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The Fe(II) complexes of Z-Cys-Thr-Val-Cys-OMe and Z-Cys-Pro-Leu-Cys-OMe as analogues of reduced rubredoxin from
Clostridium pasteurianum were synthesized in solution and were characterized by using visible, CD; and MCD spectral methods.
The Fe(II) complexes of Z-Cys-Ala-Ala-Cys-OMe, Z-Cys-Ala-Cys-OMe, and Z-Ala-Cys-OMe were also synthesized in solution
for comparison. The tetrapeptides and the tripeptide provide macroring Fe(II) chelates similar to the Cys-X-Y-Cys sequences
found in rubredoxin. The redox potentials of the Fe(II)/Fe(III) couple in these peptide complexes in Me,SO were observed at
ca. ~0.5 V vs. SCE (saturated calome! electrode), which is substantially more positive than the value ~0.99 V vs. SCE of
[Et,N],[Fe(S;-0-xyl);]. The positive shifts of redox potentials of these peptide complexes are attributed to NH---S hydrogen
bonding derived from the orientations of the chelating-peptide chains and protected by the hydrophobic side chains of the X and

Y residues.

Introduction

Rubredoxin, which has one Fe ion at its active site in a single
polypeptide chain (M, 6000), belongs to the simplest class of
iron-sulfur proteins.! Other rubredoxins aré also known.>* The
Fe ion possesses a distorted-tetrahedral georhetry chelated with
two independent tetrapeptide units through four cysteine thiolates,
e.g. Cys(6)-Thr-Val-Cys(9) and Cys(39)-Pro-Leu-Cys(42) in
Clostridium pasteurianum.*> Rubredoxins are found in many
organisms but their biological roles have been ambiguous except
for Pseudomonas oleovoranes rubredoxin, which participates in
the fatty acid w-hydroxylase system.*$

In aqueous solution, the redox potential of the aquated Fe-
(IT) /Fe(III) couple is +0.52 V vs. SCE (saturated calomel
electrode) and the reaction of Fe(III) ion with thiolates gives the
corresponding disulfides and Fe(II) species. Rubredoxin transfers
one electron between its physiological redox partners utilizing the
reversible Fe(II)/Fe(III) redox couple at ~0.31 V vs, SCE.!

On the other hand, a model complex with simple organic
thiolate, [Fe(S,-0-xy1),]/*~ (0-xyl-S;> = o-xylene-a,o’-dithiolate),
has a redox potential (-<0.99 V vs. SCE in Me,SO) at a potential
approximately 0.7 V more negative than that of the native protein.’
In the case of rubredoxin, the shift is caused by the peptide units
surrounding the [FeS,] core (S denotes cysteinyl sulfur atom) and
the tetrapeptide units, e.g., Cys-Thr-Val-Cys and Cys-Pro-Leu-
Cys, as well as the whole protein environments. Denatured ru-
bredoxin in 80—90% aqueous dimethyl sulfoxide (Me,SO) no
longer has the specific tertiary structure but exhibits an absorption
spectrum similar to that of the native protein, and the [FellIS,]
core is stable under the conditions.”® An X-ray structural analysis
of rubredoxin revealed that hydrogen bonds from amide NH to
cysteinyl S were found within each tetrapeptide chelate and they
provsi;ieopossible means for the fine tuning of the redox poten-
tial 3!

The interposed amino acid residues (X and Y) of tetrapeptides
(Cys-X-Y-Cys) around the active site are highly conservative
among rubredoxins from various organisms.%’ Although many
model studies on rubredoxin have been reported,”!!!5 the roles
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of the protein or chelating ligands in the control of properties of
the metal ion still remain ambiguous. Previous papers have de-
scribed the effect of the side chains of the X and Y residues on
the Fe(III) core stability in the case of Fe(IIl)/Z-Cys-X-Y-
Cys-OMe complexes (Z = benzyloxycarbonyl).! In this paper,
we present the spectral characterization of various Fe(IT) peptide
complexes, the relationship among their redox potentials, their
stabilities, and the steric effects of the interposed amino acid
residues. A

In view of the importance of the tetrapeptide units in the active
site of rubredoxin, spectral and electrochemical studies were
carried out on the Fe(I) complexes of a series of cysteine-con-
taining peptides such as Z-Cys-Thr-Val-Cys-OMe and Z-Cys-
Pro-Leu-Cys-OMe, corresponding to the Fe binding peptide unints
in Cl. pasteurianum rubredoxin, and also Z-Cys-Ala-Ala-Cys-
OMe, Z-Cys-Ala-Cys-OMe, and Z-Ala-Cys-OMe.

