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Binuclear and Trinuclear Nitrato-complexes of Copper(i1) and Nickel(i1) 
with Bidentate Schiff Bases 
By J. 0. Miners and E. Sinn,"t Chemistry Department, Victoria University of Wellington, New Zealand 

R. B. Coles and C. M. Harris, School of Chemistry, University of New South Wales, Kensington 2033, 
Australia 

The reaction of copper(l1) and nickel(i1) N-alkylsalicylaldimine complexes with copper(1i) and nickel ( 1 1 )  nitrate 
respectively, results in a series of binuclear copper(ii) and trinuclear nickel(ii) complexes. The copper complexes 
exhibit strong pairwise antiferromagnetic interactions and are assigned an approximately planar structure with co- 
ordinated nitrato-groups. The nickel complexes show no strong exchange interactions, but they appear to be 
weakly ferromagnetic. The proposed structure for these complexes contains a central octahedral nickel bonded to 
two nitrato-groups and two pseudo-tetrahedral nickel atoms. The nitrato-group behaves like a halogen in the 
copper complexes, but there is  no halogen analogue of the nickel complexes. 

BINUCLEAR and trinuclear complexes of copper(11) with 
Schiff base ligands are readily formed by reacting mono- 
meric copper Schiff base complexes (CuL or CuL,) with 
copper (11) salts CUX,.~ Binuclear complexes have been 
isolated in cases where X is a good donor atom (C1 or Br) 
and L a bidentate or tetradentate ligand,2,3 and tri- 
nuclear complexes were obtained when X is anionic and 
L tetra~lentate.~ The postulated structures of some 
of these complexes were subsequently confirmed by 
single-crystal X-ray ~ t u d i e s . ~ - ~  

The properties of nickel@) Schiff base complexes some- 
times resemble those of their copper(u)  analogue^.^ Thus 
nickel@) analogues of the bi- and tri-nuclear copper(11) 
complexes with tetradentate L are readily formed, but for 
bidentate L, nickel analogues of the binuclear [CuLX], 
(X = C1 or Br) have not been isolated in the solid state.* 

Here we examine and compare the products of the 
reaction of bidentate copper(I1) and nickel@) Schiff 
base complexes with the metal nitrates. 

EXPERIMENTAL 

The monomeric copper(I1) and nickel(I1) salicylaldimine 
complexes were prepared by literature  method^.^ 

Nitrato (N-methy ZsaZicy ZaZdiminato) copper (11) Monohydrate. 
-Bis(N-methylsalicylaldiminato)copper(11) (4 g) dissolved 
in a minimum of methanol was reacted with a slight excess 
of copper(I1) nitrate pentahydrate (3 g) in methanol (40 ml) 
and the volume of the resulting solution reduced slightly 
using a rotary evaporator. Small green crystals formed 
after one day (Found: C, 36.1; H, 3.4; N, 10.2. C&.1,- 
Cu,N,O, requires C, 35.8; H, 3.4; N, 10.4%). 

Nitrato (N-methylsalicylaldiminato) copper (11) .- Bis (N- 
rnethylsalicylaldiminato)copper(II) (5 g) in chloroform (100 
ml) was added to copper(I1) nitrate pentahydrate (2 g )  in 
ethanol (20 ml) and the volume reduced to 50 ml. The 
product formed as fine green crystals (Found: C, 36-8; 
H, 3.1; N, 10.4. C,,H,,Cu,N,O, requires C, 37.0; H, 3.1; 
N, 10.8%). 

Nitrato (N-ethyZsa1icyZaZdiminato)copper (11) .- Bis(N-ethyl- 
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salicylaldiminato)copper(II) (5.5 g) in a minimum of meth- 
anol was mixed with a slight excess of copper(11) nitrate 
pentahydrate (4 g) in methanol (50 ml) and the solution was 
allowed to stand overnight. The volume of the resulting 
solution was then reduced to ca. 50 ml using a rotary evap- 
orator and after a few days the product formed as a dark 
green crystalline material (Found: C, 39-3; H, 3.8; N, 
9.9. 
Nitrato(N-n-propylsalicyZaZdiminato)copper(Ir) Monohydr- 

ate.-The above reaction was repeated using bis( N-n-propyl- 
salicylaldiminato)copper(n) (6-4 g) and copper(I1) nitrate 
pentahydrate (3.9 8). The product formed as a green 
powder after several hours (Found: C, 40.4; H, 4-5; N, 
8.9. C20H,,Cu2N,0, requires C, 40-5; H, 4.4; N, 9.4%). 

