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A series of [FesX4(YAd)s]*~ (X,Y =8, Se; Ad = 1-adamantyl) were prepared as a model of high potential iron—sulfur
proteins. Hydrolysis of the clusters was effectively depressed in aqueous poly[2-(dimethylamino)hexanamide] (PDAH)
solutions due to the enbedding effect in hydrophobic environment and/or inhibition of dissociation of the terminal ligand
into the aqueous media. Cyclic voltammetry of those clusters in aqueous PDAH solutions showed pH-dependent redox
potentials of not only the [FesX4]*/?* but also the [FesX4]**/** (X = S and Se) couples, resulting from redox-linked
protonation reactions of three oxidation states of [FesX4(YAd)s]"~ (n = 1—3). pK, values of the reduced, oxidized, and
super-oxidized forms of [FesX4(YAd)s]*~ were determined by computer simulation of the pH dependent redox potentials.
The basicity of the core X (X = S and Se) of three oxidation states of [FesX4(YAd)4]"™ (n = 1, 2, 3) was stronger than the
terminal YAd (Y = S and Se) ligands: in the case of the mono-protonated [FesX4(YAd)s 1P~ (HY) and [Fes X4 (YAd)s)?~ (HY),
basicity of the terminal YAd ligand of [FesX4 (YAd)4]*~ (H") becomes stronger than that of core X, although the core X of
[FesX4(YAd)s>~ (H') still showed a stronger basicity than those of terminal YAd ligands.

Iron—sulfur proteins play key roles as electron trans-
fer catalysts in various biological redox reactions such
as photosynthesis,” nitrate reduction,? and dinitrogen
fixation.¥ There are two types of iron—sulfur proteins that
have FesS; redox active centers; one is 4Fe ferredoxins
(Fd),” and the other is high-potential iron—sulfur proteins
(HiPIP).” The redox potentials of these iron—sulfur proteins
differ by about 1 V.9 deriving from different redox cou-
ples: 4Fe Fds mediate electron transfer reactions through the
[FesS4]*/%+ redox couple in the range of E, n=—052to
—0.73 V (vs. SCE),*—® and HiPIPs act as electron transfer
catalysts through the [Fe4S4]%*/3* redox couple” with Ej
values around 0 V (vs. SCE) in H,O at pH 7,” as shown in
Scheme 1. Structural studies on HiPIPs show that the metal
center is decidedly located in hydrophobic spheres including
NH-S hydrogen bonds between the sulfur atoms of the Fe4S,
core and/or the sulfur atoms of the terminal cystein residue
and peptide NH—protons.>'® The specific redox potential of
the HiPIPs (E; /, = ca. 0V vs. SCE)® would be largely influ-
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enced by such hydrogen bonds'" caused by peptide chains.
Synthetic Fe4S4 clusters with alkane- and arenethiolate li-
gands and [Fe4S4(SR)4]?~ as models of 4Fe Fds have been
extensively studied and well simulate the [FesS4]*/%* redox
reactions in organic solvents.'? Most of the [Fe4S4(SR)41>~
clusters, however, are subject to decomposition upon one-
electron oxidation in DMF, CH;CN, and DMSO,'? in con-
trast to HiPIPs, Stable [FesS4]*/** redox couples in dry
organic solvents are observed only in 2.4,6-tri(isopropyl)ben-
zenethiolate,' polypeptide,' and the 36-membered ring'®
ligated Fe,S4 clusters, and so the stabilization of the super-
oxidized form [FesS4(SR)4]™ has been attributed to inhibi-
tion of solvent attack on the [Fe;4S4]°* core by those sterically
encumbered thiolate ligands. Coordination geometry of the
metal center is also important in conformation control for
model peptides with the Cys—X—-Y—-Cys amino acid sequence,
with NH-S hydrogen bonds.'” Ueyama and Nakamura have
demonstrated that intra-molecular NH-S hydrogen bond for-
mation in the FesS, model clusters causes large positive
shifts of the redox potentials in CH;CN."™® A similar posi-
tive shift of the redox potentials by NH-S hydrogen bonds is
also observed in other model complexes for rubredoxins,'”
cytochrome P-450,22 molybdoenzymes,?" and blue copper
proteins.?? The existence of stable NH-S hydrogen bond-
ings in 4Fe—4S proteins reflects the basicity of core and
terminal sulfur ligands. Measurement of the basicity of the
sulfur ligands of synthetic Fe4S4 clusters in the three oxida-
tion states (Scheme 1) must serve for the understanding the
electronic structures of Fds and HiPIPs. Accordingly, a com-
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parative study on the redox behavior of synthetic FesS4 and
Fe4Se4 clusters under aqueous conditions is well suited for
the measurement of the basicity of sulfur ligands, if hydroly-
sis of Fe4 X4 (X = S and Se) clusters can be depressed under
aqueous conditions. Along this line, we have demonstrated
that [FesS4(SAd)4]>~ (Ad = l-adamantyl) solubilized in
aqueous poly[2-(dimethylamino)hexanamide] (PDAH) so-
lutions (PDAH: [-NHCH,CH,CH,CH,;C(NMe;)HCO-],)
shows that stable [FesS4]*/%* and [FesS4]**/** redox cou-
ples accompanied protonation of [FesS4]™ (n = 1—3).229
In this paper we report the evaluation of the basicity of core S
and terminal S ligands of the Fe4Sy clusters on the basis of the
redox-linked protonation behavior of [Et4N],[FesX4(YAd)4]
(X, Y =S and Se; Ad = 1-adamantyl) in aqueous PDAH
solutions.

