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Reactivity of [Fe4Ss(SR)]? 3~ Clusters with Sulfonium Cations: Analogue Reaction
Systems for the Initial Step in Biotin Synthase Catalysis
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The first step in catalysis by a class of iresulfur enzymes that includes biotin synthase is the one-electron
reductive cleavage of the obligatory cofac®adenosylmethionine by an [F®] ™ cluster to afford methionine

and the deoxyadenosyl radical (D@ATo provide detailed information about the reactions of sulfonium ions
with [FesS4)2"* clusters, the analogue reaction systems$HSR)4]%>~3/[PhMeSCHR]"™ (R = Et (4, 6), Ph

(5, 7); R=H (8), COPh 0), p-CcH4CN (10)) were examined byH NMR spectroscopy. Sulfonium iorg&-10

react completely with oxidized clustedsand5 to afford PhSMe and BCH:R in equimolar amounts as a result

of electrophilic attack by the sulfonium ion on cluster thiolate ligands. Reactions are also complete with reduced
clusters6 and 7 but afford, depending on the substrate, the additional productssRR PhCO,p-CsH4CN)

and the ylid PhMeSCHR or (p-NCCsH4CHy),. Redox potentials 0® and 10 allow electron transfer froné or

7. The reaction system®9,10 and 7/9,10 exhibit two reaction pathways, reductive cleavage and electrophilic
attack, in an ca. 4:1 ratio inferred from product distribution. Cleavage is a two-electron process and, for example
in the systen®/9, is described by the overall reaction 2JBgSR)4]3~ + 2[PhMeSCHR]" — 2[F&:S4(SR)4]2~

+ PhSMe+ RCH; + PhMeS=CHR. This and other reactions may be summarized as [PhMeRECH- 2e~ +

H* — PhSMe+ RCHg; proposed reaction sequences parallel those for electrochemical reduction of sulfonium
ions. This work demonstrates the intrinsic ability of J&¢™ clusters with appropriate redox potentials to reductively
cleave sulfonium substrates in overall two-electron reactions. The analogue systems differ from the enzymes in
that DOAe is generated in a one-electron reduction and is sufficiently stabilized within the protein matrix to
abstract a hydrogen atom from substrate or an amino acid residue in a succeeding step. In the present systems,
the radical produced in the initial step of the reaction sequenceS{BR)4%~ + [PhMeSCHR]"™ —
[FesSu(SR)4]>~ + PhSMe+ RCHe, is not stabilized and is quenched by reduction and protonation.

Introduction mechanisnt—8 The reduced [F£4]* clusteP reduces AdoMet

to methionine and the deoxyadenosyl radical (BRAvhich
abstracts a hydrogen atom, apparently from the 9-position of
2.8 At this point, but in an unestablished order, a sulfur atom is
"bound, a second radical is generated by BQAnd the
tetrahydrothiophene ring is closed to aff@&dTwo equivalents

of AdoMet are required per turnover. On the basi$4 and

35S isotope labeling, the apparent source of the inserted sulfur
is the iron-sulfur clustefto11

New functional roles of irorsulfur clusters in biology
beyond classical electron transfer are increasingly recognized,
and include inter alia substrate binding and catalysis, regulation
and sensing of dioxygen, nitric oxide, and irbr{.Among these
developments is the ongoing elucidation of a class of enzymes
whose common theme is that their clusters are implicated in
the formation of radicals by the reduction of the obligatory
cofactorS-adenosylmethionine (AdoMet) in the first step of . .

: L R : - On the basis of Scheme 1, the iresulfur cluster has two
cgtalyss. E§|0t|n 's an essential vitamin that is synthe_3|zed t_)y functions: (i) a one-electron reductant for specific cleavage of
microorganisms and plants. As demonstrated by genetics studlesbne S—C.bond in AdoMet. generating DOAwhich in turn
the biotin biosynthetic pathway requires the product ofiio® d bon-b élg dicad: 9 ’ f th if
gene, referred to as biotin synth&sé This enzyme transforms engenders a carbon-based radic: ’O@'.) source ot the suliur
dethi(’)biotin @) to biotin (3) in the final step of biotin atom inserted in dethiobiotin yielding biotin. Under this scheme,
biosynthesis by means of a remarkable insertion of a sulfur atom tmhﬁs?gztfégiiﬁ t;Z?ngntth:aat::;t t:;?goiecraﬁ]f;é 'Rﬁgrpuuncgigﬁs't
gﬁgl\éﬁgg ;nauunrifégfitﬁ g(; g:;gﬁ egrlo;:o 0332 saanc]ﬁirgrﬁr;irg:g;p ave not been demonstrated independently. Function (i) extends

: : . to other enzymes such as anaerobic ribonucleotide reductase
of the various steps postulated or proven in the overall activating enyzym & Iysine-2,3-aminomutasé, and pyruvate

(1) Beinert, H.; Holm, R. H.; Mack, E. Sciencel997 277, 653-650. formate lyase activating enzyrieEunction (ii) is currently best
(2) Beinert, H.J. Biol. Inorg. Chem200Q 5, 2—15. established with biotin synthase, but may also intervene in
(3) Johnson, M. K.; Staples, C. R.; Duin, E. C.; Lafferty, M. E;
Duderstadt, R. EPure Appl. Chem1998 70, 939-946. (8) Escalettes, F.; Florentin, D.; Tse Sum Bui, B.; Lesage, D.; Marquet,
(4) Johnson, M. KCurr. Opin. Chem. Biol1998 2, 173-181. A. J. Am. Chem. S0d.999 121, 3571-3578.
(5) Sanyal, I.; Cohen, G.; Flint, D. HBiochemistry1994 33, 3625 (9) Choudens, S. O.; Sanakis, Y.; Hewitson, K. S.; Roach, P.; Baldwin,
3631. J. E.; Minck, E.; Fontecave, MBiochemistry200Q 39, 4165-4173.
(6) Sanyal, I.; Gibson, K. J.; Flint, D. HArch. Biochem. Biophy4.996 (10) Tse Sum Bui, B.; Florentin, D.; Fournier, F.; Ploux, O.}j&8n, A.;
326, 48-56. Marquet, A.FEBS Lett.1998 440, 226—230.
(7) Guianvarc’h, D.; Florentin, D.; Tse Sum Bui, B.; Nunzi, F.; Marquet, (11) Tse Sum Bui, B.; Escalettes, F.; Chottard, G.; Florentin, D.; Marquet,
A. Biochem. Biophys. Res. CommuR97, 236, 402—406. A. Eur. J. Biochem200Q 267, 2688-2694.

