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S(39). In the case of the Cys-Thr-Val-Cys sequence, the NH- --S 
bondings in Cys(9)-NH- - -S(6) and Val(8)-NH- - -S(6) are 
protected by the hydrophobic side chains such as phenyl groups 
of Tyr and Phe residues which do not belong to the Cys(6)-X- 
Y-Cys(9) part. 

In the Fe(II)/Z-Cys-Thr-Val-Cys-OMe complex, the NH- - -S 
Our results indicate that reversibility of the redox couple for the 
Fe(I1) complex of Z-Cys-Pro-Leu-Cys-OMe is primarily due to 
the Cys-NH- - -S and Leu-NH- - -S hydrogen bonds surrounded 

by the side chains of the Pro and Leu residues. On the other hand, 
NH-- -S hydrogen bonds in the Fe(II)/Z-Cys-Thr-Val-Cys-OMe 
complex are exposed to solvents without being shielded by hy- 
drophobic groups. The side chain of the Val residue is not enough 
to protect the NH- - -S hydrogen bond as illustrated in Figure 6b. 
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The anion pentachlorooxotechnetate(VI), TcOC15-, has been prepared by reduction of TcOL with HCI in concentrated H2S04 
and investigated by means of the EPR technique. The axial symmetric spectrum suggests an "in-plane wtype" ground state of 
the MO of the unpaired electron. The Tc-CI, bonding properties have been discussed in terms of MO theory, and a comparison 
has been given to the bonding properties in likely complexes of neighboring elements of Tc. 

Although coordination compounds of technetium have attracted 
a growing interest in view of their relevance in the field of nuclear 
medicine,'-3 their chemistry is much less known than that of their 
corresponding neighboring elements. This holds true especially 
for compounds in which Tc possesses the formal oxidation state 
"+6". To our knowledge there are only very few well-characterized 
compounds, namely TcF,? TcOF,,~ (N0)2TcF8,6 TcOC14,' [ (C- 
H3),N] 2Tc04,810 and the trigonal-prismatic coordinated complexes 
tris(toluenedithiolato)technetium(VI), Tc(tdt)g,ll and tris(o- 
aminobenzenethiolato)technetium(VI), T ~ ( a b t ) ~ . ' ~  

Up to now, only two EPR studies on Tc(V1) compounds have 
been reported, made on the trigonal-prismatic complexes T ~ ( t d t ) ~ "  
and Tc(abt)3.12 In the former case only the liquid-solution EPR 
spectrum was reported; for Tc(abt)3 studies in frozen solution have 
been made. Therefore, the EPR behavior of Tc(V1) com- 
pounds-excluding the studies on the trigonal-prismatic ones for 
which, according to the symmetry, only very small 99Tc hfs (hfs 
= hyperfine splitting) is observed-is unknown up to now. 
However, considering the radioactivity of technetium, EPR appears 
to be a very suitable method for investigating paramagnetic Tc 
complexes because only very small amounts of the compounds are 
needed. 

The reduction of pertechnetate with HCl has been studied by 
several authors.I3-l9 The formation of Tc(V1) species earlier 
proposed for this reaction13 was disputed later when [TcOC14]- 
and [TcOClSI2- containing the metal in the oxidation state "+5" 
were isolated. In this paper we report an EPR spectroscopic 
investigation of the reaction of KTc0, dissolved in concentrated 
H S O 4  with a concentrated aqueous solution of HC1. After mixing 
of the reactants, immediately a deep blue solution was obtained, 
giving very intense EPR spectra that can be attributed unam- 
biguously to a Tc(V1) complex species, most likely to [TcOClJ. 
The formation of TcOC14 cannot be excluded completely but 
appears not to be favored because of the conditions applied for 
the reduction of T c 0 ~ .  
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Table I. EPR Parameters for [TcOCIJ (Hyperfine Coupling 
Constants Given in lo4 cm-I) 

2 JTc 

gll = 2.057 f 0.003 All = 230.1 i 2.0 
g ,  = 1.938 i 0.005 
(g,,)" = 1.978 = 140.6 

A ,  = 95.8 f 5.0 

( g w )  = (gil + 2g~.)/3; (4") = (All + 2A,)/3. 

Lower oxidation states can be ruled out. Except for Tc compounds 
in the formal oxidation state "+2",2*24 no resolved EPR signals 
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Figure 1. X-Band EPR spectrum of [TcOCIJ at T = 130 K. 

are expected for the other oxidation states-Tc3+, Tc4+, Tc5+- 
because of the experimental conditions applied: T >> 77 K. 
Well-resolved EPR spectra for Tc3+ Tc4+, and Tc5+ should be 
observed at  very low temperatures, only considering the short 
electron spin-lattice relaxation times expected for the corresponding 
spin  state^.^^-^^ 
Experimental Section 

Reduction of KTc04. A 1-mg sample KTc04 was added to 1 mL of 
concentrated H$304. To this mixture was added a drop of a concentrated 
aqueous solution of HCI. Immediately a deep blue solution was obtained, 
which was used for the EPR experiments. Attempts made to extract the 
blue product with CHCI, were without success. 

