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Abstract: In further development of the reaction chemistry of the iron—sulfur protein site analogues [FesS4(SR)s]2, these
clusters (R = Ph, p-tolyl, CH,Ph, 1-Bu) are shown to react with a variety of electrophiles YX in aprotic solvents to yield the
species [Fe4S4(SR)4-, X412~ and YSR. Reactions were monitored by electronic spectroscopy, differential pulse polarography,
and 'H NMR spectroscopy. With CH;COCI and (CH3CO),0 the complete series of species (n = 1-4, X = Cl, OAc) was gen-
erated, including the first oxygen-ligated tetramer [Fe4S4(OAc)4]2™, with no observable decomposition. Other reagents such
as (CF3C0),0, (CF3S0,),0, and CF3;SO3CHj afford the corresponding n = 1 species (X = CF3CO;, CF3S03). Identical
species are formed by an acid and its anhydride. All species with n = 1-4 can be reconstituted to the original tetramer dianion
[FesS4(SR)4]>~ by reaction with excess RSH and Et3N. All such species with any ligand X are characterized by decreased
visible absorbance and positive 2—/3— potential shifts compared to the [FesS4(SR)4]?~ precursors. Successive 2—/3— poten-
tial differences in a given series are usually ca. 100 mV, indicating a nearly linear dependence of potential on #. Ligands X are
more labile than thiolate, as illustrated by the binding of several isonitriles to n = 1, 2 species (X = Cl, OAc) but not to
[FesS4(SR)4]2~. The reaction rate of [Fe4S4(SPh)4]3~ with (CH3CO),0 is much faster than that of the corresponding di-
anion, indicating that reduction activates the cluster to electrophilic attack. Some possible biological implications of mixed li-

gand clusters in proteins are considered.

Introduction

Since the initial synthesis of the tetranuclear dianions
[FesS4(SR)4]2~ 24 and, more recently, their one-electron
reduction products [Fe4S4(SR)4]3~,5-7 an extensive body of
structural, spectroscopic, and magnetic evidence has been
collected in order to demonstrate that these species are viable
synthetic analogues of the 4-Fe clusters in oxidized and reduced
ferredoxin (Fd) proteins, respectively. These anions possess
the structure 1347 containing a cubane-type FesS4 core. An
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integral part of our investigations of the cluster complexes 1
is a continuing development of reactions which effect thiolate
ligand substitution with retention of core structure. Earlier
work has demonstrated the facile stepwise substitution reaction
1489 and the ligand redistribution reaction 2.8

[FesSa(SR)4]2~ + nR’SH
= [FesS4(SR)4-»(SR"),]*~ + nRSH (1)

[Fe4S4(SR)4]?~ + [FesS4(SR")4]?~
= 2[Fe4S4(SR)4-n(SR)x]*~ (2)

Reaction 1 has been the more thoroughly investigated, in-
cluding a mechanistic study,’ and forms the basis for the core
extrusion reaction of iron-sulfur proteins.!0:11 More recent
experimentation!? has resulted in demonstration of reaction
3, whereby [FesS4(SR)4]2~ species are converted to fully
substituted halide tetramers (X = Cl, Br) which in turn may
be metathesized to the iodo complex (reaction 4). An x-ray
diffraction study of (Et4N)>{FesS4Cl4] has shown retention
of core structure with unimportant changes in metrical features
compared to thiolate tetramer precursors.!3
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[Fe,S,(SR), ]*"+ 4PhCOX —= [Fe,S,X,]*" + 4PhCOSR (3)

B

[Fe,8,L]*" (4)

The only other studies of the reactivity properties of syn-
thetic tetramers 1 (excluding electron transfer) are those of
acid-base equilibria, solvolysis, and hydrolysis by Bruice and
co-workers!#!3 and isonitrile/thioformimidate conversions
(RNC — R’SCH=NR) by Schwartz and van Tamelen.!6 The
latter are described as catalytic in a reduced form of 1 (con-
sidered to be [FesS4(SR’)4]4™) in the presence of excess thiol.
As such these are the only catalytic reactions of the tetramers
1 thus for reported.

Insofar as is known the principal biological function of
protein 4-Fe sites is electron transfer, without catalysis of
substrate transformation at such sites. However, it is highly
probable that the reactions of hydrogenases!’—dihydrogen
uptake and evolution and H/D exchange—occur as a conse-
quence of substrate activation and catalysis involving one or
more 4-Fe clusters. Three such clusters in clostridial hydro-
genase have been identified by the core extrusion tech-
nique.1%:18 Extrusion and spectroscopic studies of nitrogenase
FeMo proteins20-22 indicate the presence of 4-Fe clusters.
While molybdenum has been considered by many workers to
be a likely component of the nitrogen-reducing catalytic cen-
ter(s), the composition of such center(s) in nitrogenase which
are responsible for dihydrogen evolution and other substrate
reduction remains undefined.2® We have become interested
in exploring the possible stoichiometric and catalytic reactions
of 4-Fe clusters with biologically significant substrates. Noting
that the extrusion technique!® identifies the FesS4 core
structure but not necessarily its terminal ligands, we have
begun investigation of complexes with this core structure but
without the exclusive thiolate ligation found in the {FesS4(S-
Cys)4] redox centers of Fd proteins. Reported in this paper are
means of generating and identifying the sequentially formed
species [FesS4(SR)4—nX,,]2~ (n = 1-4). In these species ligand
X is more labile than thiolate, allowing subsequent exploration
of possible displacement of X by substrate with concomitant
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Table L. Peak Potentials for the Couples [Fe4S4(SR)4—nX,]%2~! in NMP Solution

E,, V vs. SCEa
R X z/(z = 1) n=0 1 2 3 4
t-Bu Cl¢ 2—-/3—- —1.42 —-1.32 -1.18 —1.00 —-0.85
OAc® 2-/3- —1.42 -1.29 —-1.16 —1.05 -0.93
CH,Ph Cl 2-/3- —-1.25 —1.16 -1.07 —-0.98 —0.88
OAc 2—-/3— —1.25 -1.17 -1.09 —1.00 -0.92
OAc 3—-/4— —-1.95 —-1.84 -1.76 -1.67 —1.62
Ph OAc 2—-/3— —1.04 d d d —0.94
OAc 3—/4— -1.75 —1.65
CF;CO,/ 2—-/3- —1.04 —-0.94 e e e
CF;S0;8 2—-/3— —1.04 -0.93

@ All measurements made at ~25 °C. Reagents: # CH;COCI; ¢ (CH3CO0),0. 4 Potentials unspecified because peak potential separations
of n = 1-3 species too small to measure accurately. ¢ Decomposition observed upon addition of >1 equiv of reagents: / (CF3CO),0;

2 (CF3S80,),0.

binding to and activation toward reductive transformation by
the Fe4S4 core in the appropriate oxidation state.

