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Our interest in higher nuclearity sulfido-bridged-F® clusters, because of their occurrence in several proteins
including nitrogenase, prompted us to investigate the solution chemistry of the functionalized cluSgBJFg]2~

(1). (n-PuN)J[1] crystallizes in space group2i/n of the monoclinic system witta = 26.201(1) A,b =
11.4999(5) Ac = 28.090(1) A, ang8 = 110.735(1). The X-ray structure reveals the conventional cubane-type
geometry with an [F£54]%" core symmetry more closely approachifig than the tetragonally distorteyy
symmetry reported for the (PBE 1] (Mdiller, A.; Schladerbeck, N. H.; Bge, H.J. Chem. Soc., Chem. Commun.
1987 35). In solution1 exists in dynamic equilibrium with self-condensation products formed through elimination
of H,S and formation of sulfido-bridged cluster oligomers, one of whihiq prevalent. The self-condensation
equilibrium is shifted toward clustet. When acetonitrile solutions df were treated with thiols more acidic
than HS, it was possible to detect hydrosulfido terminal ligand substitution produdisefwell as those of the
major self-condensation produdt Detailed analysis of the products in acetonitrile solutiond,cds well as
those generated in solutions btreated with acidic thiol, by electrospray mass spectrometry, and#etand

IH NMR spectroscopy indicates the presence of a sulfido-bridged acyclic trimer g,JFe clusters,i.e.
{[FesSa(SH)s) 2[FesSu(SH)] (u-Sk} & (4), a hitherto unprecedented +8 structural pattern, as the principaH®

cluster self-condensation product.

Introduction

Of the myriad of cubane-type irersulfur clusters [F£5;-
(SRY]?™ that have been prepared, the species withl R is
the simplest and most fundamental. This cluster was first
prepared in 1987 by Mier et all in an apparently serendipitous
reaction of [CpFe(CQ)] and H;S and was isolated in 35% yield
as the PEP* salt. A crystal structure was reported which was
described as revealing a tetragonBbd) compression of the
[FesS4)?t core, a distortion very common to clusters in this
oxidation staté. Thereafter, we synthesized this cluster by
reaction 1 in acetonitrile in 83% purified yield as the sameSsalt.

)

[Fe,SALSYSEYF + H,S— [Fe;Sy(LS)(SH) (2)

[Fe,S,(SEt)])*” + 2H,S— [Fe,S,(SH),]* + 4EtSH

2[Fe,SyLS)(SH) — {[Fe,S(LSy)1,SH +H,S (3)

2[Fe,S,(LS,)C> + Li,S— {[Fe,S,(LS,)],S}* + 2LiCl
(4)

The [1:3] site-differentiated cluster in reaction 2 was prepared
similarly and obtained in 8588% yield? In this case, the
semirigid trithiolate cavitand ligand LgSlirects substitution to
the unique iron site. Reaction with excesgSHemoves this
ligand and affords [F£54(SH)]2~. The occurrence of reaction

3 designates the reactant afuactionalizedcluster, inasmuch
as two hydrosulfide groups condense and eliminai® With
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formation of au-sulfido double cubang. Terminal ligands
commonly included in these clusterthiolate, phenolate,
halide—are in general amenable to substitution but require the
introduction of a suitable ligand, as in reactiol #h generate
bridged clusters.

While not recurrent, terminal hydrosulfide ligation is nonethe-
less well establishetl.In addition to the foregoing cases, there
are three documented examples of the—B&l group, all
involving Fe(I1)5=8 Our interest in hydrosulfide clusters is
centered in the nature of products obtained by condensation
reactions and the attendant possibility of preparing oligomeric
iron—sulfur clusters. In the case of reaction 3, only one product
is possible. However, the condensation reactions ofJfe
(SH)Y]?~ have a number of conceivable outcomes, including the
formation of acyclic and cycliu-sulfido oligomers. Such
sulfido-bridged assemblies are currently unknown and are of
interest with respect to synthetic precursors to the P-cluster of
nitrogenastand other polycubane natural produttswe report
here the results of our initial investigation of the self-condensa-
tion reaction of [FgS4(SH)]?~ under the conditions of dynamic
equilibrium.
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Experimental Section Table 1. Crystallographic Data formtPuN)z[FesSs(SH)]
Preparations and Reactions. All operations were performed under formula GaHooFeNeS
a pure dinitrogen atmosphere. All solvents were degassed and dried fw gga/.ez
prior to use. 4-Nitrobenzenethiol was prepared as desctibetier :p(%\():e group 2612%1(1)
arenethiols were the best commercial products available. b (A) 11:4999(5)
(n-Pr4N)o[FesSs(SH)4. In a procedure analogous to that for the c(R) 28.090(1)
n-BuN* salt? reaction of 3.00 g (2.30 mmol) ofn{PryN),;[Fe,S- B (deg) 110.735(1)
(SEty]*2 and a slight excess of 23 in acetonitrile solution afforded V (A3 7915.6(6)
after workup and dryingn vacuo1.81 g (92%) of product as a dark Pealcd (Q/CITP) 1.438
green solid. Absorption spectrum (acetonitriléyax (em) 266 (24 000), T (K) 213
368 (15 000) nm.™H NMR (CDsCN, anion): 6 47.6; other signals z 8
are discussed in the texEy, = —1.08 V (acetonitrile) vs SCE. Anal. u ({)T1Wl)a 1.877
Caled for GHaoFeNSs: C, 33.65; H, 7.06; Fe, 26.08; N, 3.27; S, R 002

