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On the Existence in Solution of Doubly Thiolate-Bridged Double Cubanes Containing the
Heterometal [MFe3Ss] Core (M = Mo, W)
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Clusters of the general tydgMFesS4(SR)(cat)b(u2-SR)} 4~ (cat= catecholate) have previously been shown to
contain two heterometal cubane-type cores [MgET (M = Mo, W) linked by two Fe-S(R)-M bridges such
that the cluster has idealized centrosymmetry. These clusters resemble the P-clusters of nitrogenase in tha
have twou,-SR bridges between cubane (or cuboidal) halves of the cluster. When dissolved in a stron
coordinating solvent or treated with a suitable ligarid-®, the bridges are cleaved to afford the single cubanes
[MFesS4(SR)(cat)L/(solv)F—3~. Because of their relation to P-clusters, the stability and electron transfer properti
of the double cubanes have been examined in solufiBiNMR spectroscopic and cyclic voltammetric properties
of acetonitrile solutions prepared fronySt™ salts of clusters with R= Et and M= Mo, W are entirely consistent
with the presence of bridged double cubanes in solution. Key observations include different chemical shift
bridging and terminal ethanethiolate ligands and two successive oxidations separatee-BgAB0/. Reduction
occurs with twice the diffusion current of the oxidations and results in cleavage to two single cubanes. Bril
strength increases in the order=RPh < Et (consistent with basicities of the thiolate anions) aneEN¥lo < W.
This work has produced the first demonstration that doubly thiolate-bridged double cubanes of any descrif
remain intact in solution. The synthesis ofy6gdouble cubanes with bigf-SR) bridges persists as an objective
if actual analogues of the P-cluster are to be obtained.

bridged clusterdV 5¢9:6 followed and, thereafter, the doubly
) ) thiolate-bridged molybdenum and tungsten cluskiérswhich
The demonstration by protein crystallography that the P- 4re of principal interest in this investigation. Clust@® is the
clusters of nitrogenase, depicted laand Il in Figure 1, are o5y example of a cluster similar t¢ involving vanadium.
minimally bridged by two cysteinate sulfur atoms is a powerful Nearly all of the remaining members of the set| ° VIII 10
factor in the sustained interest in bridged double-cubane clusters,y 11 and X,12 were obtained more recently. Among these is
These clusters have the core compositionsSkgand function -
as internal redox centers in the FpeMo protein of nitrogenase the double cubang[MoFesSuClo(Clacat)(uz-S)}° (VIII )*

. . 'with Mo—S—Mo and Fe-S—Fe bridges. In the extensive
passing electrons to the catalytic FeMo-cofactor cluster. Struc-
ture |, determined by Rees and co-workéréeatures an
intercubane S-S bond betweenftg-S) subclusters, whereas
I, deduced by Bolii,has aus-S atom bridging the two cuboidal
Fes(us-S)s halves. If both structures have the same oxidation
state, their differences are yet to be reconciled. In-rsulfur
cluster chemistry, no thiolate-bridged double cubanes or double
cuboids have been realized experimentally, the closest approach
being monae,-sulfido double cubanes.Indeed, these are the
only known FgS,; double-cubane clusters connected through
sulfur atoms’
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In contrast to Fg5, clusters, bridged structures predominate

in the chemistry of the heterometal double-cubane clusters (7

containing MFe(us-S), cores with the metals present in
nitrogenase (M= V, Mo) and certain nonbiological metals (M
= Nb, W, Re). These are set outlls—X in Figure 1. Clusters
of the triply bridged typdll ®> were the first synthesized in the
set of the eight structure types. The Fe(ll;Hhexathiolate-
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Figure 1. Depictions of the two structurds(Reeset alt) andll (Bolin?) of nitrogenase P-clusters, and of all known structural tyljles X of
bridged heterometal (ME8s) double cubanes. Bridging and terminal ligands are indicated, but not all combinations may occur with a given me
The catecholate chelate ringsVhand VIl —X and the S-S bond in the big(:%?-S;) clusterVIl are omitted for clarity.

