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Proton resonance measurements of CDC18 solutions of nickel(I1) Schiff base complexes have been extended t o  complexcs of 
the general formula [X-SALen -SRpI2Ni which give rise t o  a paramagnetic five-coordinate species, as well as octahedral and 
planar forms. The proton shifts were found t o  be linearly dependent on the  total percentage of paramagnetic species, and 
their temperature dependence was readily interpretable on the basis of the total free energy of formation of paramagnetic 
species in solution. A decrease noted in the shift of the signals from protons in the methylene groups adjacent t o  the nitro- 
gen of the -KR2 groups, relative to  that  of the signal from corresponding protons in fully octahedral complexes, can be inter- 
preted as indicative of the presence of five-coordinate species. The calculated spin densities on the carbon atoms of the 
salicylaldirnine ring indicate that  the contribution from r-spin delocalization in the five-coordinate species is greater than 
in the octahedral ones. 

Introduction 
Recently, further studies of nickel(I1) complexes with 

Schiff bases formed from ring-substituted salicylalde- 
hydes and N,N-substituted ethylenediamines have 
been p ~ b l i s h e d . ~  Their most important result was to 
attribute a five-coordinate structure, in the solid state, 
to paramagnetic complexes of the general formula 
[X-SALen-NRz]zNi, when -NRa is a diethylamino 
group and X = 3-C1, 5-C1, and 3,4-benzo. These 
complexes are the first reported examples of high-spin 
five-coordinate complexes of nickel(I1) . 4  Their re- 
flectance spectra are not compatible with either a tetra- 
hedral or a regular or distorted octahedral structure. 
Furthermore, a recent X-ray structural analysis5 of 
the -NRz = diethylamino, X = 6-C1 complex confirms 
that this compound is five-coordinate and has a struc- 
ture which can be regarded as a distorted square- 
based pyramid. 

Other complexes in the series of general formula 
[X-SALen-NRZl2Ni are paramagnetic and have a 
distorted octahedral configuration, e.g., when -NRz 
is a pyrrolidine group or diamagnetic, and have a 
square-planar configuration, e.g., when -NRz is a piper- 
idino group, in the solid state. In solution in inert 
solvents, however, most of them exist as mixtures of 
planar, octahedral, and five-coordinate forms. The 
magnetic moments of the complexes in solution are 
intermediate between 0 and 3.3 BlLl and give, to a 
reasonable degree of approximation, the total percentage 
of paramagnetic species in solution (see Table I : para- 

(1) Par t  I: J. D. Thwaites and L. Sacconi, I m i g .  Cizcilz., 6, 1029 (1966). 
(2) Postdoctoral Fellow of the CIBA Fellowship Trust ,  a t  the  Laboratory 

for Physical Chemistry, The  Swiss Federal Insti tute of Technology, Zurich. 
Switzerland. 

( 3 )  L. Sacconi, P. Nannelli, N .  Sard i ,  and U. Campigli, l i i o v g .  Chew. ,  4, 
943 (1965). 

(4) Recently, J. Lewis, I<. S.  S g h o l m ,  and G. A.  Rodley ( X d 7 w ~ .  207, 72 
(1966)) have reported some five-coordinate high-spin complexes of nickel(I1) 
with diphenylmethylarsine oxide. 

(5) P. L. Orioli, L ,  Sacconi, and 11. l)i Vaira, J .  Am. Chm71. Soc., 87, 2059 
(lQ65).  

magnetic % = 100p,~~2/3.32). They cannot, of course, 
distinguish between five-coordinate and octahedral 
forms because these have the same magnetic moment 
( ~ 3 . 3  BM).  On the other hand, the intensities of 
characteristic bands in the absorption spectra3 give an 
indication, albeit not a very accurate one, of the rela- 
tive proportions of five-coordinate, octahedral, and 
planar forms in solution. Apparently the solution 
equilibrium can be represented by the scheme 
octahedral paramagnetic form 

I1 
planar diamagnetic form I1 1 

five-coordinate paramagnetic form 

The proportion in the planar form is promoted by an 
increase in temperature and is particularly high in 
benzene solution. Little can be said with regard to 
equilibrium I, at the present, except that a greater 
proportion of the five-coordinated form has been found 
in chloroform solutions. 