29.94. Found: C, 33.79; H, 6.94; Fe, 26.21; N, 3.23; S, 29.84.
NMR Samples. Because black precipitates appear in solutions of aMo Ka radiation § = 0.710 73 A).PR1L = Y ||Fo| — |Fel|/3|Fol.
[FesS4(SHY]2~ in a manner dependent on concentration, solvent, and *wR2 = { Y[wW(F2 — FA)/ 3 [W(FHA} Y2
time, the solutions used in the studies that follow were prepared
individually ca. 15 min before use; all measurements or reactions of structure factor amplitudes and their esd’s. Space group assignment
these solutions were restrictenl5 h orless. When the concentration =~ was based on systematic absences Bnstatistics and successful
range was limited to 515 mM, no precipitate was detected in this  refinement of the structure. The structure was solved by direct methods
time period. Ligand substitution reactions were examined using 10 Wwith the aid of successive difference Fourier maps and refined against
mM solutions of the cluster in acetonitrile to which were added aliquots all data using the SHELXTL 5.0 software package. Thermal parameters
of 0.4 M stock solutions of arenethiol in acetonitrile. All NMR  for all non-hydrogen atoms were refined anisotropically. The (SH)
measurements were made at the ambient probe temperature of 297 Khydrogen atoms were not located or included in the refinement;
Physical Measurements.*H (400 MHz) and*%F NMR (376 MHz) hydrogen atoms associated with the cations were assigned to ideal
spectra were recorded on a Bruker AM400 spectrometer; fluorine shifts Positions and refined using a riding model with an isotropic thermal
are referenced to PhCFECIForH spectra, typically a spectral window ~ Parameter 1.2 that of the attached carbon atom (%.5or the methyl
of 85 ppm, a pulse angle of 80and an acquisition time afa. 0.1 s hydrogens). Crystallographic data are collected in Table 1. Selected
with a 1 srelaxation delay were employed. F8F spectra, a spectral  interatomic distances (A) and angles (deg) for s&€SH)]* are
window of 9 ppm, a pulse angle of 60and an acquisition time of ~ collected in Table 2.
0.85 s with a 1.5 s delay were used; the time domain for spectral . .
acquisition was commonly set at 5K and was zero-filled to 8K for ReSults and Discussion
signal-to-noise improvement. WitfF spectra, an exponential Gaussian |n this investigation, the following clusters are of principal
line broadening v_vmdow fun_ctlon was applied to the FID for resolution jntarest. The structure df and possible structures @f-5 are
enhancement prior to Fourier transformation. . illustrated in Figure 1. Cluster§—8 have been reported
Measurement of the redox potential of [BgSH)]>~ was made as previously?1516 a schematic structure of with the site-

deil(ienbaiic\jlslif)i\,\:::zfr.os ray ionization mass spectrometry was carried differentiating ligand L3is available? Cluster core structure
9 pray P y 2 also finds precedent in the literatufé&’

out using a Platform Il mass spectrometer (Micromass Instruments,

Danvers, MA). Samples were introduced as acetonitrile solutian ( [FesSuy(SH)] > 1
500 uM) at a flow rate of 3uL/min from a syringe pump (Harvard {[FesSu(SHY]o(u-S)h 4~ 2
Apparatus). The electrospray probe capillary was maintained at a {[FesSu(SH)] 2(u-Sk}*~ 3
potential of —3.0 kV and the orifice to skimmer potentidle. cone {[FesSu(SH)]o[FesSu(SH)] (1-S)} &~ 4
voltage,V) was varied typically from 1840 V. Spectra were collected { [FesSa(SH)] a(u-S)} &~ 5
in the multi-channel acquisition mode and were acquired at 5 s/scan [FesSu(LSs)(SH)P~ 6°
and 12 scans were accumulated for each spectrum. [FerSu(S-p-CoHaNOo)* r
X-ray Structure Determination. Suitable crystals of tPrN)2- [FesS(Sp-CeHoCFs)d] 8

[FesSy(SH)] were grown by vapor diffusion of THF into a 1,2- .
dichloroethane solution. A crystal was transferred to a Siemens Characterization of Cluster 1. The compoundrtPrN),-

SMART diffractometer and cooled to60 °C in a dinitrogen stream. L1 Was prepared by reaction 1 and isolated in 92% yield.
Initial lattice parameters were obtained by indexing and least-squaresProperties sufficient to identify the cluster in solution are
analysis of more than 50 centered reflections. A hemisphere of datasummarized in Figure 2. The UWisible spectrum shows the
was collected in the form of 30 s exposure frames with the detector at two-band pattern characteristic of JSa(SR)]?~ clusters but
a distance of 4.90 cm from the crystal. The crystal showed no shifted toward higher energies when compared to typical species
measurable decay during data collection. The raw intensity data weresych as [F£S4(SMey]2™ (Amax297, 418 nm in DMF}5 These
integrat_ed from frames and converted (including gorrections for gre ligand— core charge transfer transitions; replacement of
absorption, background, and Lorentz and polarization effects) to alkyl with hydrogen in the terminal ligands would be expected
10 @R TN Becklor G.S. C T —— to displace the transitions to higher energy, as observed. The

a) Reeve, J. N.; Beckler, G. S.; Cram, D. S.; Hamilton, P. T.; Brown, i —,3— = — i

3. W.: Krzyeki, J. A Kolodziej, A F.: Alex, L. Orme-Johnson, W. reversible redqx coupld]?—3 hasEjp, 1.08.V, in excellent

H.; Walsh, C. T.Proc. Natl. Acad. Sci. U.S.A989 86, 3031. () ~ agreement with the value of1.10 V predicted from the

