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Cobalt(ZZ) complexes containing the Lewis base 2,6- 
lutidine N-oxide (2,6-LuNO) have been synthesized 
and examined by a number of physical methods. The 
halide complexes ([Co(2,6-LuNO)zXJ : X = Cl, Br, 
I) are found to be tetrahedral in the solid state, in 
nitromethane and dichloromethane solutions, and in 
the 2,6-LuNO-dichloromethane mixed solvent system. 
Only the iodide complex reacts in 2,6-LuNO-nitro- 
methane (to produce [Co(2,6-LuNO)JZ]Z) and in pure 
2,6-LuNO (to produce [ Co(2,6-LuNO)s]Zz) solutions. 
The thiocyanate complex, [Co(2,6-LuNO)z(NCS)J - 
while pseudotetrahedral in dichloromethane and nitro- 
methane solutions-is five-coordinate in the solid state, 
with one of the thiocyanate groups acting as a brid- 
ging ligand. The solid state data for the perchlorate 
complex, Co(2,6-LuNO)d(C104)1, do not at present 
allow for an unequivocal designation of structure. 
The various possibilities are discussed. Dissolution 
of the perchlorate compound in nitromethane produ- 
ces a concentration-dependent mixture of species, 
while dissolution in dichloromcthane yields a four- 
coordinate cation which interacts with the hydrogen- 
bonding solvent. Dissolution of the compound in 
pure 2,6-LuNO or in the 2,6-LuNO-nitromethane sol- 
vent system produces [ C0(2,6-LuN0)~]‘+. A similar 
result is also obtained in 2,6-LuNO-dichloromethane 
solutions, although solvent-solute interaction is suspec- 
ted. 

Introduction 

In the past decade the study of transition metal 
complexes of aromatic amine N-oxides has been both 
voluminous and diverse.‘,* It is surprising therefore 
that a number of questions concerning the structures 
of some often studied complexes have still not been 
satisfactorily answered. Thus Byers et al.3 have in- 
terpreted their own and earlieP spectral and magne- 
tic data to imply that manganese, iron, cobalt, and 
nickel complexes of the form [M(R-pyNO)J(ClO& 
(R = H or other substituents; pyN0 = pyridine N- 
oxide) are in fact distorted from octahedral symmetry. 
Reedijk’ has shown, however, that the existence of 
bands at 7200 cm-’ in cobaIt(I1) and nickel(I1) com- 

(1) R.H. Gsrvey, J.H. Nelson, and R.O. Ragsdalc, Coord. Chem. 
Revs., 3, 375 (1968). 

(2) M. Orchin and P.I. Schmidt, ibid., 3, 345 (1968). 
(3) W. Byers, A.B.P. Lever, and R.V. Parish, Inorg. Chem., 7, 

1835 (1968). 
(4) W. Whyman, W.E. Hatfield, and J.S. Paschal, Inorg. Chim. Acta, 

I, 113 (1967). 
(5) J.V. Quagliano, J. Fujita. G. Franz, D.J. Phillips, I.A. Walm- 

sley, and S.Y. Tyree, 1. Am. C&m. Sot., 83, 3370 (1961). 
(6) R.L. Carlin and M.J. Baker, I. Chem. SOC., 5008 (1964). 

plexes, thought3 to be part of the G< d-d n transitions 
in ligand fields of less than Oh symmetry, may be due 
to the presence of a ligand overtone. Since the ob- 
served3sG splitting of a G d-d D transition for [Cr(py- 
NO)J(ClO& (also thought3 to be distorted) occurs 
at approximately 15,000 cm-‘, the above explanation’ 
can not be valid for this complex, and thus the pro- 
blem of the stereochemistry of these complexes must 
await X-ray studies. 

Although most substituted pyridine N-oxides exhibit 
a coordination number of six towards cobalt(I1) and 
nickel(II),2-4~8~g here also there are some unusual re- 
sults. Thus while 4-ethoxypyridine N-oxide (4-O&- 
HspyNO) reacts with the metal nitrates to form [M- 
(4OCzH~pyNO)~]*+ (M = Co”, Nit’) complexes,1° it 
also reacts with metal perchlorates to form pentacoor- 
dinate complexes (equation (l)), which become six- 

MI+ +5L+[ML5]f.’ +cxcess Lz[ML]“. 
(M = Mn”,Co”, Ni”,Zn”) (1) 

coordinate only in the presence of excess base.” Why 
two different types of complexes should be formed in 
the presence of non-coordinating anionic ligands is 
not readily apparent. 

In those cases in which the position of substituents 
on the aromatic ring has been varied, the results are 
also puzzling. Thus while six-coordinate nickel(I1) 
and cobalt(I1) complexes are formed with 2-, 3-, or 
4cyanopyridine N-oxide,” the nature of the picoline 
N-oxide complexes is noticeably affected by the po- 
sitioning of the methyl group on the ring. Thus the 
4- and 3-picoline N-oxides react with Co” to form 
six-coordinated complexes;3,4*8*‘3 while the compound 
formed with 2-picoline N-oxide has been shown to 
contain trigonal-bipyramidally coordinated cobalt(H), 
both in the solid state14 and in solution3013 (the spec- 
tral data attributed by Schmauss and Specker13 to [Co- 
(2-RpyN0)6]‘+ (R - CH3, CzH5) are actually due to 
[ Co( 2-RpyNO)$+, and for the picoline N-oxide com- 
plex agree with those of Byers et al.3). Nelson and 

(7) J. Recdijk, Rec. Trav. Chin:., 85, 499 (1969). 
(8) W.D. Perry, R.S. Drago. D.W. Herlocker, G.K. Pagenkopk, 

and K. Czworniak. Ittorg. Chem., 10, 1087 (1971). 
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I. Am. Chem. Sot., 91, 1329 (1969). 
(10) N.M. Karayannis, S.D., Sonsino, CM. Mikulski, M.J. Strocko, 

L.L. Pytlewski, and M.M. Lahes, Inorg. Chim. Acfa, 4, 141 (1970). 
(11) N.M. Karayannis. J.V. Minkiewicz, L.L. Pytlewski, and M.M. 

Labes, ibid., 3, 129 (1969). 
(12) L.C. Nathan, J.H. Nelson, G.L. Rich, and R.O. Ragsdale, 

Inorg. Chem., 8, 1494 (1969). 
(13) G. Schmauss and H. Speckcr, Z. anorg. ol[gem. Chem., 364, 

1 (1969). 
(14) B.A. Coyle and 1.A. Ibers, Inorg. Chem., 9, 767 (1970). 
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(1968). 

Herlocker 1 Cobalt (II)Complexes of 2,6-Lutidine N-oxide 



212 

Ragsdale” have reported, however, that the nickel(I1) 
perchlorate complexes of 2-picoline and 2-ethylpyridi- 
ne N-oxide contain six-coordinated nickel(H), with the 
complexes being formulated as [ Ni(2-CH3pyNO)& 
(ClO& and [ Ni(2-C2HspyN0)6] (ClO&. The ligand 
bridges, postulated in the 2-picoline complex for the 
achievement of six-coordination,” are easily broken 
upon dissolution of the complex in a ligand-nitrome- 
thane so1vent,13 with the solution species becoming 
[ Ni(2-CHjpyNO)s]2+ and exhibiting the same elec- 
tronic spectral data as was found for the 2-ethylpyri- 
dine N-oxide complex in both the solid state and li- 
gand-nitromethane solution.ls 

In an attempt to study the effects of bulky substi- 
tuents on the coordinating ability of pyridine N-oxides, 
we have untaken studies utilizing 2,6-lutidine N-oxide 
(hereafter called 2,6-LuNO). It has already been 
show#’ that the presence of two a-methyl groups 
reduces the enthalpy of interaction of this Lewis base 
with VO(acac)2 to a value below those measured for 
the three picoline N-oxides and other less sterically 
hindered lutidine N-oxides. Thus it was originally 
anticipated that reaction of 2,6-LuNO with cobalt(I1) 
should produce a four-coordinate, tetrahedral cation, 
similar to those found for various alkyl- and aryl-sub- 
stituted phosphine oxides.17,‘8 In addition compari- 
sons between the coordinating behavior of 2,6-LuNO 
and trimethylamine N-oxide (TMNO)-regarding do- 
nor strength, complex stereochemistry, and coordin- 
ation number-were desired. Thus although the two 
bases are architecturally somewhat similar, the N-O 
pi-bonding present in the aromatic base should reduce 
its donor stength toward cobalt(I1) to 3 value below 
that for TMN0,‘g,20 as has previously been noted in 
reaction with hydrated protons and VO(acac).16 

Preliminary reports*‘-= concerning cobalt( II) com- 
plexes of 2,6-LuNO, confined mainly to the solid state, 
have stated that complexes of the type [Co(2,6-Lu- 
NO)&] (X = Cl,*‘,, Br,*l) are pseudotetrahedral, 
while those of the types [CO(~,~-LUNO)~Y~] (Y = 
NCS” NOa?’ NOZ.~) and [Co(2,6-LuNO)Z2] (Z = 
Br, iy are pseudooctahedral. Acetone solutions of 
the nitrite compound, however, exhibit electronic 
spectra indicative of either a distorted tetrahedral or 
distorted octahedral stereochemistry about the cobalt 
ion. 

