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Abstract: The existence of a universal pterin dithiolene cofactor ligand for the molybdenum and tungsten
oxotransferases supports a biological significance of the fundamental chemistry of mono- and bis(dithiolene)
complexes of these elements. Members of the dimethyl sulfoxide (DMSO) reductase family of enzymes contain
two pterin dithiolene ligands; at least one enzyme functions by using the minimal reaction couple-Mo
Me,SO= Mov'0 + Me;S. Accordingly, the synthesis, structures, and reactivity of bis(dithiolene)Mo(1V, V1)
complexes of benzene-1,2-dithiolate and related ligands have been investigated. A convenient synthesis of
square pyramidal [M8O(SC,R2),]?~ complexes is reported. Compounds of the type [MG6R2)2(R'NC),],
including [Mo(bdty(MeNC),] (13), were prepared by reacting }&C,R) and RNC with [MoCl4s(MeCN),]

and were shown to be identical’(R Me) to byproducts in the synthesis of [M@®(SC2R>)2]%". In one such
reaction, the Fischer carbene complex [Moghtith,(MeNC)(CMebdt)] (16) was isolated. Silylation of
[MoVO(bdty]?2~ affords [MdY(bdtp(OSiBUPh)]~ (8); an analogous reaction of [Mo(dt)]2~ yields
[MoV'O(bdtp(OSiBUPHh)]~ (11). The structures of square pyramidaand cis-octahedrdll reveal them to

be minimal unconstrained representations of the des-oxd"[@gnd).(O-Ser)] and mono-oxo [MEO(S-
pd)(O-Ser)] sites, respectively, ®hodobacter sphaeroid&@MSO reductase. This description applies in the
limit of symmetrical dithiolene coordination; silyloxide is a simulator of serinate binding. Congkhows

limited reactivity with sulfoxides, and1is unreactive toward sulfides. Howevéd, is reduced t@® by tertiary
phosphines; with excess phosphine, [Mo(B@MePh),] (17) was formed. This compound was also prepared
independently from [MoG{MeCN),] and the phosphine. The compourk$; 16, and17 form an isoelectronic

set with idealized trigonal prismati€§,) stereochemistry. These results complement a parallel development
of bis(dithiolene)W(IV,VI) complexes as active-site analogues of tungstoenzymes (Lorber, C.; Donahue, J. P.;
Goddard, C. G.; Nordlander, E.; Holm, R. H.Am. Chem. S0&998 120, 8102). Certain comparisons between

the properties of molybdenum and tungsten bis(dithiolenes) are offered—=(bdnzene-1,2-dithiolate{2),

Sypd = pterin dithiolene(2-).)

Introduction | _
M

All molybdenum oxotransferase and hydroxylase enzymes, O H ST ™
which catalyze the overall reaction X H,O = XO + 2H" + HN/“jiN NS o
2e, are now recognized to contain a universal cofactor (Moco) I ‘ o/ OR
in which a molybdenum atom is coordinated by one or two HoN© NT N7 0 .
pterin dithiolene ligands ¢pd).! Recognition of the cofactor ©
as a pterin dithiolene complex and initial elucidation of nearly Figure 1._ Partial structure of the molybdenum cofactor (R absent or
all of its structure are derived from the contributions of @& nucleotide).

Rajagopalan and JohnsiThe essential Moco structure is set  The presence or absence of a nucleotide and, if present, its
outin Figure 1. The reduced pyrazine ring of the pterin nucleus jgentity are the only known variables in the organic part of the
is fused to a pyran ring that is functionalized as an ene-1,2- piaco structure. Even more recently, protein crystallography has
dithiolate, affording binding of the molybdenum atom in the ~ seryved to confirm the cofactor structureDesulfaibrio gigas
familiar dithiolene chelation mode. The existence of the pyran aldehyde oxidoreducta¢eihodobacter sphaeroid¢Rs dim-

ring (rather than an open chain structure) was first establishedethy| sulfoxide (DMSO) reductaseRhodobacter capsulatus

by the X-ray structure of a tungsten aldehyde oxidoreductase. (RQ DMSO reductasé’ chicken liver sulfite oxidasé,and
This ring also carries a phosphate side chain to which a

nucleotide (R) is conjugated in enzymes of procaryotic origin. _ (4) () Roma, M. J.; Archer, M.; Moura, |.; Moura, J. J. G.; LeGall, J.;
®R) 1ug y P y 9 Engh, R.; Schneider, M.; Hof, P.; Huber, Bciencel995 270, 1170. (b)

(1) Hille, R. Chem. Re. 1996 96, 2757. Huber, R.; Hof, P.; Duarte, R. O.; Moura, J. J. G.; Moura, |.; Liu, M.-Y ;

(2) (a) Rajagopalan, K. VAdv. Enzymol. Relat. Areas Mol. Bidl991 LeGall, J.; Hille, R.; Archer, M.; Roff@ M. J.Proc. Natl. Acad. Sci. U.S.A.
64, 215. (b) Rajagopalan, K. V.; Johnson, J.JLBiol. Chem1992 267, 1996 93, 8846. (c) Rorfia, M. J.; Rsch, N.; Huber, RJ. Biol. Inorg.
10199. Chem.1997, 2, 782.

(3) Chan, M. K.; Mukund, S.; Kletzin, A.; Adams, M. W. W.; Rees, D. (5) Schindelin, H.; Kisker, C.; Hilton, J.; Rajagopalan, K. V.; Rees, D.
C. Sciencel995 267, 1463. C. Sciencel996 272 1615.
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Escherichia coli formate dehydrogenaseCrystallographic
aspects of Moco have been thoroughly scrutini#ed.

Donahue et al.

mono-oxo Mo(VI) and des-oxo Mo(lV) coordination units were
not anticipated in the explicit formulation of the catalytic cycle

Synthetic systems that have been developed for examinationof any enzyme prior to the crystallographic resultsReDMSO
of molybdenum-mediated oxygen atom transfer have nearly reductase, and in this sense their occurrence may be considered

always centered on the minimal reaction paradigm"@o-+

XO = MoV'0, + X,1714 where XO and X are substrate or
product. Certain of these systems involve dithiolene com-
plexes!?¢141t is probable that this reaction applies to the sulfite
oxidase enzyme family Note, for example, the spectroscopic

somewhat surprising. Further, the situation is complicated by
the asymmetric binding of one pterin dithiolene ligand in the
Mo(IV,VI) states, as determined by crystallograghand the

tight symmetrical chelation of each dithiolene, as deduced from
spectroscopy® The source of structural discrepancies between

detection of the indicated oxomolybdenum groups, coordinated different samples of theRc enzyme, between the highly

by one pterin dithiolene ligand, in chicken liver sulfite oxida3e.
In the DMSO reductase family® a uniform description of

homologousRkc and Rs enzymes, and the apparently variable
ligand-binding modes in thRsenzyme is not yet clear.

oxidized and reduced molybdenum sites has not yet emerged. The foregoing uncertainties notwithstanding, the existence

The aforementioned reaction may also be operative irRihe
enzyme, for which one set of crystal structdraad extended
X-ray absorption fine structure (EXAFS) restdlthave estab-
lished the coordination units [M&O,(Spd)(O-Ser)] and
[MoVO(Spd)(O-Ser)]. However, X-ray examination of another
crystalline form of theRcenzyme has led to the five-coordinate
formulation [Mo”'O(Spd)(O-Ser)] for the oxidized state€The
situation with Rs DMSO reductase is apparently different.
Crystallography and EXAFS® have afforded descriptions of
the mono-oxo [MY'O(Spd)(O-Ser)] and des-oxo [MY(Sy-
pd)(O-Ser)] active sites. These imply that the minimal reaction
is MoV'O + Me,S = MoV + Me,SO, consistent with8O
labeling result® and a resonance Raman spectroscopic inter-
rogation of different enzyme states in the catalytic cyelehe

(6) Schneider, F.; Lwe, J.; Huber, R.; Schindelin, H.; Kisker, C.;
Knéblein, J.J. Mol. Biol. 1996 263 53.

(7) (@) McAlpine, A. S.; McEwan, A. G.; Shaw, A. L.; Bailey, S.
Biol. Inorg. Chem.1997, 2, 690. (b) McAlpine, A. S.; McEwan, A. G;
Bailey, S.J. Mol. Biol. 1998 275 613.

(8) Kisker, C.; Schindelin, H.; Pacheco, A.; Wehbi, W. A.; Garrett, R.
M.; Rajagopalan, K. V.; Enemark, J. H.; Rees, D.G&Il 1997 91, 973.

(9) Boyington, J. C.; Gladyshev, V. N.; Khangulov, S. V.; Stadtman, T.
C.; Sun, P. DSciencel997, 275 1305.

(10) (a) Rees, D. C.; Hu, Y.; Kisker, C.; Schindelin, H.Chem. So¢.
Dalton Trans.1997 3909. (b) Schindelin, H.; Kisker, C.; Rees, D. L.
Biol. Inorg. Chem.1997, 2, 773. (c) Rajagopalan, K. \J. Biol. Inorg.
Chem.1997, 2, 786.

(11) (a) Holm, R. HChem. Re. 1987, 87, 1401. (b) Holm, R. HCoord.
Chem. Re. 199Q 100, 183. (c) Enemark, J. H.; Young, C. @dv. Inorg.
Chem.1993 40, 1. (d) Young, C. G.; Wedd, A. Gl. Chem. So¢cChem.
Commun1997 1251.

(12) (a) Schultz, B. E.; Gheller, S. F.; Muetterties, M. C.; Scott, M. J.;
Holm, R. H.J. Am. Chem. S0d993 115 2714. (b) Schultz, B. E.; Holm,
R. H.Inorg. Chem1993 32, 4244. (c) Tucci, G. C.; Donahue, J. P.; Holm,
R. H. Inorg. Chem.1998 37, 1602.

(13) (a) Bhattacharjee, S.; BhattacharyyaJRChem. Sog¢Dalton Trans.
1993 1151. (b) Laughlin, L. J.; Young, C. Ghorg. Chem1996 35, 1050.

(c) Xiao, Z.; Bruck, M. A.; Enemark, J. H.; Young, C. G.; Wedd, A. G.
Inorg. Chem.1996 35, 7508.

(14) (a) Das, S. K.; Chaudhury, P. K.; Biswas, D.; SarkarJ.SAm.
Chem. Soc1994 116, 9061. (b) Oku, H.; Ueyama, N.; Kondo, M.;
Nakamura, A.lnorg. Chem.1994 33, 209. (c) Oku, H.; Ueyama, N.;
Nakamura, A.Inorg. Chem.1995 34, 3667. (d) Ueyama, N.; Oku, H.;
Kondo, M.; Okamura, T.; Yoshinaga, N.; Nakamura#org. Chem1996
35, 643. (e) Oku, H.; Ueyama, N.; Nakamura, lAorg. Chem.1997, 36,
1504. (f) Lorber, C.; Plutino, M. R.; Elding, L. I.; Nordlander, &£.Chem.
Soc, Dalton Trans.1997 3997.

(15) (a) George, G. N.; Kipke, C. A.; Prince, R. C.; Sunde, R. A,
Enemark, J. H.; Cramer, S. Biochemistryl989 28, 5075. (b) Garton, S.
D.; Garrett, R. M.; Rajagopalan, K. V.; Johnson, M.X.Am. Chem. Soc.
1997, 119, 2590.