Experimental

General Procedure and Materials. All manipulations in
the preparation of compounds and their physical measurements
were performed under an N, atmosphere. Solvents used for prepa-
ration and physical measurements were distilled over dehydra-
tion chemicals: sodium methoxide for MeOH, sodium for di-
ethyl ether, and calcium oxide for DMF. Commercially avail-
able 1-bromoadamantane (AdBr) was purified by recrystalliza-
tion from MeOH. Selenourea supplied by Shinko Chemical Co.,
Ltd. was used without purification. 1- Adamantanethiol AdSH
and -selenol AdSeH were prepared by the reaction of AdBr
with thiourea and selenourea, respectively, by the methods in
the literatures.”® [EuN12[FesSa(S-+-Bu)s],>” [EtsN]2[FesSea(S-#-
Bu)4],%® and [EtyN],[Fe4S4(SAd)4]*> were prepared as described in
the literature. Poly[2-(dimethylamino)hexanamide] (PDAH) sup-
plied by Toray Co., Ltd. was purified by dialysis.

Preparation of [Et4N],[Fe;S4(SeAd)s]. The selenolate ligated
cluster [Et4N]2[FesS4(SeAd)s] was prepared by the ligand substi-
tution reaction® of [FesS4(S--Bu)s]*~ with AdSeH as follows; a
DMF (60 cm®) solution containing [EtyN],[FesS4(S--Bu)s] (0.51
g, 0.53 mmol) and AdSeH (1.36 g, 6.32 mmol) was stirred at 55 °C
for 10 h, during which time N, gas was bubbled into the solution
every 15 min to remove t-BuSH from the solution. The resulting
solution was evaporated to dryness under reduced pressure. The
residual solid was washed by diethyl ether (50 cm®x3), collected
by filtration, dried in vacuo, 97% yield. Found: C, 45.63; H, 6.80;
N, 2.39%. Calcd for CssHigoFesN2S4Ses: C, 45.79; H, 6.86; N,
1.91%.

Preparation of [EtsN]2[FesSes(SAd)s]. To a MeOH (40 cm’)
solution containing MeOL.i (1.64 g, 43.2 mmol) and AdSH (7.11
g, 42.3 mmol) was added a filtered solution of FeCl; (1.71 g, 10.6
. mmol), followed by the addition of selenium powder (0.84 g, 10.6
mmol). After this was stirred for 20 h at room temperature, the
resulting solution was filtered. To the filtrate Et4NBr (1.68 g, 8.0
mmol) in MeOH (20 cm®) was added slowly to give black crystals,
which were collected by filtration, washed with a small amount of
MeOH, and dried in vacuo, with 64.7% yield. Found: C, 45.75; H,
6.79; N, 1.84%. Calcd for CsgHiooFesN2S4Ses: C, 45.79; H, 6.86;
N, 1.91%.

Preparation of [Et4N]2[FesSes(SeAd)s]. A DMF (60 cm’)
solution containing [EtsN]>[FesS4(S--Bu)s] (0.48 g, 0.41 mmol)
and AdSeH (1.05 g, 4.88 mmol) was stirred at 55 °C for 10 h, during
which time N, gas was bubbled into the solution. The resulting
solution was evaporated to dryness under reduced pressure. The
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residual solid was washed with diethyl ether (50 cm®), collected
by filtration, dried in vacuo, with 95% yield. Found: C, 40.28; H,
6.15; N, 2.18%. Calcd for CssHiooFeaN2Ses: C, 40.60; H, 6.08; N,
1.69%.