The present study reports measurements of the 
proton magnetic resonance spectra of CDC13 solutions 
of various complexes of the [X-SALen-PI;RZ]zNi series. 
It is an extension of the pmr studies, reported in the 
previous paper1 of this series, on octahedral F? planar 
equilibria in solutions of similar nickel(I1) complexes. 
In the present case, large or small contact shifts have 
been observed, depending on the degree of paramag- 
netism of the solutions. Their dependence on the 
group -NRz and the substituent X in the complexes 
is described. For several complexes the pmr spectra 
were measured a t  various temperatures, and spin 
densities have been estimated from the shifts a t  -50" 
and a t  room temperatures where free energy (AG) 
values were available from magnetic measurements. 
Analysis of the spectra has followed the scheme used 
in the previous paper in this series,l and particular 
attention has been paid to differences which may be 
explained on the basis of the presence of five-coordinate 
species in the solution equilibria. 
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' 
x=3c I  

- 2978 -2555 

A' 

4H 

, - 1794 -301 -25  +227 - 695 

X=5CH3 5H I I"' 

- . - __._ -, ,-I-#- 

-1027-982-858 -574 -341 -122-42 

Experimental Section 
The preparation and characterization of a11 the compounds 

has been reported e l s e ~ h e r e , ~  except for the follom ing new com- 
plex which w a s  prepared by an  analogous method. 
[3-CH8-SALen-N(CHz)j]zNi.-Green crystals, mp 174-176". 

A n d .  Calcd for CzaHasN40&i: N, 10.75; Xi, 11.30. Found: 
S, 10.66; Ni, 11.57. 
The proton resonance measurements were made, in CDClj 

solutions (0.1 X )  with tetramethylsilane as internal reference, 
as described in the previous paper in this series.l 

Results 
It is convenient to divide the complexes, of the gen- 

eral formula 
CY' 3' a 8  

F /R' 
cI-I=Dj,\ ,N\R 

x5+o/Ni2 4 3  

I 

henceforth referred to as [X-SALen-NR212Ni, into 
series, differing according to the group -NR2, and in 
the sequence of decreasing paramagnetism in their 
CHC13 solutions. All of the compounds which have 
been investigated are set out in this order in Table I 
together with some relevant magnetic data from an 
earlier paper3 and data on the proton shifts measured 
in CDC13 solutions a t  room temperature (+27" a t  
the probe). 

Reproductions of typical spectra, in Figure 1, il- 
lustrate the quality of the proton resonance spectra. 

Not unexpectedly, the proton shifts and the line 
widths decrease as the effective paramagnetic moment 
of the complexes in solution decreases. The appear- 
ance of partially resolved simple spin-spin fine struc- 
ture ( J  1~ 6-10 cps), even when the proportion of 
paramagnetic species in the solution equilibrium was 
still ca. 60%) made it easy to assign the lines due to the 
protons on the salicylaldimine ring. The other lines 
in the spectra were broader but could be clearly as- 
signed from their relative intensities, measured by in- 
tegrating the spectra. Signals from @, a', and, in the 
less paramagnetic solutions, a protons (see general 
formula I) were identified, and it is notable that their 
shifts are considerably less than those of the broad and 
scarcely discernible signals from the corresponding 
protons in octahedral [X-SL4Len-N(H)R']zNi com- 
plexes,I even when the shifts of the salicylaldimine ring 
proton signals were of comparable magnitude. Though 
the signals from /? and a' protons had similar shifts, 
they could both be distinguished in most cases, the 
/?-proton signal lying a t  lower field, except in the case 
of -NR2 = piperidine complexes. The signal from the 
a protons was a t  even lower field and a very weak signal 
attributable to the aldehydic proton (-CH- N) was 
just discernible a t  much lower fields using high radio ~ 

frequency power and fast sweep rates. Protons at- 
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Figure 2.-Dependence of proton contact shifts on the per- 
centage of paramagnetic species in CDC4 solutions of [X- 
SALen-N( CzH~)z]zNi complexes. 

