
(11) complexes derived from diimine ligands of salicyl- 
aldehyde (structure 111), observed the following order 
of ligand field strength for R bridging groups: -CH2- 
CHe- > -CHaCH2CH~- > -CH2(CH2)&H~-. The 
trend agrees with the order in this nork in that chain 
lengthening in the central ring loir er5 the ligand field 
strength of the ligand At the only two points of com- 
parison, the tri- and tetramethylene bridges, the pyr- 
role-derivative ligands are stronger than the corre- 
sponding salicylaldiimine ones by about 3800 cm-l. If 
this value is applied to the complexes reported here, the 
ligand field transition of ligands with a two-carbon 
chain would be extrapolated to near 460 m p  and would 
consequently be covered by a more intense band. 

Conclusions.-It has been possible to synthesize and 

characterize planar nickel(II) complexes of tetra- 
dentate ligands which have the unusual central ring 
sizes of seven and eight. From ligand field spectra i t  
has been shown that  the ligand field decreases in the 
niononieric planar complexes as the size of the central 
ring increases. These tetradentate ligands containing 
four nitrogen donor atoms are stronger than the biden- 
tate pyrrole-2-methylenimine ligands and are stronger 
than ligands in the salicylaldehyde system containing 
tn-o oxygen and two nitrogen donor atoms. 
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Complexes of S , ~ ~ ~ ' , S ' - t e t r a i i i c t l i y l a t e ~ l  ethyleiiedianiiiie (Mereti), 1.2-propyleiiediatriiric (Merlin). and trinietliyleiiedi- 
amine (Me4tn) with nickel(I1) and cobalt(I1) salts have been prepared and investigated. Compouiids of the type M(di -  
amine)X2 (M = Co, Ki and X = C1, Br, I ,  KO,j, NCS) with tetrahedral and octahedral structures were obtained. The  
stereochemistry of the complexes, both in the solid state and in solution, is discussed on the basis of their magnetic and spec- 
tral properties. The tendency of the diamines to form tetrahedral complexes is found to increase in the order Mc,en < 
Merpn < Me4tii. 

Introduction 
Many compounds of nickel(I1) with N -  and C-sub- 

stituted ethylenediamines have been described and 
studied.'I2 These have been found to have a planar 
or an octahedral structure. The latter configuration 
has also been assigned to some nickel(I1) derivatives of 
C-substituted ethylenediamines (phenylethylenedi- 
amine, stilbenediamine) which were originally con- 
sidered to be tetrahedraL3 T o  our knowledge, however, 
no systematic investigation has been made on the 
ability of N ~ N ~ N ', N '-tetramethylated ethylenediamine 
(Me4en) ~ 1,2-propylenediamine (Me4pn) and tri- 
methylenediamine (Me4tn) to  form complexes with 
nickel(I1) and cobalt(I1) salts. Only the complex Ni- 

(1) I. Lifschitz, J. G. Bos, and K .  11. Dijkema, Z.  Aimvg. Allsen?. Chein., 
242, 97 (1939); I. Lifschitz and J. G. Bos, Rec.  T i a u .  Chiin., 69, 507 (1940); 
F. Hein and H .  Mueller, Z. A n o i ~ .  Allgem. C h e m . ,  283, 172 (1956); D. M. L. 
Goodgame and L. &I. Venanzi, J .  Chem. Soc., 617, 5909 (1983); S. F. Pav- 
kovic and D. W. Meek, I?torg. Chem., 4, 20 (1965). 

( 2 )  (a) F. Basolo, R. K. Murmann, and Y .  T. Chen, J .  Am. Chem. Soc., 
76, 956 (1954); (b) F. Basolo, R. K. Murmann, and E'. T. Chen, i b i d . ,  76, 
1478 (1953); (c) H. Glaser and P. Pfeiffer, J .  P ~ a k t .  Chem., 153, 300 
(1939); A. K. S. Ahmed and R. G. Wilkins, J .  Chem. Soc., 2091 (1960); 
D. L. Leussing, J. Harris, and P. Wood, J .  Phrs.  Chenz., 66 ,  1544 (1962). 

C. J. Ballhausen and 
A.  D. Liehr, J .  A m .  Chem. Soc. ,  81, 538 (1969); W. C .  E. Higginson, S.  C. 
S y b u r g ,  and J .  S .  \\'ood, I i t 0 ~ 2 .  Cheiii., 3, 163 (1064); S. C. Ny-hurg and J. S. 
Wood. i b i d . ,  3, 468 (1064). 

(3) C. Furlani, Gas& Chim.  I t a l . ,  88, 279 (1958); 

(?lleAen) (KO,), has recently been prepared4 arid i t  has 
been found to have hexacoordinate structure with tiso 
bidentate nitro groups.j 

b*e have found that, in anhydrous and noncoordinat- 
ing solvents, nickel(I1) and cobalt(I1) halides, ni- 
trates, and thiocyanates react with Me4en, Me*pn, and 
Xfe4tn to give complexes of the general formula M(di- 
amine)X2.G The stereochemistry and the properties of 
these complexes have been studied, and the results are 
reported in this paper. 

