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theorem of corresponding solutions13 this can only 
mean essentially no change in the immediate sur
roundings of the rare earth ions. Therefore the 
change of the a parameter with dielectric constant 
indicates that the purely electrostatic approach 
of Bjerrum is inadequate for these systems. We are 
faced again with the difficulty of naming an elec
trolyte that does not obey the criteria of the On-
sager-Fuoss or Bjerrum approaches. At the 
present time I can only call these hexacyanoco-
baltates of the rare earths incompletely dissociated 
electrolytes, with no solid operational definition 
to clarify this title. 

As more data accumulate it seems more and more 
apparent that different experimental approaches 
are giving us different association parameters 
for the same salts. These differences seem partially 
inherent in the methods and theories involved and 
not merely experimental artifacts. I t would be of 
great value if the "association" of some symmetrical 
electrolyte, preferably of the 2-2 variety, could be 
measured by a cooperating group of researchers 
using four or five of the most important methods 
and a very exhaustive study made of the results. 

A plot of — log if versus 1/D is a straight line for all 
(13) J.BjerrumandC.K.J0tgensen,.4r*aC'ftem.Sc<JK<2.,7,951 (1953). 

Introduction 
In 1953, Krumholz1 prepared the iron(II) com

plexes with a-diimines, of which biacetyl-bis-
methylimine (structure I) serves as an example.2 

CHs^ /CH3 

The spectra of these complexes were compared with 
those of tris-(o-phenanthroline)-iron (II) and tris-
(2,2'-bipyridine)-iron(II), and it was concluded that 
these a-diimine complexes were of the same type as 
the more familiar species. Krumholz found that 
only the N,N'-bis-methylimines formed this type of 
complex; i.e., biacetyl-bis-anil, biacetyl-bis-benzil-
imine and biacetyl-bis-ethylimine do not form the 
permanganate colored iron(II) complexes. This 
observation is explained readily in terms of the 
great steric requirements of the relatively large 
alkyl or aryl groups. The interpretations of 
Krumholz were confirmed in later studies3'4 in 

(1) P. Krumholz, THIS JOURNAL, 75, 2163 (1953). 
(2) These abbreviations will be used extensively: BMl, biacetyl-

uis-methylimine; PMI, 2-pyridiual-methylinune; PdMI, 2,6-pyridin-
dial-bis-methylimiue. 

(3) D. H. Busch and J. C. Bailar, Jr., THIS JOURNAL, 78, 1137 
(1056). 
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four of these salts. However, the slope is less than 
that predicted by the Bjerrum equation. To 
obtain the Bjerrum line for this comparison a was 
assumed constant and equal to the pure water 
value. A plot of — log K versus cation radius is also 
a straight line within experimental error for lan
thanum, neodymium and samarium. It is not 
possible to say much about the off-line position of 
yttrium without association data for some of the 
yttrium-group rare earths. Although yttrium is 
not a true rare earth its ionic radius lies between 
those of dysprosium and holmium. This leads to 
a strong similarity to the heavy rare earths both 
in its solution chemistry14 and in complex forma
tion.18 It should be noted also that although the 
K and a values change in the order La, Nd, Sm, Y; 
the A0 values and phoreograms fall in the order 
La, Nd, Y, Sm. 

Acknowledgments.—The author wishes to ac
knowledge the loan by Prof. R. W. Parry of the 
electrical conductance equipment used in this work. 

(14) Ref. 9, pp. 327, 330. 
(15) (a) E. J. Wheelwright, F. H. Spedding and G. Schwarzenbach, 

T H I S JOURNAL, 75, 4190 (1953); (b) F, H. Spedding, J. E. Powell and 
E. J. Wheelwright, ibid., 76, 2557 (1954). 
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which it was shown that [Fe(BMI)3] I2 is spin-
paired (essentially diamagnetic). Although a num
ber of complexes have been reported for the benzil 
and phenyl analogs of BMI,6 no metal ion other 
than iron(II) previously has been incorporated in 
complexes with simple aliphatic a-diimines. Fur
ther, the cobalt(II) and nickel(II) complexes re
ported here represent the only examples of octa
hedral complexes formed by a-diimines, other than 
those prepared by Krumholz, 

During the course of investigations directed 
toward the verification of the nature of the com
plexes of iron(II) with a-diimines,3 the iron(II) 
complex of 2-pyridinal-methylimine (structure 
II) was prepared. This ligand provides a simple 
structural link between 2,2'-bipyridine (structure 
III) and the a-diimines (structure I), being consti
tuted of one functional group of each type. The 
results of studies of the visible, ultraviolet and in
frared spectra, together with the diamagnetism of 
this complex, completed the synthesis and charac
terization of the series of octahedral, diamagnetic 
iron(II) complexes which were labeled, because of 

(4) K. Sone, A1aturwissenschaften, 5, 104 (1956). 
(5) G Hahr, 7.. anorg. allgem. Chain., 267. 137, 101 (1951). 

