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Remote attack by the reductant should be favored 
here, just as with the pentaammineterephthalate com
plex, and further there exists the possibility of chelation 
by the two remote carboxyl groups to yield the sym
metric activated complex 

O O 
Il Il 

/ O - C v ^ ^ C - O . 
(NH3)^111C0; T X ;Crn(H,0)« 

X 0 - C T % : ' ' ^ C - 0 

Table IV shows that only a minor fraction of reaction 
takes place by such a path. The rate of reduction ap
pears to be at least as fast as that of the p-aldehydo-
benzoate complex,3 and it is not possible at the moment 
to establish whether chelation is an important factor 
in acceleration of the rate of reaction. 

In summary then, it may be stated that while reduc
tant chelation is potentially an efficient way for in
creasing the rate of reaction, the steric requirements are 
so stringent as to make reduction following attack at a 
single point the usual mode of reaction. The rate 
measured is the over-all rate of reaction, and involves 
the rate of combination of the reductant with the 
ligand, the rate for the actual electron transfer process 
and finally the rate of decomposition of the Co(II)-
Cr(III) (or Co(II)-V(III)) intermediate. Although 
electron transfer is rapid, the probability for the transfer 
may be small, due to the requirement of energy match
ing at the two metal sites17; that is, the transmission 
coefficient for the transfer step may be very much less 
than one. If small enough, this probability would con
trol the over-all rate of reaction. Chelation of the 
reductant should result in a more symmetric transition 
state for the tetraammines, resulting in easier energy 
matching. Seven complexes where chelation of the 
chromium can take place without destroying or 
reducing conjugated systems are the tetraammines 
m-diacetate, 4,5-dicarboxybenzene-l,2-dicarboxylate, 

(17) B. J. Zwolinski, R. J. Marcus and H. Eyring, Chetn. Rev., 58, 157 
(1955), 

Introduction 

In a recent study of bis-(N-arylsalicylaldimino)-
nickel(II) complexes, Holm1 has reported that in solu
tion in toluene and in chloroform near room tempera-

(1) R. H. Holm and K. Swaminathan, Inorg. Chtm., 1, 599 (1962). 

:d oxalate and cw-aquoacetate and the pentaammines 
i- oxalate, maleate and malonate. Some degree of 
»n chelation has been shown in the case of the first three, 
i- the fifth and sixth; inferred for the fourth, and not 

found for the malonate. Only in the cases of the 
tetraammine oxalate and the pentaammine oxalate and 
maleate is there any evidence for the rate law for an 
accelerating effect: none of the other tetraammines re
act more rapidly, and none of them show complete 
chelation to the chromium. Apparently the prob
ability of electron transfer through a carboxylate sys
tem is not too small: reduction usually occurs after one 

•n bond has been formed with the reductant, before the 
D- second is formed. Oxalate is a special case since no 
3- rearrangement of the ligand is necessary to bring the 
it oxygen into the chelating configuration. 
>r If the tetraammine complex contains a chelate ring 

formed from a dibasic ligand, reduction at the remote 
:- carboxyl is no longer possible, but this is unimportant 
i- unless the ligand contains a system of conjugated 
•e double bonds. A more important loss is that of in-
a tensive rearrangement of the ligand: examination of 
:e molecular models shows this may be complete, giving 
JS an inflexible ring as in oxalate. The order of flexibility 
ie remaining is oxalate < malonate < succinate < 
is phthalate < maleate, and it is found (Table II) that this 
- is just the order of decreasing AS* for both C r + + ( — 24 
h e.u. for malonate to —38 for maleate) and V + + (—12.5 
:r e.u. for oxalate to —43 for maleate) reductions. Aside 
i- from the values of A/f* and A5* for the maleate, there 
n is good agreement with the relation 
; s AS* = 3.8 X lO-'Aff* - 55.8 

showing the mechanism of reduction in all cases is the 
_ same, attack at an adjacent carboxyl. 
y Acknowledgments.—The author wishes to thank Dr. 
e K. D. Kopple and Mr. R. R. Miller for communication 
ir of their results prior to publication, and also to acknowl-
:s edge gratefully a summer stipend from the Dow Chemi-
:, cal Grant-in-Aid made to the Chemistry Department. 
7 This research was supported by the National Science 