Nitrato (N-iso-butylsalicylaldinzinato) copper (11) Monohydv- 
ate.-The above reaction was repeated using bis (N-isobutyl- 
salicyla1diminato)copper (11) (7 g) and copper(I1) nitrate 
pentahydrate (4.6 g). The fine green crystalline product 
formed immediately (Found: C, 42-7; H, 5.1; N, 8-7. 
C,,H,,Cu,N,O, requires C, 42.5; H, 4.9; N, 9.00/,). 

Nitrato (N-~nethyZ-3-methoxysalicyZaldiminato) coppev (11) 
Monohydvate.-The above reaction was repeated using bis- 
(N-methyl-3-methoxysalicylaldiminato) copper ( IT) (6 g) and 
copper nitrate (4 8). The green crystalline product formed 
after several days (Found: C, 36.2; H, 4.1; N, 8-7. 
C1,H,,Cu,O,,N, requires C, 36.2; €3, 3.9; N, 9.3%). 

Nitrato (N-cyclohexy lsalicylald~nzinato) coppev (11) Monohydr- 
ate.-Bis (N-cyclohexylsalicylaldiminato) copper (11) (6 g) was 
warmed in methanol (200 ml) and small portions of chloro- 
form were added to aid dissolution. Copper(n) nitrate penta- 
hydrate (3.6 g) in methanol (50 ml) was added and the 
volume of this solution reduced to ca. 100 ml using a rotary 
evaporator. The product formed almost immediately as a 
green powder (Found: C, 46.3; H, 5.3; N, 7.8. C,,H,,- 
Cu,N,O, requires C, 46-3; H, 5.1; N, 8.3%). 

Nitrato (N-benzylsalicyZaldimi~zato)coppev(II) .- Bis(AT- 
benzylsalicylaldiminato) copper(I1) (3.5 g) was heated in 
methanol-chloroform (1 : 1) and then added to a solution of 
copper(11) nitrate pentahydrate (2.1 g) in methanol (40 ml). 
After heating for an hour the solution was allowed to stand 
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for a few days during which time the powdery green-brown 
product formed (Found: C, 50.1; H, 3.7; N, 8-1. C,,H,,- 
Cu2N,0, requires C, 50.1; H, 3-6; N, 8.3%). 

The above reaction was repeated using bis(N-methyl-5- 
chlorosalicylaldiminato) copper (11) (4.5 g) and copper (11) 

nitrate pentahydrate (3.2 g). The product formed as a light 
green powder (Found: C, 32.8; H, 2-4;  N, 9.3. C1,H,,- 
Cu2C12N,0, requires C, 32.7; H, 2.4; N, 9.5%). 

Dinitrato [bis (bis (N-ethy ZsaZicylaZdirinuto) nickeZ(~~))]nickek- 
(11) .-Bis(N-ethylsalicylaldiminato)nickel(~~) (3.5 g) was dis- 
solved in a minimum of methanol-chloroform (1 : 1) and 

Laboratory of the D.S.I.R. , Wellington. Magnetic suscepti- 
bility measurements were made by the Gouy method 394  in 
the range 77-400K. Measurements below 77 K were 

Nitrnto(N-methyZ-5-chZorosaZicyZaZdiminuto)~o~~er (11) .- made using a Foner balance.I0 Diamagnetic corrections 
were calculated from Pascal's constants. 

RESULTS AND DISCUSSION 

Synthesis.-In the case of copper(I1) , only 1 : 1 adducts 
of the type CuLpCu(N0,) 2 could be Prepared by the 
direct reactions described, and with nickel(II), only 1 : 2 
adducts of the type (NiLJ2,Ni(N0,), were formed. 

