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A series of B-substituted pyridine N-oxides (4-ZPyNO) 
have been found to react with copper acetate to 
form the dimeric complexes [ Cu(CHF00)2 - 4ZPy- 
NO]z, where Z is CHIO, CHJ, H, Cl or NO?. The 
complexes were characterized by elemental analyses, 
electronic and infrared spectra and magnetic measure- 
ments. The magnetic data, electronic spectra and the 
infrared spectra are all consistent with the S-bond 
model. Several correlations of these data are found 
and discussed. It is concluded that pyridine N-oxides 
with relatively low basicities and high x-acceptor abi- 
Iilities enhance copper-copper bonding. In this respect 
high x-acceptor ability seems to be significantly more 
eflective than weak o-donation in promoting copper- 
copper bonding for pyridine N-oxides as well as ,other 
ligands capable of z-back bonding. 

Introduction 

The dimeric transition metal carboxylates [M- 
(RCO&L$ having the general structure depicted in 
Figure 1 have been extensively studied for a number 
of reasons.* Paramount among these are the interest 
in metal-metal bondq3-’ and the fact that three inde- 
pendent factors are subject to variation within these 
series of complexees. The resultant changes in the 
metal-metal interaction may be assessed as these are 
changed.‘,’ One of the factors, the metal, M, has 
been the subject of numerous investigations by 
Cotton’,6 to determine the metal-metal bond lengths. 
While these studies have focused primarily on the 
metal, the ligands, L, and the substituents, R, have 
been varied as well. Others2,7*8 have focused prima- 
rily upon R or L with the metal generally being 
copper. Prior to this study, no one had studied a 
series of complexes where the basicity of L varies 
greatly while steric effects are held constant. 

(I) National Science Foundation undergraduate research participant 
during the summer of 1971. 

(2) M. Kate, H.B. Jonassen and J.C. Fanning, Chcm. Rev.. 61, 
99 (1964). 

(3) F.A. Cotton, Accts. Chern. Res., 2, 240 (1969). 
(4) F.A. Cotton, Quart. Rev. Chem. Sot., 20. 369 (1966). 
(5) M.C. Baird, Prog. Inorg. Chem., 9. 1 (1968). 
(6) F.A. Cotton and 1.G. Norman Jr., Coordin. Chem. Rev., I, 

161‘ i1971) and references contained therein. 
(7) E. Kokot and R.L. Martin, Inorg. Chem., 3, 1306 (1964). 
(8) U.J. Edmondson and A.B.P. Lever, Inorg. Chem.. 4, 1608 

(1965). 

Copper complexes have been studied in detail be- 
cause their magnetic moments reflect the magnitude 
of the metal-metal interaction.9-12 Since copper(H) 
has a d9 electron configuration, a monomeric complex 
of this metal, regardless of geometry, will possess one 
unpaired electron and hence exhibit a magnetic mo- 
ment in the vicinity of 1.73 Bohr Magnetons. If, 
however, a normal strong metal-metal bond were to 
form between two of these monomers, then the two 
formerly unpaired electrons could pair, leading to a 
diamagnetic dimer. The intermediate situation should 
also conceptually be possible wherein the magnetic 
moment of the complexes could vary between zero 
and 1.73 Bohr Magnetons as the strength of the metal- 
metal interaction varies. The strength of the metal- 
metal interaction should be critically dependent upon 
L and R?*” 

In copper(H) carboxylates (Fig. l), whose struc- 
tures are ideally suited for a direct metal-metal in- 
teraction, a weak covalent bond exists2-a and the 
ground state is a diamagnetic singlet. However, the 
paramagnetic triplet state is thermally accessible re- 

4 

CJ OdO 

Figure 1. Assumed structure of the complexes, [Cu(CH, - 
COO), .4ZPyNO], illustrating the symmetry properties of the 
molecule and the symmetry of overlap between the N-O x 
and 7~; orbitals with the Cu d.,. d,,, d,, and/or dr+ orbitals. 
The dihedral angle between the plane of the pyridine ring 
and the 0, plane is assumed to be ca. 90°C. 

(9) C. Oldham, Prog. Inorg. Chem., IO, 223 (19bS). 
(10) W.E. Hatfield and R. Whyman, Transifion Metal Chem., 5, 

47 (1969). 
(11) R.L. Martin in “New Pathways in Inorganic Chemistry”, 

E.A.V. Ehsworth. A.G. Maddock and A.G. Shave, Eds., Cambridge 
University Press, Cambridge 1968. pp. 175-231. 

(12) G.F. Kokozka and G. Gordon, Transition Metal Chem., 5. 
181 (1969). 

Hibdon, Nelson 1 Influence oj tram-Axial Liga!ion on Metal-Metal Bond Formation in Copper(I1) Acetate Complexes 



630 

sulting in temperature dependent magnetic moments 
and antiferromagnetic behavior. 