Hedderich, R.; Albracht, S. P. J.; Linder, D.; Koch, J.; Thauer, R. K. previously established linear relationship between $re

FEBS Lett.199|2 298d65. (c) Steigerwald, V. J,; (l?jl)hl, T.hDI.; Reeve, (SR)]2~3 potentials and Taft* values!5a An irreversible

J. V.Proc. Natl. Acad. Sci. U.S.A992 89, 6929. Vorholt, J. A,; . b .

Vaupel, M.; Thauer, R. KEur. J. Biochem1996 236 309. These  0and is also observed e —1.4 V; this band originates from

articles describe “polyferredoxins”, one of which may contain eight
FesSs clusters (ref d). These proteins are largely uncharacterized.  (15) (a) DePamphilis, B. V.; Averill, B. A.; Herskovitz, T.; Que, L., Jr.;

(11) Price, C. C.; Stacey, G. W. Am. Chem. S0d.946 68, 498. Holm, R. H.J. Am. Chem. S0&974 96, 4159. (b) Que, L., Jr.; Bobrik,

(12) Awverill, B. A.; Herskovitz, T.; Holm, R. H.; Ibers, J. A. Am. Chem. M. A.; Ibers, J. A.; Holm, R. HJ. Am. Chem. S0d.974 96, 4168.
Soc.1973 95, 3523. (16) Wong, G. B.; Kurtz, D. M., Jr.; Holm, R. H.; Mortenson, L. E;

(13) Ferrige, A. G.; Lindon, J. Cl. Magn. Reson1978 31, 337. Upchurch, R. GJ. Am. Chem. S0d.979 101, 3078.

(14) Cen, W,; Lee, S. C.; Li, J.; MacDonnell, F. M.; Holm, R. H.Am. (17) (BwN)2(PPh)2[(FesSsCls)2(u-S)]: Challen, P. R.; Koo, S.-M.; Dun-

Chem. Soc1993 115 9515. ham, W. R.; Coucouvanis, IJ. Am. Chem. Sod.99Q 112, 2455.
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Figure 1. Ball-and-stick and space-filling depictions of fSg(SH)]?~
(1) and its possible self-condensation products with @@&)(and two
(4, 5) additional clusters.

Table 2. Selected Interatomic Distances (A) and Angles (deg) for

[FesSy(SHU*

Fe(1)>-S(1) 2.287(2) Fe(BFe(2) 2.789(1)
Fe(1)-S(2) 2.306(2) Fe(hFe(3) 2.769(1)
Fe(1)-S(4) 2.286(4) Fe(BFe(4) 2.769(1)
Fe(2)-S(1) 2.290(2) Fe(2)Fe(3) 2.768(1)
Fe(2-S(2) 2.283(2) Fe(2)}Fe(4) 2.771(1)
Fe(2)-S(3) 2.290(2) Fe(3)Fe(4) 2.753(1)
Fe(3>-S(1) 2.291(2) mean of 6 2.77(1)
Fe(3)-S(3) 2.292(2)
Fe(3)-S(4) 2.273(2) Fe(BS(5) 2.207(2)
Fe(4)-S(2) 2.299(2) Fe(2)S(6) 2.209(2)
Fe(4)-S(3) 2.271(2) Fe(3}S(7) 2.214(2)
Fe(4)-S(4) 2.287(2) Fe(4)S(8) 2.211(2)
mean of 12 2.288(9) mean of 4 2.210(3)
@43-8)— Fe—(,ug-S)

range 102.74£104.12

mean of 12 103.6(4)
Fe—(us-S)—Fe

range 73.93(6)75.09(5)

mean of 12 74.5(3)

Fe—Fe—Fe (range)
(u3-S)y—Fe—S(n) (range)

59.60(3)60.26(3)
112.48(8)118.04(7) (= 5-8)

the HS present in solution (Figure 2). The cluster exhibits a
strongH NMR signal whose shift is markedly solvent depend-
ent. For example, at 297 K this signal occurs at 47.6 ppm in
acetonitrile, shown in Figure 3A, and at 64.5 ppm in pyridine.

A corresponding signal for the mono(hydrosulfide) clugés

found at 46.5 ppm in acetonitrife.Addition of a slight amount
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Figure 2. Properties of [F&S(SH)]?™ (1): X-ray structure, including
bond lengths (A) from an earlier determinatioand mean values

-1.000

(brackets) from this work; absorption spectrum in acetonitrile; cyclic

voltammogram in the presence and absence of adg®&dnHacetonitrile
solution (0.1 M (-BusN)(PFs) supporting electrolyte, 50 mV/&;, =
—1.08 V vs SCE).

SH(4) ©z=70Hz
A
04~ 50 Hz
v
| |
62.1 | 59.3
60.9
B

SH(1)
D CHD.CN H,S
f\SH(4) N\ \
; |

59.3 47.6 ppm
Figure 3. 'H NMR spectra of [Fg5,(SH)]?~ (1, 10 mM) in CD;CN

solution (A), in a saturated solution of,8 (B), and in solutions from
which H;S was removed by freezgump-thaw cycles (C, D). The

of D,O abolishes the signals. These resonances arise from thesignal of1 is indicated in spectrum A. The concentration of {&¢**

