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Abstract - -The synthesis and characterization of two monomeric tridentate Schiff base 
complexes, NiII(o-O-C6H4--C:-N--C6H4-o-S)(4-But-CsH4N) (1) and MoWO2(2-O- 
C~0H6--C--N--C6H4-o-S)(CHs--SO--CH3) (2), is presented. The structure of  both com- 
pounds has been determined by X-ray crystallography. Two terminal oxo groups cis to 
each other strongly influence the distorted octahedral geometry of the molybdenum complex 
2. Additionally, the tridentate dibasic Schiff base ligand coordinated to the dioxo- 
molybdenum core exhibits an unusually large dihedral angle along the C = N  bond of  40 c'. 
By way of contrast, the nickel complex 1 exhibits a nearly regular square planar coordination 
geometry in which the dihedral angle in the coordinated tridentate Schiff base ligand is only 
1.3 °. Different influences of tridentate dibasic Schiff base ligands on the geometry and 
solution chemistry of nickel(II) and MoVIO2 complexes are discussed. The value of these 
ligands for the synthesis of model compounds of metalloenzymes is evaluated. The thermal 
decomposition (TG/MS) of the dimeric derivative of 1 is discussed. 

For  our comparative study we chose two metal 
centres with slightly different ionic radii 
([MoVlO2] :+, r = 59 pm and [Nin] 2+, r = 55 pm) 1 
and with relevance to enzymatic redox activity. 
Oxomolybdenum cores are known to play an essen- 
tial role in the active site of molybdopterin-con- 
raining enzymes such as sulphur oxidase and 
xanthine oxidase) Nickel is part of  the active centre 
in enzymes involved in the metabolism of methane 
and urea in many organisms. 3 In both biological 
systems a mixed SNO coordination sphere of the 
metal centre is assumed. 

The properties of complexes containing tri- 
dentate dibasic Schiff base ligands shown in Fig. 1 
are markedly dependent on the nature of the ligand 
donor  atoms, the degree of delocalization in the ~- 
system of  the ligand and the substituent on the 
phenyl rings. These factors appear to be the main 
determinants of  the electrochemical oxidation or 

* Author to whom correspondence should be addressed. 

reduction potentials 4 of the resulting complexes. 
The electrochemical parameters represent an 
important criterion in designing suitable model 
compounds for metal-containing redox enzymes. 
However, spectroscopic properties (IR, UV-vis 
etc.) vary within a small range. 

Up to now Schiff base ligands were considered as 
quasi-planar ligands. The angle between the planes 
defined by the two aromatic systems generally var- 

O S 
x 

. o  

Mov Lx 

L1H2: X = H 
L2H2: X= 3,4 Benzo- 

Fig. I. Synthesis of dioxomolybdenum(Vl) complexes 
with dibasic Schiff base ligands. 
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ies between 0 and 20 ". Therefore, this feature of the 
complexes has not been considered as an important 
factor contributing to their physical parameters. 

We present here the synthesis and charac- 
terization of a dioxomolybdenum Schiff base com- 
plex exhibiting a substantial deviation from 
planarity of  the tridentate ligand. An additional 
tool to influence the physical parameters of these 
complexes is demonstrated. Furthermore, a 
detailed analysis of the solution and oli- 
gomerization behaviour of  a nickel(II) core che- 
lated by the tridentate ligand L ~ will be discussed. 
The behaviour of nickel(II) complexes with tri- 
dentate dibasic Schiff base ligands has been exam- 
ined by Crabtree and co-workers. 5 They found and 
characterized a variety of oligomeric compounds 
that seemed to exist in a solution equilibrium. Cata- 
lytic activity of  some of these complexes for silane 
alcoholysis was observed, s 

Our analysis will provide the background to dis- 
cuss the utility of complexes containing tridentate 
Schiff base ligands for the design of bioinorganic 
model compounds. 