10.1021/ic010039k CCC: $20.00 © 2001 American Chemical Society
Published on Web 05/09/2001



2786 Inorganic Chemistry, Vol. 40, No. 12, 2001 Daley and Holm

Scheme 1. Postulated Biosynthetic Pathway of Biotin Synthase
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lipoate synthas& Using analogue clusters, we are engaged in  Reactions. All reactions were carried out in acetonitrile. Solvent
an investigation of both functions. We report here our initial removal steps were performed in vacuo. Products were identified by
results on the reactions of oxidized and reducesBFelusters comparison ofH NMR spectra with those of authentic samples. The

with sulfonium salts reactions described below were carried out a86mM cluster and
substrate and were repeated@ttimes. Products derived from initial
Experimental Section sulfonium salts were quantitated by integration vs internal standards:

. . . bibenzyl andp-tolunitrile for systems containing [PhMeSGEOPh]-
Maten._sll_s and Procedures.All operations were carried out under (BF.), bibenzyl and acetophenone for systems containing [PhMeSCH
a pure dinitrogen atmosphere using standard Schlenk and gloveboxp-CGH4CN](BF4), and bibenzyl and toluene for systems using
techniques. Acetonitrile, dichloromethane, ether, and THF were dried [PhSMe](CF-S0y). Product amounts are reported as percent formed

using an Innovative Technology solvent purification system. The g, the initial sulfonium cation and are average values from multiple
compounds triethylamine (CaHand benzenethiol (bp 8&C/20 mm) runs

were purified by distillation in a dinitrogen atmosphere. The compounds . . ) .
1) Sulfonium and Thiolate Salts. The following procedure is

EtyN)2[FesSy(SPh)], 6 (EtaN)s[FesSuy(SPh)],*” (BusN)o[FesSu(SEt)], 1 ( X
EEuNng e484ESEt)4)]] 18 ((Ew\l);([sph)l(g [P%]SM(Q] (éF);S[Q) 20( [Ph),& o typical. A solution of 0.498 g (2.50 mmol) of [PhMeS@EDPh](BR)
SCFIZ-p-CGH4CN](Bi:4) 20 [PhMeSéHCOPh](BE;) 20 anc’j PhMeS- in 5 mL of acetonitrile was added dropwise to a stirred slurry of 0.211
CHCOPR! were prepéred by published methodé. Other reagents were 9 (2.51 mmol) of NaSEt in 5 mL ofiacetonitrile.. The reaction mixture
commercial samples used as received. NMR data used to characterizgecame homogeneous and was stirred for 5 min. Solvent was removed

and the residue was analyzed Hy NMR, which demonstrated a

?f;;i?;igarnio‘:rf:#;tf in the systems that follow are available aScomplete reaction with equimolar formation of PhSMe and EtSCH
A T COPh. Equivalent results were obtained with the equimolar reaction
Synthesis of SulfidesThe compounds RSGBOPh and RSCH systems NaSEt[PhMeSGRI(BF.) and (EiN)(SPh)/[PhMeSChR]-

p-CsH4CN (R = Me, Et, Ph) were prepared by procedures analogous . -
) (BF4), which yielded the products PhSMe and EtSRHr PhSCHR
to that for MeSCHCOPhH. To a solution of 49.7 mg (0.250 mmaol) of (R = COPh,p-CsHiCN).

BrCH,COPh in 5 mL of acetonitrile at 0C was added dropwise a ) _ .
solution of 17.5 mg (0.250 mmol) of NaSMe in 5 mL of acetonitrile. (2) [FesSu(SR)]*” and Sulfonium Sallts. (a) Without Chloride.
The solution was stirred for 10 min, warmed to room temperature, and 1he following procedure is typical. A solution of 0.121 g (0.314 mmol)
stirred for an additional 20 min. The reaction mixture was filtered ©Of [PNMeSCH-p-CsH,CN](BF,) in 5 mL of acetonitrile was added
through a Celite plug, and the solvent was removed under reduceddropwise to a stirred solution of 0.340 g (0.314 mmol) of {B)s-
pressure. The oily residue was dissolved in dichloromethane and passed&Su(SEt)] in 100 mL of acetonitrile. Stirring was continued for 30
through a Celite plug to remove NaBr. After solvent removal, the Min. The reaction mixture was filtered to remove a black insoluble
product was obtained as 35.6 mg (86%) of a colorless liquid. The other SOlid (0.048 g). The filtrate was layered with 250 mL of ether and

compounds were obtained in yields of780% and were identified maintained at-20 °C. A black crystalline solid (0.210 g) was collected

by IH NMR. and identified as the starting cluster compound, recovered as 62% of

the starting amount. Solvent was removed and the products were shown

(12) Ollagnier, S.; Mulliez, E.; Schmidt, P. P.; Eliasson, R.; Gaillard, J.; 0 be PhSMe and EtSCGHb-CsH4CN formed in quantitative yield based
Deronzier, C.; Bergman, T.; Reichardt, P.; Fontecave,JMBiol. on the starting sulfonium salt. In this and other cases, NMR-scale
Chem.1997 272, 24216-24223. _ reactions were also performed in order to obtain an accurate account