—SH proton and are not excessively broadenegh(~ 70 Hz)

cores in all species is 10 mM. The SHi(resonance arises from an

despite being only two bonds removed from an iron atom. The ©ligomeric cluster (see text).
additional SH resonances in Figure 3A are discussed below. In— (AH/Ho)obs= —51.4 ppm forl (relative to EANSH at—3.84

acetonitrile, the isotropic (contact) shifkki/Hp)iso = (AH/Ho)dia

ppm). The isotropic shifts ot and 6° are practically linear
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Figure 5. Structure of [FeSs(SH)Y]?~ (1, cluster 1) showing the atom-
miz labeling scheme, selected bond distances (A), and 40% probability
Figure 4. Negative ion ESMS ofr(-PrN)z[FesS«(SH)]. The spectrum ellipsoids.
was recorded using a 0.5 mM solution in acetonitrile. The insert shows
the peak atm/z = 439 in magnification with the calculated isotope

on v ! The X-ray structure ofl reveals the conventional cubane-
pattern for [6-PrN)2+4]4~ (m/z = 439) indicated with bars (see text).

type geometry associated with clusters of the typeJea]z .22

. . . . There are two clusters in the asymmetric unit; because they are
with 1/T and increase with increasing temperature (not shown). y;ry,ally jsodimensional, only cluster 1 is depicted in Figure 5,

These features are consistent with a contact interaction and theyq the metric data in Table 2 are limited to those of this cluster.
thermal population of an excited paramagnetic state, the gocause of the similarity to previous [SSa(SR)]2~ structures,
consistent behavior of clusters with the [E§*" oxidation state 1, extensive discussion of the present structure is warranted.
and an S= 0 ground state. We note, however, several points of interest. (i) Neither cluster
The negative ion ESM8 of an acetonitrile solution of is 1 nor 2 shows the compressed tetragonal distortion, with four
;hown in Figure 4. E_vident in the mass spectrum is the baseshort Fe-S bonds roughly parallel to an idealized a4is.
ion at mVz = 242, which corresponds to the doubly charged |nstead, bond lengths differ by a maximum of 0.035 A in cluster
[1]?~ species (isotope peaks separated byrBunit'9); the 1 and 0.018 A in cluster 2 and there is no discernible pattern of
second most intense peak is assigned to the singly charged ioﬂong and short bonds. While no symmetry is imposed, the
[n-PrN-1]" based on mass isotope pattern and isotope peakclyster cores more closely approakithanD,g Symmetry. The
separation criteria. The relative abundance and the extent Ofspread of FeS distances in the RRA' salt (imposedC;,
fragmentation of these ions is highly dependent on the samplingsymmetry) is only 0.028 A, and despite a statement to the
cone voltage\) employed®® The additional ion atv'z = 439 contrary! there is no clear tetragonal distortion. (ii) The-Fe

in Figure 4 is discussed below. SH distances in the-Pr,NT (Table 1) and PP+ salts are
decidedly different. The mean values in clusters 1 and 2 are
(18) (FEOSF Nﬁllg)nﬂal f?v)iel\:NS OnJ e:;Ct’(/?SPrayMiOT\}lzationCm;lSS WSpectrgmlftry 2.210(3) and 2.208(8) A, respectively, while the values in the
see: (a) Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; 1 ;
Whitehouse, C. MSciencel989 246, 64. (b) Smith, R. D.; Loo, J. Phjtp+ salt ‘f’“e 2.269(5) ar.]d 2.256(4) AA d.lfference 9f20'04
A.; Edmonds, C. G.; Barinaga, C. J.; Udseth, HARal. Chem199Q A in terminal Fe-SR distances at parity of R is usually
62, 882. (c) Przybylski, M.; Glocker, M. QAngew. Chem., Int. Ed. associated with differences in oxidation state, but that is not

Engl. 1996 35, 806. For application of ESMS to ¢ proteins see:  the case here. We cannot satisfactorily explain the difference
(d) Pillot, Y.; Forest, E.; Meyer, J.; Moulis, J.-MBiochem. J1995 ) y €xp

296, 657. (€) Péllot, Y. Forest, E.. Meyer. J.: Moulis, J.-MAnal. in Fe—SH bond lengths in t_he two salts df Despite the Iat_ter
Biochem.1995 228 56. feature, we conclude thdtis a standard [F&4]%" cluster in
(19) For the use oFC/°C isotope peak spacing to adduceee: Henry, all respects except reactivity, as the results in the sections that

K. D.; McLafferty, F. W.Org. Mass Spectroml99Q 25, 490. follow reveal
(20) This phenomenon has been amply reported in the liter&tunee . . L . o
observed that a¥, < 25 V them/z = 242 signal consists of both2 Terminal Ligand Substitution Reactions. [FeSsy(SH)4*".

?Fnds_z(ls |1|o)2ris where_ells avc = 50 V a singly charged fragment,  |n solutions ofl, there occur, in addition to the St(resonance,
(52 ~, prevailis. H ~ H
(21) (a) Katta, V.; Chowdhury, S. K.: Chait, B. . Am. Chem. S0299Q other signals. The resonance at 59.3 ppA~ 50 Hz) in

112 5348. (b) Leize, E.; Van Dorsselaer, A.; Knar, R.; Lehn, J.-
M. J. Chem. Soc., Chem. Comm@893 990 and references therein.  (23) The electric (corona) discharge phenomenon is caused by electrons

(c) van den Bergen, A.; Colton, R.; Percy, M.; West, B.|@org. emanating from the sharp edges of the ES needle held at a few
Chem.1993 32, 3408. (d) Kane-Maguire, L. A. P.; Kanitz, R.; Sheil, thousand volts negative relative to a counter-electrode. See: (a) Cole,
M. M. J. Organomet. Chen1995 486, 243. R. B.; Harrata, A. KJ. Am. Mass Spectrori993 4, 546. (b) Straub,