Preparation of Aqueous PDAH Solutions. A DMF (1.0cm®)
solution of the cluster (20 pmol) was added to a stirred aqueous solu-
tion (12 cm?®, pH 6—11) containing NaOH-H;PO,4 (0.1 mol dm %)
and poly[2-(dimethylamino)hexanamide] (PDAH) (0.04 g). Dark
brown aqueous PDAH solution (Cluster Concn : 1.5 mM)-thus pre-
pared was used for measurements.

Physical Measurements.  Electronic absorption spectra were
obtained by a Shimadzu UV-265FW spectrophotometer. Cyclic
voltammetry measurements were performed with a BAS CV-50W
electrochemical analyzer using a glassy carbon electrode in DMF
and an indium—tin oxide (ITO) electrode in aqueous PDAH solu-
tions, respectively. EuNCIO4 (0.1 mol dm™?) and NaOH-H;PO,
(0.1 mol dm %) were used as supporting electrolytes in DMF and in
aqueous PDAH solutions, respectively. A saturated calomel elec-
trode (SCE) was used as a reference. In the measurement in DMF,
a reference electrode (SCE) was separated from the sample DMF
solution by a Luggin capillary containing KCI. This capillary was
positioned as close as possible to the working electrode to minimize
iR drop.

Results and Discussion

Electronic Absorption Spectra of a Series of
[FesX4(YAd)sJ*~ (X, Y=S and Se).  Figure 1 shows the
electronic absorption spectra of [Fe4S4(SeAd)4]*~ in DMF
(solid line) and in aqueous PDAH solutions at pH 7 (dotted
line, see below), as a representative example of these clus-
ters. All the clusters show two absorption maxima at around
310 and 420 nm in DMF (Table 1), which are assigned to
charge-transfer transitions from the terminal sulfur or sele-
nium atoms to the iron atoms of the Fe; X4 (X = S and Se)
core.’” In fact, the intensities of these absorption bands are
mainly dependent on the difference in the AdS/AdSe ter-
minal ligands rather than the alteration of the FesS4/FesSeq
core. These results are consistent with prior observations
in the series of [FesX4(CgHs)4]1*~ (X, Y = S and Se)*® and
[FC4X4(YR)4]2— (X, Y = S and SC; R = n—C12H25, C6H4—p-
t-Bu).3V Poly[2-(dimethylamino)hexanamide] (PDAH) was
used to solubilize [FesX4(YAd)]*~ (X, Y = S and Se) in
aqueous solutions, in which these clusters also show two
absorption maxima at almost the same positions in DMF.
Although the absorption bands of these clusters in aque-
ous PDAH solutions are slightly broad compared to those in
DME, electronic absorption spectra of the clusters in aqueous
PDAH solutions (pH 7.0) were almost unchanged at 20 °C for
4 h. Even the fully selenium-substituted [FesSes(SeAd).]*~
maintained the 90% intensity of the original spectrum at 420
nm for 4 h. Thus, the hydrolysis of [Fe,X4(YAd)4]*~ is ef-
fectively depressed in aqueous PDAH solutions, where the
clusters would be embedded in the polymer chains due to
hydrogen bondings between Fe, Xy (X = S and Se) or YAd
(Y = S and Se) and amino or amide groups of PDAH. In-
deed, the high stability of Fds®® and HiPIPs,*'? in H,O is
ascribed to hydrogen bondings between terminal and/or core
sulfur and peptide NH protons in hydrophobic spheres.
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voltammograms of [FesX4(YAd)]>~ (X, Y =S and Se;
R = n-C;,Hys and CgHy-p-t-Bu) show reversible [Fe, X, ]*/2*
redox couples in the range Ej; = —0.94 to —1.37 V vs.
SCE in DMF, but those clusters displayed a strong irre-
versible oxidation wave of [FesX4(YAd)]*~ X, Y =S
and Se; R = n-CpHys and CgHy-p-2-Bu) around 0 V3P
On the contrary, [Fe;S4(SAd)4]>~ undergoes the reversible
not only [FesS4]*/%* but also [FesS4]>*/** redox reactions
at £y, = —1.34 and —0.10 V vs. SCE, respectively, in the
same solvent (Table 2).2*¥ Similarly, the remaining three se-
lenium-substituted clusters [FesX4(YAd),]*~ (X, Y = S, Se;
Se, S; Se, Se) exhibited the pseudo-reversible [Fe X ]t/
and [FesX4]?*/3* redox couples in the range E, j, = —1.28
to —1.35Vvs. SCEand £}/, = —0.17 to —0.20 V vs. SCE,
respectively, as shownin Table 2, where E| /, is approximated
by the average of the cathodic and anodic peak potentials. As
a typical example, the voltammogram of [Fe;S4(SeAd)4]>~
in DMF is shown in Fig. 2. The anodic peak cur-
rent of the [FesX,4]**/** couple decreased in the order;
[FesS4(SAA)4]>~ > [FesSa(SeAd)s >~ =[FesSes(SAd) 12~
> [FesSe4(SeAd);]>~ in DMF, and the peak current ratio