(13) Iﬁ:(éde; KA \é\qgc?lg%g}jsgguéc"2%7';-_%%8559'”9“7 H.; Reed, G. H.; of all products formed. Equivalent results were obtained with the

(14) Her):’shaiw T.F.; Cheek, J.: Broderick, J.JBAm. Chem. So@00Q following reaction systems: (BN)[FesS(SED/[PhMeSCHCOPh]-
122 8331’—8333’ T ’ (BF4) or [PhSMQ](CFgSOg), prOdUCtS PhSMe and EtS%DPh or

(15) Miller, J. R.; Bushy, R. W.; Jordan, S. W.; Cheek, J.; Henshaw, T. EtSMe; (EiN)z[FesS«(SPh))/[PhMeCHR](BF.), products PhSMe and
F.; Ashley, G. W.; Broderick, J. B.; Cronan, J. E., Jr.; Marletta, M. PhSCHR (R = COPh,p-C¢H.CN); (Et:N)[FesSu(SPh))/[PhSMe](CFs-

A. Biochemistry200Q 39, 15166-15178. S0s), product PhSMe. In each reaction system, initial cluster was
(16) é(‘)’g”l”é% '3‘5 ggrz%'f?"’ét;f-? Holm, R. H.; Ibers, J. A. Am. Chem.  yacovered and a small amount of unidentified insoluble black byproduct
(17) Cambray, J Lane, R. W.; Wedd, A. G.; Johnson, R. W.; Holm, R. W&S formed.

H. Inorg. Chem.1977, 16, 2565-2571. (b) With Chloride. Reactions were performed in an analogous
(18) Hagen, K. S.; Watson, A. D.; Holm, R. Hhorg. Chem.1984 23, manner, but with the addition of 2 equiv of,8(Cl to the cluster solution

2984-2990. prior to the addition of the sulfonium salt. The same products were
ggg g:gsg' E g 'l'\}lcgrrgés' ;nsr%glh%wélg?éggg‘éfzgéa1217 formed in the same ratios as in the systems without chloride. However,

4125, ' ' no insoluble byproduct was observed. Instead signals from the clusters
(21) Nozaki, H.; Takaku, M.; KontjoK. Tetrahedron1966 22, 2145- [FesSy(SR)4-nClr]*~ were clearly evident: Re Et (SCH), n=1 (9

2152. 13.45),n = 2 (6 14.35); R= Ph (mH), n = 1 (6 8.24), 2 ¢ 8.32).
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Table 1. Reactions in the Systems [[S(SR)4]%*/[PhMeSCHR]* (R' = Et, Ph; R= COPh,p-C¢H4CN) in Acetonitrile

(1)  [FeSy(SR)4? + [PhMeSCHR] — (1/X)(“[FesS«(SR)s]~ ")« + PhSMe+ R'SCHR

) [FesSu(SR)4]2~ + [PhMeSCHR]* + CI- — [FesSy(SR)sCl]> + PhSMe+ R'SCHR

(8)  [FeSy(SPh)]*~ + [PhMeSCHR]" + PhSH— [Fe;Sy(SPh)]2~ + PhSMe (100%)+ PhSCHR (57—58%)+ RCH; (43%) -+ PhSH(60%)
(4)  [FeSy(SR)4®> + [PhMeSCHR] — [FesSi(SR)4)?~ + PhSMe+ RCHpe

(5)  [F&Sy(SR)4]* + RCHe — [F&sSu(SR)4]> + RCH,:~

(6)  RCH:~ 4+ PhSH— RCHs + PhS

(7Y 2[FeSy(SR)4> + [PhMeSCHR]* + PhSH— 2[F&,;S4(SR)4]>~ + PhSMe+ RCH; + PhS
(8)  RCHs + PhSH— RCH; + PhS

(9)  [FeS«SR)4* + PhS — [FesS«(SR)4* + PhS

(10)  2PhsS— PhSSPh

(11)  [FeSy(SR)4* + (1/2)PhSSPh> [FesSi(SR)42 + PhS

(12) RCH:™ + [PhMeSCHR]* — RCH; + PhMeS=CHR

(13) RCHs + [PhMeSCHR]* — RCH; + [PhMeS=(Ce)HR]*

(14)  [FaSy(SR)4®* + [PhMeS=(Ce)HR]" — [FesSy(SR)4]?~ + PhMeS=CHR

(15¢  2[FesSu(SR)4* + 2[PhMeSCHR]* — 2[Fe:Sy(SR)4]>~ + PhSMe+ RCH; + PhMeS=CHR
(16)  2RCHs — RCH,CH;R

(17)  RCH:™ + [PhMeSCHR]* — PhSMe+ RCH,CH:R

(18Y  2[FeSy(SR)4* + 2[PhMeSCHR]" — 2[Fe;Si(SR)4]? + 2PhSMet+ RCH,CH,R

(19) [PhMeSCHR]* + 2e” + HT — PhSMe+ RCHs

2 Approximate quantitation based on RhSignal.® (4) + (5) + (6). ¢ (4) + (5) + (12).92(4) + (16) or (4)+ (5) + (17).

(3) [FesSi(SR)4*~ and Sulfonium Salts. (a) Without Thiol. The ~ Chart 1. Designation of Compounds

following procedure is typical. A solution of 0.881 g (0.267 mmol) of  S-adenosylmethionine 1
[PhMeSCHCOPh](BR) in 5 mL of acetonitrile was added dropwise L

to a stirred solution of 0.315 g (0.267 mmol) of {E)s[Fe:S«(SPh)] dethiobiotin 2
in 50 mL of acetonitrile. Stirring was continued for 20 min. Solvent  pigtin 3

was removed and the dark residue was washed thoroughly with ether.