(22) A peak of lower intensity£10%) is detected atVz = 484 which is R. F.; Voyksner, R. DJ. Am. Mass Spectrom993 4, 578.
attributable to the oxidizedl]~ species (Table 3). While we do not  (24) (a) Yamashita, M.; Fenn, J. B. Phys. Chem1984 88, 4671. (b)
purport to have examined extensively the cause of formation of this Ikonomou, M. G.; Blades, A. T.; Kebarle, P.Jl.Am. Mass Spectrom.
oxidized species in the ESMS, we note that the negative ion ESMS 1991 2, 497. The use of sharpened ES capillary tips has also been
of a conventional cluster such as [jSgSEty]2-, obtained under suggested as an alternative solution: (c) Chowdhury, S.; Chait, B. T.
identical conditions, also displayed a similar feature. Thus it seems Anal. Chem1991, 673 1660.
rather likely that this oxidized cluster species is formed by the presence (25) (a) Carney, M. J.; Papaefthymiou, G. C.; Spartalian, K.; Frankel, R.
of residual amounts of £in the nebulizer gas employediZ. N, or B.; Holm, R. H.J. Am. Chem. S0d.988 110, 6084 and references
standard air mixture). When Ar was used as the nebulizer gas, the therein. (b) Carney, M. J.; Papaefthymiou, G. C.; Frankel, R. B.; Holm,
negative ion ESMS could not be obtained presumably due to the well- R. H. Inorg. Chem.1989 28, 1497, and references therein. (c)
known problem of corona dischargéwhich may be remedied by Excoffon, P.; Laugier, J.; Lamotte, Bnorg. Chem.1991 30, 3075.
the presence of an electron scavenger such#8 @ Sk,2*? as has (d) Evans, D. J.; Hills, A.; Hughes, D. L.; Leigh, G. J.; Houlton, A;;

been documented previously. Silver, J.J. Chem. Soc., Dalton Tran$99Q 2735.
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Figure 6. Negative ion ESMS ofr(-PryN)2[FesSs(SH)] + 2 equiv of
p-CRCsH4sSH. The spectrum was recorded using a 0.5 mM solution
in acetonitrile. The insert shows the peakswt = 475 andm/z =

547 in magnification with the calculated isotope pattern{{orPr:N),-
[4+(SR)11}4 (m/z = 475) and{(n-PryN)*[4-(SR:)3]}* (m/z = 547)
indicated with bars. See Table 4 for peaks correspondindy (8R-)n]
species.

Figure 3A, designated SH), accounts fora. 35% of the total
integrated intensity of SH resonances, while the three minor
features in the 5262 ppm region altogether account 186%
of the total integrated signal intensi®y(cf. Figure 3A). All of
these resonances are eliminated by addition of trage &nd

are therefore assigned to SH protons. Further a weak shoulder

occurs at 1.05 ppm which is due t@$l When the solution is
saturated with KS, the SH{) resonance is greatly suppressed
and the minor signals are hardly detectable (Figure 3B).
Depletion of HS results in the re-emergence of the 8Hignal
(Figure 3C,D). Thus the two major cluster species (one of which
is clusterl) and H:S are coupled in a regersible equilibrium.

To search out further information regarding geeondmajor
cluster species, that affording the Sigignal at 59.3 ppm, a

number of terminal ligand substitution studies were undertaken.

Electrospray mass spectrometry (ESMS) as welPBsand'H

Inorganic Chemistry, Vol. 36, No. 20, 1994575

Table 3. Electrospray Mass Spectral Data for Clusten
Acetonitrile

cluster peak rel intensity
species ion (m/2) (%)
1 (112~ 241.8 100
[1]* 483.6 8
[(n-PrN)-1]~ 2 669.9 75
4 [(n-PrN)o+4]4 438.8 12
aSee ref 22.

Table 4. Electrospray Mass Spectral Data for Clustesind 2
equiv of p-CRCeH,SH in Acetonitrile

cluster peak rel intensity
species iof (m'2) (%)
1 [1-(SR)1> 313.6 56
{(N-PuN)-[1+(SR)a]} ~ 814.8 7
[1-(SRe)21*~ 385.8 94
{(N-PuN)-[1-(SRe)]} ~ 959.6 30
[1-(SRe)3]>~ 458.6 100
{(N-PuN)-[1-(SR)al} - 1105.2 20
[1(SR9)4* (= 8) 532.1 80
{(n-PuN)-[1-(SR)4]} - 1250.7 7
4 {(n-PrN)-[4+(SR)1]} 5 3421 5
{(n-PuN)2[4+(SR)]}4 475.3 42
{(n-PuN)a[4:(SR9)1]}*  1136.5 5
{(n-PuN)-[4+(SR)]} 5 371.6 8
{(n-PN)-[4+(SR)4]} 5~ 400.3 15
{(n-PuN)2[4+(SRI)4] 4~ 547.3 33
{(n-PuN)a[4-(SRe)3]}*  1279.6 4
{(N-PuN)2[4+ (SR} 4 583.2 12
{(n-PrN)2+[4+(SRe)s]} + 619.2 7
{(n-PuN)-[4+(SR)7]}5~ 515.7 5
[4-(SR)g]®~ 422.0 4
{(n-PuN)a[4(SR)e]}>~  1031.6 5

3[1:(SR)n] = [FesSy(SHY-n(SRe)n)Z". Similarly, [4+(SRe)n] symbol-
izes clusted with n RS~ ligands replacingn HS™ ligands.

7). At higher cone voltages/t = 20 V), however, the more
substituted species predominate in the mass spectrum (not
shown), and as such, the distribution of the terminal ligand
substituted species no longer matches the trend observed in the
NMR spectrum.