Experimental Section

Materlals. (Et4N)2[Fe4S4(SCH2Ph)4],3 (Et4N)2[FC4S4(SPh)4] 23
(EtaN)2[FesSa(S-1Bu)s], and (MesN);[FesSa(SCsHy-p-CHj)e]?*
were prepared by the method of direct tetramer synthesis.? (Et4N)3-
[FesS4(SPh),] was synthesized by reduction of the corresponding
dianion salt.5 #-Butyl and tert-butyl isonitrile were prepared by
standard procedures.25 Phenyl thioacetate (bp 73 °C, 1.5 mm) and
p-tolyl thioacetate (bp 120 °C, 1 mm) were synthesized by reaction?6
of the thiol with excess acetyl chloride in refluxing benzene containing
3 drops of pyridine. Phenyl! thiotrifluoroacetate (bp 45 °C, 6 mm) was
obtained by reaction of benzenethiol with trifluoroacetic anhydride
in diethyl ether. The three thioesters, required for gas chromatographic
or NMR identification of reaction products of [FesS4(SR)4]?~ (vide
infra), are previously reported compounds and were purified by dis-
tillation and identified by NMR and infrared spectra. Trifluoro-
methanesulfonic acid (3 M), trifluoromethanesulfonic anhydride,
methyl trifluoromethanesulfonate, benzylthiol, thioanisole, and
tert-butylthiol were commercial samples and were used as received.
The following reagents and solvents were purified by distillation in
a dinitrogen or argon atmosphere and were stored under anaerobic
conditions: acetyl chloride, triethylamine (from sodium hydroxide);
acetic and trifluoroacetic anhydride (from P,Os); benzenethiol (bp
80 °C, 20 mm); acetonitrile (from calcium hydride); N,N-dimeth-
ylformamide (DMF), bp 60 °C (18 mm); and N-methyl-2-pyrroli-
dinone (NMP, Aldrich), bp 60 °C (1.5 mm) (from calcium hydride
and then barium oxide). All reagents were transferred by syringe to
solutions of [FesS4(SR)4]2~ under anaerobic conditions.

Physical Measurements. All measurements were performed under
anaerobic conditions. Conventional dc and differential pulse polaro-
grams were recorded for solutions containing 50 mM (#-BusN){(BF;)
supporting electrolyte, ~2 mM [FesS4(SR)4]%~, and specified re-
agents at a scan rate of 5 mV /s using a Princeton Applied Research
Model 170 electrochemistry system. The working electrode was a
dropping mercury electrode. Potentials are reported vs. a saturated
calomel electrode (SCE). Electronic spectra were obtained with a
Cary Model 17 spectrophotometer using an anaerobic cell with serum
cap adapters for injection of reagents. Infrared spectra were recorded
on a Perkin-Elmer Model 621, 337, or 597 grating spectrophotometer.
'H NMR spectra were obtained with a Varian XL-100-15 spec-
trometer equipped with a deuterium lock and a Varian 4412 probe
with a 5-mm insert. Data collection and processing were done by a
Nicolet Model 1180 Fourier transform computer with a TT 1010A
pulser unit and a Diablo Model 31 magnetic disc storage system.
Chemical shifts downfield of Me,Si internal reference are designated
as negative. Gas chromatography was performed with a Varian 3700
chromatograph utilizing a flame ionization detector and a 1-ft 5% OV
101 on Chromosorb G column.

Results

The reactions of [FesS4(SR)4]2~ (1, R = Ph, p-tolyl,
CH,Ph, ¢-Bu) with electrophilic reagents {acetyl chloride,
anhydrides, acids) have been examined in aprotic solvents and
monitored by electrochemistry, electronic spectroscopy, and

'H NMR spectroscopy. The selection of complexes includes
those with aryl- and alkylthiolate substituents and encompasses
the near extremes of potentials of the [FesS4(SR)4]2-+3-
couple in aprotic solvents (£, = —1.42V (R = ¢-Bu), —1.04
V (R = Ph) in DMF vs. SCE??), Electrochemical,$:23:27 elec-
tronic spectral,2327 and 'H NMR spectral2428 properties of
these dianions in the same or similar media have been described
previously. Because of the small potential differences involved
for 2— /3= couples, differential pulse (DP) polarography was
found to be the most effective electrochemical method of de-
tection of the species [FesS4(SR)4-»X,]?~ (1 £ n £ 4) re-
sulting from the reaction of [FesS4(SR)4]2~ with electrophiles.
Peak potentials (E;) vs. SCE are reported. Of the solvents
employed, acetonitrile, DMF, and NMP, the stabilities of re-
action products are in general most favorable in NMP and
nearly all reported results were obtained in this solvent.

Reactions with Acetyl Chloride. Treatment of [FesSs-
(SPh)4]2—, [Fe4S4(S-p-t01yl)4]2‘, [FC4S4(SCH4Ph)4]2—, and
[Fe4Sa{S-t-Bu)s]?~ with successive equivalents of acetyl
chloride in NMP solution resulted in smooth changes in the
visible spectra. The prominent maxima at ca. 420-460 nm are
progressively decreased in intensity until, with 5.0 equiv of
reagent, the spectrum of {FesS4Clg]2~ (Amax 690 nm), previ-
ously obtained by reaction 3 and isolated as its Ety;N+ salt,!2
is achieved. With ~5 mM dianion concentrations the reactions
are essentially instantaneous, and the concomitant formation
of thioester CH;COSR was demonstrated by gas chroma-
tography. At any point during the reaction the initial
[FesS4(SR)4)%~ species could be regenerated in nearly quan-
titative amounts by the reconstitution reaction

[FesS4(SR)4-»X, 1>~ + nEtsN + nRSH
— [FesS4(SR)4]2~ + nX~ + nEt;NH*+ (5)

