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A series of the model complexes containing ortho-substituted arenethiolato ligands, ((Et4N),[FesSa(S-2-
RCONHCgH4)4] {R=Ph (1), 4-MeO-CsH. (2), and 4-F-C¢Hy (3)} and (EuN),[FesS4{S-2,6-(RCONH),CsH3 }4] {R=Ph
(4), 4-MeO-CgH, (5), and 4-F-CsHa (6)}) was synthesized and characterized by "HNMR, IR spectroscopy, and cyclic
voltammetry. The solution structures of these complexes are discussed based on their 'HNMR T; data and molecular-
dynamics calculations. Complex 4 has a shorter distance (av. 4.3 A) between the protons of the benzoyl group and
the inorganic sulfur atom of the [4Fe-4S] cluster than the corresponding ones of 1 (av. 6.2 A). These results indicate
the C-H---S interaction between the protons of the benzoyl group and the sulfur atom of the [4Fe-4S] cluster. The
[FesS4(SAD)4]*~ /[FeaS4(SAD.P~ redox potential for 1 and 4 are —0.86 and —0.65 V, respectively. The difference be-
tween 1 and 4 is A0.21 V. This is larger than the value A0.11 V between [FesS4(S-2-t-BuCONHCsH,)41*~ (—0.91 V)
and [FesS4{S-2,6-(+BuCONH),CsH3 }4]2~ (—0.80 V), considered to be the difference between singly and doubly NH.- - -S
hydrogen-bonded complexes. The redox potentials for 1-—6 follow the trend of the Hammett or, values, showing that the
aromatic ring of the benzoyl group interacts with the [4Fe-4S] cluster directly. A cooperative effect between the C-H---S
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interaction and the NH- - -S hydrogen bond is thus found to regulate the redox potential of the model complexes.

To elucidate the regulation of the activity of iron—sul-
fur clusters by the unique microstructure of the environ-
ment in native proteins, extensive studies were made for
model complexes,” native and mutant proteins.”? Among
iron—sulfur proteins, ferredoxins (Fds) and high-potential
iron—sulfur proteins (HiPIPs) have [4Fe-4S] clusters co-
ordinated with four cysteinyl sulfur ligands at their ac-
tive sites. Upon electron transfer, Fds utilize the redox
couple of [Fe4S4(SR)4]>~/[FesS4(SR)4]*~ and HiPIPs use
[FesS4(SR)41?~/[FesS4(SR)4]'~. The correlation between
the micro-environments of such [4Fe-4S] clusters and their
electron-transfer functions still remains ambiguous. Among
possible causes, an important role of the NH---S hydrogen
bond has been reported.’—®

From an X-ray structural analysis of B. thermoproteolyti-
cus and P. aerogenes Fd, a Tyr residue and eight NH---S
hydrogen bonds have been reported to be conserved around
a [4Fe—48S] cluster.” On the other hand, HiPIPs have four or
more aromatic residues and five NH---S hydrogen bonds
around a [4Fe—-4S] cluster in the crystal structures of R.
tenius, E. halophila, and C. vinosum HiPIPs.Y

‘One of the chemical functions of the aromatic rings has
been thought to be the construction of a hydrophobic do-
main and support of the NH---S hydrogen bond. The effect
of the NH:--S hydrogen bond on the redox potential was
studied by using ferredoxin peptide model complexes®® or
various simple 2-mono- and 2,6-bis(acylamino)benzenethio-
late model complexes.¥ Chemically designed [4Fe-4S] ferre-

doxin model complexes having adjacent aromatic rings have
been synthesized as models of chemical simulation of the en-
vironments of aromatic rings around a [4Fe-4S] cluster.!*!!

In native systems, an interaction between aromatic
residues and sulfur atoms has been proposed based on a
THNMR investigation of E. halophila and E. vacuolata
HiPIPs.'? In addition, the direct interaction of an aromatic
ring with the Fe—S cluster in mutant C. vinosum HiPIP has
been shown by "Y"FNMR spectroscopy.'® The importance
of the chemical functions of the aromatic ring on the redox
property still remains obscure and needs to be studied.