Beginning with the early studies on copper(H) 
acetate’3s1l itself, the questions of the existence and 
nature of the metal-metal bond have become rather 
controversial.” Three types of metal-metal interac- 
tion are formally possible: a a-bond formed via over- 
lap of the d,l orbitals on each metal center, a n-bond 
formed by overlap of the d,, or dyz orbitals on each 
metal center or a &bond formed by overlap of the 
d,, or d,z_,J orbitals on each metal center. The Q 
and 6 bonding models have received the greatest 
support, with most authors currently favoring the 
&bond model. The exact nature of the bond depends 
critically upon the relative energies of the atomic or- 
bitals involved and their respective electron densities. 

In the present study we have chosen to investigate 
the effect of the ligands on the electron density along 
the z-axis and the consequences on the strength of 
the metal-metal bond. The A-substituted pyridine N- 
oxides (4Z-PyNO) were selected because they are 
an ideal series of ligands whose basicities span 4- 
orders of magnitude16 while maintaining constant 
steric effects at the donor site. 

The interactions of pyridine N-oxides with copper 
(II) have been extensively studied and are exceedingly 
interesting in their own right.‘5-30 They form com- 
plexes with copper( II) halides possessing subnormal 
magnetic moments and a copper-copper interaction 
arising through a superexchange mechanism. Ill 

these complexes no direct copper-copper bond is be- 
lieved to exist. 

Three questions could then potentially be answered 
by investigating complexes of copper acetate with 
pyridine N-oxides: (1) Is the dimeric copper carboxy- 
late structure preserved with these ligands; i.e., is the 
structure thermodynamically more stable than one 
involving pyridine N-oxide bridges? (2) If the dimeric 
carboxylate structure is preserved, how do changes in 
the basicity of L affect the strength of the copper- 
copper interaction? (3) Since pyridine N-oxides have 

(13) B.N. Figgis and R.L. Martin, 1. Chem. Sot., 3837 (1956). 
(14) L.S. Forster and C.I. Ballhausen, Acfa Chem. Scand.. 16, 

1385 (1962). 
(15) See, for example, references 7, 13 and 14 and L. Dubicki 

and R.L. Martin, Inorg. Chem., 5, 2203 (1966); E.A. Boudreaux, 
Inorg. Chem., 3, 506 (1964), W. Harrison, S. Rettig and I. Trotter, 
1. Chem. Sot., Dalton, 1852 (1972) and references contained therein. 

(16) R.G. Garvey, I.H. Nelson and R.O. Ragsdale, Coordin. C/tern. 
Rev.. 3, 375 (1968). 

(171 W. Bvers. A.B.P. Lever and R.V. Parish, Inorg. C/tern., 7, 
1835- (1968). . 

(18) W. Byers, B. Fa-Chun Chou. A.B.P. Lever and R.V. Parish, 
1. Amer Chem. Sot., 91, 1329 (1969). 

(19) W.E. Hatfield, Y. Muto, H.B. Ionassen and IS. Paschal. 
Inorg. Chem., 4, 97 (1965). 

(20) Y. Muto and H.B. Ionassen, Bull. Chem. Sot. (lawn), 39, 
58 (1966). 

(21) M.R. Kidd, R.S. Sager and W.H. Watson, fnorg. Chern., 6, 

(23) M.R. Kidd and W.H. Watson, Inorg. Chem., 8, 1886 (1969). 
(24) W.H. Watson, fnorg. Chem., 8, 1879 (1969). 
(25) R. Whyman. W.E. Hatfield and I.S. Paschal, Inorg. Chim. 

Acfo, I, 113 (1967). 
1 Y. Muto. h’l. Kate, H.B. Jonassen and L.C. Cusachs, Bull. 

42, 417 (1969). 
(26, 

Chem. Sot. (lap&). 
(27) Y. Muto, 

Bull. Chem. 
(28) M. 

(Inpan). 40. 
(29) Y. h.. ~. 

sot. (Japan), 41. 
(30) R.W. Ioth 

(A), 1133 (1972). 

‘M. Kate. H.B. Jonassen and H.N. Ramaswamy. 
Sot. (/apun), 40, 1535 (1967). 

Kate. Y. Muto and H.B. Ionassen, Bull. Chem. Sot. 
1738 (1967). 

toto. M. Kate, H.B. Ionassen and K. Kakiuchi, Bull Chem. 
1495 (1968). 

am, S.F.A. Kettle and I.A. Marks, /. Chem. Sot., 

946 (1967). 
(22) R.S. Sager, R.I. Williams and W.H. Watson, fnorg. Chem., 6, 

951 (1967) 

been shown to be good x-acceptors,16 what is the rela- 
tive importance of a-donation and n-acceptance to- 
wards the magnitude of this metal-metal interaction? 

Experimental 

Synthesis. Preparations of the 4-substituted pyri- 
dine N-oxides have been previously described?‘,32 All 
of the amine oxides were purified either by vacuum 
sublimation or by recrystallization from acetone im- 
mediately prior to preparing the complexes. The 
complexes were all prepared by the same general 
method as illustrated by the following example. 