[CONTRIBUTION FROM THE MCPHERSON CHEMICAL LABORATORIES OF T H E OHIO STATE UNIVERSITY] 

Complexes of Iron(II), Cobalt(II) and Nickel(II) with Biacetyl-bis-methylimine, 
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The synthesis of the series of octahedral complexes formed by iron(II), cobalt(II) and nickel(II) with biacetyl-bis-methyl-
imine (BMI), 2-pyridinal-methylimine (PMI) and 2,6-pyridindial-bis-methylimine (PdMI) has been completed, and seven 
of the complexes are reported for the first time. The magnetic moments have been determined at room temperature. The 
values observed for the nickel(II) complexes are typical of spin-free, regular octahedral structures. The iron(II) complexes 
are essentially diamagnetic, exhibiting small residual paramagnetisms as is commonly found for spin-paired octahedral species 
involving d6 ions. The moments for the cobalt(II) complexes are unusually low in value (2,31, 2.98 and 4.39 Bohr magne
tons). I t is suggested tha t these compounds exist as equilibrium mixtures of isomeric spin-free and spin-paired ions. 
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their spectral properties, as compounds of the iron-
(Il)-methine chromophore. The series [Fe(o-
phen)3] I2, [Fe(dipy)3] I2, [Fe(PMI)3] I2, [Fe-
(BMI)3] I2 involves complex cations containing 
three bidentate ligands and characterized by the 
chelate ring 

\ >c-c/ / 
^ F e " " ^ 

As listed, the ligands in successive complexes de
crease in the number of aromatic rings in their 
structures, the first member, o-phenanthroline 
(o-phen), having three fused rings, while the last 
member is alicyclic. It has been shown3 that the 
maximum absorption in the visible spectrum shifts 
to longer wave lengths as the number of rings in the 
structure of the ligand decreases. This trend pro
vides inferential support for hypotheses relating to 
the importance of pi-bonding in these compounds. 
If the chelate ring is considered to be an aromatic 
ring, the effectiveness of the derealization of elec
trons in this ring should be at a maximum in the 
absence of fused rings. The infrared spectra of 
this series of iron(II) complexes provided the first 
direct evidence of the presence of very important 
conjugative effects in the chelate rings.3 More 
recently, a number of additional complexes have 
been prepared with PMI and related ligands,6-8 

and a few complexes have been reported with tri-
dentate ligands analogous to 2,6-pyridinidial-bis-
methylimine (structure IV).8'9 Despite these 

k „ > - C H . .CH, 
N N 

II CH3 C H - k M > - C H s .CH3 

IV 

III 

recent studies, the cobalt(II) and nickel (II) 
complexes with PMI and PdMI are reported for 
the first time here. 

Experimental 
Materials.—2-Pyridinaldehyde was obtained from the 

Aldrich Chemical Company and purified by distillation (b.p. 
64° (9 mm.)) when necessary. 2,6-Pyridindialdehyde was 
obtained from Aldrich Chemical Company and used without 
further purification. Technical grade sodium fluoroborate 
was obtained from Baker and Adamson and purified by re-
crystallization from water. Potassium iodide, iron(II) 
chloride 4-hydrate, cobalt(II) chloride 6-hydrate, nickel(II) 
chloride 6-hydrate, biacetyl and 40% aqueous methylamine 
were the usual reagent chemicals and were not purified. 

2-Pyridinal-methylimine.—2-Pyridinal-meth ylimine was 
prepared by the method of Bahr and Doge.6 The product 
was a colorless liquid which became yellow after a few min
utes. Anal. Calcd. for C7H8N2: C, 70.0; H, 6.7; N, 23.4. 
Found: C, 69.9; H , 6.8; N , 23.2. After storage for five 
weeks at 0°, some crystals were observed in the liquid 2-
pyridinal-methylimine and approximately 50 mg. of white 
crystals was isolated. Within four days, much of the re
maining liquid had crystallized and was separated by filter
ing and washed with ether. The infrared spectra of these 
fractions were identical. Within a week, the remainder of 
the liquid 2-pyridinal-methylimine had crystallized. The 
melting point of the crystalline material was 208-210°. 
The molecular weight as determined by the Rast method10 

(6) G. Bahr and H. G. Doge, Z. anorg. allgem. Chem., 291, 117 (1957). 
(7) G Bahr and Thamlitz, ibid., 282, 3 (1955). 
(S) H. C. Stoufer and D. H. Busrh, THIS JOURNAL, 78, 6016 (1956). 
(!» F. Lions and K. V. Martin, ibid., 79, 2733 (1957). 
(10) K. Rast, Ber., 65, 1051, 3727 (1922). 

was 242; that calculated for pyridinal-methylimine is 120. 
Anal. Found: C, 70.5; H, 6.2; N , 23.3. Only the liquid 
material was utilized in the synthesis of complexes. 

