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It would therefore be of some interest to study such a complex 
by neutron diffraction to see the extent of the elongation and of 
the deviation from planarity of the ethylene moiety. 

Safety Notes. Perchlorate salts of metal complexes with organic 
ligands are potentially explosive. In general, when noncoordinating 
agents are required, every attempt should be made to substitute 
anions such as the fluoro sulfonates for the perchlorates. If a 
perchlorate must be used, only small amounts of material should 
be prepared and this should be handled with great caution. 
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Single-crystal EPR spectra of bis(p-pyridine N-oxide)bis[dichloro(dimethyl sulfoxide)copper(II)], [Cu(pyO)C12(Me2SO)] *, were 
recorded at room temperature at both X- and Q-band frequencies. They are typical of a triplet with g,, = 2.069 (2), gyy = 2.077 
(2), g,, = 2.337 (2), Ddd = 0.0898 (6), D f f  = 0.0373 ( 5 ) ,  and D , ,  = -0.1271. The z and z'axes make an angle of 28.7 ( 5 ) O ,  

while the x'direction makes an angle of 82.0 (2)O with the copper-copper direction. The overall appearance of the D tensor is 
indicative of a relevant exchange contribution, and the observed deviation of the r'axis from the z direction suggests a sizable, 
essentially exchange-determined DY2 component of the zero-field-splitting tensor. The polycrystalline-powder EPR spectra of the 
manganese(I1)-doped compound show the presence of exchange-coupled copper(I1)-manganese(I1) pairs and are characteristic 
of a quintet state. 

Introduction 

In the course of a systematic study on the relationships between 
anisotropic exchange and structural parameters in dinuclear 
copper(I1) complexes,w we have shown that for bis(p-oxo)-bridged 
complexes that have magnetic orbitals lying on the same plane, 
the interaction between the ground xy and the excited x 2  - y 2  
orbital is dominant and ferromagnetic in n a t ~ r e . ' , ~ - ~  This result 
found an independent check from Russian authors.1° 

We also found that, for this class of complexes, the intensity 
of the interaction tends to decrease as the metal-metal distance 
 increase^.^,^ These data were interpreted within the scheme of 
the ferromagnetic interactions between the xy and x2 - y 2  orbitals. 

Looking for systems at the long edge of available copper-copper 
distances, we found in the literature bis(p-pyridine N-oxide)bis- 
[dichloro(dimethyl sulfoxide)copper(II)], [Cu(py0)Cl2-  
(Me2S0]2,1' which contains the usual dinuclear units, with a 

Part 7: Bencini, A,; Gatteschi, D.; Zanchini, C.; Haase, W. Inorg. 
Chem. 1985, 24, 3485. 
(a) ISSECC, CNR. (b) University of Florence. 
Banci. L.: Bencini. A,: Gatteschi, D. J .  Am. Chem. Soc. 1983.105,761. 
Banci, L.; Bencini, A.; Gatteschi, D.; Zanchini, C. J .  Magn. Reson. 
1982, 48, 9. 
Bencini, A,; Gatteschi, D.; Zanchini, C. Inorg. Chem. 1985, 24, 700. 
Banci, L.; Bencini, A.; Gatteschi, D. Inorg. Chem. 1984, 23, 2138. 
Bencini, A,; Di Vaira, M.; Fabretti, A. C.; Gatteschi, D.; Zanchini, C. 
Inorg. Chem. 1984, 23, 1620. 
Bencini, A,; Gatteschi, D.; Reedijk, J.; Zanchini, C. Inorg. Chem. 1985, 
24, 207. 
Bencini, A,; Gatteschi, D.; Zanchini, C.; Haasnoot, J.  G.; Prins, R.; 
Reedijk, J. Inorg. Chem. 1985, 24, 2812. 
Voronkova, V. K.; Eremin, M. V.; Mosina, L. V.; Yablokov, Yu. V. 
Mol. Phys. 1983, 50, 379. 
Williams, R. J.; Watson, W. H.; Larson, A. C .  Acta Crystallogr., Sect. 
B S t r u t .  Crystallogr. Cryst. Chem. 1975, 831, 2362. 