tached to carbon atoms p' to the nitrogen of the -NR2 
group all gave signals of characteristic intensity only 
slightly to low field of tetramethylsilane. In the case 
of -NR2 = -N(CH2)6 compounds the y' protons of the 
piperidine ring could only be distinguished from the 
,B' protons in X = 5-C1, 3-C1 complexes for which the 
shifts were relatively large. 

The marked decrease in proton shifts, which can be 
seen from the data in Table I, is clearly due to the 
displacement of the solution equilibrium toward the 
diamagnetic planar form. This is confirmed by the 
reasonable correlation of the proton contact shifts 
with the total percentage of paramagnetic species (or, 
correspondingly, diamagnetic species) calculated from 
the effective magnetic moments of the complexes in 
their CHC13 solutions. The relationship, illustrated 
by Figures 2 and 3, is reasonably linear, except when 
the complexes are nearly ~ 1 0 0 %  paramagnetic, and 
the converging plots for the protons on the salicylal- 
dimine ring may be extrapolated to zero contact shift 
for diamagnetic solutions. Apparently, the magni- 
tude of the contact shifts, to which the increase in the 
proton shifts beyond those in the diamagnetic form are 
due, is virtually independent of the relative proportions 
of octahedral and five-coordinate forms contributing 
to the total paramagnetism of these complexes, or, in 
practice, the effect of the different paramagnetic species 
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Figure 3.-Dependence of proton contact shifts on the  per- 
centage of paramagnetic species in CDCla solutions of [X- 
S A L ~ ~ - N ( C H P ) G ] ~ N ~  complexes. 

on the measurable shifts is disguised by the solution 
equilibrium. 

The order in which the shifts decrease, from the top 
to the bottom of Table I, confirms the trends found 
from previous magnetic and spectrophotometric meas- 
u r e m e n t ~ . ~  The percentage of the planar species in 
solution increases, for a given X substituent (and 
solvent) according to the -NR2 group, in the order 

and, within a given -NR2 series according to the X sub- 
stituents, approximately in the order 5-C1 < H < 
5-CzH6 < 5-CH3 < 3-CH3. The latter order is remi- 
niscent of that  found in systems existing in an octa- 
hedral + planar equilibriumlie except that  in the 
present series the position of 3-C1 seems to  vary (see 
Table I). 

The proton shifts of several complexes were measured 
in CDC13 solutions a t  various temperatures between 
-50 and +SO". In  every case the shifts increased 
as the temperature decreased. At low temperatures 
the increase in line widths often prevented reliable 
measurements a t  - 50". Representative plots of 
contact shifts vs. 1/T in Figures 4 and 5 illustrate the 
two typical types of temperature dependence, which 
differ in the manner in which the shifts tend to de- 
crease a t  higher temperatures. For plots similar to 
Figure 4 the curvature can be explained on the basis of 
a negative value for the total free energy (AG) of forma- 

-N(CH,)z < -N(CHz)* < -N(CzHj)2 < -N(CH2)5 

(6) I,. Sacconi, P. Nannelli, and U. Campigli, Ilzovg. Chem., 4, 818 (1965). 
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Figure 4.-Temperature dependence of proton contact shifts 
arising from the CDClj solution equilibrium (AGlio = -670 cal/ 
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tion of the paramagnetic species (Octahedral and five- 
coordinate forms) within the measured temperature 
range. In  confirmation, in all cases where the curva- 
ture was as in Figure 4 the total AG calculable7 from 
the effective magnetic moment in solution was found 
to be negative. On the other hand, the reversed 
curvature, as illustrated by Figure 5 ,  was found for 
complexes for which the total free energy of formation 
of the paramagnetic species in solution was positive 
a t  room temperature. Furthermore, the order in 
which the positive free energy values for various com- 
plexes increases agrees well with an increase in the 
curvature of the plots of shifts 11s. 1/T as in Figure 5. 
The order of increasing positive total free energy values 
for the solution equilibria was naturally the same as 
that of the increase in the proportion of planar form in 
solution. 