Experimental Section

All operations were carried out under an argon atmosphere. Dimethyl
sulfoxide for the present electrochemical work was purified by distillation
according to the literature method.!” Triethylamine was degassed and
distilled before use. Iron(II) chloride dihydrate was prepared by the
literature method.’® Z-Ala-Cys-OMe, Z-Cys-Ala-Ala-Cys-OMe, and
Z-Cys-Ala-Cys-OMe were prepared by a previously described method.!®
The synthesis of other cysteine-containing peptides will be described
elsewhere.?

Synthesis of Fe(II) Complexes. The Fe(II) peptide complexes were
prepared by the method reported by Anglin and Davison:'* FeCl,2H;0
(1.0 mg, 6 X 10 mol) and the cysteine-containing dipeptides (3.0 X 1075
mol) or tetrapeptides (1.5 X 10 mol) were mixed in Me,SO (5 mL).
The addition of triethylamine (9 X 107 mL, 6 X 10~ mol) to the solution
gave a solution of the corresponding peptide Fe(II) complex, which was
used without further purifications. [Et,N],[Fe(S;-0-xyl);]” and
[Et,N],[Fe(SPh),}'* were prepared according to the literature methods.
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Figure 1. Near-IR absorption spectra of Fe(II) complexes of cysteine-
containing peptides: (—) Z-Cys-Thr-Val-Cys-OMe complex in Me,SO;
(——-) Z-Cys-Pro-Leu-Cys-OMe complex in Me,SO; (---) [Et,N],[Fe-
(Sy-0-xyl);] in Me;SO; (- —+) reduced rubredoxin in aqueous solution.?

The mixed solution of FeCl,2H,0 (1.0 mg, 6.0 X 107 mol), o-xylene-
a,o’-dithiol (3.7 mg, 2.4 X 10~ mol), and triethylamine (1.4 X 107 mol)
was analyzed in situ. The results were compared with those of the
isolated complex [Et,N],[Fe(S;-0-xyl),] mentioned above.

Physical Measurements. Near-IR absorption spectra were recorded
on a Hitachi 323 spectrophotometer. Absorption spectra were recorded
on a JASCO UNIDEC-5A spectrophotometer. Circular dichroism (CD)
and magnetic circular dichroism (MCD) spectra were measured with a
JASCO J-40 spectropolarimeter equipped with an electromagnet. The
magnetic field was calibrated with an aqueous K;[Fe(CN),] solution.?!
Calibration of the spectropolarimeter was performed with epiandro-
sterone in dioxane.” The values of ¢ and Ae were given in the units of
M cm™ and Aey in M~ em™! T, where M expresses the molar con-
centration of Fe(II). The MCD spectra of the peptide complexes were
corrected for zero-field circular dichroism.

Cyclic voltammograms were recorded on a Yanaco P8-CV equipped
with a Yanaco Model FG-1218 function generator. Sample solutions
were 107 M in Me,SO containing 0.05 M [(n-Bu),N][ClO,] as a sup-
porting electrolyte. The voltammograms were recorded with single-
scanning and continuous-scanning methods using a glassy-carbon elec-
trode at a scan rate of 100 mV s™!. Potentials were determined at 25 °C
vs. saturated calomel electrode (SCE) as reference. Both a directly
dipped SCE and an SCE separated from a sample compartment by glass
frits were employed. The redox potential of the ferrocenium ion/
ferrocene couple in water-containing Me,SO was used for the estimation
of Me,SO-water liquid junction potential before and after the mea-
surement of redox potentials of the samples.”? The redox potentials
obtained were not corrected because of their constancies even in slightly
water-containing Me,SO.

