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Substitution reactions at the nickel site of the cubane-type cluster [(PhsP)NiFesS4(LSs)]?~ (2) have been investigated
in the course of a synthetic approach to the C-clusters of CODH. Reaction of 2 with RS~ or toluene-3,4-dithiolate
affords [(RS)NiFesS4(LS3)*~ (R = Et (5), H (6)) or [(tdt)NiFesS4(LS3)*~ (7), demonstrating that anionic sulfur
ligands can be bound at the Ni' site. Clusters 5 and 6 contain tetrahedral Ni(us-S)s(SR) sites. Cluster 7 is of
particular interest because it includes a cubanoid NiFes(u,-S)(us-S)s core and an approximately planar Ni(tdt)(us-
S), unit. The cubanoid structure is found in all C-clusters, and an NiS,-type unit has been reported in C.
hydrogenoformans CODH. Clusters 5/6 are formulated to contain the core [NiFesSqJ'* = Ni?* (S = 1) + [FesSyt~
(S = 5/2) and 7 the core [NiFesS,>* = Ni** (S = 0) + [FesSy° (S = 2) on the basis of structure, >'Fe isomer
shifts, and *H NMR isotropic shifts. Also reported are [(EtS)CuFesS4(LS3)]*~ (9) and [Fe,Sa(LS3)(tdt)]*~ (11). The
structures of 5-7, 9, and 11 are presented. Cluster 11, with a five-coordinate Fe(tdt)(us-S); site, provides a clear
structural contrast with 7, which is currently the closest approach to a C-cluster but lacks the exo iron atom found
in the NiFe,Sy5 cores of the native clusters. (CODH = carbon monoxide dehydrogenase, LS; = 1,3,5-tris((4,6-
dimethyl-3-mercaptophenyl)thio)-2,4,6-tris(p-tolylthio)benzene(3-), tdt = toluene-3,4-dithiolate)

Introduction entity to which is bridged an exo iron atofm® These

The C-cluster of carbon monoxide dehydrogehasis structures differ in the _details of nickgl and exo iron Iiggtion,
the site of the reaction CQ H,0 = CO, + 2H" + 26 arld several are 'clompllcated by partlal atom occupancies and
whereby CO is oxidized and G@ reduced in methanogenic dlsqrdered positions. Summaries of these structures are
archaea and acetogenic and anaerobic bacteria. COdels available elsgwh_er%i}. e ) )
implicated in the WoodLungdahl pathway of acetate In our continuing efforts on the synthesis of weak-field
synthesis. In bifunctional enzymes, carbon monoxide pro- cluster analogues of biological sit€s,> we have taken as
duced at the C-cluster appears at the A-cluster by means ofPhe objective the C-cluster of CODH. As a definite target,
a tunneling pathwayf where it is utilized in acetylcoenzyme
A synthase activity. Considerable interest attends the struc- (/) gggf‘;'gg'-l?zsg’le_“il‘gggyi' V.; Gremer, L.; Huber, R.; Meyer Sience
tural and electronic properties of the catalytic sites of this (g) pobbek, H.: Svetlitchnyi, V.; Liss, J.; Meyer, . Am. Chem. Soc.
enzyme. The crystallographically determined structures of 2004 126 5382-5387. _ . _
the C-clusters from three sources contain a cubanoidgiiFe @ B ona & L e o e oa T1o0s 1 1a7s. odem P

(10) Doukov, T. I.; Iverson, T. M.; Seravalli, J.; Ragsdale, S. W.; Drennan,
*To whom correspondence should be addressed. E-mail: holm@ C. L. Science2002 298 567—-572.

chemistry.harvard.edu. (11) Drennan, C. L.; Peters, J. \@urr. Opin. Struct. Biol2003 13, 220~
(1) Ragsdale, S. W.; Kumar, MChem. Re. 1996 96, 2515-2539. 226.
(2) Lindahl, P. A.Biochemistry2002 41, 2097-2105. (12) Drennan, C. L.; Doukov, T. I.; Ragsdale, S. WBiol. Inorg. Chem.
(3) Ragsdale, S. WCrit. Rev. Biochem. Mol. Biol2004 39, 165-195. 2004 9, 511-515.
(4) Abbreviations are given in the chart. (13) Volbeda, A.; Fontecilla-Camps, J. @. Chem. Soc. Dalton Trans.
(5) Tan, X.; Loke, H.-K.; Fitch, S.; Lindahl, P. Al. Am. Chem. Soc. 2005 3443-3450.
2005 127, 5833-5839. (14) Lee, S. C.; Holm, R. HProc. Natl. Acad. Sci. U.S.R003 100, 3595~
(6) Volbeda, A.; Fontecilla-Camps, J. C. Biol. Inorg. Chem2004 9, 3600.
525-532. (15) Lee, S. C.; Holm, R. HChem. Re. 2004 104, 1135-1157.
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compounds in Table 1 were identified by X-ray structure determi-
nations. In addition, all clusters display well-resolved isotropically
shifted IH NMR spectra which, in conjunction with spectra of
known compounds of the types'[MFesSy(LS3)]? (M = Ni, 16718
Cut®) and [FaSy(LS3)L']1%19 serve to identify them and are indicative
of substantial purity of isolated compounds. Several compounds
exhibited species in their electrospray mass spectra consistent with
intact clusters (M= cluster).
(Et4N)(SEt). To a solution of 1.00 g (11.9 mmol) of NaSEt in
Figure 1. Structure of the C-cluster of dithionite-reduc&d hydrogeno- 100 mL of acetonitrile was added 1.97 g (11.9 mmol) of\&tl.
formansCODH Il at 1.1 A, resolution. The solution was stirred for 2 days and filtered through Celite.

