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Abstract 

The interaction of the new, potentially binucleating, ligand 2,6-diacetylpyridine-bis(l’-phthalazinylhydrazone) 
(H,dapz), containing only nitrogen donor atoms, towards nickel(H), copper(I1) and zinc(I1) salts is reported. 
Depending on the nature of the counteranions, Ni” and Cu” ions selectively enter in one of the two ‘compartments’ 
present in the ligand. Analytical and spectroscopic characterizations of five series of mononuclear complexes 
[dapzM], [H,dapzMClr], [HdapzMCl], [(H,dapz),M][ClO.&, [HdapzM][ClO,], coming from reactions of metal 
acetates, metal chlorides and metal perchlorates, respectively, and the ligand in the bisdeprotonated, monode- 
protonated and undeprotonated forms, are reported together with some interconversion reactions. Some tentative 
stereochemical assignments of these compounds are reported on the basis of their physicochemical properties. 
Different behaviour has been observed in the case of zinc(I1) chloride and perchlorate. Crystal structure analysis 
on the bisdeprotonated complex [dapzNi]r, shows that the compound is dimeric, with the metal ions octahedrally 
coordinated into the upper compartment, and the pyridine nitrogens bridging the two nickel atoms. 

Introduction 

During the last decade, a number of binucleating 
ligands have been synthesized with the aim of studying 
the peculiar properties of their corresponding binuclear 
complexes in different fields, i.e. 

(i) in homogeneous catalysis, as species capable of 
carrying out multistep reactions of different successive 
processes [l]; 

(ii) in biochemistry as potential models for the study 
of biological reactions involving molecular oxygen, such 
as oxygen transport [2] and oxygen activation [3-51, 
reproducing the enzymatic natural systems [6]; 

(iii) for magnetochemical studies, mainly in exchange 
interactions of heterobinuclear complexes [6-111. 
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In recent years binucleating ligands containing only 
nitrogen as ligating atoms have received particular 
attention and have been based largely on substituted 
‘diazine’ type units. Polyfunctional ligands derived from 
hydrazine [12-141, pyrazole [15-191, pyridazine [5, 
20-261 and phthalazine [15, 20, 22-401, form binuclear 
transition metal complexes where the metal ions are 
brought into close proximity because of the geometric 
requirements of the =N-N=, diazine, fragments in 
these systems. Phthalazine and pyridazine systems have 
been shown by a number of researchers to provide the 
binucleating centre for many Co’, Con, Ni”, Cu” and 
Zn” complexes [22-40], where the interaction between 
the two metal ions is transmitted through the T-electron 
system of the diazine group, thus affecting both the 
magnetic behaviour and the reactivity of the mono- 
nuclear species. 

0 1992 - Elsevier Sequoia. All rights reserved 
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Fig. 1. The tautomeiic forms of the ligand H,dapz. 
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2. The resonance forms of the bisdeprotonated ligand dapz*-. 

1,4_Dihydrazinophthalazine 
which as a tetradentate binucleating 

right 24, and reacts with 
form the corresponding 

[27, 32, 38, Owing 
these ligands only afford 

homobinuclear complexes. 
syn- 

thesized 
dapz = L) containing 

(Fig. 1): 
a potentially tri-, site 

a bidentate site (B). 
Due to the different 

with 
transition metal salts in a 1:l molar fact, the 
coordination metal ion compartment could 
preferentially give rise to the formation 
bered chelating rings with 

into compartment this ligand of 
two deprotonable hydrazonic hydrogens it 
sible 

forms (H,dapz, 
(Fig. 2). 

Experimental 

Materials 
Reagent grade 2,6_diacetylpyridine, l-hydrazino- 

phthalazine hydrochloride (Hydralazine) were pur- 
chased from Janssen Chimica (Beerse, Belgium), and 
used without further purification. Proton Sponge 
(N, N, N’, N’- tetramethyl- 1,s - naphthalenediamine) 
(Janssen product) was recrystallized from benzene and 
maintained under an inert atmosphere in a dry box. 
All inorganic hydrate salts were purchased from Alpha 
Inorganics and used without further purification. 

Instrumentation 
lH NMR spectra of the ligand and the diamagnetic 

zinc(I1) complexes were obtained in deuteriochloroform 
or DMSO-d, solutions on a Varian Associates FT-8OA 
spectrometer. IR spectra (4000-200 cm-‘) were ob- 
tained (KBr disks or Nujol mulls on CsI plates) on a 
Perkin-Elmer 683 spectrometer. Electronic spectra 
(chloroform or dimethylformamide solutions) were re- 
corded on a Gary 17D spectrophotometer. 

Elemental analyses of the complexes were performed 
by Professor E. Celon of the Department of Organic 
Chemistry of the University of Padua. Analyses of the 
metal ions were performed using either an A. A. Perkin- 
Elmer 2380 or complexometric techniques. 

X-ray measurements and structure determination 
The crystal and refinement data for N&e 

[(CH,),NCHO] - H,O . O.SCH,CH,OH (red-brown 
transparent regular prisms) are summarized in Table 
1. A prismatic single crystal of dimensions 
0.25 ~0.09~0.11 mm was centered on a four-circle 
Philips PWllOO diffractometer equipped with graphite 
monochromated MO Kcu radiation. The orientation ma- 
trix and preliminary unit cell dimensions were deter- 
mined from 25 reflections found after mounting the 
crystal at random and varying each of the orientation 
angles x and @ over a range of 120”, with the detector 
position barying between 12~ 26~20”. For the deter- 
mination of precise lattice parameters 25 strong re- 
flections with 9” < 8 G 14” were considered. 

The intensities of the two standard reflections, 5 2 2 
and 4 0 2, were monitored every 180 min. No significant 
fluctuation in intensities other than those expected from 
Poisson statistics were observed. 
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TABLE 1. Crystallographic data for Ni,O,,N,,C,,H, 

Chemical formula 
Formula weight 
Space group 

fl (‘Q 
b (A) 
c (‘Q 
B( 

B V( 3, 
Z 

h’ &;) 

POb5 

PC.lC 

kansmission coefficient (rel.) 
R = R(F,) 

R, =&PA 
GOF 

~WG%GH~o 
1122.5 
P2Ja (No. 14) 
21.573(3) 
22.118(3) 
10X92(2) 
93.66(4) 
5187(l) 
4 
22 
0.71069 
(g cm-‘) 1.43 
(g cmm3) 1.44 
(cm-l) 7.36 
G/100 
0.052 
0.051 
1.43 

The intensities were corrected for Lorentz- 
polarization effects and for absorption, following the 
method of North et al. [41]; no correction was made 
for extinction. 

The structure was solved using direct methods and 
Fourier techniques and refined by full matrix least- 
squares, with anisotropic thermal parameters for Ni 
and for the ligating atoms and isotropic thermal pa- 
rameters for the remaining non-hydrogen atoms. Hy- 
drogen atoms were introduced in calculated positions 
(d(C-H) =0.95 8, and Vi, = 0.07 A). The refinement 
of the [Ni(dapz)],[(CH,),NCHO] . H,O complex 
reached convergency at R=0.063. At this point three 
residuals of about 2 e/A3 were evident in the Fourier 
difference map. They were interpreted as a statistically 
distributed half molecule of ethanol per 
[Ni(dapz)],[(CH,),NCHO] .H,O unit. The introduction 
of the ethanol molecule in the positions indicated by 
the electron density residuals with population factors 
of 0.5 gave the most significant lowering of the R values 
R =0.052 and R,= 0.051. The anomalous dispersion 
terms for Ni were taken into account in the refinement. 
Atomic scattering factors were taken from ref. 42. Data 
processing and computation were carried out by using 
the SHELX 76 program package [43], and PLUTO 
[44] for drawing. 

Magnetic measurements 
Magnetic susceptibility values were measured by the 

Faraday method over the 67-295 K range, the apparatus 
(Oxford Instruments, equipped with a CF200 cryostat 
and a Cahn 2000 microbalance) being calibrated with 
HgCo(NCS), [45]. Diamagnetic corrections were carried 
out [46]. x was measured at different fields in the range 
l-l.2 T (10 000-12 000 gauss). In this range x (hence 
p) does not significantly depend on field. 

Preparation of the ligand 2,6-diacetylpyridine-bis(l’- 
phthalazinylhydrazone) (Hdapz) 

To a solution of 1-hydrazinophthalazine hydrochlo- 
ride (1.96 g, 10 mmol) in a mixture of absolute 
ethanol:pyridine (75:25, vol.:vol.) (200 ml), an ethanolic 
solution (50 ml) of 2,6_diacetylpyridine (0.816 g, 5 mmol) 
was added at 80 “C, and the mixture refluxed for 3 h. 
The yellow precipitated product was filtered, washed 
several times with hot ethanol (20 ml portions) and 
dried in vacua (2.180 g, 97.5% yield). Anal. Calc. for 
C=H,,N,: C, 67.11; H, 4.70; N, 28.19. Found: C, 67.37; 
H, 4.34; N, 27.76%. 

Synthesis of bisdeprotonated complexes la-c (a=&, 
b = Ni, c = Zn) (general procedure) 

To a suspension of the ligand H,L (0.447 g, 1 mmol) 
in pyridine (30 ml), an ethanolic solution (40 ml) of 
metal acetate hydrate (1 mmol) was added, and the 
resulting mixture stirred at 50 “C for 3-4 h. The solid 
products were filtered, washed several times with ab- 
solute ethanol portions and dried in vacua (90-95% 
yields), giving microcrystalline, analytically pure prod- 
ucts. Recrystallization of Ib from DMF: diethyl ether 
affords dark brown crystals suitable for X-ray analysis. 