The washings were combined and filtered. The remaining black solid [Fe,S.(SEt),]" gloms

(0.192 g) was shown to be (J]_&t)z[Fe484(SPh)], _recovered as 6_8% of [Fe,S,(SPh),]* 5162223

the expected amount assuming 100% reduction of the starting cluster. N "

Ether was removed from the filtrate; the residue was dissolved in [Fe.Ss(SEt)] 6

acetonitrilg and _analyzed BH NMR. In addition to (EiN)(BFy), the _ [Fe,S,(SPh)," 71724

products listed in Table 2 were detected for this and other reaction .

systems. Percentages represent the distribution of products derived from{PhMeSCH,R]" *° R=HS, COPh Y, p-C;H,CN 10
the initial sulfonium salt. PhMeS=CHCOPh 112

(b) With Thiol. Reactions were performed in an analogous manner,
but with the addition of 1 equiv of benzenethiol to the cluster solution RSCH,COPh R=Me 12,Et 13, Ph 14
prior to the addition of the sulfonium salt. In addition to {&}(BF,)

and (EiN)[FesSy(SPh)] (the only cluster species observed), two RSCH-p-CAHCN R=Me15,Et16, Ph 17
reaction systems afforded the products in Table 2.

Physical Measurements.Unless stated otherwise, aH NMR thermodynamically competent to reduce these cations. These
spectra were measured in gIN solutions at 22C on Varian Unity species are dialkylarylsulfonium ions with a methyl group in

500 or Varian Mercury 400 spectrometers. Electrochemical measure- common with AdoMet, which itself is a trialkylsulfonium ion

ments were made at room temperature with a Princeton Applied gnq insoluble in acetonitrile. lons more closely related to

Re_search Mode_l 263 potentiostat/galvanostat in acetonitrile solutions 5 yqMet such as [M&ST+ (Epe = —1.85 V, water}® and8 (Eyc

using a Pt working electrode, 50 mV/s scan rate, and 0.1 MNBU — _ _ 1 g4 v/ "acetonitrile) have much more negative potentials.

(PRs) supporting electrolyte. Potentials are referenced to the SCE. In general, ,reduction potentials of less than-€4.0 V in aprotic
solvents apply to cations with one or two aryl substitutents and/

Results and Discussion or strongly electron-withdrawing substituef?$>28 The reac-
tions described below are set out in Table 1.

In the following sections, compounds are designated accord- Reaction of [FeSi(SR)4? with Sulfonium Cations.
ing to Chart 1. Reactions of the clustdrs7, accurate structural ~ Because of the potential nucleophilic reactivity of coordinated
and electronic representations of protein-bound3ié™" sites, thiolate ligands, the reactions 4fand5 with sulfonium cations
with the sulfonium cations8—10 have been examined in  were examined prior to the reactions of reduced clusters with
acetonitrile solutions and monitored Byt NMR spectroscopy.  the same substrates. Treatmerdaf 5 with cations9 or 10in
These clusters have the potenti&g, = —1.30 V @/6) and acetonitrile results in an immediate reaction complete within
—1.00 V ©/7) for the couples [F£54(SR)4]2 73~ in acetonitrile. 10 min or less. Reactions witB are substantially slower,
The redoX”22 and NMR823.24 properties of the clusters are  requiring ca. 40 min for completion at the concentrations used.
described elsewhere. The selection of sulfonium salts was madeAll reactions were accompanied by the formation of a small
on the basis of their irreversible reduction potentigis= —0.91 amount of black insoluble product. NMR spectra of the six
V (9) and —0.92 V (10), which indicate that the clusters are

(25) Grimshaw, J. Electrochemistry of the Sulphonium GroupThe

(22) DePamphilis, B. V.; Averill, B. A.; Herskovitz, T.; Que, L., Jr.; Holm, Chemistry of the Sulphonium Grouptirling, C. J. M., Patai, S., Eds.;
R. H.J. Am. Chem. S0od.974 96, 4159-4167. Wiley: New York, 1981; pp 14%155.
(23) Holm, R. H.; Phillips, W. D.; Averill, B. A.; Mayerle, J. J.; Herskovitz,  (26) Saeva, F. DTetrahedron1986 42, 6123-6129.
T.J. Am. Chem. S0d.974 96, 2109-2117. (27) Andrieux, C. P.; Robert, M.; Saeva, F. D.; Sang J.-M.J. Am. Chem.
(24) Reynolds, J. G.; Laskowski, E. J.; Holm, R. H.Am. Chem. Soc. S0c.1994 116, 7864-7871.

1978 100, 5315-5322. (28) Ghanimi, A.; Simonet, New J. Chem1997, 21, 257—-265.
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reaction systems indicated in each case complete reaction of 2. + _2EtNCI 2-
the sulfonium cation and the formation of PhSMe. The systems [FeeS(SEQ™ + [PhMeSCHZRI EFeQ:Q(,:Et)f"SQ]CH(S%
4/8, 4/9, and4/10 afforded the additional products EtSMES, (A (8)
and 16, respectively. Similarly, the systen&#8, 5/9, and5/10 L BN
gave PhSMe,14, and 17, respectively. The same organic ? ol A BugN*

products in the same equimolar ratios were found in the reactions

of NaSEt and (EN)(SPh) with8—10as for the reaction systems

involving the two clusters and the sulfonium ions. Watland

10as substrates, the methyl sulfidezsand15were not detected

in any system. The relatively slow reactions8adire attributed

to decreased electrophilic character owing to the absence of B

electron-withdrawing substituents. =
Evidently, thiolate ligands are abstracted from the clusters

in reaction 1 by electrophilic attack of the sulfonium cations to c A

afford the two product sulfides and deligated clusters, which —

separate as insoluble solids. When the equimolar reaction system e 0 I b UJ L

4/10was performed on a preparative basis, PhSMel&nere 14 3 12 1 1 8 8 7 & s 4 3 2 1 0 ppm

formed in quantitative yield and 62% of initial (f&),[4] was

recovered in substance. Cluster recovery is approximately pot \ng

consistent with the necessary thiolate equivalents supplied by R=—~{)-cN BugN*

0.25 cluster equivalent, but does not require the removal of one

thiolate per cluster. Rapid ligand exchange between singly or

multiply deligated clusters can lead to the formation of soluble

salts of4 or 5 and insoluble material. B
When the same reactions were performed in the presence of A B