Removal of solvent gave the product as 1.82 g (80%) of a white
we have selected the cluster froBarboxydothermus hy-  mjcrocrystalline solid, which from théH NMR spectrum was

drogenoformansThe structure of the cluster in dithionite-  sufficiently pure to be used without further purificatidtt NMR
reducedCh CODH Il determined at 1.1 A resolution is  (CDsCN): ¢ 1.13 (t, 3), 1.21 (t, 12), 2.37 (q, 2), 3.24 (q, 8).
shown in Figure £.The structure consists of a cuboidak&e (Et4N),(tdt). To a solution of 100 mg (0.50 mmol) of Mdt)
fragment with tetrahedral iron sites to which is bound a nickel in 50 mL of methanol was added 166 mg (1.00 mmol) oN&tl.
atom in an approximately planar configuration separated from The solution was stirred for 20 min, and solvent was removed. The
an axial sulfur atom S* at 3.75 A. A tetrahedral iron atom is Solid residue was extracted with 30 mL of acetonitrile, and the
bridged to the NiF¢S, entity by two sulfide bridges, resulting e_xtract was filtered through celite. Solvent was removeql from _the
in a cluster with the NiFeSs = NiFes(uz-S)(us-Sk core. No flltra_lt(_e to give the product as 174 mg (84%) of a Wr_u_te §0I|d,
synthetic or other native MFe—S cluster of this construction sufficiently pure by*H NMR to be used without further purification.

. . . . IH NMR (CDsCN): 6 1.17 (t, 24), 2.07 (s, 3), 3.16 (q, 16), 6.30
is known. Synthesis of the desired cluster involves at least (br, 1) 7.(13 E’d 2)) 715 (s(l). ) (5.3) (@. 16)

tvyo §teps: (!) stabilization of planar"four—cqordlnate nickel (EtaN)[(PhsP)NiFesS(LSa)]. To a solution of 250 mg (0.15
site in an N'F@Sf‘ Clus_ter unit and (ii) binding of an exo mmol) of (EtN)s[FesSs(LS35)]2°in 50 mL of acetonitrile was added
iron atom to this unit. In previous work, we have ac- 46.3 mg (0.17 mmol) of [Ni(cod) followed by 44.1 mg (0.17
complished step (i) by means of reaction 1, in which the mmol) of PhP in 10 mL of acetonitrile. The reaction mixture was
strong in-plane chelate ligand dmpe promotes a planér Ni stirred fa 3 h and filtered. Solvent was removed from the filtrate;
stereochemistri£” The reaction proceeds with &= 3/2 the solid residue was washed with etherx(310 mL) and dried.

— S = 5/2 ground-state spin change upon creation of the The product was obtained as 220 mg (79%) of black solid, whose
diamagnetic NiP,S, site within the [NiF@S,]** core from IH NMR spectrum is identical with that reported for this compound
a tetrahedral NiPS; site. Analogous clusters containing'Pd ~ Prepared by a different methdd.

and P! have also been synthesized and structurally charac- (EtaN)sl(EtS)NiFesSy(LS5)]. To a solution of 50 mg (2zmol)
terized?? of (EyN),[(PhsP)NiF&S,(LS3)] in 30 mL of acetonitrile was added

25 mg (131umol) of (E4N)(SEt). The reaction mixture was stirred
- 2— for 12 h and filtered, and the solvent was removed from the filtrate.
[(PhsP)NiFe;S,(LSy)]" + dmpe— The solid residue was washed with cold acetonitit&Q °C) and
[(dmpe)NiF%S4(LS3)]2_ + PhP (1) dried, yielding the product as 41 mg (85%) of a black solid.
ESMS: m/z 1882.8{M + 4EyN}*. TH NMR (Me,SO-ds, anion):
Given the Nifi2-S)(us-S)(Scys) unit reported irCh CODH 0 —45.0 (br, SCH), 2.23 (4-Me), 5.12 (SCHMe); 6.16, 7.14
Il, a desirable next step is the achievement of a planér Ni (2-,3-H); 7.55, 10.60 (4-,6-Me), 14.33 (5-H).
site stabilized by all-sulfur coordination that includes ligand ~ (EtaN)s[(HS)NiFe;S«(LSs)]. To a solution of 35 mg (19.0mol)
atoms possibly capable of bridging to an exo iron atom. Of (EuN)2[(PhsP)NiF&S,(LSs)] in 20 mL of acetonitrile was added

Consequently, we have sought additional substitution reac-15 Mg (92.0umol) of EuUNSH. The reaction mixture was stirred
tions at the nickel site that introduce ligands of more overnight at room temperature, and the solvent was removed. The

physiological relevance with the potential of bridge forma- solid residue was washed with cold acetonitrile (5 mi30 °C),

. o . g THF (10 mL), and ether (10 mL) and dried to give the product as
tion. The initial results of this research are described here. 25 mg (76%) of a black powdeltd NMR (Me,SO-d, anion): 2.20

(4-Me); 6.15, 7.17 (2,3-H), 7.60, 10.74 (4-,6-Me), 14.33 (5-H).
(EtaN)3[(tdt)NiFe 3S4(LS3)]. To a solution of 50 mg (27.0mol)
Preparation of Compounds.All reactions and manipulations  of (Et,N),[(PhsP)NiFeSs(LSs)] in 40 mL of acetonitrile was added

were performed under a pure dinitrogen atmosphere using eithergg mg (145:mol) of (EtN)-(tdt). The reaction mixture was stirred

Schlenk techniques or an inert-atmosphere box. Solvents werefor 90 min. The precipitate was collected by filtration, washed

passed through an Innovative Technology solvent purification thoroughly with acetonitrile and THF, and dried. The product was

system prior to use. Volume reduction and drying steps were carried gptained as 33 mg (65%) of a black soliti NMR (Me,SO-ds,
out in vacuo. Because of the small scale of the preparations,

products were characterized by physical methods. The five cluster(l8) Zhou, J.; Raebiger, J. W.: Crawford, C. A.; Holm, RJHAm. Chem.