2,6-Pyridindial-bis-methylimine.—Twenty-five milliliters 
(excess) of 40% aqueous methylamine solution was added, 
very slowly at first and without cooling, to 19.5 g. (0.145 
mole) of 2,6-pyridindialdehyde. The resulting brown solu
tion was allowed to stand for 4 hr. before the excess methyl
amine was removed under reduced pressure (water aspira
tor) . Upon fractional distillation, the water fraction was ob
tained at 44° (68 mm.) and a very small fraction at 60° (3 
mm.) both of which were discarded. The main fiaction 
came over at 92-94 ° (3 mm.) and was a colorless oil. During 
the distillation, especially at the higher temperatures, the 
solution in the distilling pot became very black indicating 
either decomposition or polymerization of the ligand. The 
free ligand has a melting point of 23° and was purified fur
ther by fractional crystallization. The yield was 8.31 g. 
(36%) of white, elongated crystals. Anal. Calcd. for 
C9H11N3: C, 67.1; H, 6.9; N , 26.0. Found: C, 66.8; H, 
7.1; N, 25.8. 

Tris-(2-pyridinal-methylimine)-cobalt(II) Fluoroborate.— 
Three and thirty-two hundredths grams (0.014 mole) of 
cobalt(II) chloride 6-hydrate was dissolved in 20 ml. of air-
free water (nitrogen) in a 50° water-bath. Five milliliters 
(0.042 mole) of 2-pyridinal-methylimine was mixed with 10 
ml. of air-free water, and, over a period of 30 minutes, the 
solution was added dropwise, with stirring, to the solution of 
cobalt(II) chloride. The resulting dark reddish brown solu
tion was stirred for an additional 90 minutes while the tem
perature of the water-bath was maintained at, or below, 50°. 
If a brown oil was formed when 5 g. of sodium fluoroborate 
was added, the solution was warmed until the oil dissolved. 
Cooling to 0° overnight produced a brownish black crystal
line product which was washed twice with 2-ml. portions of 
cold water. The yield was 5.0-5.3 g. (60-64%). The crude 
product was recrystallized from 20 ml. of water by dissolving 
a t 50° and cooling (75% recovery). Anal. Calcd. for 
Co(C,HaN2)3(BF4)2: C, 42.5; H, 4 .1 ; N, 14.2; Co, 9.9. 
Found: C, 42.3, 42.2; H, 4.2, 4 .1 ; N, 14.0, 14.2; Co, 10.3. 

Tris-(2-pyridinal-methylimine)-nickel(II) Fluoroborate -
The nickel complex was formed in the same manner as the 
cobalt complex, except for the absence of the protective ni
trogen atmosphere, using 3.32 g. (0.014 mole) of nickel(II) 
chloride 6-hydrate, 5 ml. (0.042 mole) of 2-pyridinal-methyl
imine and 5 g. of sodium fluoroborate. In solution, the com
plex is a lighter brown than the cobalt complex, and, in the 
solid state, it exists as a tan crystalline powder. The yield 
of crude product was 5.84 g. (70%). This product was 
recrystallized by dissolving in 22 ml. of water at 50° and 
cooling. The recrystallized product was dried in vacuo 
over P2O5 (75% recovery). Anal. Calcd. for Ni(C7N8Ns)3 
(BF4)2: C, 42.5; H , 4 .1 ; N , 14.2; Ni, 9.9. Found: C, 
42.2,42.4; H, 4 .2 ,4 .2; N, 14.1, 14.5; Ni, 10.2. 

Bis-(2,6-pyridindial-bis-methylimine)-iron(II) Iodide.— 
Four and twenty-four hundreths grams (0.0314 mole) of 
2,6-pyridindialdehyde was placed in a beaker, slurried with 
5 ml. of absolute ethanol, and 10 ml. of a 40% methylamine 
solution was added slowly, with stirring. Three and one-
tenth grams (0.0157 mole) of iron(II) chloride 4-hydrate 
was dissolved in 10 ml. of air-free water and filtered into the 
solution of ligand. The solution became a deep permanga
nate color. Precipitation began as soon as 7 g. of potassium 
iodide was added to the solution. After cooling to 0°, the 
glittering black product was filtered and washed with 4 ml. of 
cold water. The yield was 7.80 g. (78%), and the product 
was recrystallized by dissolving in 40 ml. of water at 50°, 
adding 4 g. of potassium iodide and cooling. The product 
was dried in vacuo over P2Os (80% recovery). Anal. Calcd. 
for Fe(CHnN3)Jl2-2H2O: C, 32.3; H, 3.9; N, 12.6; Fe, 
8.4. Found: C, 32.4, 32.6; H, 3.8, 3.7; N , 12.2, 12.4; 
Fe, 8.3, 8.5. 

Bis-(2,6-pyridindial-bis-methylimine)-cobalt(II) Iodide 
(Method One).—Three and forty-one hundredths grams 
(0.0209 mole) of 2,6-pyridindial-bis-methylimine was dis
solved in 6 ml. of ethanol. To this solution was added 2.48 
g. (0.0105 mole) of cobalt(II) chloride 6-hydrate in 10 ml. of 
water. Seven grams of potassium iodide was added with 
stirring to the resulting dark reddish black solution. The 
solution was filtered after cooling to 0° and the black crystals 
washed with 4 ml. of alcohol before drying in vacuo over 
P2O5. The yield was 6.18 g. (93%). The crude product was 
recrystallized from 20 ml. of water by heating to 50°, filter-
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ing , t h e n a d d i n g 2 g. of p o t a s s i u m iodide a n d cooling. T h e 
p r o d u c t was dr ied in vacuo over PnO5 (59% r e c o v e r v ) . 
Anal. Ca l cd . for Co( C J I n X 3 ) J M F d : C, 3 3 . 1 ; H , 3 .7 ; 
N , 12 .9 . F o u n d : 0 , 3 3 . 4 , 3 3 . 4 ; 1 1 , 3 . 6 , 3 . 4 ; X , 12.6 , 12 .6 . 