Kluiber and Horrocks” have isolated the 1: 1 ad- 
duct of 2,6-LuNO with cobalt(H) acetylacetonate. 
From a consideration of stoichiometric and electronic 
spectral data, it is likely that a square pyramidal ar- 
rangement of ligands exists about the metal ion. 
Although the formation of 3 2: 1 adduct is prevented 
because of steric interactions between the ligand and 
the 1: 1 adduct, water is readily added to fill the 
sixth coordination position. 

While this study was in progress, reports of the 

(16) C.J. Popp. J.H. Nelson, and R.O. Ragsdale, I. Amer. Chem. 
Sm., 91, 610 (1969). 

(17) E. Bannister and F.A. Cotton, 1. Chem. Sot., 1878 (1960). 
(18) N.M. Karayannis, CM. Mikulski, L.L. Pytlewski. and M.M. 

Labes, Inorg. Chem., 9, 582 (1970) and the references therein. 
(19) R.S. Drago, J.T. Donoghue, and D.W. Herlocker, ibid., 4, 836 

(1965). 
(20) D.W. Herlocker. and R.S. Drago, ibid., 7, 1479 (1968). 
(21) H.N. Ramaswamy and H.B. Jonassen, ibid., 4, 1595 (1965). 
(22) D.H. Brown, D. Kenyon, and D.W.A. Sharp, I. Chem. Sm., 

Sect. A., 1474 (1969). 
(23) L. El-Sayed and R.O. Ragsdale, Inorg. Chem., 6, 1644 (1967). 
(24) R.W. Kluiber and D. De W. Horrocks, I. Am. Chem. SOL, 87, 

5350 (1965). 

solid and solution behavior of metal perchlorate com- 
plexes of 2,6-LuNO have appeared.‘3,25*26 Compari- 
sons of pertinent data and analysis of reported results 
will be presented later. 

Experimental Section 

Materials. 2,6-Lutidine N-oxide was obtained com- 
mercially from Aldrich Chemical Company and was 
used for synthetic purposes with no prior purification. 
For spectral work it was vacuum distilled and then 
stored in the dark over Linde 4-A molecular sieves. 
Glass wool was added to the distillation flask to re- 
duce bumping. Fisher Certified dichloromethane and 
Eastman Spectrograde nitromethane were stored over 
molecular sieves for several days prior to use. East- 
man Practical 2,2-dimethoxypropane (DMP), Alfa 
Inorganics hydrated cobalt(I1) bromide and iodide, 
Alfa Inorganics anhydrous cobalt(H) thiocyanate, and 
G. F. Smith Hydrated cobalt(H) perchlorate were 
used as purchased. All other materials were com- 
mon laboratory reagent ones, used with no further 
purification. 

Synthesis. Dianionbis(2,6-Lutidine N-oxide)cobalt 
(II). The cobalt salts were dissolved in warm ethanol 
and gravity filtered into a mixture of ethanol and 
excess ligand (based on a 2: 1 combining ratio of li- 
gand to salt). Precipitation occurred immediately in 
all cases, yielding blue products for the chloride and 
bromide, blue-green for the iodide, and violet-purple 
for the thiocyanate. The mixtures were stirred as 
they cooled, with anhydrous ether added to complete 
the reaction. Vacuum filtration was followed by wash- 
ing with ether and drying under vacuum. None of 
the complexes is hygroscopic. Anal. Calcd for C14- 
H&oN20&: C, 44.70; H, 4.82. Found: C, 45.12; 
H, 5.08. Calcd for C,4H1&oN202Br2: C, 36.10; H, 
3.84. Found: C, 36.45; H, 4.01. Calcd for &HI*- 
CoN20212: C, 30.05; H, 3.22; Co, 10.55. Found: C, 
30.08; H, 3.26; Co, 10.25. Calcd for C16H&oN4- 
02% C, 45.62; H, 4.27. Found: C, 46.02; H, 4.52. 

Tetrakis(2,6_Lutidine N-oxide)cobalt(ll) perchlora- 
te. Hydrated cobalt(H) perchlorate was dehydrated 
in a mixture of DMP and 2,6-LuNO for two hours. 
Addition of ether to the reaction flask produced an 
initial purple oil, which gradually solidified as a rust- 
red product. The mixture was stirred in ether for 
one-half hour, after which the product was vacuum 
filtered, washed with ether, and dried under vacuum. 
It does not appear to be appreciably hygroscopic. 
Anal. Calcd for C~~H&ONJOUC%: : C, 44.80; H, 
4.80; N, 7.43. Found: C, 45.05; H, 4.93; H, 7.41. 

The preparation of [(n-C4H9)4N]2Co14 was adapted 
from that previously used for the methyltriphenylarso- 
nium salt?’ 

Physical Measurements. The solid state electronic 
spectra were obtained from Cary 14 and Beckman 

(25) N.M. Karayannis, L.L. Pytlewski, and M.M. Labes, Inorg. 
Chim. Acto, 3, 114 (1969). 
,,,$22’,,;&?. Enrxtuez, S.S. Zumdahl, and L. Forshey. Chem. Comm., 
.--, \.-, “,. 

(27) F.A. Cotton, D.M.L. Goodgame, and M. Goodgame, I. Am. 
Chem. Sot., 83, 4690 (1961). 
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DK-2A spectrophotometers, using the mull method 
previously described.20 Solution spectra were obtain- 
ed only from the Beckman instrument. In those cases 
involving partial or complete use of 2,6-LuNO as the 
solvent, the concentration of dry, distilled 2,6-LuNO 
was the same for both reference and sample solutions. 
The same procedure was followed for the addition of 
(n-C4H9)4NI to a solution of the iodide complex. 

The infrared data for the range 4000-650 cm-’ were 
obtained from a Beckman IR-5A infrared spectropho- 
tometer. The samples were ground into a nujol 
paste, and sodium chloride plates were used. The 
spectra were calibrated with polystyrene bands. 

The magnetic data for the solid complexes were 
obtained by the Guoy method, using Ks[Fe(C20&1 . 
3HzO as a standard.28 The dichloromethane solution 
magnetic data for [Co(2,6-LuN0)4]*+ were obtained 
from a Varian A60-D spectrometer, using the nmr 
method of Evans as explained in detail previously.20 
Shifts of protons in the inert solvents cyclohexane and 
hexamethyldisilane between <<diamagnetic>> and ccpa- 
ramagnetica environments were obtained 20-45 minu- 
tes after preparation of the solutions. The results 
obtained were independent of solvent. Solution tem- 
peratures were determined by measuring the proton 
nmr spectrum of neat ethylene glycol. The proton 
isotropic shifts of Co(2,6-LuNO)+(ClO& were obtain- 
ed on the same instrument, using dichloromethane as 
a solvent and hexamethyldisilane as an internal stan- 
dard. The diamagnetic shifts for the 2,6-L,uNO 
protons were obtained from the literatureF4nB 

Conductance values were obtained as before,‘9 us- 
ing a solution of potassium chloride as a calihrant. 

Spectrochemical Calculations. The determination 
of Dq and B’ for 2,6-LuNO in [CO(~,~-LUNO)~]~+ 
were performed using the method of Drago?o Values 
of Dq and B’ for 2,6-LuNO in the [Co(2,6-LuNO)&J 
(X = Cl, Br, I, NCS) complexes were obtained 
through use of the average environment rule.n In 
all cases the centers of the multipeaked transitions 
were determined by a center-of-gravity technique. 

Results 

Electronic spectral results for the complexes are 
listed inTables I-III and shown in Figures l-4. Since 
the halide complexes are not very soluble in dichloro- 
methane and nitromethane solutions (with or with- 
out added 2,6-LuNO), studies of their spectral pat- 
terns as a function of solute concentration were not 
attempted. The extremely low solubility of the thio- 
cyanate complex ( < 10e3 molar) precludes the listing 
of its molar absorptivities, although those for the 
visible peaks certainly exceed 500. 