So0c.1997 119 6242-6250.
(16) Panda, R.; Zhang, Y.; McLauchlan, C. C.; Rao, P. V.; Tiago, de (19) Ciurli, S.; Carrie M.; Weigel, J. A.; Carney, M. J.; Stack, T. D. P;

Experimental Section

Oliveira, F. A.; Minck, E.; Holm, R. H.J. Am. Chem. SoQ004 Papaefthymiou, G. C.; Holm, R. H. Am. Chem. Sod99Q 112
126, 6448-6459. 2654-2664.

(17) Panda, R.; Berlinguette, C. P.; Zhang, Y.; Holm, RJHAmM. Chem. (20) Zhou, J.; Hu, Z.; Maock, E.; Holm, R. HJ. Am. Chem. S0d.996
Soc.2005 127, 11092-11101. 118 1966-1980.
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Table 1. Crystallographic Data for Compounds Containing Clusgrs, 7, 9, and112

(EuN)3[5]-2Me:SO

(EtN)3[6]-Me;SO

(EtN)3[7]-3/4Me:SO

(EtN)3[9]-2Me;SO

(EtN)3[11]-2Me;SO

formuld CeiH120F&3N3NiO2S16 CrH111FeN3NiOS;5 CaadHasFe12N12Ni403Ss3 Cg1H122CUF&N30,S;6 CgeH12€N30,S;7
fw 1909.04 1801.85 7617.98 1913.87 1999.29

cryst syst monoclinic orthorhombic _triclinic monoclinic monoclinic
space group  P2i/c P212:2; P1 P2:/n P2i/n

z 4 4 1 4 4

a A 19.149(3) 14.650(1) 14.517(1) 19.167(2) 14.127(2)

b, A 14.280(2) 18.660(2) 19.528(2) 14.204(2) 35.084(6)

c, A 34.059(4) 34.069(3) 33.269(2) 34.125(4) 19.619(3)

a, deg 90 90 89.047(4) 90 90

B, deg 92.287(3) 90 86.254(4) 92.319(3) 99.803(4)

y, deg 90 90 87.217(4) 90 90

V, A3 9306(2) 9313(1) 9400(1) 9282(2) 9581(3)

GOF F? 0.780 0.780 0.880 0.818 1.012

R1°¢ (wR2) 0.0485 (0.918) 0.0545 (0.122) 0.0903 (0.210) 0.0575 (0.109) 0.0708 (0.166)

aData were collected using Modradiation ¢ = 0.71073 A) at 193 KP The formula is multiplied so that an integer number of solvent molecules is
obtained ¢ R1= S ||Fo| — |Fell/S|Fol. $WR2 = { S[W(F2 — FAZ¥[W(F)?]} /2

anion): 2.29 (tdt-Me), (4Me), 6.34, 7.04 (2,3-H), 9.75, 13.95 Chart 1. Designation of Clusters and Abbreviations

(4-,6-Me), 15.45 (5-H). [FesSy(LS:)T" e
(EtaN)3[FesSy(LS3)(tdt)]. To a solution of 50 mg (2@mol) of [(PhsP)NiFe;Sy(LS;)I” 2"

(EtN),[FesSy(LS3)(OTH)]?°in 20 mL of acetonitrile was added 12 [(Bu'NC)NiFe;Sy(LSy)> 37

mg (29umol) of (EuN),(tdt). The reaction mixture was stirred for [(dmpe)NiFe,SyLS[>  4'7

90 min and filtered, and the solvent was removed from the filtrate. ) N

The residue was washed with acetonitrile (1 mL) and ether (20 [(ES)NiFe:S(LSy)] 3

mL), affording the product as 37 mg (79%) of black solid. The [(HS)NiFe;S(LS5)]" 6

NMR spectrum of the cluster was identical to that of thefPh [(tdt)NiFe;S4(LS3)]™ 7

salt prepared by a related methidd.

(EtaN)2[(Ph3P)CuFe;Sy(LSg)]. To a solution of 80 mg (4@mol)
of (E4N)3[FesSy(LS3)] in 50 mL of acetonitrile was added 43 mg
(49 umol) of [CuCI(PPR)3].2 The reaction mixture was stirred for
90 min and filtered, and the solvent was removed from the filtrate.
The remaining solid was washed with ether{(35 mL) and dried
to give the product as 79 mg (88%) of black solid. ThHeENMR
spectrum is identical with that reported for this compound prepared
by a different method?®

(EtaN)3[(EtS)CuFesS4(LS3)]. To a solution of 50 mg (2@mol)
of (E4N),[(PhsP)CuFeSs(LSz)] in 20 mL of acetonitrile was added
25 mg (131umol) of (Ey4N)(SEt). The reaction mixture was stirred
for 12 h and filtered. Solvent was removed from the filtrate, and
the residue was washed with cold acetonitrile (10 mi30 °C)
and dried. The product was obtained as 37 mg (77%) of black solid.
ESMS: m/z 1888.7{M + 4EuN} .

In the sections that follow, clusters are designatedl-agl
according to Chart 1.

X-ray Structure Determinations. Structures of the five com-
pounds in Table 1 were determined. For simplicity, these com-
pounds are referred to by their cluster designation. Diffraction-
quality crystals were obtained by layering several volume equivalents
of ether on MgSO solutions at room temperature. Crystals were
coated with paratone-N oil and mounted on a Bruker APEX CCD-
based diffractometer. Data were collected at 193 K witkcans
of 0.3°/frame for 30 s (60 s fofl1) using Mo Ko radiation. The

number of frames collected for a hemisphere of data varied between

1305 and 1697. No significant decay, examined by recollection of
the first 50 frames at the end of the data collection, was detected
for any compound. Cell parameters were retrieved using SMART
software for6, 9, and11, and the CELL NOW program was used
for twinned crystals ob and7. Refinement of cell parameters and
correction for Lorentz and polarization effects were performed with
SAINT. Absorption corrections were applied using SADABS for
11, TWINABS for 5 and7, and the MULABS routine in PLATON

(21) Reichle, Winorg. Chim. Actal971, 5, 325-332.

