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groups pointing in the same direction, should statistically be 
in 12.5% abundance, the (3,l) in ~ W O ,  the trans (2,2) in 12.5% 
and the cis (2,2) in 25%. Thermal equilibration studies on 
various picket-fence porphyrin derivatives28 show a number 
of cases where less of the (4,O) and more of the trans (2,2) 
derivative occur than expected statistically. Similarly, for a 
given porphyrin, Ni2+, diacid, and free-base adducts inter- 
convert ((4,O) - (3 , l ) )  faster than do Zn2+, Pd2+, or Cu2+ 
derivatives, and the (4,O) free base shows atropisomerization 
of the resulting nickel complex under rather gentle nickel 
incorporation conditions. We do not know if H2-TMPyP(2) 
interconverts upon equilibration with Pb2+, as might be ex- 
pected for a deformed PbILP derivative. Equilibrium constants 
and rates of metal ion reactions with individual picket-fence 
porphyrin isomers have been studied. For copper29 and zinc30 
kinetic work, the rate span is less than a factor of 6 among 
the four isomers and within a factor of 10 for equilibrium 
constants30 of cadmium complexation in aqueous solution with 
water-soluble picket-fence porphyrins. The Pb2+/H2- 
TMPyP(2) reaction data presented are thus average values 
for the isomer distribution present. 

For individuals with lead intoxication, large amounts of zinc 
protoporphyrin are found in the erythrocytes, presumably 
bound to the heme site of g10bin.I~ Pb2+, Hg2+, Mn2+, and 
Zn2+ inhibit fe r r~chela tase ,~ l -~~ the enzyme that incorporates 
Fe2+ into protoporphyrin IX. This enzyme can use Zn2+ and 
Co2+ as substrates in the absence of Fez+, and both Mn2+ and 
ZnZ+ are competitive  inhibitor^^^,^^ for Fe2+. It has been 
~pecula ted '~  that both enzymatic zinc chelatase activity32 
(which has a pH profile similar to those of Zn2+/H2-P re- 
a c t i o n ~ ~ ~ )  and nonenzymatic zinc chelation routes may be 
involved in the Zn-Proto formation in lead intoxication. On 
the basis of the present Zn2+/Pb1LP results, a lead-catalyzed 
route may also be operative. This notion, however, is tempered 
by the fact that in severe iron deficiency anemia, Zn-Proto 
is also formed, while for humans with inherited erythropoietic 
porphyria (a ferrochelatase deficiency), the unmetalated 
protoporphyrin IX is mainly p r0d~ced . l~  
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ligands are known to show interesting electric and magnetic 
properties in dependence on the cations. Some of these com- 
pounds are of special interest for the preparation of linear-chain 
materials.@ The EPR spectra-especially the single-crystal 
spectra-of the corresponding paramagnetic transition-metal 
complexes are characterized by very small line widths, allowing 
the detection of small ligand hyperfine interactions as shown 
for the Ni(III), Pd(III), and Pt(II1) dmit complexes n-Bu4N- 
[Ni(dmit)2], n-Bu,N[Pd(dmit),], and n-Bu4N [Pt(dmit),] .' 
The investigation of superhyperfine interactions (shfs) due to 
the interactions of the unpaired electron with ligand nuclei is 
useful for the characterization of the nature of the metal- 
ligand bonds because complete shfs data provide direct in- 
formation about the molecular orbital of the unpaired electron 
and give a more detailed picture of the spin-density distribution 
in covalent complexes. 

In this paper we report a detailed analysis of the 33S su- 
perhyperfine interactions (33S: natural abundance 0.74%, Z 
= 3/2) observed in the single-crystal EPR spectra of tetra-n- 
butylammonium bis(isotrithione-3,4-dithiolato)cuprate(II), 
(n-B~,N),[Cu(dmit)~] (l), diamagnetically diluted by the 
corresponding Ni(I1) chelate. 

,S.C'S, ,s.c.s\ 
( ~ - B U , N ) ~  S=C I1 C U  I c = j  

1 

\s.c.s' \s A. [ 
The experimental parameters will be compared with those 

obtained by Maki et a1.* and Plumlee et ale9 for (n-Bu4N),- 
[ C ~ ( m n t ) ~ ]  (mnt = cis-l,2-dicyanoethenedithiolate). Up to 
now 33S hfs data have been detected only for a small number 
of complexes having a CuS4 coordination sphere.I0-l3 

Experimental Section 
The ligand and the Cu(I1) and Ni(I1) complexes were prepared 

as described earlier by Steimecke et al.'-3 For the preparation of 
(n-B~,N),[~~Cu(dmit)~], 63Cu-enriched CuCl2.2H20 (97.8% 63Cu, 
2.2% 65Cu) was used. Suitable single crystals containing about 0.5 
mol % (n-B~,N),[~~Cu(dmit),I in the corresponding Ni(I1) complex 
could be grown by slow solvent evaporation from acetone/ethanol 
(2011) solutions. 

The EPR spectra were recorded on a Varian E-1 12 spectrometer 
in the X band at room temperature. 

Results and Discussion 

(n- 
Bu4N),[Ni(dmit),] crystallizes in the monoclinic space group 
P2,/c, with two molecules per unit cell. The complex anion 
is nearly planar; Ni occupies an inversion center. As expected 
according to the structure of the Ni complex, the single-crystal 

The structure of the host complex is known.I4 
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Isotrithione-3,4-dithiolate (dmit; from the notation di- 
mercaptoisotrithione used primarily) represents a new type 
of sulfur-rich dithiolene ligand forming covalent complexes 
with various metal Metal bis complexes of dithiolene 
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Table I. EPR Parameters of (n-Bu,N), [63C~/Ni(dmit),] and 
(n-Bu,N), [63Cu/Ni(mnt),]8*'o 

Figure 1. X-Band EPR spectrum of ( n - B ~ ~ N ) ~ [ ~ ~ C u ( d m i t ) ~ ]  in a 
(n-B~,N)~[Ni(dmit)~] single crystal at T = 298 K. The magnetic 
field lies parallel to the coordination sphere for one (X) of the two 
magnetically nonequivalent Cu(I1) complex anions in the unit cell. 