E X P E R I M E N T A L  

All manipulations were performed under argon 
using standard Schlenk techniques. All solvents 
were deaerated, dried and distilled before use. 
Reagents were AR grade or above and the starting 
materials MoOz(acac)2, 6 N-salicylidene-(2-mer- 
captoaniline) (LIH2) 7 and MoO2(SC6H4CHN- 
C6H40) (3) 8 were prepared according to previously 
reported syntheses. N-2-Hydroxy-l-naphthyliden- 
(2-mercaptoaniline) (LZH2) and the corresponding 
dioxomolybdenum complex (2) were synthesized 
by the same procedure as LJH2 and 3. Crystal- 
lization of 2 was carried out as described for 1. 

[Nin (SC6H4CHNC6H40) (4-t-C4H9-CsH4N)]: (4) 

A solution of LIH2 (2.68 g) in ethanol (10 cm ~) 
was added slowly to a solution of Ni(acac)2 (3.0 g; 
Aldrich) in ethanol (20 cm 3) and the mixture refluxed 
for 1 h. The brown precipitate formed was collected 
and washed with ethanol (2 x 50 cm3), diethyl ether 
(50 cm 3) and pentane (50 cm3). A suspension of the 
product in ethanol (50 cm 3) was then heated with 
one equivalent of 4-tert-butylpyridine until the solid 
dissolved completely. Addition ofdiethyl ether ( 100 
c m  3) precipitated a dark brown microcrystaline 
powder (4.03 g; 82%). Found:  C, 61.9; H, 5.4; N, 
6.5; S, 7.8; Ni, 13.9%. Calc. for C22H22N2OSNi: 
C, 62.7; H, 5.3; N, 6.7; S, 7.6; Ni, 13.9%. Mass 
spectrometry (chemical ionization): M -  m/z 570; 
M + m/z 135. 

Ni"(SC~,H4CHNC6H40) (4-t-CaHg-CsH4N) (1) 

Dissolving compound 4 in dimethylsulphoxide 
(DMSO) and slow crystallization by vapour 
diffusion of water to the solution gave dark red crys- 
tals suitable for X-ray analysis. 1HNMR (DMSO, 
ppm vs. TMS):  6 8.90 (s, 2 H , - - C H = N - - )  ; 8.83 
(b, 4H, But-CsH4N) ; 7.88 (d, 2H);  7.70 (d, 2H);  
7.56 (b, But-CsH4N) ; 7.30 (t, 2H);  7.24 (d, 2H);  
7.01 (t, 2H);  6.93 (t, 2H);  6.78 (d, 2H);  6.67 (t, 
2H);  1.30 [s, 18H, C(CH3)3]. '3C N M R  (DMSO, 
ppm vs. TMS) : 6 164.03 ( - - C H = N - - )  ; 157.17 ; 
151.57: 150.24; 142.53; 134.73; 134.57; 127.34; 
126.77; 122.21; 121.54; 120.53; 120.32; 116.47; 
115.38 ; 50.34 [C(CH3)31 ; 35.03 [C(CH3)31. 

Crystal structure determination 

X-ray structure determination of I and 2 (values 
for 2 are given in brackets). Final lattice parameters 
were obtained by least-squares refinement of 25 re- 
flections (I : 40.3 ° < 20 < 49.4 ~ ; 2 : 40.3 < 20 < 48.6' ; 
2 = 70.930 pm, Mo-K~I). The space groups were 
identified from the systematic absences: 1, ortho- 
rhombic, space group Pbcn (I.T. No. 60), 
a =  1787.3(3), b=908 .0(1) ,  c=2703.0(4)  pm, 
V = 4 3 8 6 . 5 ( l ) x 1 0 6  pm 3, pcaic= 1.39 g cm 3 
Z = 8 ; 2, monoclinic, space group P21/c (I.T. No. 
14), a = 823.9(1), b = 1305.2(2), c = 2198.5(3) pm, 
[~ = 100.16(1), V =  2327.1(5) 106 Pm 3, pc, l~ = 1.64 
g cm- 3. 