[(Ph;P)CuFe;SLSy)]>  8'%

[(EtS)CuFe;S4(LS;)>" 9
[FeySy(LS3)CI* 10%
[Fe Su(LS;)(tdt)]> 11°

bdt = benzene-1,2-dithiolate(2-), cod = cycloocta-1,5-diene, CODH = carbon monoxide
dehydrogenase, dmpe = 1,2-bis(dimethylmethylphosphino)ethane, LS; = 1,3,5-tris((4,6-
dimethyl-3-mercapto-phenyl)thio)-2,4,6-tris(p-tolylthio)benzene(3-), tdt = toluene-3.4-
dithiolate(2-), TfO = triflate(1-), Tp = hydrotris(pyrazolyl)borate(1-)

for 6 and9. Space groups were assigned unambiguously by analysis
of symmetry and systematic absences determined by XPREP.
Compounds5 and 7 occurred as twin crystals, each of them
containing two microdomains. The twin laws wer& 0 0, 0—1 0,
001land—100,0-10,00-1 for5and7, respectively. Both
of them contained one major component, as indicated by the batch
scale factors (BASF) of 0.3%) and 0.31 7). Missing symmetry
in all crystals was checked with PLATON; none was found.
Structures were solved by direct methods and refined against all
data by full-matrix least-squares techniques Bf using the
SHELXL-97 package. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were placed at idealized positions
on carbon atoms. Crystal parameters and agreement factors are
reported in Table %3

The unit cell of compound contains 4 cluster anions, 12 cations,
and 3 solvate molecules. The Nidt moiety is disordered in one
of the two crystallographically independent anions at two positions
in a 3:2 ratio. To assist convergence in refinement, the bond
distances and angles of Nidt were restrained to the same value
for the two different positions, carbon atoms were fixed in idealized
positions (G-C = 1.39 A, G-C—C = 120), and the methyl carbon
atoms were fixed in the plane of the ring. Structural information

(22) stack, T. D. P.; Holm, R. HJ. Am. Chem. Sod.988 110, 2484—
2494,

(23) See the paragraph at the end of this article for available Supporting
Information.
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Figure 2. Scheme including present and previous results which summatrizes the formation of clusters based on metalation of cuboldahdlhsterometal
substitution reactions leading to nickel clust@rs7 and copper cluster® and9. Also shown is the formation of iron clustéd from 10. Note the ligand
numbering scheme.

reported is confined to the non-disordered cluster. The SH ligand reactions were those of [(BP)NiFeS,(SEts]?~, where

in 6 is disordered over two positions in a 3:2 occupancy ratio. In substitution of the phosphine was observed$yNMR but
multiple crystallization experiments, clustewas also isolated in no products were isolatéd.In undertaking step (i) of the

the Co_mpound (EN)_algl'l/ZMezSQ' Whoie structure WZS dfter' proposed C-cluster analogue synthesis, site-specific reactions
mined: orthorhombicP2:2,2,, Z = 2, a = 14.9195(6) A.b = at nickel and isolation of reaction products are required. In

18.4933(8) Ac = 33.457(2) AV = 9231.1(7) A, Rl.(WRZ).: . this work, we augment reaction 1 with several other reactions
8.06(17.33). Because the cluster structure was practically identical . . L .

to that in the-2Me,SO crystal (Table 1), metric data are not leading to thiolate ligation at the heterometal site and
reported. isolation of clusters. Product identification and characteriza-

Other Physical MeasurementsAll measurements were made ~ tion are provided by crystallographic structure prodfs,
under anaerobic conditions. Cyclic voltammograms were obtained NMR spectra, and other data pertinent to oxidation levels
with a Princeton Applied Research model 263 potentiostat/ and redox properties.
galvanostat using acetonitrile or MO solutions, a platinum Nickel(Il) Site Reactions. Set out in Figure 2 are selected
working electrode, and 0.1 M (BN)(CIO,) supporting electrolyte.  Njii_pased substitution reactions from this and earlier work.
Potentials are referenced to a standard calomgl electrgde. E.Iectro-]-he scheme originates with the cuboidakSecluster1.2°
spray mass spectra were recorded on acetonitrile solutlons_ dlrectlyl,_\S in previous reactivity studie$; 8 we utilize the semirigid
infused into a LCT mass spectrometer at a flow rate gfBnin. . . S

cavitand-like ligand L&?which stabilizesl and subsequent
Results and Discussion clusters and provides distinctive isotropically shiftedNMR
signals. All clusters were isolated as black, highly dioxygen-
sensitive, EAN™ salts. Clustell upon reaction with [Ni(cogd)
and PRP yields the NiFg5, cluster2 (79%). This procedure
is now the method of choice for the synthesis2fThe
structure of the related cluster [(M®NiF&Sy(LSs)]? 7 has
established the cubane-type structure and a tetrahedtal Ni

While site-specific reactions of F& clusters have been
extensively documented in the course of developing a large
manifold of 3:1 site-differentiated [F8y(LSs)L']* clusters*27
reactions at heterometal M sites in cubane-type e
clusters have not been similarly examined. The first such

(24) Rao, P. V.; Holm, R. HChem. Re. 2004 104, 527—559. site. The phosphine is replaceable with8@ to yield 3/
(25) rlol7r2, R. H.; Ciurli, S.; Weigel, J. AProgr. Inorg. Chem199Q 38, and with dmpe to afford.*6 Ethanethiolate and hydrosulfide
(26) Weigél, J. A,; Holm, R. HJ. Am. Chem. Sod991 113 4184-