(X = Cl) employing a slight excess of thiol and amine in
equimolar amounts. Reconstitution in this and other cases was
not observed or was not quantitative in the absence of base.
The formation of the species [FesS4(SR)4—,Cl,]?~ re-
sponsible for the visible spectral changes was demonstrated by
two techniques. Addition of successive equivalents of acetyl
chloride to [FesS4(S-t-Bu)4]?~ or [FesS4(SCH,Ph)4]2~ in
NMP resulted in the appearance of new peaks in DP polaro-
grams at potentials positive to that for the 2—/3— couple of
the initial complex. Potentials for the various [FesSas-
{SR)4-,Cl,]%=+3~ couples are collected in Table I and DP
polarograms for the R = CH;,Ph reaction system are shown
in Figure 1. Successive potential differences are 100~180 and
90-100 mV for the R = ¢-Bu and CH,Ph systems, respectively.
The final peak observed after the addition of 4.0 equiv of re-
agent corresponds to the couple [FesS4Cl4]2~3~ with a po-
tential which is the same as that for an authentic sample
measured under the same conditions.?? Also evident from the
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[Fea Sa(SCH2Ph), 1> + n CH,COCL —> [Fe, S, (SCH,Ph),_, C1,]°
4 3

}
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Flgure 1. Differential pulse polarograms for the reaction of 2.0 mM

[FesS4(SCH,Ph)4]2~ with 1-4 equiv of CH3COCI in NMP (scan rate
5 mV/s). Arrows designate peaks whose potentials vs. SCE are given.

polarograms of Figure 1 is a distribution of [FesS4(SR)-
4-rCl,]?~ species upon addition of 1-3 equiv of acetyl chloride.
Although peaks are too closely spaced to permit measurement
of relative areas, line shapes suggest an approximately statis-
tical distribution (1:2:1) with the dominant species having an
n value equal to the number of equivalents of added reagent.
Similar experiments with [FesS4(SPh)4]2~ yielded unresolved
peaks which progressively shifted toward a final value of —0.88
V. The lack of resolution arises from the small {160 mV) sep-
aration between potentials of initial and final species. In all
cases the reconstitution reaction 5 yielded solutions whose
polarograms contained as the only peak that of the initial
[FesS4(SR)4]12+3~ couple.

The 'H NMR spectrum of [FesS4(S-p-tolyl)s]?~ in
DMPF-d; at 23 °C contains a contact-shifted ring methyl res-
onance?* at —3.96 ppm. Successive additions of 1.0 equiv of
acetyl chloride reduced the intensity of this signal and resulted
in the sequential growth and decline of three new downfield
singlets at —4.02, —4.08, and —4.14 ppm, which are correlated
with n = 1, 2, and 3 mixed ligand complexes, respectively.
Addition of 5.0 equiv of reagent abolished all contact-shifted
methyl resonances. Peaks arising from p-tolyl thioacetate were
observed to increase in intensity as acetyl chloride was added.
Methyl signals of the mixed ligand complexes could not be
accurately integrated because of small chemical shift sepa-
rations, but their relative intensities are similar to the features
of the DP polarograms assigned to the same predominant
species.

Reactions with Anhydrides. Reactions of [Fe4S4(SPh)4]%™,
[FesS4(SCH,Ph)4)%~, and [FesS4(S-t-Bu)g]2~ with acetic
anhydride are much slower than with acetyl chloride and rates
increase in the order R = ¢-Bu < CH,Ph < Ph. Most spectral
and electrochemical measurements were made 30-60 min after
the addition of reagent in order to be sure that equilibrium had
been reached. Reactions of these three dianions with the an-
hydride in NMP solutions resulted in progressive diminution
in visible spectral intensity, generation of the appropriate
thioester, and near-quantitative reconstitution of the original
complex by reaction 5 (X = OAc) using excess thiolate.
Spectral results for the R = Ph system in the 400-700-nm
region are illustrated in Figure 2. Successive additions of 0.25

Journal of the American Chemical Society |/ 100:17 | August 16, 1978

[FeaSaisPh),]2” £A20

[FeaSaSPRILS™ + x A2,0 @
| [FeaSat0Ac) ]

[Fea S4(SPh}s 0AC) > o)

8 PhS-

=

[FeaSs(SPM, )2
Ie)

x* 100 +
2 Ph§”

Figure 2. Electronic spectra (400-700 nm) for the reaction of 5.0 mM
[Fe4S4(SPh)4]2~ and (CH3CO),0 in NMP. Left: successive additions
of 0.25 equiv of anhydride at 30-min intervals, followed by reconstitution
of the 1.0 equiv solution. Right: spectra of (a) [FesS4(SPh)4]2~; (b) re-
action product of (a) with 4.0 equiv of anhydride after 4 h; (c) reconsti-
tution of (b) with 8.0 equiv each of Et;N and PhSH.

equiv of anhydride reduced the intensity of the prominent
459-nm peak. The spectrum after addition of 1.0 equiv is
predominantly that of the monosubstituted species
[FesS4(SPh)3(OAc)]2, which can be quantitatively recon-
stituted to [FesS4(SPh)4]2~ by 2.0 equiv of benzenethiolate.
Addition of 6.0 equiv of anhydride abolished any trace of the
visible peak of the initial tetramer, which may be Z90% re-
constituted by treatment with 8.0 equiv of benzenethiolate. On
the basis of the reconstitution reaction the featureless spectrum
with absorbance rapidly rising into the ultraviolet is assigned
to the previously unknown tetramer [FesSi(OAc)4]?".
Quantitative gas chromatographic analysis of reaction prod-
ucts gave 0.95 and 3.9 equiv of phenyl thioacetate after the
addition of 1.0 and 6.0 equiv, respectively, of anhydride to
[FesS4(SPh)4]2~

DP polarograms of the reactions of the preceding three di-
anions with acetic anhydride in NMP show changes similar
to those in Figure 1. Depicted in Figure 3 are polarograms for
the 2—/3— and 3—/4— couples of the reaction products of
[Fe4S4(SCH,Ph)4]2~ with anhydride. Positive 2—/3— po-
tential shifts and multiple species are again observed after
addition of 1-4 equiv of reagent. Unlike the acetyl chloride
reaction system substitution is not complete after 4 equiv in-
asmuch as the peak at —1.00 V for the [FesS4(SCH,Ph)-
(OAc);3]2~2 couple is still observable. Positive shifts of the
3—/4— couples are evident against the increasing background
current at potentials more negative than ca. —1.6 V. Addition
of 8.0 equiv of benzylthiolate after stepwise introduction of 4.0
equiv of anhydride resulted in reconstitution of
[Fe4S4(SCH,Ph)4]2, as seen by the presence of the peak for
its 2—/3— couple. The 3—/4— peak of this complex is obscured
by background current.