The iodide complex is the only one of the halide 
complexes which appears to undergo extensive reac- 
tions in solution. The removal of iodide ion from 
the coordination sphere occurs when excess 2,6-Lu- 
NO is added to a blue-green nitromethane solution of 
the complex. The deep blue solution which is pro- 

(28) T.G. Dunne, I. Chem. Ed., 44, 142 (1967). 
(29) R.A. Abramovitch and J.B. Davis, J. Chem. Sot., Sect. II, 

1137 (1966). 
(30) R.S. Drago, <f Physical Methods in Inorganic Chemistry m, 

Rheinhold PUbliShing Corporation, New York, N.Y., 1965, p. 411-412. 

duced has a molar conductance of 99.5, indicating 
that a 1: 1 uni-univalent electrolyte is present?’ Ad- 
dition of excess iodide ion to nitromethane solutions 
of the complex displaces 2,6-LuNO from the coordin- 
ation sphere, as is apparent from a comparison of 
the electronic spectral data for the [Co(2,6-LuNO)r 
M-1 system (Table II, Figure 1) and those of 
[coI.$]*-. 

12Of - 

11OC- 

1000- 

mo- 

am- 

700- 

f 
600 - 

Figure 1. Visible electronic spectra of [Co(2,6-LuNO)JI] in 
dichloromethane solution (curve A), in nitromethane solu- 
tion with added 2,6-LuNO (curve B), and in nitromethane 
solution with added iodide ion. (curve C). 

Figure 2. Visible electronic spectra of [Co(2,6-LuNO)&j in 
2,6-LuNO as a function of solute concentration: 2.74x10-’ 
molar (curve A), 1.12~ lo-’ molar (curve B), and 4.79x lo-’ 
molar (curve C). The points designated (c x H are those 
signifying maximum absorption for [Co(2,6-LuNO)Jz] in 
ligand-free dichloromcthanc (curve D). 

The iodide complex also undergoes a concentration- 
dependent reaction in pure 2,6-LuNO (Figure 2). 
When the absorbances for the four solutions shown 
are normalized to the same metal ion concentration 
and cell path length, it is found that (a) an isosbestic 
point exists at 578 my and (b) the spectrum of the 
most dilute solution of complex in 2,6-LuNO (con- 
taining the highest free ligand to complex ratio) does 
not pass through this point. Thus only two stable, 

(31) J.T. Donoghuc and R.S. Drago, Iltorg. Chem., 2, 1158 (19G3). 
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Table I. Electron Spectra of [ Co(2,6-LuNO),Xz] Complexes 

X 

Cl- 
Cl- 
Cl- 
Cl- 
Cl- 
CI- 
Br- 
Br- 
Br- 

;;: 

Br- 
NCS- 
NCS- 
NCS- 

Solvent h-(s) Us) Us) h(s) Us) Us) 

mull a 608 640 674 1380 1600 1720 
CH,Ck Q 596(240) 638(360) 675(385) 1390(65) 1575(sh) c 
CHzCk+2,6-LuNO a 

1850(49) d 
596(241) 636(366) 675(398) 

CH,NG = 600(260)(sh) C 636(357) 670(367) 
CHJNOa+2,6-LuNO ‘, 600(sh)C 636(336) 675(350) 
2,6-LuNO Q 600(sh) = 630(sh)c 680(353) 
mull 4 620 655 692 1420 1670 
CH,Ck” 610(sh) c 648(405) 7Oq375) 1425(90) 
CH$Zk+2,6-LuNO = 

1600(sh) c 1850(49) d 
605(sh) f 646(401) 697(371) 

CH,NOz Q 600(sh) = 645(404) 690(359) 
CH1N01+2,6-LuNO a 610(sh) c 646(352) 693(296) 
2,6-LuNO a 6lO(sh) c 648(283) 688(230) 
mull b 504 560 770 1760 
CHzCk a 564(sh) = 615 646 1225 1505 
CH,NOz a,e 582(sh) c 615 636 

Q pseudotetrahedral, four-coordinate. b five-coordinate. c sh = shoulder. d very broad absorption. e saturated solution. 

Table II. Electronic Spectra of [Co(2,6-LuNO)&]. 

Solvent 

mull a 
CHzCk 0 
U-$C&+2,6-LuNO Q 

CH:NO;;, 6-LuNO LI,c 
CH,NO&Bu,N+I- a 
[n-BurN]zCoI~ a in CH,Ck 
2,6-LuNO c (2.74x IO-* molar) 
2,6-LuNO b (4.74 x IO-’ molar) 

Vs) 

625 
632(328) 
626(308) 
625(325) 
616(241) 
664(281) 
669(253) 

Us) 

680 
670(430) 
668(395) 
665(450) 
668(236) 
697(536) 
697(577) 
610(151) 
562(138) 

h(E) 

730 
745(340) 
743(300) 
738(320) 
750( 103) 
722(647) 
732(878) 
670( 128) 
855(21) 

Us) 

780(1217) 
783(1200) 
745(53) 
1950(21) 

Us) 

1500 
1485( 107) 

1340(sh) d 
1920(119) 

870(9.7) 

h(s) h(s) 

1730 
1720(58) 

1470(72) 

1240(30) 1478(36) 

a pseudotetrahedral, four-coordinate. b five-coordinate. c mixture of species. d sh = shoulder. eA nitromethane solution of this 
complex (3.09x 10-l molar) with added 2,&LuNO (178/l excess) has a molar conductance of 99.5. 

Table Ill. Electronic Spectra of Co(2,6-LuNO)r(ClO&. 

Solvent Us) h(s) X(s) h(s) h(E) k(s) 

mull a 
CHzCk b 
CH,NOz = 
(C;~;~-zmolar) 

(5.;3x ;O-, molar) 
CH,N02+2,6-LuNO f 
2,6-LuNO e 
(2%%;;;; molar) 

(i.97x lo-’ molar) 
CH#k+2,6-LuNO e 
(50/l molar ratio) 
CI_ECk+2,6-LuNO e 
(153/l molar ratio) 
CH&k+2,6-LuNO f 
(209/l molar ratio) 

535 
- 525(sh) c 
- 525(sh) 

567( 124) 

- 515(sh) 
- 520(sh) 

515(sh) 

515(sh) 

- 520(sh) 

- 520(sh) 

1185 
575(99-151) d 
582(150) 

835(15) 

562( 149) 
569(92) 

560(143) 

579(114) 

563(83) 

564(77) 

- 95O(sh) 
870(11) 

853(21) 

860(15) 

862( 14) 

870( 16) 

856( 16) 

1150(18-28) d 
1180(45) 

2015(21) 
1100(10) 

1155(18) 

1120(10) 

1735(19) 
- 1280(sh) 

1900(10) 

>2100 

1680(21) 

>2100 

4 Assignments of transitions given in text. * Distorted tetrahedral, four-coordinate. c sh = shoulder. d The values for -the 
molar absorptivities of these peaks change with solute concentration. See text for discussion. e Mixture of four- and five- 
coordinate species. f Five-coordinate. 

non-transient species are present in this system, one 
of them being the unreacted iodide complex (Curve 
D). Since the spectrum of the solution containing 
the highest free ligand to complex ratio does not 
pass the isosbestic point, only the final product must 
exist in this solution. 

The nature of the perchlorate complex in solution 
is also dependent upon its environment. Thus in 
dichloromethane solutions (Table III) the molar ab- 
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sorptivities of the transitions centered at 575 rnp and 
1135 rnp consistently increase over the concentration 
range of 3.4~ 10e3 to 9.5X10W2 molar, while that 
of the peak centered at 1735 rnv is essentially unaf- 
fected. Thus while the center of gravity of the vi- 
sible transition remains roughly constant, that for the 
infrared one shows an increase in energy as the so- 
lute concentration increases. 

In nitromethane solutions of the perchlorate com- 
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plex, there is a direct solvent-solute interaction, the 
extent of which is a funcion of solute concentration 
(or of the solvent to complex molar ratio). The chan- 
ges in the spectra (Table III) indicate that while a 
mixture of species is present in more concentrated 
solutions, conversion to only one solvated entity is 
most likely in the more dilute solutions. This type 
of reaction has been noted elsewhere.25 

Figure 3. Visible electronic spectra of [Co(2,6-LuNO)~(NCS)~] 
in the solid state ( -_) and in dichloromethane solution 
(- - - -). E values arc arbitrary for the solid state data. 