0020-1669/86/ 1325-221 1$01.50/0 

copper-copper distance of 3.342 (3) A, which, to our knowledge, 
is the largest reported thus far for bis(p-oxo)-bridged complexes. 
Since no EPR spectra were available, we decided to characterize 
this complex in order to compare its spectromagnetic properties 
to those of structurally similar systems. 

We obtained also manganese(I1)-doped samples, whose poly- 
crystalline-powder EPR spectra show evidence of a substantial 
copper(I1)-manganese(I1) coupling. 
Experimental Section 

The title compound, [Cu(pyO)CI2(Me2SO],, was prepared by re- 
crystallizing the anhydrous pyridine N-oxide complex [Cu(pyO)CI,], in 
dimethyl sulfoxide, according to the reported procedure." EPR suitable 
single crystals were oriented with a Philips PW 1100 diffractometer. 
They were found to correspond to the reported structure with prominent 
(100) and (TOO) faces. 

Mixtures of [Cu(py0)Cl2l2 and its manganese(I1) analogue in a molar 
ratio of 2:l in favor of copper were dissolved in dimethyl sulfoxide, 
yielding single crystals of the doped complex. The analysis of the metals 
was in agreement with the calculated value for the copper (calcd, 20.65%; 
found, 20.40%), and indicated a manganese percent rate of 2%. The 
crystals were revealed to have the same lattice parameters as for the 
copper(I1) pure dimer, having well-developed (01 1) and (011) faces, but 
the crystal had a very unusual appearance, with two zones of different 
color, without showing any evidence of gemination. 

Polycrystalline-powder and single-crystal EPR spectra were recorded 
with a Varian E9 spectrometer equipped with standard X- and Q-band 
facilities. The symmetry properties of the crystals were used to check 
the alignment of the magnetic field. 
Results and Discussion 

Polycrystalline-powder EPR spectra of [Cu(pyO)Cl2(Me2SO)] 
at both X- and Q-band frequencies a t  rmm temperature are shown 
in Figure 1. They are typical of a triplet state split in the zero 
field by about 0.10-0.15 cm-'. When the sample is cooled down 
to liquid-nitrogen temperature the spectrum disappears, and only 
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Table I. Principal Values and Directions' of g and D Tensors for [ C U ( ~ ~ O ) C I ~ ( M ~ , S O ) ] ~  

gxx  gYY gzz DAYb owb 
2.069 (2) 2.077 (2) 2.337 (2) 0.0898 (6) 0.0373 (5) -0.1271 (5) 
0.914 (3) -0.0 (1) 0.404 (4) 0.927 (3) 0.364 (7) 0.090 (2) 

0.3 (1) 0.61 (5) -0.676 (3) -0.044 (3) 0.344 (2) -0.9378 (7) 
0.2 (1) -0.74 (5) -0.656 (3) 0.376 (6) -0.865 (3) -0.335 (2) 

"The principal directions are given by their direction cosines referred to the orthogonal cyrstal axes a*, b, and c. cm-I. 
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Figure 1. Polycrystalline-powder EPR spectra of [Cu(pyO)CIr 
(Me2S0)I2 at room temperature: lower trace, X-band frequency; upper 
trace, Q-band frequency. 

the signals of at least two "monomeric" impurities are left. The 
most intense of them has gll = 2.41, g, = 2.08, and All = 130 X 

Single-crystal spectra were recorded at  room temperature a t  
both X- and Q-band frequencies by rotating around the a*, b, and 
c crystal axes. The angular dependence of the transition fields 
is shown in Figure 2. The experimental points were fit with the 
procedure previously described! Since the crystals are monoclinic, 
there is ambiguity in the determination of the spin-Hamiltonian 
tensors12 and two different sets of eigenvectors corresponding to 
the same eigenvalues were obtained. However one choice yields 
g and D tensors that do not compare well with those previously 
reported for similar c o m p l e x e ~ * ~ * ~ ~  and do not fit well in the 
molecular frame; therefore, we will use only the other one. The 
principal g and D values and directions thus obtained are shown 
in Table I. 