Recently, it have been suggested that the number and ori-
entations of aromatic rings around the [4Fe—4S] cluster con-
tribute to the modulation of redox reactions.® Our previous
study suggested that the coexistence of aromatic ring and
NH- - -S hydrogen bond contributes to the stabilization of the
[FesS4(SAD)4]*~/[FeaS4(SAD4]'~ redox couple when Ar is
2-t-BuCONH-6-PhCgH;.'¥ In this case, the conformer with
aromatic ring stacking over the thiolate sulfur atom is illus-
trated in Fig. 1a.®

The existence of a sulfur-aromatic interaction has already
been suggested by Reid et al.'® They documented a sta-
tistically significant preferred separation distance of < 6 A
between the sulfur atom and the ring centroid. In addition,
the angle between the sulfur atom and the ring plane is pre-
ferred to be at 0—30° and ca. 45°. Two ranges of the angle
mean the existence of distinct interactions. The sulfur—aro-
matic interaction is presumed to occur through a C-H:--S
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a)

S-r interaction

b)

Regulation of [4Fe-4S] by NH---S and Aromatic Ring

C-H---S interaction

Fig. 1.
and b) C-H- - -S interaction.

interaction between a negatively charged sulfur atom and a
positively charged hydrogen atom of the ring with an angle
of 0—30°.19 This interaction is caused by an S—t interaction
between a sulfur p orbital and a 7 orbital of the ring with
an angle of ca. 45°.' It is believed that these interactions
contribute to the stabilization of protein folding.'>'®

In this paper we report on the cooperative effect of
the neighboring aromatic rings and double NH---S hydro-
gen bonds on the electrochemical property of the [4Fe-4S]
cluster using a newly designed arenethiolate ligands, 2,6-
(PhCONH),C¢H3S~. The aromatic ring of the benzoyl
group can preferentially interact with the inorganic sulfur
atom, because the ring maintains coplanarity with the amide
and arenethiolate groups (Fig. 1b).

Results and Discussion

Detection of NH- - -S Hydrogen Bond. The IR spectra of
the complexes were measured in the solid state in order to de-
tect the presence of a NH- - -S hydrogen bond. Table 1 gives
selected IR bands in the amide region of [Fe4S4(SAr),]>~
and the corresponding organic disulfides. The ortho-sub-
stituted complex, [FesS4(S-2-PhCONHCgH,)41*~ (1), con-
taining a single NH- - -S hydrogen bond, exhibits a NH band
at 3206 cm~! and a C=0 band at 1660 cm™!. The dif-
ferences, Av(NH) and Av(C=0), between 1 and the cor-
responding disulfide, (2-PhCONHCgH,S),, were estimated
to be 79 and 15 cm™!, respectively, when the band for the
corresponding disulfide was employed as a standard. Sim-
ilar Av(NH) values have been observed for various single
NH---S hydrogen-bonded metal complexes, e.g. 75 cm~! for
[Fe4S4(S-2--BuCONHCH,)]>~* and 59 cm ™! for [Mo!V (S-
2-+-BuCONHCg¢H,)4]°~® These results indicate the presence
of a NH---S hydrogen bond in 1. The Av(NH) (76 cm™!)

- and Av(C=0) (11 cm™!) of a p-fluoro derivative, [Fe;S4{S-
2-(4-F- C6H4CONH)C6H4}4]2‘ (3), have similar values
to [FesS4(S-2--BuCONHCH,)]?>~.» Therefore, 3 has an
intramolecular NH---S hydrogen bond in the solid state.
The p-methoxy analog, [FesS4{S-2-(4-MeO-CcH4CONH)-
C6H4'}4]2“ (2), shows negative values for Av(NH) of —27
cm~! and Av(C=0) of —18 cm™! (Table 1). The reason
for the negative shifts of 2 is that the values of the corre-
sponding disulfide, {2-(4-MeO-CsHsCONH)CgH4S },, have

Schematic drawing of model complexes designed for realizing two different sulfur-aromatic interactions; a) S— interaction

v(NH) at 3726 cm™' and v(C=0) at 1645 cm™!, assignable
to intermoleculary hydrogen-bonded NH and CO bands, re-
spectively, as observed for (2---BuCONHC¢H4S),."” The
presence of an intramolecular NH.--S hydrogen bond in 2
has been confirmed by a positive shift in its 2—/3— redox
potential in acetonitrile (described below).

The 2,6-disubstituted complex [FesS4{S-2,6-(PhCONH),-
CgHj3 }4]2‘ (4), containing double NH- --S hydrogen bonds,
exhibits a Av(NH) of 90 cm™! and Aw(C=0) of 21
cm™!, as calculated from the amide bands of {2, 6-
(PhCONH),C¢H3S}2. The p-methoxy analog, [FesS4{S-2,
6-(4-MeOCgH,CONH),C¢H3}41>~ (5) indicates a Av(NH)
of 63 cm™! and a Av(C=0) of 16 cm~!. [FesS4{S-2,6-
(4—F—C6H4CONH)2C6H3}4]2_ (6) shows a Av(NH) of 92
cm~! and a Av(C=0) of 11 cm™!. These values are similar
to the A¥(NH) (63 cm~!) and Av(C=0) of (21 cm™") of
(EtsN),[Fe4S4{S-2,6-(+-BuCONH),C¢Hj3 } 4], having a dou-
ble NH- - -S hydrogen bond.* Therefore, complexes, 4, 5, and
6 have an intramolecular double NH. - -S hydrogen bond.