Selected infrared bands (cm-l) 
Melting point ("C) 

R R' CuL CuL,,Cu(NO,), Alcm-l 

Me H 155 192 15,000 

Me H "  188 

Et H 146 187 15,200 

(CW ZCH, H *  126 167 15,000 

Copper complexes 

CH,CH(CH,), H * 
cyclohexane H * 
CH,*C6H, H 

hle 5-C1 

RIe 3-OMe * 

Nickel coinplexes 
Et H 

A E.s.r. 
' H,O Equation (1) I , , -ONO, 

bands" band -J/cm-l g gll g l  g 

270 

270 

267 

267 

565(22) a 811sh, 1019s, 280 2.12 2.29 2.026 2.12 
1286s, 149241 

1286s, 1492sh 

1285s, 1495w 

1282s 

566(22) Slosh, 1019s, 3400 

558(17) 803m, 1018s, 83 2.14 2.35 2.058 2.16 

562(20) 807w, 1028m, 3400 350 2-20 2.32 2.018 2-12 

148 Decornp. 14,800, 1263 1565(21) 

176 190 13,500, 1265 1558(16) 

187 180 15,700 1265 1558(20) 

236 212 14,800 1268 1561(20) 

1270s 1563(22) 

12,400 

11,000 

Alcm-l, (NiL,),,Ki(N0,)3 

809W, 1028~ ,  3400 191 2.18 2.32 2.002 2.11 
1281s, 1495sh 
807m, 1004s, 3400 208 2.12 2-30 2.045 2-13 
1284s, 1402sh 

1218s, 1503sh 

1280s, 1495sh 
810m, 1015m, 3400 43 2.17 
1288s, 1498sh 

781m, 1007s, 120 2.08 2-22 2.037 2.10 

805m, lOlOs, 136 2.21 

25,000-35,000(~~), 15,300, 1270 1568(24) 806, 1020, 
85OCr-9000, 6800(w) 1290, 1505sh 
25,000-35,000(vs), 15,100, 1270 1567(23) 805, 1020, 3450 
800-9000, 6 9 0 0 ( ~ )  1290, 1505sh 

* Hydrate. 
a Shift with respect to  CuL, or NIL, in parentheses. 

then added to  nickel(I1) nitrate hexahydrate (1.5 g) in 
methanol (40 ml). The resulting solution was heated for an 
hour and left to stand for two weeks. The product formed 
as large pale green crystals (Found: C, 48.4; H, 4.5; N, 
9.5. 

Dinitrato[bis(bis (N-iso-Propy~sala'cylald~minato) nickeZ(Ir))] 
nickel(I1) Dihydrate.-The above preparation was repeated 
using bis(N-isopropylsalicylaldiminato)nickel(~~) (3.8 g). 
The product formed as a light green powder (Found: C, 
49.2; H, 5.0; N, 8-6. C,,H,,Ni,N,O,, requires C, 49-0; H, 
4.9; N, 8.6%). 

Infrared spectra were determined on Nujol and hexa- 
chlorobutadiene mulls of the compounds using a Unicam 
SP 200 and a Perkin-Elmer 221 spectrophotometer. The 
spectrum of a polystyrene film was recorded on the same 
chart as a reference to allow accurate measurements of the 
bands. Electronic spectra were determined on the solid 
compounds using a Unicani SP 700 spectrophotometer. 
E.s.r. measurements were made at  300 and 77 K on a Varian 
V4502-15 spectrometer a t  the Physics and Engineering 

C,,H40Ni,N,010 requires C, 48-3; H, 4.5; N, 9.4%). 
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When the reagents were mixed in proportions different 
to those described above, the same complexes formed in 
smaller yields, but no other compounds were isolated. 
In many cases the solid product crystallised only slowly 
from solution, although rapid and dramatic colour 
changes, especially with the nickel complexes, indicated 
that a reaction occurs and goes to  completion in the first 
few seconds after mixing the reagents. Possibly, the 
rate-determining step is the co-ordination of nitrate 
groups to bi- or tri-nuclear solution species. 

Electronic S$ectra.-The absorption bands of copper 
compounds (Table) in the visible region closely resemble 
those of the binuclear complexes (1 ; X = C1 or Br), in 
good agreement with a four-co-ordinated distorted 
planar environment about the copper 