development of MFs5, cluster chemistry? considerable em-  a position necessarilgis to the catecholate oxygen atoms. The
phasis has been placed on obtaingigglecubanes in order to  structures of two typ® clusterg and several single cubaré®
simplify the electronic structures, but primarily because then, reaction products have been established by X-ray structure
as now, the unbridged Mok®, fragment provides the best determinations.
synthetic representation of the molybdenum coordination en-  Given the importance of single ME®; cubanes in biologi-
vironment in the cofactor cluster. A highly effective route has cally related cluster chemistry, an aspect that continues toda
been reaction 1, in which a double cubavids cleaved by a  with the use of such species as catalytic reducténtae
coordinating solvent such as M&O or DMF or by an precursor clusterg have remained largely unexamined except
exogenous unidentate ligand L to afford single cubanes. Thefor crystal structure determinations. Indeed, the double-cuban
initial Mo—S(R)—Fe bridge typically has the bond distances status has never been investigated in solution, the presumptio
being that strongly coordinating solvents efficiently cleave these
{[MoFe,S,(SR),(cat)L(u,-SR)}*~ + 2solv/L® — clusters. 'H NMR spectra ofca 10 mM solutions prepared
-3 from salts of molybdenum- and tungsten-containing spééies
2[MOFQ”S“(SRMC&O(SON)/L]Z @ in acetonitrile, DMF, or MgSO at ambient temperature have

Mo—S = 2.70 A and Fe'S = 2.31 A7 Without exception not revealed the presence of double-cubane cluétéraVvith

cleavage leaves the +& bond intact and the solvent or added (15) (a) Mascharak, P. K., Armstrong, W. H.: Mizobe, Y. Holm. R.H
ligand is bound at the distorted octahedral molybdenum site in Am. Chem. Sod 983 105 475. (b) Palermo, R. E.; Holm, R. B,

Am. Chem. Socd 983 105 4310.
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the emergence of the bridged P-cluster structurasdll , we A considerably different behavior is encountered wiithnd
have returned to the matter of thiolate-bridged double cubanes,3 in acetonitrile, in which the compounds are much less soluble.
their stability in solution, and the associated matter of redox Spectra a and d in Figure 2 correspond to saturated solution
behavior. We are particularly concerned with the intrinsic of 1 and 3, respectively, at 297 K with solid present. By
stability of an intercubane thiolate bridge; i.e., is its existence increasing the temperature or adding solid NaBRta. 15

in typeV clusters an effect of the solid state, or is it of sufficient equiv), the compounds completely dissolve. The spectra clearl
robustness to survive in a solution medium? While such clustersdiffer from those of the single cubanes, and correspond tc
cannot be said to be strict analogues of the bridge interactionsspecies with the centrosymmetry of tygeclusters. Resonances
in the native clusters, they are presently the only molecules are assignable on the basis of relative intensities and isotropi
which allow examination of Fe(u.-SR) bonds in cubane  shifts. In spectra-ac of the molybdenum cluste, the signal

clusters. with the largest isotropic shift is assigned to the bridging
) ) methylene protons, whose ethanethiolate group is bonded to tw:
Experimental Section clusters. In spectrum a, this feature occurs at 98.2 ppm. The

Preparation of Compounds. All operations were carried out under ~ pair of signals at 16.9 and 16.5 ppm correspond to terminal
a pure dinitrogen atmosphere. Solvents were purified as appropriateFe—SCH; groups whose protons are diastereotépidhe signal
and degassed prior to use. 3,4,5,6-Tetrachlorocatechol was purifiedat 8.89 ppm is associated with the methyl group of bridging
by sublimation; 3,6-diallylcatechol was prepared by rearrangement of ethanethiolate by reason of its chemical shift. Methyl signals
catechol diallyl ether at 165C under dinitrogen fo6 h followed by of terminal ligands are not resolved and occur at 2.77 ppm.
vacuum distillation. The compounds {&),[M2Fe&;Ss(SEts(alcat] The addition of NaBPhaccentuates the chemical shift difference
(M = Mo, W) and (EiN).[MooFeS(SEtk(Clicat)] ™ were prepared o yoen the FeSCH, groups, presumably by an ion-pairing
as previously described. effect. The tungsten clust@behaves in a related manner, as

Physical Measurements. All measurements were performed under f : . f i f | ith
anaerobic conditions!H NMR spectra were measured on a Bruker SE€N from inspection of spectra-ti Because of overlap wit