A deep red crystal of  1 (size : 0.41 x 0.51 x 0.38 
mm) and a red needle of 2 (size : 1.03 x 0.18 x 0.21 
mm) were mounted in glass capillaries on an Enraf-  
Nonius CAD4 diffractometer with Kappa 
geometry. Data were collected at - 5 0 ' C  in the 
range 2 < 20 < 50 '~ with graphite-monochromated 
Mo-K~ 0 .=  71.073 pm) radiation using the co-scan 
mode. All 4339 (6866) data were corrected for Lor- 
entz and polarization terms using the SDP System? 
Both structures were solved by the Patterson 
method (SHELXS-86). t° All atoms were located 
from subsequent least-squares refinements and 
difference Fourier syntheses using the program 
CRYSTALS]  ~ All non-hydrogen atoms were 
refined anisotropically ; the disordered solvent mol- 
ecule DMSO in 1 was partially refined isotropically. 
All hydrogen atoms were refined with isotropic dis- 
placement parameters, the hydrogen positions in 
the free solvent molecules were calculated in ideal 
geometry and were partially refined. Final refine- 
ment using 3239 (3716) unique reflections [1: 
I/cr(1) > 2.0 ; 2 : I/a(I) > 1.0] converged at R = 0.036 
(0.037), Rw = 0.037 (0.033). A final difference 
Fourier map was featureless. All calculations were 



Biologically relevant metal 

performed on a Micro VAX 3100 and on a DEC 
Station 5000/25. 

Crystal data collection and refinement par- 
ameters of  1 and 2 are listed in Tables 1 and 2, 
respectively. 

Thermogravimetry 

The thermal decomposition of 4 was studied by 
thermogravimetry coupled with mass spectrometry 
(TG/MS).  The measurements were performed 
using a Perkin-Elmer T G A  7 and a Balzers Q M G  
420 mass spectrometer coupled by means of a capil- 
lary system heated to 28ffC. A sample (1.923 mg) 
was subject to a temperature program with a heat- 
ing rate of  10 K min -~ between 50 and 400~C in a 
dynamic helium atmosphere. 

RESULTS AND D I S C U S S I O N  

Metal cores bearing ideally four coordination 
sites may form undercoordinated complexes with 
tridentate ligands. The coordination sphere is then 
completed by oligomerization or by addition of a 
monodentate  ligand (solvent or others) (Fig. 2). 
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In some cases steric hindrance may inhibit such a 
reaction. ~2 

In the absence of monodentate  molecules, tri- 
dentate dibasic Schiff bases induce oligomeric struc- 
tures of  dioxomolybdenum(VI)  compounds.  13 The 
metal centres are connected through bridging oxy- 
gen atoms. Due to the lack of  terminal oxo groups 
the oligomerization behaviour of  the corresponding 
nickel complexes depends on the donor atoms of 
the chelating ligand. Crabtree and co-workers s 
stated that oligomeric complexes bridged by thio- 
lates or phenolates are formed in solution, and 
monomerizat ion can be achieved by adding a stron- 
gly coordinating donating compound like DMSO 
or pyridine. The same procedure is used for the 
monomerizat ion of  the dioxomolybdenum(Vl)  
analogues. A parallel behaviour in solution may 
therefore be assumed. However, the following para- 
graph will show by way of  comparison that these 
reactions are much more complicated for the 
nickel(II) system than for the O 2 M o  vl complexes. 