L
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Fig. 1. Electronic ab

DMEF (solid line) (Concn 1.10x 103 M using a 0.1 cm cell)
and in aqueous PDAH solution at pH 7 (dotted line) (Concn

1.01x10™* M with

Table 1. Electronic

(X, Y = S and Se) in DMF and in Aqueous PDAH So-
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sorption spectra of [Fe4S4(SeAd)4]2’ in

al.0cmcell) (1 M=1moldm™?).

Spectral Data for the [FesXs(YAd)s]*~

lutions
Cluster Amax/nm (/M em™)
in DMF in ag PDAH

[FesSa(SAd), 1>~ 297 (23100) 290 (19900)
419 (16700) 410 (10900)

[FesSa(SeAd)s1*~ 308 (14100) 296 (13400)
444 (9740) 430 (9100)

[FesSea(SAd)41*~ 312 (18900) 300 (18300)
420 (13800) 420 (10400)

[FesSes(SeAd)s]*~ 310 (14600) 310 (sh) (S T T T T T T T N T N S S Y
420 (8390) 420 (5390) -1.5 -1.0 -0.5 0

Redox Behavior

Potential, V vs. SCE
of [Fe,X4(YAd),*~ (X, Y=S and Fig. 2. Cyclic voltammograms of [FesSi(SeAd),]*~ in

Se) in DMF and Aqueous Poly[2-(dimethylamino)hexan- DMEF,; (a) in the absence of AdSeH and (b) in the presence
amide] (PDAH) Solutions. ~ We have reported that cyclic of 40 times excess of AdSeH; scan rate 0.1 Vs™'.

Table 2.  Electrochemical Parameters of [FesX4(YAd)s]*~ (X, Y = S, Se; Ad =
1-Adamantyl) in DMF and in-Aqueous PDAH Solutions

E]/Q/V vs. SCE

Cluster in DMF in aq PDAH soln
G-/29) @-/5) G-/2-) pH (@-/-) pH
[FesSa(SAd)4]*~ —1.34 -0.10 —0.90 7.08 —0.28 7.08
[FesSa(SeAd)s]*~ —1.35 -0.17 —-0.87 7.08 021 7.08
[FesSes(SAd)s1>™ —1.28 —0.18 —0.89 7.03 —0.28 7.00

[FesSes(SeAd)s]*~ —1.29 —-0.20 —0.89 708 —-0.25 6.99
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I/, of [FesX4#*/3* couple showed the similar tendency of
I./I, = 0.9 t0 0.4. The voltammetry of the selenium-substi-
tuted clusters was also conducted in the presence of excess
ligands to examine dissociation of the terminal ligand in
DMF. In fact, the /I, value of the [FesSq(SeAd)s1>~/>/~
redox couple was increased to 0.85 from 0.6 by an addition
of 40 times excess of AdSeH (Fig. 2b). Other two sele-
nium-substituted clusters also afforded the pseudo-reversible
[Fe4X4(YAd)4]2“/ ~ (X, Y =S, Se; Se, Se) redox couples in
the presence of excess ligand. Such behavior is explained
by depression of dissociation of terminal ligands from both
[FesX4(YAd)4]?~ and [FesX4(YAd),]~ (X, Y =S, Se; Se,
S; Se, Se) by an addition of free ligands.