AM-500 spectrometer. Electrochemical measurements were performedthe abcat ligand, the methyl resonance of the terminal thiolate
at ambient temperature in acetonitrile solutions with a PAR Model 263 ligands was not located. The observed smaller isotropic shifts
potentiostat/galvanostat using a Pt working electrode, 0.1 MNBu and narrower line widths are a consistent property of [V&ré"
(PR) or 0.1-0.2 M NaBPh supporting electrolyte, and an SCE vs [MoF&S4®" clusters?d? The spectra ofl and 3 are
reference electrode. consistent with retention of the doubly bridged structurén
acetonitrile solutiorf!
Further evidence for existence of the doubly bridged structure
Clustersl—11 are of principal interest in this worll;—3 and V in solution is obtained with cluste&t. A saturated solution
9—11 are double cubanes of typé, 8 is a double cubane of  of this cluster in acetonitrile at 297 K affords the three+Fe
type lll , and4—7 are solvated or ligated single cubanes. In SCH, resonances of Figure 3a. The signals at 16.6 and 91.
past and present work, these clusters were employed as theippm derive from the double cubane whereas that at 53.3 ppn

Results and Discussion

EtNT salts. is in the range of single cubanes (Figure 2, inset). This chemica
For simplicity, compounds are referred to by their anion shift is essentially the average value (54.1 ppm) of the other
number. two signals, confirming assignméhbf the 16.6 ppm signal to
4 the terminal ligands. Increasing the temperature to 313 K leave
{Mﬁjﬁé&@ﬁ&&ﬁ% %%g only the resonance & (Figure 3b), indicating the operation of
[W2Fe;Se(SEty(akcaty]* 3(V) equilibrium 2. Addition of solid NaBPhevidently stabilize®
[MoFesS4(SEts(Clycat)(solv)f~ 4 at the expense d and induces a pronounced asymmetry in
[MoFesSy(SEth(alcat)(solv)F~ 5 the feature at 15.6 ppm (Figure 3c).
[WFesSy(SEth(alcat)(solv)f~ 6
[MoFesSy(SEt)(Clacat)(CN)F- 7 - R
[Mo:Fe,S(OMek(SBU)g*- 8(Ill) [Mo,Fe;Sy(SEtk(alcaty]® + 2MeCN=
[Mo,Fe;Ss(SEts(Pr.catp]*~ 9(V) -
MoFas(SPhyaloattl 100 2[MoFe,S,(SEt)(alcat)(MeCN)f ™ (2)
[Mo2FesSe(S-CsHaCl)s(cath]*~ 11(V)

Electron Transfer Reactions. Relevant cyclic voltammo-

Behavior in Solution. The reaction of typ#&/ clusters with grams a-d of solutions prepared from double cubades3 are
strongly coordinating solvents is exemplified by treatment of ~ set out in Figure 4. The behavior of three clusters in acetonitrile
and3 with Me,SO. The compounds dissolve instantly; the (Figure 4, voltammograms—&) is essentially the same. All
NMR spectra a and b in the inset of Figure 2 are entirely show a single chemically reversible reduction stggif.= 1)
consistent with the formation of solvated single cubathesd with a diffusion currentca. twice that of each of the two
6. Because these clusters are fluxional at the molybdenum and
tungsten sites owing to rapid solvent dissociation and attendant(18) The appearance of two methylene signals has three limiting origins:
reorientation of the catecholate chelate rthgthe spectra () diastereotopism of the protons in a given group, with any

. . . . inequivalence of the two methylene groups a secondary effect; (ii)
correspond to trigonally symmetric species. Ethanethiolate static or fluxional centrosymmetry, in which event the two groups