Synthesis of adducts IIa-c (general procedure) 
To the ligand H,L (0.447 g, 1 mmol) suspended in 

absolute ethanol (50 ml), an ethanolic solution (20 ml) 
of the metal chloride hydrate (1 mmol) was dropwise 
added at 50 “C and the resulting mixture stirred for 
3-5 h at the same temperature. The precipitated prod- 
ucts were filtered, washed several times with absolute 
ethanol (5 ml portions; slight solubility) and dried in 
vacua. The yields were in the range 90-95%. IIa was 
crystallized from methanol giving brown needles. IIc 
was crystallized from dichloromethane:benzene (3:l; 
vol.:vol.) giving yellow-orange needles suitable for X- 
ray analysis. 

Normally IIb is formed together with variable amounts 
(5-10%) of IIIb. By crystallization from DMF:diethyl 
ether red-brown crystals of IIe were obtained. 

When using the ligand with copper(I1) and zinc(I1) 
chlorides the use of larger volumes of alcohols (either 
ethanol or methanol) did not affect the formation of 
the adducts IIa and IIc respectively. In contrast, by 
carrying out the reaction of the ligand and NiCl,-6H,O 
in the same molar ratio l:l, but in a 10 times larger 
volume of ethanol than previously reported, either at 
room temperature or at 50 “C, the only product isolated, 
after concentration, was the monodeprotonated species 
IIJb. The same results were obtained by using anhydrous 
NiCl, and anhydrous absolute ethanol (500 ml) in inert 
atmosphere (argon). 
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Synthesis of IId and IIe 
To a solution of the ligand (0.447 g, 1 mmol) in 

DMF (or DMSO) (80 ml) a solution of NiCl,-6H,O 
(0.237 g, 1 mmol) in absolute ethanol (20 ml) was 
added at 80 “C and the mixture was stirred for 3 h. 
The microcrystalline red-brown IIe (or dark brown IId) 
that precipitated during the reaction, was filtered, 
washed several times with ethanol portions and dried 
at 80 “C in vacua (87% yield). The same products were 
obtained by crystallization of crude IIb from DMF:EtOH 
or DMSO:EtOH. 

Synthesis of IIIa and II. 
The monodeprotonated species IIIa and IIIb were 

prepared according to the following methods: 

(a) From H,dapz and metal chlorides in ethanol] 
pyridine mixtures as solvent 
To the ligand (0.447 g, 1 mmol) suspended in ethanol/ 

pyridine (2:l; vol.:vol.) (60 ml), a solution of the metal 
chloride hydrate (1 mmol) in ethanol (10 ml) was added 
at 50 “C. The resulting mixture was refluxed for 3-4 
h. The dark coloured solids were filtered, washed several 
times with absolute ethanol (5 ml portions) and dried 
in vacua (80% yield). 

(b) By monodeprotonation of IIa and IIb with 
Proton Sponge 
To a solution of IIa or IIb (1 mmol) absolute 

ethanol (250 (1 mmol) dissolved 
in absolute ethanol at room tem- 
perature. The reaction mixture was left to react under 
magnetic at room temperature 48 h. 

up to 
60 

by filtration, washed with in 
vacua (70430% yield). The same monodeprotonated 

by crystallization of 

By monoprotonation of Ib with 
To solution of Ib (1 mmol) dissolved absolute 

ethanol (250 a solution of cont. HCl (0.168 
2 mmol) in absolute at 
room temperature. of the solution 

to red-brown a brown product 
started precipitate. at room 
temperature 3 (by increasing the reaction time 

change in 

in vacua (80% yield). 
the same Ia afforded a 

of products (IIa 

In 
all cases the ligand as main product. 

Reaction IIIa 
To suspension of 

or IIIb) (0.5 mmol) absolute ethanol 
a solution of Proton in the same 

at room temperature. 
3 h, 

by filtration, by their 
physicochemical properties the bisdeprotonated 

or Ib). 

Reaction of IIa 
To the adducts IIa or in 

dichloromethane (100 ml), a solution of Proton 
(1 mmol) in at 
room temperature. 

By concen- 
tration of the solution Ia or Ib precip- 

in vacua. 

Reaction of IIc towards 
By addition of Proton to solution of 

in dichloromethane (100 in molar ratio 
2:1, room temperature, 

by crystallization of 

By reacting at room 
in dichloromethane, in molar 

of n-hexane to 
of IIc (46% 

of Na 
To suspension of g, mmol) in 

absolute a solution of metal 
(1 mmol) in 

at 80 10 h. 
After cooling, the precipitated products 

in vacua (85-90% yields). The crude products 

In DMF, DMSO 

of [HLCu.2H,0][C104] (Va) 

To the ligand g, mmol) suspended in hot 
absolute a solution of 

(1 mmol) in 
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reacted at reflux for 12 h. Then, the precipitated product 
formed (Va or Vb) was filtered, washed with absolute 
ethanol and dried in mcuo (75~82% yield). Successful 
crystallizations were made from ethanol. The same 
products Va and Vb were obtained by reaction at room 
temperature of Ia and Ib, respectively, with HClO, in 
molar ratio 1:2, in absolute ethanol. 

Results and discussion 

Scheme 1 summarizes the reactions of the ligand 
H,dapz toward Ni”, Cur’ and Zn” salts, and the in- 
terconversion reactions that the various complexes 
undergo. In order to make the discussion more easy 
the various species I, II, III, IV and V, will be discussed 
separately. 

Bkdeprotonated species [daprMl, (I) 
All the three metal acetates react with the ligand 

in molar ratio 1:l to afford, in high yields, the bis- 
deprotonated mononuclear complexes Ia, Ib and Ic, 
free of any homobinuclear species. Probably these non- 
conducting (in CHCl,, MeOH and CH,CN solutions) 
species are obtained from preliminary formed adducts 
(formed in compartment A), where the increased acidity, 
by coordination with the metal ion, of the hydrazonic 

H,dapz - 

Scheme 1. 

MCI, Y Ii,0 
+ HCI 

1:l; EtOH reflux 
* IH&pzMCU~ 

(4 

7 
+ P.S.: HCI: EtOH R.T. 

+ 2HCI 

M(OAc), x HP0 

: 1; EtOH or EtOHlPy 
reflux 

M (ClO& x H,O 

* 
21; EtOH, reflux 

protons makes possible the deprotonation by the acetate 
ion to species I. As a confirmation, the deprotonation 
takes place in EtOH/pyridine as well as in pure EtOH. 

Tables 2 and 3 summarize the analytical and phys- 
icochemical data of the Ia, Ib and Ic complexes. 

The IR spectra of Ia, Ib and Ic complexes are very 
similar to one another (Ia and Ic are almost identical) 
and are characterized by the lack of the N-H stretching 
band, present in the free ligand (3340 cm-‘) and by 
the appearance of a medium-weak band at 1580 cm-’ 
(in the free ligand two bands at 1610 and 1595 cm-l 
are due to pyridine and phthalazine vibrations) and a 
very strong band at 1500 cm-l characteristic of the 
coordinated C=N-N=C system [47], together with 
some other shifted bands due to the coordinated het- 
erocyclic systems. 

As a confirmation of this hypothesis, the IR spectra 
of the species Ia, Ib and Ic show medium-weak bands 
at 1015 cm-l due to coordinated pyridine (in the free 
ligand the same band is at 998 cm-‘) [33]. To date 
no assignments of v(M-N) relative to the pyridine 
nitrogen bridging two metal ions have been reported, 
thus the assignement of this band is quite difficult, due 
to the presence of a number of weak bands in the 
range 400-250 cm-‘, typical of v(M-N) of phthalazine 
and pyridine rings [35]. 

[HdapzMCI], 

W) 

Ila: M = Cu 

Ilb: M = Ni ( 2 H,O) 

Ilc, M = Zn (x = 1) 

lld; M = NI ( 2 DMF) 

lie: M = NI ( 2 DMSO) 

Illa, M = Cu 

Illb; M = NI ( 2 H,O) 

WwzMl, 

lb; M = Ni, x = 2 

M(CIO& xH,O: 1:l: EtOH, reflux 

[(H2dapz)2M][2CI0,] ” P.s. //- {(HdapzM][CIO,]}, 

IIW (4 \ , 
IV& M = Cu 
IVb: M = NI 

Va; M = Cu (2 H,O) 
Vb; M = Ni 

M (CIO,) x H,O: ,:I: EtOH. reflux 
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TABLE 2. Analytical and physicochemical data of species I 

Complex color 
(yield (%)) 

Elemental analysis Pa Electronic spectrab 

C H N M (cm-‘) e 

WWX (W bronze Found 58.50 3.80 24.20 12.60 1.90 34965 27146 

(89) 33134 33131 
22124 14037 

Calc. for 58.98 3.76 24.78 12.49 13889 294 

Go%3%~2 

WWh PI dark brown Found 59.05 3.70 24.80 11.75 2.84 35714 30843 

(92) 22091 36973 
21739 25060 

Calc. for 59.53 3.80 25.01 11.65 18657 7325 

G&sN1sNi2 13889 347 

Wznll2 (14 orange Found 58.60 3.90 24.20 12.95 35335 22253 
33134 35586 

Calc. for 58.76 3.71 24.69 12.80 21739 11712 

G&sN&n2 

‘At room temperature. bin chloroform solution. 