Polycrystalline-powder EPR spectra of manganese(I1)-doped 
[ C U ( ~ ~ O ) C ~ , ( M ~ , S O ) ] ~ ,  recorded at  77 K (Figure 3), are indi- 
cative of the presence of exchange-coupled copper(I1)-manga- 
nese(I1) pairs diluted in a diamagnetic host material and are 
characteristic of a quintet ( S  = 2) state as previously observed 
for copper(I1)-manganese(I1) heterodinuclear units in [Cu- 
( P ~ O ) C ~ ~ ( H ~ O ) ] ~ . " ' - ~ ~  No evidence of the S = 3 state was 
observed: the room-temperature polycrystallinepowder spectrum 
shows the superimposed features of the pure copper-copper dimer 
and of the quintet state of the copper(I1)-manganese(I1) pairs. 
The hyperfine structure from the manganese nuclei is clearly 

cm-'. 
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Figure 2. Angular dependence of the transition fields (in T) for [Cu- 
(pyO)C12(Me2S0)]2: lower trace, X-band frequency; upper trace, Q- 
band frequency. 
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Figure 3. Polycrystalline-powder EPR spectra of [(Cu,Mn)(pyO)CI,- 
(Me,SO)], at 77 K at X-band frequency. 

observed in the low-field transitions, while the hyperfine splitting 
due to the copper nuclei remains completely unresolved. In the 
high-field region of the spectra many overlapping bands make the 
spectra more difficult to read. In spite of this we can assign the 
lowest field features, characterized by a well-resolved manga- 
nese(I1) hyperfine, to the first parallel transition, the fourth one 
being the very weak sextet a t  fields higher than 0.5 T. So we 
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Table 11. Principal Values of the D Tensor for [ C U ( ~ ~ O ) C I ~ ( H ~ O ) ] ~ ,  
[CU(PYO)CMPYO)I~, and [ C ~ ( P Y O ) C ~ ~ ( M ~ ~ S O ) I ~  

[CU(PYO)Cl2- [CU(PYO)C12- [CU(PYO)C12- 
(HZ0112 (PYO)l2 (Me2SO)I 2 

P 3.272 3.306 3.342 
66 26 23 28.7 (5) 
Didc 0.081 (2) 0.09 0.0898 (6) 
D,,ye 0.022 (2) 0.05 0.0373 (5)  
D,,z,c -0.103 (2) -0.14 -0.1271 (4) 

a Copper-copper distance, in A. Angle between g,, and Dii, in deg. 
C I n  cm-I 

obtain lDiil = 0.0424 c m - I ,  greater than those previously observed 
for analogous bis(p-pyridine N-oxide)-copper( 11)-manganese(I1) 
dimers,I"l6 and gi = 1.97. We assign the features around 0.203 
and 0.47 T respectively to a perpendicular component of the 
zero-field-splitting tensor, obtaining gy = 1.98 and E / D  = 0.1 1 .  
From the polycrystalline-powder EPR spectra it is not possible 
to obtain direct information on the principal directions of the g, 
D ,  and hyperfine tensors or on their mutual positions. The 
principal values of the g tensor of the copper(I1)-manganese(I1) 
pair, deduced from the reported formula1'J8 by using the gcu tensor 
obtained for the copper-copper dimers and an isotropic gM,, tensor 
g,,Mn = gy,Mn = g , M ,  = 2.,00 for the manganese ion, are g, = 1.990 
gy = 1.989, and g, = 1.946, slightly different from those exper- 
imentally obtained. In particular gi, the g value observed along 
the D , ,  direction, is greater and gLT is lower than the expected 
g, and gl respectively. This suggests that the g and D tensors 
are not collinear as they were observed in [ C ~ ( p y 0 ) C l ~ ( H ~ 0 ) ] ~ ,  
for which single-crystal data are a ~ a i l a b l e . ' ~ J ~  

We tried to obtain single-crystal data for [(Cu,Mn)(pyO)- 
C12(Me2S0)]2, but we had some problems. The host lattice is 
monoclinic, with two dimers per unit cell, and the spectra recorded 
with the static magnetic field in a plane containing the b crystal 
axis must show two magnetically nonequivalent sites. We recorded 
single-crystal spectra of copper(I1)-manganese(I1) pairs in dif- 
ferent single crystals, but we never succeeded in finding the re- 
quired symmetry properties of the spectra or in observing two 
equivalent dimeric units, as required when the static magnetic 
field lies along the unique axis. This must be due to the fact that 
the presence of manganese(I1) induces much distortion in the host 
lattice,I6 and so it is not possible to use the known structure of 
the [ C ~ ( p y 0 ) C l ~ ( M e ~ S 0 ) ] ~  to correlate the principal directions 
of the g and D tensors with the molecular frame and we gave up 
the single-crystal analysis. 