signals are isotropically shifted owing to the paramagnetism of are inequivalent; (iijsynandanti conformers, with any inequivalence
the clusters, which have &= %/, ground staté? In general _of the two groups within a conforme( a secondary effect. Regarding
. - ! 2t - ! i, resolvable diastereotopism of terminal+=8CH, protons has been
isotropic shifts of [MFeSy]°" clusters (M= Mo, W) are very observed previousl but its occurrence in MRS, clusters is, in our
sensitive to the nature of the terminal and Mo-bound ligands, experience, most infrequent. In i, fluxional centrosymmetry requires
apparently through a complicated interplay of contact and inversion at the bridging sulfur atoms, a process which may occur in
dibolar interactions the Fe-S(Et)-Mo bridges of typelV clusters>e Concerning iii, 9
p ' (monoclinic form)7atwo inequivalent molecules & (triclinic form),2°
and 10?° are centrosymmetric with thanti conformation, whereas
(17) (a) Mascharak, P. K.; Papaethymiou, G. C.; Armstrong, W. H.; Foner, 1170 exists in thesynconformation.
S.; Frankel, R. B.; Holm, R. Hlnorg. Chem.1983 22, 2851. (b) (19) (a) Zhang, Y.-P.; Baskin, J. K.; Holm, R. Hhorg. Chem.1987, 26,
Mizobe, Y.; Mascharak, P. K.; Palermo, R. E.; Holm, R. IHorg. 694. (b) Ciurli, S.; Holm, R. HInorg. Chem.1991 30, 743.

Chim. Actal1983 80, L65. (20) Armstrong, W. H. Ph.D. Thesis, Stanford University, 1982.
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Figure 2. Inset: IH NMR spectra of single cubands(a) and6 (b) in Me;SO at 297 K*H NMR spectra in CRCN: 1 (a) at 297 K, (b) at 333

K, and (c) in the presence of NaBP&t 297 K;3 (d) at 297 K, (e) at 313 K, and (f) in the presence of NaB&h297 K. Signal assignments are
indicated.

oxidation steps whose half-wave potentials are separated by[MFesSs)3" (S= 3/,), which in the two-electron step is reduced
150-230 mV. Forl (Figure 4a), the potentials aifg;;, =

—0.11, —0.27, and—1.31 V. This cluster evidenced an [M,FeSy(SEt)(caty]? ==[M 2Fe688(SEt)6(Cat)2]3_

unidentified impurity feature at0.44 V, which was of variable _

intensity in different runs, but its apparent current height never [M ,Fe;Sy(SEt)(caty]* -

exceeded that of either oxidation reaction. The behavidt of 2[MFe384(SRk(cat)(MeCN)f_ (3)

and 3 (Figure 4, spectra b and c) was somewhat cleaner; the

potentials of2 areEy, = —0.28,—0.43, and—1.32 V and of3 to [MFesS4]?", a characterized oxidation level with= 2.17

areE;p = —0.34,—0.57, and—1.51 V. A solution in MgSO Our results do not differentiate between the reduction of either

prepared fron? affords a voltammogram (Figure 4d) with one  component in equilibrium 2. The two successive, closely spacec

oxidation and one reduction step of nearly equal diffusion oxidations provide persuasive evidence for the existence of the

current, indicating the formation of the single cubdne double-cubane structukéin species which have been oxidized
These observations are entirely consistent with the electronto the {[MFe;S|3 [MFesS,*t} and{[MFe:S4]**} . oxidation

transfer series 3. The initial core oxidation statelef3 is levels. Decreased bridge binding affinity with core reduction
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Figure 3. *H NMR spectra of CGCN solutions prepared frora (a)

at 297 K (~2 mM), (b) at 313 K, (c) and in the presence of NaBPh
(15 equiv). Resonances arise from the methylene groupsiofl single
cubaneb, as indicated.

(a) [MopFegSg(SEt)g(Clycat)s]*

(b) [MosFegSg(SE)s(alacat)y]*
-1.37
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(d) [MoFegS4(SEt)a(alacat)(DMSO)Z  (¢) [WoFeeSg(SEt)g(alacat)o]*
-1.43

-1.56

0.52 -1.46
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Figure 4. Cyclic voltammograms at ambient temperature (100 mV/s,
0.1 M (BwN)(PFR)): (a) 1in acetonitrile; (b)2 in acetonitrile; (c)3in
acetonitrile; (4) solution prepared fro2in Me,SO containing. Peak
potentials and impurity features (x) are indicated.

is an intuitively reasonable resdf. A redox series spanning
these oxidation levels is not without precedent. For example,
cluster8 (type lll , L, = MeO~) undergoes two one-electron
reductions and oxidatior thereby forming a five-membered
series terminated by tHigMoFe;S4]% » oxidation states witlz
= 4+ and 2+. The potentials B2 (3) < Ey2 (2) are consistent
with the normal order of tungsten vs molybdenuiz;, tungsten
complexes are more difficult to reduce than their molybdenum
analogues.