The cyclic voltammograms of [Fe;S4(YAd);]>~ (Y =S
ans Se) in aqueous PDAH solutions (pH 7.0) showed the ca-
thodic and anodic waves of the [Fe4S4(YAd)4]2’/ ~ couple
as shown in Fig. 3, while those of the [FesS4(YAd)s]?~/2~
one were scarcely detected by an ITO electrode. On
the other hand, the cathodic and anodic waves of
the [Fe4S4(YAd)4]3_/ 2_ couple emerged clearly when
[FeaS4(YAd)4]>~ (Y = S ans Se) had been adsorbed on the
surface of the ITO electrode by applying the potential at
—1.0 V (vs. SCE) to the electrode for 20—30 s (Fig. 3).
Under these conditions, both the [FesSq(YAd)s]*~/?~ and
[Fe4S4(YAd)4]2_/ ~ (Y = S ans Se) redox couples stably ap-
peared as pseudo-reversible waves even in multi-potential
scanning, though the peak currents of the former were still
lower than the latter. The cathodic and anodic peak currents
of the [FesS4(YAd),1?~/>~ and [FesS4(YAd), >/~ (Y =S
ans Se) were proportional to first order and one-half order,
respectively, with respect to the scanning rates in the range
of 20—600 mV s~!. Thus, the [Fe;S4(YAd),]*~ adsorbed
on the surface of an ITO working electrode undergoes one-

[FesSo(SAd)T™

[FesSu(SAd) ™

(@) [Fe,SySAd)T

iZOuA

[Fe,Sy(SeAd), ™ [FesSy(SeAd) "

() [FesSa(SeAd)]”

I 1 L 1
-0.5 0
Potential, V vs. SCE

Fig. 3. Cyclic voltammograms of (a) [FesS¢(SAd)4]*~ and
(b) [FesSs(SeAd)s]*~ in aqueous PDAH solutions at pH
7.08; scan rate 0.1 Vs~
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electron reduction in the aqueous PDAH solution, while the
redox process of the [Fe4S4(YAd)4]>~/~ (Y = S ans Se) cou-
ple is concluded to be a diffusion-controlled reaction. Such a
difference may be caused by competitive adsorption among
the PDAH, (3—), (2—), and (1—) states of the clusters at
different pHs.?® Other clusters [FesSes(YAd)4)>~ (Y = S
and Se) also afford similar behavior in aqueous PDAH so-
lutions. The redox potential of [Fe4S4(SCeHy-p-CsHi7)41>~
adsorbed on Hg appears 80 mV more positive than that of
the cluster dissolved in aqueous lecithin solutions,*® but the
pK, of the one-electron reduced cluster was not affected by
the adsorption (see below).

Ey, values of the [Fe;X4(YAd),1*~/>~ and [FesXy-
(YAd)4]*~/~ couple (X, Y = S and Se) in aqueous PDAH
solutions at pH ca. 7 are shown in Table 2 together with
those in DMF. Apparently, both the E;/,, values of the
[FesX4(YAd),?~/2~ (E, ;2= —0.8——0.9 V) and [FesX4-
(YAd)4]*~/~ couple (Ej; = —0.2——0.3 V) are close to
those of Fds**® and HiPIPs,® respectively. It should be no-
ticed that pseudo-reversible [FesX4(YAd);]*/~ (X, Y =S
and Se) redox couples are observed in aqueous PDAH so-
lutions even in the absence of free ligand in contrast to the
redox reactions in DMF described above. This fact indicates
that [FesX4(YAd), >~ undergoes one-electron redox reaction
in aqueous PDAH solution without dissociation of the termi-
nal ligand. Protection of both the oxidized [FesX4(YAd).]*~
and super-oxidized [FesX4(YAd)4]~ (X, Y = S and Se) from
hydrolysis reactions by PDAH is probably due to the inter-
action of both amino and amide groups with terminal and/or
core sulfur and selenium atoms in the clusters.

Protonation Behavior of [Fe;X4(YAd)s]*~ (X, Y=S
and Se) in Aqueous PDAH Solutions.  The £, values
of the [FeaX4(YAd),>~/?~ and [FesX4(YAd)]>~/~ redox
couples in aqueous PDAH solutions at various pHs are given
in Fig. 4. All the E,, values of the [FesX4(YAd)s*~/2~
(X, Y = S and Se) couples are cathodically shifted with in-
creasing pH, while the E;/, values have a tendency to level
off from each linear relation on both the alkaline and acidic
sides. Such characteristic pH dependence of the Ey/, is
interpreted in terms of a protonation/de-protonation equi-
librium both of the oxidized [FesX4(YAd)4]>~ and of the
reduced [FesX4(YAd)4]>~ (X, Y = S and Se) in aqueous
PDAH solutions.***® The one proton participation in the re-
dox reaction of the [FesX4(YAd)4]>~/2~ (X, Y = S and Se)
couple is rationalized on the basis of the slope of the linear
relation of d(E)/3) /d(pH) = ca. —70 mV, although the val-
ues of d(E} /»)/d(pH) are somewhat larger than the theoretical
values of H*/e™ transfer (—63 mV).%>