The principal values and directions of the g tensor of the 
copper(I1) pairs are in good agreement with the structural data." 
In fact the largest gvalue, g,, = 2.337 (2),  is found roughly parallel 
to the long Cu-O(Me2SO) bond, and also the actual value com- 
pares well with the values expected for square-pyramidal cop- 
per(I1) c o m p l e x e ~ . " * ' ~ - ~ ~  The in-plane g values are, as usual, 
determined with much less accuracy. 

The D tensor has its largest value, D??, along a direction that 
makes an angle of 28.7 ( 5 ) O  with g,,, while the second largest 
component, D ,  is essentially in the CuOOCu plane and roughly 
orthogonal to the copper-copper direction r. In fact Ddd makes 
an angle of 82.0 (2)O with r, and of 14 ( 1 ) O  with the line con- 
necting the two bridging oxygen atoms. If we simplify to some 
extent, we may say that the D tensor has two principal axes in 
the plane defined by g,, and r,  the actual directions being rotated 
from this by 28.7 ( 5 ) ' .  This result is similar to that previously 
reported for bis(p-pyridine N-oxide) bis[dichloro(pyridine N- 
oxide)copper(II)], [ C ~ ( p y O ) C l ~ ( p y O ) ] ~ , ~ ~  and for bis(p-pyridine 
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N-oxide)bis[dichloroaquocopper( II)], [ Cu(pyO)Clz( HZO)] 2, 14*16 
for which the corresponding rotation angles were 23 and 26O, 
respectively. The principal D values of the three complexes are 
compared in Table 11. 

The overall appearance of the D tensors of these pyridine 
N-oxide-bridged complexes is similar to those reported for other 
bis(poxo)-bridged copper(I1) complexes,'sf5 in the sense that they 
all have sizable exchange contributions, with the largest D values 
roughly orthogonal to the copper-copper direction, as expected 
for a dominant x y x 2  - y2  interaction. Now the actual principal 
directions leave some unresolved problems, however; in fact they 
are not parallel to g,,, as expected on the basis of the above model, 
but are rotated from that direction by an angle that is much larger 
than the experimental error. In all the other similar complexes 
investigated so far D,li has always been found to be very close 
to g2,.193-5*8-9 Since the experimental D tensor is given by the sum 
of two contributions, DdiP, determined by the magnetic dipolar 
interaction, and DOx, determined by the exchange interaction,2' 
it is the latter that must be responsible for the observed rotation 
of the principal directions. D d ' P  in fact can be calculated with 
reasonable accuracyU and is expected to have its largest component 
parallel to the copper-copper direction, the second one being 
parallel to g,,. Therefore inclusion of the dipolar interaction can 
only change the D values parallel to z and y ,  respectively, but not 
rotate the tensor, contrary to what was previously suggested.13 
Since these complexes possess inversion centers, it is also not 
possible to attribute the observed directions to a strong antisym- 
metric exchange interaction?3-" as was suggested for an analogous 
copper(I1)-manganese(I1) pair.23 Therefore the inescapable 
conclusion is that the exchange tensor has a sizable Dyr compo- 
nente6 This can be estimated from the experimental zero-field- 
splitting tensors through the relations 

D,, = (cos2 S)Dii + (sin2 S)Dy.y. 