The spectra of the nickel complexes are quite different 
from those of the parent monomeric salicylaldimines 
NiL,, in which the metal environment is intermediate 
between planar and tetrahedral, and closer to tetra- 
hedral in the isopropyl than the ethyl complex.11y12 

l 2  L. Sacconi, P. Paoletti, and M. Ciampolini, J .  Amer .  Chenz. 
SOC., 1963, 85, 411; M. R. Fox, P. L. Orioli, E. C. Lingafelter, 
and L. Sacconi, Acta Cryst., 1964, 17, 1159. 
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CuL,, NiL,, or (1 ; X = C1 or Br) indicate that the nitrate 
groups are co-ordinated.14 The hydrated complexes 
CuL,,Cu(NO,),,H,O and (NiL2),,Ni(N0,),,2H,O [R = 
CH(CH,),] also exhibit broad bands ca. 3400 cm-1, 
although these could not be used to determine whether 

The spectra of the (NiL,),,Ni(NO,), complexes are in 
better accord with octahedral nickel(I1) environments, 
so that the bands ca. 9000 and 15,000 cm-l may be 
assigned to the 3A2s _t ,TW and 3A2g + 3T1&F) 
transitions re~pective1y.l~ The broad band a t  25,000- 
35,000 cm-l may contain the 3A, --+- 3T1g(P) transition, 
but the high intensity of these bands suggests that their 
origin is mainly charge-transfer. The bands ca. 7000 
cm-l are characteristic of nickel@) in pseudo-tetrahedral 
salicylaldimine complexes and are not likely to arise from 
octahedral nicke1(11).~ Other bands due to tetrahedral 
sites are probably obscured by the other, relatively 
stronger, absorptions. Thus, it is likely that the com- 
plexes contain nickel in both octahedral and tetrahedral 
environments. 

Infrared SPectm-The formation of bi- and tri-nuclear 
complexes such as (1)-(3) from the monomeric parent 
complexes, results in specific changes in the i.r. spectruni : 
a shift (ca. 20 cm-l) to higher frequencies of the band ca. 
1540 cm-l, smaller shifts (5-10 cm-l) to higher frequen- 
cies in the bands ca. 760, 1140, 1480, and 1620 cm-l, 
shifts to lower frequencies of the band ca. 910 cm-l, the 
appearance of new bands ca. 1150, 1210, and 1270 cm-l, 
and the disappearance of the bands ca. 970 and 1190 

The formation of CuL,,Cu(NO,), and (NiL2)2,- 
Ni(NO,), from CuL, and NiL, results in the same 
changes in i.r. spectra, except that no band appeared at  

3000 

t 
+ 2000 
? 

* \ 
(D 
0 
c 

1000 

0 1.0 

0 100 200  3 0 0  I00 
T / K  - 

Magnetic moments and susceptibilities. The solid curves are 
The calculated from equation (1) ( J  and g from the Table). 

experimental points are CuL,,Cu(NO,), with 
R = Me, R = 3-OMe @ R = CH,-CH(CH,),, 

R’ = H 

~ ~ 2 ~ ~ ~ , ~ R ~ , =  H 
a R = cyclohexane, R’ == H 
A R = Me, R’ = H 
0 R = (CHJ,CH,, I<’ = H 

and (NIL,) ,,Ni(NO,) 
x R = E t  +- R = CH(CH,), 
Lower-temperature measurements on the last mentioned coni- 
plex are shown as a solid curve with error bars arising from 
temperature uncertainty 

the water was co-ordinated or not. However, the 
hydrated complexes did not show any other differences 
from the anhydrous complexes, so that aquo-co-ordina- 
tion does not seem very likely. 

Magnetism-The magnetic properties of the copper 
complexes (Figure) conform well to the Rleaney- 
Bowers equation l5 

JJR’ k - ’  

HC I 

X 
1 C A N . \  

L L  

N \ / I  

R’ 
i l !  121 

X 

where the symbols have their usual meanings. 
A binuclear structure of type (1;  X = -0-NO,) is 

therefore indicated for these complexes. Only one of the 
complexes [CUL,,CU(NO,)~ R = Me and R’ = 3-0nIeI 
is anomalous in that it exhibits a relatively small degree 

l4 B. M. Gatehouse, R. S. Nyholm, and S. E. Lix-ingstone, J .  
C h e w  SOC., 1957, 4222; E. Bannister and F. A. Cotton, i b i d . ,  
1960, 2276; K. Nakamoto, ‘ Infrared Spectra of Inorganic and 
Co-ordination Compounds,’ Wiley, New York, 1963; C. C. 
Addison, N. Logan, S. C. Wallwork, and C. D. Garner, Quart. 
Rev., 1971, 25, 289. 