[Cu(CHXOO): * CsHsNO]2. Twenty-five ml of 
2.2-dimethoxypropane was added to a solution con- 
taining 0.732 g (3.68 x lo-’ moles, twice recrystalli- 
zed from dilute acetic acid3-‘) copper acetate in 250 
ml boiling methanol and the heating continued for 
several minutes. To this blue solution was added, 
with stirring, a solution containing 1.40 g (1.47 X 
lo-* moles) freshly purified pyridine N-oxide in 25 
ml methanol plus 10 ml 2,2-dimethcxyprcpane. The 
resultant green solution was concentrated by heating 
to a volume of approximately 150 ml and allowed to 
cool to room temperature. The cool solution was 
filtered and the minor quantity of blue precipitate. 
(unreacted copper acetate) was isolated and discarded. 
The filtrate was then reduced in volume to approxi- 
mately 50 ml by heating, ccoled to room temperature, 
and anhydrous ethyl ether added to incipient precipi- 
tation. The resultant green precipitate was filtered, 
washed with anhydrous diethyl ether and vacuum 
dried over phosphorus pentoxide at ambient !empe- 
rature to yield 0.85 g (85% based on copper acetate) 
of [ Cu(CH3CO0 ~2 * CjHsNO]2. The decomposition 
points, yields and a’nalytical data for the complexes 
are listed in ‘Fable 1. The complexes are hydroscopic 
and the elemental analyses for the 4-methylpyridine 
N-oxide complex reflect this. They decompose slowly 
in air to yield hydrated copper acetate and the free 
N-oxide, but are stable in a desiccator for periods of 
at least one year. Repeated attempts to prepare the 
analogous complex of 4-cyano pyridine N-oxide met 
with failure owing primarily to solubility difficulties 
with the ligand. Carbon, hydrogen and nitrogen ana- 
lyses were performed by Galbraith Laboratories, Knox- 
ville, Tennessee and copper analyses were obtained 
by titration with EDTA according to Welcher.34 

Magnetic Moments. Magnetic susceptibilities were 
determined by the Gouy technique at 8 K Gauss. 
The compound Hg[Co(SCN),] was used as a cali- 
brant.3j The diamagnetic corrections were calculated 
from Pascal’s constants.36 The effective magnetic 

(31) C.I. Popp, I.H. Nelson and R.O. Ragsdale, /. Amer. Chenz. 
Sot., 91, 610 (1969). 

(32) I.H. Nelson, L.C. Nathan and R.O. Ragsdale, I. dnrcr. C/tent. 
Sot., 90, 5754 (1968). 

(33)) I.K. Kochi and R.V. Subramnnian, Inorg. Chcm., 4, 1527 
,lOA=., 
,.>-A,. 

(34) F.I. Welcher, “The Analytical Uses of Ethylenediamminetetra- 
acetic Acid,” D. Van Nostrand Co., Inc.. New York, N.Y., 1957, p. 242. 

(35) B.N. Figgis and R.S. Nyholm, I. Chem. Sot., 4190 (1958). 
(36) B.N. Fig& and R.S. Nyholm in “Modern Coordination Che- 

mistry,” Interscience, I. Lewis and R.G. Wilkins, Edh.. New York, 
N.Y., 1960, p. 403. 
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Table 1. Elemental Analyses and Physical Constant Data. 

Complex %C 
[Cu(OAc)lLl, Color (“C)“” Calc. Found 

%H 
talc. Found 

O/oN 
Calc. Found 

%Cu 
Calc. Found % Yield 

L4CH,OCsH,NO 
4CH,CsHaNO * H,O 
CsHsNO 
4ClCsH,NO 
4NO,C,H,NO 

green 
green 
green 
green 
green 

190-195 39.17 38.99 4.24 4.19 4.57 4.80 20.72 20.3 81% 
190-193 38.99 39.37 4.87 4.70 4.55 4.77 20.63 20.9 74% 
199-204 39.06 39.03 3.91 4.07 5.06 5.22 22.97 23.3 85% 
205-208 34.75 34.72 3.21 3.23 4.50 4.76 20.42 20.6 80% 
165-170 33.61 33.84 3.11 3.24 a.71 8.93 19.76 19.6 69% 

l&l;elb] Magnetic Data for the Complexes [Cu(CH,COO)),* 
Z. 

Z 106xI Q (cqesu) 106x,, cgesu) &rr B.M. 

CH,O 2.63f0.15 950+- 10 1.46kO.02 
CH, 2.42kO.13 782+40 1.37zto.03 

:I 
2.61kO.13 790*50 1*37*0.03 
2.37kO.15 829&50 1.41+0.01 

NO, 0.88 + 0.09 360&35 0.92*0.02 
H,O b 4.10*0.03 891*7 1.408-c0.007 
H,O = 4.03 889 1.40 

a Measured at 295.3*K. Uncertainties are standard deviations 
of five independent determina.tions on samples from at least 
two separate preparations. b This wurk measured at 295.03’ 
K. c Data taken from reference 13 measured at 294.20K. 

tated from solution. Continuous variation studies 
were attempted, but the spectra of the complexes and 
that of copper acetate monohydrate are too similar 
to make these of any value. In addition, in the pre- 
sence of a large excess of ligand and 2,2-dimethoxy- 
propane, the complexes precipitated from solution 
making it impossible to determine concentrations. 
For these reasons, only solid state spectral results are 
reported in Table III. Typical spectra are illustrated 
in Figure 2. 