Figure 4. Electronic spectra of [Co(2,6-LuNO)~(CIO&] in 
the solid state (- ), in dichloromethane solution (3.36~ 
lo-* molar, ---), and in 2,6-LuNO-nitromethanc solution 
(. - - a). E values arc arbitrary for the solid state data (the 
discontinuity at 700 my is due to a change in sources). 

Addition of excess 2,6-LuNO nitromethane solu- 
tions of the complex results in the easy formation of 
a new species, which in turn undergoes no reaction 
as the amount of added 2,6-LuNO is increased. Dis- 
solution of the complex in pure 2,6-LuNO, however, 
results in the formation of at least two separate enti- 
ties, whose relative amounts depend upon the ligand 
to complex molar ratio. While the spectrum of a 
fairly concentrated solution of the complex in 2,6- 
LuNO (solvent/complex = 155/l) is quite rich 
in transtions (Table III), that of a more dilute solu- 
tion (in which the same ratio is 1800/l) is simpler 
and is identical to that observed in 2,6-LuNO-nitro- 
methane solutions of the complex. 

Two separate effects are noted when the complex 
is dissolved in 2,6-LuNO-dichloromethane solutions. 
Below a 2,6-LuNO/complex molar ratio of 200/l, 
changes in positions of maximum absorption and di- 
sappearance of some bands in the near infrared re- 
gion are noted. Above the aforementioned 2,6-Lu- 
NO/complex ratio, no marked trends in the values 
of maximum absorptions or molar absorbtivities are 
noted, either as the 2,6-LuNO/complex molar ratio 
increases or as the concentration of the complex itself 
increases. The nature of the spectrum is essentially 
the same as those noted when the perchlorate com- 
plex is present in 2,6-LuNO-nitromethane solutions 
or in low concentration in pure 2,6-LuNO, although 
the molar aborbtivity of the main visible transition 
is noticeably less than those in the other two systems. 

For those cases in which tetrahedral or pseudote- 
trahedral cobalt(II) is present, the split peaks seen 
in the regions of 1200-1900 rnp and 550-780 rnI.r. are 
assigned to the vz and ~3 transitions, respectively. The 
special case of Co(2,6-LuN0)~(C10& in dichlorome- 
thane will be discussed later. 

Since the difference between the energy level dia- 
grams of trigonal bipyramidaP’ cobalt(I1) in D3d4 and 
Gv3’ symmetries involve only the labelling and not 
the number or relative energies of the various states, 
it makes little difference which particular scheme is 
used. The transitions seen in the spectra of the five- 
coordinate species are assigned as follows: vl-not 
seen; ~~-1760-2 100 my; ~~-770-870 mp; ~~-560-570 
mp; ~5-500-525 rnp (this last transition is sometimes 
seen as a shoulder on the more intense v4 peak and 
in one case is not seen at all). 

The infrared data shown in Table IV are generally 
typical of those reported previously for complexes of 
a-substituted pyridine N-oxides.‘3*21*,25,3 Although 
most of the band assignments are unambiguous, there 
is a problem in assigning some bands for the thiocya- 
nate complex. The definite appearance of two strong, 
separate C-N stretching modes (one at 2160 cm-l, 
indicating a bridging thiocyanate group and another 
at 2092 cm-l, indicating a nitrogen-bonded thiocyana- 
te groupY’ would seem to indicate that two separate 
C-S stretching modes should also be seen. Since 
the band at 783 cm-’ is easily assigned to the brid- 
ging C-S stretching frequency3’ (that at 797 cm-’ is 
analogous to the C-H deformation vibration found in 
all other 2,6-LuNO complexes), the corresponding 
C-S stretching mode for the N-bonded thiocyanate 
should be found in the 820-840 cm-’ region,33s37,38 
which is exactly the region in which the N-O bending 
mode is expected. Thus the observed band at 821 
cm-’ may be a composite of the two separate bands 
or may simply bc assigned to the more intense N-O 
bending mode. Two bands are noted in the N-O 

(32) All flvc-coordinntc complcxcs are assumed to bc approximately 
tigonal bipyramidol lor reasons previously listed in discussing the 
stereochemistry of lhe rCo(TMNO),X,l (X = Cl. Br, I, NCS) com- 
plexes in the solid state.3; 

_ __ 

(33) D.W. Herlocker, Ifzorg. Clrcnt., 8, 2037 (1969). 
(34) M. Ciampolini, N. Nardi. and G.P. Speroni, Coord. Chem. 

Revs.. I, 222 (1966). 
(35) M. Ciampolini and I. Gertini, I. Chem. Sot., Sect. A, 2241 

(1968). 
(36) H.N. Ramaswamy and H.B. Jonasscn, I. Inorg. Nucf. Chenr., 

27. 740 (1965). 
(37) J.L. Burmcister, Coord. Chcm. Revs., 3, 225 (1968). 
(38) S.M. Nelson and T.M. Shepard 1. fnorg. Nucf. Chem.. 27, 

2123 (1965). 
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Table IV. Infrared Spectral Data for Cobalt(I1) Complexes. 

Compounds v&stretch) v,&bend) vc-“(deformation) Other 

2,6 LuNO 1267 cm-’ 
Co(2,6-LuNO)zCk 1200 ;‘: cm-’ z cm-’ 
Co(2,6-LuN0)2Brz 1199 833 799 
Co(2,6-LuNO)& 1200 829 797 
Co,2,6-LuNO)z(NCSX 1195 821 a 797 2092, 2160 cm-‘; 783 cm-’ b 
Co(2,6-LuNO)~(Cl01)~ 1220 =, 1196 831 791 1073 - 1101 cm-’ d 

Q This band may be due to an overlapping of the N-O bending mode and the C-S stretching mode of the nitrogen-bonded thio- 
cyanate. b The higher frequency bands are assigned to the C-N stretching frequencies of the coordinated thiocyanates, while the 
lower frequency band is assigned to the C-S stretching frequency. c The band is asymmetrically shaped and is much broader than 
the band at 1196 cm-‘. d This broad band is assigned tu v, of the perchlorate ion. 

Table V. Magnetic Data for Cobalt(I1) Complexes. 

Compound XmX lo6 x,x 106 Xm’X 10L T(“C) i.GB.M.) 

Co(2,6-LuNO)&k 24.4 9200 9340 22.0 4.70 +0.06 a.b 
Co(2,6-LuNO)IBr1 20.3 9410 9570 30.0 4.81 n 
Co(2,6-LuNO& 17.1 9560 9570 29.0 4.85 
Co(2,6-LuNO)z(NCS), 20.0 8420 8580 24.0 4.52 n 
Ca(2,6-LuNO),(ClO& 12.4 9280 9520 22.0 4.75 = 
Co(2,6-LuNO),(ClO,)z d 10.6 7950 8190 41.0 4.54 

(1 Ramaswamy and Jonassen (ref. 21) report p = 4.59, 4.61, and 4.75 for the chloride, bromide, and thiocyanate complexes, 
respectively. b Brown at al. (ref. 22) report p = 4.7 for the chloride complex. 
for the perchlorate complex. d Dichloromethane solution. 

c Karyannis et a[. (ref. 25) repurt p = 4.73 

Table VI. Average Environment Calculations. 

Compound vJ(cm-‘) H(cm-‘) A(cm-‘) B’(cm-‘) Da(2,6-LuNO) n B’(2.6-LuNOP 

Co(2,6-LuNO)zCk 15,670 5,787 3,353 760 359 800 
Co(2,6-LuNO)1Brl 15,360 5,540 3207 752 350 803 
CO(~,~-LUNO)JL 14,810 5,510 3,155 724 356 806 
Co(2,6-LuNO)l(NCS)r 16,670 7,092 4,100 764 355 837 
[ C0(2,6-LuNO),]‘+ 18,315 6,900 3,960 888 396 888 

“The Dq and B’ values for the anions are taken from ref. 20 and are averages of solution values reported by Cotton cf al., 
I. Am. Chem. Sot., 83, 4690 (1961). 

stretching region for the perchlorate complex, one at 
approximately the same energy as is found in the 
other complexes (1196 cm-‘) and a weaker, broader 
one at higher energies (1220 cm-‘). While it is tempt- 
ing to assign the two bands to N-O stretching fre- 
quencies of differently bonded ligands, other factors 
(to be considered in the Discussion) must be con- 
sidered. 

