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Abstract 

New tetradenlate ligands with N..OS coordination spheres were prepared and the corresponding nickel( il} complexes were synthesized 
and characterized by analytical, spectroscopic and electrochemical methods. The structure of nickel[ methyl-2-{N-I 2-( 3°-methoxy-2'-phen - 
olate ) methylidynenitrilo ] ethyl ] aminato( - I }- I-cyclopentenedithiocarboxylate } has been determined by X-ray crystallography. This complex 
crystallizes in the orthorhombic space group P2,2,2 with a =  I 1.417 (3). b= 13.883 (4). c =  12.769 (3). Z = 4  and R, =0.0539 for 4641 
reflections with I > 2¢r11). The UV-Vis and 'H NMR spectroscopic results indicate that the complexes have a square-planar structure in the 
solid state and in solution. Electrochemical and EPR data show that the complexes are reduced to ~he correspondent nickel( ! ) complexes, but 
that the ligands are non-innocent in the electrochemical oxidation of the complexes. © 1998 Elsevier Science S.A. 
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I .  Introduction 

There is currelllly a great interest i11 the study of the factors 
that influence the accessibility ol' several oxidation states for 
nickel, specially related to the bio-inorganic role of this metal 
ion in several redox enzymes I I ]. Elucidation of the fundtl- 
inental structural and electronic factors that influence the 
relative stability of several oxidation states of the metal may 
be useful in understanding the enzyme reactivity and in the 
optimization of the design of model compounds. Further 
interest in the coordination chemistry of nickel( ! ) arises from 
the role of these complexes in several catalytic reactions, such 
as electrocatalytical 121 and photocatalytical [3] reduction 
of CO~, and electrocatalytical reduction of alkyl hal!des 141. 

it has been suggested that the incorporation of both soft 
and hard donors in the coordination enviromnent of the metal 
ion may be crucial in the stabilization of oxidation numbers 
+ I and + 3 for nickel 15 I. This hypothesis, in conjunction 
with experimental evidence that the coordination environ- 
ment of nickel in NiFe hydrogenases 161 and CO-dehydro- 
genase 17 ] contains sulphur, nitrogen and/oroxygen donors. 
resulted in a continuing eflbrt to obtain nickel complexes 
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will) this kind of coordination environment. We have syntheo 
sized and studied the nickel(il) complexes depicted in 
Scheme I. which possess a mixed N~OS coordination sphere. 
The corresponding symmetric nickel complexes with ligand~ 
derived from salicylaldehyde. I Ni(salenl]. and methyl-2- 
amino-I-eyclopentenedithicarboxylate. I Ni(cd~en) ] have 
been studied by others 18.9]. and the results may be cotno 
pared with those obtained in the present work in order to 
verify if there are some synergic eftbcts ~t~,een the two 
.halves of the ligand, which may he responsible for additional 
accessibility of multiple oxidation states fiw nickel. 

2. Experimental 

2. !. Materials 

All solvents used in the preparatio~s were reagent grade. 
Chemicals for the preparations were reagent grade and com- 
mercially available, and were used without further purifica- 
tion. The electrochemical measurements were performed in 
N.N'.dimethylformamide { dmf) ( Merck. proanalisi ) • tetra- 
butylammonium perchlorate (TBAP) was prepared by pub- 
lished methods I ! 0 I. CAUTION: perchlorates are hazardous 
and may explode. 
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l l  ht,~trumentation 

Elemental analyses (C: H and N) were performed at the 
Micro Analytical Laboratory, University of Manchester, and 
at the I~partamento de Qu(mica da Faculdade de Ci0ncias 
do Porto. UVtVislNIR sp~tra were recorded on a $himadzu 
UV=31011~ spectrometer, NMR spectra on a Broker AC200 
or a BrOker AMX300 spectrometer in deuterochloroform, 
unless otherwise stated, with tetr,amethyisilane as internal 
standard, 

Electrochemical measurements were made with a PAR 362 
using solutions ~ I × i0 ° ~ tool dm ~ ~ in complex and O, I 
tool dm= *~ in TBAP. Cyclic voltammetry was performed in 
dmf using a g r ~ c l ~ t r o d e  ~'~ll, with a platinum microsphere 
as working el~trode, a platinum foil as counter electrode and 
an Ag/ABCI ( I tool dm ~ ~ NaCI ) ret'crence electrode, in all 
cases, ferroccne (Fc) was used as an internal standard, and 
under the experimental conditions employed E~/~, ofthe Fc ' / 
Fc couple i~ 485 inV. All potentials are reported relative to 
AB/AgCt ( I mol dm ~ NaCI), 

Controlled potential electrolysis of the nickel(il) com- 
plexes was ped~rmed using strictly anaerobic conditions in 
a third-electrode cell, with a platinum gauze working el~:- 
trode, a platinum foil counter electrode and an Ag/AgCI ( I 
tool dm ~ ~ NaCt) reference electrode, The potential applied 
was approximately 50 mV more negative than the cathodic 
peak polenfial determined in the voltammetric experiments, 

EPR spectra were obtained with a Braker ESP 300E spec- 
trometer (9 GHz) in a dual cavity, using diphenylpicryl- 
hydra~yl (dpph; 9 ~ 2.(}037) as an external standard; Ihe 
magnetic lield was calibrated by use of Mn ~' ' in MgO. Spec- 
tra were obtained at 77 K, using sealed quart/tubes. 

2.3. Symhesis 

~'~# ~ • Methyl-2-{N-( .. -amim~thanc l-amino-l-cyclopentene- 
dithiocarboxylate (Hcden) was prepared by published 
methods i I I, 12 I. 

2.3. I. Ge,eral procedure,for the sy, thesL~" of the ligmuls 
All the ligands used in this work were prepared by addition 

of the equimolar amount of the appropriate salicylaldehyde 
to a methanolic solution of Heden. The yellow products 
obtained were recrystalli~ed Ih~m methanol~:hloroform, I:1 
vol./vol, 

2.3.1.1. Methyl.2-{ N.12.¢ 2'.hydrox37~heto,I )methylidy, e- 
,#rilo leth yl } amhlo- I-o'clopenwnedithic~(',rbo.~ ylate, 
H,,'ds~de, 

Yield 79,8%. A,,,,,(dmf)/nm 314 ( Ioge.,,,~ 4.15 ) and 398 
(4,36); ~. (200 MHz: CDCI~) 1.82 (2 H, m), 2.59 (3 H, 
s), 2.65-2,79 (4 H, m), 3.72 (2 H, t), 3.85 (2 H. t), 6.64- 
6.97 (2 H, m), 7,2.?-'/.36 (2 H, m), 8.40 ( I H, s, CH=N), 
12.38 ( I H, br s, NH) and 12.88 ( I H, br s, OH) (Found: 
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C, 59.4: H, 6.27; N, 8.55; S, 20.0%. C~,H_,,N, OS_~ requires 
C, 60.0; H, 6.29: N, 8.74; S, 20.0% ), 

(Found: C, 58.7: H, 6.65: N, 7,53: S, 17,6~. C~sH,,~N,O,~S, 
requires C, 59.3; H, 6.64: N, 7.68: S, ! 7.6'~ ). 