4191. (28) Ciurli, S.; Ross, P. K.; Scott, M. J.; Yu, S.-B.; Holm, R. H.Am.
(27) Zhou, C.; Holm, R. Hlnorg. Chem.1997, 36, 4066-4077. Chem. Soc1992 114, 5415-5423.
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Figure 3. Structures of Ni and Cu clusters showing 50% probability ellipsoids and atom labeling schemes; selected (mean) values (A) and ranges of
values (deg) are given. [(EtS)NifR(LS3)]3: Ni—SEt 2.296(2), Ni-(u3-S) 2.29(2), Fe-(us-S) 2.29(1), Fe-Sermina 2.285(3), EtS-Ni-(u3-S) 110.1(1)-
118.1(1), ft3-S)—Ni—(us-S) 103.9(1)-105.3(1). [(HS)NiFeSs(LS3)]*~: Ni—S5 2.284(7), Ni-(uz-S) 2.30(2), Fe-(us-S) 2.30(1), Fe Siermina2.282(7), S5~
Ni—(us-S) 106.8(2)-118.3(2), ft3-S)—Ni—(us-S) 103.5(1)-106.3(1). [(EtS)CuFRSs(LSs)]3: Cu—SEt 2.280(2), Ctt(uz-S) 2.28(2), Fe-(uz-S) 2.33(3),
Fe—Sierminal 2.28(1), EtS-Cu—(u3-S) 110.6(1)-117.6(1), ft3-S)—Cu—(us-S) 102.7(1)-105.8(1). All clusters have thabababligand conformation. The
hydrosulfide ligand is disordered over two positions.
are now found to displace B to yield clusters (85%) = 2.296(2) A. For6, the corresponding ranges are 106.8
and 6 (76%), respectively. These non-redox reactions 118.2 and 103.5-106.3. The hydrosulfide ligand d® was
preserve the [NiF&] (S= 3/2) core. A similar reaction  found in two disordered positions which were modeled in a
with toluene-3,4-dithiolate would be expected to produce 3(S5):2(S58') ratio. The Ni-S5 distance of 2.284(7) A
[(tdt)NiFesS«(LS3)]*~. However, as seen in reaction 2, the closely conforms to the NiSEt bond length irs. Cluster9,
cluster actually isolated is trinegativie (65%). Under the with a similarly distorted tetrahedral Csite, is essentially
conditions of isolation and crystallization, the putative 4  isostructural withb.
cluster has been oxidized % These results expand the structural database of cubane-
. o _ type NiFgS, clusters to some five isoelectronic examples

[(PhP)NiFeS(LS)" + tdt” — with effectively congruent core structures and variable
[(td)NiFe,S,(LS)1*” + PhP+e (2) terminal ligands at Ni (PhP, MeP, EtS, HS).1720
Terminal hydrosulfide ligation, while not frequently encoun-
tered, has been established in other weak field cubane-type
clusters including [F&u(LSs)(SH)F~,* [FesSy(SH)|> 3,338
and [(Tp)MoFgSy(SH)]2~,3* and in [(TpYMFesSo(SH)]3 4~
(M = Mo, V).3*35Cluster9 is the first structurally character-
ized example of a cubane-type Cy&especies.

(b) Cubanoid Cluster and Cubane-Type Cluster with
a Five-Coordinate Site.The pertinent clusters aré and

Structure Proofs. (a) Cubane-Type ClustersThe struc-
tures of cluster®, 6, and9 have been determined and are
provided in Figure 3. All clusters have tlabababligand
conformation with three coordinating arms abowag énd
three buttressingp-tolylthio legs below ) the central
benzene ring, and all iron sites have a distorted tetrahedral
configuration. Cluster$ and 6, as well as7 (see below),
are the first examples of isolated Ni§Sg cubanes with
thiolate or hydrosulfide ligation at the nickel site. The core -
structures are essentially identical with each other and with (29) ﬂc.’“c’rférfcgétagééliﬂf”lﬁé 4?2%8?4;. Nk, E.; Holm, R. H.J.
that of [(MeP)NiFeS,(LSs)]?~.17 Metric parameters are  (30) Cai, L.; Holm, R. HJ. Am. Chem. Sod994 116, 7177-7188.
unexceptional, and (mean) values and ranges of me.tnc(gg 22;3{"5‘] G:;ﬁ'bvi?/?a', E-. gi?oéginshsmﬁﬁg?; ?c’?{eﬁislaggg
parameters are summarized in Figure 3. The stereochem|str)$ 3440-3443.

at the NI' sites is trigonally distorted tetrahedral. F&r (33) R/Iétgsré?; 3?é:hladerbeck, N.; Byge, H.J. Chem. Soc. Chem. Commun.
ranges of EtSNi—S and intracore SNi—S angles are (34) Zhang, Y.: Holm, R. HJ. Am. Chem. So@003 125 3910-3920.

110.0-118.7 and 103.9-105.3, respectively, and Ni SEt (85) Zuo, J.-L.; Zhou, H.-C.; Holm, R. Hnorg. Chem2003 4624-4631.
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Figure 4. Structures of [(tdt)NiFgSs(LS3)]3~ and [FaSs(LSs)(tdt)]3~. Upper: complete structures showing thieababligand conformations and atom
labeling scheme. Lower: cluster portions showing selected (mean) bond lengths (A) and emphasizing the large difference in the axial sepa®&ions Ni
and FetS3.