The magnetic data in Table V show some differen- 
ces between presently and previously” reported data. 
In the cases of the chloride and bromide complexes, 
it appears that the higher values of the magnetic mo- 
ments are more consistent with the fairly low values 
for the average Dq for the complexes (Table VI).nJ9 
The magnetic moment reported earlie? for the thiocya- 
nate complex refers to a six-coordinate species, whose 
synthesis (according to earlie? instructions) could 
not be repeated in this work. The presently repor- 
ted value is consistent with infrared and electronic 
spectral data (see Discusison section). 

The solution magnetic data for the perchlorate 
complex is identical for samples utilizing either cy- 
clohexane or hexamethyldisilane as the measure of 
the magnetic susceptibility of the compound. The 
frequency separations for the C( diamagnetic s> and 

(39) R.H. Holm and F.A. Cotton, I. Chem. Phys., 32, 1158 (1960). 
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CC paramagnetic >> protons of the inert solvents” are 
different from that observed for the protons in dichlo- 
romethane, indicating that dichloromethane-solute in- 
teraction is occuring. For this reason the magnetic 
susceptibilities were calculated on the basis of the 
frequency shifts of the inert solvent protons. 

The spectrochemical calculations shown in Table 
VI were obtained in order to test the <( average en- 
vironment >) rule for 2,6-LuNO in both its pseudo- 
tetrahedral dianion complexes and its c tetrahedral >> 
perchlorate complexes. The general con.sistency of the 
Dq and B’ values in the first four comples is con- 
trasted with the values obtained for the perchlorate 
complex. Since the <C average environment )> rule 
has been shown to be quite valid for a large number 
of tetrahedral and pseudotetrahedral cobalt(I1) com- 
plexes,mr7 such results indicate that the perchlorate 
complex is distorted from a tetrahedral arrangement. 
Since actual magnitudes of Dq and B’ for 2,6-LuNO 
in the perchlorate complex depend upon its concen- 
tration (the molar absorbancies vary as shown in 
Table III), nothing quantitative should be inferred 
from the data presented, other than the fact that 
the Dq and B’ values are different. Utilizing solu- 
tion values for Dq and v (the complex concentration 
for both measurements was about 0.03 molar) a va- 
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lue of -166 cm-’ was obtained a for 1’, the spin-orbit 
coupling constnat. 

The nuclear magnetic resonance spectrum of the 
complex was obtained in an approximately 0.3 molar 
dichloromethane solution. Utilizing hexaxmethldi- 
silane as an internal standard, peaks were observed 
at -696 Hz (downfield, with a relative area of 6), at 
-1496 Hz (downfield, with a relative area of 2), and 
+ 800 Hz (upfield with a relative area of 1). From 
a knowledge of the relative areas, the downfield 
peaks were assigned to the a-methyl and &protons, 
while the upfield peak was assigned to the y-proton. 
Utilizing the diamagnetic shift values21,29 of -145 Hz, 
-430 Hz, and 419 Hz for the a-methyl, p-, and y- 
protons respectively, isotropic shifts of -551 Hz, 
-1066 Hz, and + 1219 Hz were obtained for the 
three types of protons. Similar patterns have pre- 
viously been obtained for various pyridine N-oxides 
bonded to paramagnetic metal ions,ss*4,4’ the result 
being interpreted in terms of a delocalization of me- 
tal electron density of a spin (parallel to the external 
magentic field) onto the ligand primarily thru a pi 
type of delocalization. 

No attempt is made to ascertain the contact arid 
pseudocontact contributions to the observed shifts, 
since the geometry of the solution species is not ac- 
curately known. In addition solvent-solute interac- 
tion is noted, since dilution of the sample from 0.3 
molar to 0.03 molar results in an upfield shift of ap- 
proximately 150 Hz for the P-proton resonance. Dilu- 
tion of the sample from 0.3 to 0.1 molar also results in 
a downward shift of about 35 Hz for the y-proton 
resonance. Thus the reduction in solute concentra- 
tion increases the solvent to solute ration and the ex- 
tent of the solvent-solute interaction. In addition the 
proton resonance of dichloromethane in the complex 
solution is found at a frequency 7 Hz upfield from 
that found for the neat solvent. This type of intera- 
tion has also been noted chloroform solutions of metal 
ion complexes and has been ascribed to hydrogen 
bonding with the solute.“,42 

The ratios of the isotropic shifts for the various 
protons (a/p=O.52, y/p=-1.14) do not correlate 
with those for the metal acetylacetonate adducts [M(a- 
cac)2.2,6-LuN0]“4 <Co-a/p = 3.67, y/P = -3.65; 
Ni-‘*/fl = 1.71; y/p = ,-2.46). Such a correlation 
should occur if the method of electron delocalization 
throughout the ligand is the same in all cases and 
if no pseudocontact or solvent-solute interactions are 
important.24 Although the [Co, Ni(4-CHGH4NO)? 
complexes do indeed have identical ratios for iso- 
tropic shifts: the solvent-solute interactions mention- 
ed above, along with pseudocontact shifts due to the 
presence of dissimilar ligands in the acetylacetonate 
adduct, have obviously complicated the situation. 

Discussion 

Halide Complexes. The colors, solid state elec- 
tronic spectra, and magnetic moments of these com- 

(40) F.A. Cotton and G. Wilkinson. << Advanced Inorganic Chc- 
mistry n, Interscience, New York. N.Y.. 1966, p. 872. 

(41) E. E. Zaev and Yu. N. Molin, I. Slrukf. C/tern., 7, 639 (1966) 
Z/Y. Strukt Khim., 7, (680) (1966). 

(42) M. F. RcttinS and R. S. Drago, 1. Am. Chcm. Sot., 88, 
29&q 1966). 

pounds are typical of pseudotetrahedral cobalt(I1) 
complexes. Such conclusions have been reached pre- 
viously,2’~” although no electronic spectral data were 
listed for the chloride complex,2* and those magnetic 
data listed for the chloride and bromide complexes21 
appear to be too low. Since unsubstituted pyridine 
N-oxide reacts with cobalt(I1) halides5*” to produce 
complexes of the form [Co(pyNO)d][ CoX4] (X = 
Cl, Br)r it is obvious that steric effects have reduced 
the coordination number of the cobalt ion from six 
to four. It has also been shown, however, that some 
consideration must be given to electronic effects, since 
4-ethoxypyridine N-oxide also forms a pseudotetra- 
hedral complex with cobalt(I1) chloride.” 

Dissolution of the complexes in both dichlorometh- 
ane and nitromethane produces electronic spectra si- 
milar to those for the complexes in the solid state, 
indicating that the dissolution process has not ef- 
fected the nature of the ligand field. Dissolution of 
[CO(TMNO)~&] (X = Cl, Br, I) complexes in aceto- 
nitrile and dichloromethane resulted, however, in 
very distinct changes in spectral and magnetic beha- 
vior,” which were shownU to be due to a reduction 
in coordination number from five to four as the com- 
pounds dissolved. While [ Co(4-OGHspyN0)2C12] 
has also been shown to exist in nitromethane solu- 
tions as a pseudotetrahedral species,” similar CoL2C12 
(L = 2,4-LuNO, 2,4,6-ColNO; ColNO = collidine 
N-oxide) complexes purportedly dissolve in nitrometh- 
ane and N,N-dimethylformamide solutions to produce 
six-coordinated specics.36 Since the steric conditions 
present in complexes of 2,6-LuNO are more similar 
to those of 2,4-LuNO and 2,4,6-ColNO than to those 
of 4-ethoxypyridine N-oxide, the results reported by 
Ramaswamy and Jonassen36 are thus surprising. It 
appears, however, that the spectra obtained for the 
two complexes in nitromethane36 bear a much stronger 
resemblance to those of five-coordinate species34t35 than 
six-coordinate ones. The spectral data for the same 
two complexes in DMF are difficult to interpret but 
certainly are not those for cobalt(I1) in an octahedral 
array. These data are also at variance to those re- 
ported by the same authors for the [Co(2,6-LuNO)2- 
X2] (X = Cl, Br) complexes dissolved in DMF,Z’ in 
which case the cobalt ion is supposed to retain a co- 
ordination number of four. There appears to be no 
ready explanation why a 2,4,6-ColNO complex in 
DMF should react with the solvent to produce a six- 
coordinate metal ion,% while the metal ion in the 
equally crowded 2,6-LuNO complex remains four- 
coordinated?’ CIose scrutiny of the reported spectral 
data for [Co(2,6-LuNO)zBrz] in DMF*’ indicates that 
a mixture of species is definitely present (including 
a four-coordinate one, which may contain DMF in the 
first coordination sphere). Thus it is probably best 
to regard these solution data*l’% and their previous 
interpretations as unreliable. 