TABLE 3. Main IR bands characteristic of species I (cm-‘) 

Complex C=C, C=N” u(M-N)~ Pyridine 
(pyridine and ring 
phthalaxine) breathing 

P-W (Ia> 1590 348 1015 
1550 310 
1530 290 
1495 270 

[LNi] (Ib) 1590 348 1015 
1535 318 
1490 270 

[LZnl (I4 1590 378 1015 
1550 352 
1535 295 
1490 270 

‘KBr disks. bNujol mull on CsI plates. 

The lack of any coordinated solvent molecule has 
been contirmed both by thermogravimetric measure- 
ments and by their inertness towards strong neutral 
ligands such as pyridine, DMSO and DMF. Their low 
solubility ( < 10e3 mol dmm3) in all the common organic 
solvents prevents any molecular weight measurements 
in solution. A laser induced vaporization mass spec- 
trometric study of species Ib showed that the complex 
is dimeric in gas phase (M’+ at m/z 1006) [48]. 

The magnetic moments of Ia (p= 1.90 BM) and Ib 
(p=2.84 BM) at room temperature are not diagnostic 
of their coordination geometries. In the case of complex 
Ib, the value found is rather low for octahedral or 
trigonal bipyramidal or pentagonal bipyramidal ster- 
eochemistries [49]. UV-Vis-NIR spectra of Ib (either 
in CHCl, solution or in saturated DMF solution or in 

Nujol mulls) show bands assignable to the Ni” ions in 
octahedral geometry. In fact the less intense bands at 
13 889 and 18 657 cm-l (the y is partially obscured 
by intense charge-transfer absorptions) could be as- 
signed to the v, (3T,,(F)+3A,,(F)), v, (3T,,(F)+ 

3AZ,(F)) and v3 (3T1,(P) + 3A,,(F)) transitions of a Ni” 
in octahedral field [50]. 

X-ray crystal stmctzue determination of Ib 
A view of the molecule is reported in Fig. 3 together 

with the atom numbering scheme. The binuclear com- 
plex has no imposed crystallographic symmetry. However 
a pseudo binary axis can be envisaged at the center 
of the rectangle formed by the nitrogen N(5) and N(15) 
atoms of the bridging pyridines and the Ni(1) and Ni(2) 
metal atoms (see Fig. 4). 

The two nickel ions are at the centers of distorted 
octahedra. The two basal ‘square’ planes of the oc- 
tahedrons (N(4), N(15), N(16), N(18)) about Ni(1) and 
(N(6), N(ll), N(14), N(15)) about Ni(2) are inclined 
at 80.0( 1)” (dihedral angle) and are connected via N( 15), 
while the two octahedrons have in common the apex 
N(5). The two dapz’- ligands are coordinated to nickel 
in the same way. Each ligand, that in principle could 
act as pentadentate (see Fig. 2) on a metal ion with 
the formation of four pentaatomic rings, is chelated 
with one nitrogen (N(8)) of the phthalazine moiety 
and one nitrogen N(6) of one hydrazonic residue on 
a metal ion, with formation of a pentaatomic ring. A 
subsequent rotation around the carbon-carbon bond 
adjacent to the pyridine rings (30” average value), allows 
the bridging of the pyridine nitrogen on the two adjacent 
nickel ions. A further rotation (25” average value) around 
the symmetrical adjacent C-C bond allows the chelation 
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Cc231 

Fig. 3. An ORTEP view of the dimer Ih with the atom labelling. The thermal ellipsoids are drawn at the 40% probability level. 

on the second nickel ion by the two nitrogens similar 
to the two previously described. 

Fractional atomic coordinates are given in Table 4, 
bond lengths and bond angles in Table 5, and torsion 
angles in Table 6. 

The Ni-N bond distances are rather different from 
one another. The Ni-N(diiminic) distances are 1.981 
8, (average value) and Ni-N(heterocyclic) 1.999 A. The 
Ni(l)-N bond distances relative to the two bridging 
pyridine are the lon est: Ni(l)-N(5) 2.348(6) and 
Ni(l)-N(15) 2.347(7) 1 as compared with Ni(2)-N(5) 
2.313(7) and Ni(2)-N(15) 2.299(6) A. This unexpected 
difference with two shorter bond distances on one Ni 
and two longer in the second Ni coordination sphere, 
could be explained with different steric hindrance of 
the two ligands in proximity of the two metal ions. In 

fact the two longer distances are associated with the 
higher values of the two torsion angles 
N(4)-C(9)-C(ll)-N(5), 31(l)” and N(15)-C(45)- 
C(46)-N(16), 30(l) in ligands I and II, respectively, 
in order to achieve the conformation suitable for Ni(1) 
coordination, while the two shorter Ni(2 jN bridging 
distances are associated with smaller torsion angles 
(N(S)-C(15)-C(16)-N(6), 25(l)” in ligand I and 
N(14)-C(39)-C(41)-N(15), 27(l)” in ligand II). The 
other equivalent distances in the two metal coordination 
spheres are exactly comparable. 

An examination of the ligand bond distances shows 
a lack of a delocalized electron system due to the non- 
planar ligand conformations. The four C-N bond lengths 
adjacent to the pyridine ligands are 1.29(l) & in both 
ligands a value characteristic of a double C=N bond. 



Fig. 4. View of the dimer lb parallel to the Ni(l), Ni(2), N(5) 
and N(U) plane. 

TABLE 4. Fractional atomic coordinates (X 104) for non- 
hydrogen atoms and U, (A* X ld) with e.s.d.s in parentheses 

Ni(1) 3033.6(5) 
Ni(2) 3419.0(5) 

N(1) 2265(3) 

N(2) 1746(3) 

C(1) 1256(4) 

C(2) 1242(4) 

C(3) 709(4) 
C(4) 729(4) 

C(5) 1251(5) 

C(6) 1778(4) 

C(7) 1775(4) 

C(8) 2300(4) 

N(3) 2810(3) 

N(4) 3256(3) 

C(9) 3804(4) 

C(l0) 3977(5) 

Wl) 4243(4) 

C(l2) 4863(4) 

W3) 5225(4) 

C(l4) 4986(4) 

C(l5) 4377(4) 

3284.8(5) 
3165.6(5) 
2946(3) 
3269(3) 
2979(4) 
2339(4) 
2051(5) 
1447(5) 
1115(4) 
1390(4) 
2017(4) 
2338(4) 
2035(3) 
2419(3) 
2218(4) 
1572(4) 
2690(4) 
2662(5) 
3166(6) 
3687(5) 
3689(4) 

-474.4(9) 
2329.4(9) 

- 1338(6) 
- 1649(6) 
-2121(8) 
- 2337(8) 
- 2874(8) 
- 3075(9) 
- 2767(9) 
- 2252(9) 
- 2017(8) 
- 1473(7) 
- 1104(6) 

- 642(6) 
- 272(7) 
- 272(9) 

117(7) 
- 160(8) 

18(8) 
479(8) 

842(7) 

33.0(4) 
36.0(4) 

32(3) 
40(3) 
46(4) 
40(4) 
48(4) 
58(5) 
59(4) 
52(4) 
37(3) 
28(3) 
38(3) 
33(3) 
37(3) 
52(4) 
37(4) 
56(4) 
54(4) 
55(4) 
38(3) 

(continued) 

TABLE 4. (continued) 

Atom x Y ,? Ucq/isoa 

N(5) 4002(3) 

C(l6) 4124(4) 

W7) 4367(5) 

N(6) 3698(3) 

N(7) 3443(3) 

C(l8) 3072(4) 

N(8) 2996(3) 

N(9) 2627(3) 

W9) 2374(4) 

CC20) 2413(4) 
ci2i j 2120(4) 

cw 2172(4) 

c(23) 2497(4) 

~(24) 2781(4) 

~(25) 2752(4) 

NW) 4145(3) 

N(12) 4683(4) 

C(31) 5143(5) 

c(32) 5123(5) 

C(33) 5621(5) 

C(34) 5594(6) 

C(35) 5061(7) 

C(36) 4555(5) 

C(37) 4588(S) 

C(38) 4080(4) 

N(l3) 3550(4) 

W4) 3135(3) 

C(39) 2581(4) 

C(40) 2340(5) 

C(41) 2179(4) 

~(42) 1543(5) 

C(43) 1206(5) 

C(44) 1501(4) 

C(45) 2118(4) 

N(l5) 2461(3) 

C(46) 2422(4) 

C(47) 2235(5) 

N(l6) 2833(3) 

N(l7) 3119(3) 

C(48) 3436(4) 

N(l8) 3455(3) 

N(l9) 3736(3) 

C(49) 3992(4) 

C(50) 4026(4) 

C(51) 4313(4) 

c(52) 4332(4) 

C(53) 4068(4) 

C(54) 3786(4) 

C(55) 3754(4) 

O(l) 9773(4) 

O(2) 3163(4) 

C(61) 9285(5) 

N(21) 8804(4) 

C(62) 8253(5) 

C(63) 8798(6) 

O(3) 4373( 10) 

C(71) 4785(12) 

c(72) 4743( 15) 

3195(3) 
4190(4) 
4817(4) 
4015(3) 
4430(3) 
4142(4) 
3530(3) 
3218(3) 
3523(4) 
4160(4) 
4463(5) 
5077(5) 
5409(4) 
5115(4) 
4492(4) 
2738(3) 
3005(4) 
2649(6) 
2016(5) 
1655(6) 
1045(7) 
785(6) 