(16) Under the Hille classificatiohthe third family of enzymes is the

of dithiolene binding in Moco and in all known tungsten
enzyme3! provokes an imperative for synthetic, structural, and
reactivity investigations of the dithiolene complexes of these
elements that may be related to active sites and their properties.
Mono(dithiolene)M&V0,2? bis(dithiolene)MdV 01423 bis-
(dithiolene)Md" O,,1* and tris(dithiolene)M&9-24complexes
(excluding organometallics) have been prepared. In the develop-
ment of metal dithiolene chemist® considerable emphasis has
been placed on the tris-complexes and the noninnocence of
dithiolene ligands in highly oxidized species. From this previous
work, the principal results of interest in the present context are
these: (i) X-ray structures of the W@ (square pyramidal)
and Md”'O; (irregular cis-octahedral) complexes have been
determinedya.b.d.e.23dfi (jj) oxo-transfer rates from [MYO,-
(mnt)]?~ to tertiary phosphines are dependent on the stereo-
electronic properties of the substraté<® (iii) oxo transfer to
phosphine substrates is faster with the molybdenum complex
of the pair [MQ(mnt)]2~ (M = Mo, W);22¢ (iv) [Mo'VO(bdty]2~

(and ring-substituted versions thereof) is converted to\{i@e-

(20) (a) Garton, S. D.; Hilton, J.; Oku, H.; Crouse, B. R.; Rajagopalan,
K. V.; Johnson, M. KJ. Am. Chem. S0d.997, 119 12906. (b) Johnson,
M. K.; Garton, S. D.; Oku, HJ. Biol. Inorg. Chem1997, 2, 797.

(21) Johnson, M. K.; Rees, D. C.; Adams, M. W. @hem. Re. 1996
96, 2817.

(22) (a) Nicholas, K. M.; Khan, M. Alnorg. Chem1987, 26, 1633. (b)
Dhawan, I. K.; Pacheco, A.; Enemark, J. HAm. Chem. S0d.994 116,
7911. (c) Dhawan, I. K.; Enemark, J. thorg. Chem.1996 35, 4873.

(23) (a) McCleverty, J. A.; Locke, J.; Ratcliff, B.; Wharton, Eldorg.
Chim. Actal969 3, 283. (b) Stiefel, E. |.; Bennett, L. E.; Dori, Z.; Crawford,
T. H.; Simo, C.; Gray, H. Blnorg. Chem197Q 9, 281. (c) Mitchell, P. C.
H.; Pygall, C. FInorg. Chim. Actal979 33, L109. (d) Boyde, S.; Ellis, S.
R.; Garner, C. D.; Clegg, WI. Chem. SocChem. Commurl986 1541.
(e) Ansari, M. A.; Chandrasekaran, J.; Sarkarln®rg. Chim. Actal987,
133 133. (f) Matsubayashi, G.; Nojo, T.; Tanaka, forg. Chim. Acta
1988 154, 133. (g) Coucouvanis, D.; Hadjikyriacou, A.; Toupadakis, A.;
Koo, S.-M.; lleperuma, O.; Draganjac, M.; Salifoglou, lorg. Chem.
1991, 30, 754. (h) Gdz, B.; Knoch, F.; Kisch, HChem. Ber1996 129,
33. (i) Davies, E. S.; Beddoes, R. L.; Collison, D.; Dinsmore, A.; Docrat,
A.; Joule, J. A;; Wilson, C. R.; Garner, C. D. Chem. So¢Dalton Trans.
1997, 3985.

(24) (a) King, R. B.Inorg. Chem.1963 2, 641. (b) Davison, A.;
Edelstein, N.; Holm, R. H.; Maki, A. HJ. Am. Chem. S04964 86, 2799.
(c) Smith, A. E.; Schrauzer, G. N.; Mayweg, V. P.; Heinrich, %V Am.
Chem. Socl1965 87, 5798. (d) Schrauzer, G. N.; Mayweg, V. P.Am.
Chem. Soc1966 88, 3235. (e) Stiefel, E. |.; Eisenberg, R.; Rosenberg, R.
C.; Gray, H. BJ. Am. Chem. So&966 88, 2956. (f) Brown, G. F.; Stiefel,
E. I. Inorg. Chem.1973 12, 2140. (g) Cowie, M.; Bennett, M. Jnorg.
Chem.1976 15, 1584. (h) Draganjac, M.; Coucouvanis, D.Am. Chem.
So0c.1983 105, 139. (i) Sellman, D.; Zapf, LZ. Naturforsch.1985 40h,
380. (j) Soricelli, C. L.; Szalai, V. A.; Burgmayer, S. J. Bl. Am. Chem.

xanthine oxidase family. Because the component enzymes of this family Soc.1991 113 9877. (k) Yang, X.; Freeman, G. K. W.; Rauchfuss, T. B.;

contain the MJ'OS group in their oxidized forms, they are not considered
here.

(17) Baugh, P. E.; Garner, C. D.; Charnock, J. M.; Collison, D.; Davies,
E. S.; McAlpine, A. S.; Bailey, S.; Lane, |.; Hanson, G. R.; McEwan, A.
G. J. Biol. Inorg. Chem1997, 2, 634.

(18) George, G. N.; Hilton, J.; Rajagopalan, K. ¥.Am. Chem. Soc.
1996 118 1113.

(19) Schultz, B. E.; Hille, R.; Holm, R. HJ. Am. Chem. Socl995
117, 827.

Wilson, S. R.Inorg. Chem.1991, 30, 3034. (I) Matsubayashi, G.; Douki,
K.; Tamura, H.; Nakano, M.; Mori, Winorg. Chem.1993 32, 5990.

(25) McCleverty, J. AProg. Inorg. Chem1968 10, 49.

(26) Abbreviations: bdt, benzene-1,2-dithiolatef2CMesbdt, 4,5,6,7-
tetramethylbenzene-1,3-dithiol-2-ylidene; edis-ethylene-1,2-dithiolate-
(2-); L—S,, 10,10-dimethoxy-1,4,485,8,8a-hexahydro-,4a:505,86-
dimethanonaphthalene-2,3-dithiolatef2Mesbdt, 3,4,5,6-tetramethylbenzene-
1,2-dithiolate(2-); mnt, maleonitriledithiolate(2); tfd, cis-bis(1,2-tri-
fluoromethyl)ethylene-1,2-dithiolate(d.
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H, 7.41; N, 4.29; S, 19.64. Found: C, 51.62; H, 7.36; N, 4.25; S 19.81.
This compound has been prepared previously by other metfotig.

(EtaN)2[Mo'VO(edt);]. [MoYOCI(MeNC)](PFs) (0.517 g, 1.13
mmol) and EINCI (0.418 g, 2.52 mmol) were partially dissolved in
30 mL of acetonitrile, and the mixture was cooled+80 °C. Over 15

(bdt)]%2~ by atom transfer from MgNO;4Pdand (v) the reactants
[MoV'O,(mnt)]2-/HSO;™ constitute a functional sulfite oxidase
analogue reaction systelff:Notably absent from this summary
are des-oxo Mo(IV) and mono-oxo Mo(VI) bis(dithiolene)

complexes potentially related to the active siteR¥ DMSO min, a solution of Ngedt)*® (0.309 g, 2.27 mmol) in 30 mL of methanol

reductase. Availability of such species could provide useful was added. The color changed from lavender to red-orange, and all

spectroscopic benchmarks, unconstrained structures, and reac'“Vl]ndissolved starting material was drawn into solution. After the solution

ity information. We are currently engaged in an examination a5 stirred for 20 min at reduced temperature, it was warmed to room
of bis(dithiolene) complexes related to the active sites of temperature and concentrated to dryness. The resulting red solid was
molybdenum and tungsten enzymes, with the intention of dissolved in acetonitrile and filtered through a packed column of Celite.

acquiring information relevant to the structure and function of The filtrate was concentrated to dryness, and the red solid was

those sites. We have reported certain of our initial restdtsd
provided a fuller account of tungsteulithiolene chemistry®

recrystallized by slow vapor diffusion of 1,2-dimethoxyethane into a
DMF solution (10 mL) over a 3-day period. The product initially

Here we describe an accompanying investigation of the bis- crystallized as (EBN).[MoO(edt}]-(EuN)(PFs) in the form of large

(dithiolene)molybdenum systems that both complements and

extends research by ourselves and others.

Experimental Sectiort®

Preparation of Compounds. Except where otherwise noted, all

orange-red square plates (0.508 g, 54%). The identity of this material
was determined crystallographicafyTwo subsequent crystallizations
from DMF/1,2-dimethoxyethane removed {B}(PF) and yielded the
pure product as large red needles (0.239 g, 38%). Absorption spectrum
(acetonitrile): Amax (em) 260 (12 100), 293 (4640), 468 (201), 531 (129)
nm. IR (KBr): 1479 (vs), 1452 (s), 1391 (s), 1171 (s), 1001 (s), 904

reactions and manipulations were conducted under a pure dinitrogen(Vs, ¥woo), 780 (s), 674 (s) cnt. *H NMR (anion, COCN): 6 6.61
atmosphere either in an inert atmosphere box or by using standard(S)-**C NMR (anion, CRCN): 6 130.48 (s). FAB MS: m/z292 (M").

Schlenk techniques. Acetonitrile and dichloromethane were freshly
distilled from CaH, and methanol was distilled from magnesium;
CDsCN (Aldrich) was dried over freshly activated molecular sieves.
Diethyl ether and tetrahydrofuran (THF) were distilled from sodium/
benzophenone and stored owé A (pore size) molecular sieves.
Methylisonitrile was prepared as described in the literattite. the

Anal. Calcd. for GgH44qMON2OSy: C, 43.46; H, 8.02; N, 5.07; S, 23.20.

Found: C, 43.28; H, 7.70; N, 5.06; S, 23.56. The identity of this

compound was confirmed by an X-ray structure determination.
(PhsP);[Mo'VO(edt),]. The previous procedure on the same scale

was followed except for the use of 3 equiv of,PRI. After filtration

of an acetonitrile solution of the crude product to remove halide salts

following preparations, all volume reduction and evaporation steps were and concentration of the filtrate, (fF)(PF) was selectively crystallized

performed in vacuo.

Lio(bdt). A 1.6 M solution of n-butyllithium in hexane (3.6 mL,
5.76 mmol) was added dropwise to a rapidly stirred solution of 1,2-
benzenedithiéP (0.50 g, 3.52 mmol) in 30 mL of THF held at .

The mixture was stirred at @ for 15 min and at ambient temperature
for 1 h. Removing the solvent left a sticky residue, which was washed

by slow diffusion (for 3 days) of methanol into a DMF solution. The
red filtrate was concentrated to dryness, dissolved in a minimal amount
of DMF, and filtered. Slow vapor diffusion (for 3 days) of benzene
into the DMF solution gave the product as dark red prisms (0.430 g,
40%). IR (KBr): 1438 (vs), 1107 (vs), 996 (S), 916 {Ho00), 723 (VvS),

690 (vs) cnrt. Anal. Calcd. for G,H4qM0OPR,S,: C, 64.32; H, 4.57;

with ether to give a white solid suspension. Removal of the ether and P, 6.38; S, 13.21. Found: C, 64.45; H, 4.65; P, 6.45; S, 13.36.

collection of the product yielded a very light, white powder (0.490 g,
90%).*H NMR (CDsOD): ¢ 7.35 (m, 1), 6.55 (m, 1). This compound
can also be prepared by the reductive cleavage of li2kditylmer-
captobenzeriéwith Li/NH 3.