The reaction of [FesS4(S-p-tolyl)4]?~ with acetic anhydride
in DMF-d; was monitored by 'H NMR spectroscopy. The
spectral changes were consistent with those found in the acetyl
chloride reaction system. Contact-shifted methyl signals were
observed for n = 1, 2, and 3 species at —4.04, —4.13,and —4.22
ppm, respectively, upon successive additions of 1.0 equiv of
reagent, and signals from p-tolyl thioacetate progressively
increased in intensity.

Reactions of acetic anhydride with [Fe4S4(SR)4]?~ com-
plexes are decidedly slower than those of acetyl chloride. This
behavior is illustrated in Figure 4 by the time course of the
reaction between [FesS4(S-t-Bu)y]?~ and 1.0 equiv of the
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Figure 3. Differential pulse polarograms for the reaction of 2.0 mM
[FesS4(SCH,Ph)4]2~ with 1-4 equiv of (CH3CO),0 in NMP (scan rate
5 mV/s). Arrows designate peaks whose potentials vs. SCE are given.
Polarograms were recorded 45 min after each addition of anhydride. The
top polarogram corresponds to reconstitution by addition of 8.0 equiv each
of Et;N and PhCH,SH after the final addition of anhydride. Peaks
marked with an X are unidentified; that at —1.3 V is much reduced in
intensity if 4.0 equiv of reagent is added in one portion rather than in in-
crements of 1.0 equiv. The peak at —=0.65 V in the top polarogram is due
to oxidation of excess thiolate.

anhydride as followed by DP polarography. The initial peak
at —1.42 V, due to the couple [FesS4(S-t-Bu)y]3—+3-, slowly
decreases in intensity as the species [FesS4(S-£-Bu)g—p-
{OAc),)2" are formed. The n = 1 species becomes evident
after 25 min and gives rise to a well-defined peak at —=1.29 V
after 100 min. At longer times this feature continues to increase
in intensity as does a shoulder at —1.16 V, which is assigned
to the # = 2 complex. No further changes were observed after
700 min. Addition at that time of 8.0 equiv of tert-butylthiolate
resulted in reconstitution which, however, may not be complete
as judged by the larger peak half-width as compared to the
initial polarogram. In other experiments introduction of larger
quantities of anhydride led to detection of # = 1-4 species.
Potentials for the various [Fe4S4(SR)4—,(OAc),]23~ and
[FeaS4(SCH;Ph)4—,{OAc),,]>—*~ couples are set out in Table
I. Separations of successive 2—/3— potentials are 110-130 (R
= ¢-Bu) and 80-90 mV (R = CH,Ph); for the 3—/4— couples
these separations are less uniform (50-110 mV).

Reactions of [FesS4(SR)s]2~ with more electrophilic an-
hydrides were also examined but not as comprehensively as the
preceding cases. Treatment of [Fe;S4(SPh)4]2~ with 1.0 equiv
of (CF3C0),0 or (CF3S0,),0 resulted in visible absorbance
decreases similar to that in Figure 2. Peaks for the 2—/3—
couples of n = 1 species were detected by DP polarography
(Table I). In the reaction of trifluoroacetic anhydride in ace-
tonitrile phenyl trifluoroacetate was detected as a product by
gas chromatography and the initial dianion could be fully re-
constituted. Addition of further equivalents of either anhydride
resulted in some decomposition. Reactions of the R = CH,Ph
and ¢-Bu dianions with either anhydride appeared to give de-
composition. Treatment of {FesS4(SPh)4]?~ with 1.0 equiv of
CF3SO3;CHj; also lowered the visible absorbance, yielded
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Figure 4. Differential pulse polarograms for the reactions of 2.0 mM
[Fe4S4(S-1-Bu)4)2~ with HOAc and (CH3CO),0 in NMP solution (scan
rate S mV/s). Left: addition of 1.0-3.0 equiv of acid. Right: addition of
1.0 equiv of anhydride with polarograms recorded up to 700 min reaction
time. Both systems were reconstituted by addition of 8.0 equiv each of
Et;N and z-BuSH.

thioanisole (detected by gas chromatography) as a reaction
product, and generated a polarographic peak whose potential
is the same as that for the n = 1 species formed from
(CF350,),0.

Reactions with Acids. Reduction in visible absorbance was
also observed upon the addition of acid to NMP solutions of
[FesS4(SR)4]2~ (R = Ph, CH,Ph, ¢-Bu), the amount being
dependent on the acid employed. All dianions exhibited reac-
tions with 0.2 equiv of CF3CO,H and CF3SO;H, and de-
composition became significant at 0.5 equiv of acid. DP po-
larographic examination of the reaction products of
[FesS4(SPh)4)2~ with the two acids in the absence of signifi-
cant decomposition revealed the same peaks as for n = 1
species generated by reaction with the corresponding anhydride
(Table I). Careful treatment of NMP solutions of
[FesS4(SCH,Ph)4]%~ and [FesS4(S-1-Bu)4] 2~ with a solution
of anhydrous HCl in acetonitrile produced, along with some
decomposition, the spectrum of {FesS4Cl;]2~. When followed
by DP polarography the same peaks were observed as in the
sequential addition of acetyl chloride to these dianions.

Reactions of [FesS4(SR)4]2~ with the weaker acid, acetic
acid, were also examined. As judged by visible absorbance
decreases and/or the heights of polarographic peaks, reactivity
varied in the order R = ¢-Bu > CH,Ph > Ph with the first two
dianions exhibiting reaction at 1.0 equiv of added acid and the
last being only slightly affected by 5.0 equiv of acid. Shown in
Figure 4 are DP polarograms resulting from the addition of
1-3 equiv of acid to an NMP solution of [FesS4(S-¢-Bu)4]2~.
Formation of the n = 1 species at the same potential (—1.29
V) as that for the reaction with (CH3CO),0 is evident, as is
a small extent of n = 2 species formation of higher levels of
added acid. Reconstitution of [Fe;S4(SR)4]2~/HOAc reaction
systems could be achieved by the addition of triethylamine
alone, except for the R = ¢-Bu case, where excess thiol proved
necessary.