Solution Structure of [FesS4(S-2-PhCONHCHy)41*~
(1) and [FesS4{S-2,6-(PhCONH),C¢H;}4]*~ (4) Deter-
mined from a '"HNMR T; Analysis in Acetonitrile. Ta-
ble 2 summarizes the paramagnetic isotropic shifts for these
complexes. The shift of the 3-, 4-, 5-, and 6-proton signals
is essentially similar to those of the known ferredoxin model
complexes with p-substituted benzenethiolato ligands.'V The
observed shift values of the NH---S hydrogen-bonded NH
signal for 1 and 4 are 0.15 and —0.01 ppm, respectively.
Such slight isotropic shifts have already been observed for
[FesS4{S-2,6-(--BuCONH),CsH;31*~* and various [4Fe-4S]
peptide model complexes.® The isotropic shifts of benzoyl
2/, 6'H and 3’, 5’H are 0.39 and 0.05 ppm for 1 and 0.15
and —0.22 for 4, respectively. The isotropic shifts of benzo-
yl protons may be caused as a consequence of the [4Fe-4S]
cluster, as observed for aromatic protons in [FesS4(m-xyl-
So) 1?10

Attempts to analyze the crystal structures of these com-
plexes have been unsuccessful. Therefore, we used a
THNMR analysis and molecular-dynamics calculations to
obtain information about the structures of 1 and 4 in aceto-
nitrile. The relaxation times given in Table 3 were obtained
from nonselective inversion-recovery experiments for 1 and
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Table 1. Selected IR Bands of [FesS4(SAr)s]*~ and the Corresponding Disulfide Ar,S; in the Solid State
Ar v(NH)/cm™! Av(NH)” ¥(C=0)/cm™" Av(C=0)"
2-PhCONHC¢H4 (1) 3296 (3375)% 79 1660 (1675)® 15
2-(4-MeO-CcH4sCONH)CsH4 (2) 3303 (3276)° -27 1662 (1645)° —17
2-(4-F-CsH4,CONH)CsH4 (3) 3302 (3378) 76 1668 (1679) 11
2,6-(PhCONH),C¢H3 (4) 3322 (3412) 90 1669 (1690) 21
2,6-(4-MeO-CcHsCONH),CeHj3 (5) 3323 (3386) 63 1665 (1681) 16
2,6-(4-F-CsH4CONH),CsH3 (6) 3323 (3415) 92 1670 (1695) 25
2-+-BuCONHCsH,? 3314 (3389) 75 1670 (1679) 9
2,6-(t-BuCONH),CsH;? 3335 (3398) 63 1674 (1695) 21
2-t-BuCONH-6-PhCeH;® 3314 (3412) 114 1663 (1690) 27

a) The value in parenthesis refers to the amide NH or CO bond of the corresponding disulfide. b) Av = v(disul-

fide) — v(Fe4S4 complex).
NH---O=C hydrogen bond. d) Ref. 4.

Table 2. 'H Isotropic Shifts of [FesS4(SAr)s]*~ in Acetonitrile-ds at 30 °C

¢) The low wavenumbers of NH and CO bands for the disulfide are caused by intermolecular
e) Ref. 14.

(AH/Hp)iso® ppm
Ar NH 3H 4H 5H 6H 2, 6H 3,5H
2-PhCONHCsH; (1) 0.15 1.39 —147 075 —1.18 0.39 0.05 4H
(8.98)” (9.43) (5.83) (7.8 641) (8.04) (749 —0.06
(7.49)
2-(4-MeO-CsH,CONH)CsHy (2) 0.29 1.38 ~144 078 —1.16 0.42 007 -OMe
(9.03) (9.43) (5.86) (7.83) 643) (8.06) (7.04) —0.08
(3.79)
2-(4-F-C¢H,CONH)CsH, (3) 0.29 1.43 —140 077 —1.14 0.41 0.04
9.05)  (9.41) (5.89) (7.84) 647)  (8.10)  (7.23)
2,6-(PhCONH),CsHs (4) —0.01 123 —-094 9 — 015 —022 4H
8.97)  (9.14) (6.14) (7.87)  (726) —0.24
(7.26)
2,6-(4-MeO-CsH,CONH),C¢H; (5) 0 .16  —1.08 —9 — 030 —0.07 -OMe
(8.90)  (9.06) (6.14) (8.02) (693 —0.15
(3.70)
2,6-(4-F-CsH4CONH),C6Hs (6) +0.03 124  —095 ) - 009 —022
(8.93)  (9.10) 6.28) (7.88)  (7.01)

a) (AH/Hy)iso = (AH/Hp)obs — (AH/Hp)gia : diamagnetic references are the corresponding disulfides in acetonitrile-d3 at 30 °C.
b) Chemical shifts for [Fe4S4(SAr)s]%>~ in acetonitrile-d3 at 30 °C. ¢) The chemical shift is the same as 3H.