2.3.1.2. Methyl-2-l N-1242'-hydroxyphenyl)ethylidyne- 
nitrilo lethyl } atnhto- I-cychq~entenedithiocarboxvlate. 
H,cdMesalen 

Yield 63.4%. hm~,,,(dmf)/rim 3 ! 3 ( loge.,,,~ 4.12 ) and 398 
(4.36); 6n (300 MHz; CDCI3) 1.85 (2 H, m), 2.36 (3 H, 
s), 2.58 (3 H, s), 2.73 (2 H, t), 2.79 (2 H, t), 3.76-3.85 (4 
H, m), 6.82 ( I H, t), 6.9.4 ( I Ha l ) ,  7.30 ( I H, t), 7.53 ( i 
H , d ) ,  12.45 (I H, brs,  NH) and 15.4 (1 H, brs,  OH) 
(Found: C, 60.0; H, 6.58; N, 8.28; S, 19.6%. C.7Hz_~N.,OSz 
requires C, 61.0: H, 6.63; N, 8.37: S, 19.2% ). 

2.3.1.3. Methyl-2- { N-12-t 2'-hydro.~ y-3'-methoxvl,heto'l l- 
methylidynenitriht lethyl } mnino- I-t3,clopentenedithio- 
carboxvlate, H ,cdMeOsah, n 

Yield 78.4%. A,,~,,(dmf)/nm 3 i 3 ( Ioge,,,,,~ 4. I I ) and 398 
(4.38); ~ (200 MHz; CDCI~) 1.80 (2 H. m), 2.56 (3 H. 
s), 2.64-2.77 (4 H, m), 3.75 ( 2 H, t), 3.86 ( 2 H, t), 3.90 ( 3 
H, s, OCH~), 6.79-6.97 (3 H. m), 8.39 ( I H. s. CH=N).  
12.36 ( I H, br s, NH) and 13.27 ( I H, br s, OH) ( Found: 
C, 57.9; H, 6.17; N, 8.16: S, 18.3%. C~?Hz:N,O,S., requires 
C, 58.2; H, 6.33; N, 7.99: S, 18.3% ). 

2.3.1.4. Methyl-2- { N-/ 2-t 2'-hydroxv-5'-methylphenyH- 
ethylMynenitrih~ lethyl }amino- I-,3'ch~-pentenedithio- 
('arho.D,htte, H :t'dMe :sah, n 

Yield 63.8%. A,,,,,,(dmf)/nm 315 (Ioge,,,,, 4.15) and 
398 (4.40);/t~ t200 MHz: CDCI~) 1.84 (2 H, m), 2.29 (3 
H, s), 2,33 (3 H, s), 2.57 (3 H, s), 2.68-2.82 (4 H, m). 
3.78-3.82 (4 H, m). 6.83 ( I H, d), 7.10 ( I H, d), 7,3{) ( I 
H, s), 12,44 (I H. br s, NH) and 15.16 (I H, br s. OH) 
{Found: C, 62.0: H, 6.98: N. 8.(17: S. 18.2'~h, C~,~H:.~N:OS: 
requires C. 62.0: H, 6,04; N, 8,04: S, 18.4~h ). 

2.3.1.5. Methyl-2. { N./ 2.t 2'.hyth'oxy.4'.6'-dimethoxy. 
phet,yl )methylMynenitrilo /ethyl }amino. I-,3,ch~pentene. 
dithJocarboxylate, H:cd( MeO )zsah, n 

Yield 62.8%. A,,,a~(dml')/mn 289 (sh). 312 (Ioge,,,,,, 
4.38) and 398 (4.39): ~j~ (200 MHz: CDCh) 1.81 (2 H, 
m ), 2.57 ( 3 H, s). 2.62-2.79 (4 H, m ), 3.47-3.73 ( 4 H, m ). 
3.77 (3 H, s. OCHa). 3.78 (3 H, s, OCHa), 5.76 (I H, d) 
5.98 ( I H. d). 8.54 ( I H. s, CH=N ), 12.38 ( I H. br s. NH ) 
and 14.18 ( I H, brs, OH) (Found: C. 56.5: H,6.39: N, 7.43: 
S, 16.Teh '. C~sH.,4N.,O:~S., requires C. 56.8: H. 6.36: N. 7.36: 
S. 16.9ch ). 

2.3. I. Z Methyh 2- [ N-12-t 3'.5'-dichhm~-2'-hydro.~a,- 
phenyl )methylidynenitrilo leth3q }ambuJ- i-cyclopentene- 
dithiocarbo.~Tlate. H,_cdCi2salen 

Yield 98.0%. Am.-,~(dmf)/nm 314 ( logem;,, 4.08) and 397 
(4.30): 6n (200 MHz: CDCI3) 1.83 (2 H, m), 2.58 (3 H. 
s), 2.63-2.79 (4 H, m), 3.75 (2 H, t), 3.88 (2 H, t), 7.17 ( ! 
H, s) 7.41 ( I H, s), 8.33 ( 1 H, s, CH=N),  ! 2.28 ( I H. br s, 
NH) and 13.85 ( 1 H. br s, OH) (Found: C, 49.6: H, 4.53: 
N, 7.34; S, 16.6; CI, 18.4%. Ct6ClzH~sN.~OS: requires C, 
49.4: H, 4.66; N, 7.20; S, 16.5: CI, 18.2% ). 

2.3. !.8. Methyl-2- [ N-/ 2-t 2'-hydro.rynaphthyi mlethylidyne- 
nitrilo /e,,hyl }amOur- l-t'.vclopentene- 
dithiocarbo.ryhtte, H 2cdnapen 

Yield 71.0%. A,,,,,(dmf)/nm 313 ( ioge,,,~ 4.27), 398 
( 4.37 ) and 429 ( sh ): i~t ( 200 MHz: CDCla) i.72 ( 2 H. m). 
2.54 ( 3 H, s 1.2.56-2.66 (4 H, m). 3.72-3.86 ( 4 H. m), 6.99 
( I H, d) 7.26 ( I H. t). 7.42 ( I H. t). 7.63-7.76 (2 H, m). 
7.87 ( I H, d), 12.49 ( I H, br s, NH) and 14.56 ( ! H, br s. 
OH) {Found: C. 64.2: H, 5.94: N. 7.51: S. 17.2%. 
C.,,H.,zN.,OS, requires C, 64.8: H, 5.98: N, 7.51: S, I 7.3rh , ). 