Foundation. 

ture all of these complexes, except the 2-substituted 
ones, are paramagnetic and extensively associated. 
From a study of the temperature dependence up to 70° 
of the magnetic susceptibility as well as of the absorp
tion spectra of some representative complexes it was 
concluded that there exists a paramagnetic polymer-
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Magnetic and spectrophotometric measurements on a series of N-arylsalicylaldiminonickel(II) complexes in 
solution in inert solvents have been carried out up to a temperature of 200°. These have shown that 2-sub
stituted phenyl complexes, which are diamagnetic both in the solid state and in solution, retain a square-planar 
structure at all temperatures. For the 3- and 4-substituted phenyl complexes, the decrease in the amount of as
sociation which is observed with an increase in temperature is accompanied by the appearance of a tetrahedral 
species whose concentration increases with temperature. Dilution too causes a decrease in the amount of as
sociation and favors the formation of tetrahedral species. Thus in the solutions in inert solvents of these com
plexes there exists an equilibrium between paramagnetic polymer, diamagnetic planar and paramagnetic tetra
hedral forms. Following the discovery of a tetrahedral structure for the N-sec-alkyl- and N-n-alkylsalicylald-
iminonickel(II) complexes in the solid state and/or in solution, the present study confirms that a tetrahedral 
coordination for nickel(II) chelates is not a rare occurrence, especially at high temperatures. A comparison of 
the reflectance spectra of the paramagnetic solid N-aryl complexes with the spectra of the paramagnetic solid 
form of bis-( N-methylsalicylaldimino)-nickel(II) complex and also with the spectra of some adducts with pyridine 
and methanol of salicylaldiminonickel(II) complexes suggests that the paramagnetic N-aryl complexes are in 
some way associated even in the solid state. 
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Fig. 1.—Temperature dependence of the absorption spectrum 
of 20 mmolal solutions of bis-( N-3-tolylsalicylaldimino)-nickel( II) 
complex: A, 25° in xylene; B, 80° in xylene or bibenzyl; C, 
120° in bibenzyl; D, 180° in bibenzyl. 

diamagnetic monomer equilibrium which is displaced 
to the right with increasing temperature . On the basis 
of such results the author reaffirms the generality of the 
relationship between solution paramagnet ism and 
molecular association in nickel(II) complexes. 

Our preceding discovery2 3 of the existence of para
magnetic pseudo-tetrahedral species of N-alkylsalicyl-
aldiminonickel(II) complexes, especially a t high tem
peratures, has led us to extend the magnetic and spec-
trophotometric investigations on the N-aryl compounds 
up to 200°. In addition, the reflectance spectra of a 
number of representative paramagnetic N-aryl com
plexes have been compared with those of the paramag
netic form of the N-methyl derivative4 as well as of 
other adducts with pyridine and methanol of N-sub-
st i tuted salicylaldiminonickel(II) complexes with the 
aim of getting some information about their structure. 

Experimental 
Preparation of Compounds.—The bis-(N-arylsalicylaldimino)-

nickel(II) complexes were prepared by refluxing 0.01 mole of 
bis~(salicylaldehydo)-nickeI(II) dihydrate with a solution of 0.03 
mole of the appropriate amine in 50 ml. of ethanol until the 
precipitate appeared homogeneous under a microscope. After 
cooling, the solid was collected on a filter and recrystallized from 
hot xylene. The adducts of the salicylaldiminonickel(II) 
complexes of pyridine were obtained by adding light petroleum 
to the saturated pyridine solutions of the parent complexes. 
The light green crystals which separated were collected on a 
filter, washed with petroleum ether and air-dried. The bis-(N-
isopropylsalicylaldimino)-nickel(II)-2MeOH adduct was ob
tained by cooling (to —20°) a saturated solution in methanol of 
the parent compound.* 

Bis-(N-a-naphthylsaUcylaldirnino)-nickel(II): Anal. Calcd. 
for C«H2402N2Ni: N, 5.08; Ni, 10.62. Found: N, 5.11; 
Ni, 10.42. 

Bis-(N-/3-naphthylsalicylaldiniino)-nickel(II): Anal. Calcd. 
for C31H24O2N2Ni: N, 5.08; Ni, 10.62. Found: N, 5.01; Ni, 
10.48. 