(EtaN)z[Mo'V O(bdt),]. [MoVOCI(MeNC)](PFs)®? (0.171 g, 0.375
mmol) and EfNCI (0.190 g, 1.15 mmol) were partially dissolved in
30 mL of acetonitrile; the mixture was cooled t40 °C. Over 10
min, a solution of Li(bdt) (0.115 g, 0.746 mmol) in 15 mL of THF
was added. The color changed to a light yellow-brown, and a yellow-

(Etz2N)[MoVO(edt);]. [MoVOCI(MeNC)](PFs) (0.247 g, 0.541
mmol) and EfNCI (0.186 g, 1.12 mmol) were partially dissolved in
30 mL of acetonitrile, and the mixture was cooled-+80 °C. To the
mixture was added dropwise a solution of;(¢alt) (0.147 g, 1.08 mmol)
in 20 mL of methanol, causing a color change to red-orange. The
mixture was stirred at-30 °C for 10 min and then warmed to room
temperature. Solid;1(0.069 g, 0.272 mmol) was added. The reaction
mixture was stirred fo2 h and taken to dryness. The residue was
dissolved in a minimum volume of acetonitrile, and the solution was

orange solid precipitated as the reaction proceeded. The mixture wasfiltered through a column of packed Celite. The filtrate was evaporated

stirred rapidly fo 2 h while it was gradually warmed to room
temperature. Removing the solvent yielded a brown solid, which was
washed with acetonitrile (2 2 mL). (Caution Trapped solvent smells
strongly of methylisonitrile.) The orange solid was dissolved in 30 mL
of dimethylformamide (DMF), and the solution was filtered through a
packed column of Celite. Slow diffusion of BdMe into the filtrate

to a purple residue, which was twice recrystallized from acetonitrile
by slow vapor diffusion of BiDMe. The product was obtained as flat
violet-black needles (0.104 g, 45%). Absorption spectrum (acetoni-
trile): Amax (em) 279 (6200), 362 (sh), 546 (976), 773 (1940) nm. IR
(KBr): 1478 (s), 1458 (s), 1183 (s), 917 (M8400), 839 (s), 798 (s),
676 (s) cm®. FAB MS™: mvz 292 (M"). Anal. Calcd. for GoHos-

caused the product to crystallize as bright orange needles (0.108 g, MONOS;: C, 34.11; H, 5.73; N, 3.32; S, 30.35. Found: C, 34.03; H,

44%). Absorption spectrum (DMF)imax (em) 328 (11 100), 384 (sh),
454 (401) nm. IR (KBr): 1481 (s), 1430 (s), 1173 (s), 903 (4&o0),

754 (s) cnt. *H NMR (anion, CRCN): 6 7.51 (m, 1), 6.71 (m, 1);
these signals were observed only after stirring the solution with tin
powder overnight to reduce traces of paramagnetic [MoOfbchj?
FAB MS: m/z392 (M"). Anal. Calcd. for GsH4sMONOS;: C, 51.51;

(27) Donahue, J. P.; Lorber, C.; Nordlander, E.; Holm, R.JHAm.
Chem. Soc1998 120, 3259.

(28) Lorber, C.; Donahue, J. P.; Goddard, C. A.; Nordlander, E.; Holm,
R. H.J. Am. Chem. S0d 998 120, 8102.

(29) Schuster, R. E.; Scott, J. E.; Casanova, JQdy. Synth,. Collect.
Vol. V, 1973 772.

(30) (a) Adams, R.; Reifschneider, W.; Ferretti,@cg. Synth. Collect.
Vol. V, 1973 107. (b) Ferretti, AOrg. Synth. Collect. Vol. V,1973 419.
(c) Giolando, D. M.; Kirschbaum, KSynthesidl992 451.

(31) Adams, R.; Ferretti, AJ. Am. Chem. Sod.959 81, 4927, 4939.

(32) (a) Novotny, M.; Lippard, S. Jnorg. Chem.1974 13, 828. (b)
Lam, C. T.; Lewis, D. L.; Lippard, S. Jnorg. Chem.1976 15, 989.

5.68; N, 3.30; S, 30.43. The identity of this compound was confirmed
by an X-ray crystal structure analysis.

(EtzN)2[MoVO(mnt),]. A procedure analogous to that for the
preparation of (EN),[MoO(edt)] was followed. In a typical reaction
scale, we used 0.201 g (0.440 mmol) of [MOCI(MeNC)](PFs), 0.165
g (0.886 mmol) of Ngmnt)=2® and 0.228 g (1.38 mmol) of MCI.

The product was crystallized in air as dark red-green needles (0.191 g,
67%) by slow vapor diffusion of BOMe into an acetonitrile solution.
Absorption spectrum (acetonitrilefimax (em) 293 (sh), 331 (5190), 364

(11 900), 491 (161), 601 (80) nm. IR (KBr): 2205 (vgn), 2194 (vs,

ven), 1483 (vs), 1438 (s), 1391 (s), 1171 (s), 1114 (s), 998 (s), 932
(VS, Vmoo), 783 (s) cnmt. 13C NMR (anion, CRCN): 6 120.15 (s, CN),

(33) Schroth, W.; Peschel, Chimia 1964 18, 171.

(34) This compound crystallizes in monoclinic space gr@2yr with a
=25.511(9) Ab = 13.180(4) Ac = 13.184(3) A = 117.64(2), andV
= 3927(2) B (223 K).

(35) Davison, A.; Holm, R. HInorg. Synth.1967, 10, 8.
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132.03 (s, &C). FAB MS: m/z392 (M"). Anal. Calcd. for GsHao-
MoNgOS;: C, 44.16; H, 6.18; N, 12.87; S, 19.64. Found: C, 43.98;
H, 6.14; N, 12.79; S, 19.78. The identity of this compound was
confirmed by an X-ray structure determination. {R)[MoO(mnt),)]
has been prepared previously by other metH¢a&a»
(PhsP)[Mo " O(edt)(mnt)]. An equimolar mixture of Ngedt) (0.070
g, 0.514 mmol) and Némnt) (0.096 g, 0.516 mmol) was dissolved in
30 mL of methanol and slowly added to a solution of [NMdCI-
(MeNC)](PFs) (0.235 g, 0.515 mmol) and &#PBr (0.659 g, 1.57 mmol)
in 30 mL of acetonitrile maintained at30 °C. The solution color
changed from lavender to a dirty green-brown. The mixture was stirred
for 10 min at—30 °C and then for 30 min at ambient temperature.
After the solvent was removed, the residue was dissolved in 30 mL of
acetonitrile and filtered through a packed column of Celite, and the

Donahue et al.

mL of dichloromethane and evaporated onto silica gel (5 g). The loaded
silica gel was added to the top of a silica gel columnx30 cm)
packed as a slurry in a dichloromethane/ether mixture. Flash chroma-
tography was performed with the dichloromethane/ether solvent
mixtures specified in the following paragraphs (v/v). Compounds were
recrystallized from the solvents indicated for each case and were
obtained in typical yields of 1525%. As shown for [Mo(bdb)
(MeNCY),], stepwise loss of isonitrile was observed in mass spectra.
The identities of all compounds except [MoflS;)(MeNC),], which
forms an isomeric mixture, were confirmed by X-ray structure
determinations.

() [Mo(bdt) 2(MeNC),]. 1:1, second band, deep red; 1,Z46Cl»/
Bu'OMe. Absorption spectrum (dichloromethanéyax (em) 320 (4270),
341 (4610), 408 (10 500), 474 (11 100), 535 (sh), 801 (193) nm. IR

filtrate was evaporated to give a pea-green solid. This material was (KBr): 2193 cnt? (vs, vnc). *H NMR (CDCl): 8.18 (dd, 2), 7.27

dissolved in 20 mL of acetonitrile and the solution was filtered.
Introduction of THF by vapor diffusion over 36 h caused separation
of (PhP)(PF), which was removed by filtration. The filtrate was

concentrated to dryness in vacuo. The solid residue was recrystallized

from 10 mL of acetonitrile by vapor diffusion of THF over a period of

7 days. The product was obtained as brown diamond-like crystals in
two crops (0.082 g, 31%, based on 50% maximum formation of
[MoO(edt)(mnt)f~). Absorption spectrum (acetonitrilefimax (ev) 286

(14 100), 343 (5590), 433 (1110) nm. IR (KBr): 2184 (vsy), 1483

(s), 1436 (vs), 1108 (s), 919 (V8umoo), 757 (s), 723 (vs), 690 (vs),
527 (vs) cnmt*.*H NMR (anion, DMF-d): 6 6.62 (s).2*C NMR (anion,
DMF-d7): 6 121.87 (s, CN), 129.08 (s, edt), 133.55 (s, mnt). FAB
MS~: m/z 342 (M"). Anal. Calcd. for GsHs2MON,OPR.S,: C, 63.52;

H, 4.15; N, 2.74; S, 12.56. Found: C, 63.64; H, 4.12; N, 2.66; S, 12.47.
The identity of this compound was confirmed by an X-ray structure
determination.

(EtsN)[Mo " (bdt)(OSiBU!Phy)]. To a suspension of (fY),[Mo' O-
(bdt)] (0.126 g, 0.193 mmol) in 30 mL of acetonitrile was added-Bu
PhSICI (0.110 mL, 0.224 mmol), inducing a color change from orange
to dirty green-brown. The mixture was stirredrfd h and was

(dd, 2), 3.65 (s, 3). FAB MS m/z 458 (M*), 417 (M" — MeNC),

376 (M" — 2MeNC). Anal. Calcd. for @H14MON,Ss: C, 41.92; H,
3.08; N, 6.11; S, 27.97. Found: C, 41.82; N, 3.15; N, 5.98; S, 27.91.
(i) [Mo(Me 4bdt)2(MeNC),]. 1:1, third band, deep violet; di-

chloromethane/ether. Absorption spectrum (dichloromethatg):(em)

330 (sh), 360 (sh), 417 (18 500), 500 (23 700), 715 (2850) nm. IR
(KBr): 2178 cn1? (vs, vnc). *H NMR (CDCly): 6 3.69 (s, 1), 2.86 (s,

2), 2.23 (s, 2). FAB MS: m/z 571 (M"). Anal. Calcd. for GsHso-
MoN.Ss: C, 50.51; H, 5.30; N, 4.91; S, 22.47. Found: C, 50.42; H,
5.38; N, 4.86; S, 22.58.

(iii) [Mo(edt) o(BU'NC),]. 1:3, second band, dark red-brown; 1,2-
dichloroethane/methanol. Absorption spectrum (dichloromethang):
(em) 285 (sh), 397 (7210), 463 (5480), 523 (3680) nm. IR (KBr): 2145
cmt (vs, vae)- *H NMR (CDCl): o6 8.78 (s, 2), 1.57 (s, 9). FAB
MS*: mVz 443 (M"). Anal. Calcd. for GsH2,MoN,Ss: C, 38.00; H,
5.01; N, 6.33; S, 28.98. Found: C, 37.86; H, 5.12; N, 6.19; S, 28.85.

(iv) [Mo(L —S)2(MeNC);]. 1:2, second band, deep violet; not
recrystallized. Absorption spectrum (dichloromethang)ax (em) 376
(2310), 448 (3970), 535 (5080). IR (KBr): 2167 ch(s, vcn). FAB
MS™: m/z739 (M"). Anal. Calcd. for G;H3sMoNO,S,: C, 52.02; H,

concentrated to dryness in vacuo. The brown residue was washed withs 18: N, 3.79: S, 17.36. Found: C, 52.11: H, 5.20: N, 3.66; S, 17.43.

acetonitrile (3 mL) and recrystallized as dark green-black blocks (0.106
g, 72% yield) by slow vapor diffusion of BOMe into an acetonitrile
solution. Absorption spectrum (acetonitrile}max (em) 301 (10 500),
352 (22 200), 388 (sh), 461 (sh), 570 (265) nm. IR (KBr): 3048 (s),
2953 (s), 2852 (s), 1481 (s), 1437 (s), 1427 (s), 1111 (S), 94743,

751 (s), 708 (s), 506 (s) cth 'H NMR (anion, CRQRCN): 6 7.82 (d,
4),7.39 (d, 4), 7.24 (t, 2), 7.08 (m, 8), 0.73 (s, 9). FAB MSWz 633
(M7). Anal. Calcd. for GgHs7MOONS:Si: C, 56.74; H, 6.22; N, 1.84;

S, 16.83. Found: C, 56.80; H, 6.28; N, 1.88; S, 16.89. The identity of
this compound was confirmed by an X-ray structure analysis.