11, both of which contain a M(tdt) fragment (M Ni, Fe). ~ Table 2. Selected Structural Parameters of 5#.S3)(1dy]*~ and
. . . tdt o

Structures are shown in Figure 4, and metric parameters aré( INIPesSu(L S

collected in Table 2. [FesSa(LSg)(tdt)]3-

The most significant difference between the structures of Eei_gg gggégg Eig‘l‘ ggggg;
5/6 and 7 is the presence of an approximately planal Ni .7 o1 2.443(3) Fe4S3 2.297(3)
site in the latter. The long Ni-S3 distance of 3.146(7) A Fel-S2 2.427(2) Fe4S4 2.309(2)
emphasizes four-coordination which, however, is not strictly Eeggg g-ggé(g) ?:;g;fg 222-§f(§’)
planar. Sulfur atom deviations from the NiS1S2S5S6 mean FE}% 2:3048 Fe3S5 2:282533
plane average ta:0.087(6) A while the nickel atom is  Fe2-s4 2.304(2) Fe4S6 2.290(3)
displaced 0.238(4) A toward S3. The dihedral angle between Eg?’s:g; g-%gggg mean of 3 2.284(5)
coordination planes.Ni5182/Ni8586 is 161.2(2)he top S8 Fel-S9 84.21(9) S3Fel-S8 112.71(9)
face of the cluster is nearly coplanar, the dihedral angle Si-Fel-s2 93.85(8) S3Fel-S9 104.3(1)
NiS1S2/Fe1S1S2 being 175.0{2Portions of the top and g;Egi gg gg-;gggg giigigg 1‘5‘673283
bottom cluster faces are bent away from each other, forming re15152/Fesgse  140.6(1) Fel1S1S2/Fe3S1S2  158.5(1)
an NiS1S2/Fe2Fe3S3 dihedral angle of 148.2(Zhe tdt . a
. . - i : [(tdO)NiFesSy(LSg)]
ligand is unsymmetrically chelated, with N8 distances of Ni—S5 2.257(5) Fe2S4 2.283(4)
2.208(5) and 2.257(5) A. These values are somewhat larger Ni— 26 3-223(5) Fgg% g-ggg(S)
than those of planar diamagnetic'Sj complexes, including HI _so 2:2868; Ee334 2:307553
[Ni(bdt);]2~ derivatives (2.17 AF37 and [Ni(tdty]?~ (2.19 Ni—S3 3.146(7) mean of 9 2.27(3)
A),38 and are comparable to that for a planar arylthiolate Fel-S1 2.250(4) Fe2S7 2.263(5)

Fel-S2 2.284(5) Fetss 2.295(4)
- . e , Fel-S4 2.266(4) Fe3S9 2.285(5)
(36) Sellman, D.; Binder, H.; Hassinger, D.; Heinemann, F. W.; Sutter,
3. Inorg. Chim. Acta200Q 300-302, 829-836. el g%gggg mean of 3 2.28(2)
O G ama, v Duarie, M. 1. fienrduss, R T Novais, .- Almeida, NISISZINISSS6  1612(2)  NiSIS2/Fe2S3Fes  148.2(2)
M. Eur. J. Inorg. Chem2001, 3119-3126. NiS1S2/FelS1S2  175.0(2)
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Table 3. Redox Potentials of &, and NiFeS; Clusters

cluster B (V)2 ref
[F8354 1/0 [Fe354 0/1+
[FesSy(LSs)]3 P —1.67 —0.79 20
[Fe4S4 1+/2+ [Fe4S4 2+/3+
[(tdt)FeySy(LS3)]3 © —-1.38 —0.66 19
[N“:e3s4]0/1+ [NiFE3S4] 1+/2+ [NiFeSS4]2+/3+
[(PheP)NiFeSs(LSg)]% ° -1.45 —0.4Z — 18
[(EtS)NiFeSy(LS3)]* b -1.81 -0.73 - f
[(dmpe)NiFeSy(LS3)]2~ - -1.03 -0.01 16
[(tdt)NiFesSy(LSg)]% - -1.30 -0.7% f
[CU F8384] 0/1+ [Cu |:e384] 1+/2+
[(PheP)CUF@Sy(LS5)]% P -1.35 -0.3% 18
[(NC)CuFeSy(LSy)]*~ © -1.50 -0.52 18
[(EtS)CuFeSy(LS3)]%" © -1.60 —0.66 f
aVersus SCE at 298 K Acetonitrile. ¢ Ep,, irreversible 9 Ey, irreversible.c Me,SO. This work
Table 4. Mossbauer Parameters aHdl Isotropic Shifts of FeS, and MFeS, Clusters (M= Ni, Cu)
(AHMHo)isc®
cluster S o(mm/s} AEq (mm/sp 4-Me 5-H 6-Me ref
[FesSa(LS3)]% 2 0.35,0.48, 0.49 1.48,1.18,0.51 —6.69 —8.69 —9.61 20
[(PheP)NiFeSs(LS3)]2~ 3/2 0.56 1.23 —6.47 -7.74 -9.79 9,16
[(EtS)NiFesSs(LS3)]*~ 3/2 0.56(1), 0.52(2.5) 2.21(1),1.17(2) —5.73 —7.54 —-8.59 9
[(dmpe)NiFeSs(LS3)]>~ 5/2 0.64(1), 0.54(2) 2.74(1), 1.36(2) —11.29 —11.56 —15.12 16, 17
[(tdt)NiFesSy(LSs)]3" 2 0.49 1.18 —-7.89 —8.56 —11.80' 9
[(tdt)FeySa(LS3)]3" 0 0.52(1), 0.37(1.6) 1.97(1), 0.96(1.6) —1.65 —1.54 —2.03 19
0.36(1.4) 1.29(1.4)
[(PhsP)CuFeS(LS3)]%~ 2 h —7.90 —9.52 -11.68 18
[(NC)CuFeSs(LS3)]3~ 2 h -7.25 —9.18 -11.08 9
[(EtS)CuFeSs(LSs)]®~ 2 0.33(1), 0.48 (1.6) 1.29(1), 0.68(1.6) h 9

a4.2 K,£0.02 mm/s; isomer shifts vs Fe metal at room temperafu€.03 mm/s < Room temperature AH/Ho)iso = (AH/Ho)dia — (A/Ho)obs diamagnetic
references are (BN)(LSs) in MeCN and Ng(LSs) in Me;SO.4Me,SO.¢MeCN. 77 K. 9 This work. " Not determined.