Under certain conditions, the two-electron step of series 3
can be circumvented. The cyclic voltammogram bfin
acetonitrile in the presence of 0.1 M NaBPprovided in Figure

(21) Over the range 297337 K, the signals at 98.2 and 8.89 ppm (Figure
2a) exhibit a Curie dependence of chemical shift, as expected for a

Huang et al.

[MooFegSs(SEDs(Clacat)ol* / 0.1 M NaBPhy

-1.18 §

-1.01

1237
% 1 il { 1

0.2 M NaBPh,

-1.01 -1.09

Figure 5. Cyclic voltammogram (100 mV/s) at ambient temperature
of 1 in acetonitrile with 0.1 M NaBPhsupporting electrolyte. Inset:
voltammogram of [MeFe;:Ss(SEt)]®~ in acetonitrile>® The lower trace

is a differential pulse voltammogram in acetonitrile with 0.2 M NaBPh
supporting electrolyte. Peak potentials are indicated.

5, does not show the single two-electron reduction step founc
with 0.1 M (BwN)(PFs) present (Figure 4). Instead, two
electron transfer steps are observed with &€ —1.05 and—1.14

V. This behavior is related to that of the typk clusters
[M2FesSs(SR)]%, which in general show two reversible reduc-
tions (Figure 5, inset). In the presence of 0.2 M NaBRvo
steps of evidently equal current height are resolved Witk
—1.01 and—1.09 V. These two redox steps are reasonably
assigned to the intact double cubane, in which case anothe
instance of stabilization of structukeby ion pairing with N&

is apparent. The positive potential shiftsaz. 200 mV must

be a consequence of ion pairing, which reduces the cluste
negative charge and facilitates reduction.

Cluster Interaction with Sodium lons. The double-cubane
clusters exhibit an interesting behavior toward sodium ions, as
already observed in the stabilization of the bridged structure.
As a general rule, sodium salts tend to be insoluble or sparingly
soluble in acetonitrile. One exception is NaBRkhich is freely
soluble in this solvent. Further, the jSt™ salts of 1—3 are
sparingly soluble in acetonitrile, but become much more soluble
in the presence of NaBRh Shown in Figure 6 is the behavior
of the Fe-SCH;, signals ofl in the presence of-660 equiv of
NaBPh. With no salt present, a broadened, apparently double
signal occurs. As the salt concentration is increased, the twc
signals split and become well resolvedtat 20 equiv. Cluster
3 (15 mM) behaves similarly, except that the two signals merge
at 3 equiv and thereafter separate and become well resolved :

simple paramagnet. We note certain unexpected features of the pairca. 30 equiv and remain so to at least 100 equiv of salt (not

of terminal Fe-SCH, signals of1—3 at ca. 13—18 ppm (Figure 2).
The chemical shifts are unusual, given that the analogous resonane
occur at 45-47 ppm (MeSO) in the solvated single cubangsand
672and at 38(2) and 79(1) ppm (GON) in the (nonfluxional) single
cubane7.”® These shifts exhibit anti-Curie behavior, an effect that is

evident in Figures 2a,b and 2d,e. Despite these features, signal

intensities and multiplicities permit no other assignment.

In this context, we note the related reactiony[Edty]?~ + 2e~ —
2[Fe(edt)]?>" in acetonitril@32 (edt = 1,2-ethanedithiolate) and the
electron transfer series [K#d)4]%227/2[Fe(tfd)]?~ in dichloro-
methané® (tfd = (CFs).C,S,). In both cases, reduction to the Fe(ll)
state breaks the two Féu,-SR)—Fe bonds of the binuclear species.

(22)

S

shown). In both systems, the equal intensities of the resolvec
signals suggest that cause of the inequivalence is the diaste
reotopism of the methylene protons. No signals attributable tc
a single cubane were observed in either system.