(PhsP)[Mo" (edt)(OSiButPh,)]-1/2Et,0. To a suspension of (RR)-
[MoVO(edt}] (0.322 g, 0.331 mmol) in 10 mL of acetonitrile was added
BuPh:SiCl (0.160 mL, 0.615 mmol), causing a color change from red
to deep brown. The mixture was stirred for 30 min, and a brown
microcrystalline solid was collected by filtration. This material was
recrystallized by vapor diffusion of ether into a DMF solution of the
solid, yielding the product as brown-black crystalline blocks (0.184 g,
61%). Absorption spectrum (acetonitrilefmax (em) 261 (sh), 268
(12 200), 275 (10 700), 331 (11 800), 384 (2860), 451 (1230), 561 (355)
nm. IR (KBr): 1437 (s), 1426 (s), 1111 (s), 945 (vsio), 751 (s), 708
(s) cnTl. 'H NMR (anion, CRCN): ¢ 7.48 (d, 4), 7.44 (m, 4), 7.28
(m, ~6), 0.76 (s, 9). FAB MS: myz532 (M"). Anal. Calcd. for GeHas
MoO.sPSSi: C, 60.84; H, 5.33; P, 3.41; S, 14.12. Found: C, 60.86;
H, 5.53; P, 3.36; S, 13.64. The identity of this compound was confirmed
by an X-ray structure determination.

[Mo(S2C2R2)2(R'NC),]. Complexes of this type were prepared by
the following general procedure. A stirred solution of [MeCl
(MeCN)]% (0.519 g, 1.62 mmol) in 15 mL of DMF was treated with
13.0 mmol of RNC. This brown solution was added to a solution of
Lix(bdt) or Na(S;C;R;)3%:3%:33:37(3.25 mmol) in 10 mL of DMF. The
dark brown reaction mixture was stirred vigorously for 30 min and
concentrated in vacuo to a dark brown oil. The oil was dissolved in 10

(36) Dilworth, J. R.; Richards, R. Linorg. Synth.199Q 28, 33.
(37) Tian, Z.-Q.; Donahue, J. P.; Holm, R. khorg. Chem.1995 34,
5567.

[Mo(Me 4bdt),(MeNC)(CMesbdt)]. This compound was initially
observed as the second band in the chromatographic purification of
[Mo(Mesbdt),(MeCN),]. To a stirred solution of [MoG(MeCNY),]
(0.230 g, 0.719 mmol) in 20 mL of DMF was added MeNC (0.160
mL, 2.95 mmol), causing a slight darkening of the orange-brown
solution. To this mixture was slowly added a suspension gMe;-
bdt) (0.455 g, 2.16 mmol) in DMF (20 mL); by the end of the addition,
the mixture was a very dark brown. The mixture was stirred for 30
min and then concentrated to a black solid, which was dissolved in 30
mL of dichloromethane and evaporated @2t g of silica gel. Flash
chromatography with dichloromethane/ether (1:1 v/v) eluted a small
brown fraction (collected separately), followed by a red fraction that
was concentrated to a red-black solid. Recrystallization of this latter
material by vapor diffusion of pentane into a dichloromethane solution
(3 mL) gave the product as black square plates (0.064 g, 12%).
Absorption spectrum (dichloromethane)max (em) 294 (16 600), 325
(sh), 395 (sh), 458 (20 400), 501 (19 400), 748 (627) nm. IR (KBr):
2942 (vs), 2928 (vs), 2920 (vs), 2866 (vs), 2175 (vss), 1444 (s),
1411 (s), 1385 (s), 1222 (s), 829 (s) tintH NMR (CDCly): 6 3.59
(s, 1), 2.86 (s, 2), 2.39 (s, 1), 2.37 (s, 2), 2.24 (s, 1). FAB'M8vz
738 (M), 697 (M" — MeNC). The identity of this compound was
confirmed by an X-ray structure determination.

(EtsN)[MoO(bdt) o(OSiBUPhy)]. (EuN)z[MoV'O,(bdt)]** (0.150 g,
0.224 mmol) was dissolved in 5 mL of rigorously dried acetonitrile.
To the red-brown solution was added '‘BaSiCl (0.120 mL, 0.462
mmol), causing an immediate brown-black color. The reaction mixture
was stirred for 15 min and concentrated in vacuo to a sticky black
residue. This material was washed with etherx(20 mL) and then
extracted with 6 mL of acetonitrile/THF (1:9 v/v). The extract was
filtered, treated with an equal volume of ether, and maintained®&t 4
for 2 days. The mother liquor was decanted; the semicrystalline black
solid was washed with THF (1 mL) and ether 22 mL) and was
dried in vacuo. Addition of ether (5 mL) to the decanted solution
followed by the same workup yielded a smaller, second crop.
Combining the two crops gave 0.077 g (44%) of product, which in
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Table 1. Crystallographic Dafafor Compounds of the Type [M6YO(SCzR,)2]> "~

(EuN)z[Mo'VO(edt)] (EtaN)[MoVO(edt)] (EtaN)o[MoVO(mnt)] (PhyP)[MoVO(edt)(mnt)]
formula C20H44MON2051 C12H24MONOS1 C24H40MON6051 C54H42MON20P254
fw 552.75 422.50 652.80 1021.02
crystal system monoclinic triclinic orthorhombic monoclinic
space group P2:/c P1 P2,2,2 Pn
A 8 4 4 2
a A 14.966(3) 8.670(2) 14.784(3) 11.732(2)

b, A 16.770(4) 15.106(3) 29.946(6) 15.899(3)

c, A 21.188(4) 15.116(3) 7.346(2) 13.317(3)

o, deg 95.77(2)

p, deg 90.29(2) 106.49(1) 101.66(3)

y, deg 104.90(1)

Vv, A3 5318(2) 1802.0(6) 3252(1) 2432.7(8)

T,K 223 213 293 213

6 range, deg 345 3-46 3-48 3-52

R (WRY) 0.0335 (0.0686) 0.0464 (0.1236) 0.0754 (0.1601) 0.0934 (0.2244)

a Obtained with graphite-monochromatized Mo ki = 0.71073 A) radiation® Ry = Y [|Fo| — |Fell/Y |Fol. SWRy = { S[W(Fo2 — FAZ/S [W(Fo?)3 12,

Table 2. Crystallographic Datafor Compounds of the Type [Mo¢S;R,).L,] (L = isonitrile, carbene, phosphine)

[Mo(Mesbdtp(MeNC)-  [Mo(bdt)(PMePh);]-
[Mo(edtp(BUNC);]  [Mo(bdt),(MeNC)] [Mo(Mesbdt(MeNC),)] (CMe4bdt)]-2CH,Cl, CICH,CH,CI
formula G4H2oMoNLS, Ci6H1sMONLS, Co4H30MON,S, CssH43ClMONS C40H3sCl.MoP,S,
fw 442.52 458.47 570.68 907.80 875.72
crystal system monoclinic monoclinic monoclinic orthorhombic _ triclinic
space group P2,/m P2, C2lc Cmca R
z 2 2 4 8 2
a A 9.278(2) 9.6811(5) 20.142(2) 21.9116(4) 9.8258(11)
b, A 9.879(2) 9.2174(5) 7.7923(6) 24.9138(3) 10.7281(12)
c, A 11.530(2) 10.8604(6) 17.858(1) 15.7950(3) 20.776(2)
a, deg 95.000(3)
f, deg 95.54(3) 98.971(1) 115.644(1) 95.467(2)
y, deg 113.830(2)
v, A3 1051.9(4) 957.27(9) 2526.9(3) 8622.5(2) 1975.1(4)
T, K 223 213 213 213 213
0 range, deg 350 3-56 3-48 3-45 3-56
Ri® (WRX) 0.0257 (0.0685) 0.0460 (0.0735) 0.0338 (0.0701) 0.0852 (0.2203) 0.0547 (0.0821)

a Obtained with graphite-monochromatized Ma. ki = 0.71073 A) radiation® Ry = ¥ [|Fo| — |Fel|/3 |Fo|. ¢ WR: = { T [W(Fo2 — FA)F/ S [W(F2)% 2.

anaerobic solution is extremely sensitive to traces of water. Absorption
spectrum (acetonitrile) Amax (em) 305 (sh), 378 (5670), 565 (2190),
717 (1630) nm. IR (KBr): 2920 (s), 2851 (s), 1469 (s), 1105 (s), 921
(vs, vsio), 877 (S,Vmo0), 745 (s), 703 (s) crt. 'H NMR (anion, CQ-
CN): 6 7.92 (m, 4), 7.35 (m, 6), 7.24 (m, 4), 6.96 (m, 4), 1.02 (s, 9).
FAB MS™: m/z 649 (M"). Anal. Calcd. for GeHs7MONO,S,Si: C,
55.58; H, 6.09; N, 1.80. Found: C, 55.70; H, 6.13; N, 1.82. The identity
of this compound was confirmed by an X-ray structure determination.
[Mo(bdt) 2(PMePhy),]-C.H4Cl,. A solution of PMePh (1.70 mL,
9.14 mmol) in 10 mL of THF was added to a solution of [MgCI
(MeCNY)] (0.363 g, 1.13 mmol) in 20 mL of DMF. To this mixture a
solution of Li(bdt) (0.350 g, 2.27 mmol) in 15 mL of THF was slowly
added dropwise over 10 min, resulting in a color change from orange
to dark red. The reaction mixture was stirred foh and concentrated
in vacuo to a red oil. The oil was dissolved in dichloromethane and
evaporated owt2 g ofsilica. The loaded silica was added to a silica
column packed as a slurry in 2:1 pentane/ether (v/v), which was then
eluted with this solvent mixture to remove unreacted phosphine (readily
monitored by thin-layer chromatography). The column was next eluted
with 1:4 dichloromethane/ether (v/v), which moved an orange band
and resolved it from a slower-moving yellow fraction. The orange
fraction was collected and concentrated to a red-orange solid (0.212 g,
24%). Absorption spectrum (dichloromethan@é)ax (em) 361 (8330),
421 (16 400), 510 (sh) nmMH NMR (CsDs): 0 8.34 (s, br), 7.09 (m),
6.70 (s, v br), 2.88 (sPP NMR (GDg): 6 40.11 (s). FAB MS: nmvz
777 (M), 577 (M" — PMePh), 377 (M" — 2PMePh). Anal. Calcd.
for C4oH3sCIoMOP,S,: C, 54.86; H, 4.37; P, 7.07; S, 14.64. Found: C,
54.83; H, 4.32; P, 7.04; S, 14.59. The identity of this compound was
confirmed by an X-ray structure determination.
X-ray Structure Determinations. The 12 compounds listed in
Tables 1-3 were structurally characterized by X-ray crystallography
and are henceforth referred to by the numerical designations in Chart

1. Crystallizations were carried out anaerobically. Crystals ofNJEt

[3] (flat violet-black needles), (EN);[4] (red-green needles), and
(EuN)[8] (green-black blocks) were obtained by slow vapor diffusion
of BU'OMe into acetonitrile solutions. The same technique with THF
instead of B{OMe produced diffraction-quality crystals of (f#)[5]

as dark brown diamond-shaped crystals. Solutions ofN)gt2] and
(PhyP)[9] in DMF yielded suitable crystals (dark red needles and ether-
solvated brown-black blocks, respectively) after slow introduction by
vapor diffusion of 1,2-dimethoxyethane and ether, respectively. Vapor
diffusion of methanol 12, 13) or acetonitrile 15) into 1,2-dichloro-
ethane solutions gave high-quality crystals of the [MG(R.)(R'NC);]
complexes as red-black blocks?j, red-black rectangular plate$3),

and small violet-black prisms16). Compound 16]-2CHCl, was
crystallized as large black square platesnbgyentane diffusion into a
dichloromethane solution held at°€. Small crystals of (BN)[11]
were obtained from a 1:1 acetonitrile/ether (v/v) solution left standing
for several days. Fine red needles aff]-C,H4Cl, were formed by
slow diffusion of pentane into a 1,2-dichloroethane solution.