EPR Measurements. EPR spectra were recorded in the X-band on an 
E-1 12 spectrometer (Varian) in the temperature range 130 d T d 295 
K. 
Results and Discussion 

Room-temperature EPR spectra of good quality could not be 
obtained. However, the EPR spectrum recorded at  T = 130 K 
(Figure 1) is very intense and is characterized by surprisingly small 
EPR lines. The general features of the spectrum are characteristic 
for an axially symmetric, randomly oriented S = 1/2 system with 
parallel and perpendicular sets of 99Tc hyperfine lines (99Tc, 
nuclear spin I = 9 / 2 ) ,  as described by the spin Hamiltonian 

r i s p  = Be[gllHA + g , ( H A  + HpQY)1 + AIITC~,~, + 
ALTc(SJ, + SJy)  + Qqf: - X Z ( I +  l ) ]  (1) 

where gll ,  g,, AllTc, and ALTc are the principal values of the and 
the 99Tc hyperfine interaction tensor ATC and Q’ is the 99Tc 
quadrupole coupling constant. These parameters were obtained 
by use of the usual second-order expressions;28 Q’ is small and 
was neglected. The measured spin Hamiltonian parameters are 
listed in Table I. 

In the perpendicular part of the spectrum an additional splitting 
of 9 X lo4 cm-’ was observed due to the interaction of the 
unpaired electron with the equatorial (x, y )  chlorine ligands 
(35C137C1, nuclear spin I = 3/2) .  The directions of the principal 
axes of the 35C137C1 ligand hfs tensors in the molecular frames 
commonly used for d1 systemsz9 are illustrated in Figure 2. The 
ligand hfs observed in the perpendicular part of the spectrum does 
not necessarily correspond to a principal value of the 35C137C1 hfs 
tensor. 

The EPR spectra suggest an “in-plane ?r-type” ground state for 
the molecular orbital (MO) of the unpaired electron (eq 2) as 

(2) $*MO(B2) = 8ZIdxy) - B z ’ l h )  
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Figure 2. Directions of the principal axes of the 35C137C1 ligand hyperfine 
splitting tensors commonly used for d’ systems.29 

found also for the analogous Mo(V) and Re(V1) complexes 
[MoOCl5I2- and [ReOCl,]-, respectively.3w33 I&) represents 
a linear combination of 3p orbitals of the equatorial C1 ligands; 
contributions of the C13s orbitals are expected to be very small 
according to M O  calculations made for ReOC14.33 

The 99Tc hfs can be used to estimate the degree of covalency 
of the equatorial Tc-Cl bonds. Applying the formalism given by 
M ~ G a r v e y ~ ~  

= -K - 4/77822P + (gll - ge)P + 77k.l - ge)P (3a) 

ALTc = -K + y7@22P + ’1/14(gl - ge)P (3b) 

AavTC = -K + (gav - ge)P (3c) 
where K is a measure of the Fermi contact interaction and P = 
gcg”f iN(r-3)M = 230 x IO4 cm-’, one arrives a t  a value of B; 
= 0.77. Pz2 is a measure of M ~ G a r v e y ~ ~  of the equatorial Tc-C1 
bonds in the M O  of the unpaired electron. The P value used is 
somewhat larger than that reported for Tc2+: P(Tc2+) = 200 X 
lo4 ~ m - ’ . ~ ~  This value has been obtained considering the charge 
dependence of P for other transition  metal^.^^^^^ The effective 
charge of Tc has been assumed to be between 2+ and 3+ as 
suggested by earlier studies on the corresponding Mo(V) com- 
p l e x e ~ . ~ “ ~ ~  

Some additional information about delocalization of “unpaired 
spin density” can be obtained from the 35C137C1 hyperfine inter- 
actions. The 35C137C1 splitting observed in the perpendicular part 
of the spectrum (a) supports the presence of equatorially coor- 
dinated C1- ligands and (b) indicates a noticeable delocalization 
of spin density to these donors. However, this splitting is expected 
to represent a complex superposition of two seven-line patterns 
with splittings of ATC’ and AbC1. From line-width considerations 
made on the 99Tc hyperfine lines in the parallel part of the 
spectrum (minimum value AHpp = 0.5 mT) a value of A:’ = 0.4 
X cm-’ can be deduced. Therefore, the 35C137C1 hyperfine 
tensors are expected to be strongly nonaxial ones; furthermore, 
the signs of the tensor components seem to be different ones for 
the individual components as found for the analogous Mo(V) 
complexes.3w32 Because of the limited data quantitative con- 
clusions have not been deduced from the 35C137C1 hfs. 