Infrnrcd Spectra. Infrared spectra were recorded 
on both the free ligands and the complexes as nujol 

Table III. Electronic Spectral Data for the Complexes [ Cu(CH,COO), - 4ZPyNO],. 

X-%-n* = 7c-YK* b 
Z Band I (kK) Band II (kK) complex ligand Avx+x* = 

NO, :4;69: d 29.85 sh 42.55 44.25 
Cl 

-1.70 

H 1393 
26.32 sh 37.45 39.22 -1.77 
26.04 sh 37.59 39.37 -1.78 

$0 13.59 13.61 32.79 32.79 sh sh 37.04 36.36 39.06 37.04 -2.02 -Wig 

(1 Essentially an intraligand transition. 
c Aw+x*= v,+r 

b The X+X* transition in the free ligand data taken from reference 51, pages 140 II. 
free ligand - v.++ complex. d Bands are in kilo kaysers, sh = shoulder. 

moments were calculated using the expression p,ff = 
2.839[(x,n - Na)T]‘12, where Na represents the 
temperature-independent paramagnetism associated 
with the copper ion; a value of Na = 60 x 10m6 cgesu 
was used.37 The accuracy of the results was checked 
by measuring the susceptibility of copper acetate mo- 
nohydrate and comparing it with that reported in 
the litarature.13 The results listed in Table II are 
the averages of five independent measurements on 
different samples from at least two separate prepara- 
tions with a maximum variance of f0.03 Bohr Ma- 
gnetons in the derived magnetic moments. 

__--- [CY’OAc’pyN0]2 
“__,..... [C”(O*cpN02PyN0]2 
- [C”COk )2H20 I2 

Elecfronic Spectra. Electronic spectra were obtai- 
ned using a Cary 14 recording spectrophotometer 
using dispersions in Nujol suspended on filter paper 
for solid state results. The reference was a Nujol 
saturated piece of filter paper. Solution spectra were 
recorded using 1 and 10 cm quartz cells with ethanol, 
methanol or nitromethane as solvents with and wi- 
thout excess ligand present. In the absence of excess 
ligand, the spectra were essentially those of solvated 
copper acetate even in the presence of 2,2-dimethoxy- 
propane. With excess ligand the complexes precipi- 

(37) B. Bleany and K.D. Bowers, Proc. Roy Sot. (Lortdon), (A), 

I 
50 333 25 20 1667 14 3 125 111 10 

i&n.1a3 ) 

Figure 2. Solid state electronic spedra taken as nujol mulls 
for [ CU(CHJCOO)~* H,O],(-), [CU(CH,COO)~ . PyNO],(- - -), 
and [ CU(CH,COO)~ - 4N0,PyNO J1( . , . .). 

214, 451 (1952) - see reference 13 for details. 

mulls between sodium chloride disks and as KBr 
wafers in the sodium chloride region (650-4000 cm-‘) 
on a Beckman IR-8 recording spectrophotometer. The 
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Table IV. Infrared Spectral Data for the Complexes [Cu(CHICOO), .4ZPyNO],. 

Z State VNO I7 AVNO = Ycoo- (MIYX.~ a VcM)-(rym) a 6 NOQ ASNO a 

CH,O KBr 1210 2; 1619 1420 850 0 

EL?’ 
m”11 1213 1619 1433 855 t-5 

CH, 1228 1620 1425 855 0 

Ezo’ 
m”11 1234 

:t 
1626 1429 859 +4 

H 1235 :: 1609,1624 1429 839 0 
Nujol mull 1233,1246 1613,1625 1433 843 +4 

Cl KBr 1235,1245 

zol 

m”11 1239,1249 ;z 1626,1608 1436 851 161OJ626 1439 850 :: 

NO, 1274 1604 1429 869 Nujol mull 1254 5; 1603,1623 1433 873 1: 
H,O KBr - - 1605 1425 - 

a Frequencies and frequency shifts are in cm-‘. For the free N-oxide vNO frequencies, see H. Shindo, Chem. Pharm. Bull. (To- 
kyo), 6, 117 (1958) or ref. 51, page 119. The carboxylate symmetric and assymetric stretching frequencies were assigned accord- 
ing to ref. 45. AvNO = vNO free ligand -vs,, complex, ASNO = &, free ligand - SNO complex. 

spectra were calibrated with known frequency bands 
of polystyrene. The data obtained are listed inTable 
IV. 