Data for compounds (&\¥),[2], (EtsN)[3], and 12 were collected
on a Nicolet (Bruker) 4-circle P3 diffractometer by using MaxK
radiation. The crystals were coated in grease, mounted on glass fibers,
and maintained at 223 K under a Btream supplied through an LT-2
apparatus fitted to the diffractometer. Data for,(Bt[4] were collected
at room temperature on a Siemens P3 4-circle instrument. Refined unit-
cell parameters were obtained by least-squares fits e680andomly
searched, machine-centered reflections whefe<1@6 < 30°. Data
were collected with periodic monitoring of two check reflections out
to the @ limits (Table 1); in no case was significant decay observed.
Data reduction and corrections for scan speed, background, and Lorentz
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Table 3. Crystallographic Datafor Compounds of the Type [MogS:R)(OSiBUPh)]

(PhyP)[Ma" (edty(OSiBUPh)]-Y,ELO

(EuN)[Mo" (bdtk(OSiBUPH)]

(EtN)[MoV'O(bdth(OSiBUPH)]

formula CigHagM0O; sPS,Si
fw 908.08

crystal system monoclinic
space group P2,/c

A 4

a A 13.663(3)

b, A 16.470(3)

c A 20.340(4)

o, deg

p, deg 101.90(3)

v, deg

Vv, A3 4479(2)

T, K 213

0 range, deg 356

Ri? (WRY) 0.0450 (0.0970)

C35H 47MONOS1Si C36H47MON OzS4S|
762.02 778.02
monoclinic orthorhombic
Pn Pbca
2 8
10.6776(1) 10.6275(4)
9.9780(1) 22.7953(9)
17.8337(3) 31.4287(12)
96.339(1)
1888.41(4) 7613.8(5)
213 213
3-56 3-56

0.0229 (0.0546) 0.0559 (0.0777)

a Obtained with graphite-monochromatized Mo ki = 0.71073 A) radiation® Ry = Y [|Fo| — |Fell/Y |Fol. SWRy = { S[W(Fo2 — FAZ/S [W(Fo?)3 12,

Chart 1. Designation of Molybdenum Dithiolene Complexes

[Mo™VO(bdt)]2- 1 [MoV'Oy(bdt)]?~ 10
[MoVO(edty]? 2 [MoV'O(bdth(OSiBUPH)] 11
[MoVO(edty] - 3 [Mo(edt)(BUNC),] 12
[MoVO(mnty]>~ 4 [Mo(bdt)(MeNC)] 13
[Mo" (edt)(mnt)F~ 5 [Mo(L—S)2(MeNCY)] 14
[MoVO(tfd),] 6 [Mo(Mesbdt)(MeNC),] 15
[MoVO(L—S,)2]2 7 [Mo(Mesbdt)(MeNC)(CMehdt)] 16
[Mo (bdty(OSiBUPh)]~ 8 [Mo(bdt)(PMePh),] 17

[Mo" (edty(OSiBUPh,)]~ 9

and polarization effects were applied by the program XDISK of the
SHELXTL PLUS program suite. No absorption correction was applied
to the data for (&NN),[4]. Absorption corrections were applied by the
programs XEMP ((EN)[2], (EuN)[3]) or XPREP (2) by using
variations in intensity in azimuthall{) data for 710 reflections with
values for 2 being evenly spaced between®ldnd 45.

The compounds (RR)[5], (PhP)[9]-Y-EtO, (ELN)[8], (EtaN)[11],
13, 15, [16]-2CH,Cl,, and [L7]-C,H4Cl, were mounted on a Siemens
(Bruker) SMART charge-coupled device (CCD) area detector instru-
ment with Mo Ko radiation, which was operated at 213 K with an
LT-2 device. Data were measured withscans of 0.3 per frame, 30-

or 60-s frames, such that 1271 frames were collected for a hemisphere

of data. The first 50 frames were recollected at the end of data collection
to monitor for decay; no significant decay was observed. Data out to
26 of 56° were used for the compounds @Ph9]-¥-Et,O, (EtN)[8],
(ELN)[11], 13, [16]-2CH,Cly, and [L7]-C;H4Cly, but for compound6]-
2CH.CI, data were cut at2of 45° in the final refinement cycle because
of low-quality high-angle data. For the compoundsP#5] and 15,
the 2 ranges extended to 52nd 48, respectively. Cell parameters
were retrieved by using SMART software (SMART V. 4.043, 1995)
and refined by using SAINT software (SAINT V. 4.035, 1995) on all
observed reflections betweerf 2f 3° and the upper thresholds
indicated. Data reduction was performed with the SAINT software
(SAINT V. 4.035, 1995), which corrects for Lorentz polarization and
decay. Absorption corrections were applied by using the program
SADABS, as described by Blessify.

The space groups for (f)[3] and 17 were assigned on the basis
of statistics and successful solution and refinement of the structure,

isotropically because of disorder and large thermal parameters. In the
anion of (PhP)[5], significant electron density was observed above
and below the plane of the mnt ligand, which necessitated fixing the
carbonr-carbon and carbensulfur bonds of this ligand to chemically
reasonable values (average values4ofvere used) to prevent an
inordinate degree of shifting in the final stages of refinement.1=or
all the hydrogen atoms were visible in the final electron density maps,
all were named, and their positions were allowed to refine. Except for
the dichloromethane solvates and the disordered cation gfI)Bi,
hydrogen atoms were added to the compounds at idealized positions
and were refined as riding atoms with uniform valuesUg. Final
agreement factors are included in Tables3land reflect the use of all
observed data within the indicatédanges. All refined structures were
examined for any overlooked symmetry with the crystallographic
checking program PLATON. Selected interatomic distances and angles
for the 12 structures are compiled in Tables64®

Other Physical Measurements.Except for the compounds [Mo-
(S:CoR2)2(R'NC),], all measurements were made under anaerobic
conditions. Absorption spectra were recorded with a Perkin-Elmer
Lambda 6 or a Varian Cary 3 spectrophotometer.and 33C NMR
spectra were obtained with a Bruker AM 400 or AM 500 spectrometer.
IR spectra were measured with KBr disks in a Nicolet Impact 400
Fourier transform IR instrument. FAB mass spectra were recorded on
a JEOL SX-102 spectrometer with 3-nitrobenzyl alcohol as matrix.
Cyclic voltammograms were recorded with a PAR Model 263 poten-
tiostat/galvanostat using a Pt disk working electrode and a 0.1 M
solution of BuNPFs supporting electrolyte; potentials are referenced
to the saturated calomel electrode (SCE).

Results and Discussion

Synthesis and Structures of Molybdenum(IV,VI) Bis-
(dithiolenes). (a) Mono-oxo Mo(lV).Our starting point for the
expansion of molybdenum dithiolene chemistry in the direction
of species related to enzymic active sites is bis(dithiolene)-
Mo'vO complexes. Species of this type have been previously
prepared by a variety of methods, summarized in Figute 2:
(1) cyanide substitution of and concomitant elimination of water
from the Mo(IV) starting complex in aqueous medidpedi (2)

whereas all the other compounds were assigned unambiguous spactigand substitution of tetrakis(arylthiolato)Mf® complexes by
groups by analysis of symmetry and observed systematic absencegroton transfer from added ligarték-234(3) reaction of coor-

determined by the program XPREP. All structures were solved by direct
methods with SHELXS (SHELXS-86, SHELXS-97) and subsequently
refined against all data by the standard technique of full-matrix least
squares oiff? (SHELXL-93, SHELXL-97). For the compounds &),

[2], (EuN)[8], (PhP)[9]-Y-ELO, (EuN)[11], 12, 13, and 15, all
nonhydrogen atoms were refined anisotropically,Ni&{4] and (EiN)-

[3] possessed disordered,Ht™ cations, the carbon atoms of which
(where appropriate) were refined isotropically with site occupancies
factors of 0.5. The two solvate molecules ©6]-2CH,Cl, were refined

(38) Blessing, R. HActa Crystallogr.1995 A51, 33.

dinated tetrasulfide with suitably activated acetylenes and
elimination of sulfurt4e23e9 (4) chloride substitution with
reduction of Mo(V,VI) by excess ligant#! 23 (5) oxo substitu-
tion by elimination of water in a protic medium and reduction
of Mo(VI) by ligand or an added reductat#-23an reaction 2

(39) See Supporting Information paragraph at the end of this article.
(40) Two other routes to bis(dithiolene)M@® complexes, reduction of
an Mo”'O; species such a0 with a tertiary phosphine or reaction with
benzoint4dare not included because they are indirect, requiring preparation
of a Mo-dithiolene precursor.
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Table 4. Selected Interatomic Distances (A) and Angles (deg) for [MeO48,),]"~ Complexes

22 3k 4 5

Distance, A

Mo—S(1-4) 2.394(1)-2.406(1) 2.362(3)2.386(2) 2.376(5y2.390(6) 2.370(4)2.413(3)

Mo—0 1.739(2) 1.677(5) 1.67(1) 1.676(8)

C—Shean 1.753(5) 1.731(4) 1.75(2) 1.77f2)

C—Crean 1.332(6) 1.31(4) 1.35(3) 1.36(2)
Angles, deg

O—Mo—-S 108.4(1)-109.2(1) 107.3(2)109.9(2) 105.7(5y110.6(5) 105.9(3)109.1(3)

S—M0—Siing’ 83.0 84.0 84.2 83.9

S—Mo—S;i! 85.1 84.3 84.6 85.9

0 129.0 129.2 129.6 132.5

Mo--+Sff 0.774 0.757 0.749 0.715

2 Data for one of two anions in the asymmetric uliiData are for edt ligand only; bond distances were fixed in mnt ligaBite angle.? Mean
values.c Dihedral angle between Me$lanes.f Displacement of Mo atom from,Snean plane.