2.3.1.9. Methyl-2- l N-/ 2-t 2'.hydroxynal~hthyl )ethylidyne- 
nitrihl /ethyl }amino- I-cych~pentenedithiocarhoxyhlte, 
H:,'dMemq,en 

Yield 77.3c~. A.,,,,,(dmt')/nm 313 ( Ioge.,,,~ 4.051. 338 
( sh ) and 400 ( 4.{)2 ): til~ ( 200 MHI: CDCI~) 1.76 ( 2 H. m ). 
2.56 ( 3 H. s). 2 0 0  ( 3 H. s). 2.68-2.78 (4 H. m). 3.80=3.85 
(4 H. m). 7.01 ( I H. d) 7.26 ( I H. t). 7.40 ( I H. I). 7.t~)= 
7.69 (3 H. m) and 12.53 ( I H. br s. NH) (Found: C. 61.3; 
H, 6.38: N, 7.05: S. 16.4r;~. C~,~H:,sN,,OS: requires C. 65.6: 
H. 6.29: N, 7.28: S. 167c,~ ). 

2.3.2. General l,ro,'eth,~v.h~r ni,'kelt ll ) coml,h'.~'e.~' 
To a solution o1" the appropriate ligand (0. I retool) in i0 

cm ~ tffchlorofoml/methanel 2:1 vol./vol., was added a solu- 
tion of nickel acetate tetrahydrate (0.25 g. O. I retool) in 10 
cm a of methanol. The solution was stirred lbr 15 rain and 
then allowed to stand at roo-n temperature tbr 24 h. The 
resulting green or brown powder was recrystallized from 
acetonitrile / methanol I: I vol. / vol. 

2.3.1.6. Methyl-2- { N-12-t 2'-hydlwxy-5'-metho.w,henyl )- 
ethylMynenitrilo ]ethyl }amino- I-t3'ch~pentenedithio- 
carboxylate, H,j'dMeMeOsalen 

Yield 77.7%. h,,,,,(dmf)/nm 289 (sh). 313 (Ioge,,,,, 
4.05) and 397 (4.37): 8u (200 MHz: CDCL) 1.84 (2 H. 
m). 2.33 (3 H. s), 2.57 (3 H. s), 2.69-2.83 (4 H, m), 3.74- 
3.87 ( 7 H, m. Cl-l, and OCH.a), 6.85-6.96 ( 2 H, m) 7.04 ( I 
H, d), 12.45 (I H, br s, NH) and 14.77 (I H, br s. OH) 

2.3.2. I. Nickel{ methyl-2- { N-/2-t 2'-phem,latel- 
methylidynenitrilo ]ethyl }am inato(- I )- I .cychq~entene- 
ditltio,'arbo.ryhae. / Ni( cdsalen ) ] 

Yield 99.8t~,. ~1~ ( 200 MHz: CDCI~) 1.82 ( 2 H. m ). 2.48 
( 2 H. t ). 2.62 ( 2 H. t). 2.67 ( 3 H. s). 3.26 ( 2 H, t ). 3.53 ~ 2 
H. t). 6.49 ( I H. t ). 6.79 ( ! H. d). 7.04-7.13 ( 2 H. m ) and 
7.68 ( I H, s. CH=N) (Found: C. 50.5: H. 5.47: N. 7.48ch. 
C,,H IHN~,OS.,Ni requires C. 51.0: H. 5.35: N. 7.43ch • ). 
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3.3.2.2. Nk'kel { meth.vl. 2. { IV- 12"( 2' .phemdate )ethyli@,e- 
nilHIo /ethyl }aminau~- I)- I.o, ch~pentenedithicwa rboxyhue. 
INifcdMesalen)l 

Yield 41.8%. ~z (200 MHz; CDCI3) 1.84 (2 H, m), 2.44 
(3 H. s), 2.49 (2 H. t), 2.62 (2 H. t), 2.68 (3 H, s), 3.22 (2 
H.t). 3.55 (2 H, t), 6.52 ( I H, 0,6.85 ( I H,d), 7.10 ( I H, 
t) and: 7.49 (I H, d) (Found: C, 52.1; H, 5.01; N, 7.20%. 
Cz~H.,oN,OS,Ni requires C. 52.2; H, 5.15; N, 7.16%). 

2.£2.3. Nickel{ methyl-2- { N-12 d 3'-metho.~'-2'- 
phem, late )methylidynenitrilo /ethyl } aminateg- i )- i.cyclo- 
pentenedithitwarbo.~,late. [ Ni( cdMeOsalen ) ] 

Yield 78.4~. ~ ( ~ MHz; CDCIs) 1.85 ( 2 H. m), 2.5 I 
(2 H.t). 2.64 (2 H. t). 2.69 (3 H. s), 3.23 (2 H, t), 3.53 (2 
H. t). 3.75 (3 H. s OCH~). 6.44 ( I H. t), 6.65.-6.78 (2 H. 
m) and 7.77 ( I H. s. CH=N) (Found: C. 49.9: H, 5.00; N, 
6,74: S, 15.5%. C~H~N,O,.S.,Ni requires C. 50,2; H, 5.45; 
N. 6.88: S, 15.7%). 

2.3.2.4. Nickel{ methyl-2- { N-12-( 5' -methyl-2'- 
phenolate )ethylidynenitrilo lethyl } aminatc~- I )- I .cyclo. 
pentenedithiewarbo.~'lme. [ Nil cdMe :alen ) ] 

Yield 63.8%. ~ (200 MHz; CDCl~) I.Si (2 H, m), 2.20 
(3 H. s), 2.40 (3 H, s). 2.45 (2 H,t), 2.61 (2 H,t), 2.67 (3 
H, s). 3.23 (2 H, t), 3.56 (2 H, t), 6.73 ( ! H, d), 6.92 ( I H, 
d) and 7.15 ( I H, s) (Found: C, 53.3; H, 5.47; N, 6.76; S, 
1~.6%. C~,H~N,,O$;Ni requires C. 53.4; H, 5.97; N, 6.91; 
8, 15.8%). 

2.3. 2.5. Nickel{ methyl.2. ( Nd 2,(4'.¢Y.dimetho.D, o2'~ 
phe,olate #nethyltdy~wMtrtlo /ethyl } am#~at¢#. I )o I .cycloo 
I~mowdtth h~'ar&~D'h~te, I Ni { cd( MeO ~ :ahv~ } I 

Yield 62,8~,, ~ ( 200 MHz; CDCI~) 1,84 ( 2 H, m ), 2,5 I 
(2 H. t), 2.64 (2 H, t). 2.68 (3 H, s), 3.20 (2 H. t), 3.47 (2 
H,t), 3,71 (3 H,s, OCH~),3.76 (3 H,s, OCH~),5,61 (I H, 
s), 5.96 ( I H, s) and 8.10 ( ! H, s, CH-N)  (Found: C, 49,4: 
H, 4.95: N, 6.28: S, I ~,0%. C~H~N~O~S~Ni requires C, 49,5: 
H, 5.07: N, 6,41: S, 143%). 