Experimental Section 
Preparation of the Compounds .--The diamines w r c  methyl- 

ated, with a mixture of formic acid and formaldehydc, using 
standard methods. 411 of the complexes were prepared by the 
same general method. A solution of 10 mmoles of the diamine 
ligand in 20 in1 of dry butanol was added slowly to a hot solution 
of 10 mmoles of the appropriate metal salt in 50 ml of butyl alco- 
hol, which had previously been distillcd over BaO. After boiling 
for some minutes, the solution was filtered and concentrated, 
and a precipitate was generally obtained. In  some cases cyclo- 
hexane was added to  promote precipitation. The crystals were 
collected by filtration and dried in a stream of dry nitrogen. The 
analytical data are reported in Table I. 

(4) 1). 31. L. Goodgame and XI .  A. Hitchman, i b i d . ,  4, 711 (1965). 
(.5) A I .  G. R .  l h e w  and I). Rogers ,  C h e m .  Coii?iizxii. 476 (1065). 
((j) L. Saccvni and I. Bci-tini, i i i o r s .  S z i c l .  Cheriz. L i ~ l l e v s ,  2,  % l J  ! l O i i t i )  
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TABLE I 
ANALYTICAL DATA FOR THE 

N,N,N’,N’-TETRAMETHYLDIAMINE NICKEL(II) AND 
COBALT(II) COMPLEXES 

ncp, 
Compound OC 

Ni(Meaen)Clz >300 
Ni(Me4en)Bi-2 198-202 
Si(Meaen)Iz 2 12-2 18 
r\’i(Meien)(KCS)z >300 
Ni(Meaen)(SOs)z 181-183 
Ni(Merpn)Cln 300 dec 
h-i(Meapn)Brn 222-225 
Ni(Meapn) 12 226-232 
Ni(Meapn) (NCS)z >300 
Ni(Meapn)(NOa)n 164-168 
iVi(W1ertn)Cln 222-228 
Ni(Meatn)Br2 265-272 
Ni( Neatn) Iz 258-264 
Ni(Me4tn) (NCS)z >300 
Ni(Mertn)(NOa)z 177-180 
Co(Meaen)Clz 176-180 
Co(Meaen)Brz 186-189 
Co(Me4en)Ir 213-222 
Co(Meaen) (NCSjz 192-197 
Co (Meaen) (Nod z 176-1 78 
Co( Meapn) Clz 208-2 14 
CoCv1erpn)Bi.z 221-226 
Co(Meapn)In 227-233 
Co(Meapn) (SCS)s 181-183 
Co(N1eapn) (N0a)n 154-155 
Co(  Meatn) Clz 232-241 
Co(Meatn)Bi-z 262-270 
Co(Meitn)In 270-284 
Co(Meatn) (NCS)z 188-201 
Co(iVentn)(N03)z 185-188 

Yo nitrogen 
Calcd Found 
11.40 11.30 
8.35 8.44 
6.54 6.33 
19.24 19.53 
18.70 18.54 
10.76 10.45 
8.02 7.73 
6.33 6.68 
18.46 18.70 
17.91 17.88 
10.76 11.10 
8.02 8.13 
6.33 6.89 
18.46 18.40 
17.91 18.11 
11.40 11.46 
8.35 8.46 
6.54 6.48 
18.24 19.27 
18.70 18.73 
10.76 10.80 
8.02 7.93 
6.33 6.35 
18.46 18.43 
17.91 17.85 
10.76 10.88 
8.02 8.20 
6.33 6 34 
18.46 18.23 
17.91 17.86 

7, halogen 
Calcd Found 

28.85 28.85 
47.85 48.05 
59.30 59.09 

27.32 27.12 
45.80 46.10 
57.32 56.96 

27.32 27.15 
45.80 45.94 
57.32 57.14 

28.85 29.40 
47.85 47.85 
59.30 58.91 

27.39 27.56 
45.80 46.02 
57.28 57.50 

27.31 27.80 
45,SO 45.90 
57.31 57.59 

Y’ metal 
Calcd Found 

20.17 19.86 
19.64 19.69 

19.25 18.96 
18.76 19.00 

19.25 19.33 
18.76 18.95 

20.23 19.96 
19.69 19.68 

19.30 19.23 
18.80 18.62 

19.30 10.35 
18.80 18.62 

Physical Measurements.-The absorption spectra were re- 
corded in the range 5000-30,000 cm-l with a Beckman DK-2 
spectrophotometer and 1-cm silica cells. The diffuse reflectance 
spectra were measured using the standard Beckman reflectance 
attachment and magnesium oxide as the reference. Infrared 
spectra were recorded on a Perkin-Elmer Model 337 spectro- 
photometer employing mulls in Nujol supported on CsBr plates. 
Some magnetic susceptibilities were measured with the Gouy 
balance already described,’ and others, by the Faraday method 
using a sensitive Sartorius electrobalance and an electromagnet 
with specially shaped pole tips.8 With this latter apparatus small 
samples of substances (10-15 mg) can be used. The apparatus 
were calibrated with CO[H~(SCK)I]  .s 