Dyy = (sin2 S)D,,,. + (cos2 S)Dyyt (1) 
Dyr = (sin ( 2 9 / 2 ) ) ( D z t z t  - Dyy)  

Using the experimental Dii, DYy, and 0 values, we calculate Dyr 
= -0.0692 cm-' for [ C ~ ( p y 0 ) C l ~ ( M e ~ S 0 ) ] ~ ,  Dyr = -0.0493 cm-' 
for [ C ~ ( p y 0 ) C l , ( H ~ 0 ) ] ~ ,  and Dyr = -0.0683 cm-' for [(Cu- 
(pyO)C12(pyO)]2. Having assumed that Dy, is essentially ex- 
change-determined, we may express it as previously reported. 
Assuming for the sake of simplicity that the ground state is to 
a good approximation represented by the two xy  magnetic orbitals, 
Dyr is expressed a s Z 5 3  

( 2 )  

where Ag, = g, - 2.0023, Ag, = gy - 2.0023 and J x y y r , x 2 - y ~ , x y  = 
( X Y , , Y Z B ~ H ~ ~ ~ X ~  - yB,xyA),  where B and A refer to the two copper 
centers, respectively. Using ( 2 )  and the experimental data, 
J , y y r ~ ~ - ~ s y  is estimated to be on the order of 10 cm-I. This seems 
to be an interesting result, since in general these parameters are 
completely neglected probably because they are very difficult to 
estimate, since they cannot be obtained from the analysis of either 
homo- or heterodinuclear species. 

The sign of the J parameter is determined by the sign choice 
for D?,, and Dy". With our sign choice Jxy~r ,xz~yzsy  is positive. 
It must be also recalled here that parameters of a very similar 
form, namely JgA,eB,cB,gA, where g and e indicate the ground 
function and one excited function, respectively, on center A or 
B, are Kesent in the expression for the antisymmetric exchange 
vector, dZ3 It would be desirable to have more experimental data 

Dyz = -I/Agz Agy Jxy,yz,x'-v2,xy 
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available to learn how to evaluate these kind of parameters. 
The overall symmetry of the D tensor is compatible with C,, 

the plane passing for the copper atoms, or, including the crystal 
Ci symmetry, with the C, point group. Indeed ny is antisymmetric 
referred to the plane and yz and x2 - y2 are symmetric, so that 
Jxyyr,x~-y2,xy is totally symmetric as required. The question still 
to be answered is why DY2 becomes so important for the pyridine 
N-oxide complexes, while for all the other members of the series 
its effect is much less evident. The best explanation we can find 
is that J x y a , ~ ~ a  does not vary much as the metal-metal distances 
decrease, so that Dy, does not vary appreciably. Since its value 

is determined essentially from the rotation of the principal D axes 
from the g,, direction, keeping Dy2 constant and increasing IDffl 
and JDyfI yield progressively smaller angles, which eventually fall 
within experimental indetermination. Beyond the bis(p-oxo)- 
bridged series, relevant deviations of the Dii axis from the g,, 
direction were determined also for 1,3-bis(p-azido)bis( 1,1,4,7,7- 
pentamethyldiethylenetriamine)copper(II) bis(tetraphenylborate), 
where the diagonal values were slightly smaller than in the present 
case ( D  = 0.0854 cm-I). 

Registry No. [ C ~ ( p y 0 ) C l ~ ( M e ~ S 0 ) ] ~ ,  57063-89-5; Mn, 7439-96-5. 
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Palladated Azobenzenes and Regiospecific Aromatic Metaloxylation 
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Three groups of ortho-palladated azobenzencs (4,8, and 9) and their high-yield regiospccific oxidation (called aromatic meta- 
oxylation, Ar-Pd - Ar-OPd) by m-chloroperbenzoic acid (m-CPBA) in acetonitrile solution are described. Schematically, the 
metaloxylation reaction is 

the product being an azophenol chelate (5,6,10,11). Several modes of binding-bidentate N,O and C,N and tridentate C,N,D-of 
c-hydroxyazobenzenes to palladium(I1) are characterized. The C,N,O mode occurs in 8. The Pd-0 bond in 8 can be reversibly 
cleaved by acids, resulting in sharp color changes that are useful for indicator action in acid-base titrations in acetonitrile. The 
tridentate binding of the organic ligands in 8 and 9 (C,N,S mode) is unequivocally revealed by their IH N M R  spectra. The 
oxidation of 4 by m-CPBA is complicated by the formation of two products: 5 and 6. The oxidation of 8b furnishes 11 while 
9 yields 10. A notable feature is that the metaloxylation reaction is very much faster than the possible oxidation of other centers 
(e.g. pyridine in 8b or SR" in 9). In all cases the identity of the metaloxylated product has been established by its independent 
synthesis from preformed (by nonoxidative routes) hydroxyazobenzenes and palladium(I1) salts. The reaction 9c - 1Oc has been 
kinetically characterized (295.8 K), affording the rate law d[lOc]/dt = k[9cI2[m-CPBA] with k = 3.02 X 10' M-2 s - I .  It is 
proposed that an adduct (13) consisting of two 9c molecules bridged (at palladium(I1) centers) by a peroxo oxygen of m-CPBA 
is formed as a reactive intermediate, which decomposes in the rate-determining step to afford 1Oc. The key step is the heterolytic 
dissociation of the 0-0 bond, allowing insertion of oxygen into the Pd-C bond of one 9c molecule. 