Bis- (2 ,6-pyndindia l -b is -methyl imine) -cobal t in) I od ide 
( M e t h o d T w o ) . — A slur ry was m a d e of 4.32 g. (0 .032 mole) 
of 2 , 6 - p y r i d i n d i a l d e h y d e in 5 ml . of e t l i anol . F ive milli
l i ters of 4 0 % m e t h y l a m i n e solut ion was a d d e d slowly t o 
avo id excessive h e a t i n g of t h e so lu t ion . After s t i r r ing for a 
few m i n u t e s , 3.80 g. (0 .010 mole) of cobaH(II ' i chlor ide fl-
h y d r a t e in 10 ni l . of w a t e r was a d d e d , and then 20 g. of 
p o t a s s i u m iod ide . T h e solut ion was. hea ted in a 5 0 3 wa te r -
b a t h , wi th s t i r r ing , for ,30 m i n u t e s , before cooling o v e r n i g h t . 
Upon filtering, a spa rk l ing b lack , fine powder was o b t a i n e d 
a n d washed wi th e t l ianol and e t h e r and then air d r ied . T h e 
yield of t h e c rude p r o d u c t was 6.47 g. (0;b ,' ;. "1 his was 
purified by dissolving in 15 ml . of water a t 5o'J and filtering. 
Before cooling, 1.5 g. of p o t a s s i u m iodide was added ( 1 6 % 

Anal. Ca lcd . Co(C=H11X:, C. 
3 3 . 1 ; H , 3 . 7 ; X , 12.9. P o u n d : 0 , 3 3 . 4 , 3 3 . 2 ; ; i . 3 . 0 , 3 . 4 ; 
X , 12.6, 12 .4 . 

Bis - (2 ,6 -pyr idmdia l -b i s -methyImi ine) -n icke l ( I I . , I o d i d e . — 
A s lur ry was m a d e of 4 .32 g. (0 .032 mole) of 2.6-p ; , r id iu-
d i a l d c h y d e in 5 m l . of e t l i anol . Ten milli l i ters (excess) 
of 4 0 % m e t h y l i m i n e solut ion was a d d e d slow!',- with s t i r r ing , 
followed by a solut ion of 3.80 g. (0.016 mole) of nie! :e l(II) 
chlor ide 6 - h y d r a t e in 10 ml . of wa t e r . T in - solut ion was 
p o u r e d o n t o 8 g. of solid p o t a s s i u m iodide and the m i x t u r e 
was m a i n t a i n e d u n d e r reduced pressure to r emove the ex
cess m e t h y l a m i n e . I ' pon cooling and fil tering, a Ian p rod 
uc t was o b t a i n e d which was washed with 4 ml . of e t l ianol , 
t hen e the r , a n d dried in a v a c u u m des icca tor . The yield 
of t h e c rude p r o d u c t was 4.27 g. (42 ' ( ). T h e c rude p r o d u c t 
was recrys ta l l ized by dissolving in 15 ml . oi water a t 50" , 
filtering a n d a d d i n g 1.5 g. of po ta s s ium iodide. T h e b rown 
c rys t a l s , which were ob ta ined by cooling the solut ion t o 0 ° , 
were washed wi th 2 ml . of e t l ianol a n d dr ied in vacuo over 
P 2O 5 (89%. r e c o v e r v ) . Anal. Ca lcd . for Xi (CH 1 1 XX)- I 2 . 
H 2 O: C, 3 3 . 1 ; H . 3 .7 ; X , 12.0: Xi , 9.0. F o u n d : C. 3 3 . 3 , 
33 .4 ; 1 1 , 3 . 6 , 3 . 5 ; X , 12.6, 12 .8 ; Xi , 9 .3 , 9 . 7 . n 