Results 

The elemental analyses indicate that the compounds 
may be formulated as [ Cu(CHK!OO)~ * 4ZPyNO]. 
The complexes are all somewhat hydroscopic and 
decompose in water and alcoholic solvents to yield 
solvated copper acetate and the free N-oxide. This 
occurs even in the solid state under atmospheric 
moisture over a period of days to weeks, the rate 
depending on the particular ligand (see experimental 
section). This behavior is typical of amine oxide 
complexes.3843 

The structure of these complexes is established as 
that of the parent dimeric copper acetate monohydrate 
(Figure 1) from the following observations. In each 
case vN0, the nitrogen-oxygen stretching frequency, 
is shifted to lower energy upon complexation by about 
30 cm-’ (Table IV) and a linear correlation is ob- 
served between vN0 and cPyNOM (Figure 3). In each 
case the N-O bending frequency 6NO shifts to higher 
energy or remains unshifted as well. These observat- 
ions indicate that the amine oxide is in fact coordi- 
nated.lh 

The retention of the dimeric carboxylate structure 
as opposed to a structure involving bridging N-oxides 
is supported by the following observations. Each 
complex exhibits the- carboxylate stretching frequen- 
cies, vca&sym) and vcoo-(assym), at very similar 
energies to those reported for copper acetate monhy- 
drate (Table IV):* The electronic spectra of the 
complexes and that of copper acetate monohydrate 

(38) D.W. Herlocker, R.S. Drago and V. 1. Meek, Inorg. Chem., 
5, 2009 (1966). 

(39) J.H. Nelson and R.O. Ragsdale. Inorg. Chim. Acla, 2, 230 
(1968). 

(40) J.H. Nelson, L.C. Nathan and R.O. Ragsdale, Inorg. Chem.p 
7, 1840 (1968). 

(41Y J.H. Nelson and R.O. Ragsdale, Inorg. Chin Ada, 2, 439 
(1968). 

(42) L.C. Nathan, J.H. Nelson, G.S. Rich and R.O. Ragsdale, 
Inorg. Chin!., 8, 1494 (1969). 

(43) D.W. Herlocker, Inorg. Chim. Ada, 6, 211 (1972). 
(44) J.H. Nelson,’ R.G. Garrey and R.O. Ragsdale, 1. Heterocyclic 

Chem., 4, 591 (1967). 
(45) S. Yamada, H. Nakamura and R. Tsuchida, Bull. Chem. Sot., 

(lupan), 31, 303 (1958). 

also strongly resemble one another (Table III and 
Figure 2) as they should since the ligational proper- 
ties of the pyridine N-oxides and water are very simi- 
lar.16 Of particular importance in this regard is the 
presence of band(H) in all complexes, a band which 
is peculiar to the dimeric carboxylates and their 
adducts?rn 

4 NO2 

-0 6 -04 -02 00 02 04 06 “8 10 12 

%py’\o 

Figure 3. Correlations of vNO with upYNO for the free ligand,51(*’ 
[C"(CHCOO)~ .4ZPyNO],“” and [CU(~ZP~NO),](C~O,)~.“‘~’ 

In addition, vN0 for bridging amine-oxide complexes 
is always shifted to lower energy and varies over a 
more limited range than observed for these complexes: 
vN-0 = 1199-1208 cm-’ 20,26 for bridging amine-oxides 
as compared to VWo = 12 lo-1274 cm-’ for the com- 
plexes reported herein. 

The magnetic moments, however, cannot be used 
to differentiate between the two likely structures 
since complexes having either bridging carboxylates 
or bridging amine oxides would be expected to exhi- 
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bit antiferromagnetism and subnormal magnetic 
moments.2 

There remain two points of the structure as illu- 
strated in Figure 1 yet to be established, namely the 
N-0-Cu bond angle the dihedral angle between the 
plane of the pyridine ring and the O4 plane. The 
N-0-Cu angle can be taken with fair certainty to 
lie in the range of 114 to 125” as all the complexes 
containing terminal a-mine-oxides whose structures 
have been determined by X-ray crystallography have 
M-O-N angles in this ;egionPftiA9 

The dihedral angle between the plane of the pyri- 
dine ring and the 04 plane should lie fairly close to 
90” as similar complexes, namely CUG,(HSO)~(GH~- 
NO)zM and SnC12(CH3)2(CsHsN0)2’ have dihedral 
angles of 89” and 83”, respectively. Thus, the struc- 
ture of these complexes seems reasonably well establi- 
shed as being that shown in Figure 1. 

Discussion 

Infrared Spectra. The nitrogen oxygen stretching 
frequency, VNO, has been found to be extremely sensi- 
tive to both substituents on the aromatic ring and 
to interactions wih various acids.5’sn Linear corre- 
lations of YNO with dPyN0 have been obtained for the 
free ligands and a large number of complexes.‘b~31~44~51~sz 
In almost every case, VNO shifted upon coordination 
to lower energy by a non-uniform amount as one 
varies the 4-substituent on the pyridine N-oxide. 
Thus, when one compares plots of vN0 versus dPyN0 
for various transition metal complexes, the slopes of 
these lines. vary from nearly zero to maximum of 
about 17. Explanations have been offered for the 
differences, in terms of x-bonding, mass, and charge 
effects.52 In no case, exc’ept that reported here, have 
slopes as high or greater than that for the free ligand 
(33.93) been observed. The observation of a decrea- 
se in energy for vN0 as well as the nearly parallel 
correlation of vNO with ~~~~~ for both the free ligand 
and the complexes [Cu(OAc)2 * 4ZPyN012 suggests 
two things: First, that the pyridine N-oxides are 
indeed coordinated to copper and second, that those 
substituent effects which are found in the free ligands 
are also manifested in the copper carboxylate com- 
plexes. This is definitely not the case for other 
copper pyridine N-oxide complexes such as [CU- 
(4ZPyNO)r](C101)2 (Figure 3) whose slope is 11.88 
and [Cu(4ZPyNO)X2]?’ (where X = Cl or Br) whose 

(46) W. Dew. Horrocks, jr., D.H. Templeton and A. ZalUn, 
Inor& Chem., 7, 1552 (1968). 