2,3,2,6. Nickel l methyl.2- l N.12.f S'.medu~y.2' . 
I#Wmdate )erhyli~.~em'trilo letltvl }am#rote#. I ), I.cyclo. 
petlteNedlthi~,aebc~ylate, i Nif cdMeMeOsale, } I 

Yield 77,7%, ~l (200 MHz; CDCI,) 1.84 (2 H, m), 2.41 
( 3 H, s ), 2,44 ( 2 H, t ), 2,63 ( 2 H, t ), 2,67 ( 3 H, s ), 3.20 ( 2 
H, t), 3,52 (2 H, t), 3,73 (3 H, s, OCH~) and 6.80-6,86 (3 
H, m) (Found: C, 50.9, H, 5.30; N, 6.46; S, 15.2~. 
C~H~,_,N~,O~S,Ni r~luires C, 51,3; H, 5.74; N, 6.65; S, 
15.2~), 

2,3,2, 7, Nickel(methyl.2. { Nd2.f 3',5'.dichhm~.2'. 
phe~olate #m, th ylidywee~litrilo /ethyl l m,#Bat~#~ I). I-cycle. 
IW, towd#kiocarhc~.late, I Nif cdCl :a le ,  ) l 

Yield 98,O~, ~1 ( 300 MHz; CDCI~) 1,84 (2 H, m), 2,55- 
2.69 (4 H, m), 2,63 (3 H, s), 3,33 (2 H, t ), 3.67 (2 H, t ), 
7,40 (I H, s), 7,43 (I H, s) and 8.28 (I H, s, CHIN)  

(Found: C, 42.9; H, 3.99, N, 6.15; S, 14.2%. C~H~- 
N:OS2CI.,Ni requires C, 43.1; H, 4.07, N, 6.28; S, 14.4%). 

2.3. 2. 8. Nickel{ methyl-2- { N-12-(2'-naphtholate )- 
methylidynenitrilo /ethyl ]aminato(- !)- l-crclopentene- 
dithiocarbo.~,late, [ Ni( cdnapen ) ] 

Yield 71.0%. 6, (200 MHz; CDCI~) 1.84 (2 H, m), 2.51 
(2 H, t), 2.64 (2 H, t), 2.69 (3 H, s), 3.26 (2 H, t), 3.65 (2 
H, t), 6.98 ( ! H, d), 7,24 ( 1 H, t), 7AO ( ! H, t), 7.52-7.63 
(2 H, m), 7.84 ( ! H, d) and 8.57 ( 1 H, s, CH-N) (Found: 
C, 55.9; H, 5.68; N, 6.36; S, 15.3%. C2oH2oN2OS2Ni requires 
C, 56.2; H, 5,98; N, 6.56; S, 15.0%). 

2.3.2.9. Nickel { methyl-2-{ N-12-(2'-naphthohm, )- 
ethylMynenitrilo lethyl } aminato(. I )- I ,cyclopentem,- 
dithiocarbo.¢ylate, I Nif cdMenapen ) I 

Yield 77.3%. 6u (200 MHz: CDCI~) 1.83 (2 H, m), 2.50 
(2 H, t), 2.60 (3 H, s), 2.64 (2 H, t), 2.68 (3 H, s), 3.22 (2 
H, t), 3.72 (2 H, t ) ,6.96(I  H,d),7.19 (I H,t),7.35 (I H, 
t), 7.45-7.55 (2 H, m) and 7.62 ( I H, d) (Found: C, 56.7; 
H, 5.29; N, 6.19; S, 14.5%. C,~H::N,OS,Ni requires C, 57.2; 
H, 5.48; N, 6.35; S, 15.0%). 

2.4. Chemical reduction of the nickelf fl) comph..ves 

Typically the chemical reduction of the nickel(!!) com- 
plexes was performed by adding 5.0 g of sodium amalgam 
( I% w/w Na/Hg) to IO cm '~ of solutions = I x l0 ~'~ tool 
dm= ~ of the desired nickel( I! ) complex in dmf, using strictly 
anaerobic conditions. 

2,5, ('~;vsutlh~grcq~hy 

2.5. I. Xoray dam collectim# and rechwtio, 
Green needles of [Ni(cdMeOsalen)].0.5(p.dioxane) 

were I'ormed by slow evaporation of a p-dioxane/dichloro- 
methane solution. The crystal-cell dimension determination 
and data collection were performed on a STOE-IPDS dif- 
fractometer, u~ing Mo Kct radiation (A:0.71073 A), at 
293 K. A summary of crystal data, experimental details and 
refinement results are listed in Table I. 

2.6. Smwmre sohahm mul r~lim,ment 

The structure at" [ Ni(cdMeOsalen) 1.0.5(p-dioxane) was 
solved with SHELXS-86 113] program by direct methods 
and the atomic positional and thermal parameters (anise- 
tropic non-hydrogen atoms, except CI8 and C i9) were 

F-" relined by I'ull-m;~tdx least-squares on with SHELXL-93 
1141. As the solvent molecule is disordered the atoms CI8 
and C19 were refined isotropically, and 03  was relined ani- 
sotropically, Hydrogen.atom positions were calculated by 
idealized positions, except for hydrogen bonded to C7, which 
was located from the difference Fourier map. Atomic scat- 
teeing factors were from International Tables for X-ray Crys- 
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Table I 
Crystal data, data-collection and structure-refinement parameters of  
[ Ni( cdMeOsalen ) I" 0.5 p-dioxane 

Cryslal shape 
Chemical formula 
Formula weight 
Crystal system 
Space group 
Unit-cell dimensions 
a (A,) 
~,~,~ 
c ( A )  
(~(o) 
#(o )  
~(° )  
Volume ol' unit cell (/~' ) 
Z 
Density ( talc, ) ( g c111 ~) 
F( 000 ) 
Absorption coeflicient ( c i r .  ' ) 
O range for data collection ( ° ) 
Range of  h, t~, I 

Rellect.ans collected 
Independent relleclions 
Data/restraints/parameters 
Goodness-ol:lit o11 F: t, 
Final R indices I I >  2~r(l) I" 
R indices ( all data ) 
Absolute structure paranleter 
Exlinclion coefficient 
I.argest dilT peak and hole I e A ' 1 

prismatic needle 
C,,,H,.~N,NiO~S. 
451.2 I 
or thorhombic  
P2~2,2 

11.417(3) 
13,883(4) 
12.769( 3 ) 
90 
90 
9O 
2023.9( 9 ) 
4 
1.48 I 
944 
11.62 
5.01-28.27 
- 15--* 13, - 1 8 ~  18, 
- 1 6 ~ 1 6  
14598 
4905 (R , ,  = 0.08(W I 
4 6 4 1 / 0 / 2 3 9  
1.043 
RI = 0,0569, u'R: = O. 14~ I 
R. = 0,07fl7, wR: = 0.1823 
- 0,02( 2 ) 

0.046( fl ) 
0.586 and - 0,701 

" r  ~ ( ~ II I.',, I = I I" ,  II ) / U I I.',, I: . . e  = I ( ~ . ' (  I.~," - I . :" ) " / (  ~1.~," ) ~ I ' : .  
I, I ( ~Wl I:,(" = I;', : ) ~/t t! = p)  j l ~', tl is the nU,llher of  rell¢¢liOll,~ and p Ihi., 

lltllllbL'r of I'~lJlled pal'antelcrs, 

tallogt'aphy 1151 and i nu lecu la r  graphics Ii'om SCt-IAKAL 
I till. 