Results

Spectral Properties. The absorption (Figures 1, 2, 3a, and 4a),
MCD (Figures 3b and 4b), and CD spectra (Figures 3¢ and 4c)
in Me,SO were recorded for the Fe(II) complexes of a series of
cysteine-containing peptides, Z-Cys-Thr-Val-Cys-OMe, Z-Cys-
Pro-Leu-Cys-OMe, Z-Cys-Ala-Ala-Cys-OMe, Z-Cys-Ala-Cys-
OMe, and Z-Ala-Cys-OMe, in their relevance to reduced ru-
bredoxin. The former two tetrapeptides correspond to the residues
6-9 and 39-42, respectively, in the amino acid sequence of Cl.
pasteurianum rubredoxin.®> For the purpose of comparisons, the
near-IR?* and near-UV-visible absorption,! MCD, and CD
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Figure 2. Near-IR absorption spectra (in Me,SO) of Fe(II) complexes
of cysteine-containing peptides: (—) Z-Cys-Ala-Ala-Cys-OMe complex;
(~==-) Z-Cys-Ala-Cys-OMe complex; (- -~) Z-Ala-Cys-OMe complex.

spectra® of reduced rubredoxin from C!. pasteurianum are re-
produced in Figure 3. Those of a typical tetrahedral Fe(II)
complex, [Et,N],[Fe(S,;-0-xyl),], are also represented in Figure
3. The spectral data are summarized in Table I.

In the near-IR absorption spectra of the Fe(II) peptide com-
plexes, absorption maxima were found at 1770-1950 nm (¢ = 100)
(Figures 1 and 2, Table I). Tetrahedral Fe(II) complexes with
high spin have spin-allowed *E — 3T, transitions with broad
absorptions at 1700-2500 nm (e = 30-200). Variation of the
cysteine-containing peptide ligands alters the ligand field param-
eters, A,, from 500 to 5600 cm™! (Table I). These values agree
with those previously reported for the tetrahedral Fe(II) complexes
with thiolate ligands.”'*15 However, the less resolved d—d bands
(Figures 1 and 2) left some uncertainties for the precise deter-
minations of the A, values.

The absorption and MCD spectra in the near-UV region of the
Fe(II) peptide complexes confirm the cysteine thiolate coordi-
nations to the Fe(I) ion in comparison with those of native protein
(Figures 3 and 4, Table I). The bands at 300-340 nm were
tentatively assigned to the S~ — Fe(II) charge transfer.?* The
Fe(II) complexes of Z-Cys-Thr-Val-Cys-OMe, Z-Cys-Pro-Leu-
Cys-OMe, and Z-Cys-Ala-Ala-Cys-OMe exhibit characteristic
absorption maxima at 313-314 nm (e = 4400-5500), whereas the
Fe(1I) complex of Z-Ala-Cys-OMe has a shoulder at 320 nm (e
= 2100). An additional maximum was observed at 335 nm (e
= 3000-3400) for Fe(II) complexes of Z-Cys-Thr-Val-Cys-OMe
or Z-Cys-Pro-Leu-Cys-OMe, although the Fe(II) complex of
Z-Cys-Ala-Ala-Cys-OMe clearly does not absorb around 335 nm.
No absorption maximum of the Fe(II)/Z-Ala-Cys-OMe complex
was observed in the region of 330-340 nm. Additional much
weaker bands observed at ~500 nm were assigned to the spin-
forbidden quintet-triplet d—d transition according to the MO
calculations by Bair and Goddard.?6 In the absorption spectra,
the charge-transfer bands (322 nm) of [Fe(Sy-0-xyl),]* in Me,SO
exhibited small red shifts compared with those of reduced ru-
bredoxin as previously mentioned by Lane et al.’

The MCD spectra of [Fe(S,-0-xyl),]* of native protein revealed
the differences more definitely as shown in Figure 3b. The Fe(II)
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Figure 3. Near-UV-visible (a) absorption, (b) MCD, and (c) CD spectra
of Fe(II) complexes of cysteine-containing peptides: (—) Z-Cys-Thr-
Val-Cys-OMe complex in Me,SO (left-hand scale); (—--) Z-Cys-Pro-
Leu-Cys-OMe complex in Me,SO (left-hand scale); (---) [Et;N],[Fe-
(S;-0-xy1),] in Me,SO (left-hand scale); (—-—-) reduced rubredoxin in
aqueous solution (right-hand scale).!
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Figure 4. Near-UV-visible (a) absorption, (b) MCD, and (c) CD spectra