In addition to terminal ligand-substituted clusfespecies, a

NMR spectroscopy were employed to analyze the substitution series of peaks attributable to substituted cludtspecies was

products of the two major cluster speciesdé infra). Of

also detected (Table 4). Several of this latter group of signals

relevance to this aspect of the present investigation is the gre labeled in Figure 6. These observations lend further support

observation of amvz = 439 peak in the negative ion ESMS of
clusterl in acetonitrile (Figure 4 and its inset). Comparison
of the calculatedversusobserved mass isotope pattern cor-
roborates its assignment as the sulfido-bridged tricubame [(
PiuN),-4]%~ ion. Further evidence which implicates cluster
as the second major cluster species is presented below.

(@) 1+ p-CF3CeH4SH: ESMS Studies. The negative ion
ESMS of an acetonitrile solution of clustgérwith 1, 2, and 3
equiv of p-CRCgHsSH (R-SH) was examined. Displayed in

to the aforementioned ESMS evidence.(them/z= 439 peak
in Figure 4). Depicted in Figure 6 (insets) are two examples
of the peak assignment verification for the substituted clukter
species.

The relative abundance of the clustesubstituted species
in the ESMS is always appreciably less than the analogous
clusterl species, similar to the observation in the NMR spectra.
However, it is important to point out that the relative peak
intensities reported in Tables 3 and 4 are unlikely to be a direct

Figure 6 is a representative example of one such study whichmeasure of the relative equilibrium concentrations of spekties

clearly reveals the presence of the fE€SH)—n(SR)n-XPrN]* 2
species, wherea = 1-4 andx = 0, 1. Species detected and

and4. This is based on the following principal considerations.
(i) The efficiency of the transfer of complex ions into the gas

their relative intensities are listed in Table 4. These species phase has been recognized to depend on their charge’’state.

are generated by the terminal ligand substitution of cluster
Under mild conditions\{; < 20 V), the ESMS results agree
with the 1% NMR findings inasmuch as the relative intensities
of the 2- ions in the mass spectrunie., n(m/2): 1(314);
2(386); 3(459); 4(532yparallel the relative integrated intensity
for the same species in the NMR spectrurh Figures 6 and

(26) The minor species corresponding to the three very weak features in

Figure 3A, other than being [F&]%" clusters on the basis of chemical
shift, have not been identified and are not considered further.

(i) The effect of applying high voltages, requisite for formation
of an ion spray#2—¢ on the relative concentration of equilibrium
species cannot be accounted for. (iii) The solutions employed
in ESMS studies£0.5 mM) are 20-fold less concentrated than
the NMR samples employed (10 mM).

(b) 1 + p-CF3CeH4SH: 19F NMR Studies. The sensitivity
of the isotropically shifted®F (and'H) resonances of substituted

(27) Andersen, U. N.; McKenzie, C. J.; Bojesen, IGorg. Chem.1995
34, 1435.
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Figure 7. °F NMR spectral changes (376 MHz) caused by the addition efuiv of p-CRCsH,SH to a CRCN solution of [FeSy(SH)]?~ (1)
at ambient temperature. Note that inset spectra are expanded portions of spactral@0 equiv (left) anch = 2.0 equiv (center, right).

ligands at the Fe site to the type of cluster, composition of the four signals can be assigned as follows4.89 ppm,n = 1,
total ligand set, and the respective attendant symmetry of the —4.96 ppm,n = 2; —5.01 ppmn = 3; and—5.05 ppmh =4
clusters upon terminal ligand substitution is a property of prime (8). The relative distribution of these substituted species as
importance to this investigation. Numerous examples of this observed in ESMS spectrum correlates with that inttReNMR
behavior have been previously presentetf. Here, this prop- spectrum €f. Figure 7,n = 2.0).

erty is utilized in order to examine further the identity of the A more complex group of°F resonances is also observed

second major cluster species. o ~ within a ca. 0.6 ppm spectral window and centered near 3.2
As with the case of thiolate ligand substitution, terminal ppm. Under optimized resolution conditions, a total of 38
hydrosulfide substitution of [R&4(SH)]?" also occursvia resonances can unambiguously be observed spanning a range

stepwise reversible equilibria & 1—4), and at fixedh it has from —3.09 to—3.71 ppm. When thé%F NMR spectra were
the characteristic of an acid-base reactidriThe only caveat  optained at a different magnetic field (282 MHz), the chemical
in the latter case is that the thiol used to substitute the terminal ghifts (ppm) were observed to be identical wheread¥a@eak

hydrosulfido moieties must be more acidic thanSH the separation (Hz) were smaller in each case. The %
conjugate acid byproduct (aqU@OlUQaFF_ 7.029); p-CRCeHa- resonances are therefaret due to long rangé'H,%F} coupling
SH (estimated aqueouKp= 5.6%) fulfills this requirement. and are engendered by at leagtinequivalent'F nuclei.

Furthermore, this acidic fluorinated arenethiol also provides the
best1%F chemical shift resolution for the reasons elaborated
elsewheré?®

Two groups of'%F signals are observed in the NMR spectra
within a 2 ppm window (Figure 7). The group with larger
integrated intensities is comprised of a total of fé% signals
with chemical shift values ata. —5 ppm and is thus assigned
as the [FgSy(SH)—n(SR9)n]?~ resonance¥ On the basis of
growth and decay of their relative integrated intensities, these

The relative integrated intensities of the two groups %t
resonances (fon = 0.5 andn = 1.0) matches the observed
ratios for SH) and SH#) 'H NMR signals (Figure 3) within
5%. Moreover, the growth and decay of this group of (E)
resonances is also sharply dependent on the amountSHi R
in solution. These observations predicate our assignment of
this second group of°F signals to the second major cluster
species.