For [ReOClJ 35C137C1 hyperfine interactions could not be 
detected because of the large line widths observed in the spectra.33 
Considering the PZ value (P2 = 0.65) obtained for [ReOClJ from 
the metal hyperfine data, the Re-Cl bonds seem to be remarkably 
more covalent in character than the Tc-Cl ones. Concerning the 
bonding properties, [TcOClJ appears to be much closer to 
[MOOClsI2-, for which the bonding situation was analyzed in detail 
by several authors.3w32 

In addition, the q c  hfs parameters have been analyzed by using 
the table of atomic parameters recently calculated by Morton and 

and 
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Preston.36 The analysis (neglecting second-order contributions) 
yields for Tc C: = 0.0456 and Cd2 = 0.69, which corresponds to 
a B2 value of B2 = 0.74 (C, and C, are the Tc 5s and 4d contri- 
butions to the MO of the unpaired electron). The B2 value is in 
good agreement with the one obtained above. 

More insight in the bonding situation of [TcOClJ and ad- 
ditional insight in that of the corresponding [TcOXJ complexes 
could be obtained if complexes with X = Br (the 79Br81Br hfs 
coupling constants are expected to be larger by a factor 4 or 5 
than the 35C137C1 splittings because of the larger nuclear magnetic 

(36) Morton, J. R.; Preston, K. F. J .  Magn. Reson. 1978, 30, 577. 

moments of 79Brs1Br) would be available. However, when the 
same reaction conditions as those used for [TcOClJ were applied 
(using a concentrated solution of HBr instead of HCl), the for- 
mation of [TcOBrJ could not be detected. 

Finally, it should be noted that the complex anion [TcOC15]- 
formed by the reaction of [TcOJ with H2SO4/HC1 is not stable 
for a longer time; after 1 h the deep blue color of the solution 
vanishes and the intensity of the EPR signal decreases. 
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The kinetics and thermodynamics of aqueous iron(II1) complexation by 4-CH,0C6H4C(X)N(OH)H (X = 0, S) to form Fe- 
(H20)4(4-CH30C6H4C(X)N(0)H)2+ are reported. These data provide a direct comparison between the iron(II1) chelation 
chemistry of hydroxamic oxo and thio acids. A parallel-path mechanism involving Fe(H20)2+ and Fe(H20)50H2+ was found 
to be operative for both ligands. Equilibrium quotients and microscopic rate constants for the forward and reverse directions of 
both paths were obtained along with the corresponding m, AH' and ASo, AS* values. An associative interchange (I,) mechanism 
is operative for the substitution of both ligands at Fe(H20)2+. Data are also presented that support an I, mechanism for substitution 
at Fe(H20)50H2+, although the associative character in this path may be due to H-bonding interactions between the ligand and 
coordinated OH-. Initial bond formation at iron(II1) for either path occurs at the >C=X (X = 0, S )  site. The thiohydroxamic 
acid forms a more stable complex at physiological pH, and aquation by the acid-dependent and acid-independent paths is ca. 50 
times slower than for the hydroxamic acid complex. The increased kinetic stability is consistent with enhanced delocalization 
of the N atom lone eleqtron pair into the C-N bond in the thiohydroxamic acid complex. The chemistry of iron(II1) chelation 
by CH,OC,H,C(S)N(OH)H suggests that siderophores may exist that use the thiohydroxamate moiety for iron(II1) binding. 

Introduction 
Siderophores are low molecular weight sequestering agents 

synthesized by microbes to facilitate the solubilization and 
transport of iron from the environment to the cell. The structure 
and function of these natural chelators have been reviewd.I4 An 
important structural feature of the siderophores is the incorporation 
of catechol or hydroxamate groups that are capable of selectively 
binding iron(II1) in the presence of other biologically important 
metal ions.5 Synthetic catechol and hydroxamic acid chelators 
have been investigated as structural and kinetic models of the 
s i d e r ~ p h o r e s . ~ ~  An investigation of the electronic effects in- 
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fluencing hydroxamic acid-iron( 111) chelation kinetics and a m -  
plex stability is being carried out in this laboratory.lWl2 

Closely related to the hydroxamic acids are the thiohydroxamic 
acids, RIC(S)N(OH)R2,I3 which are also capable of forming 
stable transition-metal comp1e~es.I~ Cupric and ferric complexes 
of N-methylthioformohydroxamic acid have been isolated from 
the culture supernatant fluids of Pseudomonas f2uorescens,1s 
Pseudomonas reptilivora,I6 and Strept~myces . '~  Although the 
biological function of these thiohydroxamato complexes is not fully 
understood, they have been found to exhibit antibiotic a~t ivi ty , '~- '~  
which is a characteristic of several hydroxamic acid sider~phores. '~ 
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