2 equiv of E4NCI, no precipitates were observed. The NMR B

spectra of four completed reactions provided in Figures 1 and

2 demonstrate that the same organic products are formed in the

same ratios as in the absence of chloride. Thiolate-deligated —_— A

clusters are solubilized by binding chloride to form the mixed- 1 UJ\JJ L

ligand species [F&4(SR)4-nCli]2~ (n= 1, 2), which are readily

detected by a characteristic set of SCffigure 1) orm-H Moo e 8T 8 s 432 0 pem

(Figure 2) resonances shifted downfield by hyperfine contact Figure 1. 'H NMR spectra of the reaction systems JE€SEt)]2/

interactiong* These same signals are observed upon titration [PhMeSCHR]*/2E4NCI (R = COPh (upper) ang-CsH.CN (lower))

of 42° and 5 with acetyl or pivaloyl chloride in acetonitrile. in acetqnitrile so_lutions_. Signal assignmerjts are i_ndicated_; in order of

Chloride was used as the solubilizing cluster ligand because it'”c_reg‘s'lng Czeg“‘fa' fh'ﬂ' the three downfieldidgSignals arise from

is insufficiently nucleophilic to attack the sulfonium cations. n=>5 =5 and < custers.

The results are consistent with reaction 2 (REt, Ph; R=

COPh,p-CgH4CN), which in all cases proceeds to completion.

For simplicity, the reaction is written with the dominant mixed-

ligand cluster formed. Reaction 2 further exemplifies the

reactivity of cluster thiolate ligands with electrophiles, which

include protic acid$?3'acid chlorides$?3233and (MeO)PO34
Reaction of [F&S,i(SR)4]®~ with Sulfonium Cations. The

reactions of reduced clusters with sulfonium substrates in

acetonitrile are more involved than are reactions 1 or 2. The

reaction of6 or 7 with 9 and 10 in acetonitrile is immediate

and results in the total consumption of cation and the formation

of soluble oxidized clusterd( 5) and a small amount of black

L

follow-up reaction. In the case of hydrogen atom abstraction
from acetonitrile, products derived from NC@Hwvould also
be anticipated, but have not been observed. The reaction systems
that follow afford three or four organic products. These are
specified in Table 2 in terms of average percentages formed
from the initial sulfonium substrate in multiple runs.

(a) Systems [FgS4(SPh)]3~/[PhMeSCH,R] */PhSH. Noting
the probable intervention of radicals and carbanions in the
electrochemical reductive cleavage of sulfonium cati5ri$28
equimolar reaction system&9/PhSH and7/10/PhSH were

investigated. These contained benzenethiol as a potential

precipitate. The expected organic products of a one-electronque”‘?her5 of such species by hydrogen atom and/or proton
reduction of the sulfonium cation are PhSMe and the radical donation3® This thiol was selected because it is easier to handle

RCHys (R = COPh,p-CsH.CN), whose possible fates include and quantitate than is ethanethiol. Consequently, the systems
coupling to give the,combinatio,n product REEH,R, hydrogen examined contain benzenethiolate clusr Reactions are

atom abstraction from solvent to form RgHind reduction by immediate and the cation is fully consumed. The outcome of

reduced cluster to a transient carbanion that is discharged in a"€S€ reactions can be seen from the spectra in Figure 3, where
all signals are identified. Note that signal C corresponds to

(29) Hagen, K. S.; Watson, A. D.; Holm, R. H. Am. Chem. S0d.983 oxidized clusterb. It is immediately evident that substrate
105, 3905-3913. undergoedwo reactions: electrophilic attack on coordinated
(30) gggzson, R.W.; Holm, R. Hl. Am. Chem. S0d.97§ 100, 5338~ thiolate®® (attack) and reductive cleavage with rupture of the
(31) Henderson, R. A,; Oglieve, K. H. Chem. Soc., Dalton Tran$993
1467-1472. (35) At high [PhSH]/[F&S4(SPh)]3~ mole ratios, dihydrogen is evolved
(32) Wong, G. B.; Bobrik, M. A.; Holm, R. HInorg. Chem.1978 17, and the cluster is oxidized: Yamamura, T.; Christou, G.; Holm, R.
578-584. H. Inorg. Chem1983 22, 939-949; Grmberg, K. L. C.; Henderson,
(33) Stack, T. D. P.; Holm, R. HJ. Am. Chem. S0d.988 110, 2484~ R. A.; Oglieve, K. EJ. Chem. Soc., Dalton Tran998 3093-3104.
2494, These conditions do not apply in the present system.

(34) Wilker, J. J.; Lippard, S. dJnorg. Chem.1999 38, 3569-3574. (36) Any PhS formed in this reaction can attack the sulfonium ion.
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Figure 2. 'H NMR spectra of the reaction systems JSgSPh)]2~/ Figure 3. 'H NMR spectra of the reaction systems [S¢SPh)]*"/

[PhMeSCHR]*/2E4NCI (R = COPh (upper) ang-CsH4CN (lower)) [PhMeSCHR]*/PhSH (R= COPh (upper) ang-CeH4CN (lower)) in
in acetonitrile solutions. Signal assignments are indicated; in order of acetonitrile solutions. Reactants were present in equimolar concentra-
increasing chemical shift, the three downfieteH signals arise from  tion. Signal assignments are indicated.

n =0, 1, and 2 clusters. -
afford a second product RGHacetophenonep-tolunitrile).