3 .  Resulls a n d  diseussion 

Methyl-2- I N-(2'.atninoethane) }-amino- l - c y c l o p e n t e n e -  
dithiocarboxylate is a convenient starting material for the 
synthesis of asymmetric ligands containing N.,SO coordin:t- 
lion spheres. Schiff base condensation of the methyl-dithio- 
carboxylate ester with several substituted salicylaldehydes 
yields the desired ligand in a l'acile maimer and with high 
yields. 

Nickel( !i ) complexes ol '  the ligands depicted in Scheme I 
have been prepared and char,'lcterized by the usual methods: 
elemental analysis, NMR and absorption electronic spectros- 
copy in Nujol mulls and dmf solutions. 

3. i. Molecuhu" slrllcltlre 

The molecular structure of I Ni(cdMeOsalen) 1.0,5(p- 
dioxane) is shown in Fig. I, in conjunction with the num- 
bering scheme used. Relevant bond lengths, bond angles, 
deviations from best coordination phme and dihedr:d :ingles 

Fig. I. Molecular structure of  [ Ni( cdMeOsalen ) i silowing the atom num- 
bering scheme. 

between ONiN and SNiN planes are given in Table 2. Full 
lists of bond lengths, bond angles and anisotropic displace- 
men( parameters are available as supplementary material. 

The compound crystallizes in the space group P212,2 
(orthorhombic symmetry), with an asymmetric unit consti- 
tuted by a molecule of complex and half molecule of p- 
dioxane. The complex has a N2OS coordination sphere, with 
the two nitrogens coordinated in a cis configuration. The 
coordination around nickel is essentially square-planar with 
a small tetrahednd distortion (dihedral angle of 11.S! ° 
between coordination planes NNiO and NNiS). The ligand 
is not planar, adopting a distorted umbrella conformation, 
and the dimethylene bridge shows a &twisted conformation, 
with C8 and C9 displaced by 0.271 and -0.451 ,,~, respec- 
tively, f r o m  the least-squares NiN,OS plane. 

Bond lengths and bond angles of the present complex are 
similar to those reported for the related complexes 
I Ni(salen) ! 1171 and INi(cd~,en) I 1181. with the only sig- 
nilicanI differences occu r r i t l g  in Ihe metal~ligand distances: 
Ni-N and Ni-O bond lenglhs are 0.014).03 A longer than in 
I Ni(salen) I and in I Ni(cd,en) l, while the Ni=S bond length 
is 0.015 A shorter than in I Ni( cd=,en ) l. A similar pauem was 
reported I'or the asymmetric complexes I Ni(cdsalen) I 1191 
and I Ni( cdnapen ) I 1201. in addition, bond lenglhs and bond 
angles wilhin the ligand are indicative ot' a slrong delocali° 
zation ot' fr-electron density in both NO and NS six-tnem- 
bered chelate rings, suggesting that the dithioesler fragment 
behaves essentially as a SchilT base ligand, coordinating via 
an imine nitrogen and a thiolale sulphur. 

Molecular structures ot' INi(cdsalen)l 1191 and 
I Ni( cdnapen ) I 1201 have been determined at.d may be com- 
pared with the structure o1' I Ni(cdMeOs:den)l. Some 
selecled structural parameters for the three related complexes 
are collected in Table 2. The most striking difl'wence lies in 
the extent of tetrahedral distortion, which is more pronounced 
in the present complex than in the other two. which have an 
almost phmar structure. Bond lengths and bond angles are 
ahnost independent of the diKerenl NO fragments, although 
the Ni-S bond length is slightly longer in J Ni( cdsalen ) I, 

3.2. Ele('trol~ic speclru 

The electronic spectra ot'the nickel( I! ) complexes in Nujol 
mulls and in dmf are similar and show one bro:ld low-energy 
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Table 2 
~leck-'d bond lengths (A)  and bond angles (°) for I Ni(cd~len) l. [ Ni(cdMeOsalen) ] and [ Ni(cdnapen) I " 

Complex i Ni(¢d~len ) I [ Ni(cdMeOsalen) I I Ni(cdnapen) I (A)  I Ni(cdnapen) i ( B ) 

NiI-OI 1.860(4) 1.863(3) !.853(2) 1.851 (2) 
Ni I-N2 1.867( 5 ) 1.867(4) 1.863(3) 1.864(3 ) 
NiI-N I 1.872(5) 1.871 (3) 1.856(31 !.859(3 ) 
Nil--S I 2.163(31 2.1552(12) 2.156(2) 2.154(2) 
$1-CI5 1.725(6) 1.709(5) !.707(41 1.709(4) 
OI..421 1.311(71 !.297(51 1.308(4) 1.298(4) 
NI-C7 1.295(71 1.289(6) !.298(41 1.303(4) 
N2-CI0 1.313(7) 1.294(61 !.313(4) 1.315(4) 

Bond angl¢~ 

Ol=Ni I=N I 94.0(2) 93. I (2) 92.7(2) 92.5 ( I ) 
N2-Ni I -N i 86.3(2) 87.1(21 87.2( I ) 87.4( I ) 
O l=Ni I=S I 81.9( 2 ) 83.23( !01 82.29( 8 ) 82.49( 8 ) 
N2-Ni I -SI  98.0(2) 97.86( I I ) 97,8( I ) 97,6( I ) 
OI-N i l  =N2 178, I ( 2 ) i 72.6(2) 179,6( I ) 179,4( I ) 
N I-NiI.-SI 174.09( 141 169.32( 131 175.00(91 174.98(91 

Dihedral angle between O I -Ni  I - N I  and S I -N i  l -N2  planes 

(v 4.40(17) ! !.81(6) 

Deviations from least-~uares Ni=N I-N2-O I -S I coordination plane 

4.71(401 5,18(17) 

Ni l  0.021 ( 2 ) 0,025 ( 2 ) - 0.(X)27 (4) - 0,0032 ( 4 ) 
N I = 0,055( 21 - O, 156( 21 - 0,0056(27) = 0,0064( 291 
N2 0.049( 2 ) 0. 139( 2 ) 0,0049( 27 ) 0.(X)57( 281 
O I 0.0M ( 2 ) 0,152 ( 2 ) 0,0054 ( 25 ) 0.0063 ( 26 ) 
SI = 0.048( 21 =0.135(21 - 0.0048( I I ) - 0.0055( I I ) 
C8 =0,2~8(81 0,271(61 
( ~  0,249(81 ==0,451(7| 

"Par, meler~ for I N~( cd~,len I I and I Ni(¢dnapen) I obltdned respectively ihm~ Rel~. 1191 and I =~01. I NIt cdn.q~n ) I conl~dn~ two crysl,llo~r¢qdd¢ indel~nden! 
~tole~ule~, he~ rcl'~rtod Io a~ )~,~Io~,le~ A and B. 