(in Me,SO) of Fe(II) complexes of cysteine-containing peptides: (—)

Z-Cys-Ala-Ala-Cys-OMe complex; (——-) Z-Cys-Ala-Cys-OMe com-

plex; (---) Z-Ala-Cys-OMe complex.

complexes of Z-Cys-Thr-Val-Cys-OMe, Z-Cys-Pro-Leu-Cys-
OMe, and Z-Cys-Ala-Ala-Cys-OMe show extrema at 303-307
nm, 315-317 nm, and 332-336 nm, exhibiting absorption and
MCD spectral features similar to those of the native protein even
in Me,SO. The MCD maximum in the Fe(II)/2-Cys-Ala-Cys-
OMe complex was shifted to 294 nm. The Fe(II)/Z-Ala-Cys-
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Figure 5. Cyclic voltammograms of Fe(II) complexes of cysteine-con-
taining peptides: (a) Z-Cys-Thr-Val-Cys-OMe complex; (b) Z-Cys-
Pro-Leu-Cys-OMe complex; (c) Z-Cys-Ala-Ala-Cys-OMe complex; (d)
Z-Cys-Ala-Cys-OMe complex; (e) o-xylene-a,a’-dithiolate complex
prepared in situ (see Results).

OMe complex exhibited two weak extrema at 305 and 332 nm,
and no MCD maximum between them was observed, different
from those of the other Fe(II) peptide complexes.

The CD spectra of the Fe(II) complexes of the tetrapeptides
Z-Cys-Thr-Val-Cys-OMe, Z-Cys-Pro-Leu-Cys-OMe, and Z-
Cys-Ala-Ala-Cys-OMe were composed of two large negative and
positive Cotton effects at 312 and 335 nm, respectively, and of
additional much weaker bands at the longer wavelength as shown
in Figures 3b and 4b and in Table I. The main characteristics
of the CD spectra of the tetrapeptide complexes were very similar
to those of reduced rubredoxin although the magnitude of the
Cotton effects of the peptide complexes was ca. !/ of that in the
native protein.

The CD spectrum of the Fe(II) complex of Z-Cys-Ala-Cys-
OMe showed the small red shift at the main charge-transfer bands.
Only much weaker Cotton effects in the near-UV-visible region
were observed for the Fe(II) complex of Z-Ala-Cys-OMe.

Redox Properties of Model Complexes. The electrochemical
properties of Fe(IT) complexes of the Cys-containing peptides were
investigated by cyclic voltammetry. Figure 5 shows the cyclic
voltammograms of these complexes in Me,SO. The redox po-
tentials (E,/2 + E/2) obtainable from the quasi-reversible peaks
are listed in Table II. The redox potentials were unchanged with
the scanning rates of 20-200 mV s™'. In order to ensure the
validity of these redox potentials for the various peptide complexes
prepared in solution, the cyclic voltammograms of isolated
[Et,N][FeS;-0-xyl),] and FeCl,2H,0/o-xylene-a,o’-dithiol /NEt;
(1:4:23) prepared in situ were examined. Fairly identical redox
potentials at —0.99 and -0.98 V (vs. SCE) were respectively
observed. The preparation in situ generally requires excess
reagents, e.g. NEt; or thiol. The above results indicate that excess
thiol or NEt; does not affect the redox potential of [Fe(SR),]”
in Me,SO.

Recently, many electrochemical studies have been reported for
the effect of additives, e.g. bipyridyl,?’ 6-mercaptopurine,?® and

(27) Schreurs, J.; Veugelers, P.; Wonders, A.; Barendrecht, E. Recl. Trav.
Chim. Pays-Bas 1984, 103, 263.
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methylviologen,® on cytochrome ¢ and spinach ferredoxin. These
additives do not change the redox potentials even if they have redox
potentials close to those of the metalloproteins. In our case, the
in situ complex gave a small AE,, (0.08 V) compared to the value
for the isolated [Et,N][Fe(S;-0-xyl),] (AE, = 0.15 V). Therefore,
an excess of NEt; or thiol eases the reversible electron transfer
of the iron—thiolate complexes.