Table 2. Product Distributions in the Reaction Systems While the cleavage event itself is obviously a one-electron
[FesSy(SR)4)* /[PhMeSCHR]" in Acetonitrile Solution (R= Et process, the complete reaction 7 requires that cleavage of the
(6), Ph (7); R = COPh §), p-CH.CN (10))* sulfonium substrate is a two-electron process. An alternative

system PhSMe ®BCHR RCH; PhMeS=CHR RCHCH:R scheme considered is the quenching of the radical in reaction 5
7/99PhSH 100 57 43 by reaction 8. The newly formed benzenethiyl radical could then
7/20PhSH 100 58 43 undergo further reduction to form benzenethiolate (reaction 9)
6/9 72 21 36 22 or dimerize to form disulfide (reaction 10). The disulfide was
719 60 22 39 45 not detected nor was benzenethiolate (reaction 7 and/or 9), which
6/10 88 18 24 b 18

210 90 24 20 b 59 we assume was taken up by either deligated cluster generated
. . . . . in the attack pathway or by direct attack on cation as is observed
2Yields determined by'H NMR integration {2—-4%) against in the reactions of (EN)(SPh) with9 or 10. It must be noted
internal standards and are reported based on the initial amount of ¢ [FaSy«(SPh)]3~ cannot reduce the disulfide in subsequent

sulfonium cation used9(or 10).  Unidentified product signals G in . . :
Figure 5 have been observed'th NMR on treatment ofLO with NEt; steps (reaction 11) as the reduction potential of the laBgy (

in acetonitrile after heating at 6. The implication is that it is the ~ — —1-54 V (DMF)*7 —1.48 V (MeCNJ® vs SCE) is too low.
product of proton abstraction or nucleophilic attackirand accounts ~ Owing to the large thermodynamic stability of disulfide bond
for the absence of the unknown ylid (PhMeSH-p-CsH4CN). formation, that no disulfide is formed strongly suggests that the

reaction pathways 4 8 + 9 and 4+ 8 + 10 are not significant
contributions to the reductive cleavage pathway. From the
nformation available, we cannot tell whether the oxidized or
educed clusters (or both) participate in the attack reaction.
ttention is next turned to reaction systems that do not contain
Careful examination of the spectra did not detect either RCH thiol and, asa result, generate additional products.

CH:R or PhSSPh, or in the czgse othe ylid 11 (vide infraE)z, (b) Reaction Systems [F£5,(SR)a]* /[PhMeSCH,COPH".
among the reaction products. Consequently, we propose reactioryée NMR spectra in Figure 4 convey the outcome of systems
sequence 46 (R = Ph; R = COPh, p-CeHCN) for the and7/9. The compounds PhSMe, the sulfide%or 14, and
cleavage pathway. Cleavage occurs by electron transfer in the(37) Kriger, H.-J.. Holm. R. HInorg. Chem 1989 28, 1148-1155
first step with generation of PhSMe, followed by reduction of (3g) samide, M. J.; Peters, D. G. Electrochem. Sod998 145 3374~
the radical RChb and protonation of the resultant carbanion to 3378.

same S-C bonds as in reactions 1 and 2 (cleavage). The results
are summarized as reaction 3. The columiGHRSR and RCH )
in Table 2 give the percentages of substrate that undergo attack
and cleavage reactions, respectively. In these two systems, attac
and cleavage pathways occur in a ratio of 1.3:1.
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Scheme 3. Reaction Pathways in the Systems f&£SR)]3~/[PhMeSCHR]" 2
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2 (a) Electron transfer reaction. (b) Second (fast) electron transfer reaction. (c) Quenching of sulfonium cation. (d) Terminal thiolate attack from
reduced cluster. (e) Terminal thiolate attack from oxidized cluster (cluster decomposition observed in absence of added chloride to reagfion mixtu
*Unidentified.

acetophenone appear as reaction products, and together witlyuantitations more satisfactory in systems based on clidster
the oxidized cluster account for signals-B®. The two sulfides From the reproducible observation that the ratio of ylid to
13 and 14 arise from sulfonium cation attack on coordinated acetophenone is ca. 1:1, we propose reactions 4, 5, and 12 (R
thiolate. Product quantitation indicates an ca.4:1 ratio of cleavage= COPh) to account for sulfonium cleavage and ylid formation.
and attack pathways; i.e., on average-22% of the clusters  Acetophenone and ylid formation occur by reaction 12, in which
are deligated by sulfonium attack, assuming for simplicity that the carbanion abstracts arH from the sulfonium cation. The
one thiolate per cluster reacted. With signals-B\ readily net reaction 15 requires 2 equiv of cluster for reductive cleavage
identified, the signals E remain in both systems. Here we heedof the sulfonium cation and formation of 1 equiv each of
examples of electrochemical reduction of sulfonium cations in acetophenone and ylid. Reactions 7 and 15 have the common

aprotic solvents that result in substrate quenching by proton feature of involvement of proton donors, leading to the two-
abstractiort>2"-?*This behavior occurs when the cation carries glectron stoichiometry. An alternative formation of the ylid to

a relatively acidica-hydrogen; cation9, with its electron- that proposed is the reaction sequence-413 + 14. This
withdrawing phenacyl group, is one such speéieshe ylid mechanism differs only in the positioning of the second electron
11 was prepared and found to account for all signals E in the reqyction without changing the overall net reaction 15. We favor
two systems. the first sequence proposed {45 + 12) based on the lack of