In the case of [Fe4X4(YAd)4]2_/ ~ (X, Y =S and Se) re-
dox couples, all the |/, values are also cathodically shifted
in a linear fashion with increasing pH. One proton is sim-
ilarly expected to participate in the [Fe4X4(YAd)4]2_/ ~ re-
dox reactions in aqueous PDAH solutions. The E|/; of the
[Fe4X4(YAd)4]2_/ ~ couple become pH independent around
pH 7 or 8, where oxidation and reduction reactions involve no
net proton exchange. Thus, redox-linked protonation occurs
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E, ), values of the redox couples at various pHs in aqueous PDAH solutions at 20 °C; (a) [Fe4X4(SAd)4]3_/ 2~ and

[FeaX4(SAd)]*~/~ [X = S (O) and Se (@)] and (b) [FesX4(SeAd)s]* /%~ and [FesX4(SeAd)s]*~/~ [X = S (O) and Se (@)].

in both the [FesX4(YAd),]> /2~ and [FesX4(YAd)s]*~/~ re-
dox processes in aqueous PDAH solutions.

We have reported that the first and second protonation re-
actions of [FesS4(SAd)4]?~ take place around pH 10.5 and 7
(Egs. 1 and 2), based on titration of the aqueous PDAH so-
lution of [Fe;S4(SAd)4]>~ by diluted H,SO4.2¥ Similar pH
dependence of the E;, values of the [FesX4(YAd)s]*~/2~
and [FesX4(YAd)4]>~/~ couples strongly indicates that the
first and second protonation reactions also occur in the clus-
ters [FesX4(YAd)4]*~ (X, Y = S and Se). Therefore, pos-
sible redox-linked protonation of the [Fe,X4(YAd)4]>~/~ as
well as [FesX4(YAd)4]> />~ redox couples can be consid-
ered as shown in Scheme 2, where [FesX4(YAd)4]" cluster
(n = 1—3) is abbreviated as (n—) and Kgi, Kr2, Ko1, Koz,
and Kso express the dissociation constants of protonated
clusters 3—)(H?), 3—)(H"),, (2—)(H), (2—)(H"), and
(1—)(H"), respectively. Based on the electron density of
the clusters in the three oxidation states, protonation takes
place in the order [Fe,X4(YAd)s1?~ > [FesX4(YAd) >~ >

[Fe4X4(YAd),4]~. Since the first protonation of the oxi-
(3-) —‘T.—"" (2-) (1')
4
KR1 e, H* Kot Kso
/ /
BHH) =—= (2)H") (1-)H")

= (2)(H"),

(3-XH")
Scheme 2.

dized form of [Fe4S4(SAd)4]*~ occurs over pH 10.5 as previ-
ously reported,?® the reduced [Fe4X4(YAd);]*>~ and oxidized
[FesX4(YAd)4]>~ forms must undergo the first protonation
over pH 10.5. As representative examples, redox reactions
of the [Fe4S4(SAd)41*~/2~/~ and [FesSes(SeAd)s)>~/2~/~
couples are taken up for consideration in Fig. 5. These
Pourbaix diagrams show that two turning points appear both
in acidic and alkaline regions in [Fe4X4(YAd)4]3_/ - X, Y=
S, S; Se, Se) redox reaction, but only one turning point is ob-
served in neutral region in the case of the [FesX4(YAd). >/~
X, Y =8, S; Se, Se) redox reaction. If the first proton-
ation reaction of the reduced form [FesX4(YAd)s]>~ and
the oxidized form [Fe;X4(YAd)4]*>~ occur over pH 10.5,
the turning points of the [Fe;S4(SAd),]*> /2>~ redox reac-
tion at pH 9.5 and of the [Fe4Seq(SeAd);]>~/>~ one at pH
9 are reasonably assigned to pKgr, of di-protonated species
[FesX4(YAd), >~ (HY), (X, Y = S, S; Se, Se), respectively.
Similarly, the turning points of the [FesX4(YAd)4]*~/>~
redox reactions at ca.7 (X, Y =S, S) and ca. 6.5 (X,
Y = Se, Se) correspond to pKp; of di-protonated species
[FesX4(YAd),1>~ (HY), (X, Y =S,S; Se,Se), respectively. 3