Table 3. T Values (ms) and Calculated Fe- - -H Distance (A) of [Fe4S4(SAr)s]*~ in Acetoni-
trile at 30 °C
2-PhCONHC¢H4 (1) _ 2,6-(PhCONH),CsH3 (4)
Ti/ms dri/A dwp/A T1/ms dri/A dup/A
NH 3 35 4.2 3 3.5 33
2, 6'H 22 4.9 7.0 15 4.6 54
3,5'H 84 6.1 8.6 52 5.6 6.5
4H 200 7.0 9.4 130 6.5 7.0
3H 90 6.1 6.1 50 5.6 5.7
4H 130 6.5 6.3 110 6.4 6.4
5H 60 5.7 5.0 — — —
6H 3 3.5 3.0 — — —

a) Assigned 'H shown in Fig. 2.

4. In paramagnetic metal complexes the T} values are mainly
subject to a dipole—dipole interaction. Thus, the metal-proton
distances (rv—p) can be correlated to the proton relaxation
rates according to the Solomon equation (Eq. 1),'®

7! = CIS(S + Dlrglaf (=, ),

ey

where C is a physical constant and f( 7., @) is the correlation
function. Therefore, the T; values provide an approximate
metal-proton distance. Bertini et al. demonstrated a clear
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correlation for the [4Fe-4S] ferredoxins.'* 2" For example,
protons close to the [4Fe-4S] cluster show very short T val-
ues for HiPIPs?*? or Fds.?” Assuming that the crystal struc-
ture of [Fe4S4(SAr)4]%~ is the same as the solution structure,
the term C[S(S+1)]f(z;, w) can be fixed as a constant from
both the crystal structure and the T values of [FesS4{S-2,
6-(CH3;CONH),CsH3}4]>~% as a standard. The distances
among the Fe atom and the protons of the benzoyl group in
1 and 4 were evaluated from 'HNMR T; experiments, as
shown in Table 3. The signals assignable to 2', 6'H (15 ms)
and 3’, 5'H (52 ms) of the 4 indicate shorter T} values than
those of 1 (22 and 84 ms). This result indicates that 2/, 6'H
(4.6 A) and 3’, 5'H (4.9 A) of the benzoyl group in 4 are
closer to the [4Fe-4S] cluster than those in 1 (4.9 and 6.1 A,
respectively).

Monte-Carlo simulations of 1 and 4 under £=38 were
performed in order to estimate the behavior of ligands in
acetonitrile. The calculations for 1 and 4 at 300 K under
£=38 provide average Fe---H distances, as listed in Table 3.
The distances obtained from a molecular-dynamics simula-
tion show the same trend as the values estimated by using
"HNMR T experiments. The calculations of 4 give only one
stable structure due to the bulkiness and coplanarity of 2,6-
bis(benzoylamino)benzenethiolate, as shown in Fig. 2a. The
protons 2/, 6'H (5.4 A) of 4 are closer to the [4Fe-4S] cluster
than that of 1 (7.0 A) because the larger steric hindrance of
the ligand 2,6-(PhCONH),CgH3S™ restricts its conforma-
tion. In addition, the mean distance between 2/, 6'H of the
benzoyl group and an inorganic sulfur atom in the cluster
for 1 and 4 is estimated to be 4.3 and 6.2 A, respectively
(Fig. 2). Thus, the shorter C-H---S distance in a solution
of 4, estimated by using 'H NMR 7 values and a molecular
simulation, suggests that the aromatic ring of the benzoyl
group has a direct C-H---S interaction'® with the inorganic
sulfide of [4Fe-4S] cluster.

A Cooperative Positive Shift of the Redox Potential.
The present model complexes exhibit a quasi-reversible re-
dox couple of [Fe;S4(SAr)4]%>~/[FesS4(SAr)4]*~ in acetoni-
trile at room temperature. The electrochemical data of these
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H
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Regulation of [4Fe-4S] by NH---S and Aromatic Ring

complexes, obtained from cyclic voltammography, are given
in Table 4 and Fig. 3. The shift (A0.21—A0.25 V) observed
for the benzoylamino-containing [4Fe-4S] complexes is
larger than the value expected based on the number of NH---S
hydrogen bonds (Fig. 3). Complex 1 gives a quasi-reversible

Table 4. Redox Potentials of [FesS4(SADs]>~/>~ in Ace-
tonitrile at Room Temperature