A plot of (normalized) total integrated signal intensities for
(28) (a) Mascharak, P. K.; Smith, M. C.; Armstrong, W. H.; Burgess, B. the two groups ot% signals is provided in Figure 8. The ratio

K.; Holm, R. H. Proc. Natl. Acad. Sci. U.S.A.982 79, 7056. (b) of the integrated intensity of the clustepersuscluster4 species
Armstrong, W. H.; Mascharak, P. K.; Holm, R. Hhorg. Chem1982 increases when the amount of thiol in solution is increased.
21, 1699. (c) Armstrong, W. H.; Mascharak, P. K.; Holm, R. H. Additi f a thiol sufficient] idi ff inal i d
Am. Chem. Sod 982 104 4373. (d) Mascharak, P. K.; Armstrong, 't'_onlo a.t ol sufficiently acidic to effect terminal ligan
W. H.; Mizobe, Y.; Holm, R. HJ. Am. Chem. Sod.983 105, 475. substitution (in the presence o8l would also be expected to
2 (:'3) |PaIeer|3'-Fé'E'|;' Hé)'.mWR- Hll- G\Ff)“- Chlem- 3%%9831g%5 ‘é?élg- effect proteolytic cleavage of the (basic) bridging sulfido
(29) anodn:éfefenéeslgr:el'reih'. eigel, Jerog. Inorg. Chem199Q 38, moieties. Consequently, the monomeric species is refurnished
(30) Eliis, A. J.; Golding, R. MJ. Chem. Socl959 127. by such a “back-reaction”. This observed pattern is, thus,

(31) Héllm?ﬁett's equation %; lea(th1i_c})1phfer|1|ol)j po) was employed to g consistent with the assignment of the second major cluster
calculate an estimate value. e following constants were use H . _hri H
in the Hammett equation: Ka(thiophenol)= 6.6153%2p = 1.81322 species as a sulfido b“dged oligomer. ) ) )
Op-cr3 = 0.533% In contrast to the substituted clustespecies, terminal ligand
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Figure 8. °F NMR integrated signal intensity for cluster species

[FesSy(SHU*™ (1) and{[FesSy(SH)][FesSu(SHY](u-Sk}*™ (4) as a
function of equivalents op-CRCsHsSH added.

substitution of an oligomeric self-condensation prodweg(
clusters2—5) gives rise to a plethora of geometric isomers.
Clusters2, 3, and5 can each give rise to a maximum number
of 9, 6, and 8°F resonancesi.e., less than the total°F
resonances observed. The sulfido-bridged acyclic tricubgne (
however, can generate up to 2F resonances. Therefore, of
the conceivable self-condensation products only cluétesn
possibly account for the number of obsen/€B resonances.
Hence, this line of inquiry independently supports the ESMS

results.
g L1 ; Figure 9. *H NMR spectral changes (400 MHz) caused by the addition
(6} 1+ p-NOLeH,SH: “H NMR Studies. The (aqueous) of n equiv of p-O,NCsH,SH to a CRCN solution of [FeSy(SH)]?~

pKa_v_alue for P'_NOZC§H4SH (RSH_) is 4.57 it i_s therefore (1) (A—D), and upon HS addition to a solution ol + 4 equiv of
sufficiently acidic to displace terminal hydrosulfido groups, as thjol (E). The signals marked with asterisk)(are free thiol reso-
discussed above. THel NMR spectral changes pursuant to  nances. The shaded single cube symbol referg fBhe triple cube
the addition of this acidic arylthiol is shown in Figure 9. symbol refers to substituted tricubasiethe shading is meant to aid in
The SH resonances decrease significantly in intensity and the distinction between the terminagrsusthe bridging arylthiolate
undergo a detectable chemical shift change upon terminal ligandSignais (see text).

substitution. Thus upon addition of an equiv of RSH, two o -
(weaker) SH signals are observed at 57.4 and 59.1 ppm in AS Shown in Figure 9E, addition of excess3Halso causes
addition to a (stronger) signal which appears as a doublet (48.0@MPplification of signals due the free RSH and the terminal
and 48.4 ppm). The relative intensities and the chemical shifts hydrosulfido protons of the (partially) substituted cluster

of these signals justify their assignment as the partially SPecies i(e, 48.0 and 48.4 ppm signals), as well as the
substituted oligomeric and monomeric clusters, respectively. The diSappearance of the resonances at 5.26 and 9.29 ppm. These
greater extent of splitting of the oligomeric SH resonances upon observations are uniformly consistent with the assignment of
partial substitution is indicative of a greater anisotropy in the ©-26 and 9.29 ppm resonances to gerondmajor cluster
chemical environment of its SH groups; this observation reflects SPECies. It therefore appears that the second clustetwmas

the lower symmetry of this oligomeric structure. Appearance feésonances foortho and meta protons each, with one set
of the free thiol resonances (Figure 9D, marke}i upon overlapping with those of the substituted clustespecies while

addition of 4 equiv of RSH is indicative that there is less than the other setis unencumbereg( 5.26 and 9.29 ppm signals).