(47) H.L. Schafer. 1. C. Morrow and H.M. Smith, I. Chern. Phys., 
42, 504 (1965). 

(48) R.S. Sager and W.H. Watson, Inorg. Chen:., 7, 1358 (1968). 
(49) E.A. Blom, B.R. Penfold and W.T. Robinson, I. Chcnz. SOc., 

(A), 913 (1969). 
(50) R.S. Sager and W.H. Watson, Inorg. Chem., 7, 2035 (1968). 
(51) E Ochiai, “Aromatic Amine Oxides,” Elsevier, New York, N.Y.. 

1967. 
(52) L.C. Nathan, PhD. Thesis, The University of Utah, Salt Lake 

City, Utah, 1971. It has been argued by a referee that the fact that 
the slopes of vNo vs ciPyN0 (Fig. 3) are the same for both the free 
liaand and the complexes studied here implies that no Cu.O-X-bonding 
is present in these complexes. While on the surface this seems 
plausible, it would imply that the extent of 6-interaction in each of 
the complcxcs studied here was very nearly the same. This is totally 
inconsistent with the magnetic data and so some other explanation 
must result. 
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slope is essentially zero. These results suggests that 
the double bond character of the pyridine N-oxide 
N-O bond in complexes with copper acetate is weak- 
ened relative to the free ligand but still very suscept- 
ible to variance as the para-substituent varies. Since 
both c-donation and E-acceptance by the N-oxide 
would serve to weaken the N-O bond there must be 
a very subtle balance of these two effects in these 
complexes. Thus, for the 4-methoxy and 4-methyl 
complexes, c-donation is probably predominant whe- 
reas for the 4-nitro complex x-acceptance is probably 
predominant. This means that the metal-oxygen 
bond strength is most likely fairly constant and weak 
within this series of complexes. Attempts to measu- 
re the relative bond strengths by differential thermal 
analyses and differential scanning calorimetry met 
with failure as the complexes underwent massive de- 
composition at the melting point to ultimately produce 
copper oxide. This differs from he behavior of 
copper(I1) acetate monohydrate which undergoes loss 
of water at 180°C followed, at higher temperature, by 
rapid decomposition to CUO.~~~ The weakness of 
the M-O bond is exemplified by the facile replace- 
ment of the amine oxide by atmospheric moisture 
(see experimental section). In at least two cases, 
replacement by nujol probably occurred as well since 
the infrared spectra taken on the nujol mulls of the 
complexes with pyridine N-oxide and 4-chloropyridi- 
ne N-oxide both exhibit two bands for VNO, one of 
which occurs at the same frequency as the free ligand 
in nujol.52 The near constancy of the metal-oxygen 
bond strength is likewise reflected in the electronic 
spectral and magnetic data (Vide infra). 

The weakness and constancy of the M-O bonds 
are also shown in the small changes of 6N0, a vibrat- 
ion which varies less than VNO upon coordination,‘6 but 
which also usually shifts to higher energy by a greater 
amount than exhibited for these complexes. 

Magnetic Results. The magnetic moments of the 
complexes are all less than 1.73 Bohr Magnetons 
suggesting that some coupling of the two copper 
atoms occurs as is the case for copper acetate monhy- 
drate. In fact, for all of the complexes except that 
with 4-nitropyridine N-oxide, they are remarkably 
close to the value for copper acetate monohydrate 
This reflects the comparable donor abilities of water 
and pyridine N-oxides (Table II). For the 4-nitropyr- 
idine N-oxide complex, the magnetic moment is con- 
siderably reduced to a value of 0.92 B.M. at 295.3”K. 
This is the lowest value yet reported for a copper 
carboxylate other than the formates. In fact, it has 
previously been stated2 that “it is significant that the 
magnetic moments of addition compounds of copper 
(II) acetate or its higher homologs are not very differ- 
ent from those of the parent compounds.” 

(53) A.B.P. Lever, “Inorganic Electronic Spectroscopy”, Elsevier, 
New York, N.Y., 1968. 

(54) C.J. Ballhuasen. “Introduction to ligand Field Theory,” MC. 
Graw-Hill. New York, N.Y. 1962. 

(55) C.W. Relmann, G.F. Kokoszka and G. Gordon, InOrg. Chem., 
4. 1082 (1965). 

(56) 1.A. Hill, C.B. Murphy and G.P. Schacher, AncW. Chim. 
24, 494 (1961).. 