Discussion

The results of reactions of [FesS4(SR)4]2~ with electrophilic
reagents Y-X are describable by the generalized Scheme I
involving sequential replacement of thiolate ligands. Reagents
investigated which should provide a common X ligand ac-
cording to this scheme are appropriately grouped. Table I
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Scheme I

YX
[Fe,S,(SR),]*" —— [Fe,S,(SR),X]*-+ YSR
1 2

YX
———

[Fe,S,(SR),X,]*" + 2YSR
3

X [Fe,S,(SR)X,]*" + 3YSR X4 [Fe,8,X, ]~ + 4YSR
4 5

YX = CH,COCI (6a), HCI (6b)
(CH,CO0),0 (7a), CH,CO,H (7b)
(CF,C0),0 (8a), CF,CO,H (8b)
(CF,80,),0 (92), CF,SO,H (9b), CF,S0,CH, (9¢)

serves as a summary of the various [FesS4(SR)4—,X,]1%~
species 2-5 which have been detected by DP polarography. In
addition the mixed ligand complexes 2-4 having R = p-tolyl
and X = Cl, OAc were identified by TH NMR spectroscopy.
The earlier work!2 which had established reaction 3 and led
to the isolation of (Et4N)2{FesS4Cls] did not include attempts
to detect intermediate mixed ligand species.

The following experimental results are summarized in
support of Scheme I for the reactions of [Fe S4(SR)4]%~ (1,
R = Ph, p-tolyl, CH,Ph, t-Bu) with reagents Y-X: (1) iden-
tification by DP polarography and electronic spectroscopy of
the previously characterized tetramer {FesS,Cls]2~ 2 as the
terminal reaction product with reagents 6; (2) detection by
polarographic and 'H NMR measurements of only three in-
termediate species (2, 3, 4; X = Cl, OAc) in reactions with
reagents 6 and 7a; (3) formation of identical species (peak
potential criterion) upon reaction of reagents 6 (2-5, X = Cl),
7 (2, 3; X = OAc), 8 (2, X = CF;C05),and 9 (2, X =
CF3S05) with the previously specified dianions 1; (4) identi-
fication (where sought) by gas chromatography and 'H NMR
spectroscopy of the appropriate thioester or thioether, YSR,
as the reaction product of displaced thiolate; (5) 90% re-
constitution of any species 2-5 upon addition of excess thiolate
(reaction 5, polarographic and electronic spectral criteria),
indicating retention of FesS4 core structure throughout the
thiolate ligand substitution sequence. Neither Scheme I nor
these results are meant to indicate that all reagents 6-9 when
utilized under our experimental conditions effect the complete
(or even partial) sequence of reactions culminating in the
formation of the fully substituted dianions 5. While this matter
has not been exhaustively investigated, we have found that in
NMP solutions only two of the reagents tested, acetyl chloride
and acetic anhydride, lead to formation of all complexes 2-5
without observable decomposition. As already noted addition
of (CF;C0),0 and (CF3S0,),0 past the amount required to
generate appreciable amounts of the complexes 2 (R = Ph)
produced some decomposition, treatment of 1 (R = CH,Ph,
t-Bu) with either anhydride resulted in decomposition, and
these two dianions but not [Fe4S4(SPh)4]?~ reacted with 1.0
equiv of acetic acid to yield 2.

Several experimental regularities were observed in the
course of executing the reactions of Scheme I, primarily with
acetyl chloride and acetic anhydride as reagents. 'TH NMR
spectral and polarographic results (Figures 1 and 3) show that
individual mixed ligand complexes [FesS4(SR)4-, X, 12~ (2-4)
are the major but not the exclusive reaction products formed
with » equiv of reagent. Similar behavior was found in 'H
NMR studies of reaction 1.8 The roughly statistical distribu-
tion of species presumably precludes isolation of a pure salt of
any one such species. Reactions with acetyl chloride were
uniformly fast and stoichiometric whereas reactions with acetic
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anhydride were slow and required excess reagent to achieve
complete conversion to §. This behavior probably reflects the
weaker acylating strength of the anhydride. Reaction of any
tetramer dianion with any reagent 6-9 results in a decrease in
the intense visible absorption bands at 420-460 nm. This be-
havior provides further evidence that the visible spectral fea-
tures of [Fe4S4(SR)4]2~ arise from RS — core(Fe) charge
transfer transitions?? and is diagnostic of thiclate ligand sub-
stitution. The spectra of the fully substituted complexes
[FesS4Cly]?~ 12 and [FesS4(OAcC)4])%™ are quite different from
those of their [FesS4(SR)4]%~ precursors. Indeed, [Fes-
S4(0OAc)4]2™, the first example of exclusive oxygen ligation
to an Fe4S4 core, displays no band maxima in the visible region
(Figure 2). At parity of R substituent potentials of 2—/3—
couples of species 2-4 containing ligands X derived from any
reagent 6-9 are shifted to less negative values compared to
[FesS4(SR)4]2—+3~ potentials (Table I). The trend continues
to [FesS4Cls)23~ and [FesS4(OAc)4]2~3~ potentials. These
shifts, which signify increasing ease of reduction, are pre-
sumably the consequence of introduction of ligands with lesser
electron-releasing tendencies, thereby increasing the effective
electron affinity of the core. From the nearly constant sepa-
ration of potentials of successively substituted species and the
approximately statistical distribution of such species, we
conclude that ligands RS and X function nearly independently
such that the properties of a given tetramer vary as the sum of
the effects imparted by the individual ligands. Lastly, by as-
suming a linear variation of potential with substitution and
using the ~100 mV separation observed for the R = Ph systems
(Table I), we estimate the [Fe4S4X4]2~3~ potentials for X =
CF3CO; and CF3;S0; to be —0.6 V. Given the generally poor
binding properties of the trifluoromethanesulfonate ion in
particular, this potential may be an approximate upper limit
for that of the “naked” (solvated) core, i.c., “[FeqSs]2+:1+,

The previous findings that the rates of solvolysis and hy-
drolysis!%!5 and ligand substitution by added thiol®:!5 of the
clusters 1 increase with increasing acidity and the need for base
in cluster reconstitution led us to examine protonation as a
pathway for ligand substitution. Confirmation of reaction 6
follows from the results of treating [FesS4(SR)4]2~ with the
acid reagents 6b-9b, especially anhydrous HCI. In contrast

—\—Fe-—SR + X E—‘_‘- —\>Fe—X + RSH (6)
L4
to acylation and alkylation reactions, which appear to be ir-
reversible under our conditions, protonation reactions should
be reversible and subject to equilibrium control. Reconstitution
of the original complex with triethylamine alone is indicative
of these properties as is the reactivity order R = ¢-Bu > CH,Ph
> Ph when [FesS4(SR)4]2~ complexes are treated with equal
equivalents of acetic acid. This order is the same as that of
thiolate basicity in aqueous solution.3!