Results 
Nickel(I1) Bromides and Iodides.-The bromide 

compounds are violet, and the iodide compounds are 
dark green. They are all very sensitive to moisture 
and are soluble without dissociation or decomposition 
only in dry organic solvents. These compounds are of 
the high-spin type, the values of their magnetic mo- 
ments a t  room temperature ranging between 3.20 and 
3.40 BM (cf. Table 11). Their diffuse reflectance spec- 
tra (Figure 1) are all similar and are not significantly 
different from their absorption spectra in solution in 
inert solvents. The frequencies of the absorption 
maxima are reported in Table 111. Measurements of 
molecular weight and conductivity in solution, taken on 
Ni(Me4pn)Brz, indicate that  these complexes are mono- 
meric. These results and the similarity of the spectra 
with those observed for pseudotetrahedral complexes 

(7) L. Sacconi, R. Cini, M.  Ciampolini, and F. Maggio, J .  A m .  Chem.  Sac., 
82, 3487 (1960). 
(8) M. Garber, W. G. Henry, and 13. G. Hoeve, C a n .  J .  Phys . ,  38, 1595 

(1960); R. D. Heyding, J. B. Taylor, and R. Hair, Rev. Sci. Inslu., 52, 161 
(1961). 
(9) B. N .  Figgis and J. Lewis in “Modern Coordination Chemistry,” 

Interscience Publishers, Inc., iSew York, N .  Y., 1960, p 415. 

TABLE I1 

K,N,X’,N’-TETRAMETHYLDIAMINE SICKEL(II) A N D  

COBALTUI) COMPLEXES 

MAGNETIC DATA FOR THE 

Compound 
Ni(Meren) Clz 
Ni(Me4en) Brn 
Ni(Pv1eaen) In 
Ni(Meren) (NCS)z 
Ni(Me4en) (Nosh 
Ni(Merpn) Clz 
Ni(Meapn) Brz 
l%(Meapn) In 
Xi(Meipn) (NCS)2 
M(Meapn) (N0a)z 
Ni (Meetn) Clz 
Ni(Mertn)Brz 
Ni( Meatnj In 
Ni(Meatn) (X-CS)z 
Ni(Meatn) (Nos),  
Co( Meaen) Clz 
Co(Me4en) Brz 
Co(Meaen)Iz 
Co(Meaen) (NCS)z 
Co(Meaen) (Nod2 
Co(Mapn)Clz 
Co(Meapn)Brz 
Co(A4eapn)Iz 
Co(Meapn) (NCS)2 
Co(Meapn) (N0s)z 
Co(Meatn) Cln 
Co(Meatn)Brz 
Co(R4eatn)Iz 
Co(Meatn) (NCS)2 
Co(Meatn) (NOdz 

Temp, 
OC 

18 
20 
18 
20 
20 
20 
20 
20 
21 
20 
18 
18 
17 
17 
17 
18 
18 
20 
20 
17 
19 
I9 
16 
21 
18 
19 
17 
19 
19 
19 

1O6XC 
20.16 
13.02 
9.99 
14.78 
14.31 
18.84 
13.58 
10.42 
13.65 
13.50 
18.00 
12.98 
10.13 
13,86 
12.52 
36.95 
28.45 
21.07 
37,Oi 
30.25 
35,46 
24.12 
20.16 
36.43 
29,97 
34.21 
25.25 
20.78 
25.58 
30.16 

10“xnre 
5078 
4514 
4465 
4453 
4410 
5039 
4904 
4823 
4326 
4367 
4822 
4695 
4695 
4389 
4148 
9227 
9685 
9221 
10952 
9182 
9367 
8586 
9130 
11248 
9529 
9041 
8980 
9414 
7970 
9800 

!Jeff, 
B M 

3.45 
3.26 
3.24 
3.24 
3.23 
3.45 
3.40 
3.37 
3.20 
3.22 
3.37 
3.32 
3.32 
3.20 
3.12 
4.65 
4.76 
4 . 6 6  
5.08 
4.65 
4.70 
4, ,so 
4.61 
5.16 
4.73 
4.60 
4.58 
4.70 
4.34 
4.80 

of the type NiLzXz10-13 lead us to assign a pseudo- 
tetrahedral structure of these compounds. On this 
basis14 the bands a t  7100-8000 cm-I are assigned to 
one of the three components of the u1 transition 3T1(F) 
---t 3T2(F), the band a t  9500-11,000 cm-l as the v2 
3T1(F) + 3A2(F), and the bands a t  14,500-19,000 cm-’ 
as u3 3Ti(F) -+ 3T1(P). The two peaks a t  10,400- 
11,600 cm-l which, if they are not resolved, appear as a 
shoulder on the short-wavelength side of v2, are assigned 
to a spin-forbidden transition to an upper state arising 
from the lD state of the free ion. The intensity of these 
bands is abnormally large for a spin-forbidden transi- 
tion. In  some cases, e.g., for Ni(Me4tn)Brz it is scarcely 
less than that  of u2. This has been explained12 by as- 
suming that the upper singlet state mixes with the 
nearby triplet state via spin-orbit coupling. 