The reaction of LIH2 with Ni(acac)2 in reftuxing 
ethanol results in the polymeric Nix(Ll).,. This com- 
pound can easily be solubilized by adding one equi- 
valent 4-tert-butylpyridine per nickel atom. The 

Table 1. X-ray crystallographic data for 1 

Formula 
Mr 
Crystal system 
a (pm) 
b (pm) 
c (pm) 
V (10 6 pm 3) 
Space group 
Pcalc (g cm-3) 
Mo-K~ (pm) 
Z 
F(000) 
/~ (cm- ') 
0 range ( )  
Scan mode 
Temperature (C)  
Number of reflections measured 
Number of unique reflections 
Number of reflections used for 

refinement, I/a(1) > 2.0 
Number of refined parameters 
Parameters of Tukey and Prince ~2 

weighting scheme 
Maximum and minimum electron 

density in AF map (e/~ 3) 
R" 
Rw a 

C22H22N2NiOS • 1/2 C2H6OS 
460.25 
Orthorhombic 
1787.3(3) 
908.0(1) 
2703.0(4) 
4386.5(9) 
Pbcn 
1.39 
71.073 
8 
1928 
10.4 
1<0<25 
o)-scan 
- 5 0 + 3  
4339 
3536 
3239 

353 
pl = 1.26, p2 = 0.0505, p3 = 0.891, 
p4 = -0.123, p5 = 0.152 
+ 0.63, - 0.42 

0.036 
0.037 

"R = E (llrol- IQH)/EIFol, Rw = [Zw (Ifol -  Ifd)2/Ew f02] '2. 
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Table 2. X-ray crystallographic data for 2 

Formula 

Mr 
Crystal system 
a (pm) 
b (pm) 
c (pm) 

V (10 6 pm 3) 
Space group 
P~alc (g cm -3) 
Mo-K~ (pm) 
Z 
f(000) 
/~ (cm ') 
0 range (') 
Scan mode 
Temperature CC) 
Number of reflections measured 
Number of unique reflections 
Number of reflections used for 

refinement, I/rr(1) > 1.0 
Number of refined parameters 
Parameters of Tukey and Prince 12 

weighting scheme 
Maximum and minimum electron 

density in AFmap (e ,~ ~) 
R" 
Rw a 

C21Hi ID2MoNOsS3 
C I 7 H II MoNO3S" 2DMSO-d6 
573.65 
Monoclinic 
823.9(1) 
1305.2(2) 
2198.5(3) 
100.16(1) 
2327.1(5) 
P21/c 
1.64 
71.073 
4 
1144 
8.4 
I <0<25 
[o-scan 
-50_+3 
6866 
3892 
3716 

349 
pl = 2.20, p2 = 2.95, p3 = 2.43, 
p4 = 1.12, p5 = 0.526 
+0.77, - 1.22 

0.037 
0.033 

" R  = 2 ( l l fo l - - IFcl l )121fol ,  Rw = [2w (If,,I --If..I)2',,Z.'  F,,12 '"'~. 

isolated compound is identified as a dimeric com- 
plex containing two moles of 4-tert-butylpyridine. 
Data from mass spectrometric analysis (chemical 
ionization) are coherent with a dimeric structure of 
the type 4, shown in Fig. 3. The most intense peak 
appears at m/z 570 for the dimeric pyridine-free 
complex. During cathodic scans 4-tert-butyl- 
pyridinium is detected. The elemental analysis of 
compound 4 corresponds to the proposed structure. 

TG/MS exhibits an interesting decomposition 
pattern of the compound (Fig. 4) and confirms the 
dimeric structure of the complex. From 50 to 2 0 7 C  
one equivalent of  4-tert-butylpyridinium is evolved 

in two hardly resolved steps ( - 8 . 7 2 % ,  - 7 . 1 4 % ,  
m/z 135), Up to 312~:C another equivalent 
( - 18.03 %, m/z 135) is evolved. The following well- 
shaped step from 312 to 400°C represents frag- 
mentation of the tridentate ligand (m/z 93: 
C6H50 +, 91: P h N H + ;  227: L 1, -44 .56%) .  The 
residue (21.57%) may be NiS (theor. : 21.58%). 