The results of this investigation allow us to make several
observations concerning the mechanistic proposals of Bruice
and co-workers, who have examined the reactions of
[FesS4(SR)4]?~ and the isoelectronic complex [Fes-
S4(SCH,;CH,C0,)4]%~ in mixed aqueous and pure aqueous
media, 41532 respectively. One proposal is that the mechanisms
for cluster solvolysis (ligand substitution by lyate species) and
hydrolysis (irreversible core destruction) involve as initial steps
the acid-base equilibria

[FesS4(SR):]?~ o= [FesS4(SR).H]
> [FesSa(SR)HI® (7)

in which clusters are suggested to be protonated on core faces.
In support of this proposal are the reported determinations of
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pKa = 3.9 for [FesS4(S-i-Bu)4]?~ 14 and 7.4 for [FesSs-
(SCH,CH,CO0,)4]6—13 derived from pH vs. absorbance plots
which suggest a >60% drop in absorbance upon monoproto-
nation. In addition these investigators conclude that solvolysis
by OH™ occurs at high pH values where excess thiol slows the
hydrolysis process but not by water at pH values below ~6
where excess thiol has little effect on rates or pK, measure-
ments. While protonic equilibria are certainly involved, our
results, especially with anhydrous HCI, suggest that in NMP
solutions ligand substitution occurs at all pH values. The ob-
served absorbance decrease ascribed to monoprotonation is
much larger than we find at 300-700 nm for monosubstitution
of a thiolate ligand but is not inconsistent with tetrasubstitution
by an oxygen-binding ligand (Figure 2). Because the ligands
function independently, the presence of one equilibrium con-
stant but hydrolysis rate expressions up to fourth order in
thiolate concentration is not unexpected,?? and both have been
observed by Bruice et al.!415 The effect of excess thiol vs. so-
lution pH clearly depends on pK, of the thiol because only
when the pH is sufficiently high to form thiolate will compet-
itive substitution affect the rates and equilibria. Other dif-
ferences found under reported aqueous solvolysis conditions!’
are an increase in absorbance during reaction and the devel-
opment of a single product wave at —0.99 V, which is 160 mV
more negative than the [Fe Ss(SCH,CH,CO05)4]6~7~ po-
tential and has been assigned to solvolyzed cluster.3* Here we
find for any species 2-5 generated from reagents 6-9 in NMP
solutions absorbance decreases and positive potential shifts
consequent to thiolate substitution.

Other than these differences, which may in part result from
the aqueous vs. nonaqueous solvent media employed, our re-
sults tend to support several aspects of the chemistry of cluster
complexes 1 initially proposed by Bruice et al.:!4!5 clusters do
undergo solvalytic-type reactions in protic media; thiolate can
be replaced by chloride; hydrolysis of the Fe4S4 core proceeds
by initial protonation of core sulfide inasmuch as thiolate
protonation leads to substitution. In other work35 we have
confirmed their observation!? that excess thiolate stabilizes
clusters in aqueous solution.

Scheme I places at our disposal various reactions for re-
placing thiolate by assorted ligands which are more labile.
Evidence that thiolate substitution promotes binding with other
ligands is found in the occurrence of reaction 8. Solutions

[FesS4(SR)3X]2~ + R'NC
2 (X = Cl, OAc)
= [FesS4(SR)3(CNR)]~ + X~ (8)

of 8 mM [FesS4(SPh)4]2~ in acetonitrile containing 2-5 equiv
of n-butyl isonitrile or fert-butyl isonitrile exhibited single

==C stretching frequencies at 2149 and 2136 cm™!, identical
with those of the isonitriles in the absence of the cluster di-
anions. Generation of species 2 (R = Ph) followed by isonitrile
addition (1-2 equiv) produced new bands at 2169 (R’ = n-Bu)
and 2161 cm™! (R’ = ¢-Bu). The former band was also ob-
served in solutions containing 2 (R = CH,Ph, ¢-Bu) or
[FesS4Cls]?2~ and 1-3 equiv of n-butyl isonitrile. The visible
spectrum underwent only minor changes when n-butyl isoni-
trile was added to [FesS4(SPh);X]2~. Addition of n-butyl
isonitrile to {Fe4S4Cls]2~ gave a new DP polarographic peak
at —0.98 V, ascribed to the couple [Fe4S4Cl3(CN-n-Bu)] ! =2,
linear extrapolation leads to ca. —1.28 V for the (hypothetical)
[FesS4(CN-n-Bu)g]2+ 1+ couple. The latter value is close to
that for the [FesS4(SCH2Ph)4]23= couple (—1.25 V), and
accounts for the fact that addition of isonitrile to solutions of
[FesS4(SCH,Ph);Cl1}1?~ diminishes the peak height near —1.16
V and increases it near —1.25 V. Increases in NC stretching
frequencies upon coordination enjoy precedent36 and are
generally associated with metals in normal oxidation states
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stabilized by weak field ligands. In such cases isonitriles are
susceptible to attack at carbon by nucleophiles?6 whereas
species containing low-valent metals with decreased NC
frequencies3®37 are often reactive toward electrophiles at ni-
trogen.3® The present results show that the mixed ligand
clusters 2 are more reactive than 1 to binding isonitrile, a result
of possible interest in connection with the role of methyl iso-
nitrile as a nitrogenase substrate.