The relative intensity of u2 also merits comment. 
In  regular tetrahedral complexes the intensity ratios 
show that  u3 is generally 10-20 times stronger than vZ.l2 
When low-symmetry components of the ligand field are 
pronounced, the intensity of u2 increases appreciably 
relative to that  of u3 (see Table I11 and Figure I). The 
operation of the low-symmetry component of the ligand 
field is also shown by the values of the magnetic mo- 

(10) L. M. Venanzi, el al., J .  C h e w  SOL,  719 (1958); 2705, 4816 (1961); 
6Y3 (1962). 
(11) K. Issleib and B. Mitscherling, Z .  Anoug. Al lgem.  Chem. ,  304, 73 

(1960); M. D. Colornek, C. Curran, and J. Quagliano, J .  A m .  Chem.  Soc., 
84, 2014 (1962); J. T. Donoghone and R. S. Drago, I m r g .  Chem. ,  2, 572 
(1963); S. Buffagni, L. M. Vallarino, and J. V. Quagliano, ib id . ,  3, 480 
671 (1964); L. M. Vallarino, W. E. Hill, and J. V. Quagliano, ib id . ,  4, 1598 
(1965); E. Uhlig and K. Steiger, Z.  Apzorg. Al lgem.  Chem.,  336, 179 (1965). 
(12) F. A. Cotton and D. M. L. Goodgame, J .  Am. Chem.  Soc., 82, 5771 

(1960); D. M. L. Goodgame and F. A. Cotton, ib id . ,  82, 5774 (1960). 
(13) S. M. Nelson and T. M .  Shepherd, J .  Cizem. Soc., 3276 (1965). 
(14) Cf. A. D. Liehr and C. J. Ballhausen, Ann. P h y s .  (N. Y , ) ,  6, 134 

(1959). 
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Figure l.-Reflectance spectra of: Ki(Me4cn)Br2, curve A ;  
Si(Meapn)Bri, curve B ; Ni( Megtii)BrZ. curve C. Absorption 
spectrum of Si(ille4pn)Brr in benzene, curve D. 

ments a t  room temperature, which range from 3.24 to 
3.40 BM. 

Nickel(I1) Chlorides.-The hleren and Me4pn deriva- 
tives are green. Their solutions in o-ClzC6H4 are ther- 
mochroic, changing from green to violet as the tem- 
perature rises. The Meetn derivative is violet both in 
the solid state and in solution and does not show ther- 
mochromism. Reflectance spectra (Figure 2) of the 
former complexes show peaks a t  ca. '7400, 9100, 14,500, 
and 25,000 cm-l. Their shape and frequency are very 
similar to that reported for hTi(amine)&& complexes 
with polymeric hexacoordinated configurations mhieved 
via chlorine bridges.15 The high value of the magnetic 
moments ( ~ ~ f f  = 3.37-3.45 RM) is of the same order of 
magnitude as that  observed for other nickel(I1) com- 
plexes with similar polymeric structure.16 The absorp- 
tion spectrum of the complex Ni(Me4pn)C12 in solution 
in a-C12C6H4 shows two new peaks a t  ca. 10,000 and 
17,000 cm-', which indicate the presence of tetrahe- 
dral forms in equilibrium with the octahedral forms. 
This equilibrium is displaced toward the tetrahedral 
form when the temperature increases. Also the spectra 
of the Ni(Me4en)C1* compound, a t  temperatures higher 
than room temperature, show an analogous octahedral 

The relative intensities of 
the bands indicate that, for a given temperature, the 
proportion in the tetrahedral form is greater for the 
l\le4pn derivative than for the Me4en analog. The 

tetrahedral equilibrium. 

(15) A. B. P. Level-, S. AI. Kelson, and T. M Shepherd, I n o r g .  Cheiit., 4 ,  

(16) A. B. P. Lever, ibid., 4, 763 (1965). 
810 (1965). 

TABLE 111 
SPECTROSCOPIC DATA FOR 'TIIE 

AND COBALT(II) COMPLEXES 
S , S , S ' , S ' - T E T R A ~ ~ E T I I I . L D I A ~ ~ I N ~  NICICEL(I1) 

Absorption max, cni-1 (S,~,,I~,~ Iris sulti) 
7400, 9090, 13,300 sh, 11920, 25,000 
7200 sh, 9100 (5.6), 13,300 sh, 11,700 

110.3), 23,500 sh. 26,000 ( 2 5 )  
7700 sh, 9800, 11,100 sh, 17,500 sh, 1H,000 
8000 sh ,  10,000, 14,500 sh, 17,550 
7800 sh,  9500 (144), 10,400 sh, 14,300 sh ,  

8300 sh, 9350, 15,650, 25,000 sh 
10,200, 15,500, 26,300 
9700 (10.6), 12,500 (4.801, 15,900 (261, 

7400, 9100 sh, 12,000 sh,  14,300, 23,800 
8000 ( 7 . 2 ) ,  10,000 (11.8), 11,500 ( i , 3 ) ,  
1'2,000 (7.41, 14,100 (14), 15,000 sh, 
20,000 ( 2 0 ) ,  23,800 ( 2 2 )  

17,400 (375) 

26,100 (43.2) 