1125(5) 
1740(5) 
2135(4) 
1879(3) 
2321(3) 
2183(4) 
1547(4) 
2699(4) 
2674(5) 
3190(6) 
3736(5) 
3740(4) 
3223(4) 
4270(4) 
4898(4) 
4132(3) 
4582(3) 
4337(4) 
3741(3) 
3483(3) 
3837(4) 
4477(4) 
4857(5) 
5473(5) 
5734(4) 
5369(4) 
4745(4) 
3289(4) 
7079(4) 
3051(S) 
3384(4) 
3074(5) 
4018(5) 

-401(10) 
-277(16) 

- 72( 14) 

621(6) 
1556(8) 
1493(9) 
2268(6) 
3034(6) 
3803(7) 
3733(6) 
4508(6) 
5356(8) 
5506(8) 
6471(8) 
6523(9) 
5681(9) 
4772(8) 
4689(8) 
3149(6) 
3614(7) 
4025(9) 
4022(9) 
4510(11) 
4449(11) 
3976(12) 
3522(11) 
3542(8) 
3089(7) 
2624(6) 
2247(6) 
1856(8) 
1712(9) 
1591(8) 
1734(8) 
1664(9) 
1432(8) 
1186(7) 
1283(6) 
682(8) 
961(9) 

- 89(6) 
- 694(6) 

- 1591(8) 
- 1778(6) 
- 2747(6) 
- 3520(8) 
- 3386(8) 
- 4225(8) 
-3997(11) 
-2992(11) 
- 2177(9) 
- 2372(7) 

7203(7) 
5474(8) 
6751(10) 
6367(7) 
5873(11) 
6419(12) 

11356(28) 
10778(27) 
9787(26) 

W3) 
45(4) 
56(4) 
36(3) 
40(3) 
34(3) 
35(3) 
43(3) 
42(3) 
36(3) 
52(4) 
53(4) 
53(4) 
40(3) 
33(3) 
43(3) 
52(3) 
62(4) 
57(4) 
80(5) 
84(6) 
90(6) 
77(5) 
47(4) 
39(3) 
46(3) 
36(3) 
38(3) 
62(4) 
39(4) 
53(4) 
65(4) 
54(4) 
36(3) 
38(3) 
39(4) 
60(4) 
33(2) 
36(3) 
36(3) 
32(2) 
40(3) 
44(4) 
43(3) 
48(4) 
59(5) 
57(4) 
52(4) 
34(3) 
93(2)* 

121(3)* 
78(4)* 
65(2)* 
89(4)* 

104(4)* 
125(9)*b 
136(10)*b 
114(11)*b 

“U,, is denoted by asterisk. 0.5 Population parameters is denoted 
by b. 



TABLE 5. Bond lengths (A) and bond angles (“) with e.s.d.s in 
parentheses 

Bond lengths 
Ni(l)-Ni(2) 
Ni(l)-N(4) 
Ni(l)-N(15) 
Ni(l)-N(18) 
Ni(2)-N(6) 
Ni(2)-N(ll) 
Ni(2)-N(15) 
C(61)-N(21) 
N(21)-C(63) 
N(l)-C(8) 
C(l)-C(2) 
C(2~(7) 
C(4)-C(5) 
C(6)-C(7) 
C(8)-N(3) 
N(4)-C(9) 
C~9~C~ll~ 

C(lSj-N(S)- 
C(l6)-c(17) 
N16kN(7) 
C(li)-$6) 
N(8)-N(9) 
C~19~-C~20‘) 
c(2oj-&sj 
C(22)-C(23) 
C(24)-v5) 
N(ll)-C(38) 
C(3V-C(32) 
C(32)-C(37) 
C(34)-C(35) 
C(36)-C(37) 
C(38)-N(13) 
N(14)-C(39) 
C(39)-C(41) 
C(41)-N(15) 
C(43)-C(44) 
C(45)-N(15) 
C(46)-C(47) 
N(16kN1171 
C(48j-N(18j 
N(18)-N(19) 
c(49j-qsoj 
C(5O)-c(55) 
C(52)-c(53) 
C(54)-c(55) 

Bond angles 
N(16)-Ni(l)-N(18) 
N(15)-Ni(l)-N(16) 
N(5)-Ni(l)-N(16) 
N(4)-M(l)-N(18) 
N(4)-Ni(l)-N(15) 
N(l)-Ni(l)-N(18) 
N(l)-Ni(l)-N(15) 
N(l)-Ni(l)-N(4) 
Ni(2)-Ni(lkN(16) 
Ni(Z)-Ni(lEN(5) 
Ni(Z)-Ni(l)-N(1) 
Ni(l)-Ni(2)-N(14) 
Ni(l)-Ni(2)-N(8) 
Ni(l)-Ni(Z)-N(5) 
N(ll)-Ni(2)-N(15) 
N( 18)-Ni(2)-N( 15) 
N(8)-Ni(2)-N(l1) 
N(6)-Ni(2)-N(14) 
N(6)-Ni(2)-N(8) 
N(5)-Ni(2)-N(14) 
N(5)-Ni(2)-N(8) 
O(l)-C(61)-N(21) 
C(61)-N(21)-C(62) 

3.125(2) 
1.985(7) 
2.347(7) 
2.007(7) 
1.975(7) 
1.991(7) 
2.299(6) 
1.32(l) 
1.40( 1) 
1.36(l) 
1.43(l) 
1.38(l) 
1.37( 1) 
1.41(l) 
1.33(l) 
1.30(l) 
1.45(l) 
1.36(l) 
1.37(2) 
1.37(l) 
1.49( 1) 
1.38(l) 
1.37(l) 

::;::; 
1:40(l) 
1.40(l) 
1.38(l) 
1.34(l) 
1.40(2) 
1.38(l) 
1.36(2) 
1.36(2) 
1.35(l) 
1.28( 1) 
1.45(l) 
1.36(l) 
1.39(2) 
1.36(l) 
1.48(l) 
1.36(l) 
1.34(l) 
1.37( 1) 
1.43(l) 
1.41(l) 
1.39(2) 
1.40(l) 

77.8(3) 
75.4(3) 
99.9(3) 

107.3(3) 
99.3(3) 

104.8(3) 
84.1(3) 
78.1(3) 
85.4(2) 
47.4(2) 

126.1(2) 
8&4(2) 

127.4(2) 
48.4(2) 

154.8(3) 
85.3(3) 

103.5(3) 
175.5(3) 

78.3(3) 
100.0(3) 
154.5(3) 
121(l) 
117.8(9) 

Ni(l)-N(1) 
Ni(l)-N(5) 
Ni( 1)-N( 16) 
Ni(2)-N(5) 
Ni(2)-N(8) 
Ni(2)-N(14) 
W)-c(61) 
N(2l>C(62) 
N(l)-N(2) 
N(2)-C(l) 
C(2)-c(3) 
C(3)-c(4) 
C(5)-c(6) 
C(7)-c(8) 
N(3)-N(4) 
C(9)-c(lO) 
C(ll)-C(12) 
C( 12)-C( 13) 
C( 14)-q 15) 
C(15)-C(16) 
C(16)-N(6) 
N(7)-C(l8) 
C(l8WW) 
N(9)-C(l9) 
C(2O)c(21) 
C(21)c(22) 
C(23)-c(24) 
N(ll)-N(12) 
N(12)-C(31) 
C(32)-C(33) 
C(33)-c(34) 
C(35PJ36) 
C(37)-C(38) 
N(13)-N(14) 
C(39)-C(40) 
C(4l)-c(42) 
C(42)-c(43) 
CW>c(45) 
C(45)-C(46) 
C(46)-N( 16) 
N(17)-C(48) 
C(48)-C(55) 
N(l9)C(49) 
C(5O)-C(51) 
C(51)-C(52) 
C(53)-C(54) 

N(15)-Ni(l)-N(18) 
N(S)-Ni(lkN(18) 
N(5)-Ni(l)-N(15) 
N(4)-Ni(l)-N(16) 
N(4)-Ni(l)-N(5) 
N(l)-Ni(l)-N(16) 
N(l)-Ni(lkN(5) 
Ni(2)-Ni(l)-N(18) 
Ni(2)-Ni(l)-N(15) 
Ni(2)-Ni(l)-N(4) 
Ni(l)-Ni(Z)-N(15) 
Ni(l)-Ni(Z)-N(ll) 
Ni(l)-Ni(2)-N(6) 
N(14)-Ni(2 jN(15) 
N(ll)-Ni(2)-N(14) 
N(8)-Ni(2kN( 14) 
N(6)-Ni(2kN(15) 
N(6)-Ni(2)-N(l1) 
N(5)-Nj(2)-N(15) 
N(5)-Ni(2)-N(l1) 
N(5)-Ni(2bN(6) 
C(61)-N(21)-C(63) 
C(62)-N(21)-C(63) 