Addition of excess 2,6-LuNO to dichloromethane 
of all these complexes and to nitromethane solutions 
of the chloride and bromide complexes (Tables I, II) 
has no great effect on the electronic spectra of the 
complexes, although in some cases reductions in mo- 
lar absorptivities of lo-15% are noted. The results 

(43) K. Issleib and A. Krcibich, Z. crrmrg. allgem. C/tern., 313, 
339(19621. 

(44) J. A. Betrand and D. L. Plymale, Ifzorg. Chem., 3, 775(1964). 
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indicate, however, that the major species present are 
still the pseudotetrahedral complexes. Addition of 
excess 2,6-LuNO to a nitromethane solution of the 
iodide complex, however, produces a royal blue so- 
lution whose conductance value indicates that the 
complex should be formulated as [ Co(2,6-LuNO),I 11 
(n = 3, 4, or 5). Since the electronic spectrum (Fi- 
gure 1) of the species is definitely not that of a six- 
coordinate species, that last choice is rejected. Al- 
though the molar absorptivities of the visible trans- 
itions are somewhat lower than those normally noted 
for pseudotetrahedral complexes (especially that for 
the transition located at 750 mp), they are much 
larger than those noted for the five-coordinate com- 
plexes observed in this study (Tables II and III). The 
electronic spectral pattern is also quite similar to 
those found for pseudotetrahedral [ Co(TMNO)sX] + 
(X = C1,2o Br4’) and [Co(HMPA)xI]+ 46 complexes. 

The non-reactivity of the chloride and bromide 
complexes under these conditions can be rationalized 
on the basis of their greater metal-halogen bond 
strengths. The non-reactivity of the iodide complex 
in dichloromethane-2,6-LuNO solutions is due to the 
low dielectric constant of dichloromethane, which 
does not easily facilitate a transfer of charge in solu- 
tion.4’ The large difference in donor strength be- 
tween 2,6-LuNO and TMNO is apparent, since reac- 
tions between [CO(TMNO)~XJ (X = Br, I) and 
TMNO in acetonitrile produce [ CO(TMNO)~]‘+, while 
[ Co(TMNO)zClr] reacted similarly in acetonitrile to 
produce I: Co(TMNO)K!I] +? Another indication for 
the fairly low donor strength of 2,6-LuNO is its re- 
moval from the cordination sphere of [Co(2,6-Lu- 
NOhLI when excess iodide ion is added in nitro- 
methane, producing [CoL+]*- (‘Table II, Figure 1). 

The only spectral change noted when [Co(2,6-Lu- 
NO)&] is dissolved in pure 2,6-LuNO is a loss in 
the fine structure of its visible transition (Table I), 
indicating that no reaction has occurred. The brom- 
ide complex reacts with the solvent, as evidenced by 
the significant reductions in molar absorptivities. 
Since the positions of maximum absorption do not 
change, and since no new absorption peaks are ob- 
served, it would appear that the major solution spe- 
cies is still [ Co(2,6-LuNO)zBrz] . 

Dissolution of [ C0(2,6-LuNO)&] in pure 2,6-Lu- 
NO produces an equilibrium mixture of two species 
(Figure 2), one of them being the unreacted com- 
plex. As the molar ratio of solvent to complex in- 
creases, the reaction is driven to completion (Curve 
C), at which point essentially no unreacted complex 
remains. Since the visible spectrum of the final pro- 
duct is more similar to those of known five-coordinate 
species 3*“r33-35 than to those of four-coordinate species, 
the final product most be [ CO(~,~-LUNO)~+,I~_,]I, 
(x = 0, 1, or 2): The strong similarities between the 
electronic spectrum of this species and that of [Co- 
(2-CH,pyNO),]‘+ 3,‘4 is an indication that the species 
is best formulated as [ CO(~,~-LUNO)~]I~. Although 
no previous complexes of this type have been report- 
ed, examples of tetrahedral complexes containing ionic 

(45) D. Herlocker, I. fnorg. Nucl. Cher??., 30, 2197(1968). 
(46) M. R. Rosenthal and R. S. Drago, Ivorg. Clrern., 5 1612(1966); 

HMPA = r(CH,),Nl,PO. 
(47) R. S. Drago and K. F. Purcell in << Advances in Inorganic 

Chemistry D. Vol. 6, F. A. Cotton. cd., Interscience Publishers, Inc., 
New York, N. Y., 1965, PP. 271-322. 

iodides ([ Co(TMN0)4] I?‘,45 and [ CO(HMPA)~]I~~) 
have recently been reported. The various reactions 
of [Co(2,6-LuNO)&] are summarized below (2). 

[CoL,I]+L=2,6-LuNO 

Thiocyanate Complex. Although the halide com- 
plexes do not undergo a change in stereochemistry 
upon dissolution, the violet-purple thiocyanate com- 
plex dissolves in both dichloromethane and nitrometh- 
ane to yield a royal blue solution. While no molar 
absorptivities could be obtained for the solution spe- 
cies due to its extremely low solubility, the solution 
electronic spectrum (Figure 3) is typical of pseudo- 
tetrahedral cobalt(I1) complexes. Since the infrared 
data reveal the existence of two different C-N stretch- 
ing vibrations (one assigned to a bridging thiocyanate 
group and one to an N-bonded thiocyanate group), 
and only one N-O stretching vibration (at essentially 
the same energy as found in the halide complexes), 
the coordination number of the cobalt(I1) ion in the 
solid state must be five. The magnetic moment of 
4.52 B.M., while very low for a six-coordinate cobalt 
(II) complex, is similar to those for a number of 
five-coordinate cobalt(I1) complexes containing bond- 
ed thiocyanate.“-” In addition the solid state visible 
electronic spectrum is very similar to that for [Co- 
(TMNO)Z(NCS)Z], which has been shown to be five- 
coordinate in the solid state.” Although both the 
2,6-LuNO and TMNO complexes of cobalt(H) thio- 
cyanate are thus five-coordinate in the solid state and 
pseudotetrahedral in solution,m five-coordination is 
acheived in the former case by bridging TMNO and 
in the latter by bridging thiocyanate. 

An earlier repor+’ described [ (Co( 2,6-LuNO)z- 
(NCS)zl as containing six-coordinate cobalt(H) in the 
solid state, conclusions which are at variance with 
ours. Efforts to obtain the (< pink 1) compound from 

methanolic solutions2* (as opposed to the ethanolic 
solution method described in the Experimental Sec- 
tion), yielded only the violet, five-coordinate species 
previously described. In addition while the reported 
color, magnetic moment, and infrared spectrum of the 
<( pink )> compound are different2’ from those of the 
violet compound studied herein, the reported electro- 
nic spectrum is surprisingly the same as that reported 
in Table I. One possible explanation is that these 
two compounds exhibit a rare type of linkage isome- 
rism.?’ Since the violet compound does not show 
any tendency, even after periods of a year, to change 
color or any of its physical properties, it may very 
well be the more stable of the two modifications. 

Perchlorate Complex. Although the solid state 
infrared spectrum (Table IV) of the perchlorate com- 
plex would appear to indicate that perchlorate coor- 
dination is either weak or non-existent, the magnetic 

(48) M. Ciampolini and N. Nardi. Inorg. ilterrz., 6, 445(1967). 
(49) !. S. Judge and W. A. Baker, Inorg. Chim. Acfa. 1, 239(1967). 
(50) Z. Dori and H. B. Gray, Inorg. Chern., 7, 889(1968). 
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and electronic speetral data argue against designation 
of the complex as containing four-coordinate, tetra- 
hedral cobalt(I1). Thus its color is much’ less in- 
tense, its electronic transitions are higher in energy, 
and its magnetic moment is much higher than those 
of [CO(TMNO)~](C~O&, which does contain tetra- 
hedrall y coordinated cobalt( I 1).19,2” These conclu- 
sions agree with those of Karayannis et al.” 