(2) L. Sacconi, P. L. Orioli, P. Paoletti and M. Ciampolini, Proc. Chem. 
Sac., 255 (1962); L. Sacconi, P. Paoletti and M. Ciampolini, / . Am. Chem. 
Soc., 85, 411 (1963). Later this result was confirmed by R. H. Holm and 
K. Swaminathan, Inorg. Chem., %, 181 (1963). 

(3) L. Sacconi, forthcoming article. 
(4) L. Sacconi, P. Paoletti and R. Cini, Fourth International Symposium 

on the Chemistry of the Coordination Compounds, Rome, September, 1957; 
J. Inorg. Nucl. Chem., 8, 492 (1958); J. Am. Chem. Soc., 80, 3583 (1958); 
C. M. Harris, S. L. Lenzer and R. L. Martin, Australian J. Chem., 11, 331 
(1958). 
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Fig. 2.—Concentration dependence of the absorption spectrum 
of bis-(N-3-tolylsalicylaldimino)-nickel(II) in xylene at 120°: 
A, 59 mmolal; B, 37 mmolal; C, 19 mmolal. 

Bis-(N->»-tolylsalicylaldimino)-nickel(II)-2 pyridine: Anal. 
CaICd-^rC38H34O2N4Ni: N, 8.79; Ni, 9.21. Found: N, 8.80; 
Ni, 9.18. 

Bis-< N-isopropylsalicylaldimino )-nickel( II) • 2 methanol: 
Anal. Calcd. for C22H32O4N2Ni: N, 6.27; Ni, 13.12. Found: 
N, 6.43; Ni, 13.15. 

The identity and purity of the complexes already described 
in the literature15 were checked by the determination of their 
nitrogen content. 

Magnetic and Spectrophotometric Measurements.—The ap
paratus and the procedure used for magnetic and spectrophoto
metric measurements were described in a previous paper.2 

Molecular Weight Measurements.—Molecular weights were 
measured at 37° on solutions in benzene or toluene using a 
Mechrolab osmometer. The solvents were dried over sodium 
and distilled through a Todd column packed with glass helices. 
The instrument was calibrated with benzil for both solvents. 

Resul ts and Discussion 

As was shown by Holm,1 the spectra of the paramag
netic solutions of these complexes present bands a t 
10,000 and 12,800 c m . - ' a t room temperature which are 
considered characteristic of the associated forms. In 
addition, these spectra have another crystal field band 
a t 16,300 c m . - 1 ' in a region where the tetrahedral 
and planar species also absorb.2 A typical spectrum, 
t ha t for the 3-tolyl compound, is shown in Fig. 1. On 
increasing the temperature the heights of such bands 
decrease, showing tha t the percentages of the associated 
forms decrease with temperature. Above 80°, how
ever, bands a t 6,700 and 11,100 cm.-^commence to be 
perceptible and these were found to be characteristic 
of the tetrahedral forms of the N-alkylsalicylaldimino-
nickel(II) complexes.2 3 The intensity of the la t ter 
bands increases steadily with the temperature. In 
particular, the molar absorbance a t the peak a t 6,700 
cm. - ' reaches values of about 20 a t 180° Such a value 
may be considered as indicative of the presence of 
about 5 0 % of the tetrahedral form. In fact, previous 
spectrophotometric measurements combined with meas
urements of the electric and magnetic moments of the 
"reference" compound bis-(N-J-butylsalicylaldimino)-
nickel(II)2 lead to a calculated value of ca. 42 for the 
molar absorbance a t the peak a t 6,700 cm. 1 for the 
pure tetrahedral form. The same temperature de
pendence is shown by the spectra of other paramagnetic 
N-aryl complexes. The essential spectral da ta a t 180 
are shown in Table I. The Cl-substituted phenyl 
derivatives exhibit the least tendency to form tetra
hedral species. 