1.999(6) 
2.348(6) 
1.974(7) 
2.313(7) 
1.998(7) 
1.967(7) 
1.25(l) 
1.45(l) 
1.35(l) 
1.31(l) 
1.41(l) 
1.35(2) 
1.38( 1) 
1.43(l) 
1.36(l) 
1.48(l) 
1.39(l) 
1.37(2) 
1.39(l) 
1.48(l) 
1.30(l) 
1.35(l) 
1.45(l) 
1.29(l) 
1.43(l) 
1.36(l) 
1.36( 1) 
1.37( 1) 
1.32(l) 
1.41(2) 
1.35(2) 
1.39(2) 
1.46(l) 
1.37(l) 
1.51(l) 
1.39(l) 
1.35(2) 
1.37(l) 
1.47(l) 
1.30(l) 
1.34(l) 
1.44(l) 
1.30(l) 
1.41(l) 
1.38(2) 
1.37(l) 

153.2(3) 
88.5(3) 
94.5(2) 

173.0(3) 
75.7(3) 

105.6(3) 
153.1(3) 
129.0(2) 
47.1(2) 
87.6(2) 
48.4(2) 

129.1(2) 
87.1(2) 
76.2(3) 
78.6(3) 

105.2(3) 
101.3(3) 
103.6(3) 
96.8(2) 
85.5(3) 
76.4(3) 

124( 1) 
118.5(9) 
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TABLE 5. (continued) 

Ni( 1)-N( 1)-C(8) 
N(l)-N(2)=(1) 
C(l)-c(2)-~(7) 
C(3)-C(2)-c(7) 
C(3)-c(4)-c(5) 
C(5)-c(6)-c(7) 
C(6>c(7)c(8) 
N(l)-C(8)-C(7) 
N(l)-C(8)-N(3) 
Ni(l)-N(4)-N(3) 
Ni(l)-N(4)-C(9) 
N(4)-C(9)-C(lO) 
C(g)-C(ll)-N(5) 
C(12)-C(ll)-N(5) 
C(12)-C(13)-C(14) 
C(14)-C(15)-C(16) 
N(5)-C(15)-C(16) 
Ni(2)-N(5)-C(15) 
Ni(l)-N(5)-C(15) 
Ni(l)-N(5)-Ni(2) 
C(15)-c(l6>-c(l7) 
Ni(2)-N(6)-C(16) 
Ni(2)-N(6)-N(7) 
N(7)-w8kw5) 
N(8)-C(18)-CW) 
C(18)-N(8)-N(9) 
N(8)-N(9)C(l9) 
C(19)-C(20)-C(25) 
C(2l)-c(2O)-w5) 
C(21)-C(22)-C(23) 
C(23)-C(24)-C(25) 
C(18)-C(25)-C(24) 
Ni(2)-N(ll)-C(38) 
N(12)-N(ll)-C(38) 
N(12)-C(31)-C(32) 
C(31)-C(32)-C(33) 
C(32)-C(33)-C(34) 
C(34)-C(35)-C(36) 
C(32)-C(37)+36) 
C(32)+37)-C(38) 
C(37)-C(38)-N(13) 
C(38)-N(13kN(14) 
N(13)-N(14)-C(39) 
N(14)-C(39)-C(41) 
C(4O)-C(39)-C(41) 
C(39)-C(41)-C(42) 
C(41)-C(42)-C(43) 
C(43)-c(44)-c(45) 
C(4+C(45)-N(15) 
C(41)-N(15kC(45) 
Ni(2)-N(15)-C(41) 
Ni(l)-N(15)-C(41) 
C(45)-C(46)-N(16) 
C(47)-C(46)-N(16) 
C(46)-N(16bN(17) 
N(16)-N(17)-C(48) 
N(17jC(48)-N(18) 
Ni(l)-N(18)-C(48) 
Ni(l)-N(18)-N(19) 
N(19)-C(49)-C(50) 
C(49)-C(5O>-c(51) 
C(5O)-c(5l)-c(52) 
C(52)-C(53)+54) 
C(5O)c(55)=(54) 
C(48yC(55>c(50) 

111.9(5) 
118.3(7) 
117.5(8) 
121.0(9) 
122(l) 
119.6(9) 
123.3(8) 
119.3(7) 
121.3(7) 
117.9(5) 
121.4(6) 
123.7(8) 
116.7(8) 
121.3(9) 
120.8(9) 
122.5(8) 
117.1(8\ 
io3.i(5j 
121.1(5) 
84.2(2) 

122.1(8) 
122.1(6) 
118.6(s) 
119.1(8) 
120.5(8j 
122.1(7) 
117.6(7) 
118.5(8) 
119.8(8) 
122.7(9) 
120.3(8) 
123.8(8) 
112.0(6) 
121.9(8) 
125(l) 
123(l) 
121(l) 
122(l) 
119(l) 
117.0(9) 
118.5(8) 
109.7(7) 
120.6(7) 
114.3(8) 
121.2(8) 
121.7(9) 
119(l) 
120(l) 
120.5(8) 
119.0(7) 
103.5(5) 
121.2(5) 

:::q 
119A(7) 
108.9(7) 
122.1(7) 
111.6(5j 
125.3(5) 
123.6(8j 
123.1(8) 
118.6(8) 
119.1(9) 
121.0(8) 
115.8(8) 

Ni(l)-N(l)-N(2) 
N(2)_N(l)-C(8) 
N(2)-C(ltC(2) 
c(l)-C(2)-c(3) 
C(2)-c(3)-c(4) 
C(+C(5)-c(6) 
c(2)-C(7)-c(6) 
c(2)-C(7)-c(8) 
C(7)-C(8)-N(3) 
C(8)-N(3)-N(4) 
N(3)_N(4)-C(9) 
N(4)C(9)-C(ll) 
c(lO)-c(9)-wl) 
c(9)-c(ll)-w2) 
ww(l2)-c(l3) 
C(13)-C(14)-C(15) 
C( 14)-C( 15)-N(5) 
c(ll)-N(5)-c(l5) 
Ni(2)-N(S)-C(ll) 
Ni(l)-N(S)-C(ll) 
C(l5)-c(l6)_N(6) 
C(l7)-c(l6)_N(6) 
C(l6)_N(6)_N(7) 
N(6)_N(7)_C(l8) 
N(7)C(l8)_N(8) 
Ni(2)-N(8)-C(18) 
Ni(2)-N(8)-N(9) 
N(9)c(l9tC(20) 
c(19)-C(20)-C(21) 
C(2O)-c(2l)c(22) 
C(22)-C(23)-C(24) 
C(2O)-cw)-c(24) 
C(l8PXW-C(20) 
Ni(2)-N(ll)-N(12) 
N(ll)-N(12)-C(31) 
C(31)+32)-C(37) 
C(33)-C(32)-C(37) 
C(33)+34)-C(35) 
C(35)-C(36)-C(37) 
C(36)-c(37)+38) 
N(ll)-C(38jC(37) 
N(ll)-C(38)-N(13) 
Ni(2)-N(14)-N(13) 
Ni(2)-N(14)-C(39) 
N(14)-C(39)-C(40) 
C(39)-C(41)-N(15) 
C(42)-C(41)-N(15) 
C(42)-C(43)-C(44) 
CW-C(45)-c(46) 
N(15)-C(45)-C(46) 
Ni(2)-N(15)-CJ45) 
Ni(l)-N(15)-C(45) 
Ni(l)-N(lS)-Ni(2) 
C(45)-C(46)<(47) 
Ni(l)-N(16)-C(46) 
Ni(l)-N(16)-N(17) 
N(17)-C(48)-C(55) 
N( 18)X(48)X(55) 
c(48)-N(18)-N(19) 
N(18)-N(19)-C(49) 
C(49>c(5O)-c(55) 
C(5l)-c(5O)c(55) 
C(5l)-c(52)c(53) 
C(53)-C(54)-C(55) 
C(48)-C(SS)-C(54) 

124.7(5) 
123.1(7) 
123.6(8) 
121.5(8) 
118.7(9) 

:7K{:{ 
118:2(8) 
119.5(7) 
110.5(7) 
120.6(7) 

::q:] 
121:4(8) 
118.8(9) 
119(l) 
120.2(8) 
119.3(7) 
122.9(5) 
102.3(5) 
113.1(8) 
124.7(8) 
119.3(7) 
109.6(7) 
120.3(7) 
112.6(5) 
125.1(5) 
125.1(8j 
121.7(8) 

115.8(8) 
125.7(6) 
117.9(91 
llS(lj ’ 
119(l) 
118jlj 
120(l) 
123.7(9) 
120.3(8) 
121.2(8) 
117.9(5) 
121.5(6) 
124.4(8) 
116.6(8) 
121.4(9) 
119(l) 
122.7(8) 
116.5(8) 
123.5(5) 
101.5(5) 
84.5(2) 

122.6(8) 
121.9(6) 
118.6(5) 
117.5(8) 
120.4(8) 
123.1(7) 
118.4(7) 
118.4(8) 
118.4(8) 
123( 1) 
120.2(9) 
123.2(8) 

The conformations of ligands I and II can be defined 

by the torsion angles given in Table 6 and by the values 

of the dihedral angles between the different planes (for 

nomenclature of the planes see Fig. 3). 
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TABLE 6. Selected torsion angles in the L ligands 

I II 

C(7)-C(8)-N(3)-N(4) 
C(8)-N(3)-N(4)-C(9) 
N(3)-N(4)-C(9)-C(ll) 
N(4)-C(9)-C(ll)-N(5) 
C(S)-C(ll)-N(S)-C(l5) 
C(16)-C(l5)-N(5)-C(ll) 
N(5)-C(15)-C(16)-N(6) 
C(l5)-C(16)-N(6)-N(7) 
C(l6)-N(6)-N(7)-C(18) 
N(6)-N(7)-C(l8)-C(25) 