All the Fe(II) peptide complexes except for the Fe(II) complex
of Z-Ala-Cys-OMe exhibited quasi-reversible redox couples at
0.54-0.58 V (vs. SCE) as shown in Figure 5 and Table II. Only
the Fe(II) complex of Z-Cys-Pro-Leu-Cys-OMe showed a small
AE, value (0.22 V). The dipeptide complex had an irreversible
redox process under the experimental conditions employed.

Discussion

Structures of Fe(II) Complexes of Cysteine-Containing Peptides.
From the absorption and MCD spectra of the Fe(II) peptide
complexes, mononuclear tetrahedral coordinations around the
Fe(II) ion with four cysteine thiolates were ensured by the E —
5T, transitions at the near-IR region and by the S~ — Fe(II)
charge-transfer transitions at the near-UV region. Absence of
any absorption of the Fe(II) peptide complexes around 330350
nm except for that of the Fe(II)/Z-Ala-Cys-OMe complex sug-
gests that the peptide sequence of Cys-X-Y-Cys or Cys-X-Cys
serves to prefer a chelating structure to Fe(II) ion in Me,SO. On
the other hand, a mononuclear complex, [Fe(S,-0-xyl),]*", and
a binuclear complex, [Fe,(S,-0-xyl);]%", were reported to exhibit
a maximum at 355 nm (sh, ¢ = 2700) and at 360 nm (¢ = 4290),
respectively.” The latter maximum with some red shift was also
reported for [(FeSPh),(u-SPh)¢]? (430 nm (sh), ¢ = 2300)
compared with that of [Fe(SPh),]>".!4° The bridging thiolate
causes a red shift or broad tailing of the charge-transfer transitions
compared with the terminal ligations. Absence of polynuclear
complexes is thus due to the solvent effect of Me,SO, while DMF
does not have such an effect.?’ A slightly red-shifted absorption
of Z-Cys-Ala-Cys-OMe at 340 nm (e = 2800) may indicate the
formation of polynuclear species, when compared with the ab-
sorption of the Fe(II)/Cys-X-Y-Cys complex at 335 nm.

Eaton and Lovenberg proposed that the MCD bands of reduced
rubredoxin at 313 and 330 nm mainly arise from B or C terms
although a contribution of the A4 term to the band at 313 nm is
not ruled out.?* Comparison of the MCD spectra among the tri-
and tetrapeptide complexes, native rubredoxin, and [Fe(S;-o-
xyl);]% revealed a significantly different spectral pattern for the
last one with a red shift of the main Faraday effects in the
charge-transfer region and an additional positive MCD band at
358 nm corresponding to the shoulder at 355 nm in the absorption
spectrum. According to Jergensen’s “optical electronegativity”
theory, higher reducing ability of the coordinating atom lowers
the energy of the charge-transfer bands.’> On the basis of the
criteria, the electron density on the S atoms of [Fe(S,-0-xyl),]*
is higher than the density on those of the peptide complexes and
of rubredoxin. Chemical environments at the [Fel'S,] core of the
peptide complexes are different from those of the simple al-
kanethiolate complexes. This will affect the redox properties of
the complexes as discussed later.

Comparison of the CD spectra of the tetrapeptide Fe(II)
complexes with native rubredoxin serves to infer the solution
structure (Figures 3¢ and 4c, Table I). The tetrapeptide complexes
have [Fe!'S,] core environments essentially the same as that of
reduced rubredoxin as judged from the CD spectral characteristics.
The CD spectral evidences indicate macroring chelate structure
for the tetrapeptide complexes. In the native protein, the active
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site consists of two independent tetrapeptide units, Cys-Thr-
Val-Cys and Cys-Pro-Leu-Cys.* The synthetic tetrapeptide units
of the Cys-X-Y-Cys type are very important for the chemical
simulations of the active site environments found in rubredoxin.
The spectral profiles of the Z-Ala-Cys-OMe complex in the
charge-transfer region are entirely different from those of the
tetrapeptide complexes and of the native protein. The [FellS,]
core in the dipeptide complex is probably placed in an environment
distinct from that of others.

The absorption and MCD spectra of the Fe(II) complex of
Z-Cys-Ala-Cys-OMe revealed that the tripeptide complex had
a core strutture similar to those of the tetrapeptide complexes.
A small red shift of the Cotton effect at 294 nm of the tripeptide
complex in the charge-transfer region (Figure 4c and Table I)
indicated somewhat different arrangement of the tripeptide around
the [Fel’S,] core. The Cys-X-Cys sequence is thus not very
suitable, but possible, for chelation to the Fe(II) ion.