The variation in the concentration of the solutions of 
the N-aryl complexes also influences the relative pro-

(5) F. Basolo and W. R. Matoush, / . Am. Chem. Soc, 7«, 5663 (1953). 
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Fig. 3.—The percentages of paramagnetic forms of some N-
arylsalicylaldiminonickel(II) complexes as a function of tem
perature; N-phenyl complex: 9, 24.9 mmolal in xylene; • , 
24.9 mmolal in bibenzyl; ffi, 68.1 mmolalin bibenzyl; N-3-tolyI 
complex: O, 59.7 mmolal in bibenzyl. 

portions of the tetrahedral and associated forms. In 
the spectrum of the 3-tolyl derivative in xylene a t 120° 
(Fig. 2), for example, the height of the peak a t 6,700 
c m . - 1 due to the tetrahedral form decreases with in
creasing concentration while t h a t of the peak a t 
10,000 c m . - 1 due to the associated form increases. 
Similarly, the degree of association, n, of such com
plexes measured a t 37° by the osmometric method in
creases with the concentration. Inspection of Table I I 

TABLE I 

SPECTROPHOTOMETRY DATA FOR BIS-(N-ARYLSALICYLALDIMINO)-
NICKEL(II) COMPLEXES IN BIBENZYL AT 180° 

Concn., ^max, Tetrahed., 
Aryl mmolal cm." ' I1111x % " 

C6H6 21.5 6,600 17 40 
3-CH3C6H4 19.8 6,900 20 48 
4-CH3C6H4 21.6 6,900 14 33 
3-ClC6H4 19.8 6,900 10 24 
4-ClC6H4 19.1 6,700 11 26 
/S-C10H7 19.5 6,500 16 38 

« Calculated from the formula: % tetrahed. = 100 X W./42. 

TABLE II 

MOLECULAR WEIGHT DATA FOR BIS-(N-ARYLSALICYLALDIMINO)-

NICKEL(II) COMPLEXES AT 37° 

Solvent Aryl Concn., mmolal n 

Toluene C6H5 16.4,22.7 1.49,1.57 
30.2 .39.6 1.60,1.73 

3-CH3C6H4 17.6,24.5 1.94,2.06 
31.7.37.7 2.13,2.17 

Benzene C6H5 14.3,27.7 1.48,1.60 
3-CH3C6H4 23.3,32.7 1.95,2.12 
3-ClC6H4 23.3,26.8 1.78,1.84 
4-CH3C6H4 8.0,27.6 1.48,1.57 
4-ClC6H4 16.2,24.9 1.40,1.38 
2-CH3C6H4 16.8 0.99 
0--C10H7 8.3 0.98 
5-C10H7 20.8 1.41 

shows tha t the value of n for the 3-tolyl derivative 
diminishes from 2.17 to 1.94 while the concentration 
decreases from 37.7 to 17.6 mmolal. For the phenyl 
derivative fi goes from 1.73 to 1.49 for the same amount 
of dilution. The same trend is also shown by the other 
complexes of the series in benzene solution. It must 
be noted tha t the present values of n, both in benzene 
and toluene solutions, are in every case lower than 
those obtained by Holm in toluene.1 

The results of the measurements of magnetic sus
ceptibility made on solutions of the phenyl and m-tolyl 
derivatives in bibenzyl and xylene a t various tempera
tures (Table I I I ) furnish further information on the 
equilibria which occur in these systems. On increasing 
the temperature the pen values decrease less and less. 
For the most diluted solution the plot of Men vs. tem
perature has a minimum a t about 100°. Since an 
increase in the molecular association with rising tem
perature is necessarily excluded, the t rend of para
magnetism above 100° confirms the formation a t high 
temperatures of paramagnetic tetrahedral species which 
equals or even overcompensates for the effects of the 
disappearance of the associated forms. 

TABLE III 

MAGNETIC DATA FOR BIS-(N-ARYLSALICYLALDIMINO)-NICKEL(II) 

COMPLEXES 
Concn., 10« HeU Param.. 