Table 5. Selected Interatomic Distances and Angles for Mo
Bis(dithiolene) Silyloxide Complexes

8 9 11
Distances, A
Mo—S1 2.339(1) 2.335(1) 2.492(1)
Mo—S2 2.336(1) 2.335(1) 2.443(1)
Mo—S3 2.338(1) 2.339(1) 2.407(1)
Mo—S4 2.340(1) 2.334(1) 2.427(1)
Mo—01 1.840(2) 1.838(2) 1.715(2)
Mo—02 1.932(2)
Angles, deg
S1-Mo—-S2 83.81(2) 83.40(4) 77.55(4)
S3-Mo—S4 83.85(2) 83.53(4) 79.76(3)
01-Mo—S1 108.47(6) 110.57(8) 143.93(9)
01-Mo—S2 109.35(6)  107.61(8) 80.60(9)
01-Mo—S3 108.14(6)  108.86(8)  105.33(9)
01-Mo—S4 108.48(6)  108.91(8)  104.40(9)
Mo—01-Sil 175.2(1) 167.8(2) 160.0(2)
C1-C2 1.391(4) 1.331(6) 1.422(5)
C3-C4/C7-C8 1.401(4) 1.307(6) 1.385(5)
M---S2 0.746 0.760
02 129.2 128.3

aCf. Table 4." Mo—02-Sil.

of Figure 2, a several-step preparafioproceeding through the
MoVO complex is required to obtain the M@ starting material.

among these is the mixed ligand sped&eBetailed procedures

for 6 and7 are not given because crystalline salts could not be
obtained. CompleX was prepared by the method f2rin the
preparation o6, bis(trifluoromethyl)-1,2-dithiet® was reduced
with sodium acenaphthylenide in THF before reaction with
[Mo'VOCI(MeNC)] " in acetonitrile. Complexe§ and7 were
identified by their mass spectra and electrochemical properties
(vide infra). Complexed and, particularly,2 were prepared
because the electronic nature of these ligands more closely
approaches that of the pterin dithiolene in Moco (Figure 1).

Structures of complexe® 4, and5 are set out in Figure 4;
metric parameters are presented in Table 4. All species display
a uniform square pyramidal stereochemistry observed previously
for related compound&dihi For this reason, ranges and mean
values, rather than individual values, are given for certain
parameters. The molybdenum atom is displaced-60717 A
above the means$lane in the direction of the apical oxo ligand.
As a result, Mogplanes are canted at the dihedral angles
129.0-132.5; chelate rings are essentially or exactly planar.
The Mo—S bond distances exhibit no clear ligand dependence.
However, the Me-O distance ir2 is marginally longer (by 0.07
A) than in 4 and 5, presumably reflecting the absence of an
electron-withdrawing substituent in the former. Values@o

Unless stabilization by chelation is highly favorable, the reaction in KBr follow a similar trend 2 (904, 916 cm?) < 5 (919
is not likely to proceed if the protonated ligand is substantially cm~) < 4 (932 cnt?). The G-C bond distance i2 (1.332(6)
less acidic than the arylthiol. Reaction 3 does not take place A) js consistent with a double bond; that is, the ligand functions

with weakly activated acetylenes RCCR (e.g.=RPh, CH-

as an ene-1,2-dithiolate. Distancesdimnd5 are less precise

OH) or with acetylene itself. Reaction 4 in our hands is not i favor the same description. Molybdenum(lV) in these

clean and affords low yields, and reaction 5 has been reported
only with the mnt ligand. Reaction 1 appears to be the most

general. In one example, compouhdas obtained by reaction

of the initial MdV O, complex with the protonated ligand (yield
unspecified?3 In other preparations, the ligand is generated

in the reaction mixture by ring opening of a R;N-dimeth-

ylimino)-1,3-dithiolium cation or a 1,3-dithiol-2-one. The full

details of reaction 1 were publish@twhile the present work
was in progress.

complexes has the 4d configuration. These effects are readily
interpreted in terms of substituent properties. Increasing the
electron-withdrawing capability of the ring substituents enhances
m-bonding of oxo with the Mo g and d orbitals by decreasing
dithiolene electron donation to the metal.

Reaction of2 with iodine in acetonitrile yields3 in 45%
purified yield as the BN™ salt. The compound displays an
intense violet color typical of the chromophores of Y\

We have sought a direct and reasonably general method forcomplexes with thiolate ligand$.The structure o8 (Figure 4,

preparing bis(dithiolene)M¥O complexes. The procedure,

summarized in Figure 3, is based on [MOCI(MeNC)]™,

Table 4) has the square pyramidal stereochemistry established
for [MoO(bdt),] .23 The Mo—S bond distances are marginally

which is easily and economically prepared by the reaction of shorter than ir2. One ligand is folded along the SB2 vector,

MoCls and methylisonitrile in methanol and isolated as the PF

forming a dihedral angle of 144with the MoS(1,2) plane. The

salt3?2 Halide salts are separated by filtration, and excess other chelate ring is essentially planar. The same effect appears

isonitrile is readily removed in vacuo. Purified yields in our

in (PhyP)[MoO(bdt}] , where one ring is depicted as nonplaf¥r.

hands are typically 55%. The method was tested by using ligandsThe origin of this effect in these two compounds, the only bis-

with different substituent effects and steric properties. Com-

plexesl, 2, and4—7 are obtained in purified yields a£40%;

(40) Kondo, M.; Ueyama, N.; Fukuyama, K.; NakamuraBall. Chem.
Soc. Jpn1993 66, 1391.

(41) Krespan, C. GJ. Am. Chem. S0d.961, 83, 3434.

(42) (a) Hanson, G. R.; Brunette, A. A.; McDonell, A. C.; Murray, K.
S.; Wedd, A. G.J. Am. Chem. Socl981, 103 1953. (b) Ellis, S. R.;
Collison, D.; Garner, C. DJ. Chem. So¢Dalton Trans.1989 413.
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Table 6. Selected Interatomic Distances and Angles for Mo Bis(dithiolene) Isonitrile, Carbene, and Phosphine Complexes

12 13 15 16 17
Distance, A
Mo—S1 2.356(1) 2.356(2) 2.358(1) 2.350(2)
Mo—S2 2.349(1) 2.356(1) 2.358(1) 2.359(3) 2.351(2)
Mo—S3 2.358(1) 2.358(3) 2.355(2)
Mo—S4 2.365(1) 2.347(2)
Mo—X1 2.078(4) 2.093(6) 2.093(4) 2.09¢1) 2.541(2y
Mo—X2 2.090(4) 2.109(5) 2.12(2) 2.530(2y
Angles, deg
X1-Mo—X2 80.3(2) 78.9(2) 77.7(2) 77.0(6) 87.35{6)
S1-Mo—S2 81.45(3) 81.91(5) 81.57(3) 80.58(9) 82.03(6)
S3-Mo—S4 82.04(5) 81.87(6)
041 129.1 127.2 132.7 128.4 124.3
Mo---S¢ 0.766 0.791 0.715 0.784 0.802

aX1 = carbene carbor?. X2 = isonitrile carbon® X1 = X2 = phosphorus? Cf. Table 4.

R_SNa" —2-
| H,0:EtOH 0
(1) [MoOL(CN),J* M o Mo s
R =aryl R“ﬁs/ \SIH
Hobdt H R
o] 2
) [MoO(SAN MeCN < s IUIQQ,“S
=z
R— z \ S
5 R = Me, Ph;Si
0 e -2
@ S M S R-C=C-R i
_S-Moz S -c=C- MO
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Figure 2. Summary of five reported reactions for the preparation of
bis(dithiolene)M#' O complexes.
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Figure 3. Scheme for the synthesis of bis(dithiolene)k® complexes
1, 2, and4—7 based on the reactivity of [M6OCI(MeNC),]*.

(dithiolene)MdYO complexes for which structural data are

The [MdYO(SCyR2)2% complexes display a reversible
oxidation step to M¥O species, the potential of which correlates
with the properties of the R substitutent. As expected, the most
positive value is for mnt comple# (+0.48 V) and the most-
negative value is for alkyl-substituted [MoO#S,),]2~ (—0.71
V). These and other values are summarized in Table 7, from
which it is seen that certain complexes display a'KdéMoY'O
couple at much more positive potentials. Voltammograms of
two complexes exhibiting the three-member electron-transfer
series 1 are presented in Figure 5. Attempts to isolat&' ®lo
complexes have failed. The series [MoO(8R) % (R=2,4,6-
Pr3CgH,) has been described, and the Mo(V,VI) members were
isolated**

[Mo"O(SC,R,),]" = [Mo'O(SCR); ™~
[Mo"'O(SCR,)° (1)

(b) Des-oxo Mo(lV) and Mono-oxo Mo(VI). We have
sought analogues of the reduced and oxidized sit&sBMSO
reductase. Noting prior silylation reactions of K2, and
MoV'O,* groups, [MoQ]%~,*” [M0,0;]2~,*8 and analogous
reactions of oxotungsten dithiolen®sye obtained the desired
two types of compounds by the silylation reactions42
depicited in Figure 6. The products 48)[8] (72%) and (P&P)-
[9] (61%) were isolated in the indicated yieltfksThe product
[MoO(bdt),]*” + PhBuU'SiCI—

[Mo(bdt),(OSiBUPh)]~ + CI~ (2)

[MoO(edt),]*” + Ph,BU'SiCl—
[Mo(edt),(OSiBUPh)]~ + CI~ (3)

[MoO,(bdt),]*” + PhBuU'SIiCI—
[MoO(bdt),(OSiBUPh)] ™ + CI~ (4)

(44) Soong, S.-L.; Chebolu, V.; Koch, S. A.; O'Sullivan, T.; Millar, M.
Inorg. Chem.1986 25, 4067.

(45) (a) Xiao, Z.; Young, C. G.; Enemark, J. H.; Wedd, A. G.Am.
Chem. Soc1992 114 9194. (b) Xiao, Z.; Gable, R. W.; Wedd, A. G.;
Young, C. G.J. Am. Chem. S0d.996 118 2912. (c) Xiao, Z.; Bruck, M.
A.; Enemark, J. H.; Young, C. G.; Wedd, A. G.Biol. Inorg. Chem1996
1, 415.

(46) (a) Wilson, G. L.; Kony, M.; Tiekink, E. R. T.; Pilbrow, J. R;
Spence, J. T.; Wedd, A. Gl. Am. Chem. Socl988 110, 6923. (b)
Arzoumanian, H.; Corao, C.; Krentzien, H.; Lopez, R.; TeruelJHChem.

available, is obscure. Overall, the structural differences betweensoc, chem. Commuri992 856.

2 and 3 are slight, consistent with a difference of one
nonbonding electron between the two. Complegeand 3
provide unconstrained structural representations d¥MO(S;-
pd) enzyme sites in the limit of tight dithiolene binding.

(47) Huang, M.; DeKock, C. WInorg. Chem.1993 32, 2287.

(48) Do, Y.; Simhon, E. D.; Holm, R. Hnorg. Chem1985 24, 1831.

(49) Other silyl chlorides (e.g., MBU'SICI, PrSiCl) may be substituted
in reactions 6 and 7; however, the,B'SiCl gave products more amenable
to isolation and crystallization.
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c1 $1 g,=1200° 54

[MoVO(edt),]™ [MoVO(mnt)(edt)>

Figure 4. Structures of bis(dithiolene)M6'O complexes: [MoO(edf),?~*~ [MoO(mnt)]?~, and [MoO(edt)(mntf . Partial atom labeling schemes
and 50% probability ellipsoids are shown. M® and mean Me'S bond distances and dihedral angledetween Mogcoordination planes are
indicated.