Tr i s - (b i ace ty l -b i s -me thy l imine j - coba l t ( i r i Iodide .—-Four 
a n d seventy-s ix h u n d r e d t h s g r a m s (0.02 mole) of c o b a l t ( I I ) 
ch lor ide 6 - h y d r a t e was dissolved in 5 ml . of w a t e r . W i t h a 
s t r e a m of n i t rogen gas b lowing on t h e surface of t h e solu t ion 
t o p rov ide a p ro t ec t i ve a t m o s p h e r e , 10 m l . of 4 0 % a q u e o u s 
m e t h y l a m i n e solut ion was a d d e d s lowly. Because of t h e 
h e a t evo lved , w a t e r cooling was necessary when 5.1 ml . 
(0.06 mole) of b iace ty l was a d d e d slowly. T o ensure com
ple te reac t ion of t h e b i ace ty l , an add i t iona l 2 nil . of m e t h y l 
a m i n e solut ion was a d d e d . A line black powder was o b 
t a ined w h e n 7 g. of p o t a s s i u m iodide was a d d e d a n d t h e 
solut ion cooled to 0 ° . T h i s c rude p r o d u c t was dissolved in 
20 m l . of a 1:1 e t h a n o l - w a t e r solut ion a t 55X filtered a n d 
recrys ta l l ized by cooling i o 0 ° . T h e sh iny b lack c rys ta l s 
of p r o d u c t were washed wi th et l ianol a n d dr ied in vacua over 
P2O^. T h e yield was 2.49 g. ( ! 9 X ) . Anal. Ca lcd . for 
C o ( C 6 H , , X i ) 3 I 2 - H 2 O : C , 3 2 . 1 ; U , 5 .7; X, 12.6. F o u n d : 
C, 32 .2 , 3 1 . 9 ; 1 1 , 5 . 4 , 5 . 4 ; X , 1 2 . ! , 12.-1. 

Tris-(biacetyl-bis-methylimine)-nickel(I .[) I o d i d e . F o u r 
a n d seventy-s ix h u n d r e d t h s g r a m s (0 .020 mole) of u i eke i ( I I ) 
ch lor ide 6 - h y d r a t e was dissolved in 5 nil. "f water and 12 nil . 
of 400',' a q u e o u s m e t h y l a m i n e solut ion was a d d e d s lowly. 
This blue solut ion t u r n e d to a d a r k b rown , and a grea t deal 
of hea t was evolved as 5.1 ml . (0.O0 niok0 of b incetvl was 
a d d e d s lowly. T h e excess n ie t l iy lamine was removed u n d e r 
reduced p ressure , and 7 g. of poOissiuni iodide was a d d e d 
before t i ie solut ion was cooled to 0 ° . A very line b rown 
powde r , which was difficult t o filler, was o b l a u a d a n d dr ied 
over P2O.-,. 'The yield of t h e c rude p r o d u c t was 6.8 g. (52%.) . 
T h e c rude p r o d u c t was dissolved in 20 ml . of a 1: 1 e t h a n o l -
w a t e r solut ion and filtered. A greenish , ge la t inous 
m a t e r i a l , which was left on tin: iilier, m a y a c c o u n t for t h e 
difficulty in filtering. I ' p o n cooling the e t h a n o l - w a t e r 
solut ion to 0 ° , a nicely crys ta l l ine p r o d u c t was o b t a i n e d . 
After d r y i n g in vacua over P2O.-,, t h e yield was 4.5 g. ( 6 6 % 
r e c o v e r y ) . Anal. Ca lcd . for Xi(CcH1 2 X1O3T2: C, 3 3 . 3 ; 

1 1 , 5 . 6 ; X , 13.0 . F o u n d : C X H, . X , ! 3 . 1 . 
M a g n e t i c M e a s u r e m e n t s . — T h e magne t i c moment.-, of the 

complexes of 2 -py r id ina l -me thy l imine , 2 .6 -p \ r id ind ia l -b i s -
iue tby l imhie and b iaee ty l -b is -u ie th \ l imine were o b t a i n e d 
bv t h e G o u y m e t h o d , us ing an Ainswor th se iu imicro-ana ly t i -

T A B L E I 

M O L A R S U S C H P T I W I . I T I B S O F L I G A N D S A N D A N I O N S 

Ligand or anion X^1 X 10r-

2-Pyr id i i i a l - :ne lhv!amiue —65 
2 ) 0-Pyr id ind ia l -b i s - ;ue thy l imiue —79 
r i incervl -b is -methyHmiue —35 
Fh-.oroborat ' : i.o,i - 3 9 

- 1 3 
:• x i i d c i- -n 

W a t c r 

(U) v- .a'lL-i ignition. 

' ! AiJLM i l 

CoRKLCiLi'' M O L A R SUSCJ - P I Ii i i u n E S A M ) M A G N E T I C 

M O M : : VTS. o r M E T A L I O N S 

Cor . 

C. onipiauici'" x.M X 10c MoT 

IXiIPMl)3KBF4O --3979 3.12 
[Co(PMI)3](Br4O 4-7993 4.39 
[Pe(PdMI ;2]I2-2H20 + 209 0.71 
[Xi(PdMIiV]I2-II2O -+-4292 3.22 
[Co(PdMlMiI2-H2O +2221 2.31 
[Xi(BMT)3]F -[-4355 3.24 
[Co(BMI)3]I2-IT2O --3640 2.98 

" Abbreviations used: PMI, 2-pyridinal-methylimine; 
PdMI, 2,0-pyridiudiai-bis-methylimiue; BMI, biacetyl-bis-
methylimine. 
cal balance. The values given by Selwood12 were used 
for the diamaguetic susceptibilities of the anions. Pascal's 
constants13 were used in calculating corrections for the dia-
magnetism of the ligands. The values utilized are given 
in Table I. Magnetic data for the complexes are listed in 
Tabic II. 