In similar manner, the protonation behavior of the
[FesX4(YAd), >/~ (X, Y = S, S; Se, Se) redox couples
is explained. The pH dependent regions above pH 7.2
X, Y=S,S) and pH 8.2 (X, Y = Se, Se) correspond to
the redox reactions between the mono-protonated cluster
[FesX4(YAd)4]?>~ (H*) and non-protonated [Fe,X4(YAd)4]™
X, Y =S, S; Se, Se), exchanging a net one proton. The
turning points at around pH 7.2 (X, Y =S, S) and pH
8.2 (X, Y = Se, Se) afford the pKso of the protonated
[FesX4(YAd), ]~ (HY) (X, Y =S, S; Se, Se) and the turn-
ing points at around pH 6.8 (X, Y =S, S) and pH 6.4 (X,
Y = Se, Se) mean the pKo, of the di-protonated species,
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Fig. 5. Calculated E;/, values (solid lines) of the [FesX4(YAd)sT? /2~ and [Fe4X4(YAd)4]2_/ T (X, Y =8, S; Se, Se) redox couples
at various pHs in aqueous PDAH solution together with the observed E;, values (circles).

[Fe4X4(YAd)4]2_(H+)2 X, Y =85, S; Se, Se), respectively.
Thus, [FesX4(YAd)]™ (X, Y =S, S; Se, Se) may exist as
non-protonated species in alkaline region, but protonation
takes placebelowpH7.2(X,Y =S,S)andpH 8.2 (X, Y = Se,
Se) as shown in Fig. 5. Analogous phase diagrams have been
accomplished for other two clusters [FesS4(SeAd)s]?~ and
[Fe4Ses(SAd)4]>~, leading us to evaluate basicity of the clus-
ters in the three oxidation state in aqueous PDAH solutions.

Determination of Basicity of Fe; X4 (X =S and Se) Cores
and Terminal YAd (Y =S and Se) Ligands.  On the ba-
sis of multi-step protonation of these clusters as shown in
Scheme 2, the half-wave potentials E(3—/2—) and E(2—/—)
for the overall electrode reactions, therefore, can be written
as Egs. 3 and 4, where R, T, and F are the gas constant,
temperature, and the Faraday constant, respectively. Thus,
E(3—/2—) and E(2—/—) were calculated by Eqgs. 3 and 4,
using pKr1, pKr2, pPKo1, pPKoz, pKso, and E° values listed in

Table 3. Computer simulation curves of the E(3—/2—) val-
ues of [Fes X4 (YAd) >~ (X, Y =S, S; Se, Se) calculated by
Eq. 3 (solid lines in Fig. 5) give reasonable agreement with
the observed £/, values. Similarly, the calculated EQ—/-)
values of the [FesX4(YAd)]>~ (X, Y =S, S; Se, Se) by
Eq. 3 appear to be consistent with the observed values, but
the observed E,/, values of the fully selenium-substituted
cluster tend to anodically deviate from the calculated lines
at pH below 8, which may be affected by the adsorption
phenomenon of the super-oxidized species of the clusters on
the surface of an ITO electrode as described above. Cal-
culation of E;/, values by computer using the Eqs. 3 or 4
with pKgri, pKr2, pKo1, pPKoz, pKso, and E° values listed in
Table 3 agrees with the experimental values of the clusters
[FeaX4(YAd), >~ (X, Y =S, S; Se, Se) as shown by solid
lines in Fig. 5. The parameters listed in Table 3 are the most
suitable values which give the best curve fittings for all the

Table 3. pK Values of the Reduced, Oxidized, and Super-oxidized Forms of [FesX4(YAd)s]*~ in Aqueous PDAH Solution

Cluster PKri PKr2 PKoi pKo2 PKso E°

Obsd Caled Obsd Caled Obsd Caled Obsd Caled Obsd Caled Vvs.SCE
[FesS4(SAd), 1>~ — 12.7 94 9.5 — 13.8 6.8 6.8 —0.915%
— 13.8 6.9 7.2 7.3 —0.661Y

