5 72.0 

The degree of planarity in terms of the geometry of the Pd2X2 central 
core and the twist of the rotationally free phenyl rings appears to influ- 
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FIGURE 8 Molecular structure of complexes (a) 10 and (b) 11 
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ence the molecular packing in these complexes: short intermolecular 
Pd-Pd contacts (0) are only found in complexes with a planar or nearly 
planar Pd2X2 central core and azobenzenes not substituted in orrho 
positions. For example, the value of D ranges from 3.668(1) A in com- 
plex 1 to 3.758(3) A in complex 3. Short intermolecular contacts were 
not observed for any of the homologous [(L’)Pd(p-X)]2 complexes. 

80.0 

100.0 / I  

- + 
+ +  

90.0 } f+ I 
80.0 1 + I  

50.0 1 
r 

I 

I 
60.0- 

50.0 
X 

- 

It is possible to quantitatively rationalise the correlation between 
planarity and molecular packing by plotting the mean torsion angle ‘CM 
( T ~  = T~ + @2)  against the shortest Pd-Pd intermolecular contact, Dmin. 
As shown in Fig.9, a positive correlation between TM and Dmin is 
observed. In the scatterplot of Fig. 9 we can distinguish between crystal 
structures of cyclopalladated complexes containing azobenzenes not 
substituted in ortho positions (points marked “x” in the low region of 
Dmin) and crystal structures of [(L’)Pd(p-X)I2 complexes (points 
marked “+” in the region from 6.0 to 9.0 A of Dmin). The effect of the 
geometry of the Pd2X2 central ring on the molecular packing is evident 
if we include in the analysis crystal structures of cyclopalladated com- 
plexes containing benzylideneamines not substituted in ortho positions 
and containing a non-planar Pd2X2 central ring (points marked “*”, 
Fig. 9).’9b23,24 In these cases the values of Dmin lie in the middle region 

40.0 
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of the scatterplot (between 4.5 and 7.5 A). Therefore, short intemiolecu- 
lar Pd-Pd contacts seem to depend both on the loss of plariarity due to 
the geometry of the PdZX2 central core and the degree of twist of the 
rotationally free phenyl rings. The crystal structure of [(L”)Pd(y-Cl)j2 
[HL” = 2,6-dimethyl-N-(benzylidene)aniline] is also included in this 
analysis, and the values of T~ and Dmin of 67.4( 1)” and 699 A, respec- 
tively, are in the region of cyclopalladated complexes containing rota- 
tionally free phenyl rings orfho substituted with bulky methyl groups 
(Fig. 9). Moreover, in this complex the Pd2C12 central core is not planar 
and has shown a folding of 36.7( I)”? 

3. Five-Membered Cyclopalladated Rings 

With reference to our recent the planarity and the deviation 
from planarity in metallacycle rings are related to the hybridization of 
the N atom. 

In particular, when the five-membered cyclopalladated ring belongs to 
complexes containing azobenzene or Schiff bases as chelaLte ligand, the 
presence of an sp2-hybridized N atom within the ring assures the 
planarity of the molecular fragment. This geometric feature combined 
with the presence of two double bonds (-N=Y-C=C-, see Fig. I(c)) and 
filled palladium d orbitals of appropriate symmetry are conditions for 
the formation of five-membered “aromatic” rings. In fact, we proved 
that planarity and level of “aromaticity” in terms of calculated “aroma- 
ticity” indices are positively correlated, indicating that the cyclopalla- 
dated ring under discussion could be considered an “aromatic” system. 

CONCLUSIONS 

The aim of this structural analysis is to investigate the role that different 
molecular fragments which are part of dinuclear cyclopalladated com- 
plexes play in thermotropic mesomorphism. As we have already pointed 
out, the palladium containing five-membered rings are essentially pla- 
nar and the partial electron delocalization within the ring implies a cer- 
tain level of “aromaticity.”26 Therefore, in the complexes under 
discussion each moiety consists of three aromatic rings of’ which two are 
coplanar, the five-membered ring and the palladated phenyl ring; the 
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third phenyl ring is usually twisted about the C-N bond away from the 
bridging ligands. Moreover, the nature and type of the bridging ligands 
control the global geometry of the molecule and consequently its dimen- 
sions. 

We are aware that the molecular geometries which result from room 
temperature single crystal X-ray analysis cannot be representative of the 
actual geometry which the compounds adopt in the high temperature 
mesophases. Then, speculations concerning the mutual geometry of 
molecular fragments should not be immediately correlated to the meso- 
morphic behaviour. However, the case of a system involving fused rings 
formed by the palladacycle and the palladated phenyl ring where the 
planarity and, to some extent, the electron delocalization can play an 
important role in mesomorphism is different. In particular, as far as 
rod-like thermotropic organic liquid crystals are concerned, a simple 
model requires that to produce a mesophase the length of the flexible 
tails (i.e., aliphatic chains) and the size of the rigid molecular core (i.e., 
conjugate aromatic rings) have to be appropriately balan~ed.2~ The role 
of these two being such that when the contribution of the flexible tail 
prevails, the transition temperature decreases, whereas if the contribu- 
tion of the rigid core prevails, the transition temperature increases.** In 
fact, according to this approach, strong intermolecular core-core interac- 
tions have been invoked in order to explain both the increase of the tran- 
sition temperatures or the lack of mesomorphism that the palladium 
complexes show with respect to the unmetalated l i g a n d ~ . ~  

Remarkably. the present investigation proves that in the case of 
rod-like liquid-crystalline cyclopalladated complexes, the presence of 
partially aromatic cyclopalladated rings increases the intermolecular 
K-7c interactions and is responsible for increased transition temperatures. 
However, it has been shown that substituents in ortho positions of the 
unmetalated phenyl ring increase the intermolecular Pd-Pd separation. 
Moreover, provided that the whole molecule preserves a pro-mesogenic 
geometry, appropriate substituents with a moderate steric demand can 
reduce the intermolecular interactions and decrease the transition tem- 
peratures. 

In conclusion, in the case of dinuclear cyclopalladated azobenzenes, 
the crystal structure analysis has the potential to be successfully com- 
bined with investigations on thermotropic mesomorphism in order to 
reliably relate molecular parameters and physical properties. 
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