Dissolution of compound 4 in DMSO produces 
a brown solution which quickly changes to a dark 
orange-red colour. Dark red crystals suitable for 
X-ray diffraction study were obtained after slow 
diffusion of water into the saturated solution. Spec- 
trometric, elemental analysis and X-ray diffraction 

D 
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D 

s l o  ~____~s .-2~;~ o 

o 

Fig. 2. Open coordination site (D) on O2Mo vJ and nickel(ll) complexes with tridentate Schiff bases. 
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Fig. 3. Oligomerization equilibria of Ni~(L ~) ~D, in solution. 
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Fig. 4, Thermal decomposition of 4 studied by thermogravimetry (TG/MS). 
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data confirmed the monomeric structure of com- 
pound 1 (Fig. 5). The former dimeric structure of 
the tert-butylpyridine adduct is split by adding 
DMSO. However, the strongly coordinating pyri- 
dine ligand remains on the nickel(II) centre. 

It becomes clear from this analysis that the oli- 
gomeric character of dibasic tridentate Schiff base 
nickel complexes is directed by the polarity of the 
solvent and the presence of strongly coordinating 
bases such as pyridine. The equilibria in solution 
are therefore much more intricate than previously 
assumed (Fig. 3). 

Oligomerization of these compounds is mainly 
due to the ability of  four-coordinate nickel(II) com- 
pounds to increase their coordination number. The 
degree of oligomerization can be directed by 
judicious choice of solvent, a feature that has not 
been observed for the analogous OzMo vl systems. 
Thus, the influence of the solvent is of considerable 
importance for the study of such compounds, in 
comparison to natural systems where monomeric 
systems are encountered more frequently. 

The low spin nickel(II) complex 1, shown in Fig. 
5, exhibits a quasi-square planar geometry with an 
almost ideal planarity of the ligand system. No 
effects are observed that would induce a distorted 
tetrahedral geometry. The angle between the two 
planes defined by the phenyl rings is only 1.3'. Inter- 
atomic distances are within the normal ranges for 
nickel(II) coordination complexes. 

While the chemical properties of I offer insights 
into the solution chemistry of  these complexes, the 
corresponding O2Mo vl (2 and 3) complexes reveal 
some interesting structural features. Comparison of 
the structural data of 1 and LiMoWO2 (3) dem- 
onstrates that this ligand type may bend con- 
siderably in the C z N  bridge between the phenyl 
rings (Table 3) in the presence of trans-standing 

Fig. 5. Platon plot 14 of 1, with thermal ellipsoids drawn 
at the 50% probability level. Hydrogen atoms are omitted 

for clarity. 

oxo groups, as shown in compound 3. s The metal- 
to-Schiff-base-nitrogen distance is strongly 
increased from 188.3 to 231.2 pm, and the angle 
between the planes of the two substituted phenyl 
rings increases from near planarity up to 19.  

On the other hand, the O2Mo w system induces a 
much stronger distortion in the naphthyl-derived 
ligand, L2H2, which is not a result of an increased 
t rans  effect. In complex 2 (Fig. 6) an angle of 40 ~' 
between the two aromatic systems is measured. 
Steric interaction of protons may be excluded. We 
therefore propose electronic reasons for the stron- 
gly increased dihedral angle. 

This assumption is supported by spectroscopic 
and electrochemical measurements. The stretching 
frequencies of the O2Mo w core are slightly changed 
from 3 to 2. In particular, the asymmetric stretching 
vibration in 2 (891 cm ~) appears 30 wavenumbers 
higher than in compound 3, which indicates a 
strengthening of the M o z O  bond. However, the 
symmetrical vibration slightly decreases by 13 
wavenumbers (930 cm ~, 3 ; 917 cm ~, 2). Also, the 
reduction potential decreases by 60 mV from 3 to 
2. 

Ligand L 2 obviously exhibits greater flexibility. 
Participation of the C - - N  n-bond in the total n- 
system in L 2 is much smaller than in L ~. Therefore, 
the distortion energy in the bonds adjacent to the 
C z N  group seems to be decreased, which is 
reflected by the dihedral angles in 2 in comparison 
to 3. The stress put on the ligand by the t rans  

influence of the oxo groups can more easily be 
answered by ligand L: than by L ~. 