178.8(7) 
- 177.2(8) 

175.8(7) 

31(l) 
-170.7(&q 
- 171.2(8) 

25(l) 
176.7(7) 

- 172.2(8) 
- 179.8(7) 

C(37)-C(38)-N(l3)-N(14) 
C(38)-N(13)-N(l4)-C(39) 
N(l3)-N(14)-C(39)-C(41) 
N(l4)-C(39)<(41)-N(15) 
C(39)-C(41)-N(l5)-C(45) 
C(46)-C(45)-N(l5)-C(41) 
N(l5)-C(45)-C(46)-N(16) 
C(45)-C(46)-N(16)-N(17) 

17)-C(48) 
N(16)-N(17)-C(48)-C(55) 

-179.7(S) 
- 174.9(8) 

174.9(7) 

27(l) 
- 171.4(8) 
- 171.6(8) 

30(l) 
175.3(7) 

-169.0(S) 
177.7(7) 

Fig. 5. The unit cell content as viewed along the b crystallographic axis. (The ethanol molecules are statistically distributed (50%) 
among the four crystallographic positions here indicated, for sake of clarity the carbon labelling is omitted.) 
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Al A Bl 36.6(2)” Bl A Cl 39.2(2)” Al A Cl 73.4(2)” 

B2 r\A2 34.6(2)” C~A B2 49.9(2)” A2 A C2 81.3(2)’ 

Al A A2 9.4(2) Bl A B2 29.4(3) Cl A a 4.9(l) 

While the bicyclic rings of each dapz2- ligand anions 
tend to be parallel to the corresponding ring in the 
second ligand anion (Al /\A2 9.4” and Cl A C2 4.9”), 
the two pyridine rings are inclined at 29.4”. The other 
values of the dihedral angles show different confor- 
mations of the two ligands which are reflected in the 
reported differences in the bridging distances and angles. 
The angles to Ni(1) and Ni(2) with the nitrogens of 
the bridging pyridines N(S)-Ni( 1)-N( 15) and 
N(5)-Ni(2)-N(15) are 94.5(3) and 96.8(2)“, respectively, 
while Ni(l)-N(S)-Ni(2) and Ni(l)-N(lS)-Ni(2) are 
84.2(2) and 84.5(2)“, respectively. A dimeric zinc de- 
rivative with the ligand 2,6-diacetylpyridine_bis(2’-pyr- 
idylhydrazone)(H,dapp), has been reported [51], i.e. 
[Zndapp], 2CHC1,.2H,O, where the dapp ligand differs 
from our dapz, due to the presence of pyridine moieties 
in place of phthalazine. The two structures are char- 
acterized by a similar arrangement of the nitrogen 
donor atoms around the metal ions, including the 
bridging pyridines. The distorted octahedral dimer 
[dappzn], is characterized by a crystallographically 
imposed two fold axis symmetry and consequently the 
noticed asymmetry in the two Zn-N(py) distances, which 
differ by 0.20 A, is the same for each Zn ion. 

A further example of bridging pyridines in dimeric 
complexes is shown by Cu,[2,6-di(2’-methoxyethyhrni- 
nomethyl-pyridine)][C10J2.H,0 [52], where the bridges 
between the metal centers are asymmetric: the Cu-N(py) 
distances are shorter around one metal ion with respect 
to the second one, but in this case this is related also 
to the different coordination numbers around the two 
metal centers (CN=7 where the Cu-N(py) are longer 
and CN= 5 where they are shorter). With the protonated 
H,dapp ligand the [M(H2dapp)(H20)]“2Cl~ (M = Zn, 
Co) complexes are also known. They are isomorphous 
and have pentagonal bipyramidal geometries with 
H,dapp forming the equatorial plane and the water 
molecules in axial positions. The dimeric zinc-dapp 
complex, is centrosymmetric, while this symmetry is no 
longer maintained with the more bulky ligand dapz2-. 

The torsion angles around the C-C bond adjacent 
to the pyridine ring are 32.6 and 29.2”, respectively, in 
dapp2- while in dapz2- they are somewhat different, 
30 and 25”. The C-C and C-N bond distances in the 
pyridine rings and the various C-C, C-N and N-N 
distances in the side chains appear comparable with 
those of H,dapp and dapp2-. 

The packing diagram of complex Ib is shown in Fig. 
5. DMF molecules together with disordered ethanol 
molecules are clathrated in the structure without sig- 
nificant interaction between them and with the dimer; 

while the water molecules crystallized in the structure 
form contacts with nitrogens not involved in the metal 
coordination (N(9). . . O(2) 3.04( 1) A). 

It becomes rather evident that the ligand geometry 
constraints are not the only factors influencing the 
encountered differences but the electronic factors play 
a relevant role. In fact the difference of the bond 
distances between the carbon bearing the diimine group 
and pyridine nitrogen in the case of [dappzn], dimer 
(average 1.318 A, sp2 nitrogen) as compared with those 
of the carbon bearing the diimine group and the (Y- 
phthalazine nitrogen in the case of [dapzNi], (average 
1.35 A) suggests, in the second case, the presence of 
a sp3 hybridized nitrogen. This conclusion is also sup- 
ported by the angles centered on the nitrogen atoms 
of this kind relative to the four phthalazine residues. 

As far as the low magnetic moment of Ib (p.2.84 
BM) is concerned, an antiferromagnetic coupling be- 
tween the two Ni” ions cannot be ruled out. Some 
preliminary measurements at low temperatures (up to 
70 K) indicate that the magnetic behaviour of Ib does 
not follow the Curie-Weiss law. The observed (,yhl) 
susceptibilities and magnetic effective moments (p)* 
of the complex Ib are reported in Fig. 6. Magnetic 
parameters are derived from least-squares fitting (see 
equation in footnote that provides the calculated sus- 
ceptibilities, ,ycalc) corrected for the susceptibilities 
(x,_,,) of possible paramagnetic impurity and taking 
into account temperature-independent paramagnetism 
(TIP). 

The best fitting values are g=2.20, J= -32.7 (anti- 
ferromagnetic); the g value is within the usual range 
[53]; the absolute value of J is quite high with respect 
to complexes of analogous ligands and geometry; Ni(l), 
N(15), Ni(2) and N(5) form a planar system, where 
both Ni(l)-N(lS)-Ni(2) and Ni( l)-N(5)-Ni(2) bond 
angles are 84.5 and 84.2”, respectively (see crystal and 
molecular structure). In spite of the large Ni-Ni distance 
(3.125 A) the pyridine nitrogens N(5) and N(15) provide 
a very efficient superexchange mechanism when com- 
pared with other ligands that provide bridging nitrogen 
atoms [54, 551. The amount of paramagnetic impurity 
is negligible within the experimental errors. Due to 
high x values over the whole temperature range, in- 
troduction of different TIPvalues within the usual range 
does not significantly alfect the fitting. 

*Z~=Z.S28[(,y~-,yn)Tj~ BM, ,yM=2xA; xn represents the dia- 
magnetic correction [46]; ~~=,y~~=(l--p)(6X0.1251~)/ 
[T(5 +3f+B)/(5 +f)] + TZF+pxr_; ~=eXp@Z/kT) [53]. The 
best-fitting values of the parameters are obtained by minimizing 
the fun&n F= &(,~~~~x~,~)*, where N is the number of mea- 
surements at different T. The FIN value, taken as a gauge of 
agreement between calculated and experimental values is small, 
when compared with actual experimental errors. 
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Fig. 6. Observed magnetic susceptibility xM (0) and effective magnetic moment p (A) vs. temperature for Ib. The solid line represents 
the calculated susceptibilities. 

In complexes I, the presence of the ligand in the 
bisdeprotonated form has been confirmed by their 
reactivity (Ia and Ib) towards HCl and HClO,. While 
in ethanolic solution, complexes la and Ib undergo, 
step by step, mono- and bisprotonation by HCl to the 
corresponding III and II species, respectively, by using 
HClO, only monoprotonation to species V is achieved 
(either in molar ratios 1:l or 1:2). By reacting Ia and 
Ib species with an excess of the acids the protonated 
ligand [H,L][X], is quantitatively isolated. 

Adducts [H,LMClJ, (IIa-e) 
Ely carrying out the reaction of the ligand and CurI, 

Ni” and Zn” chlorides in molar ratio l:l, the corre- 
sponding adducts (IIa, IIb and 11~) are obtained, which, 

except IIb, are all non-conducting in CHCl,, but elec- 
trolytes 1:2 in MeOH (due to the deprotonation of the 
corresponding 10e3 M methanolic solutions by MeOH 
to I species as confirmed by their UV-Vis spectra). 
Tables 7 and 8 summarize the analytical and physi- 
cochemical data of the obtained adducts. 