[FesS4(SeAd)s]* — 12.7 9.5 9.5 — 13.8 6.5 6.4 —0.92%
— 13.9 6.4 74 74 —0.675%
[FesSes(SAd) >~ — 12.4 8.9 9.1 — 13.5 7.0 6.9 —0.9559
— 134 6.9 8.3 8.2 —0.678
[FesSea(SeAd), >~ — 124 8.9 9.0 — 13.4 6.4 6.3 —0.9559

— 134 6.4 8.2 8.1 —0.67%

a) E°inEq.3. b) E°inEq. 4.
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Protonation behavior of the reduced, oxidized, and super-oxidized forms of the [Fe4X4(YAd)4]2* X, Y =S, Se) in

aqueous PDAH solutions; solid arrows experimentally determined for the second protonation; dotted arrows estimated by computer

simulation for the first protonation.

clusters.

Although no information on the pKgy; values of
[FesX4(YAd),]>~ (H*) and pKo; values of [Fes X4(YAd)4]*~-
(H*) were obtained by experiment, the first protonation re-
actions of [FesX4(YAd)s]?~ and [FesX4(YAd)4]*~ probably
take place at the Fe4 X4 (X = S and Se) cores (Fig. 6), since
the speculated pKg; values for [FeaX4(YAd)4]>~ (HY) and
pKo: values for [FesX4(YAd)4)?~ (H") (Table 3) are depen-
dent on FesXy (X =S and Se) cores. The pKgr, values
of [FesX4(YAd),I*~(H*); (X, Y = S and Se) obtained by
experiment and the computer simulation (Table 3) are di-
vided into two groups depending on core X; 9.5 for X = S
and 8.9 for X = Se. On the other hand, pKp, values of
[Fe4X4(YAd),]?>~ (H'), are classified to two groups by termi-
nal Y;6.9forY = S and 6.4 for Y = Se. These results indicate
that pKr, values are controlled by the core sulfur and sele-
nium atoms, while pKq, values are influenced by the terminal
sulfur and selenium atoms. Thus, the second protonation re-
actions of [Fe,X4(YAd),]*~ (H*) and [FesX4(YAd)41*~ (H*)
take place in the Fe4 X4 core and in YAd ligands, respectively
(Fig. 6).

The pK, values of [FesX4(YAd)4]™ obtained by experi-
ment and the simulation (Table 3) are also divided into two
groups; 7.4 for X = S and 8.2 for X = Se. The pKso values
are dependent on the difference of the sulfur and the selenium
atoms of the Fe,X, cores (X = S and Se). Thus, the proton-
ation of the super-oxidized cluster [FesX4(YAd),]™ again
takes place at sulfur or selenium of the Fe, X, core (X = S
and Se) in aqueous PDAH solutions as shown in Fig. 6.

‘In connection with hydrogen bonding in natural ferredox-
ins and HiPIPs, we conclude as follows. The synthetic clus-
ter [FesX4(YAd)4]*~ (X, Y =S, Se) exists as an equilib-
rium mixture with non-protonated and protonated species in
aqueous PDAH solution. Redox-linked protonation behav-
ior of [Fe4X4(YAd)4]*~ shows that the basicity of the core S
atoms of the reduced, oxidized, and super-oxidized forms of
[Fe4S4(SR)4]*~ in aqueous solution is stronger than that of
the terminal S ligands and that basicity of the core S of the
reduced species [FesX4(YAd),]?~ (H") is still stronger than
that of the terminal S ligand, while the basicity of the terminal
S ligand in the oxidized form [FesX4(YAd)4]>~ (H*) shows
reverse trend. Thus, NH-S hydrogen bonding in natural Fds
and HiPIPs is controlled by the basicity of core sulfur or ter-
minal sulfur atoms of reduced, oxidized, and super-oxidized
forms of active center [Fe;S4(Cys)41>~ in the hydrophobic
sphere.

[FesS4(SAd)a]’™ +H' = [FesS4(SAd)T*~ (HY) 6))
[FesSa(SAd)( >~ (H") +H' = [FesSa(SAdWI"(H'),  (2)
_ o RT . KoiKox(KniKre + Kra[H'] + [H'T?)

EG—/2-)=F nF In Kri1Kr2(Koi Koz + Koo [H*] + [H*]2)’

3)
_ o RT Kso(KoiKoz + Ko [H' ]+ [H'])
EQ-/1-)=E nF In Ko1Ko2(Kso + [HY]) @
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