Redox Properties of Fe(II) Complexes of Cysteine-Containing
Peptides. As shown in Table II, the tetra- and tripeptide complexes
had redox potentials (E,) at ~—0.5 V vs. SCE. These values were
substantially more positive than those of [Et,N],[Fe(S,-0-xyl),]
(-0.99 V vs. SCE in Me,SO), [Et,N][Fe(SEt),] (—1.08 V vs.
SCE),!s and [Et,N][Fe(2,3,5,6-tetramethylbenzenethioate),]
(-0.85 V vs. SCE)!? and were were similar to that of [Et,N],-
{Fe(SPh),] (-0.54 V vs. SCE)."*

Several reasons may be considered to explain the differences
in the redox potentials among the peptide complexes and the simple
alkanethiolate complexes. First, as expected by Bair and God-
dard,? the redox potentials are varied by the difference in the
levels of the Fe d orbitals finely tuned by the orientation of the
S lone pair pointing toward the Fe ion. However, the contributions
from the Fe d-orbital energies are trivial when the ligand field
parameters (4,) are compared peptide complexes, A, =
5000-5650 cm‘1 [Fe(Sz-o-xyl)z] , A, = 5560 cm™'; [Fe(SPh),]%,
A, = 4810 cm™!

Construction of CPK models of the peptide and simple al-
kanethiolate complexes revealed the remarkable diferences in
molecular crowding around the [FeS,] cores. Thus, the [FeS,]
core in [Fe(S;-0-xyl),]/% is exposed to the solvent but that in
the Z-Cys-Pro-Leu-Cys-OMe complex is wrapped by the peptide
ligand and shielded from the solvent. The S,S chelation by Z-
Cys-Pro-Leu-Cys-OMe ligand forces the complex to take a con-
formation in which the S atom of the Z-Cys residue is hydrogen
bonded with the two amide NH groups of the Leu and Cys-OMe
residues. The structure, containing two NH---S hydrogen bonds
(3.55 and 3.71 A) in the Cys-Pro-Leu-Cys sequence, was actually
found in the X-ray structural analysis of native rubredoxin.’ Such
NH- --S hydrogen bonds have been thought to be crucial for
determining the redox potentials of iron-sulfur proteins.® The
hydrogen bonds are expected to decrease electron density on the
S atom of the peptide ligand, and the positive shift of the redox
potentials results.

By the extensive studies of the ligand effects on the redox
potentials of [Fe(SR),]/*~7121415 [Fe,8%,(SR),]?",3? and
[Fe,S*,(SR);]* % (S* denotes inorganic sulfide) among a series
of R groups from terz-butyl to aryl, a positive shift has been found
with electron-attracting substituents. Thus, the redox potentials
of {Fe,S,(SPh),]* are the most positive. E, values of the Fe(II)
peptide complexes, —0.53 to —0.58 V vs. SCE, nearly identical with
that of [Fe(SPh),]>", —0.54 V vs. SCE, indicate that the decrease
in donation from sulfur atom to Fe(II) ion is due to NH--S
hydrogen bonding.

This conclusion is also supported by the red shift (322 nm) of
the charge-transfer transitions for the latter. In particular, the
Fe(1I) complexes of the tetrapeptide provide a significant blue
shift (313-314 nm) from the transition of [Fe(Sy;-0-xyl),]*". Such
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a)

b)

Figure 6. Graphical representations of the structural data determined
by X-ray analysis of rubredoxin: (a) Cys(39)-Pro-Leu-Cys(42) and (b)
Cys(6)-Thr-Val-Cys(9) sequences.’*

blue shifts are explainable by the decrease of electron density on
the S atom with the NH---S hydrogen bond.