These results provide further evidence for the interaction of
sodium ions with double cubanes. We cannot prove the mode
of interaction, but draw attention to the structural information
in Figure 7, where part a depicts the core structure of the cluster
in the crystalline staté?® The sites most likely to bind Na
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Figure 6. The behavior of the FeSCH, resonances df (10 mM) in
acetonitrile solution at 297 K in the presence ef@D equiv of NaBPh

Figure 7. (a) The core and bridges of typdedouble-cubane clusters.
(b) The central portion of the cluster in part a in a conformation
containing a “boat-shaped” MBex(u>-S)(us-S), ring as a possible locus
of Nat binding.

are one or both of the,-S atoms and twas-S atoms adjacent
to the bridges. If the cluster conformation wesem bothu-S
atoms might interact if Na approached the center of the
molecule, above the (idealized) Mee(u2-S), plane and on the
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Lastly, we emphasize again the beneficial effect of Nda
double cubane cluster stability. As already documented (Figure
3), molybdenum cluste? in acetonitrile exists in equilibrium
2 at 297 K and is fully dissociated into the single cubaret
313 K. However, the addition of 15 equiv of NaBPienders
2 the only NMR-detectable species up to 323 K. Tungsten
cluster3 in acetonitrile is fully cleaved to single cubaBeat
338 K. However, when 15 equiv of NaBPare present, only
3 is observed at this temperature. These findings suggest the
the added stability arises from Nainteractions with both
bridging and core sulfur atoms. These interactions would appea
to be promoted by the substantial negative charge) @ the
double cubanes.

Stability of the Fe—S(R)—M Bridge. We note briefly the
effects of components R and M in the bridge. WherrRryl
asinl0and11, these double cubanes when placed in acetonitrile
at ambient temperature generate the single cubanes;B#Fe
(SR)(alcat)(MeCN)E~, as determined by a single set of R
group resonances in thiél NMR spectra.152 Evidently the
increased basicity of alkyl- vs arylthiolates (manifested by a
pK, difference ofca. 3.5 for EtSH and PhSH ) affords a
considerably stronger bridging interaction. Although we have
not pursued the matter beyond the foregoing observations, i
seems clear that, on the basis of the behavior of double cubane
2 and3in acetonitrile, the order W& Mo holds for the relative
strengths of bridge bonds. No such discrimination is observec
in the more strongly coordinating solvents DMF and /8@,
where cleavage is complete.

Summary. This investigation provides the first evidence that
doubly thiolate-bridged double-cubane clusters of any descrip-
tion can maintain structural integrity in solution. This conclu-
sion is based on the detection of bridging and terminal thiolate
resonances, and multiple coupled oxidations in series 3, botl
results being entirely consistent with [Me;Sg(SEt)k(cat)]*.

The structured/ of three analogous clusters in the crystalline
state have been established by X-ray diffracfiéh.Coupled
redox processes have been observed for sulfide-bridgesi Fe
double cubanesand for the majority of clusters in Figure 1,
including doubly bridged/Il %abandVIll .24:105¢ This behavior

is a reasonable criterion for a double-cubane structure, provide:
the bridges are too long or too unstable upon cluster redox, o
do not electronically conjugate the component clusters. One
or more of these factors apply to type clusters, which show
one oxidation and one reduction procéssThe stability of type

V clusters is apparently aided on the one hand by a long $10

side opposite the bridging ethyl groups. The bridge region is bond (2.70 A), which diminishes van der Waals interactions
sufficiently flexible such that a conformation b can be achieved, between MFegcubane faces that are held roughly parallel by

in which the plane in part a is broken and a “boat-shaped”

MogFe(u2-S)(us-S) ring results. This presents a more spatially
compact set of threafiti) or four (syn sulfur atoms that might
bind to Na". With use of the structural data féf’2a molecular

the bridges, and on the other by rather strong &édonds (2.31
A), which are at the long end of F&SR terminal bonds (2.25
2.31 A, R= alkyl) in [FesSy]>"** clusters?” The problem of
the synthesis of bigg-SR)FQS, double cubane as an analogue

modeling study has shown that the distances between “coordi-of the P-clustett (with or without the intercubane-SS bond)

nated” Na and the four sulfur atoms are 2:8.0 A. Among
molecular species, these values are similar to the-Nay-S)
distances in [NgFegS:]8~, where N& is bound in the center
of a cyclic iron—sulfur cluste* Similar interactions are found
in [Nax(FesSo(SMe))7]6.25
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