S I  

Figure 2. Orientations of the principal axes of the g, 63Cu, and 33S 
hfs tensors in (n-Bu,N),[C~(dmit)~]. 

EPR spectra of [ C ~ / N i ( d m i t ) ~ ] ~ -  show the absorption peaks 
of two magnetically nonequivalent [63C~(dmit)2]2- anions for 
a general direction of the magnetic field. Each Cu hfs line 
is flanked symmetrically by two sets of four 33S shfs satellites. 
The intensity of the satellite lines is approximately 0.4% of 
that of the corresponding 63Cu hfs signal. The observed 
satellites arise from complex molecules containing one 33S 
donor atom only. Other cases in which more than one 33S 
donor atom is present in (n-B~,N)~[Cu(dmit),] can be ne- 
glected due to the low natural abundance of 33S. In addition 
to the 33S shfs peaks in the spectra, each Cu hfs line is flanked 
by spin-flip satellites caused by weak dipolar interactions 
between the unpaired electron and the magnetic moment of 
neighbor protons. Moreover, Cu hfs transitions with AmI 1 
1 are to be seen in the spectra of the Cu complexes recorded 
for magnetic field orientations perpendicular to the molecular 
z axis. A representative spectrum is shown in Figure 1. 

The EPR spectra were analyzed in terms of the spin Ham- 
iltonian 

2 

1-1 

as, = p ~ B g - 3  + &Ac".ic" + (&Asi.Ft) (1) 

The third term in (1) describes the 33S shfs interactions; the 
symbols used have their usual meaning. The principal values 
of the g tensor, the 63Cu hfs tensor, and the 33S shfs tensors 
measured for both sets of S atoms are listed in Table I; in 
addition, the corresponding values for [ C ~ ( m n t ) , ] ~ - ~ , ~  are given 
for comparison. The directions of the principal axes of g, ACU, 

[Cu(dmit),],- [Cu(mnt),]*- 
gz 2.101 2.086 
g Y  2.027 2.026 
gx 2.025 2.023 
gav 2.051 2.045 
A,CU -158.7 -161.1 
A cu -39.6 -39.0 
A:Cu -36.4 -38.0 
A avCU -18 .2  -79.4 
A z s  I 22.4 22.0 
A 9.9 1.9 

10.5 9.4 
A aVs 14.3 13.1 
AZS' 21.2 21.4 
AyS2  10.0 1.6 
A x s ,  10.5 9.4 

AavS2 13.9 12.8 
a Hyperfine couplings in cm-'. Experimental errors: 

gz,x * 0.002;gy t 0.003;Az,xCU t l.O;AzCU t 2.0;AzS r 0.5;  
* 1.0.  

and AS in the molecular frame are shown in Figure 2. The 
directions of the maximum components of the 33S shfs tensors, 
A:, are found to be coincident with the directions of the Cu-S 
bonds.10*" The angle between the A:' and A? components 
of the 33S shfs tensors derived from the angular dependence 
measured in the xy plane of the complex molecule was found 
to be 90 f 2 O ,  which is in a good agreement with the S,-Ni-S2 
angle of the host complex ( 8 8 O ) .  The third principal value, 
AxS, points in the direction of g, and AZCU. 

In the angular dependence of the 33S shfs satellite spectra 
only two quartets are to be seen, indicating the presence of 
an inversion center. Therefore, the conclusion can be drawn 
that the structure of the incorporated Cu complex is in close 
accord with that of the Ni host complex, the structure of which 
is k n 0 ~ n . l ~  The directions of the principal axes of the tensor 
parameters determined are in agreement with this conclusion. 

The EPR parameters suggest a molecular orbital for the 
unpaired electron that can be written as 

+BI8 = aldxy) - (CY' I /~ ' /~) ( -U '  + a3) - ( C Y ~ ~ / ~ ' / ~ ) ( U ~  - a4) 

(2) 
where d = (1 - n2)l/*Si f np'. 

The MO coefficient a can be estimated from the values 
obtained for the g and ACU tensor components and the formulas 
given by McGarvey;lS the 33S data are correlated to the 
coefficients asl and asz and the hybridization degree "n" as 
described by us earlier.12 The following values were obtained: 
a2 = 0.56, asl = 0.31, asz = 0.29, n2(S1) = 0.95, n2@) = 0.95. 
As found from the 33S shfs data for other Cu(I1) complexes 
having a planar CuS4 coordination sphere, the covalency of 
the metal-ligand bond is very high. Compared with the 
corresponding values evaluated for [ C ~ ( m n t ) ~ ] ~ -  (a2 = 0.54, 
asl = 0.36, as' = 0.34) the MO coefficients cySl and aSl of 
[Cu(dmit),] 2- are remarkably smaller. The differences be- 
tween the g and 63Cu hfs tensor components of [63C~/Ni -  
(dmit)J2- and [63Cu/Ni(mnt)2]2- are caused mainly by the 
excitation energies, which change in going from [Cu(dmit),12- 
to [Cu(mnt),lz- as can be seen from the electronic spectra and 
different energies of the highest occupied orbital reflected by 
the electrochemical half-wave patentialse2 

Registry No. 1, 72688-89-2. 

(15) McGarvey, B. R. Transition Met. Chem. (N.Y.) 1966, 3, 89. 