From the product quantitation in Table 2, the PhMeS fragment 5y viig and disufide byproduct formation in the thiol-added
of 9is well accounted for in the products of both systems (94%, (a5ction system
105%) as is the PhCOCGHragment in the7/9 system (106%), . ' 3
but the latter is somewhat low in ti§# system?® These results ,\(ﬂ Riﬁctlon deStteme [Fé‘(‘j(SR)“] t/[i?ﬁl\ﬂlgscﬂz'?e'l%em'
express our general experience that reactions are cleaner anﬁé vgaa-le d Sy%oe LIiICMSR 2L2§tralri]n SlgliZSre 5 Aznin react?c:ﬁs of

(39) One small residual signad @.86, t) has not been identified and may these clusters with, th_e spectra indicate complete_ consumption
contribute to the lower quantitation of the ylid. of 10 and cluster oxidation t@d or 5. The organic products




[FesS4(SR)]?2~ Clusters and Sulfonium Cations

[Fe4S4(SR')41>" / [PhMeSCH,COPh]*

Inorganic Chemistry, Vol. 40, No. 12, 2002791

[Fe4S4(SR")4]* | [PhMeSCH-p-CgH4CN*

AC
RzE A I solv R=H sol
+ +
(&) PhSMe ! ELN') D BUN® iQ; ;rsscmzcsmcn el AC Fun
10 Fartriatn, o po  BE | (C) [FeySy{SEN” A
8434 [ (D) p-NCCgH Me ;
(D) PhCOMe § EH o
(E) PhMeS=CHCOPh * e «}; o \3’ (F) (NCCgH,CHy); G“‘“‘ﬁ*ﬂ*:
= ; le0 LA

8.0 70

Lol !

s 7o

c [o]
i U LJ \ Ubb L
14 13 12 n 1 s 8 7 6 5 4 3 2 1 0 ppm W 1 2 Mmoo s s 7 & 5 4 3 2 1 0pm
R'= Ph
R=Ph
{A) PhSMe EL‘N" A solv EQ4N+
(B) PhSCH,COPh 4 + (A) PhSMe
() [FeS4(SPR)> BUNT Al fsolv ] ELN (B) PhSCH,CoHCN "
(D) PhCOMe (C) [Fe S¢{SPh)J*
(E) PhMeS=CHCOPh (D) p-NCCgH Me -
(F} (NCCgH,CHy), G F+G ||

8+D Il A

BeF——]

)

c L w_(‘
18 70
F
C D
—_— B
) ) J LA
kl . -
H [ 7 13 5 4 3 2 1 0 ppm
s [ 7 6 5 A 3 2 1 0 ppm

Figure 5. H NMR spectra of the reaction systems JE£€SR)]*~/
[PhMeSCH-p-C¢H4CN]* (R" = Et (upper) and Ph (lower)) in aceto-
nitrile solutions. Reactants were present in equimolar concentration.
Signal assignments are indicated; insets show expanded aromatic proton
Tegions.

Figure 4. *H NMR spectra of the reaction systems JE£SR)4]3~/
[PhMeSCHCOPhHT (R’ = Et (upper) and Ph (lower)) in acetonitrile
solutions. Reactants were present in equimolar concentration. Signal
assignments are indicated; insets show expanded aromatic proto
regions.

include PhSMep-NCCsH4Me, and the sulfide$6and17. The reactions, it is apparent that reaction 16 cannot be contributing
cleavage-to-attack ratio is ca. 4:1. Quantitation of the PhMeS to any significant extent and that reaction 17 must be the
(88%, 90%) andp-NCCsH4CH, (78%, 88%) fragments are ~ dominant, if not exclusive, pathway to the formation of the
somewhat low but better in the system containihdJnlike combination product -NCCsH4CHy), by means of overall
the previous systems, the combination product ROHR (R reaction 18 for the reasons described earlier.

= p-CsH4CN) is observed here. All NMR signals except those  (d) Reaction Systems [F£54(SR)4]3/[PhMe,S]*. The reac-
labeled G were identified. Attempts to synthesize the (unknown) tions of cation8 with clusters6é and7 are complete within 10
ylid [PhMeS=CH-p-CsH4CN]™ were unsuccessful. When cation  min and result in the equimolar formation of PhSMe angiRe

10 and 2 equiv of BN were heated at 60C in acetonitrile, (R = Et or Ph) and some black precipitate. No other products
the set of signals G was observed among the products, whichof 8 were observed nor was any cluster species identifiable by
also included a large amount of PhSMe but mtolunitrile. NMR. Attempts to stabilize the deligated clusters by the addition
Given thatlOis expected to be less acidic thdand the putative of chloride or PP*® were unsuccessful. The redox potential
ylid formed by deprotonation does not have a stabilizing of 8 (E,c = —1.64 V) places it out of range for reductive
o-carbonyl group, it is perhaps not surprising that it is unstable cleavage by6 or 7. The lack of product cluster identification

or not formed at all. We propose the occurrence of reaction does not preclude the fact that the organic products are those
sequence 4 5 + 12 (R = p-C¢H4CN), with reaction 12 the expected from electrophilic attack I8/on the thiolate ligands
origin of signals G by means of ylid decomposition (or an of the clusters. This finding is consistent with the formation of
unidentified process). The net reaction 15 accounts for the both attack and cleavage products in other systems containing
formation ofp-tolunitrile but not p-NCCsH4CHy).. The reaction substrates susceptible to both reaction pathways.