Aryl Solvent mmolal (, 0C. xNi (B.M.) % ° 

C6H6 Xylene 24.9 21 4220 3.16 92 
37 3652 3.02 84 
70 2593 2.68 66 
95 1900 2.32 52 

Xylene 78.0 21 4409 3.23 96 
Bibenzyl 24.9 70 1882 2.34 50 

95 1536 2.14 42 
120 1468 2.16 43 
180 1661 2.46 56 

Bibenzyl 68.1 70 3029 2.90 77 
120 2032 2.54 59 
150 1671 2.39 52 
179 1459 2.31 49 
200 1319 2.24 46 

3-CH3C6H4 Bibenzyl 59.7 70 3457 3.09 88 
130 2269 2.72 68 
150 2048 2.64 64 
179 1684 2.48 56 
200 1724 2.60 62 

U-C10H7 Solid 21 . .* 0 
/3-C10H7 Solid 21 4230 3.18 

° Calculated from the formula: % param. = 100 X Meff73.32. 
6 Diamagnetic susceptibility not accurately determined. 

The da ta in Table I I I and Fig. 3 show tha t the per
centage of the paramagnetic forms a t 180° for the two 
complexes considered lie between 46 and 4 8 % at the 
same temperature. Considering the errors in
volved in the magnetic and spectrophotometric meas
urements a t high temperatures and the unavoidable 
arbi trary choice of limiting values for /ies and t which 
have been used to calculate the percentages, such values 
are to be considered very close. This demonstrates 
t ha t the presence of the tetrahedral species is pre
dominantly responsible for the paramagnetism of the 
solutions of the complexes above 100°. 

In conclusion, it may be stated t ha t three forms of 
the N-aryl complexes (aryl = phenyl, 3- and 4-sub-
sti tuted phenyl, /8-naphthyl, i.e., 3,4-benzophenyl) can 
exist in solution: the paramagnetic polymeric, the 
diamagnetic planar and the paramagnetic tetrahedral . 
At room temperature the percentage of the first 
forms is greater than 8 0 % while the percentage of the 
last is negligible. With an increase in temperature, 
while the proportion of the paramagnetic polymeric 
forms decreases, the percentage of the paramagnetic 
tetrahedral forms increases. The same shift in the 
equilibrium can be achieved, a t constant temperature, 
by diluting the solutions. 

The 2-derivatives, the a-naphthyl (2,3-benzophenyl) 
complex included, which in solution are diamagnetic 
monomers, have absorption in the crystal field region, 
a t room temperature, identical with tha t of the planar 
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w-alkylsalicylaldiminonickel(II) complexes26 i.e., no 
absorption in the interval 5-13,000 cm."1 and a single 
crystal field band at 16,000 cm."1 with e ~ 90. No 
significant change is observed in the spectra on increas
ing the temperature from 25 to 180°. These com
plexes, therefore, in this range of temperature, retain 
a square planar configuration. 

Spectra of the Solid Compounds.—The diamagnetic 
solid N-aryl complexes, namely, the phenyl, 4-F-phenyl, 
2-substituted phenyl1 and a-naphthyl complexes, have 
reflectance spectra characteristic of a planar configura
tion (Fig. 4). 

The spectra of the paramagnetic solids, namely of the 
3- and 4-CH3 and Cl-phenyl derivatives,1 have bands at 
7,500, 10,000, 12,800, and 16,800 cm.-1. The close 
resemblance between these spectra and those of the 
solutions of the same complexes at room temperature 
seems to indicate that they are associated to some ex 
tent even in the solid state. A tetrahedral structure 
on the other hand must be excluded because of the great 
difference between these spectra and those of the 
tetrahedral salicylaldiminonickel(II) complexes.2 To 
get further information on the nature of such associa
tion, the reflectance spectra of other paramagnetic 
salicylaldiminonickel(II) complexes in the solid state 
have been recorded. In particular the paramagnetic 
insoluble form of the bis-(N-methylsalicylaldimino)-
nickel(II) complexes (for which a polymeric octahedral 
structure has been proposed4), the adducts of the N-
methyl6 and N-aryl complexes with two molecules of 
pyridine and the adduct of the N-isopropyl complex 
with two molecules of methanol have been examined. 
Some of these spectra are shown in Fig. 4. 