complex (2.22 A¥° but are less than nearly all NB bond description, atoms S1S2S8S9 define the basal plane and S3
lengths in three structures of paramagnetic distorted tetra-is in the axial position. Atom Fe4 is displaced from this plane
hedral [Ni(SPh?~ (2.26-2.33 A)#*2 The Ni-(usS) toward S3 by 0.569(2) A. The axial Fe53 bond distance
distances of 2.260(5) and 2.286(5) A do overlap with the is 2.302(3) A, 0.84 A shorter than the-NiS axial separation.
lower end of the tetrahedral range5n6, and several other Clusters? and11 display contrasting geometries of MiSe
mononuclear complexes. The emerging picture is that of a gy ,gters when the heterometal sites are planar and five-
diamagnetic coordination unit with a nonplanar distortion coordinate, respectively. The structureZafiearly approaches

alr;dn:r ﬂf;ugi:ml’ewg:kfi: “gha_lsg tzil?w;?%gllgocr? dméirt]ggg:l that of theCh CODH Il C-cluster (Figure 1) with tdt coordi-
P piexes, forwhi ! nation simulating & and u.-S binding at the nickel site.

range is 2.162.22 A. o ; _
In order to provide a structural comparison withiron Oxidation States and Redox PropertiesThese properties

cluster11was prepared from0 by the procedure in Figure ~ &re examined with reference to the redox potentizise

2 and isolated as the J&t+ salt (79%). The cluster had been isomer shifts, andH NMR isotropic shifts contained in

previous|y prepared as the M salt from10 and le(bdt) Tables 3 and 4. Isomer shifts given below are WE|ghted mean

in acetonitrile!® Its structure reveals retention of the cubane- Values. Cuboidal clustel, the precursor to all other clusters

type core with the same mean Re-S) and terminal FeS in Figure 2, displays reversible oxidation and reduction steps.

distances as i (Figure 4, Table 2). The tdt ligand is sym-  Introduction of a ClL group into the [FgS]° core affords

metrically bound to Fel, which exhibits approximate square the [CuFgSs]*" core. Isomer shifts of (0.44 mm/s) an®

pyramidal coordination similar to that in dinuclear"Fe  (0.42 mm/s) indicate the same iron oxidation state-fFe,

complexes such as [Hedt)]?~ and [Fe(tdt);]2~.43~4% In this as would be expected from inclusion of'CRotentials ofl

- - . and9 are nearly the same at parity of cluster charge)(3

) Walsn, . 7+ Orme-sohnson, W. 5. Am. Chem. Soas64 dog  and are less negative in [(FR)CUFES(LSII*"

(39) %2&;;:02‘}-C0my R. Rinorg. Cher200q 38, 16741679 The situation is different with cluster and 5 and by

(40) Swenson, D.; Baenziger, N. C.. CoucouvanisDAm. Chem. Soc.  Implication for3 and6. The formulation [NiFeS,]*" (S=

197§ 100, 1932-1934. 3/2)= Ni?" (S= 1) + [Fe&sS]' (S= 5/2), where the cluster

system spin arises from antiferromagnetic coupling of compo-
nent spins, has been demonstrated with closely related clus-

(41) Yamamura, T.; Miyamae, H.; Katayama, Y.; SasakiCfiem. Lett.
1985 269-272.

(42) Rheingold, A. L.; Beall, K. S.; Riggs, P. J.; Groh, S. Acta
Crystallogr. 1993 C49, 542-543.

(43) Sawyer, D. T.; Srivasta, G. S.; Bodini, M. E.; Schaefer, W. P.; Wing,
R. M. J. Am. Chem. S0d.986 108 936-942.

(44) Wong, L.; Kang, BJiegou Huaxue (J. Struct. Chert987, 6, 94—97.

(45) Sellman, D.; Peters, K. P.; Molina, R. M.; Heinemann, F.BAft. J.
Inorg. Chem.2003 903-907.
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ters?°4647The isomer shifts of 0.562f and 0.53 mm/sk)

are indistinguishable from 0.55 mm/s for protein-bound

[ZnFesS** (S= 5/2)f7 with a likely cubane-type geometry.
The isomer shift and spin state of clustef0.57 mm/s) are
also indicative of the [NiF5,]'" state but with planar dia-
magnetic Ni". Clusters2 and5 each exhibit a reduction step
at rather negative potential to generate all-ferrous [p8He

species, which have never been isolated, and an oxidation

step to form the [NiFg5,)?" state. The isomer shift 0.49
mm/s for cluster7 and the composition of the B+ salt
found in the X-ray structure are indicative of the formulation
[NiFe;Sy)?" = Nizt (S= 0) + [FesSy]° (S= 2). This cluster
(Fe67) is more oxidized thad (F€33"). The low potential
of —1.30 V for the [(tdt)NiFgS,(LSz)]* >~ couple (Table
3) facilitates oxidation of the presumed initiat-4reaction

product over the course of isolation and crystallization,

affording as the product (E)s [7]. We have recently
encountered similar oxidations of other low-potentiat 4
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ppm

[(PhsP)NiFesS4(LSs)]* 6-Me
5.H pH on 4Me
A
| | [
14.3 1.9 110 95 86
[(tdt)NiFesSa(LS)[*
6-Me
e NPV V)
| | |
153  13.8 9.7 ppm
[(dmpe)NiFesS(LS3)*
5_H6'Me 4-Me
A
[ |
182 17.3 135 ppm

Figure 5. H NMR spectra at 298 K of [(PP)NiFeSs(LS3)]?~ (S= 3/2)

and [(tdt)NiIFeS(LS9)]3~ (S= 2) in Me;SOds and of [(dmpe)NiFeSy(LS)]2~
(S=5/2) in acetonitrile showing the effect of spin state on 4-Me, 5-H, and
6-Me shifts.