7900 sh, 9850, 11,100 sh, 19,050 
7150 sh, 9701) (i i i) ,  11,100 (40.5), l l , ( j00 

(32 .4 ) ,  15,600 sh, 19,000 (210) 
4300, 7700 sh, 10,000, 14,iOO sh, 17,-100 
7400 sh, 9520 (118), 10,600 sh, 14,500 sh, 

8100 sh, 9520, 15,400, 25,000 sh 
10,000, 15,900, 26,300 
9520 ( lo) ,  12,500 (4.3),  15,600 ( 2 7 ) ,  26,300 

9100 sh, 10,700, 11,500 sh, 18,900 

17,500 (359) 

(48) 

9090 sh, 1 0 , i O O  (40), 11,500 (34),  12,000 

8400, 11,100, 18,200 
9090 sh, 10.380 (65),  11,380 (61.5), ll,6UO 

4400, 8000, 10,000 sh, 11.600, 16,400 
8000 sh, 10,000 sh, 11,550 ( log) ,  17,000 

8690, 13,000 sh. 15,100, 24,400 
8690, 13,000 sh, 13,100, 24,400 
6000 sh,  7220, 10,000, 15,400, 17,200 
,5950 sh, 7230 (56.7), 10,000 (18.21, 15,200 

(447) ,  17.300 (214), 18,000 sh 
5900 sh, 6900, 9600, 15,400, 16,250 
5000 sh, 6900 ( i 3 . 2 ) ,  '3600 (27.3), 15,200 

(270) ,  16,670 1310). 17,540sh 
5700 sh, 6620, 9150, 15,150, 15,900 sh 
7400, 9100, 17,200 sh ,  19,200 
9300, 15,900 sh, 19,400 
!I100 (16). 15,400 sh, 1H,000 (931, 20,500 sh 
5950, 7300, 10,000, 15,700, 16,700 sh 
6000 (26), 7300 (651, 10,000 (18), 15,300 

(466). 17,300 i236), 18,000 sh 
6000, 7250, 9900, 15,500, 16,600 sh 
5900 sh ,  6850 ( 6 8 ) ,  9600 i21), 18,950 ( 5 7 ) ,  

16,600 ( E l ) ,  17,550 sh 
5700 sh ,  6600,9300, 15,000 
5700 sh, 6600 (103), 9260 (44), 14,300 sh, 

15,050 (74) 16,750 sh 
7460, 9300 sh. 17,200 sh, 19,200 
6500 (421, 8200 ( l l l ) ,  10,900 (%), lL5,450 

(1207), 18,000 (265), 18,500 sh 
!)200, 15,600 sh. 19,000 
9100 (14), 19,050 (851, 20,400 sh 
6400, 7 i 0 0 ,  10,<500, 16,800 
6450 (as) ,  7700 (631, 10,500 (4H), 1H,l30 

( 3 5 ) .  18,880 sh, 19,650 (84) 

(621, 17,880, sh, 18,600 (176) 

( 3 6 6 )  

(430), 17,250 sh 
6300 sh,  i400,10,000, 16,800 
6450 sh, 7400 ( 7 6 ) ,  10,000 ( i o ) ,  18,750 

6300, 7100, 9600, 15,600, 
6200 sh, 7100 (1091, 9530 (121) ,  14,700 

7400 sh, 8700, 11,400, 17,300 
7400 sh, 8700 (132), 11,230 (1681, 16,l:30 

i 400  sh, 8300, 13,'300 sh, 16,400 511, 1!),200 

1645j, 16,700 sh, 17,850 sh 

(6721, 15,500 1680), 16,130 (610) 

(1056), 17,850 sh 

visible spectra of Ni(Me4tn)Cl2 are indicative of a 
tetrahedral configuration both in the solid state and in 
solution (Figure 2).  

Cobalt (11) Halides.--Xll the complexes are blue and 
are not very sensitive to moisture, although they de- 
compose in aqueous solution. They are soluble in 
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Figurc 2.-Reflectance spectra of: Ni(Meren)Clp, curve A; 
Ni(Meapn)Clz, curve B; Ni(Me&i)Clp, curve C. 

ordinary organic solvents. Their magnetic moments 
range from 4.50 to 4.70 BM indicating a high-spin con- 
figuration with three unpaired electrons. The orbital 
contribution is small, as is generally found for tetra- 
hedral complexes. l7 Their diffuse reflectance spectra 
and their absorption spectra are similar to those ob- 
served for distorted tetrahedral complexes.'* The spec- 
trophotometric data are reported in Table 111. In ac- 
cordance with the assignment made by other authors,lg 
the three bands between 7000 and 10,000 cm-I are as- 
signed to the components of the 4Az(F) + 4T1(F) (VZ) 
transition for T d  symmetry, and the bands a t  15,000- 
20,000 cm-l are assigned to the components of the 
4Az(F) +- IT1(P) (4  transition. The large splittings 
of the components of the vz  and va frequencies are pre- 
sumably due to a large distortion from true tetrahedral 
symmetry. 