15 B. Bleaney and I<. D. Bowers, Proc. Roy. Soc., 1952, A ,  214, 
451. 

1210 cm-l. Thus the phenolic oxygen bridging observed 
in (1) and (2) must also exist in the CuL,,Cu(NO,), and 
(NiL,),,Ni(NO&. The absorptions in these complexes 
ca. 806, 1020, 1290, and 1505 cm-l which are absent in 

13 C. K. Jargensen, ‘ Absorption Spectra and Chemical Bond- 
ing in Complexes,’ Pergamon, 1964; s. Buffagni, L. M. Vallarino, 
and J. V. Quagliano, Inovg. Chena., 1964, 3, 480; M. Goodgame 
and 31. J .  Weeks, J .  Chem. SOC. ( A ) ,  1966, 1156. 
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of antiferromagnetic interaction over the available 
temperature range. However, the similarity of its 
properties to those of the other complexes suggests a 
similar structure for this complex also. 

The J values required to fit equation (1) (Table) are 
of the same order, but slightly lower, than for the 
analogues with X = C1. The magnetic properties of the 
analogous complexes with X = Br are also very ~ i m i l a r . ~ , ~  
This suggests that the basic skeleton of the complex (1) 
determines the antiferromagnetism, but alteration of the 
outside group X has no large consistent effect. The 
reversal of the J values for R = Me and R = Et in going 
from X = C1 to X = ONO, is interesting: this may well 
be due to differences in the degree of distortion from 
planarity of the environments of the two copper atoms. 
Single-crystal structural determinations show that small 
distortions of this type, with no change in bond lengths 
or the kind of bonds, significantly change the J values in 
complexes of type ( I ) .S  

Fitting of data to equation (1) is expected to yield good 
values of J but g values so obtained should be of much 
lower accuracy than obtainable from e.s.r. data.16 
E.s.r. spectra could be obtained for all the nitrato- 
complexes. The spectra were generally much better 
resolved at low temperature, where the increased popula- 
tion of the singlet state has the effect of magnetic dilution 
of the remaining triplet species. 

The nickel complexes (NiL2),,Ni(N03), have all three 
nickel atoms paramagnetic. When R = Et, this implies 
a significant change in stereochemistry in the formation 
of the paramagnetic (NiL2)2,Ni(N03)z from the dia- 
magnetic NiL,. When R = CH(CH3), the nickel atoms 
are paramagnetic in both NIL, and (NiL2),,Ni(N03),. 
The magnetic moments of the complexes rise steadily 
with decreasing temperature (Figure) suggesting the 
presence of nickel atoms sufficiently close to each 
other to permit ferromagnetic interactions, similar to 
those observed in the trinuclear nickel@) acetylaceton- 
ate.l7 

A trinuclear structure of type (2), or possibly (3) (X = 
ONO,) containing an octahedral and two pseudo-tetra- 

hedral nickel atoms would best explain the experimental 
results for the (NiL,)2,Ni(N03)2 complexes. The mag- 
netic properties in either case would be described by 
equation (2), where A = exp (2J/KT), B = exp (2J‘/kT), 

36pA3 + 9(g +fI2(1 + 5A2)A2B + P2eff = 

9(3g - f ) w  + 5(5g + f ) 2 ~ 2 ~ 3  + 5qg + 2 f p 4 5 ~ 3  

A B  + 3(A3 + A2B + B3) + 5AZB(A2 + B2) + 7A6B3 
(2) 

J and J‘ are the exchange integrals between adjacent 
and between extreme nickels respectively, and the g 
values for the extreme and the central atoms are desig- 
nated as g and f respectively. If the complexes contain 
highly distorted tetrahedral nickels, p(tet.) would be 
roughly constant and equation (2) would be valid, but if 
distortion is low, tetrahedral nickel atoms would, in 
isolation, have moments passing through a maximum at  
high temperatures and decreasing to a low value at very 
low temperatures.18 This effect might be masked by the 
ferromagnetic interactions, but it could make equation 
(2) quite approximate. 

The value of J’ is expected to be much smaller than 
that of J.4917 Because of this, as well as the limitation 
of experimental accuracy and the limited diagnostic 
value of magnetic moments for ferromagnetic interac- 
tions, we assume J’ = 0, g = g’. We then have J 2 15 
cm-1 for each of the two complexes. 
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