Results 
Complexes of 2-Pyridinal-methylimine.—Previ

ous investigators have reported 2-pyridinal-methyl-
imine complexes villi a number of metal ions. 
However, from, among the Triad of first row Group 
S elements, only (Ik; iron(II) complex has pre
viously been prepared. During the course of this 
investigation, the complexes of cobalt and nickel 
with P M I were prepared and their magnetic mo
ments were determined. The free ligand is an 
oil having a boiling point very close to tha t of the 
aldehyde, 64° (9 mm.: and 07° (10 mm.) , respec
tively-. In order to obtain a pure product, excess 
nietliylamine must be utilized during the synthesis. 
The liquid appears to be completely miscible with 
water and etlianol, but it is immiscible with ether. 
The complexes of P M I form instantly when aqueous 
solutions of the ligand and a metal ion are mixed. 
However, some difficulty was encountered in ob
taining crystalline products. The procedures given 
represent the culmination of many experiments 
carried out under a variety of conditions. 

The iron(II) complex of 2-pyridinal-methylimine 
is quite similar to the iroii(II) complexes of 2,2'-
bipyridine and 1,10-phenanthroline. The complex 
is destroyed only slowly in the presence of strong 
acid, and the color is slightly less intense than tha t 
of the complex of 1,10-plieiianthroline but more in
tense than the 2,2'-bipyridine complex.3 Tris-
(2-pyridinal-methylmiine)-iron(II) has been shown 
to be diatnagnetic. The stability of this structure 
indicates tha t there is a good chance of isolating the 
predicted optical and geometric isomers. 

The cobalt(II) complex of 2-pyridinal-methyl-
iiiiitie is quite different from the iron complex. 

;12.) I'. W. SohonnL " M ioiu.-is. Ciivii'i iai v , " Inter science Publ i shers . 

I i.e.. N.ov York , N. Y., I 'J ja, !•. 78. 
V IJ) KcI. ])!, p. \>2. 
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By analogy to the tris-(2,2'-bipyridine)-cobalt(II) 
complex,1 oxidation should be accomplished quite 
easily. In order to obtain the pure cobalt(II) 
complex, the reaction was carried out in the ab
sence of oxygen. The magnetic moment of 4.39 
B.M. is somewhat more than the theoretical value 
for the spin-only moment for three unpaired elec
trons (3.87 B.M.). 

In many respects, the nickel(II) complex of 2-
pyridinal-methylimine is intermediate in character 
as compared to the iron(II) and cobalt(II) com
plexes. Oxidation of the nickel(II) is quite un
likely and, in this respect, the stability of the diva
lent complex resembles the iron(II) complex. The 
magnetic moment of 3.12 B.M. is comparable to 
that observed in other nickel(II) complexes (2.9 
to 3.4 B.M.)14 and indicates the spin-free regular 
octahedral structure. Since the nickel(II) com
plexes of 2,2'-bipyridine and 1,10-phenanthroline 
have been resolved,16 it seems quite likely that the 
optical isomers of the tris-(2-pyridinal-methyl-
imine)-nickel(II) complex might be stable enough 
to permit resolution. 

Complexes of 2,6-Pyridindial-bis-methylimine.—• 
Since 2,6-pyridindial-bis-methylimine (PdMI) con
tains the same types of functional groups, this 
molecule would be expected to function as a chelat
ing agent in a manner analogous to 2-pyridinal-
methylimine, except that only two molecules are 
required to occupy the six positions of an octahedral 
complex ion. The free ligand is a white crystalline 
material melting at 23°; however, no polymeriza
tion was observed (as in the case of PMI). The 
boiling point is quite high (94° (3 mm.)). The 
ligand is soluble in water and alcohol but cannot be 
recrystallized from these solvents. I t reacts with 
acetone to form a black glassy insoluble polymer 
which shows no evidence of complexing with 
metal ions. All of the complexes can be prepared 
with either the previously isolated ligand or by 
generation of the ligand in situ. Due to the de
composition of the ligand during distillation and the 
resulting low yields, the direct method is preferred. 

The iron (I I) complex was formed, in a straight
forward manner, starting with the dialdehyde and 
methylamine. The complex produces the char
acteristic permanganate colored solutions, similar 
to those observed for iron(II) complexes of the 
dimethine class. It forms flat, black, shiny 
crystals. The complex was found to be diamag-
netic; however, when corrections were made for 
the diamagnetic susceptibilities of the anion, 
ligand and water of hydration, the iron (II) atom 
was found to be slightly paramagnetic. The value 
of 0.71 Bohr magneton is in line with values found 
for other complexes of this type.16 

The cobalt complex was first prepared from the 
free ligand and later by the alternative procedure. 
The magnetic moment of 2.31 Bohr magnetons for 
bis-(2,6-pyridindial-bis-methylimine)-cobalt(II) io
dide is unusual. 