Table 7. Redox Potentiafsof [Mo'VO(S,C;R,),]% in Acetonitrile

complex Md/Mo"V Mo"'/MoVY -0.12
[MoO(L—S,)]2 —0.71 +0.04 Mo™/MoV
[MoO(edtp]?- ~0.61 b
[MoO(Mesbdt),]2 ~053 ~0.16
[MoO(sdty]?~ % ~048 MoV/MoV
[MoO(bdt),]2 ~0.39 +0.56
[MoO(4-pedt))?~ 49 —0.35
[MoO(S:Co(COMe)s)s]2 ~0.09 b " 2
[MoO(edt)(mnt)f- ~0.08 +0.54 [Mo™O(edt)(mnt)]
[MoO(dmit);]2- +0.12 +0.52
[MoO(tfd)J2 +0.18 +0.64
[MoO(mnt)]?~ +0.48 b

-0.75

a Cyclic voltammetry (100 mV/s), V vs SCE.Irreversible.c Qua- Mo'V/MoY

sireversibled Ref 23i.¢sdt = “SCH=C(Ph)S. f Measured by dif-
ferential pulse voltammetry.4-pedt= ~SCH=C(4-pyridyl)S-. " dmit
= 1,3-dithiole-2-thione-4,5-dithiolate(?), ref 23f.

MoV/MoV!
of reaction 40 (Et;N)[11], was obtained as a black solid (44%)
that is extremely sensitive to traces of water. Even under
conditions intended to be rigorously dry, partial decomposition [MoVO(L-S,)1*
to 8 and the silanol in acetonitrile solution was observed within
2 days. When conditions were not rigorously dry, as in attempted
recrystallization from acetonitrile/ether, decompositiori bfo

1, [MoO(bdt)] ~,%* and silanol occurred over several days. Initial
identification of11 was obtained by the near identity of #d

NMR spectrum to that of structurally characterized [WO(pdt) 0.09
(OSiBuPhy)] 2728 1 ; —+ : : :
0.80 0.40 0.00 -0.40 0.80 -1.20

The X-ray structures o8 and 9 in Figure 7 immediately
reveal that these are the desired des-oxo Mo(IV) complexes. E(Vv. SCE)
The two molecules are isostructural; selected bond distancesFigure 5. Cyclic voltammograms (100 mV/s) of [MoO(edt)(mrit)]
and angles are summarized in Table 5. The complexes exhibitand [MoO(L—S,);]*" in acetonitrile solutions illustrating electron-
square pyramidal stereochemistry with molybdenum atom transfer series 1; peak potentials vs SCE are indicated.
displacements froms$lanes toward the axial silyloxide ligand ) o ) )
of ~0.75 A and dihedral angleg very similar to the values approach planarity. Therg are no significant differences in bond
for bis(dithiolene)M&O complexes. Chelate rings closely engths of the same type in the two structures. The-@donds
are 0.10-0.17 A longer than those i®, 4, and5, reflecting the
(50) An alternative reaction, & and MgNO in acetonitrile, proved decrease in MeO bond order upon silylation. Complex8s

sluggish and gave a mixture of products (includitd. In contrast, the ; ; ; ;
reaction of [W(bdt)(OSiBUP)]~ and MeNO proceeded cleanly to afford and 9 are isostructural and nearly isometric with [W(bdl)

the WO product in 76% yield. (OSiBUPHy)].28 Under anaerobic conditions, they are stable in-
(51) The compound (&H)[MoO(bdt)y] was isolated, recrystallized from  definitely as solids and for at least 3 days in acetonitrile solution.
the solvent mixture MeCN/THF/BOMe, and identified by an X-ray The structure of complek1is presented in Figure 8; selected

structure determinationP2;/n, a=7.78(2) A,b = 16.56(3) A,c = 27.16- . . . : )
(4)UA’UIH = 94.0('1) 'andvl: 3489(1) (/:\3) (213 K). The( ;nion has been  dimensional data are included in Table 5. These results confirm

previously characterized structurally as thef®hsalt23d the mono-oxo formulation and show the isostructural relation-
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Figure 6. Silylation and oxo-transfer reactions of bis(dithiolene)Mo-
(IV,VI) complexes in acetonitrile. Note that the oxo-transfer conversions
8 = 11, while adequately documented, do not proceed rapidlys{Me

NO) or occur without byproduct formation (BR(see text). The
conversionl — 10 was first demonstrated by othéer8.

S1 6,=1202° g4

[MoW(bdt),(OSiBuPh,)]"

8, = 128.3° 81 C1

[MoV(edt),(OSiButPh,)]"-
Figure 7. Structures of [Mo(bdt(OSiBuPhy,)]~ (upper) and [Mo(ed$)

(OSiBuPhy)]~ (lower), showing partial atom-labeling schemes, 50%
probability ellipsoids, mean MeS bond distances, and dihedral angles

64 between Mogcoordination planes. Also indicated are MO bond
lengths and Me-O—Si bond angles.

ship to [WO(bdt)(OSiBUPhy)] ~,27-28which is significantly more
stable and is readily crystallize8The coordination unit o1
is irregularly distorted from octahedral, with a normal MO

Donahue et al.

[MoV'O(bdt),(OSiButPh,)]™

Figure 8. Structure of [MoO(bd(OSiBuPhy)]~, showing a partial
atom-labeling scheme, 50% probability ellipsoids, and selected bond
angles and distances.

and an oxo trans effect on the M&1 bond length 0f~0.05

A. Other structural features are the same as have been described
for the tungsten analog@#&Mono-oxo tungsten(VI) complexes

are frequently encountered but molecules containing thé ™o
group are rather uncommon. The few structurally proven five-
and six-coordinate examples include [Mo@XX = F, ClI)>?
[MoO(O,CyoHg)(sap)]*® and [MoO(OC(CER)s)4].5*

Complex 11 displays a single reversible reduction step at
—0.67 V. In addition, electrochemical solutions bl also
contain the decomposition product [MO(bdty] ~, detected by
reduction at—0.39 V. After a few scans, the characteristic
feature ofl1disappears and the observed voltammogram is that
of [MoVO(bdt)]~ alone. Thus,11 is notably unstable under
conditions that apparently promote reductive cleavage of
silyloxide in the presence of trace proton impurity.

Absorption spectra @, 11, and their tungsten analogdés®
are compared in Figure 9. The occurrence of the same number
of features with similar intensities and the red-shifted spectra
of the molybdenum complexes are entirely consistent with
isostructural M and M'O molecules (M= Mo, W). Similarly,
the spectrum 08, with features at 460 (sh), 570, and 660 nm,
appears related to that of dithionite-redu&sDMSO reductase,
which shows a shoulder at 430 nm and a broad band centered
at 640 nnme> Likewise, the bands of1 at 565 and 717 nm are
nearly coincident with the maxima at 550 and 720 nm in the
oxidized enzymé&>We conclude tha® and11 are electronically
related to, and provide unconstrained structural representations
of, the [M0dV(Spd)(O-Ser)] and [Md'O(Spd)(O-Ser)] sites
of RsDMSO reductase. This statement applies in the limit of
tight dithiolene chelation, with MeS bond lengths of 2.33
2.34 Ain8/9, and 2.4+2.49 A in 11 It is apparently more
appropriate to the enzyme preparations examined by EXAFS
and resonance Raman spectrosédpiian to the crystalline
forms used in protein crystallographyln the latter, one
dithiolene moiety is not coordinated in the reduced form, and

(52) (a) Edwards, A. J.; Steventon, B. RB.;Chem. SoqA) 1968 2503.
(b) Taylor, J. C.; Waugh, A. BJ. Chem. So¢Dalton Trans.198Q 2006.
(c) Nielson, A. J.norg. Synth.1985 23, 195.

(53) Mondal, J. U.; Schultz, F. A; Brennan, T. D.; Scheidt, WirRrg.
Chem.1988 27, 3950. sap= tridentate Schiff base. A related M©®
structure is also described.

(54) Johnson, D. A,; Taylor, J. C.; Waugh, A. B.Inorg. Nucl. Chem.
198Q 42, 1271.

(55) (a) Gruber, S.; Kilpatrick, L.; Bastian, N. R.; Rajagopalan, K. V.;
Spiro, T. G.J. Am. Chem. S0d.99Q 112 8179. (b) Bastian, N. R.; Kay,

distance (1.715(2) A), the silyloxide ligand cis to the oxo ligand, C. J.; Barber, M. J.; Rajagopalan, K. V. Biol. Chem.1991, 266, 45.
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Figure 9. UV/visible spectra of [W (bdt),(OSiBuPhy)]~ (upper) and
[MV'O(bdtp(OSiBUuPhy)]~ (lower), where M= Mo, W; band maxima

are indicated. The upper spectra display five corresponding features
and the lower spectra four such features. In the latter, the weak shoulder
near~360 nm (M= W) apparently corresponds to the 378 band (M

= Mo).

one dithiolene ligand is asymmetrically coordinated in the
oxidized form with Mo-S distances of 2.4 and 3.1%while

in the oxidized enzyme the serinate and oxo ligands are cis,
the site geometries are otherwise not profitably compared with
8/9 and 11 because of differences in M& coordination. The
silyloxide ligand is a simulator of serinate binding.

(c) Isonitrile and Carbene Complexes.In the course of
investigating the reactions of Figure 3, small quantities of darkly
colored, air-stable byproducts were observed. One of these was
isolated and identified ak3 by an X-ray structure determination.
Thereafter, a deliberate route to these new compounds was
established, and is shown in Figure 10. These reactions were
conducted with an 8-fold excess of isonitrile. By this means,
complexes12—15 were obtained and shown by absorption
spectra to be identical to byproducts in bis(dithiolene)}\o Figure 11. Structures of [Mo(bdf{MeNC),] (upper) and [Mo(eds)
preparations. Because reaction systems lead to more than ongBuNC),] (lower), showing partial atom-labeling schemes, 50% prob-
product, chromatographic separation was required, leading toability ellipsoids, mean Me S distances, and dihedral angladetween
modest yields (1525%). Structures of2 and13 are shown in Mo$; coordination planes.

Figure 11 and that ofl5 is included in Figure 12. Selected
structural data are listed in Table 6. The three complexes are
isostructural and present a slightly distorted trigonal prismatic
geometry. Given the similarity in molybdenum atom displace-
ments from the $planes (0.720.79 A) and closédy values
(127.2-132.7), these species have bis(dithiolene)Mo fragments
that approach congruency with those1pf2, 4, and5. Thus,
they represent a conceptual transition from a square pyramid
to the Cp, form of a trigonal prism. Structurally, the three
complexes closely resemble isoelectronic [W(Skl)2(CO),] %6

and [M(SC;R,)2(CO)] (M = Mo, W)57 and, like them, pose

(56) Heckmann, G.; Wolmershaer, G.Chem. Ber.1993 126, 1071.

[Mo(edt),(BuiNC),]

the problem of ambiguous oxidation states. TheCdistance
of 1.324(5) A in 12 favors the ene-1,2-dithiolate ligand
description and therewith the Mo(lV) oxidation state for the
isonitrile complexes.

In the preparation o15, an additional product was isolated
from chromatography of the reaction system. It was identified
by an X-ray structure determination to be the unexpected Fischer
carbene complex,6. The structure (Figure 12, Table 6), is very
closely related to that df5, with one isonitrile replaced by the

(57) (a) Schrauzer, G. N.; Mayweg, V. P.; Heinrich, W.Am. Chem.
Soc.1966 88, 5174. (b) Kusters, W.; de Mayo, P. Am. Chem. Sod974
96, 3502. (c) Goddard, C. A.; Holm, R. H., results to be published.
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[Mo(Me,bdt),(MeNC)(CMe,bdt)]
Figure 12. Structures of [Mo(Mgbdt(MeNC),] (upper) and [Mo-
(Me4bdt(MeNC)(CMeabdt)] (lower), showing partial atom-labeling
schemes, 50% probability ellipsoids, mean #® bond lengths,
C—Mo—C bond angles, the MeC1 bond distance (lower), and dihedral
anglesfy between Mog coordination planes.