(57 K.C. Patil, G.V. Chandrashekkar, M.V. George and C.N.R. 
Rao, Cart. 1. Chem., 46, 257 (1968). 
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We have concluded above that the predominant 
interaction in the 4-nitropyridine N-oxide complex 
is one involving x-acceptance. This conclusion is 
further supported by the lowering in the magnetic 
moment for this complex relative to the others. Other 
workers have found that the magnetic moment of 
copper carboxylate adducts decreases slightly as the 
basicity of the ligands L decreases:” but that within 
a given series of complexes with analogous ligands 
such as the para-substituted pyridines’ or the para- 
substituted anilines’ the susceptibility was essentially 
invariant. The greatest decrease in the magnetic 
susceptibility has previously been found with ligands 
capable of n-back bonding such as triphenylphosphine 
or pyrczine, and the decrease in v for these complexes 
has been attributed to n-bonding? Where complete 
temperature studies of the magnetic susceptibilities 
have been conducted,7’13 it has been found that the 

complexes obey the equation x,,, = PNP’ 
3kT 

[ 1 + 1/3expJ/kT]-’ + Na. For all the complexes 
studied thus far, g varies over the limited range 2.13- 
2.25, such that at a given temperature the lead term 
and Na are essentially constants in the above ex- 
pressicn. Consequently, xm is roughly proportional 
to exp(,-J/kT). Thus, as J increases the singlet triplet 
energy separation increases and x,,, should decrease. 
For complexes of copper the lowest energy elec- 
tronic transition is generally related to the spectroche- 
mica1 parameter 1ODq and therefore reiated to the 
strength of the metal ligand interaction.53.5’ There- 
fore, the energy of this transition should be related 
to Xm. This is nicely illustrated in Figure 4 where a 
correlation between Band I in the electronic spectra 
and x,,,* is shown. This is the first example of such 
a correlation. It should be noted that for the com- 
plexes undergoing predominantly a-interactions (4- 
methyl and 4-methoxypyridine N-oxide) Band I re- 
mains essentially the same but x decreases as the li- 
gand basicity decreases. Other investigators have 

Figure 4. Correlation of the corrected molar magnetic suscep 
tibility, x-8 with the energy of the first electronic absorption 
band (d,,, d,,+d,~_,t) for the complexes [CU(CH~COO)~ ’ 42. 
PyNO],. 

found that Band I varies over a much more limited 
range--a range of 0.26kK being found for complexes 
with 4-substituted pyridines7*ls and a range of 0.45kK 
being found for complexes of 4-substituted anilines. 
Similarly l@x,’ only varies over a range of 32 Cgesu 
for 4-substituted pyridine’ complexes and 152 Cgesu 
for 4-substituted aniline’ complexes. For the 4-subs- 
tituted pyridine N-oxide complexes, the ranges are 
much larger (Band I, l.lkK and 10”~~~ 530 Cgesu). 
If the 4-nitropyridine N-oxide complex were not in- 
cluded in the above data, then a range of 0.34 kK 
in Band I and a range of 108 Cgesu in 10”~~’ would 
be found for these complexes. Thus, without the 
4-nitropyridine N-oxide data we would reach the same 
conclusions that previous investigators have. 

Since 4-nitropyridine N-oxide is the best n-acceptor 
in the series and pyridine N-oxides are believed to 
be better n-acceptors than pyridines16j38 we are led 
to conclude that the greater the n-accpetor ability 
of the ligand L, the stronger is the metal-metal 
interaction. 

I was also found that the complexes with 4-subst- 
ituted anilines exhibited lower energies for Rand I 
and higher magnetic susceptibilities than complexes 
with pyridines. These differences have been attri- 
buted to differences in the n-acceptor abilities of the 
two series of ligands.’ 

The existence of the copper pyridine N-oxide 7~- 
bonding in these complexes is further indicated by 
the data shown in Figure 5. Here a linear correlation 
between the energy of the N-oxide X-X* transition, 
for both the free ligand and the complexes, and the 
magnetic susceptibility, xrn’, is found. A smaller 
decrease in the energy of this transition for the 4- 
methoxypyridine N-oxide complex compared to the 
other complexes indicates that n-bonding is probably 
less important here. If no n-interaction were present, 
this transition should be nearly unaffected by coor- 
dination. 

Figure 5. Correlation of the corrected molar magnetic suscep- 
tibility, xm: with the energy of the X-+X* transitions for the 
free ligand (o,-_) and the complexes [CU(CH,COO)~ : 4ZPy- 
NO],. (x, - - -). 

Electronic Spectra. The electronic spectra of copper 
carboxylates have been extensively investigated.7,8,13-1s~ 
53-S It has been found that these complexes possess 
three absorption bands (I, II and III) in the regions 
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13.515 kK, 26-27 kK, and 38-40 kK, respectively. 
The assignments which have received the most con- 
vincing support are band I, d,,, d, +dXz_yz; band II, 
dX~-dX~_,=; and band III, a charge transfer transition 
(0 -+ CLl).53 These assignments are based upon the 
F bond model and are consistent”rs3 with polarization 
measurements,7,” epr measurements,’ magnetic data” 
and solvent sensitivities.8 Figure 6 illustrates the 
variation in orbital energies for the complexes [Cu- 
(OAc)24-ZPyN0]2 in terms of the S-bonding model. 