The nickel(II) complex was prepared from the 
dialdehyde and methylamine and isolated as an 

(14) Reference 12, p. 159. 
(15) F. P. Dwyer and E. C. Oyarfas, J. Proc. Roy. Soc. N. S. Wales, 

S3, 263 (1950). 
(16) U. C. Stouter, Thesis, Ohio State University, 1958. 

orange-tan, crystalline product. The magnetic 
moment of the bis-(2,6-pyridindial-bis-methyl-
mine)-nickel(II) iodide is 3.22 Bohr magnetonis 
indicating the usual spin-free octahedral structure. 

Complexes of Biacetyl-bis-methylimine.—The 
compound biacetyl-bis-methylimine represents an 
extreme structure among the dimethine chelating 
agents. The series of complexes formed by this 
ligand is especially interesting since there are no 
aromatic rings present to mask the effects of co
ordination. However, the absence of aromatic 
rings and the associated resonance stabilization is 
accompanied by instability of the free ligand. The 
preparation of the free ligand has not been reported 
in the literature, and attempts to prepare it during 
the course of this investigation were unsuccessful. 
However the complexes form readily in aqueous 
solutions when biacetyl and methylamine are com
bined in the presence of a metal ion, such as iron(II), 
cobalt(II) or nickel(II). 

The iron(II) complex was first prepared by Krum-
holz1 and, in solution, exhibits the permanganate 
color characteristic of the iron (II) complexes of the 
dimethine class. The spectra and magnetic mo
ment of the tris-(biacetyl-bis-methylimine)-iron-
(II) complex have been investigated1'3'4 and indi
cate spin-pairing and an extreme electronic struc
ture. 

The cobalt(II) complex of biacetyl-bis-methyl
imine was isolated, with some difficulty, as the 
iodide salt. The solutions formed during the prepa
ration of this substance tend to form a black tar 
which makes manipulations extremely difficult. 
The magnetic moment of 2.98 B.M. is quite close 
to that expected for two unpaired electrons. 
However, the cobalt(II) ion contains an odd number 
of electrons and its normal electronic configurations 
involve either one or three unpaired electrons. 

The nickel(II) complex of biacetyl-bis-methyl
imine was found to be much easier to prepare than 
the cobalt(II) complex. The solution becomes 
dark red as soon as biacetyl and methylamine are 
combined in the presence of nickel(II) ions. The 
chloride salt is quite soluble, but the iodide salt is 
precipitated when excess iodide is added and the 
solution cooled. The magnetic moment of tris-
(biacetyl-bis-methylimine)-nickel(II) iodide was 
found to be 3.24 Bohr magnetons, a value in close 
agreement with the nickel(II) complexes of 2-
pyridinal-methylimine and 2,6-pyridindial-bis-
methylimine. 

Discussion 
The usual electronic configuration for the d6 

ion, Fe2 + , in its solid salts and its normal complex 
compounds may be characterized as spin-free, 
having four unpaired electrons. It is true, how
ever, that a few very well known complexes of iron-
(II) exhibit magnetic moments corresponding to no 
unpaired electrons. Examples of the most familiar 
of these are [Fe(CN)6]4- and [Fe(o-phen)3]2+. 
In keeping with the concepts of ligand field theory," 
spin-pairing will occur only when the extra crystal 
field stabilization energy (20.Dq) exceeds the energy 

(17) F. Basolo and R. G. Pearson, "Mechanisms of Inorganic Re
actions," John Wiley and Sons, Inc., New York, N. Y., 1958, Chapter 2, 
L. E. Ornel and J. S. Griffith, Quart. Revs., 11, 381 (1957). 



824 PAUL E. FIGGINS AND DARYLE H. Buscn Vol. S2 

required to pair the electrons (pairing energy). 
Although the values of these parameters are such 
that spin-pairing is expected in the case of fer-
rocyanide, the same is not true of tris-(o-phenan-
throline)-iron(II).18 The considerations mentioned 
here, when translated into the terminology of 
modern molecular orbital theory, are restricted to 
the sigma-bonding system of electrons, the t2g 
levels (3-fold degenerate) being regarded as non-
bonding. As has been suggested by a number of 
investigators, the unusual properties of these com
plexes may be explained on the assumption that the 
central metal ion and the ligand are linked by pi-
bonds as well as by sigma-bonds, and it is the t2g 
orbitals which should combine with ligand orbitals 
to produce the molecular orbitals of pi-symmetry. 
In the event such an interaction occurs, the bond
ing t2g level will be lowered in energy and, conse
quently, the separation of t2g from eg will necessarily 
increase. This, in turn, must result in enhance
ment of the extra crystal field stabilization energy 
(c.f.s.e.) and, in view of the experimental facts 
(the complex is spin-paired), this extra c.f.s.e. 
must now exceed the pairing energy. 