[Mo(bdt),(PMePh,),]

Figure 13. Structure of [Mo(bdtyPMePh),], showing partial atom-
labeling scheme, 50% probability ellipsoids, mean-Mbdistance, and
dihedral angledy between Mo$% coordination planes.

carbene CMghdt. The probable source of the carbenoid carbon
is methylisonitrile. The Me-C1 distance of 2.09(1) A is
consistent with other values for carbene complexes having
apparent oxidation states in the Moe{IV) range>® Analogous

Donahue et al.

XO — MoVY'O + X in acetonitrile solution. Because most
reactions are slow, they were conducted at high temperatures.
Reactions were monitored byH NMR and by electron
ionization and FAB MS. Results are briefly summarized in
Figure 6.

(a) MoV — MoV'O. Although complex8 can be partially
converted toll with MesNO, the reaction is not clean and
complete even in the presence of several equivalents of the oxo
donor. This has led to silylation reaction 4 as the method of
choice for the synthesis dfl. When8 was treated with 5 equiv
of (p-FGsH4).SO and the system monitored B NMR as in
previous worké® 20—25% formation of p-FCgH4),S based on
8 was observed after 24 h at 6C. However, the putative
productllwas not detected, apparently because of its instability
under these conditions. In the syst&b0 equiv (CH),SO at
50 °C for 5 h, no appreciable reaction was observed.

(b) MoV'O — Mo'"V. With Rc DMSO reductase, a reduced
Me,SO-bound form of the enzyme can be generated by treating
the oxidized form of the enzyme with M8, implying a
reversible reaction that depends on the ratio J8Mg]/[Me,S].”°
While this enzyme is of the M&O,/MoVO type, we did
examine the behavior dfl with two sulfides. No reaction was
observed in the systemil/50 equiv (CH)4S at 50°C for 5 h.
Similarly, no reaction was found in a system containing 5 equiv
of (p-FCgsH,),S for 6 h atroom temperature and then after 18
h at 50°C. Substantial decomposition i was evident at the
end of this reaction period.

In further attempts to establish reductionldfby oxo transfer,
the reaction of the complex with tertiary phosphines was
examined. The latter are substantially stronger acceptors in the
thermodynamic oxo-transfer scale than are sulf#l&¢e wished
to examine the kinetics and mechanism and compare the results
with the Mo"'O, — MoV O reduction of bis(dithiolene) com-
plexes by similar substraté&14Treatment ofL1 with 2 equiv
of PPh at 50°C for 2 h caused substantial formation&®é&nd
PhsPO. However, when the system was examined spectropho-
tometrically, clean isosbestic points were not observed, indicat-
ing the formation of more than one chromophore. Recourse was
taken to the more-basic phosphine PMgPivhich proved
reactive at ambient temperature. On treatment \kitrand 1
equiv of phosphine, spectral features clearly indicative of the
formation of 8 (Figure 9, upper) were observed, but again
isosbestic points did not emerge. With excess phosphine up to
100 equiv, the absorption spectrum that developed was not that
of desired producB but of an unknown chromophore that gave
an orange color to the reaction mixture. Given the existence of
[W(bdt),(P(OEt)),],28 we suspected the formation of an analo-
gous complex in the present system. Using the method in Figure
10, we prepared the orange bis(phosphine) compléinde-
pendently; it had been previously obtained by a different
method®! This species is isoelectronic with isonitrile complexes
12—15. Consequently, it is isostructural with them, having
distorted trigonal prismatic stereochemistry (Figure 13, Table
6). The molybdenum atom is situated 0.80 A above thiesSal
plane, leading to a somewhat tighter angle(124.3). From
these parameters, the structurel8fmost closely approaches

(58) (a) Bailey, N. A.; Chell, P. L.; Manuel, C. P.; Mukhopadhyay, A.;

carbene complexes are likely to have been formed in the otherRogers, D.; Tabbron, H. E.; Winter, M. J. Chem. SogDalton Trans.
reactions in Figure 9, inasmuch as chromatography of each1983 2397. (b) Bailey, N. A.; Dunn, D. A,; Foxcroft, C. N.; Harrison, G.

system revealed one or more products in additiod2e15.

Oxygen Atom Transfer Reactivity. Having established
complexes3 and11 as minimal site representations for reduced
and oxidizedRsDMSO reductase, we have examined their oxo-
transfer propensities in the intended reaction coupléMe

R.; Winter, M. J.; Woodward, Sl. Chem. So¢Dalton Trans.1988 1449.
(c) Gunnoe, T. B.; White, P. S.; Templeton, J.@rganometallics1997,
16, 370.

(59) Caradonna, J. P.; Reddy, P. R.; Holm, R.JHAm. Chem. Soc.
1988 110, 2139.

(60) Holm, R. H.; Donahue, J. PPolyhedron1993 12, 571.

(61) Lazarowych, N. J.; Morris, R. HCan. J. Chem199Q 68, 558.
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that of 17. Spectral features nearly the same as those ¢fmax
361, 421, 510 (sh) nm) were observed in the sysiefi00
equiv PMePh Further, the?lP NMR spectrum of the system
11/20 equiv PMePhin acetonitrile contained, in addition to
the phosphine resonance at 20.34 ppm, signals at 34.41 (Ph
MePO) and 43.63 ppml{). The phosphine oxide was also
detected by mass spectrometry. We conclude ihais the
principal reaction product; other reaction products, if any, were
not identified.

Summary

The following are the principal results and conclusions of
this investigation.
1. The complexes [MBO(SC2R,)2]%~, which are the starting

points for the synthesis of active site bis(dithiolene) analogues,

are conveniently prepared in 400% yields by the reaction of
1,2-ene-dithiolate salts with [MoOCI(MeNg). All complexes
show a reversible M&O/Mo'V O redox step with potentials that

J. Am. Chem. Soc., Vol. 120, No. 49,1758

length in [Mo(edt}(Bu'NC),] indicates enedithiolate ligation

and implies the Mo(lV) oxidation state for this set of complexes.
A prominent feature of all molecules (except octahedral\{{@s
(bdt)y(OSiBUPhy)] ") is the narrow range for the dihedral angle
(124.3-132.7) between Mogcoordination planes. This feature
emphasizes the trigonal prismatic stereochemical parentage of
both five- and six-coordinate bis(dithiolene) molecules.

6. Of the eight molybdenum compound types in Chart 1, all
except the carbene compound have been prepared by us and
other$? in a parallel development of bis(dithiolene)tungsten
chemistry?”-28 Certain property comparisons emerge: (a) com-
plexes of the same type are isostructural and isometric, including
the site analogues [M(bdt),(OSiBuPhy)]~ and [MV'O(bdt)-
(OSiBuUPh,)]~; (b) for a given redox couple involving identical
ligands, the potential order By < Ewo , & periodic property
with no exceptiondzc (c) where observed qualitatively, stabili-
ties are comparable except for ND(bdty(OSiBUPhy)] ~, where
the M= Mo complex is generally less stable, especially in the

exhibit a standard dependence on ligand substituent R. Inpresence of water and other protic impurities; (d)\{{udt)-

addition, several are reversibly oxidized to the ‘WD state.

2. Silylation of [MoO(bdt}]2~, [MoO(edt)]?, and [MoQ-
(bdt)]2~ affords des-oxo [MY (bdty(OSiBUPh)]~ (72%) and
[Mo'V (edtp(OSiBUPh)]~ (61%) and mono-oxo [MEO(bdt)-
(OSiBUPhy)]~ (44%), respectively, in the indicated yields as
EuN* or PnP* salts.

3. The X-ray structures of square pyramidal [Mbdt)-
(OSiBUPhy)]~ and cis-octahedral [M6O(bdtp(OSiBUPh)]~

(OSiBUPhy)]~ reacts rapidly and completely with certain oxo
donors (MgNO, PhSeO) but slowly and incompletely with
sulfoxides, in contrast to the sluggish reactions, or no reaction,
of [Mo"V (bdt),(OSiBUPhy)] . Properties (c) and (d) derive from
the greater oxophilicity of tungsten and the attendant relative
stabilities of molybdenum- and tungsten-oxo bofis.

Given the generally rapid and complete reaction of Mo(IV)
complexes-especially those coordinated in part with thiolate

reveal them to be minimal unconstrained representations of thejigands-to reduce sulfoxides to sulfidé&¢12133he lethargic

active sites ofRs DMSO reductase in the fully reduced and
oxidized forms in the limit of tight, symmetrical dithiolene

reaction or lack of reaction 08 with sulfoxides was not
anticipated. Further, because this complex appears to be a

chelation. Silyloxide is a simulator of serinate coordination. The strycturally reasonable site analogue and because resonance
relation of these complexes to enzyme sites is further strength-raman results support symmetrical dithiolene chelation during

ened by similarities in absorption spectra.

4. Oxo-transfer propensities of [Ni¢bdt),(OSiBuPhy)]~ and
[MoV'O(bdtp(OSiBUPh)]~ in the reaction couple M$ -+ XO
= Mov'O + X proved to be limited even under forcing
conditions. Oxidation with XO= MesNO was sluggish and
incomplete; reactions with XG= sulfoxide proceeded to a

limited extent or not at all. No appreciable reaction was observed

with X = (CH)4S or (p-FCsHa4),2S, whereas with X= PPh
and PMePh oxo transfer did occur but with formation of at
least one product in addition to [M{bdt),(OSiBUPhy)]~. The

the catalytic cycle oRsDMSO reductasé? reaction of8 with
sulfoxides or of11 with sulfides may be anticipated. The
difficulty may in part reside in the stabilities of these compounds
under the forcing conditions usually employed. However, that
the reactions are slow or do not proceed suggests that one or
both of the complexes intrinsically lack one or more essential
elements of reactivity. Elucidation of the factors required for a
functional bis(dithiolene) reaction couple M® + R,S= Mo

+ R,SO should be illuminating. Research addressing this point
and other aspects of the reactivity of molybdenum and tungsten

principal product in the reaction system with a large excess of bis(dithiolenes) is in progress.

PMePh was established to be [Mo(bdtPMePh),].

5. The reaction systems in Figure 3 yielded the byproducts

[Mo(S2C2R5)2(MeNCY),], which have been identified by inde-

pendent synthesis. In one such synthesis, the carbene comple%

[Mo(Me4bdt),(MeNC)(CMebdt)] was also isolated. These
molecules and [Mo(bdijPMePHh),] form a coherent set whose

members are isoelectronic and isostructural, possessing idealized

trigonal prismaticC,, stereochemistry. The chelate-C bond

(62) (a) Ueyama, N.; Oku, H.; Nakamura, A. Am. Chem. S0d.992
114, 7310. (b) Das, S. K.; Biswas, D.; Maiti, R.; Sarkar,JSAm. Chem.
Soc.1996 118 1387.

(63) As one example, in the compounds [(MeY O], the W=0 bond
enthalpy is~20 kcal/mol larger than the MeO value: Luo, L.; Lanza,
G.; Fragalal. L.; Stern, C. L.; Marks, T. JJ. Am. Chem. S0d.998 120,
3111.

Acknowledgment. This research was supported by NSF
rant CHE 95-23830. X-ray diffraction equipment was obtained
y NIH grant 1 S10 RR 02247. We thank Dr. R. J. Staples for
assistance in crystallography.

Supporting Information Available: Crystallographic data

for the 12 compounds in Tables—3, including intensity
collections, positional and thermal parameters, interatomic
distances and angles, and calculated hydrogen atom positions
(92 pages, print/PDF). See any current masthead page for
ordering information and Web access instructions.

JA982914F