Their IR spectra (RBr pellets) show the presence 
of the <NH) band shifted by coordination to the metal 
ion of the adjacent (C=N hydrazonic group to 3210 
(IIa), 3240 (IIb) and 3250 (11~) cm-‘, together with 
some other shifted bands in the region 1400-1000 cm-l 
probably due to coordinated (coordinated pyridine at 
1016 cm-l for 11~) phthalazine systems. Thermogra- 
vimetric measurements indicate that compounds IIa 
and IIc do not contain coordinated solvent molecules, 
while two coordinated water molecules are present in 
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TABLE 7. Analytical and physicochemical data of species II 

Complex Color Elemental analysis z Electronic spectrab 

(yield (%)) 
C H N Cl M (cm-‘) l 

{[HrLNi -2H,O][2Cl]], (IIb) 

[H2LZnCl,] (11~) yellow-orange Found 

(85) 
Calc. for 

GHr1NPZnCi2 

{[HrLNi-2DMF][2Cl]), (Ed) dark brown 

dark brown Found 

(92) 

Calc. for 

G&h2~,,~zCb 

dark green 

(90) 

Found 50.90 4.00 20.50 11.10 9.30 2.42’ 

Calc. for 

G0H&sNi2Ci@4 

Found 
Calc. for 

GH~sNilNiCl202 

51.55 3.60 21.95 12.15 10.70 1.90 

51.57 3.64 21.67 12.19 10.92 

50.44 3.87 21.19 11.94 9.87 

51.60 3.70 21.30 12.30 11.90 

51.41 3.63 21.60 12.15 11.20 

51.75 4.95 21.80 9.65 8.35 3.22 
51.48 4.87 21.30 9.80 8.11 

{[H,LNi-2DMS0][2Cl]}, (IIe) dark brown Found 47.85 4.50 17.50 10.25 8.95 3.28 
Calc. for 47.50 4.53 17.19 9.67 8.74 

C&&sC14NiGW4 

36765 27366 
34483 22633 
32468 21811 
24876 24691 
22321 11207 
19231 3025 
16779 1078 
14706 517 
13158 388 

37037 23897 
30120 16432 
23810 12500 
18231 2548 
16666 1748 
15151 1548 
14124 1451 

38461 22347 
29070 26845 
26042 26850 
23148 1006 

“At room temperature. bin chloroform solution. Yontaining 5% of the diamagnetic compound IIIb. 

complex III>. In fact IIb easily exchanges the two 
coordinated water molecules by reaction with DMSO 
and DMF (IId and IIe, respectively). As far as the 
position of the metal ions (compartments A or B) is 
concerned, the IR data strongly support coordination 
into compartment A. The solubility of IIc in CHCl, 
allows reproducible molecular weight measurements 
indicating that the complex is monomeric (talc. 583.4; 
experimental 596). An X-ray structural determination 
of IIc shows that the metal is coordinated into com- 
partment Awith distorted trigonal bipyramidal geometry 

1561. 
The very low solubilities of IIa and IIc prevent any 

molecular weight measurements, but on the basis of 
their spectroscopic data, suggesting for them an oc- 
tahedral geometry, the dimeric nature of the two com- 
plexes cannot be excluded (cf. Scheme 2). 

It is noteworthy that IIb is normally contaminated 
by variable amounts (5-10% when the reaction is carried 
according to the conditions reported in ‘Experimental’) 
of the monodeprotonated species IIIb, due to a partial 
monodeprotonation of IIb by the alcohol. In fact, in 
dilute alcoholic solutions (either ethanol or methanol) 

IIb undergoes monodeprotonation to IIIb, also in an- 
hydrous conditions and under inert atmosphere, proving 
that the alcohol acts as the deprotonating agent. The 
ability of the solvent to deprotonate the ligand is due 
to the highly increased acidity of the hydrazonic hy- 
drogens caused by coordination of the adjacent groups 
with the transition metal. It is known, in fact, that 
coordination to transition metals may increase the acid 
dissociation constant of some hydrazone systems by a 
factor of 105-10’ [47, 571. The presence, in monode- 
protonated species, of a M-N u-bond, lowers the ef- 
fective nuclear charge of the metal ion, thus lowering 
the dissociation constant of the hydrazonic hydrogen 
residue, which cannot be further deprotonated by the 
solvent and requires the use of a stronger base (Proton 
Sponge). 

Monodeprotonated species [HLMCII, (IIIa and II.) 
By reacting either IIa or IIb with Proton Sponge 

(iV,N,N’,N’-tetramethyl-1,8_diaminonaphthalene), a 
strong non-coordinating base, in molar ratio l:l, the 
same monodeprotonated species (IIIa and IIIb) as 
obtained by monoprotonation of Ia and Ib with HCl 
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TABLE 8. Main IR bands characteristic of species II (cm-‘) 

Complex C=C, C=N” Pyridine v(M-N)~ v(M-CI) b 
(pyridine and ring 
phthalazine) breathing 

IIa 1616 1000 365 308 
1602 335 
1590 315 
1520 270 

IIh 1602 1000 350 
1590 310 
1550 290 
1520 270 

IIC 1615 
1610 
1590 
1530 
1500 

1016 350 325 
305 265 
270 

IId 1607 
1590 
1540 
1510 

1000 

IIe 1610 
1595 
1545 
1528 

1000 

‘KBr disks. bNujol mull on CsI plates. 

Y = H,O. DMF. DMSO = Ilb, lld, Ile (x 4 Cl-) 

Y = Cl = Ila 
Scheme 2. 

are formed. IIIa and IIIb were also quantitatively 
obtained by direct reaction of the l&and and metal 
chlorides in ethanol/pyridine mixture, as solvent. Finally, 
by reaction of either IIa or IIb with Proton Sponge in 
molar ratio 1:2, Ia or Ib were quantitatively obtained, 
thus confirming the sequence: 

-2H’ 

1 
+2H+ 

+B; -BH +B; -BH 1 
[H,dapzMC& m [HdapzMCl], W 

+H+ +H’ 
ldapzWX 

IIIa and IIIb can be isolated also by reaction of equi- 
molar amounts of I and II species in dichloromethane 

Scheme 3. 

Y=H,O; 2 = Cl; M = Cu = llla 

Y=H,O; Z=CIO,; M=Cu =Va 

Y = absent. z = Cl; M = Ni = lllb 

y = absent; 2 = CIO,; M = Ni = Vb 

Scheme 4. 

!+ 

227 

at room temperature. In this case, compounds I acts 
as base in deprotonating compounds II, thereby achiev- 
ing an increase in the aromatic@ of its phthalazine 
rings (Scheme 3). 

The IR spectra of IIIa and IIIb are characterized 
by the presence of a medium band at 3240 (IIIa) and 
3220 (IIIb) cm-’ (anhydrous Nujol) due to the y(NH). 
In the range 1600-1300 cm-’ the bands characteristic 
either of I and II species are present in addition to 
a new intense band at 1390 cm-’ together with two 
other medium bands at 1420 and 1380 cm-l, respec- 
tively, due to ring vibrations of the coordinated phthal- 
azine. Moreover the lack of the band at 1020 cm-l 
(coordinated pyridine), present either in I and II species, 
suggests that the pyridine nitrogen does not participate 
in the coordination. 

That IIIb is diamagnetic clearly indicates a square 
planar stereochemistry of the Ni” complex, as confirmed 
by the presence in its electronic spectrum (CHCQ of 
a broad band centred at 14 925 cm-‘. Since IIIa and 
IIIb show similar IR and UV-Vis spectra, the same 
geometry could be tentatively assigned also to IIIa 
(/L = 1.85 BM). 

The low solubilities of IIIa and IIIb in the common 
aprotic solvents prevent the measurement of conduc- 
tances and the estimation of molecular weights. Never- 
theless, their reactivity towards acids and bases is 
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TABLE 9. Analytical and physicochemical data of species III 

Complex Color Elemental analysis Cla Electronic spectra’ 
(yield (%)) 

C H N Cl M (cm-‘) E 

{[HLC~I~~H,O][~C~]}~ (HIa) red-brown Found 51.15 3.60 21.50 6.15 10.35 1.85 36496 32538 
(80) 34247 33623 

28571 21258 
Calc. for 51.63 4.13 21.68 6.11 10.93 23810 32104 
CsoH.v.N&I@~ 15625 875 

N-W[C% (W) dark brown Found 53.85 4.40 21.60 6.10 10.10 37873 45253 
(75) 31250 29294 

Calc. for 53.75 3.97 22.56 6.35 10.51 26042 44253 
C&.&rsCl~Ni2 23809 25554 

22727 17451 
21186 12153 
19380 4986 
16666 2361 
15432 2099 
14925 1836 

“At room temperature. bin chloroform solution. 

TABLE 10. Main IR characteristic bands of species III (cm-‘) 

Complex C=C, C=N’ Pyridine v(M-N)~ z(M-C~)~ 
(pyridine and ring 
phthalazine) breathing 

IIIa 1600 990 388 310 
1580 345 
1550 322 
1510 268 
1420 
1390 

IUb 1595 990 320 
1582 288 
1540 270 
1510 
1420 
1390 

“KBr disks. bNujol mull on CsI plates. 

consistent with the dimeric structure postulated 
(Scheme 4). 

Moreover both species II and III show in MeOH, 
DMF and acetonitrile solutions, UV-Vis spectra com- 
pletely different from those of the same species in 
chloroform or dichloromethane solutions. In protic sol- 
vents, in fact, both species II and III tend to undergo 
successive deprotonation reactions to the corresponding 
species I. Probably different deprotonation and pro- 
tonation equilibria are present that are hard to interpret. 
Kinetic information about the protonation of I and the 
deprotonation of II and III would assist in interpreting 
the equilibria involved. Accordingly, spectrophotometric 
measurements were attempted, but the data did not 
lead to acceptable results (Tables 9 and 10). 