Similar arguments may be made for the bonding 
of ligands of the dipyridyl or o-phenanthroline 
class with cobalt(II) or nickel(II). However, the 
fact that these are d7 and d8 ions, respectively, re
sults in some of the electrons populating the anti-
bonding eg* energy level even in the spin-paired 
case. The symmetrical filling of both the eg* 
(half filled) and t2g (filled) levels in nickel(II) leads 
to the prediction that this ion must always be spin-
free and regular octahedral when it has a coordi
nation number of six. In the case of cobalt (I I) 
the spin-free complex has three unpaired electrons 
and a slight J arm-Teller distortion17 may arise 
from the orbital degeneracy of the t2g level. The 
spin-paired cobalt(II) complex (one unpaired elec
tron) should suffer measurable tetragonal distortion. 
As a first approximation, the regular octahedral 
structure may be assumed for both spin states. 
In this case the stable state is determined by the 
same considerations mentioned for iron(II). Again, 
pi-bond formation should favor the formation of 
the spin-paired state. 

I t should be pointed out that whereas the iron-
(II) and nickel(II) complexes with PMI, PdMI 
and BMI conform closely in magnetic behavior 
(Table II) to the pattern familiar in similar, well-
known compounds (as described above), the cor
responding cobalt(II) complexes exhibit an un
usual behavior shared with only a few other com
pounds. The magnetic moment of [Co(PMI)3] 
(BF^2, 4.39 Bohr magnetons, is substantially higher 
than that expected for three unpaired electrons 
(3.87 Bohr magnetons). However, this behavior 
has been noted14 in other cobalt(ll) complexes 
(observed range 4.4-5.2) and is generally attributed 
to incomplete quenching of the orbital contri
bution to the magnetic moment.19 In fact, Ny-

(IS) L. IC. Orgcl, R e p o r t to X t h So lvay Counci l , Brussels , M a y , 
1U56; J. Chem. Pliys., 23 , 1819 (1955), 

holm20 has pointed out that a value of approxi
mately 4.8 to 5.2 Bohr magnetons is commonly 
observed for spin-free, octahedral cobalt(II). 
On that basis, the observed moment is deemed to 
be somewhat lower than the most probable value. 
Further, Nyholm has related moments substantially 
below 5 Bohr magnetons to tetrahedral structures. 
Because of the presence of three moles of a bidentate 
ligand in the complex ion [Co(PMI)3]

 + + , a tetra
hedral structure is discounted. By comparison, 
the moments for [Co(BMI)3]I2-H2O and [Co-
(PdMI)2]I2-H2O are much lower than the usual 
spin-free values. The value of 2.98 Bohr magne
tons for [Co(BMI)3]I2-H2O is quite close to that 
expected for two unpaired electrons. However, 
the cobalt(II) ion contains an odd number of elec
trons and its normal electronic configurations in
volve one or three electrons. Similarly, the 
magnetic moment of [Co(PdMI)2]I2-H2O, 2.31 
Bohr magnetons, is abnormally high for one un
paired electron. The observed moments can be 
explained by assuming an equilibrium mixture of 
the spin-paired (inner orbital) and spin-free 
(outer orbital) states in each case. From this, 
it is concluded that the metal-ligand bonds must be 
quite strong, involving appreciable pi-bonding and 
that the energy difference between the two elec
tronic states (spin-paired and spin-free) is of the 
order of kT. 

According to modern ligand field and molecular 
orbital theories, the formation of spin-paired octa
hedral cobalt(II) should be only a few kcal. less 
favorable than spin-paired iron(II). In this par
ticular case, the older valence bond theory makes 
the absurd prediction that spin-paired octahedral 
cobalt(II) complexes are some 580 kcal./mole 
less stable than the analogous iron(II) complexes.21 

However, well established examples of spin-paired, 
octahedral cobalt(II) complexes are extremely 
rare. In fact, most of them have been prepared 
only recently. In addition to the compounds re
ported here, these others are likely examples: 
hexanitrocobaltate (II),22 tris- (o-phenylene-bis-di-
methylarsine)-cobalt(II),23 bis-(2,6-pyridindial-
dihydrazone)-cobalt(II),8 bis-(2,6-pyridindial-bis-
benzylimine)-cobalt(II)9 and (3,6-dithiaoctan-
l,8-dial-bis-a-pyridylhydrazone)-cobalt(II).24 It is 
probably significant that three of the seven ex
amples of spin-paired, octahedral cobalt(II) com
pounds involve tridentate, unsaturated nitrogen 
donors. Co(BMI)3I2-H2O appears to be the 
first example of a spin-paired octahedral cobalt-
(II) complex containing bidentate ligands of this 
class: i.e., the cobalt(II) complexes of o-phenan
throline, 2,2'-bipyridine, etc., are spin-free. 
COLUMBUS 10, OHIO 

(19) Reference 12, p . 170. 
(20) R. S. N y h o l m , R e p o r t to the X t h Solvay Counci l , Brussels, 

M a y , 1956. 
(21) D. I I . Busch , J. Chem. Ed., 33 , 37o (190U). 
(22) L. Paul ing , " T h e N a t u r e of the Chemical B o n d , " 2nd ICd., 

Cornell Univers i ty Press , I t haca , N . Y., 19-18, p 11«. 
(23) F. I I . Bura t a l l and K. S. Nyl iohn , J. Chun. Sac, 3570 ! I 9,12). 
(24) F . Lions and K. V. M a r t i n , T i n s J O U R N A L , 80, 385S (1958). 