Ar E,)/V® ipclipa
2-PhCONHCgH; (1) —0.86 1.0
2-(4-MeO-CsH4sCONH)CsHy (2) —0.84 0.9
2-(4-F-CsH4,CONH)CsHx (3) —0.82 0.9
2,6-(PhCONH),CsHs (4) —0.65 0.7
2,6-(4-MeO-C¢H4CONH),CsHs (5)° —0.63 0.7
2,6-(4-F-C¢H,CONH),CsHj (6) -0.57 09
2-+-BuCONHCsH,? —0.91 0.9

—0.80
—1.01

2,6-(+-BuCONH),CgH5
2-+-BuCONH-6-PhCgH;5®

a) Vvs. SCE. b) Ref. 4.

c) Ref. 14.
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Fig. 3. Ilustration of the redox potentials of [FesS4-

(SAD:]**~ and the differences between [FeqS4(S-2-
RCONHCsHy4)4]*~ and [FesSs{S-2,6-(RCONH),CsH3}-
4J* in acetonitrile. Single and double bold lines indicate
the redox potential of [FesS4(S-2-RCONHCsH,),]>~/3~
and [FesS4{S-2,6-(RCONH),CsH3 }4]2_/ 3~ respectively.

b)
(90 ms)
Ha
H4(130 ms)

Hg/(60 ms)

Fig. 2. Schematic drawing of proposed structures obtained from 'HNMR 7; analysis and MD calculation of a) 1 and b) 4. "HNMR
T, values are indicated in parentheses. The C-H.---S distances in 1 and 4 are evaluated as averages from the MD calculations.
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Table 5. The Correlation between Hammett Constants and the Redox Potentials of
[Fe4S4(SAD)41*~/3" in Acetonitrile at 30 °C
X E1,® of [FesSa{S-2-(4-X- E1;” of [FesS4{S-2,6-(4-X- Om o
CsHACONH)CeHa}aP/*~  CeHyCONH)CsHa}al* />~
H —0.86 —0.65 0.00 0.00
OMe —0.84 —0.63 0.12 -0.27
F -0.82 —0.57 0.34 0.06

a) E;jo/V vs. SCE.

Fig. 4. Schematic drawing of the local structure of reduced
FdI of Azotobacter vinelandii ferredoxin to show an ap-
proach of Phe 25 to the cluster. The data for drawing was
obtained from Protein Data Bank (1FAD).?”

redox couple of the 2—/3— species at —0.86 V vs. SCE
(saturated calomel electrode) (i, c/ip .=1.0), whereas complex
4 indicates a similar redox couple at —0.65 V (i, o/ip ,=0.7).
The difference between the values for 1 and 4 is A0.21 V,
which is too large, as judged from the number of NH---S
hydrogen bonds. The differences between the values for 2
(Ei/3=—0.84 V) and 5 (E} /,=—0.63 V), or 3 (E; ,=—0.82 V)
and 6 (E;/,=—0.57 V) are A0.21 V or A0.25 V, respectively.
The shift (AQ.11 V) between mono- and bis(pivaloylamino)
derivatives, [Fe4S4(S-2---BuCONHCsH,)41*~ (E; 2=—0.91
V) and [FC4S4{S-2,6-(t-BuCONH)2C5H3 }4]2— (E1/2=—O.80
V), is considered to be the difference between singly and
doubly NH:--S hydrogen bonded complexes (Fig. 3). Pre-
viously, we reported on the regulation of the redox potential
shift due to an electronic effect of an R group in RCONH of
the arenethiolates. Even the difference between [FesS4(S-
2-CF3CONHCgH4)4]*~ (E;/2=—0.78 V) and [FesS4(S-2,6-
(CF3CONH)2C6H3)4]2_ (E1/2=—O.62 V), both having an
electron-withdrawing CF; group, is only A0.16 V.¥ Thus,
the shifts between mono- and bis(benzoylamino)derivatives
is not due to only an electronic effect of the benzoyl group.
Furthermore, the number of acylamino groups in-
fluences the pK, values of the arenethiols, e.g.2,6-
(PhCONH),CsH3SH and 2-PhCONHC¢H4SH, 4.21 and
5.43, respectively. However, the pK, values of the pi-
valoyl derivatives, 2,6-(-BuCONH),CsH3SH (pK,=4.37)
and 2-t-BuCONHC¢H4SH (pK,=5.43) in an aqueous

10% C;3H,5(0OCH,CH;),OH micellar solution are sim-
ilar. The difference in pK, between the bis(acylami-
no) derivatives, e.g. 2,6-(--BuCONH),C¢H3SH and 2,6-
(PhCONH),C¢H5SH is only 0.16 pK, unit. Therefore, the
large positive shift of the redox potentials for 4—6 is caused
by the participation of the aromatic ring of the benzoyl group.