The recent isolation of the reduced clusters [FesS4(SR)4]3~
(R = Ph, CH,Ph),36 which are analogues of the 4-Fe sites of
Fd,.q proteins,>’ has allowed us to initiate a corresponding
study of their ligand substitution reactions. Cluster trianions
are stable in rigorously anaerobic aprotic solvents, Addition
of 1.0-2.0 equiv of acetyl chloride or acetic anhydride to a
solution of [Fe4S4(SPh)4]~ resulted in an immediate decrease
in visible absorbance and formation of phenyl thioacetate.
Reconstitution under the conditions of reaction 5 largely re-
stored the original spectrum® but with ca. 15% oxidation to
[FesS4(SPh)4]2~, which we have not been able to suppress. The
rapid rate of reaction with the anhydride, compared to the
considerably slower reaction of the dianion, provides evidence
that reduction activates the cluster toward substitution by
electrophilic reagents® and suggests that any further substi-
tution of X in, e.g., [Fe4S4(SR)3X]3~ may be more facile than
in the oxidized species 2.

The biological implications of mixed ligand clusters in
proteins are numerous; several which are suggested by obser-
vations in this work are noted here. Thiolate ligand labilization
in a [Fe4S4(S-Cys)4] cluster might be achieved by aqueous
protonation coupled with protein conformational change.
Demonstration of acetate binding to clusters together with its
substitutional lability presents the possibility of protein 4-Fe
sites with Glu-CO,~ or Asp-CO,~ side chains coordinated, a
variation which would not necessarily be detected by core ex-
trusion experiments or qualitative electronic spectra (Figure
2). By such means a site for substrate binding could be opened,
and the modified cluster might then be capable of catalyzing
reductive transformations. Taking monosubstituted clusters
as an example, those with any ligand X in Table I will cause
the reaction

[FesS4(SR)4]*~ + [FesS4(SR)3X]*~
= [FesS4(SR)4]*~ + [FeaS4(SR):X]*™  (9)

to proceed to the right by virtue of the driving force generated
by the positive potential shifts of the [FesS4(SR)3X]2~ =~
couples. In this case any reducible substrate substituted for X
in the oxidized cluster and capable of effecting a positive po-
tential shift, or substituted for X in the reduced cluster, be-
comes potentially activated toward reduction by electron
transfer and concomitant protonation. In a second example,
not involving substrate transformation, ligand substitution,
which results in a negative potential shift, if occurring at a
reduced cluster, would cause reaction 9 to proceed to the left.
This possibility, previously recognized by Job and Bruice,!?
provides a means of pumping an electron to a lower potential,
thereby increasing the reducing power of [FesS4(S-Cys)a)
redox centers. Experiments designed to explore stoichiometric
and catalytic conversions of biologically significant substrates
using mixed ligand species of the type [FesS4(SR)3X]2—3~
in the presence of {Fe4S4(SR)4]3~ as a reducing agent are
underway.??

Acknowledgments. This research was supported by National
Science Foundation Grant CHE 77-04397. We thank A.
Schwartz for a gift of isonitriles, Dr. J. Renaud and J. G.
Reynolds for experimental assistance, and the Stanford
Magnetic Resonance Laboratory for the use of NMR facili-
ties.



5344

References and Notes

(1) National Science Foundation Postdoctoral Fellow, 1976—1977; National
Institutes of Health Postdoctoral Fellow, 1977.

(2) T. Herskovitz, B. A. Averlll, R. H. Holm, J. A. Ibers, W. D. Phlllips, and J.
F. Weiher, Proc. Natl. Acad. Scl. U.S.A., 89, 2437 (1972).

(3) B. A. Averill, T. Herskovitz, R. H. Holm, and J. A. Ibers, J. Am. Chem. Soc.,
95, 3523 (1973).

(4) R. M. Holm and J. A. Ibers In "’Iron-Sulfur Proteins”, Val. Ill, W. Lovenberg,
Ed., Academic Press, New York, N.Y., 1977, Chapter 7.

(5) R. W, Lane, A. G. Wedd, W. O. Gillum, E. J. Laskowskl, R. H. Holm, R. B.
Frankel, and G. C. Papaefthymiou, J. Am. Chem. Soc., 98, 2350 (1977).

(8) J. Cambray, R. W. Lane, A. G. Wedd, R. W. Johnson, and R. H. Holm, inorg.
Chem., 186, 2565 (1977).

(7) E.J. Laskowski, R. B. Frankel, W. O. Gillum, G. C. Papaefthymlou, J. Re-
naud, J. A. Ibers, and R. H. Holm, J. Am. Chem. Soc., preceding paper In
this issue.

(8) L. Que, Jr., M. A. Bobrik, J. A. Ibers, and R. H. Holm, J. Am. Chem. Soc.,
96, 4168 (1974).

(9) G. R. Dukes and R. H. Holm, J. Am. Chem. Soc., 97, 528 (1975).

(10) W. O. Gillum, L. E. Mortenson, J.-S. Chen, and R. H. Holm, J. Am. Chem.
Soc., 99, 584 (1977).

(11) C.L.Hill, D.J. Steenkamp, R. H. Holm, and T. P. Singer, Proc. Natl. Acad.
Sel U.S.A., 74, 547 (1877).

(12) g.wsé)WOng, M. A. Bobrik, and R. H. Holm, Inorg. Chem., 17, 578

(13) m.g;\.)sobrik, K. O. Hodgson, and R. H. Holm, Inorg. Chem., 16, 1851

7).
(14) T. C. Bruice, R. Maskiewicz, and R. Job, Proc. Natl. Acad. Scl. U.S.A., 72,

231(1975).

(15) R1.9C. Job and T. C. Bruice, Proc. Natl. Acad. Sci. U.S.A., 72, 2478
(1975).

(16) A.gSchwartz and E. E. van Tamelen, J. Am. Chem. Soc., 99, 3189
(1977).

(17) L. E. Mortenson and J.-S. Chen in ’Microblal Iron Metabollsm”, J. B. Nel-
lands, Ed., Academic Press, New York, N.Y., 1974, Chapter 11.

(18) An enzyme preparation from the same organism but with a lower Iron
content also contains a 4-Fe site: D. L. Erbes, R. H. Burris, and W. H.
Orme-Johnson, Proc. Natl. Acad. Sci. U.8.A., 72, 4795 (1975). A hydro-
genase recently isolated from Desulfovibrio vulgaris'® has the same Fe
and S content (12Fe, 128) as that of the clostrldlal enzyme,'® suggesting
that it also contains three 4-Fe clusters.