Mononuclear perchlorates [(H,L),M][ClO,], (Na and 

Nb) 
By reacting the ligand with CL?’ and Ni” perchlorates 

in molar ratio 2:l in EtOH, compounds IVa and IVb 
are obtained in high yields. Tables 11 and 12 summarize 
the analytical and physicochemical data of IVa and 
IVb. The analytical data are in agreement with a 
formulation [(H2L)2M][C10.,]2, where the metal ions 
are bridging two ligand entities through the terminal 
phthalazine nitrogens. In fact their IR spectra are 
characterized by the presence of the v(N-H) stretching 
band at the same wavenumber as in the free ligand 
(3340 cm-l) and the bands in the region 1600-1500 
cm-’ are unchanged relative to the free ligand, as 
expected for a coordination in compartment B, while 
some phthalazine bands (1400-1200 cm-‘) appear 
shifted. Due to their low solubilities in the common 
organic solvents, where they are stable, conductometric 
measurements on IVa and IVb are prevented. As far 
as the stereochemistry of the two molecules is concerned, 
the presence in IVa (p = 1.85 BM) of two coordinated 
water molecules, as confirmed by thermogravimetric 
measurements and exchange reactions with strong neu- 
tral ligands (Py, DMSO, DMF) suggests an octahedral 
geometry, while the square planar geometry must be 
invoked for IVb due to its diamagnetism. The electronic 
spectrum of IS% (CHCl,) shows a broad band centered 
at 14 164 cm-r, while in the case of complex lVa two 
weak broad bands are present at 13 021 and 11765 
cm-l , respectively, in good agreement with the literature 
data relative to Ni” and Cu” complexes with the 
proposed stereochemistries. In addition, both species 
IVa and IVb do not react with Proton Sponge to form 
deprotonated species, thus confirming that the metal 
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TABLE 11. Analytical and physicochemical data of species IV 

Complex Color 

(yield (%)) 

Elemental analysis Pa Electronic spectrab 

C H N Cl M (cm-‘) e 

[(HzL)zCu~2HzO][C104]z (IVa) brown Found 50.25 3.60 21.15 5.70 6.10 1.85 36232 17360 
(85) 34247 17902 

26316 26.582 
Calc. for 50.30 3.89 21.13 5.94 6.33 20352 5244 
G&7W&~2~010 1.5625 136 

13021 105 
11765 84 

W&WW10& Cm) dark brown Found 51.80 3.50 21.85 5.90 5.10 36765 28785 
(90) 34722 26013 

26882 31130 
Calc. for 52.08 3.67 21.88 6.15 5.16 15923 290 
C&brN&i~NiOs 14164 153 

12019 105 

“At room temperature. bin chloroform solution. 

TABLE 12. Main IR characteristic bands of species IV (cm-‘) 

Complex v(NH) C=C, C=N’ Pyridine <M-N)b v(C104-) 
(pyridine and ring 
phthalazine) breathing 

lVa 

Ivh 

3340 1610 990 368 1095 
1595 350 
1560 320 
1535 270 

3340 1610 995 370 1100 
1590 346 
1550 315 
1520 288 

270 

“KBr disks. bNujol mull on CsI plates. 

ion is coordinated far from the hydrazonic protons (i.e. 
in compartment B) (Scheme 5). 

It is noteworthy that in the case of nickel(I1) and 
copper(I1) perchlorates, the metal is selectively present 
in the coordination compartment B of the ligand, while 
in the case of the same metal chlorides only complexes 
with the metal in the coordination compartment A are 
obtained. 

Monodeprotonated perchlorates ([HLM][CIO,]}, (Vu 
and Vb) 

Unlike the metal chlorides, the reaction between 
metal perchlorates and the ligand in molar ratio 1:l 
does not afford simple adducts, such as compounds II, 
but monodeprotonated species [HL,M][ClO,] (M = Cu, 
Va; Ni, Vb), analogous to compounds III, whose 
analytical and physicochemical data are collected in 
Tables 13 and 14. 

!+ 

2 c10; 

Y = & 0; M = Cu = IVa 

Y = absent; M = NI = IVb 

Scheme 5. 

This behaviour, indicating an inversion of the choice 
of the coordination compartment depending only on 
the molar ratios of the reagents (2:l *IV, metal in 
compartment B; 1:l +V, metal in compartment A), is 
rather puzzling. It might be that the reaction in molar 
ratio 1:l starts with the formation of the more stable 
species IV; then, due to the presence of metal per- 
chlorate in excess for the stoichiometry of these products, 
a second metal ion enters into one of the A com- 
partments of the two ligand molecules present in com- 
plexes IV. This behaviour of the second metal ion 
probably causes a consistent distortion of the ligand 
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TABLE 13. Analytical and physicochemical data of species V 

Complex Color Elemental analysis cLB Electronic spectrab 
(yield (%)) 

C H N Cl M (cm-‘) c 

{[HLCu~2H,O][ClO,]}r (Va) red-brown Found 46.20 3.35 19.10 6.00 10.00 1.85 37593 53595 
(85) 34247 47712 

Calc. for 46.52 3.74 19.53 5.94 9.85 27173 35947 
C.~H~Nr&1z~zCrz 24875 42156 

19841 15032 

WJWCQll~ Cm) brown Found 49.20 3.25 20.20 6.30 9.00 37317 32076 
(90) 29762 26124 

Calc. for 49.66 3.33 20.85 5.86 9.71 26882 29100 
CJ&N&lrNiaOs 24876 17195 

22936 9920 
19841 2314 
15151 992 
14124 826 

‘At room temperature. bin chloroform solution. 

TABLE 14. Main IR characteristic bands of species V (cm-‘) 

Complex v(NH) C=C, C=N” Pyridine u(M-N)~ v(ClO,-) 
(pyridine ring 
and breathing 
phthalazine) 

Va 3290 b 1620 
1590 
1560 
1530 
1490 

995 310 1095 

vb 3290 b 1620 995 318 1095 
1590 
1550 
1520 

“KBr disks. bNujol mull on CsI plates. 

and consequently the loss of the metal ion from com- 
partment B, followed by its rearrangement into com- 
partment A of the second ligand molecule. This affords 
a dimeric molecule of {[H2dapzM][C10&}~ Under the 
reaction conditions, however, the hydrazonic hydrogens 
are acidic enough, due to the coordination of the 
adjacent C=N groups to the metal, to be deprotonated 

the solvent to give the final products 
$-IdapzM][ClO& (see Scheme 4). The quantitative 
isolation of V species by reacting, in absolute ethanol, 
either IVa or IVb with the corresponding metal per- 
chlorate (either in molar ratio 1:l or 1:5), seems to 
be in agreement with the proposed mechanism. 

The same complexes Va and Vb are obtained by 
reacting the ligand and metal perchlorates in molar 
ratio 1:l in a mixture ethanol:pyridine (2:1, vol.:vol.) 
as solvent. 

Unlike compounds IV, both Va and Vb species undergo 
deprotonation to Ia and Ib, respectively, by Proton 

Sponge (c.f. IIIa and IIIb species), thus suggesting 
metal coordination into compartment A, and their 
dimeric nature. 

The IR spectra of Va and Vh are characterized by 
the presence of a medium intense band at 3290 cm-l 
due to V(NH) shifted, with respect to the free ligand, 
as a consequence of the coordination of the adjacent 
imino group (see complexes II and III). In the range 
1650-1400 cm-‘, in addition to the bands at 1590 and 
1490 cm-l typical of species I, the compounds Va and 
Vb show a band at 1620 cm-l due to the uncoordinated 
phthalazine (see the free ligand). In addition, the bands 
that in the free ligand fall at 1560 and 1540 cm-l, 
appear shifted at 1560 and 1530 cm-’ (Va) and 1550 
and 1520 cm-l (Vh), and could be assigned to the two 
different C=N coordinated to the metal ion. The char- 
acteristic strong band of perchlorate ion is present at 
1095 cm-l. As far as the stereochemistry of Va and 
Vb is concerned, the diamagnetism of Vb clearly suggests 
a square planar geometry around the nickel(I1) ion. 
The presence in Va of two coordinated water molecules 
suggests an octahedrally coordinated copper(I1) ion. 
The latter geometry is in good agreement with the 
observed magnetic moment (CL= 1.85 BM). In the ab- 
sence of molecular weight measurements the dimeric 
nature of these species cannot be ruled out, and the 
proposed geometry could be obtained by coordination 
with the hydrazonic groups of two different molecules 
of the monodeprotonated ligand. 

Conclusions 

The interaction of the new ligand H,dapz with some 
transition metal salts suggests the following consider- 
ations. 
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(i) Depending on the reaction conditions (in the case 
of zinc salts) the metal ions can be selectively coor- 
dinated into one of the two compartments. 

(ii) The species where the metal ions are coordinated 
into compartment A (i.e. I, II, III, V) could be used 
to synthesize either homo- or heterobinuclear species 
[58] due to the presence of the two uncoordinated 
phthalazine nitrogens in a suitable position. 

(iii) In species I, the presence of the ligand in the 
bisanionic form suggests a possible strong stabilizing 
effect of the ligand towards the metal ion in low oxidation 
states, possibly making them good catalysts in reactions 
involving organometallic intermediates (Ib in cross- 
coupling reactions). Preliminary results on the catalytic 
activity of Ib and some polynuclear species (Ni-Ni; 
Ni-Pd-Ni) in the cross coupling reactions Csp3-Csp2 
(n-butyl magnesium chloride and bromobenzene) have 
been reported [59]. 

(iv) The ligand shows a high tendency to form dimeric 
species due to the possibility of free rotation of the 
pyridine side chains around the C-C single bonds. 
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