The direct interaction of the aromatic ring was also inves-
tigated based on the dependence of the redox potential on
p-substituents of the aromatic ring of the benzoyl. Three
different mono-substituted compounds (OMe, H, F) were
studied. Table 5 lists the redox potentials of 4—6 to show
the correlation between the redox potential and Hammett o,
or o, values. If the redox potentials of 4—6 depend only
on the strength of the NH---S hydrogen bond, a good cor-
relation between the Hammett o, constants and the redox
potential could be obtained. Already, the distal para sub-
stituent effects through the NH---S hydrogen bonds on the
positive shift of the redox potential of [Fe4S4(Z-cys-Gly-
NHCgHs-p-X)4]>~/~ have been demonstrated to show a
good correlation with the Hammett ¢, constants.”

Our present results clearly indicate a reasonable correla-
tion with the Hammett oy, values, but not with the Hammett
0p. The C-H---S interaction between benzoyl m-H and inor-
ganic sulfide, estimated by using both the 'H NMR T} exper-
iment and molecular dynamics, is thus thought to contribute
to the positive shift of the [FesSa(SAD)4 1P~ /[FeaS4(SAD4 >~
redox couple.

Previously, we reported another type of aromatic inter-
action for a [4Fe-4S] complex having a single NH---S
hydrogen bond and an aromatic group, [FesS4(S-2-¢-Bu-
CONH-6-PhCgH3)41?~." In this case, the coexistence of
an aromatic ring and a NH---S hydrogen bond contributes
to the stabilization of the [Fe4S4(SAr)4]'~/[FesS4(SAr) >~
redox couple. However, complexes 4—6 exhibit irreversible
[Fe4S4(SAr)4]'~/[FesS4(SAr)4]>~ redox couples in acetoni-
trile. Therefore, the phenyl ring of [Fe4S4(S-2--BuCONH-
6-PhCeH3)41?~ probably stacks over the sulfur atom, thus
making a difference from the cases of 4—6.19

In conclusion, the proximal m-H of benzoyl ring in 4
makes contacts with an inorganic sulfur atom, as concluded
from an 'HNMR T; analysis and molecular-dynamics sim-
ulations. It is likely that the C—H---S interaction between
a positively charged benzoyl m-H and an inorganic sulfur
atom for complex 4—6 contributes the positive shift of the
[Fe4S4(SAr)4]>~/[FesS4(SAr),]>~ redox potential. Among
native [4Fe-4S] ferredoxins, two structural data (1), a short
distance (3.6 A) of the C—H---S and (2) a small angle (4°) be-
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tween the centroid of aromatic ring and the inorganic sulfur
atom of [4Fe-4S] cluster, were reported for reduced A. v. Fd,
as shown in Fig. 4. Our model study strongly suggests that
the C-H---S interaction regulates the redox potential with
the specific orientation of the proximal aromatic plane in the
active center of native [4Fe-4S] ferredoxins.

Experimental

All procedures were performed in an argon atmosphere by the
Schlenk technique. All of the solvents were dried over calcium
hydride and distilled under argon before use.

Preparation of Bis(2-benzoylaminophenyl) Disulfide.  To
a dry THF solution (30 cm®) of bis(2-aminophenyl) disulfide (1.0
g, 4.0 mmol) was added triethylamine (1.3 cm®, 9.4 mmol), then,
benzoyl chloride (1.0 cm®, 8.7 mmol) was added dropwise with
vigorous stirring in an ice-water bath for 1 h at room temperature
overnight. The solution was poured over ice and water, to give a
pale-yellow powder as a precipitate. The powder was dissolved in
diethyl ether (200 cm®), and ether layer was successively washed
with a 2% aqueous HCI solution, water, a 4% aqueous NaHCOs
solution, and water. Then pale-yellow crystals were precipitated
from the organic layer. The organic layer was dried over anhy-
drous sodium sulfate and concentrated under reduced pressure to
give pale-yellow crystals, which were crystallized from THF. The
pale-yellow materials were dried over P,Os. Yield 1.7 g (90%).
'"HNMR (DMSO-ds) 6=7.34 (m, 6H), 7.59 (m, 8H), 7.97 (d, 4H),
and 10.26 (s, 2H). Found: C, 68.27; H, 4.32; N, 6.17%. Calcd for
CasH20N20252: C, 68.40; H, 4.42; N, 6.14%.

Preparation of Bis[2,6-bis(benzoylamino)phenyl] Disulfide.
The compound was synthesized from a 1,4-dioxane solution (30
cm’®) of bis(2,6-diaminophenyl) disulfide (0.28 mg, 1.0 mmol) and
pyridine (0.8 cm®, 10 mmol) by the same method as described for
bis(2-benzoylaminophenyl) disulfide. The extracted organic layer
was dried over anhydrous sodium sulfate and concentrated under
reduced pressure to give a red oil. The crude oil was reprecipitated
from THF and hexane. The yellow-brown materials obtained were
dried over P,0s. Yield 280 mg (40%). 'HNMR (DMSO-ds)
6=7.23 (t, 2H), 7.49 (t, 8H), 7.59 (d, 4H), 7.66 (d, 4H), 7.73 (d,
8H), and 9.70 (s, 4H). Found: C, 68.34; H, 4.29; N, 8.10%. Calcd
for C40H30N404S;: C, 69.14; H, 4.35; N, 8.06%.