Nickel(I1) and Cobalt(I1) Thiocymates.--The nickel 
complexes are all green and are insoluble in organic 
solvents. The complexes of cobalt with' Meden and 
Medpn are both purple. Only the latter compound, 
however, dissolves in organic solvents, changing from 
purple to blue. The diffuse reflectance spectra of the 
nickel complexes (Figure 3 )  show two bands in the 
visible and ultraviolet region, a t  ca. 15,000 and a t  ca. 
24,500 cm-l, which must be assigned as the vz 3Az, 
(F) -+ 3T1, (F) and v 3  3A2,(F) + 3T1, (P) transitions of 
o h  symmetry. The hexacoordinate configuration is 
probably achieved through Ni-NCS-Ni bridges. The 
Co(Me4en) (NCS)2 and Co(Me4pn) (NCS)z complexes 
give reflectance spectra with two peaks in the near- 
infrared region and, with respect to the halogen com- 
plexes, the system of bands in the visible region is 
displaced to even higher energies than would be ex- 
pected for the increase in field strength due to the intro- 
duction of the thiocyanates group. Furthermore, the 

(17) (a) B. N. Figgis and R. S. Xyholm, J .  Chem. Soc., 338 (1959); (b) 
F. A. Cotton, D. M. L. Goodgame, and M. Goodgame. J .  Ana. Chem.  SOL., 83, 
4690 (1961). 

(18) D. M. L. Goodgame and NI. Goodgame, Inovg. Cizem., 4, 139 (1965). 
(19) Cj'. A. I). Liehr, J .  Phys .  Chenz., 67, 1314 (1863). 
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Figure 3.-Reflectance spectra of: Ni(Merpn)( NCS)p, curve A ;  
Absorption spectrum of Co(Me4- Co(Merpn)( NCS)*, curve B. 

pu)(NCS)z in CHpClp, curve C. 

orbital contribution to the magnetic moment is rela- 
tively high, since the magnetic moments are higher 
than 5 BM, values peculiar of octahedral cobalt(I1) 
complexes. 17a The purple Me4pn derivative dissolves 
in CH2Clz giving a blue solution with an absorption 
spectrum which is different from the reflectance spec- 
trum but which is similar to that  of the halide analogs. 
This compound, then, which is polymeric octahedral in 
the solid state, becomes pseudotetrahedral in solution. 
The distortion of such a polymeric configuration and 
the fact that  the ligand atoms are not equivalent ex- 
plain why two bands appear in the reflectance spectrum 
a t  ca. 9000 cm-' (Figure 3) instead of the single band 
found in regular or weakly distorted octahedral cobalt- 
(11) complexes. In a cubic field this band corresponds 
to the transition IT1,(F) + 4Tzg(F) and both states are 
split in fields of lower symmetry.20 An analogous split- 
ting is observed in the V I  transition 3A2g (F) + 3Tz,(F) of 
the corresponding nickel complexes (Figure 3). The 
infrared spectra of these compounds show two bands 
in the C-N stretching region (Table IV).  The values 
of these frequencies are higher than those found for 
monomeric nickel and cobalt thiocyanate complexes. 21 

This is presumably due to the thiocyanate groups 
acting as bridges. 21 Also the C-S stretching frequen- 

(20) C. J. Ballhausen and C. K. JZrgensen, A c t a  Chem. Scand., 9, 397 
(1955). 

(21) (a) P. C.  Mitchell and 11. J. P. Williams, J .  Chem.  Soc., 1912 (1960); 
(b) M. M. Chamberlain and J. C. Bailar, Jr., J .  Am. Chem. Soc., 81, 6412 
(1959); J. Lewis, R. S. 
Nyholm, and P. W. Smith, J .  Chem. Soc., 4590 (1961); A. Sabatini and I. 
Bertini, Inorg. Chem., 4, 959 (1965). 

A. Turco and C. P e d e ,  N u t w e ,  191, 66 (1901); 
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TABLE I\' 
IKFRARED .ABSORPTION FREQUENCIES 

(CM-') OF THE A S I O N S  I N  YIIE COMPLEXES 

Wavelength, mp 
200C I500 I000 800 600 500 400 

~ Absorption bands<-------- 
2120,2090, vs, C - S  s t i ,  813 (? )  m ,  C-S s t r  
2135, 2 1 1 5 ,  vs,  C-S str, 780 m,  C-S str  
2135, 2080, vs ,  C-S s t r ,  775 m, C-S str 
2130 sh, 2115 vs, C-h- str, 779 m, C-S str 
2130, 2115, vs, C-N str, 783  m, C-S str  
2060.2070 vs, C-N str, 845 m ,  850 m, C-S str 
1540, 1510, 1280, 1260, vs, br ,  N-0 str, 808 m,  out-of- 

1530, 1510, 1266, vs, br,  h7-0 str, 802 m, out-of-plane def 
1530, 1500, 1270, vs, br, K-0 sty, 807 m, out-of-plane def 
1510, 1285, v s ,  br ,  N-0 str, 808 sh, 802 m,  out-of-plane 

1530, 1510, 1270, vs,  b r ,  X-0 str, 806 mw, out-of-plane 

1530, 1500, 1300 sh, 12 i0 ,  vs, h r ,  N-0 s l r  

plane def 

def 

def 

a s, strong; m, medium; w,  weak; br, broad; sh,  shoulder: v, 
very. 