Table 3 illustrates the increased deviation from 
ideal octahedral geometry around the molybdenum 
centres in 3 and 2, and some parameters defining 
the arrangement of the ligands compared to some 
structural features of the nickel complex 1. 

This structural study demonstrates the possibility 
of influencing the geometry of MoWO2 complexes 
using Schiffbases bearing, on one side of the ligand, 
an expanded n-orbital system. The electrochemical 
parameters are shifted. This point is particularly 
important in the design of new model compounds 
lbr metals in the active sites of redox enzymes. We 
enhanced the flexibility of the Schiff base ligand by 
increasing the aromatic system. As a consequence, 
the MoO, system shifts to an electrochemically 
more stable state. Therefore, we conclude that the 
higher the geometric rigidity or the delocalization of 
the n-system in the complex, the easier the O2Mo w 
compound may be reduced. 

CONCLUSION 

Tridentate Schiff base ligand systems still offer 
new insights into the coordination chemistry of bio- 
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Table 3. Selection of angles and interatomic distances in mononuclear tridentate Schiff base 
complexes with Ni" (1) and MoWO2 (2, 3) cores 
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Angle/distance" 1 M : N i  3 M : M o  8 2 M~-Mo 

M--O"  170.3(1) 170.2(2) 
M- -O '2 - -  170.1 (2) 170.2(2) 
M - - O  L 185.2(2) 194.9(1) 197.0(2) 
M - - N  ~- 188.3 (2) 231.2(2) 229.7(2) 
M--S L 214.57(7) 241.0(0) 243.87(7) 
NL--C(6) 143.1 (3) 142.6(3) 142.2(3) 
NL--C(7) 130.6(3) 128.7(3) 129.0(3) 
SL--C 174.3(2) 175.6(2) 175.8(3) 
OL--C 129.6(3) 133.9(2) 134.0(3) 
C(7)--C(8) 141.8(4) 144.3(3) 143.8(3) 
O " - - M - - O  '2 105.33(8) 104.3(1) ~ 
O'S--M--O(4) 166.68(7) 167.65(8) 
O '2 - -M--N L N (2) - -Ni- -N L 175.96(8) 163.24(7) 163.93(8) 
OL--M--S L 172.59(6) ~ 154.94(5) 152.25(6) 
NL--M--S  L 89.56(6) 78.70(4): 77.80(5) 
N L--M--O L 96.41 (8)  83.48(6) 79.40(7): 
< (Ph~--Ph 2) 1.3 18.5 40.2 

"N L, S L, OL: donor atoms of the tridentate ligand; O'~: terminal oxo ligand trans to 
donor molecule DMSO ; 0 '2 : terminal oxo ligand trans to ligand N L atom. 

19 

01 
03 

1 

~ C 1 3  10 

Fig. 6. Platon plot ~4 of 2, with thermal ellipsoids drawn 
at the 50% probability level. Hydrogen atoms are omitted 

for clarity. 

logically relevant metal (oxo) ions such as [NiU] 2+ 
and [O2MoVl] 2+. The present study reveals new per- 
spectives for the design o f  model  compounds  for 
molybdopter in-conta in ing  enzymes using Schiff 
base ligands with an enlarged n-system. It is shown 
that ligand rigidity may  be responsible for the shift 
of  physical parameters  o f  tridentate Schiff base 
O2Mo w complexes, in addit ion to the above-men-  
tioned parameters.  Fur thermore,  compara t ive  

investigations regarding the coord ina t ion  geometry 
on [Ni"] 2+ and [O2MoVl] 2+ centres with tridentate 
dibasic Schiffbases are presented. Our  investigation 
leads to the conclusion that, in contrast to the dioxo- 
molybdenum(VI)  systems, the complicated oligo- 
merization behaviour  o f  nickel(II) complexes in 
solution makes control  o f  the solution chemistry 
difficult. Therefore,  O2Mo vl systems of  this type 
are more suitable as model  c o m p o u n d s  for natural  
metal centres than the corresponding nickel(II) 
complexes. 
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