Preparation of Bis[2- (4- anisoylamino)phenyl] Disulfide.
The compound was synthesized by the same method as described
for bis(2-benzoylaminophenyl) disulfide. Pale-yellow needles crys-
tallized from THF and diethyl ether were dried over P,Os. Yield
1.56 g (75%). "HNMR (DMSO-ds) 6=3.84 (s, 6H), 7.06 (d, 4H),
7.25 (t, 2H), 7.28 (t, 2H), 7.36 (t, 2H), 7.64 (d, 2H), 7.95 (d, 4H),
and 10.09 (s, 2H). Found: C, 64.77; H, 4.62; N, 5.37%. Calcd for
C23H24N20432: C, 65.10; H, 4.68; N, 5.42%.

Preparation of Bis[2-(4-fluorobenzoylamino)phenyl] Disul-
fide. The compound was prepared using the same method as
described for bis(2-benzoylaminophenyl) disulfide. Pale-yellow
microcrystals were obtained by reprecipitation from THF and hex-
ane. The yellow crystals were dried over P,Os. Yield 1.71 g (83%).
'"HNMR (DMSO-ds) 6=7.36 (m, 10H), 7.65 (d, 2H), 8.04 (m, 4H),
and 10.28 (s, 2H). Found: C, 63.43; H, 3.65; N, 5.69%. Calcd for
Cy6HisFaN20,S,: C, 63.40; H, 3.68; N, 5.69%.

Preparation of Bis[2,6-di(4-anisoylamino)phenyl] Disulfide.
The compound was synthesized by the same method in dry THF as
described for bis[2,6-bis(benzoylamino)phenyl] disulfide. Yellow
materials were dried over P,0s. Yield 701 mg (73%). 'HNMR
(DMSO-ds) 6=3.85 (s, 12H), 7.00 (d, 8H), 7.23 (t, 2H), 7.65 (d,
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4H), 7.70 (d, 8H), and 9.51 (s, 4H). Found: C, 64.35; H, 4.68; N,
7.02%. Calcd for CasH3sN4OsSs: C, 64.85; H, 4.70; N, 6.87%.

Preparation of Bis[2,6-di(4-fluorobenzoylamino)phenyl] Di-
sulfide.  The compound was prepared using the same method as
described for bis[2,6-bis(4-anisoylamino)phenyl] disulfide. Yield
0.60 g (66%). "HNMR (DMSO-ds) 6=7.21 (t, 2H), 7.31 (m, 8H),
7.59 (d, 4H), 7.80 (m, 8H), and 9.73 (s, 4H). Found: C, 62.08; H,
3.39; N, 7.47%. Calcd for C40H25F4N4O4Szi C, 62.66; H, 3.42; N,
7.31%.

Synthesis of (Et4N);[FesS4(S-2-PhCONHCsH4)4] (1).  The
complex was synthesized by a ligand-exchange method.” A mixture
of (EtyN)2[FesS4(SPh)4]'? (53 mg, 0.05 mmol) and bis(2-benzo-
ylaminophenyl) disulfide (49 mg, 0.11 mmol) in acetonitrile (5
cm?®) was stirred at room temperature overnight. The solution was
concentrated under reduced pressure. A black crude product was
washed with diethyl ether and reprecipitated from acetonitrile/di-
ethyl ether; and a black oil was obtained, and dried in vacuo. The
yield was 81%. UV (CH3;CN) 300 nm (g 37000), 388 (sh, 19000),
and 456 (sh, 14000); MS (FAB) m/z 1394. Calcd for {(EtsN)-
[Fe4S4(S-2-PhCONHCsH4)4]} : 1393.98. Found: C, 52.39; H,
5.24; N, 5.24%. Calcd for CssHgoFesNeO4Ss: C, 53.55; H, 5.29;
N, 5.51%. '

Syntheses of (Et;N):[FesS4(SAr)s] {Ar=2-(4-MeO- C¢Hy-
CONH)C¢Hs (2), 2- (4- F- CgH4CONH)CsHs (3), 2, 6-
(PhCONH),CsH3 (4), 2,6-(4-MeO-CsH;CONH),C6H; (5), and
2,6-(4-F-C¢H4CONH),C6H3 (6)}.  These complexes were syn-
thesized by a similar method as that for 1, and were obtained as a
brownish powder. )

(Et4N)2[FesS4{S-2-(4-MeO-CcHsCONH)CsH4 }41 (2):  The
yield was 78%. UV (CH3CN) 380 (sh, 19000) and 458 (sh, 15000);
MS (FAB) m/z 1384. Calcd for [FesS4{S-2-(4-MeO-C¢H,CONH)-
CsHs}417: 1383.86. Found: C, 51.64; H, 5.35; N. 5.16%. Calcd
for C7,HssFeaNgOsSs: C, 52.56; H, 5.39; N, 5.11%.