The pyridine adducts, like the parent compounds dis
solved in pyridine, show two crystal field bands, at 
10,000 and 16,700 cm."1 for the aryl derivatives and at 
11,200 and 18,000 cm.-1 for the N-methyl derivative. 
In these compounds the nickel atom can be definitely 
considered as being octahedrally coordinated. If there
fore we take the rule of average environment as being 
valid,7 we can use the scheme of energy levels for d8-
configuration in an octahedral field proposed by Liehr 
and Ballhausen.8 The assignment of the two bands 
turns out to be in excellent quantitative agreement with 
the theory if a Dq value equal to 1,000 cm."1 is used 
for the aryl complexes and a value equal to 1,120 cm. - 1 

is used for the N-methyl compound. The higher value 
for the latter compound is not surprising in view of the 
greater electron-releasing power of the methyl group 
with respect to the aryl group. The first band corre
sponds to the transition 3A(F) —• 3T2g(F) (Vl ca 10Dq 
ca.) and the second to the transition 3A28(F) -*• T18(F) 
(v2 — 18Dq ca.). A third band corresponding to the 
spin-allowed transition 3A28(F) -* 3T18(P) (v3 c~ 3P 
- 3F + 12Dq ca.) should occur at about 27,000 cm.-1, 
but it is probably hidden by the more intense charge 
transfer bands. A weaker spin-forbidden band at 
12,500 cm. ' 1 is also expected for both kinds of adduct. 
This band may be obscured by the more intense vx 
band; in fact in some cases, especially in the spectra 
of the pyridine solutions, the V1 band is slightly asym
metric with a shoulder on the high wave-number side. 

These considerations allow us to discuss the refiect-

(6) L. Sacconi, P. Paoletti and G. Del Re, J. Am. Chem. Soc, 79, 4062 
(1957); JT. Fergusson, J . Chem. Phys., 34, 611 (1961). 

(7) R. W. Asmussen and O. Bostrup, Ada Chem. Scatid., 11, 1097 (1957); 
O. Bostrup and C. K. J0rgensen, ibid., 11, 1223 (1957). 

(8) A. D. Liehr and C. J. Ballhausen, Ann. Phys. (New York), 6, 134 
(1959). 
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Fig. 4.—Reflectance spectra of some salicylaldiminonickel(II) 
complexes and adducts: A, bis-(N-3-tolylsalicylaldimino)-
nickel(H); B, bis-(N-2-tolylsalicylaldimino)-nickel(II); C, bis-
(N-methylsalicylaldimino)-nickel(II), paramagnetic form; D, 
bis-(N-3-tolylsalicylaldimino)-nickel(II>2 pyridine; E, Ms-(N-
methylsalicylaldimino)-nickel(II)-2 pyridine; F, b i s - (N- i so -
propylsalicylaldimino)-nickel(II)-2 methanol. 

ance spectra of the paramagnetic N-aryl compounds 
and of the paramagnetic bis-(N-methylsalicylaldimino)-
nickel(II) complex. In the spectra of all these com
pounds the two vi and c2 bands, found in the respective 
octahedral adducts, are still present. In addition 
there are, as has already been stated, two weaker bands 
which occur practically at the same frequencies for 
both types of compounds, i.e., at 7,500 and 12,800 
cm. -1 . These spectral data can be tentatively ex
plained by supposing that the nickel(II) atoms are not 
all equivalent from the point of view of coordination. 
Some of them may be subjected to a crystal field similar 
to that acting in the pyridine adducts thus attaining 
octahedral coordination by association, while others 
may be subjected to a field of a different kind. If these 
latter atoms also were octahedrally coordinated the two 
bands at 7,500 and 12,800 cm.-1 would be assigned as^i 
and V2, respectively, with an average Dq of about 750 
cm.-1. Otherwise, it may be that these nickel atoms 
exhibit a different type of coordination. For instance, 
they may be five-coordinated as suggested1 for the 
dimers present in the solution in inert solvents. 

It must be noted, however, that if association occurs 
through intermolecular sharing of oxygen atoms, as pre
viously postulated,4 the Dq values of 1,000 and 1,120 
cm. - 1 appear to be surprisingly high. In fact for the 
bis-(N-isopropylsalicylaldimino)-nickel(II)-2MeOH ad
duct, in which a N2O4 set of donor atoms is present, a 
Dq value of 910 cm. - 1 is found (Fig. 4). 

The fact that the 2-substituted aryl complexes are 
planar diamagnetic in the solid state can be attributed, 
as has already been done for the solutions,1 to some kind 
of steric hindrance to association exerted by the groups 
in the o-position. 
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