sequences 2(4) 16 and/or 4+ 5+ 17 lead to overall reaction

18, which affords [j-NCCsH4CHy), but notp-tolunitrile. Reac-

tions 12 and 17 result in substrate quenching. Reactions 15 andSummary

18 are cleavage processes requiring two electrons, but the latter

leads to 2 equiv of PhSMe compared to 1 equiv in reaction 15.  provided in Figure 6 is a graphical account of experimental

in these systems compared to thosé/Mmand7/9 (Table 2), in

which RCHCH,R is absent, reaction 18 must contribute to the
product distribution. However, as no combination product nor
any PhSSPh's are observed when thiol is added to these

(40) Tertiary phosphines have been shown to stabilize reduced clusters,
including [FaSs(PPt3)4): Goh, C.; Segal, B. M.; Huang, J.; Long, J.
R.; Holm, R. H.J. Am. Chem. S0d.996 118 11844-11853.
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Figure 6. Graphical representations of the observed and predicted product distributions in four reaction sysiSu{BRF4°/[PhMeSCHR]"

(R = Et, Ph; R= COPh,p-CsH4CN) in acetonitrile, based on a 4:1 ratio of reductive cleavage to electrophilic attack of sulfonium cation on cluster
thiolate ligands.
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[FesS4(SR)4]3/[PhMeSCHR]". Scheme 2 exclusively depicts  carbanion. In biotin synthase, the D@#adical is apparently
the reductive reaction pathways of both sulfonium salts, while sufficiently stabilized so as to allow it to abstract a hydrogen
Scheme 3 is a summary of reaction pathways in a generalizedatom from dethiobiotin (Scheme 1). In anaerobic ribonucleotide
system. The calculated values are based on a 4:1 cleavage-toreductas® 3 and pyruvate formate lyasé DOAe produces a
attack ratio indicated by the data in Table 2 and on reaction glycyl radical that is stable enough to be identified.
stoichiometries that require two electrons in the overall reductive  The recent selenium EXAFS investigation of lysine-2,3-
cleavage reactions. It is apparent that quenching of a radicalaminomutasé? a member of the enzyme family to which biotin
produced in a reaction such as 4 by follow-up reactions of synthase is thought to belong, under dithionite-reducing condi-
reduction and protonation necessitate a two-electron processtigns and in the presence of the selenium derivative of AdoMet

Reactions 7 and 15 may be represented by minimal reaction(s adenosytk-selenomethionine) afforded a selenititon in-
19, in which the two electrons are used to cleave a€®ond teraction at 2.67 A° It is proposed that AdoMet interacts at

an_d reduce the radical p_roduct and the proton donor is an added,g open site of a [R&(S-Cys)] cluster. While biotin synthase
acid or th_e substrate itself. _These reactions paral_lel thoseg gescribed as having complete cysteinate ligation, it may be
proposed in the electrochemical reduction of sulfonium cat- 4t cysteinate becomes detached during catalysis, followed by
lons #2728 Reaction 18 differs in that no protonated product aqopet activation. Investigation of the reaction of AdoMet,
RCH; is formed. or sulfonium salt analogues, with a 3:1 site-differentiated
This work demonstrates the intrinsic ability of [fSg]* analogue cluster such as jSg(LSs)(SR)P 32 may yield further
clusters of appropriate redox potential to reductively cleave jnformation on the specific interaction between these species,
sulfonium cations in overall two-electron reactions. Consistent hether directly related to both biotin synthase and lysine-2,3-
with other findingsi®2>2#41the bond cleaved affords the most  aminomutase or solely the latter. As described at the outset,
stable radical, resulting in the consistent formation of PhSMe. reqyction of AdoMet is one of two functions of theSgcluster

The occurrence of electrophilic attaclf asa minority pathway is i, piotin synthase and extends to certain other enzymes operating
an obvious consequence of freely diffusing reactants that arenroyugh radical intermediates.

strongly electrophilic and nucleophilic. At present, the biotin
synthase cluster is seemingly best described asSjf® Cys)]
from 57Fe isomer shiftsand resonance Raman shiffaye are
unaware of any indication of electrophilic attack by AdoMet - - -

on a cysteinate ligand. The two-electron reductions observed (43) E%’E’Ii;(é;sc?r']"algT'Egi&i&gﬁ’“&ﬂ}& féé:\}éa}’M'\’_';';R“g%u‘;fat"z;hLé;fpe'
in the present systems are due to an inability to stabilize the B.-M. J. Biol. Chem1996 271, 6827-6831.

radical product prior to the fast second reduction forming the (44) Cosper, N. J.; Booker, S. J.; Ruzicka, F. J.; Frey, P. A,; Scott, R. A.
Biochemistry200Q 39, 15668-15673.

(45) The 2.7 A peak was successfully modeled as a first row transition

(41) Beak, P.; Sullivan, T. AJ. Am. Chem. S0d.982 104, 4450-4457. element. K-edge XAS of the Zn(ll) site also present in the enzyme

(42) Duin, E. C.; Lafferty, M. E.; Crouse, B. R.; Allen, R. M.; Sanyal, |.; did not change at any stage of catalysis, leading to the conclusion of
Flint, D. H.; Johnson, M. KBiochemistry1997, 36, 11811-11820. a Se-Fe interaction.

Finally, because our conclusions of probable stepwise reaction
pathways are predicated on product analysis and not on
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observations of individual reactions, we cannot insist upon such  Acknowledgment. This research was supported by NIH
pathways. The distinction between electron transfer, carbanionGrant GM 28856.

formation, and protonation vs radical hydrogen atom abstraction

is difficult to draw. We have presented observations and  Supporting Information Available: *H NMR chemical shifts of
precedents that in our view favor the former, embodied in the compounds in Chart 1 and others relevant to this investigation.
minimalist reaction 19. In a further investigation, the use of This material is available free of charge via the Internet at http:/
peptide-bound [F£,] " clusters in media in which AdoMet and pubs.acs.org.

biotin are soluble will be examined. IC010039K