(EtsN)2[FesS4{S-2-(4-F-CcHsCONH)CsH, }4] (3):  Theyield
was 92%. Found: C, 50.03; H, 4.80; N, 5.18%. Calcd for
CegH76F4FesNgO4Ss: C, 51.13; H, 4.80; N, 5.26%. UV (CH3CN)
387 (sh, 18000) and 455 (sh, 14000), MS (FAB) m/z 1466. Calcd
for {(EuN)[FesS4{S-2-(4-F-C¢H4CONH)CsH, }4]1} : 1465.94.

(Et4N)2[FesS4{S-2,6-(PhCONH),C¢Hs}4] (4): The yield was
93%. UV (CH3CN) 368 (21000) and 466 (sh, 12000); MS (FAB)
m/z 1871. Caled for {(EtsN)[FesS4{S-2,6-(PhCONH),C¢Hs }41} ~:
1870.13. Found: C, 55.00; H, 491; N, 6.69%. Calcd for
CosHi00FeaN100sSs: C, 57.60; H, 5.04; N, 7.00%.

(EtsN)2[Fe4S4{S- 2, 6- (4- MeO- CsHsCONH).CsHs}4l (5):
The yield was 87%. UV (CH3CN) 377 (sh, 22000) and 466 (sh,
16000); MS (FAB) m/z 1981. Calcd for {[FesS4{S-2,6-(4-MeO-
C¢HsCONH),CH3}41*~ +H*'}~: 1981.05. Found: C, 54.63; H,
5.15; N, 630% Calcd fOI' C104H115F64N10016532 C, 55.71; H,
521;N, 6.25%.

(Et4N)2[FesS4{S-2,6-(4-F-CcH4CONH),CsH3 }4] (6):  The
yield was 88%. UV (CH3CN) 377 (sh, 20000) and 467 (sh,
14000); MS (FAB) m/z 1885. Calcd for {[FesS4+{S-2,6-(4-F-
CsHsCONH),CgH3 }41*~ +H}~: 1884.89. Found: C, 53.17; H,
4.25; N, 6.60%. Calcd for C95H92F8F64N100833: C, 53.74; H,
4.32; N, 6.53%.

Physical Measurements. The absorption spectra were
recorded using a JASCO Ubest-30 spectrometer or a Shimadzu UV-
3100PC spectrometer in units of M~! ecm™! (1 M=1 mol dm®).
An IR spectrum measurement in the solid state was performed on a
JASCO FT/IR-8300 spectrometer. Samples were prepared as KBr
pellets. The "HNMR spectra were measured on a JEOL JNM-EX
270 MHz FTNMR spectrometer. Tetramethylsilane (TMS) was
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used as an external reference in the 'HNMR spectra. The T; val-
ues of the 'H NMR signals were obtained by an inversion recovery
method using a 180°-7-90° pulse. with a delay between 180° and
90° pulses. Measurements of cyclic voltammograms in an acetoni-
trile solution were carried out on a BAS100B CV-100W instrument
with a three-electrode system: a glassy carbon working electrode, a
Pt-wire auxiliary electrode and a saturated calomel electrode (SCE).
The scan rate was 100 mVs™!. The sample concentration was
about 2.5 mM, containing 0.1 M of n-BuyNCIO; as a supporting
electrolyte. The potentials were determined at room temperature vs.
SCE as a reference. A mass-spectrometric analysis was performed
in a solution with a matrix (NB A=3-nitrobenzyl alcohol) on a JEOL
JMS-SX102 mass spectrometer, which was operated in a negative-
ion mode. Ions were produced by fast-atom bombardment (FAB)
with a beam of 3 keV Xe atoms, and an accelerating voltage of 10
kV.

Molecular Dynamics Calculations.  The Monte-Carlo and
molecular-dynamics simulations were carried out using a Biograf
ver 3.22 (Molecular Simulation Inc. 1992). A Dreiding force field
was employed for the calculations.”” The charge of each atom
was readjusted stepwise using a charge-equilibration method.?®
The calculations of [FesS4(SAr)s]*~ were carried out using both
bonded and nonbonded terms. The Fe ions of [Fez:,Sl;]2+ core were
constrained to a tetrahedral geometry.
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