The Fe(1I)/ Z-Cys-Pro-Leu-Cys-OMe complex showed a fairly
good reversibility (AE, = 0.22 V) as evidenced by the cyclic
voltammograms. The cyclic voltammetric behavior is not cor-
related with the thermal stabilities of the peptide complexes in
the oxidized state (Fe(III)). For example, the Z-Cys-Ala-Cys-
OMe complex is more thermally unstable than the Z-Ala-Cys-
OMe complex in the Fe(III) state but exhibits a quasi-reversible
voltammogram. Leussing and co-workers reported high formation
constants for the Fe(III) complexes of 2,3-dimercapto-1-propanaol
(dmp) and 1,2-ethanedithiol under basic conditions (pH 11), in
contrast to the low thermal stability of Fe(III) complexes of
monothiols.** However, the complexes of these dithiols were
unstable with rapid oxidation-reduction reactions under neutral
conditions in water. They also determined the formation constants
of Fe(Il) complexes of dmp, which were about 102 for [Fe,-
(dmp);]* and 6 X 10* for [Fe(dmp),]* in 0.10 M aqueous KCl
at 30 °C.3" In the case of Fe(II) peptide complexes, formation
of a mononuclear complex, [Fe(S;R),]%, is preferred except for
the Fe(II) complex of Z-Cys-Ala-Cys-OMe. For the Z-Cys-
Pro-Leu-Cys-OMe complex, the oxidized species is considered to
be stabilized by the hydrophoblc side chains of the Pro and Leu
residues, especially in a nonpolar solvent.

Reversibility of the Fe(I1)/Fe(III) couples of the Fe(II) com-
plexes depends on the identity of the amino acid residues interposed
between the two Cys residues (see Figure 5). The Fe(II)/Z-
Cys-Pro-Leu-Cys-OMe complex is the best among others for
keeping reversible redox cycles. Figure 6 illustrates the structures
of Cys(39)-Pro(40)-Leu(41)-Cys(42) and Cys(6)-Thr(7)-Val-
(8)-Cys(9) sequences of rubredoxin with ball and stick models.>?
The hydrophobic side chains of Pro and Leu residues wrap the
hydrogen bonds of Leu(41)-NH- --S(39) and Cys(42)-NH- - -

(36) Leussing, D. L.; Mislan, J. P. J. Phys. Chem. 1960, 64, 1908.
(37) Leussing, D. L.; Jayne, J. J. Phys. Chem. 1962, 66, 426.
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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
bonds are protected by the alkyl side chain of the Val residue only.
Our results indicate that reversibility of the redox couple for the
Fe(II) 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- - -8 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(V1), TcOCls", has been prepared by reduction of TcO, with HCI in concentrated H,SO,
and investigated by means of the EPR technique. The axial symmetric spectrum suggests an “in-plane r-type” ground state of
the MO of the unpaired electron. The Tc—Cl,, 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 TcFg,* TcOF,,* (NO),TcF;,5 TcOCl,,” [(C-
H,),N],TcO,¥ 19 and the trigonal-prismatic coordinated complexes
tris(toluenedithiolato)technetium(VI), Te(tdt);,!! and tris(o-
aminobenzenethiolato)technetium(VI), Tc(abt),.!2

Up to now, only two EPR studies on Tc(VI) compounds have
been reported, made on the trigonal-prismatic complexes Tc(tdt),!!
and Tc(abt);.!2 In the former case only the liquid-solution EPR
spectrum was reported; for Tc(abt); studies in frozen solution have
been made. Therefore, the EPR behavior of Tc(VI) com-
pounds—excluding the studies on the trigonal-prismatic ones for
which, according to the symmetry, only very small *Tc hfs (hfs
= hyperfine splitting) is observéd—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 HCI has been studied by
several authors.!*'® The formation of Tc(VI) species earlier
proposed for this reaction!? was disputed later when [TcOCl,]"
and [TcOCls])% containing the mietal in the oxidation state “+5”
were isolated. In this paper we report an EPR spectroscopic
investigation of the reaction of KTcO, dissolved in concentrated
H,S0O, with a concentrated aqueous solution of HCl. 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(VI) complex species, most likely to [TcOCls]".
The formation of TcOCIl, cannot be excluded completely but
appears not to be favored because of the conditions applied for
the reduction of TcQ,.
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Table I. EPR Parameters for [TcOCl;]~ (Hyperfine Coupling
Constants Given in 10 cm™)

I ATe
g = 2.057 £ 0.003 Ay =230.1 £20
g, = 1.938 % 0.005 A, =958 %50

(8ar)? = 1.978 (A)® = 140.6
4 (gav) = (gQI + 28_1_)/3; (Aav) = (AI\ + 2AJ.)/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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