It,~nd m~lma of Ih~ UVtVt~INIR .~l~Clr~t of the nickel( II 1 con~pl~e~ ~ 

Comple~ Alnm (~i~)1 ~ din' cm ' ) 

dml' Nujol 

1 Nit cdsalen) I 407,7 ( 3,87 x 
I Ni(cdMe~len ) I 409.0 ( 3.02 x 
I Ni(cdMeOsalen ) I 416.5 ( 3,75 x 
I Nil cdMe~salen ) I 417,9 ( 3,,~9 x 
I Nit cd(MeO)~ len ) I 379,5 ( 2,40 × 
I Ni(cdMeMeO~len ) I 413,2 ( 3,46 x 
I Ni(cdCl=~len) I 405,3 ( 3,38 x 
I Ni{cdnapen) I 418,2 (4,35 x 
I Ni(cdMenapen ) I 
INi(cd~en) I ' 
IN i (~ len)  I "  

10~); 428,1 (2.58 X 10~); 461.4 (2.34 x 10~); 606.8 ( 101 ) 
10~); 428,1 ( 1~Sx  I0~): 469,5 (9.24 X I(1='): 606.1(125) 
10'); 430.$ ~ 2. (~x I0~); 466,9 (8.4~ x I0" ); 613.9 (97) 
I(P); 431.8 ( 1.80× 10~); 469.0 (6.73 X 10;); 607.9 ( 1611 
10~); 419.1 (4.52 × 10~);473.0 ~ 1.41 x 10'): 601.3 (110) 
10~); 436,9 ( 2,7.'i X I0~); 466.0 (2 ,48× I(1~): 615.0 (183) 
10 ~ ); 428.4 ( 1.97 X 10 ~ ); 466.0 ( 2.82 × I(P ); 609.8 ( 1041 
10~), 434,4 (3,12 x I(P); 465,8 (2.01 x I0~): fd)3.9 ( 1471 

400.3 (4.06 x IO ~ ): 4~',7 (4.06 × I0~): 436.2 (3.04 x I(P): 5~).2 (293) 
420 (4.~0 x 10~): 442 (6.50 x I(P): 478 (4.(W) X I0 ' ) :  6~8 (130) 
.qi~) (4.36X 10~): 40.~ (?.17 x I(P), 440 ( 3.86 x I0~); 540 (230) 

434.8: 486.8; 621.9 
435.9: 483.6:612.7 
4331~ 473.3:628.1 
407.?: 442.5; 612 
431.6; 454.5: 475.0; 397.7 
419.3: 448.8: 483.1; 621.5 
451 ": 480 ": 511 ": 6117.5 
441.1; 481 0,: 509 ~': 613.1 
411.2: 438.6: 471.~: ~89.6 
452.5:641 
370: 410: 430:540 

Molarexti~Utm cocfhcicms ar~ ,~hown in bracke~, in tool ~ dm ~ c m  ~, 
Inflation. 

' O h l a i ~  from Ref. I ~ I. 
~ a i n c d  f~m ReE I ~ I. 

band at A ~ 599=615  nm, f o l l o w e d  by  ,~vera l  h igh - in tens i t y  

bands at higher energy, Band maxima and calculated 
extinction ~ f f i c i e n t s  arc pre,~nted in Table 3, 

The low-energy band is typical o f d - d  transitions in square- 
planar nickel( l l )  complexes with mixed coordination 
spheres containing nitrogen and sulphur atoms 121], sug- 
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gesting that all the nickel(Ill complexes studied remain 
approximately square-planar, even in strong donor solvents. 
This is in accordance with the tH NMR spectra obtained in 
dT-dmf, CD~CN and CDCI3, which show that the complexes 
are diamagnetic in these solvents; only minor differences 
between the spectra of the complexes and of the free proli- 
gands are observed. Consequently, coordination of solvent 
molecules is very weak or non-existent. 

The three bands observed in the region 470--400 nm are 
probably due to S-N( and O-N( LMCT transitions, and occur 
at energies similar to those found for the corresponding 
symmetric nickel(Ill complexes [Ni(cd2en)] I91 and 
[ Ni (salen) 1 181 ( Table 3 ). 

Analysis of the results presented in Table 3 shows that the 
positions of the d--d and LMCT bands are not very sensitive 
to the different substituents of the ligand, and may not be 
directly related to the electron donor/accepter ability of the 
substituent. This behaviour has been observed tbr square- 
planar copper(11) complexes and was explained by the pos- 
s'~ble existence of both electronic and structural effects 
induced by the substituents, which may have opposite effects 
1221. Comparison of the molecular structure of [Ni(cd- 
salen)] 1191, and INi(cdMeOsalen)l shows that, for the 
asymmetrical complexes reported here, introduction of sub- 
stituents in the phenolate ring may induce different tetrahe- 
dral distortions, which may be opposite to the electronic 
substituent effect. Consequently, and in the absence of struc- 
tural data for all the complexes, it is not possible to rationalize 
the small differences in band position for all the nickel(ii) 
complexes studied, 

3.3. Cyclic t'ollammt, tt 3, 

The voltammetric hehaviour of the nickel( II ) complexes 
and the parent ligands was studied in dmf solutions in the 
potential range + 1.4 to ~ 2.1 V and selected results are 
summarized in Table 4. 

4/ 
+i.s +i.o +~.s +~.o -d.s -i.o -i.s S.0 -i.5 E,v 

Fig, 2. Cyclic voltammograms of the following solutions: (a) I mM 
H.~cdsalen and 0.1 M T B A P  in dmf: ( b )  I mM  [ N i ( c d s a l e n ) !  and 0,1 M 

T B A P  in dmf;  employ ing  a scan rate o f  200 mV s ~ at a plat inum electrode 

vs. Ag /AgCI  re ference  electrode.  