Figure 6. Variation of the d-orbital energies and the respec- 
tive d-d transitions as a function uf the Csubstituent for the 
complexes [Cu(CH3COO)I * 4ZPyNO]:. The magniiude of 
the electronic transitions are given in kilokaysers (see Table 
III). 

These results can be rationalized in the following 
manner. As the basicity of the pyridine N-oxide 
increases, it shou!d undergo a stronger interaction 
with the dlz, d,, and d,, orbitals. Hence, the dZl 
orbital shou!d increase .in energy regularly as the 
ligand basicity increases. Since the d,, and dyr orbi- 
tals arc not directly involved in. the M-O sigma bond, 
they will increase in energy probably through an anti- 
bonding interaction which will increase as the M-O 
bond length decreases, but most likely not in a linear 
fashion. The dX2_yz, d,,, d,, and dx, orbitals would 
undergo interactions with the N-O 71: and 7~’ orbitals. 
The energies of the amine oxide 7~ and X* orbitals 
vary in the following way: The x orbital is at lowest 
energy and the 7c* orbital at highest energy for 4- 
nitropyridine N-cxide, and the n-orbital at highest 
energy and 7~” orbital at lowest energy for 4-methoxy- 
pyridine N-oxide as illustrated in Figure 7. For 4- 
nitropyridine N-oxide the N-O x-orbital is probably 
lower in energy than the copper d,, orbital and the 
N-O X* orbital lower in energy than the copper dXa+ 
orbital. Thus, metal to amine oxide back donation 
will destabilize both the dX2_,,a and dx, orbitals while 
stabilizing both the amine oxide 7c and 7~* orbitals. 
The effects on d,l_,T and T? will most likely be greater 
than be effects on the dXy and x orbitals. 

At the other extreme, 4-methoxypyridine N-oxide, 
the amine oxide n-orbital is probably higher in energy 
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Figure 7. Variation of the IC and n* orbital energies for the 
$-substituted pyridine N-oxides (-) and the complexes, [CU- 
(CH,C00j2 : 4ZPyNO& ( - - - ). The numbers represent the 
energy differences in kilokaysers between the orbitals (see Ta- 
ble III). 

than the copper dhp orbital and the 7~” orbital lower 
in energy than the dx+a orbital. This would result 
in destabilization of both the dXP+ and n-orbitals and 
stabilization of the x” and dx, orbitals. The obser- 
vation of a decrease in both band I, d,,, dyz+dx2_ya, 
and band III, amine oxide x + x*, as one transcends 
the series from 4-nitropyridine N-oxide to 4-methoxy- 
pyridine N-oxide is in agreement with this interpret- 
ation. The observation that band II also varies, so- 
mething which ether authors have not found,53 is 
also explained by the above interpretation. 

Conclusions 

The following correlations have been found among 
the data obtained on the dimeric complexes CCU(OAC)Y 
4-ZPyNO]2: 

I) vN0, the nitrogen oxygen stretching frequency 
decreases in energy upon coordination by a uniform 
amount (ca. 30 cm--‘) and folows the same trend as 
the free ligand when plotted versus oPyN0. (Figure 
3) 

2) The magnetic moments of the complexes de- 
crease as the basicity decreases and the +acceptor 
ability of the ligand, L, increases. 

3) The magnetic susceptibilities of the complexes 
decrease as the energy of the- ligand ?t+-rc” transit- 
ion increases for both the free and coordinated ligand. 
(Figure 5). 

4) The energy of band I increases as the magnetic 
susceptibility decreases and as the basicity of the 
ligand L decreases. (Figure 4) 

5) The 7~ + TC* ligand transition decreases in 
energy by a nearly uniform amount upon coordination 
except for the 4-methoxypyridine N-oxide complex. 
(Figure 7) 

6) Band II generally decreases in energy as ligand 
basicity decreases. 

All of these correlations have been explained in 
terms of the &bonding model including metal-ligand 
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rc-bonding. From these data it can be argued that 
ligands with very low basicity promote copper-copper 
interaction (the greater the metal ligand n-back do- 
nation and the less the ligand-metal sigma donation, 
the greater is the metal-metal interaction). This 
leads one to conclude that the metal-metal bond is 
strengthened by removing electron density from the 
copper atoms (probably from copper-copper non-bond- 
ing orbitals). The above arguments, save perhaps for 
the electronic spectral data, could also be made in 
terms of the a-bonding model or by invoking the 
presence of low lying singlet excited statess8 so that 

(58) R.W. Jotham, S.F.A. Kettle and J.A. Marks, J. Chem. Sot. 
Dalton, 428 (1972). 

these data do not specifically allow a differentiation 
between the Q and 6 bonding models. However, all 
the data are consistent with the Z-bonding model and 
appear to be most easily rationalized in terms of that 
model. 
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