cies fall in the range expected for NCS bridging 
groups.21b The Co(Me4tn) (NCS)2 complex, which is 
blue, has a magnetic moment (4.34 B X )  and reflect- 
ance and absorption spectra which are indicative of a 
pseudotetrahedral structure. The infrared spectrum 
shows two C-N stretching and two C-S stretching 
frequencies in the range expected for thiocyanate con-  
plexes, in which the KCS group is linked to the metal 
only by the nitrogen,21 

Nickel and Cobalt Nitrates.- The nickel complexes 
are turquoise; those of cobalt are purple. They are all 
soluble in polar organic solvents. The diffuse reflect- 
ance spectra and the absorption spectra of the nickel 
compounds (Figure 3 )  are easy to assign on the basis of 
octahedral symmetry. The bands a t  9000, I5!000, 
a.nd 25,000 cm-! are assigned to the 3A2,(F) -+ 8T2,(F), 
3,42,(F) + 3T1,(F): and 3*qn,(F) + 8Tl,(P) transitions, 
respectively. The weak band or shoulder a t  12,500 
cm-' is probably due to a spin-forbidden transition to 
the singlet state lT2(D).l1 This implies that  the two 
nitrate groups act as bidentate ligands. Various auth- 
ors have discussed the infrared spectrum of coordinated 
nitrate compared with that of the nitrate i ~ n . ~ ~ - ~ ~  
In going from D3h symmetry (ionic nitrate) the doubly 
degenerate vibrations v 3  (symmetrical stretchilig) and 
vj (deformation in the plane) lose their degeneracy and 
are both split into two components. There is niore- 
over a lowering of the vibration frequency va (deforma- 
tion outside the plane) while the symmetric stretching v l  
becomes active in the infrared. These characteristics 
are, however, the same for both the monodentate and 
the bidentate nitrate group. Recently Curtis and 
Curtis,24 for a series of ionic, monodentate, and bi- 
dentate nitrates, have shown that the lowering of the 
frequencies and the magnitude of the splittings increase 
going from the monodentate to the bidentate nitrate 
group. The values of the frequencies assigned as 
vibrational modes of the nitrate group reported in 

(22)  B. hi. Gatehouse, S. E. Livingstone, and R. S .  Svholm, J .  Chem. 
Soc., 4222 (1957); J. I n w g .  N z d  Ckem., 8, 75  (1958); C. C. Addison and 
B. h l .  Gatehouse, J ,  Chem. Soc., 613 (1960); B. X. Gatehouse and A. E. 
Comyns, ibid., 3965 (1958); E. P. Bertin, K. B. Penland, S. Mizushima, C. 
Cur ran ,  and J. V Quagliano, J .  A m .  Che7n. Soc., 81, 3818 (1959). 

(23) F. A. Cotton, D. A I .  L. Goodgame, and R. H. Soderberg, l i z o v g .  
Cizeriz., 2 ,  1162 (1963). 

(24)  h-. F. Cu, t i s  and Y ,  51. Curtis, ibid., 4, 804 (1962). 

5 10 15 20 2 5  
Frequency X I @ - ?  cm-' 

l+ur ?.-Rcflectancc spectra of': Co(hIe?eiij( NOa)n, curvc 
Si(Merenj( SOa)?, curve B. 

.I ; 

Table IV are strongly indicative of the bidentate nitrate 
group, for both the nickel and cobalt complexes. The 
N-0 stretching frequencies are largely split in the range 
12'70-1530 cm-' and the out-of-plane deformation is 
lowered until cn. 805 cm-l. 

The absorption spectra of the cobalt complexes 
(Figure 4) show a single band in the near-infrared re- 
gion n-hich can be assigned to the 4T1, 4 4T2g(F) transi- 
tion in an octahedral field. The values of the magnetic 
moments ranging from 4.65 to 4.80 B M  are rather low 
with respect to those found for octahedral cobalt com- 
plexes. This magnetic behavior, which has been found 
also for other nitrate complexes of c ~ b a l t ( I I ) , ~ ~  has 
been explained by postulating that the six-coordinated 
complex can be regarded as having pseudotetrahedral 
symmetry.23 Indeed, if the nitrate ions are simply 
considered as large, diffuse, uninegative anions centered 
a t  the nitrogen atom positions, the coordination of the 
cobalt ion may be regarded as having a distorted tetra- 
hedral symmetry. 28  

Conclusions 
Tetrahedral complexes of nickel(I1) are still scarce 

in comparison with the more common octahedral or 
planar complexes. I t  has been shownz5 that tetra- 
hedral complexes of nickel(I1) are usually produced 
when steric and electronic requirements of the ligands 
make a planar or an octahedral configuration unfavor- 
able, The alkylenediamines and the N- and C-sub- 
stituted alkylenediamines, except those reported in this 
paper, give, with nickel(II), complexes in the ratio 3/'1 or 
2Il with structures preferably octahedral. On the other 
hand, as the ligand becomes more and more bulky by 
successive substitutions on the carbon of the aliphatic 
chain (e.g., 1,2-propylenediamine,2' 2,3-butylenedi- 
amine, 2c, C-phenylethylenediamine, 3 stilbenediamine3) 
the planar diamagnetic configuration becomes more 
stable. As a matter of fact, C,C,C',C'-tetramethyl- 
ethylenediamine gives only square-planar complexes 
of the formula Ni(diamine)22+.2a In the present study 
the steric influence of the methylated Xi-atoms of these 