Discussion 
The linear dependence of the proton shifts on the 

total percentage of paramagnetic species and the simple 
interpretation of their temperature dependence on the 
basis of the total free energy of formation of paramag- 
netic species both indicate that the observed proton 
shifts are apparently not substantially affected by 
variations in the relative proportions of five-coordinate 

- 

- 

(7)  See  footnote t o  Table I and cci 8 of UT. U. Horrocks J. Am. Cizern. 
Soc., 8'7, 3779 (1965). 

I ,  
3.0 3.5 4.0 4 5  

I X I O '  [ O K - ' ]  

Figure 5.-Temperature dependence of proton contact shifts 
arising from the CDC18 solution equilibrium (AGzp = +270 
cal/mole for formation of paramagnetic species) of [3-CHd- 
SALen-N(CzHj)2] &i. 

and octahedral forms. This is not, however, par- 
ticularly surprising as there are several possible rea- 
sons. For instance, if the equilibrium in solution, 
among octahedral, five-coordinate, and planar forms, 
is rapid, then the observed shift will be a mean of that  
in three forms, and variations will be correspondingly 
reduced. Furthermore, under these circumstances the 
major factor determining the observable shift will 
probably be the large difference between the shifts 
in the paramagnetic (Octahedral and five-coordinate) 
and diagmagnetic (planar) forms. The difference 
between the shifts in the octahedral and five-coordinate 
forms may be expected to be small because the spin 
density distribution on the ligand is unlikely to be very 
different, in view of the similarities which exist even 
between octahedra1118 and tetrahedralg nickel(I1) com- 
plexes of the N-substituted salicylaldimine type. Ulti- 
mately, perhaps, the variations in the relative propor- 
tion of the octahedral and five-coordinate forms are, 
simply, not sufficiently large among the complexes 
studied. Previous spectrophotometric measurements 
cannot prove or disprove this because they are only a 
rough guide, but one deviation from the general trend 
may be important. This is the solution of the complex 
X = 3-C1, -NR2 = -N(CHa); for which the proportion 

(8) A. Chakravorty, J. P. Fennessey, and R. H. Holm, Inorg. Chem., 4, 26 
(1965). 

(9) R. H. Holm. -4. Chakravorty, and G. 0. Uudek, J .  Am. Chern. Soc., 86, 
3 i Y  (1984). 
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of five-coordinate form relative to the octahedral form is 
appreciably less than in other cases3 Strikingly, it 
is just for this complex that the shifts are appreciably 
greater than those which would fit the linear dependence 
of shifts on paramagnetic per cent in Figure 2, for the 
60y0 paramagnetic species estimated for this compound 
from magnetic measurements. This increased shift 
may be due to the predominance of the octahedral 
form. 