4 equiv of exchangeable SH moieties in solution. This T_h|s is solely conS|ste_nt with the_ sulfido-bridged acyclic

observation is consistent with the suggested self-condensatiorfficubane structural motif of clustet, inasmuch as thertho

of 1, which lowers the number of terminal SH groups. and meta proton chemical shifts of the arylthiolato groups
Comparison with an authentic sample of clugirsupports situated on the terminal [G84]2+ units should be different from

i i 2+ i i pil
the assignment of 6.20 and 8.90 ppm signals (Figure-BA Lhos_e ofn tk;et_brld_g[[ng [E,ts‘(‘j] . tunlt_E_Flgu_rte 9G-D). On thebl i
to theortho andmetaprotons of the aromatic thiolato ligands, asis ot refative integrated Intensities, it seems reasonable 1o

respectively® An important caveat to this assignment is that attribute the 5.26 and 9.29 ppm signals.to. tneho and meta

the linewidths for these signals are much larger than those protons of the terminal arenethm_latp moleties. _The signals for
observed in théH NMR spectrum of7 (w12 = 65 and 36 Hz the analogous protons on the bndgmg;{S@” unit appearto

respectively). Addition of excess,B, however, does restore overlap with the 6.20 and 8.90 ppm signals, Wh.'Ch is predomi-
the line widths of the 6.20 and the 8.90 ppm signals close to nantly due to thertho andmetaprotons of substituted cluster

the values expected for (cf. Figure 9D-E). Thus these 1 species.

resonances may represent an overlap of two groups of signals, IThe increa_se In the_ relatlv_e cor:]centlrapon of clus:teuc_) f
one (group) of which is particularly sensitive to the presence © uster4 species upon increasing the solution concentration o

of excess HS33

il I I (I
48.4 48.0 9.298.90 6.20 5.26 3.01 1.71 0.97 PPM

(33) Cluster7 was generated in GIEN solution by the reaction of
[FesSu(SEt)]2 with 4 equiv ofp-O.NCgH4SH. The signal broadening

(32) (a) De Maria, P.; Fini, A.; Hall, F. MJ. Chem. Soc., Perkin Trans. 2 in Figure 9D does not arise from differently substituted single cubanes
1973 1969. (b) Carey, F. A.; Sundberg, R. Advanced Organic because at this point terminal ligand substitution is complete; further,
Chemistry 2nd ed.; Plenum: New York, 1984; Vol. A; p 183 and no such line broadening is observed in the reaction system producing

references therein. 7.
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the (acidic) arenethiol is also manifest in this set of experiments 2-
(Figure 9C-D), even though the overlap of signals makes this [Fe4Sa(SED.]
observation less vivid than in the casé%f NMR experimental
results (Figure 8). A similar observation was also made upon
addition of HS (cf. Figure 3A,B). Thus addition of a protic
acid, whether organic or inorganic, is inimical to cluster
species in solution, presumably due to the proteolytic cleavage
of the basic sulfido bridges.

Self-Condensation Equilibrium Constant. As indicated
above,1 co-exists with the acyclic tricuband;—the principal
self-condensation produetn an HS-dependent equilibrium.
When the minor speciess6%; cf. Figure 3A) are disregarded,
this equilibrium can be defined by eqs 5 and 6. Kagvalue

3[Feg,S,(SH),)> = 4+ 3H,S (5)
Keq= {[4IH ST} /[Fe,S,(SH),° (6)

was determined by an NMR method as described below. The
spectral integration values of SH(and SH4) signals (Figure
3A) were used to calculate the mole fraction value& ahd4,
respectively. These mole fractions together with the known total
concentration of [F£54]2" cores permitted calculation of the
solution concentration af and4. The solution concentration
of H,S was also determined usiflg NMR integration. Since
the H:S resonance (1.05 ppm) partially overlaps witmaPiyN* R = CF; (8)
signal at 0.97 ppm, its estimated value was determined as the 3
difference between the total integration of the overlapping Figure 10. Preparation, self-condensation, and terminal ligand substitu-
signals and the calculated value for the 0.97 ppm signal on thetion reactions of [FeS,(SH)]?~ (1). The fully substituted versions of
basis of the integral for the unencumbere®r;N* resonance 1 anc_i the sulfl_do—bndged tricuband are shown; incompletely
at 3.01 ppm. The ratio of the 43 integral thus obtained to substituted species (not shown) have been detected.
that of the 3.01 ppmm-Pr;N* signal yielded the mole fraction
of H,S. The calculated concentration oh$ based on its
calculated mole fraction was then corrected by using Henry’s
Law.34 Under these simplifying assumption&q = 0.1(1), in
CDsCN at 298 K, for equilibrium 5. The small value of this
equilibrium is a semiquantitative reflection of the aforemen-
tioned observations that the self-condensation equilibrium is
largely shifted toward. This is in accord with the expectation
that the sulfide bridges would be unstable with respect to
proteolytic cleavage in the presence of an acid such & H
Summary. Clusterl displays a distinctive solution chemistry
while otherwise being a standard }Sg]?* cluster in terms of
its solid-state structure, redox potential, and spectrophotometric
features. The predominant species in solution, single cubane
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changes were observed upon addition of excess amountsSof H
to a solution of substituted clustér These observations are
indicative of the proteolytic cleavage of the (basic) sulfide
bridges caused by the added acidic reagents (acidic thigh, H
Our interest in higher nuclearity F& clusters is spurred by
their emergence as a biologically relevant subclass. We have
been able to spectroscopically identify a pisulfido) linear
trimer of [F&S4]2* units in acetonitrile solutions of clustdr
While this is an unprecedented structural motif, it has not yet
been identified in any biomolecules. Development of other
synthetic routes, amenable to the isolation of higher nuclearity
sulfido-bridged Fe-S clusters, is actively under investigation

in this laboratorytc