3.3.1. Ligands 
A typical voltammogram of the l igands studied is presented 

in Fig. 2. At potentials ranging from + 0.98 to + 1.24 V one 
anodic wave is observed (wave !), corresponding to a totally 
irreversible charge transfer. Coupled with this anodic wave. 
one cathodic wave of lower intensity at potentials - I. i to 

- 1.2 V (wave 11) is seen in the reverse scan, except for 
H.,cdCI,salen which shows two coupled cathodic waves at 

- 0.6 and at - 1.6 V. Multiple scanning in the potential range 
+ 1.4 to - 1.8 V shows that the voltammetric waves are not 
repeatable, and that current intensities decrease in subsequent 
cycles. This behaviour is also found in several mercaptans, 
and has been attributed to the oxidation of the thiol group to 
the corresponding disulphide, for which the peak at = I. ! V 
has been ascribed to the reduction of the disulphide to the 
corresponding thiolate [ 23 I. The decrease in current intensity 
may be explained by a slow decomposition reaction involving 
the disulphide species, yielding a solid product that deposits 
at the electrode surface, as is detected by electrode Ibuling at 
the end of the voltammetric experiments. 

Cyclic voltammograms obtained in the potential range 
+0.2 to ~ 2.1 V show one iil-deiined cathodic wave at 
approximately -2 .0  V, except for H.~cdnapen and 
H.~cdMenapen, the voltammograms of which show two con. 

Table  4 
Vol tammetr ic  parameters  ohtained Ibr the nickel(  it ) c o m p l e x e s "  

Complex Et,,,( I ) Et,,( !1 ) E~,,. ( ! ! i  ) E,,,; ( IV ) Et,.,( IV ) E) ,.,( IV ) A E( IV ) i),.,/i), ( IV ) 

Ni(cdsa l en )  I + 0 . 8 7  - 0 . 9 4  

N l ( c d M e s a l e n  ) I + 0.88 - 0.92 

Ni(cdMeOsalen I ] + 0.92 - 0.50 
Nit cdMe~salen ) I + 11.82 ~ 0.581 - 0,84 

N i l c d ( M e O ) 2 s a l e n }  I + 0 . 8 8  - 0 . 8 6  

Nil  c d M e M e O s a l e n  ) I + (1.81 - 0.85 

Ni (cdCl2sa len)  I + 0 . 9 4  ~ 0 . 8 7  

N i ( c d n a p e n )  I +(I .97 - 0 . 9 5  

Nil cdMenapen  ) ] + 0.90 ~ 0.95 

N i ( c d : e n  I I + 11.78 

.08 ~ 1.693 ~ 1.605 

.04 - 1.691 ~ 1.613 

.14 - I.¢D(X) - ! .515 

.24 - 1.715 - 1.630 

.02 - 1.670 - 1.580 

. 18 - 1.706 - 1.62 I 

.22 ,- 1.480 - 1,391) 

,35 ~ 1.643 - 1.550 

.25 - 1.663 ~ 1.573 

- 1.604 - 1.524 

= ,652 

- .558 

- .672 

- .o25 

- .664 

- 1.435 

1.600 

= 1.618 

- 1.564 

0,088 ¢)98 

0,078 O,97 

0.t)85 0,90 

O.OS5 0.95 
(J.OQ{J O,S L) 

0.085 0,95 

0 .090 0.77 

0,087 O.~h 
0.090 0))4 

0.080 0.~;4 

a Potentials  repor ted in V. relative to A g / A g C I  ( I tool d m -  ~ NaCI ) re ference  electrode and cor rec ' ed  to the F t ' / F c  couple ( E j , :  = 0.485 V )'. E),~ was taken 

as (E~. + Ep, ,) /2;  it,,,: it,. values were basel ine corrected.  
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.~*¢utive cathodic waves. In the reverse scan one anodic wave 
m m 0+0 V is ~ + ~ ,  with a current intensity of approxi- 
ma~ly ~ of th~ of the cathodic peak. with the exception 
of H;cd( MeO),salen, H~cdMeMeOsalen and H,cdCI2salen, 
for which no anodic wave is detected. Cyclic voltammogmms 
~ n e d  for H.,ed.,en and other related ligands containing 

methyl-2-aminocyc~tenedithiocmboxylate fragment 
:~tow a reduction behaviour similar to ~ present ligands 
( ~  .qq)plementary material), in c o n t ~  to Hzsakn and 
substituled derivatives, which do not show any reduction 
wave before solvent di~harge. Thus. ~ cathodic wave 
observed may be assigned to the reducti~ of the methyl-2- 
aminocyclopenlenedHhiocarboxylate fragment, 

a decrease of E./2 values of = 0.07 V. Secondly, introduction 
of electron-acceptor substituents also results in more positive 
Et/2 values Ibr the Ni"/Ni t process. This effect is even more 
pronounced than the observed stabilization of the nickel(1) 
complexes when the oxygen donor is replaced by a sulphur 
in the coordination sphere of the complex. As an example, 
Et/2 for [Ni(cdCi2salen) I is 0.21 V more positive than tbr 
I Ni(cdsalen) I. Finally, an increase of the aromatic character 
of the ligand also results in a relative stabilization of the + I 
oxidation state of nickel, but this effect is less important as 
can be seen by noting that substitution of the phenolate ring 
by a naphtholate ring {[Ni(cdRsalen)] versus [Ni(cdR- 
napen) ! I only increases the E~/2 value by ~ 0.05 V. 

3.3.2. Nickelf ll) complexes 
The ox~t ion  behaviour is similar to that observed for the 

ligands, but with E~. values 0.2 to 0.4 V more negative than 
for the ~ p o n d i n g  free ligands ( Fig. 2). Similarly. after 
~veral voltammetric cycles a solid pro)duct is deposited at 
the surface of the electrode. This observation suggests that 
the oxi~ ion  of the~ nickel( ll ) complexes is a l i g a n d - ~  
process that leads to decom~it ion of the complex, The same 
type of elec~rochemicral bbehaviour was ob~rved for 
INi (cd~n) l  19], but is in contrast to the behaviour of 
nickel(ll) complexes with Schiff ba.~s derived from ~l i -  
cylaldehyde and naphthaldehyde, which show a reversible 
one-electron oxidation p ro~s  with the formation of 
nickel(III) complexes 18,24 I, 

The cyclic vol~mmograms obtain~ in the potential range 
0.0 to = 2, I V are indicative of a reversible heterogeneous 
electron transfer occurring at potentials in the range = 1.44 
to = 1,67 V (Fig, 2). The cathodic---anodi~: peak ~paration 
is comparable to thai ob~rved for the FC* IFc couple under 
the ~me experimental conditions, Sludy of the dependence 
of the voll~metric parameters with scan rate i .  the interval 
10~00 mV s: ~ shows: (a) a linear relationship of i~,.r~' with 
e,~'~, and (b) a small dependence of ~r~,~ with ~an rate 
( £ ~  is propmlional to ip,,~, ) that may be attributed solely 
to ohmic potential drop due to the high resistance of the 
~lvent used. The ratios i~,li~ are clo,~ to unity, except for 
I Ni(,zdCl~lpd) I, which exhibits i~lip,~ ratios always less 
than 0,8, This latter beheviour may be explained by additional 
errors involved in the determination of anodic peak currents, 
d ~  to the proximity of the cathodic wave as,~iated with 
ligand reduction, EPR spectra of the electrochemically 
reduced solutions ,',;how that the redox process corresponds in 
all cases to a Ni"/Ni '  conversion ( ~ Section 3,4), 