(28) Ii. S. Gill and I<. S. Syholm, J .  C h e w  Soc., 8'3Y7 (1959) 
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N ~ N, N ’,N ’ -tetramethy lated diamines and the small 
size of the nickel(I1) and cobalt(I1) ions lead to two 
effects: (a) the diamine to nietal ratio in the complexes 
is 1/1,26 (b) the tetrahedral configuration is favored 
over the planar. All of the cobalt halide complexes 
and the Co(Mectn) (NCS)n compound are tetrahedral. 
Only the thiocyanate derivatives with Me4en and Me4pn 
are octahedral in the solid state by polymerization. 
Of the nickel(I1) compounds, the complex Ni(Me4tn) C1, 
and the bromo and iodo complexes with Me4en, M e p ,  
and Me4tn are pseudotetrahedral. All of the other 
chlorides and the thiocyanates are polymerized octa- 
hedral. From these results i t  appears that the forma- 
tion of pseudotetrahedral structures is increasingly 
favored in the order: Ni < Co, SCN < C1 < Br < I ,  
and Meden < Me4pn < Me4tn. It is now well estab- 
lished that nickel(I1) shows a marked preference for an 
octahedral as compared with a tetrahedral environment, 
in contrast to cobalt(II), for which tetrahedral com- 
plexes are very common. The second sequence corre- 
sponds to that  found by other  worker^'^^^^ for complexes 
of the type NiL2X2, with the difference that  when L is a 
substituted picoline’l or phosphine’O the nontetrahedral 
complexes are planar and diamagnetic, while in the pres- 
ent case the nontetrahedral complexes are octahedral 
and paramagnetic. This difference in behavior may be 
due to the low donor power of the tertiary nitrogen 
(which gives generally high-spin complexes) compared 
with phosphorus (which has a greater tendency to give 
low-spin complexes). With regard to the third se- 
quence, the greater length of the MeJtn chain, compared 
with Meken and Meppn, certainly accounts for the 
greater capacity of Medn to form pseudotetrahedral 
complexes. As a matter of fact, although the diamine 
Meken has been found2* to give N-Ni-N angles of 
S5.5’, the N-(CHz)3-N chain permits the formation of 
N-Ni-N angles2Q of 92-94’, which are closer to the 
tetrahedral angle. The trimethylene chain will, fur- 

(26) Palladium(I1) which is larger than nickel(I1) and cobalt(I1) gives also 
D. W. Meek, Inovg. Chem., 4, complexes with the formula [Pd(Maen)z]Brr: 

250 (1965). 
(27) R. G. Hayter and F. S. Humiec, ib id . ,  4, 1701 (1965). 
(28)  ill. G. B. Drew and D. Rogers, Chent. Coniirzu?z., 476 (106A). 
(29)  B. Bosnich, R. Mason, P. J. Pauling, G. B. Robertson, and M. I,. 

Tohe. ibid.. 97 (1965). 

thermore, cause greater crowding around the central 
atom than the other two diamines and thus inhibit six- 
coordination. This is particularly well demonstrated 
in the two series of complexes of nickel(I1) chloride and 
cobalt(I1) thiocyanate, in which only the complexes 
with Medn are tetrahedral. The reasons for the greater 
tendency of Me4pn, compared with Me4en, to form 
pseudotetrahedral complexes are less obvious. Al- 
though the N-Ni-N angle is probably about S5’, the 
additional methyl group will cause crowding as for the 
trimethylene chain. It  is interesting to note that ni- 
trate groups have a marked tendency to act in a biden- 
tate manner in these metal complexes. The smaller 
bulkiness of one bidentate nitrate group compared with 
two monodentate ligands makes i t  easier to reach the 
six-coordinated configuration. In fact, all of the nitrate 
complexes reported in this paper are six-coordinated. 
The nickel complexes have magnetic moments and 
absorption spectra typical of octahedral structures. 
The ratio between the Racach interelectronic repulsion 
integral which is effective in the ion complex and that 
for free ion is 0.53, 0.86, and 0.83 for Meden, Megn,  
and Mertn nickel complexes, respectively. These values 
are comparable to those obtained for other octahedral 
nickel complexes.30 Using the simple matrices of Tan- 
abe and Sugano, values of the v2 and v 3  frequencies have 
been obtained which are in satisfactory agreement 
with the observed frequencies. This indicates that, 
although the configuration of the complex is far from 
O h  symmetry, the effects of the crystal field on the 
nickel(I1) ion can be regarded, with reasonable approxi- 
mation, as being due to a cubic field. On the other 
hand the octahedral cobalt nitrate complexes have 
magnetic moments close to those of tetrahedral con- 
figurations and do not always have characteristic ab- 
sorption spectra.23 
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