If a tetrahedral structure for the complexed metal 
ion can be eliminated from consideration, there still 
exist three other possibilities-square planar cobalt 
(II) with non-coordinated perchlorate ions; six-coor- 
dinate, polymeric cobalt(I1) with bridging 2,6-LuNO 
molecules; and six-coordinate, monomeric cobalt(H) 
with coordinated perchlorate ions. After considera- 
tion of X-ray powder pattern, spectral, and magnetic 
evidence, Karayannis et a1.25 have assigned square- 
planar monomeric structures to the [M(2,6-LuNO)d]- 
(Cl04)~ (M = Fe”, Co”, Ni”, and Cu”) complexes 
and a square pyrznnidal structure to [Mn(2,6-LuNO)r 
oc1o,]cIo~. Only in the case of the cobalt complex 
is their evidence less than convincing. Thus the ar- 
gument is made that since the stability of planar 
systems decreases in the order Ni” > CO”>F~“,~ the 
isolatian25 of square-planar complexes of nickel (dia- 
magnetic) and iron (half-quenched spin) implies that 
the cobalt complex must also be square-planar. Since 
the above stability scheme5’ was obtained from a 
situation in which all ligand fields are strong enough 
to cause spin pairing, it may very well not be valid 
to assume such an ordering if the ligand field about 
the cobalt(I1) ion is weak, as it is in this compound. 

If the above stability scheme is thus considered not 
relevant in this case, it is necessary to consider whether 
arrays of ligands found to produce a square-planar 
stereochemistry about a nickel(I1) ion also produce 
a different molecular arrangement about a cobalt(I1) 
ion. It has rcccntly been found that some tetraden- 
tatc Schiff bases which form square-planar complexes 
with nickel( II)j? form tetrahedral ones with cobalt 
(II).53 The same behavior is found with a linear, 
tetradentate pyrrolic ligand.” In cases involving mo- 
nodentate ligands, it has been shown that while [Ni- 
(3,4-lutidine)4](ClO~)~ contains square-planar, four- 
coordinate nickel( I I )‘j,” and [Ni(3,5-lutidine)a(ClO,)z] 
contains pseudooctahedral, six-coordinate nickel(II)55~57 
the analogous cobalt( I I) complexes both contain pseu- 
dooctahedral, six-coordinate cobalt.ss In addition 
while it has been found that chloroform will partially 
rcmovc coordinated perchlorate and tetrafluoroborate 
anions from the coordination sphere of [Ni(CsHsN)d- 
(anion)11 ?’ causing the formation of yellow, square- 
planar nickel complexes, no such behavior has been 
noted for the analogous cobalt complexes.00 Thus 
the existence of a square-planar array of ligands in a 
nickel(I1) complex need not guarantee the same stereo- 

(51) J. Chat! and G. J. Sbaw., J. Chern. Sot., 285 (1961). 
(52) R. H. Holm, \. Am. C/tent. Sm., 82, 5632 (1960). 
(53) M. Hariharan and F. L. Urbacb, fnorg. Chem., 8. 555(1969). 
(54) Y. Murakami, Y. Kohno, and Y. Matsuda, Ifmrg. Chim. Ada, 3, 

671 (1969). 
T ($,:: ;9;t,!Tagni, L. M. Vallarino, and J. V. Quagliano, Inorg. Chem., 
_, _ _ \ _ _ , 

(56) F. Madaule-Aubry, W. R. Busing, and G. M. 
Cryst., 824, 754 (1968). 

(57). F. Madaule-Aubry and G. M. Brown, ibid., 1124, 
(58) D. W. Herlocker, unpublished results. 
(59) M. R. Rosenthal and R. S. Dmgo, Inorg. Chem., 
(60) M. R. Rosenthal, Thesis, Univ. of Illinois, 1965. 

Brown, Acfa 

745(1968). 

3, 492 (1966). 

chemical arrangement iin the stoichiometrically ana- 
logous cobalt( II) compound. 

The apparent differences between the electronic 
spectral data reported earlie? and those in Table III 
(extra transitions are found at 358 mp (27,930 cm-‘), 
770 mp, (13,020 cm-‘), and 1390 mp (7200 cm-‘) 
are easily explained. Thus the highest energy peak 
is undoubtedly a charge-transfer peak,4j9 while the 
lowest energv one may be due to a ligand overtone.’ 
The remainrkg extra peak is a shoulder on an intense 
peak in the visible region and was not seen in this 
work. The two peaks common to both reports (Fi- 
gure 4, Table III) are found at energies normally 
assigned to the vI and v3 transitions in octahedrally 
or pseudooctahedrally coordinated cobalt(H), with 
the shoulder seen at 770 mp2j probably being VZ. 

If the environment can be considered to be ep- 
proximately octahedral about the cobalt ion, it is ne- 
cessary to determine if possible the nature of the 
six bonding sites. Although the magnetic moment of 
the complex is similar in magnitude to those for other 
six-coordinate cobalt( II) complexes containing va- 
rious pyridine N-oxides,3,4a”’ it offers no clue in this 
matter. The appearance of two different N-O stretch- 
ing frequencies in the complex (Table IV) is not in 
itself evidence for two different types of bonding sites, 
bridging and terminal. Thus it has been shown’ that 
two different N-O stretching frequencies are found in 
many [M(4-RpyN0)612+ complexes, in which no brid- 
ging ligands are expected. In addition infrared spec- 
tral data for the truly square planar”’ [Cu(pyN0)4]‘+ 
complex4,63 contains two separate N.-O stretching fre- 
quencies, a situation explained’ by assuming a reduc- 
tion in the symmetry of the MO4 moiety to something 
less than Du,. If bridging 2,6-LuNO molecules are 
indeed present in this complex, it seems logical that 
the G extra B stretching mode should have an energy 
lower than that found in the [Co(2,6-LuNO)zX2] 
complexes (Table IV) rather than higher:’ These 
several considerations would seem to rule against 
considering the complex as being polymeric because 
of bridging 2,6-LuNO ligands. 

Although infrared data appear to indicate little or 
no perchlorate-metal interaction in Co(2,6-LuNO).+- 
(ClO4)2, it has recently been found that in some 
[ MLJ(C~O~)]+ (L = arsine or phosphine oxides) com- 
plexes, in which the metal is known by other means 
to bc five coordinate,“4-67 no splitting of the v3 per- 
chlorate band at approximately 1100 cm-’ is seen. 
Preparation of analogous complexeP’ containing the 
slightly stronger bonding6s perrhenate ion, Re04-, in- 
dicates that metal-anion bonding does take place in 
these cases.“’ Studies are currently under way to 
prepare [Co, Ni(2,6-LuN0)1(Re04)2] in an effort to 
determine the extent of metal-anion interaction. 

Although there should be some splitting of the VI 
and v; electronic transitions of the perchlorate com- 
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plcx if such a tetragonally distorted ligand field exists, 
the breadth of the bands (Table III, Figure 4) may 
prevent the observance of such splittings. Obtaining 
spectra at lower temperature3 may reveal these split- 
tings, although any bands which might be found at 
approximately 1400 rnp might well be due to ligand 
overtones.7 Thus at present the solid state data can 
best be interpreted as being due to a six-coordinate 
cobalt(I1) complex, in which the metal-perchlorate 
interaction is weak but finite. These conclusions con- 
trast with the results obtained for the [Co(TMN0)412+ 
cation, which has been shown to be tetrahedral in 
nature in a variety of compounds.19~“~4s 

Schmass and Specker l3 have reported the prepara- 
tion of [(Co2,6-LuNO)~(HZO)Z] (cl0412 and [COW+ 
LuNO)~](C~O~)~-~HZO. Although very little solid sta- 
te data were reported, it seems logical that the coor- 
dination spheres of both compounds are identical and 
contain four molecules of 2,6-LuNO and two of 
water. The extra molecules of 2,6-LuNO in the se- 
cond compound are most pabably contained in the 
lattice. 