5-H shift extrapolates accurately to a near-zero valueTat 1/
= 0. Consequently, we take 5-H shifts as best reflecting

clusters upon isolation and crystallization despite anaerobic contact interactions and magnetic susceptibilities. We find

conditions?®

Isotropic shifts of all F&5, and MFgS, clusters examined
to date are dominantly or fully contact in origin, i.eAH/
Ho)iso = (AH/Hg)con and therefore are proportional to
magnetic susceptibility?® For a molecule of spir§, (AH/
Ho)con = —(A/M)[ga’us®(S+ 1)/3ynkT], where the symbols
have their usual meaning. For [fS5]?" clusters such a1,

that 5-H isotropic shifts increase in the orde+ 0 (11) <
S=3/2@2,5) <S=2(1,7,8, [(NC)CuFe&(LS3)]*” < S
= 5/2 (4). Note also that all shifts o are larger than for
any other cluster. These results provide additional evidence
that cluster7 contains the above [NiB84]%" core oxidation
level and is more oxidized than clustp?

Summary. The following are the principal results and

which have a diamagnetic ground state, the expression mustonclusions of this investigation, including certain results

be modified to include thermal occupation of excited
paramagnetic staté%:>! The contact nature of the shifts is
readily seen from the results for iron clustet; note the

ligand numbering scheme in Figure 2. Briefly, ligand-to-

from earlier studies®1”

(1) The cubane-type cluster [(F)NiFeS4(LS)]?>~ sup-
ports substitution reactions with phosphine displacement by
thiolate ligands to yield clusters with tetrahedral ([(RS)NiFe

metal antiparallel spin transfer creates positive spin density Sy(LS3)]*") or planar ([(tdt)NiFeSy(LS3)]3") stereochemistry
at C2, C4, and C6 and negative spin density at C5 of the at the nickel site, demonstrating that thiolate ligands can be
odd-alternate phenylthiolate arm. From the McConnell bound at that site. Clusters with oxidation levels [Nf&&"

equationA; = Qpc™ with Acy negative anddccus positive,

4-Me, 5-H, and 6-Me should exhibit negative shifts, as

(S= 3/2, 5/2) and [NiFg5;]*" (S = 2) have been isolated.
(2) The chelate ligands dmpe and tdt form the clusters

observed (Table 4). The predicted signs of isotropic shifts [(dmpe)NiFgeSy(LS;)]>~ and [(tdt)NiFeSs(LS3)]®, respec-

has been demonstrated for the clustersJF8CHMe)s)? 3
with o-, m-, and p-Me substituent8? All other clusters in

tively, accommodating the Nik:-S)(us-S) cubanoid core
and approximately planar Nisites. This core structure is

Table 4 also exhibit negative isotropic shifts, indicating that common to all crystallographic C-cluster mod&J.he Ni-
they are mainly contact shifts. Figure 5 contains illustrative (tdt)(us-S), coordination unit with a N#-S separation of 3.15

spectra o, 4, and7 in the downfield region. Our experience
with [Fe;Sy(LSs)L',]“and [L'\MFesSs(LSs)]# clusters is that

4-Me and 6-Me chemical shifts are more sensitive to solvent

A from an axial sulfur atom is a rendition of the NiS)-
(u3-Sh(Scyg unit of Ch CODH 1.
(3) On the basis of structural and B&bauer antH NMR

and ligand(s) L, possibly because of the more exposed spectroscopic results, the core of [(tdt)NiB€LS;)]3 is
positions of methyl groups, than are 5-H shifts. In the case formulated as [NiFg5;]?~ = Ni?t (S= 0) + [Fe&sSy]° (S=

of cluster7, isotropic shifts of the three substituents vary
linearly with 1/T at 298-353 K in Me,SO solution and the

(46) Johnson, M. K.; Duderstadt, R. E.; Duin, E. &lv. Inorg. Chem.
1999 47, 1-82.

(47) Srivastava, K. K. P.; Surerus, K. K.; Conover, R. C.; Johnson, M. K.;
Park, J.-B.; Adams, M. W. W.; NVhck, E. Inorg. Chem.1993 32,
927-936.

(48) Berlinguette, C. P.; Miyaji, T.; Zhang, Y.; Holm, R. hhorg. Chem.
2006 45, 1997-2007.

(49) Bertini, |.; Luchinat, CNMR of Paramagnetic Molecules in Biological
SystemsBenjamin/Cummings Publishing Co., Inc.: Menlo Park, CA,
1986; Chapter 2.

(50) Reynolds, J. G.; Laskowski, E. J.; Holm, R. H.Am. Chem. Soc.
1978 100, 5315-5322.

(51) Bertini, I.; Turano, P.; Vila, A. JChem. Re. 1993 93, 2833-2932.
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2). This cluster is one electron more oxidized than
[(dmpe)NiFeS,(LS3)]?~, whose core is formulated as
[NiFesS,)tt (S = 3/2) = Ni2t (S= 1) + [FesS]t (S =
5/2). The low redox potential of this cluster facilitates
oxidation of the 4 cluster, which was not isolated.

(4) [(tdt)NiFe;S4(LS3)]® is the closest synthetic approach
to a C-cluster but lacks the exo iron atom.

The results in (2) demonstrate the feasibility of a planar
NiS, site in a cubanoid NiF&S, cluster and raise the

(52) While the order of shifts with total spiclearly indicates a relation
to magnetic susceptibility, the shifts cannot be scaled according to
the above equation because valuegigfand A; are not known.
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possibility of incorporation of an exo iron atom through We thank Dr. R. Panda for preliminary observations and
sulfur bridging in [(tdt)NiFeS,(LSs)]®~ or other clusters  helpful discussions.
prepared by the substitution reactions such as those of (1).

This issue is currently under investigation. Supporting Information Available: X-ray crystallographic files
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