Cyclic vol~mmograms of I Nit salen) I and I Ni(cd~,en) I 
,~olutions in dmf/TBAP 0, I real dm ~ were also recorded in 
the interval 0,0 to - 2, I V and for both complexes a reversible 
redox ~ s  is observed with/:'~ ~ values of ~ 1,70 and 
- I , ~  V, r e ~ t i v e l y ,  in agreement with previously 
repo.od values 19,2~ I, 

Our data ~ggest that there are three factors that contribute 
to the m ,~ ib i l i t y  of the + I oxidation slate for nickel. First, 
substitution of phenolate by ,~her thiolate donors results in 

3.4. EPR qf eleclr~'hemically and dwmically re~hr'ed 
solutions ~!f the nk'kel( ll ) comple.~es 

Electrochemical reduction of nickel(II) complexes in dmf 
was followed by coulometry, under strictly anaerobic con- 
ditions and using previously dried solvents. Total charge at 
the end of the electrolysis corresponds, in all cases, to one- 
electron reductions ofthe nickel(!!) complexes. During dec- 
trolysis, the solutions turn from light green to dark green or 
blue, and the new solutions exhibit a broad EPR signal, at 
room temperature, with g,,,, = 2.12, thus confirming that the 
reduoion occurs at the metal centre (Fig. 3). Chemical 
reduction using NatHg amalgam yields solutions with iden- 
tical EPR Sl~Ctra, 

Frozen-solution EPR spectra exhibit a rhombic signal 
(Table 5. FiB. 3). with ,l~l ~ ' 9 ~ g .  typical of nickel(I) 
~omplexes with a d,~ ,~ or a d,, ground state 12{~301. In the 
hishotield region of the spectra, hyperline coupling with two 
musnelically equivalent nitrogen nuclei I'~N, I~  I) is 
ob~rv~,  in accordance with the similarity between the two 
nitrogen donor atoms revealed in the molecular structures of 
these complexes 119,20 I. 

EPR spectra of the nickel( ! ) complexes show a signilicant 
dependence of the g values with the c(~L~rdination sphere of 
the ligand, with a reduction ofg values with increasing num- 
ber of sulphur atoms in the c(~wdination sphere of the com- 
plexes, but are almost independent of the substituents of the 
ligand. 

: = ~  (b) 

Fig. 3. EPR .,~.'ctra of an eh.'cm~:~mically r~duced solution of [Ni(cd- 
~5:n) I in dmf ( a ) at ambient leml~rature and ( b ) at 77 K. 
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Table 5 
Experimemal EPR parameters for the nickel( I ) complexes ' 

Complex g I g 2 g ~ g,~,i guwd A • ( N ) A ,( N ) 

I Ni(cdsalen ) I 2.238 2.086 2.04 1 2.122 9.5 IO.2 
I Nl(cdMesalen ) I 2.243 2.081 2.042 2.122 8.0 9.8 
I Ni ( cdMeOsalen ) I 2.237 2,087 2.044 2.123 i 1.5 
I Nit c&Me~len ) I 2.244 2.080 2.043 2. ! 22 9.0 9.3 
I Ni{ cd(MeOt:salen } I 2.238 2.086 2.043 2. i 22 ! 1.5 
[ Nit  cdMeMeOsalen ) ] 2.243 2.081 2.042 2.122 9.0 9.3 
I Ni(cdCl,salen) I 2.240 2.088 2.041 2. ! 23 9.0 9.9 
I Nit cdnapen ) I 2.238 2.085 2.040 2.121 9.5 9.8 
I Ni(cdMenapen ) I 2.235 2.079 2.042 2.119 8.0 
I Ni(cd.~en ) I 2.208 2.070 2.046 2.108 7.0 
I Ni( salen ) ] (' 2.250 2.081 2.040 2.124 

"Hyperline couplin 8 conslanls in 10 4 cm ' 
~' Values from Rel" 125 I. 

4. Conclusions 

The nickel(!!) complexes synthesized in this work were 
shown to have a mixed donor N2OS coordination sphere with 
an approximate square-planar geometry. Cyclic voltammetric 
studies revealed that in the potential range studied the 
nickel( !1 ) complexes may be oxidized and reduced, but while 
the reduction process occu~ at the metal centre and yields 
nickel( I ) complexes, the oxidation is probably ligand based. 

Spectroscopic characterization of the complexes in solid 
and in solution shows that the st=ucture of the complexes 
remains essentially unaltered, even in strong coordinating 
solvents. Another aspect to be stressed is the relative insen- 
sitivity of the spectroscopic characteristics el'both nickel(II) 
,nd nickel(i) complexes to substituents on the salicylate 
t ' ra~mei)ts,  in contrast to what is observed I'or the reduction 
potentials. Since the spectroscopic properties el' the metal 
complexes are expected to be highly dependent on the energy 
of the metal orbital involved in or-interaction with the ligands, 
these results imply that the dependence o1' reduction poten- 
tials on substituents is related either to the ~acceptor ability 
of the ligand and/or to a tetrahedral distortion of the 
nickel(!!) complex. Comparing X-ray diffraction and vol- 
tammetric results for the present complexes, it is apparent 
that both factors must be important in the stabilization of the 
+1 oxidation state for nickel: (a) [Ni(cdsalen)i and 
i Ni(cdnapen) ] show similar tetrahedral distortions, but the 
latter is reduced at more positive potentials, as expected from 
its higher "n' accepter ability; ( b } { Ni(cdMeOsalen) I. which 
has a more pronounced tetrahedral distortion than 
[ Ni(cdsalen ) I. is more easily reduced, although the electron- 
donor ability o1' the substituent would have predicted a more 
negative reduction potential for the former complex. 

Voltammetric data suggest that the replacement of oxygen 
by sulphur atoms stabilizes the + I oxidation state for nickel. 
For the three non-substituted complexes INi(salen)l, 
[Ni(cdsalen)l and INi(cdaen)} there is an increase of 
= 0.07 V in E,/2 for the reduction process by each oxygen 
that is replaced by a sulphur in the coordination sphere. 

Although it is currently accepted that thiolate l igands stabilize 
high oxidation states for metal ions, low oxidation states are 
expected to be unstabilized by this kind of ligand 131.32]. 
Nevertheless. in ligands like those we report here and that 
exhibit a strong lr delocalization, it is possible that sulphur 
may act as a strong donor towards metal ions in high oxidation 
states, and as a rr-acceptor towards metal ions in low oxida- 
tion states. 

.';. Supplementary material 

Lists of observed and calculated structure factors, complete 
bond distances and angles, anisotropic thermal parameter,,~ 
t'or the non.hydrogen atoms, hydrogen atoms parameters and 
cyclic voltammetry data t'or the ligands are available t'rom 
the authors on request, 
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