(19) (P-:.gM.svan der Westen, S. G. Mayhew, and C. Veeger, FEBS Lett., 86, 122

78).
(20) W. H. Orme-Johnson and L. C. Davis in ref 4, Chapter 2.

Journal of the American Chemical Society | 100:17 |/ August 16, 1978

(21) W. H. Orme-Johnson, M. T. Henzl, B. A. Averlll, P. Wyeth, and E. Minck,
Fed. Proc., Fed. Am. Soc. Exp. Biol., 36, 880 (1977).

(22) G. B. Wong, D. M. Kurtz, Jr., R. H. Holm, L. E. Mortenson, and R. G. Up-
church, results to be published.

(23) B. V. DePamphllls, B. A. Averill, T. Herskovltz, L. Que, Jr., and R. H. Holm,
J. Am. Chem. Soc., 96, 4159 (1974).

(24) R. H. Holm, W. D, Phlllips, B. A. Averill, J. J. Mayerle, and T. Herskovltz,
J. Am. Chem. Soc., 96, 2109 (1974).

(25) 1. Ugl, "’Isonltrlle Chemistry”, Academic Press, New York, N.Y., 1871.

(26) G.F. Grillot, P. M. Levin, R. Green, and R. |. Bashford, J. Am. Chem. Soc.,
72, 1863 (1950),

(27) J. J. Mayerle, S. E. Denmark, B. V. DePamphillis, J. A. Ibers, and R. H. Holm,
J. Am, Chem. Soc., 97, 1032 (1975).

(28) J. G. Reynolds, E. J. Laskowskl, and R. H. Holm, J. Am, Chem. Soc., ac-
companylng paper In this issue.

(29) The values in Table | differ somewhat from Ey,, = —0.79 V determined
by cyclic voltammetry in acetonltrlle solutlon prepared from (EtsN)z-
[Fe4S4Cls] and containing 0.1 M 7-BugNCI. 12

(30) C.Y. Yang, K. H. Johnson, R. H. Holm, and J. G. Noarman, Jr., J. Am. Chem.
Soc., 97, 6596 (1975).

(31) J. P. Danehy and K. N. Parameswaran, J. Chem. Eng. Data, 13, 386
(1968).

(32) For related studies of proteins with 4-Fe sites cf. R. Masklewiczand T. C.
Brulce, Blochemistry, 16, 3024 (1977).

(33) This statement is strictly true If thiol is replaced by solvent (H20 or OH™),
but similar results would be observed for thiolate substitution by buffer
anlon, chloride, or carboxylate If such species have comparable cluster
binding tendencles.

(34) In this laboratory we have found that cluster decompositlon in solution Is
frequently accompanied by dlisulflde formatlon. While we have not reln-
vestigated the [FesS4(SCH,CH,CO,)4]®~ system'® we have found that the
reductlon potentlal of (SCH,CH,CONH,), lies near —1.0 V, leading to the
possibility that the species observed by Brulce and Job is (SCH,CH,CO,)2~
and not solvolyzed cluster.

(35) C.L.Hill, J. Renaud, R. H. Holm, and L. E. Mortenson, J. Am. Chem. Soc.,
99, 2549 (1977). Stabillzation of 4-Fe clusters In aqueous solutlon con-
talning excess ligand has mare recently been observed by others: M. W.
W. Adams, S. G. Reeves, D. O. Hall, G. Christou, B. Rldge, and M. N. Rydon,
Blochem. Biophys. Res. Commun., 79, 1184 (1877).

(36) J. Chatt, R. L. Rlchards, and G. M. D. Royston, J. Chem. Soc., Dalton, Trans.,
1433 (1973), and references clted therein.

(37) Cf., e.g.,J. Chatt, C. M. Elson, A. J. L. Pombeiro, R. L. Rlchards, and G. H.
D. Royston, J. Chem. Soc., Dalton Trans., 165 (1978),

(38) It has recently been shown that cluster reduction in proteins tends to activate
these clusters toward reactlon with H™: R. Masklewicz and T. C. Bruice,
Proc. Natl. Acad. Scl. U.S.A., 74, 5231 (1877).

(39) R. S. McMillan, J. Renaud, and R. H. Holm, work in progress.
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Abstract: Photooxidation of the dichloro- and trichlorocuprate(l) ions in aqueous acidic media produces chlorocuprate(1I) ions
and hydrogen with quantum yields approaching unity. The photolysis of CuCl32~ at 274 nm shows a linear dependence for the
reaction Cu(I) + H* — Cu(II) + !4H2(g) on the square root of scavenger (H*) concentration within a range of scavenger con-
centrations greater than 10~2 M and less than 2 M, The square-root dependence as well as the response at high and low scaven-
ger concentrations is explained by invoking a Noyes-geminate-pair scavenging mechanism. The charge transfer to solvent
(CTTS) character of the transition, and the dependencies of ¢ on [H], ionic strength, temperature, and on the presence of
acetone as an electron scavenger, are used as evidence for the production of an electron in the primary step. In addition, laser
flash photolysis experiments at 265 nm have confirmed the production of the hydrated electron in a neutral solution of di- and
trichlorocuprate ion, containing no known efficient electron scavengers. An unusual dependence of ¢ on chloride ion concen-
tration was observed, and this is explained in terms of a salt effect. In the absence of efficient scavengers the hydrated electron
is the primary product. The equilibrium constant for the reaction CuCly~ + Cl~ = CuCl32~ and the resolved spectra for the
two complexes were measured at 3 M ionic strength. The association constant obtained was 1.1 + 0.1. CuCl32~ exhibits a band
at 274 nm, believed to be CTTS because of its behavior in different solvents, while CuCl,~ is transparent at this wavelength.
Both complexes absorb at 230 nm, but the nature of this band is unclear. An overall mechanism is proposed and the implica-
tions of this system for solar energy conversion are discussed.

In spite of the fact that copper(I) chloride has been used
for a great number of photocatalyzed organic reactions, the
photochemical behavior of copper(I) complexes in solution has
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been given very little attention. Recently it has been reported
by Hurst et al.2 and by McMillin et al.3 that excitation of
metal-ligand charge transfer bands of Cu(I) complexes results
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