That any metal-anion interaction is weak is indica- 
ted by the fact that [CO(~,~-LUNO)~(C~O~)Z] dissolves 
readily in dichloromethane to produce intensely blue- 
purple solutions, whose electronic spectral patterns 
(Table III, Figure 4) and magnetic data (Table V) 
are similar to those of tetrahedral cobalt(I1) ca- 
tions. ‘7~‘*~z7*45~69 The low molar absorptivities noted 
for the visible transitions and the large separation of 
peaks present in the near infrared region (4960 cm-‘, 
as opposed to 1500-2000 cm-’ for [CoX4 I’- (X = Cl, 
Br, I)s7 and 900-1500 cm-’ for [Co(2,6-LuNO)&] 
(Tables I and II)) are quite similar to those noted 
for [ CO(DMA)~]*+ (DMA = N,N-dimethylacetami- 
de),” which is assumed to contain a distorted tetrahe- 
dral cation. In an attempt to determine whether [Co- 
(2,6-LuN0)412+ is likewise distorted, comparisons of 
Dq and B’ values for 2,6-LuNO in its pseudotetrahe- 
dral complexes and its supposedly tetrahedral perchlo- 
rate complex were made (Table VI). The results 
differ from those found earlie? in analogous TMNO 
complexes, in which Dq and B’ were constant, and 
they indicate that there is indeed some distortion from 
the expected tetrahedral arrangement, although the 
difference in the calculated and observed Dq values 
for 2,6-LuNO is much smaller than that observed for 
DMA (490 cm-’ in [CO(DMA)~]~+‘~ vs. 330 f 15 
cm-’ in [CO(DMA)ZXZ] (X=Cl, Br, I)“). Utilizing 
solution values of A and p for DMA,” a value of-233 
cm-’ is calculated@ for h’, in comparison with a value 
of -166 cm-’ obtained for 2,6-LuNO and -178 cmX’ 
for the free cobalt ion. Thus the degree of distortion 
for the [Co(2,6-LuNO)~]‘+ complex does not appear 
to be as large as what is expected for [CO(DMA)~]‘+. 

While a weak metal-nitrogen interaction (to sup- 
plement the strong metal-oxygen interaction) was pro- 
posed” as the reason for the distortion of the DMA 
complex, such a situation is not possible here, since 
only the oxygen in 2,6-LuNO can serve as a bonding 
site. It is known, however, than M-O-N linkages in 

(69) I. T. Donoghue and R. S. Dmgo. Inorg. Chem., 1. 866(1962). 
(70) B. B. Wayland. R. I. Fitzgerald. and R. S. Drago, I. Am. 
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pyridine N-oxide complexes are bent both in the solid 
stateI and in solution,*,24,41 due to the presence of a 
lone pair of electrons on the oxygen. In the present 
case a strictly tetrahedral ordering of the 2,6-LuNO 
molecules might cause excessive non-bonded intera- 
ctions between some of the various methyl groups, 
an interaction which can be reduced only by flaue- 
ning the ideally tetrahedral Co01 moiety, thereby pro- 
ducing the observed results. In a similar case there 
is evidence to indicate that bis (3,3’,5,5’-tetramethyldi- 
pyrromethene-4,4’-dicarboxylate) coball(assumed 
to contain tetrahedrally coordinated cobalt(II),” even 
though the molar absorptivities in the visible region 
are lower than normal-may in fact have a primary 
cooordination sphere of only D2 symmetry.” 

The variation of spectral intensities of the perchlo- 
rate complex in dichloromethane is not due to the 
existence of more than one solute, since the positions 
of maximum absorption arc concentration independent. 
The electronic spectral, nmr, and solution magnetic 
data all indicate a solvent-solute interaction which is 
obviously concentration dependent. The interaction 
is probably a hydrogen-bonding one, involving solvent 
protons and the pi-electron density of the aromatic 
rings and/or the oxygen bonding site on the coordi- 
nated ligands. 

In nitromethane, however, a concentration depen- 
dent reaction occurs. The species present when the 
complex concentration is low is probably [Co(2,6-LU- 
NOMCH,NOs>12 , since its spectrum is similar to 
that for [Co(2,6-LuNO)s]Iz. At higher complex con- 
centrations, bands similar to those found for both 
[Co(2,6-LuNO)4]‘+ and [ CO(~,~-LUNO)~(CH~NO~)]~+ 
are found, indicating the presence of appreciable 
amounts of both species. These conclusions are in 
agreement with earlier ones.25 In addition it has been 
foundZ that acetone reacts with [ Co( ~,~-LuNO),]~+ 
to produce [CO(~,~-LUNO)~(C~HGO)]~+. 

The addition of 2,6-LuNO to a nitromethane solu- 
tion of the perchlorate complex produces a violet so- 
lution whose electronic spectrum (Figure 4) is the 
same as that found for [Co(2,6-LuNO)ZIZ] in 2,6-Lu- 
NO (Figure 2) and is analogous to those found by 
Byers et d3 for [Co(2-CH3pyNO)s’12+ and Karayannis 
ct al.” for [ CO(~-OC~H~~~NO)~]~+. The reductions 
in transition energies from those in the last two cases 
are due to metal-ligand bond weakening caused by 
greater steric interaction among the bulkier 2,6-LuNO 
ligands. The spectral results are in good agreement 
with those reported by Karayannis et af.25 for the same 
system and by Enriquez et ~1.‘~ for [Co(2,6-LuNO)r]‘+ 
dissolved in a 2,6_LUNO_CDjN02-( CD,)zCO mixed 
solvent. All data indicate the presence of [Co(2,6- 
LuNO)r]‘+ under these conditions. While Schmauss 
and Specker13 have also oberved the reaction of the 
perchlorate complex with added 2,6-LuNO in nitro- 
methane, they have assumed the solution species to 
be [ Co(2,6-LuN0)6]‘+, an assumption which is re- 
futed by this and other studies.3,1’.25,26 
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Dissolution of the perchlorate complex in 2,6-Lu- 
NO also produces [Co(2,6-LuNO)J*+ (Table III), but 
only in dilute solutions, in which a high solvent to 
complex ratio exists. In more concentrated solutions 
a mixture of complexes containing both four- and 
five-coordinate cobalt( II) is present. The non-reac- 
tivity of the five-coordinate complex even in the pre- 
sence of huge amounts of extra ligand (as opposed 
to the case of [CO(~-OC~H~~~NO)~]~+ which reacted” 
with excess base to form the six-coordinate species) 
is assumed to be due to steric problems. The con- 
trasting results observed for [CO(TMNO)~]~+, which 
was found to be stable in acetonitrile and dichloro- 
methane to which excess TMNO had been added,20,45 
indicate that more room is available about the cobalt 
(II) ion for 2,6-LuNO, since the methyl groups are 
somewhat farther from the coordination site than they 
are in TMNO. 

Interpretation of the data obtained when the per- 
chlorate complex reacts with excess 2,6-LuNO in di- 
chloromethane involves consideration of both the po- 
sitions and intensities of the various absorption peaks. 
Thus the shift of the most intense visible band and 
the gradual disappearance of bands in the near in- 
frared region can be attributed to the reaction of the 
four-coordinate complex with excess base to form 
[Co(2,6-LuN0)5]‘+, as was discussed earlier the cases 
of the 2,6-LuNO and 2,6-LuNO-nitromethane solvent 
systems (Table III). The difference in the ease of 
conversion of [Co(2,6-LuNO)r]*+ in the different sol- 
vents is due to the difference in dielectric constants 
for the various solvents.4’ Summarized below are the 

CHICI, L 
- rcoL,i*+ - 
I 

L --..I 

L 
[ coL~(c1o4)21 

) CH,NO> 
l [Coirl’tL=2,6L”Nd3) 

L t 
- [ CoL,(CH,NO~)]*+- 

various solution reactions of [Co(2,6-LuN0)4(ClO&] 
(3). 

Although the positions of the electronic transitions 
assigned to [Co(2,6-LuN0)5]*+ are essentially the sa- 
me in 2,6-LuNO-dichloromethane solutions (in which 
the excess base/metal complex ratio is 2200/l) as 
they are in both neat 2,6-LuNO and 2,6-LuNO-nitro- 
methane solutions, the molar absorptivity of the visible 
VJ transition is only about half that found in these 
other solvents (and for [Co(2,6-LuNO).=,& in 2,6-Lu- 
NO (Table II)). Since dichloromethane reacts with 
[Co(2,6-LuNO)J]‘+, producing concentration-depen- 
dent molar absorptivities (Table III), it is possible 
that such an interaction is occurring here also, thus 
causing a smaller than expected absorbance for some 
transitions in this system. While an increase in co- 
balt ion concentration to approximately 0.06-0.08 
molar might similarly cause an increase in the molar 
absorptivities of [CO(~,~-LUNO)S]~+, the concentra- 
tion of excess 2,6-LuNO in dichloromethane needed 
for complete transition of [ Co(2,6-LuN0)4]2+ into 
[ Co(2,6-LuN0)5]*+ would be approximately 12-14 
molar. In such a solution, the solvent properties 
would be drastically different from those of either 
pure dichloromethane or of dichloromethane with 
moderate amounts of added 2,6-LuNO. Thus in this 
case the behavior of the dichloromethane may pre- 
vent the obtaining of spectral data for [Co(2,6-Lu- 
NO)s12+ completely analogous to those in the other 
situations discussed. 
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