In view of the foregoing discussion, the proton res- 
onance spectra of these [X-SALen-NRzlzNi complexes 
cannot be expected to yield substantial evidence of the 
presence of five-coordinated species in equilibrium with 
considerable proportions of octahedral and planar 
forms. A difference between the pmr spectra of [X- 
SALen-NRzIzNi complexes and fully octahedral com- 
plexesl of the type [X-SALen-N(H)R]zNi has, how- 
ever, been noted which is basically that which would be 
expected if there is a considerable proportion of five- 
coordinate species in the solution equilibrium. This 
difference, which has already been described in the 
analysis of the spectra, is the reduced shift of the sig- 
nals from protons (symbolized as p and a’ in the general 
formula I) in methylene groups adjacent to the nitrogen 
of the -NRZ groups, relative to the position of the 
signal from equivalent protons in fully octahedral com- 
plexes. The observable shift of these p- and a‘-proton 
signals is presumably the mean shift, determined by 
the position of the solution equilibrium, from those 
expected when the nitrogen of the -NR2 groups is 
coordinated or not coordinated to the central nickel 
atom. A decreased shift would therefore be expected 
when uncoordinated -NRZ groups are present because 
the spin density transmitted to the p and a’ protons 
through the N-CH2-CH2-NRz chain would be less 
than that transmitted through the nitrogen in -NR2 
when it is coordinated to the central nickel atom. Ac- 
cordingly, as the decrease in the shift of /3 and a’ protons 
persists even when the magnitudes of the shifts of signals 
from the salicylaldimine ring protons are of com- 
parable magnitude with those in octahedral complexes 
and the per cent planar form is small, it  may be inter- 
preted as due to the presence of five-coordinate species 
in equilibrium with octahedral species. The further 
rapid decrease in the shifts of p and CY’ signals, as the 
proportion of planar form in the solution equilibrium in- 
creases, is, of course, accompanied by a reduction in the 
shifts of the ring proton signals (cf. Figures 4 and 5). 
At present, however, the pmr shift data cannot be 
treated quantitatively in the absence of exact knowledge 
of the relative proportions of octahedral, five-coordi- 
nate, and planar species in solution. 

In  the previous paper1 in this series, spin densities on 
the carbon atoms of the salicylaldimine ring were calcu- 
lated from contact shifts which are linearly dependent 
on l / T  a t  low temperatures. As the solution equilib- 

rium was simply between octahedral and planar forms, 
the contact shifts and spin densities were clearly those 
corresponding to the octahedral form. In  the present 
case, owing to the complexity of the solution equilibria 
for [X-NiSALen-NRzIzNi complexes, i t  is impossible to 
know the contribution of each paramagnetic species to 
the observed contact shifts. There is however a 
basic similarity between the contact-shift dependence 
on 1/T for these systems and the octahedral planar 
systems, and, prompted by the availability of values for 
the total free energy AG of formation of paramagnetic 
species (Table I), spin densities have been estimated 
using the normal equations given in paper I in this 
series1 and taking QCH = -22.5 gauss.1° On this basis, 
spin density ( p ~ )  values falling within the following 
ranges were obtained: pea, +0.0030 to +0.0040; pea, 

-0.0015 to 0.0025; and QCCH~ for X = %CH3 is -13, 
and for X = 5-CH3 is ~ 2 5  gauss. 

Despite the admission that i t  is not clear to which 
paramagnetic species these spin density estimates refer, 
they are interesting because of the general consistency 
they exhibit among themselves and their general simi- 
larity to those reported for other salicylaldimine nickel 
(11) complexes.ll**o It is also interesting to note that 
the spin density a t  position 5 is positive whereas it was 
negative in basically octahedral complexes ;I further- 
more, the alternation even with respect to magnitudes 
is relatively good, and the QCCE~ value estimated for the 
X = 5-CH3 group approaches the value of +27 gauss.ll 
This may be indicative of a greater contribution from T-  

spin delocalization in these five-coordinate species than 
was found in the distorted octahedral complexes. A 
greater relaxation of the symmetry requirements pre- 
venting the spin-containing d orbitals from mixing with 
the ligand T orbitals is consistent with the lower sym- 
metry of the square-pyramidal geometry of the five-co- 
ordinate species. The present system is, however, too 
complicated, and the distortions of the basically octa- 
hedral symmetry of the complexes previously studied1 
are not known in sufficient detail for firm comparison to 
be made. The relevance of the present data should 
increase when further systems containing paramagnetic 
five-coordinate nickel(I1) complexes are studied. 
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