Introduction 
The regiospecific oxidation of the aromatic C-H function to 

the C-OH function, reaction 1, is of considerable import in 
chemistry.IJ In Nature this reaction is a useful tool for imparting 

Ar-H - Ar-OH (1) 

Ar-M - Ar-OM (2) 

desirable properties such as biological activity and water solubility 
to organic  compound^.^ The associated enzymes (mono- 
oxygenases) often have a metal (usually copper or iron) a t  the 
active site for binding and activating"" dioxygen, the natural 

(1) Hamilton, G. A. Molecular Mechanisms of Oxygen Activation; Hay- 
aishi, O., Ed.; Academic: New York, 1974; p 405. Groves, J. T. Metal 
Ion Activation of Dioxygen; Spiro, T. G., Ed.; Wiley-Interscience: New 
York, 1980; p 125. 

(2) Sheldon, R. A.; Kochi, J. K. Metal-Catalyzed Oxidation of Organic 
Compounds; Academic: New York, 1981. 

(3) Hayaishi, 0. Molecular Mechanisms of Oxygen Activation; Hayaishi, 
O., Ed.; Academic: New York, 1974; p 1. Holland, H. L. Chem. Soc. 
Rev. 1982, 11, 371. 

(4) In order to buttress this, a variety of synthetic metal-containing hy- 
droxylating reagentsl*2 have been examined, such as those of Fenton 
(Fez+, H20z),5 Brackman and Havin a (Cuz+, amine, HZOz): Uden- 

H 2 0 ~ ) . ~ * *  Aromatic hydroxylation of copper(1) complexes of m-xylyl 
binucleating ligands by dioxygen is reported.9 Macrocyclic polyamine 
complexes of nickel(I1) can mediate aromatic hydroxylation:1° Palla- 
dium(I1) and platinum(I1) complexes of azo ligands provide interesting 
cases of aromatic hydroxylation." 

friend (Fez+, edta, ascorbic acid, 02), ps and Hamilton (Fe3+, catechol, 

oxidant. This work stems from our interest12 in reaction 2, which 
can be considered as the organometallic analogue of the aromatic 

(5) Walling, C.; Johnson, R. A. J.  Am. Chem. Soc. 1975,97,363. Walling, 
C.; Amamath, K. J.  Am. Chem. Soc. 1982,104, 1185. Mahapatro, S. 
N.; Panigrahi, A. K.; Panda, R.; Patro, D. M. Inorg. Chem. 1984, 23, 
4119. Brook, M. A.; Castle, L.; Lindsay Smith, J. R.; Higgins, R.; 
Morris, K. P. J.  Chem. Soc., Perkin Trans. 2 1982,687. Lindsay Smith, 
J. R.; Sleath, P. R. J. Chem. Soc., Perkin Trans. 2 1983, 1165. 

(6) Brackman, W.; Havinga, E .  Red. Trau. Chim. Pays.BaS 1955,74, 1107. 
McDonald, P. M.; Hamilton, G. A. Oxidations in Organic Chemistry; 
Trahanovsky, W., Ed.; Academic: New York, 1972; Part B, p 97. 

(7) Udenfriend, S.; Clark, C. T.; Axelrod, J.; Brodie, B. B. J. Biol. Chem. 
1954, 206, 731. Brodie, B. B.; Axelrod, J.; Shore, P. A.; Udenfriend, 
S. J.  Biol. Chem. 1954,206,741. Lindsay Smith, J. R.; Shaw, B. A.; 
Foulkes, D. M.; Jeffery, A. M.; Jerina, D. M. J. Chem. SOC., Perkin 
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