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ABSTRACT: Reaction of Tp*"Mo"'OS(OAr) with cobalto-
cene in toluene results in the precipitation of brown, ) 4
microcrystalline oxosulfido-Mo(V) compounds, [CoCp,]- P : : )
[TpPMoYOS(OAr)] (Cp~ = n*>-CsHs™, Tp™~ = hydrotris(3- | . 5 Wy
isopropylpyrazol-1-yl)borate, OAr~ = phenolate or 2-‘Bu, t ) ’ -
2-Bu, 3-Bu, 4-Bu, 4-Ph, 3,5-Bu,, 2-CO,Me, 2-CO,Et or 2- e X e Hrmno \Jf’ !
CO,Ph derivative thereof). The compounds are air- and water- b

sensitive and display 2(Mo=0) and v(Mo—S) IR absorption

bands at ca. 890 and 435 cm ™, respectively, 20—40 cm™" lower in energy than the corresponding bands in Tp*"MoOS(OAr).
They are electrochemically active and exhibit three reversible cyclovoltammetric waves (E(Mo"'/Mo") = —0.40 to —0.66 V,
E([CoCp,]*/CoCp,) = —0.94 V and E(CoCp,/[CoCp,]7) = —1.88 V vs SCE). Structural characterization of
[CoCp,][Tp"™MoOS(OCH,CO,Et-2)]-2CH,Cl, revealed a distorted octahedral Mo(V) anion with Mo=0 and Mo—S$
distances of 1.761(5) and 2.215(2) A, respectively, longer than corresponding distances in related Tp""MoOS(OAr) compounds.
The observation of strong S(1s) — (S(3p) + Mo(4d)) S K-preedge transitions indicative of a d' sulfido-Mo(V) moiety and the
presence of short Mo=0 (ca. 1.72 A) and Mo—S (ca. 2.25 A) backscattering contributions in the Mo K-edge EXAFS further
support the oxosulfido-Mo(V) formulation. The compounds are EPR-active, exhibiting highly anisotropic (Ag 0.124—0.150),
rhombic, frozen-glass spectra with g; close to the value observed for the free electron (g, = 2.0023). Spectroscopic studies are
consistent with the presence of a highly covalent Mo—S #* singly occupied molecular orbital. The compounds are highly
reactive, with reactions localized at the terminal sulfido ligand. For example, the compounds react with cyanide and PPh; to
produce thiocyanate and SPPh;, respectively, and various (depending on solvent) oxo-Mo(V) species. Reactions with copper
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reagents also generally lead to desulfurization and the formation of oxo-Mo(V) or -Mo(IV) complexes.

B INTRODUCTION

Mononuclear oxosulfido-Mo(V) compounds are extremely
rare, intrinsically interesting, and of significant biological
relevance. In terms of rarity, there is only one report claiming
the isolation of a compound of this type.1 However, this
compound, formulated as PPh,[Mo"OS(L-N,S,)] (L-N,S,*~
N,N’-dimethyl-N,N’-bis(2-mercaptophenyl)ethylenediamine),
is unexpectedly air- and water-stable, does not exhibit X-ray
absorption spectra or bond distances typical of terminal sulfido
ligands,' ™ and has not been crystallographically characterized.
Consequently, we harbor doubts over the veracity of this claim.
Certainly, if the compound is an oxosulfido-Mo(V) species, it is
very different from the type described herein. Typically,
oxosulfido-Mo(V) complexes, including air/water-sensitive
[MoVOS(L-N,S,)]™, are only accessible in situ under sulfidic
conditions in dry, deoxygenated solvents (vide infra).®’
Complexes of this type are also intrinsically interesting
because they combine “redox incompatible” groups, that is,
oxidizing, high-valent oxo-Mo(V) and reducing sulfido groups,
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and represent relatively stable but otherwise highly reactive
metal-thiyl radicals.® Notwithstanding their relative stability,
extensive delocalization of the unpaired electron onto the
sulfido ligand, as revealed by detailed EPR and computational
studies (vide infra), predisposes the sulfido ligand to facile
reactions. Counterintuitive redox reactions, for example,
dimerization, C—H activation/insertion, and induced internal
electron-transfer reactions, are among the reactions observed
for oxosulfido-Mo(V) and related metal—sulfur compounds.”*°

Finally, there is strong evidence that the electron para-
magnetic resonance (EPR)-active, “very rapid” form of xanthine
oxidase (XnO-VR) contains an oxosulfido-Mo(V) center,
namely, [(MPT)Mo"OS(OR,.)]*~ (MPT = molybdopter-
in).""'* The first direct evidence for this was obtained from
multifrequency EPR studies of isotopically labeled ("Mo, 7O,
and ¥8) enzyme> ™" and model complexes, including in situ
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generated [MoOS(L-N,S,)]~."*""” Earlier EXAFS investiga-
tions, indicating the presence of an oxosulfido-Mo(VI) in the
oxidized enzyme (d(Mo=S) = 2.15—2.25 A), were consistent
with this assignment.ls’19 More recent ESEEM,*° MCD,*
ENDOR? and crystallographic*® studies of XnO-VR, along
with several computational studies,**”® support the presence
of a square pyramidal [(MPT)Mo"OS(OR,,,.)]*” center with
an apical oxo ligand, a basal sulfido ligand possessing a short
Mo—S distance of 2.0 + 0.2 A, a basal O-bound urate
(oxidized substrate), and a bidentate MPT ligand. Oxosulfido-
Mo(V) centers are also observed, or are imylicated, in the
catalytic turnover of other Mo hydroxylases."”'> However, a
detailed understanding of the electronic structure, behavior, and
reactivity of oxosulfido-Mo(V) centers, including their
stabilization in biologically relevant dithiolene model complexes
and their mechanistic roles during enzyme turnover, inhibition,
and deactivation, is yet to be achieved. Accordingly, structural,
spectroscopic, and reactivity studies of accessible and relatively
stable oxosulfido-Mo(V) model complexes may provide
important insights into these rare, unique, and biologically
relevant metal centers.

Here, we report the synthesis and characterization of
oxosulfido-Mo(V) compounds of the type [CoCp,]-
[TpP"MoOS(OAr)] (Cp~ = n*-CsHg™; Tp™™ = hydrotris(3-
isopropylpyrazol-1-yl)borate, OAr~ = phenolate or derivative
thereof; see Chart 1). These compounds represent the first

Chart 1. Compound Structure and Numbering Scheme

Ar Cmpd

Ph 1
CoHyBu-2 2
CeHyBu-2 3
C4H,Bu-3 4
CeHBu-4 5
C4H,Ph-4 6
CeHyBu,-3,5 7
CHCOMe-2 8
C4H,CO,Et-2 9

extended series of d' oxosulfido-Mo(V) compounds to be
isolated and unambiguously characterized. The full description
of the synthesis and characterization of the title compounds
contained herein follows two brief communications.>>’

B EXPERIMENTAL SECTION

Materials and Methods. All reactions were performed under an
atmosphere of dinitrogen using standard Schlenk and glovebox
techniques and carefully dried and deoxygenated solvents. The starting
materials, Tp'PrMoOS(OAr),**® and copper reagents, [Cu(MeCN),]-
BF,,”® Cu(MeCN)(f-diketiminate) (f-diketiminate = k*-HC{C(Me)-
N(2,6-C¢H,Pr,)},7)*° and [Cu(MeCN)(tten)]BF, (tten = 1,4,7-
trithiacyclononane),* were prepared according to literature proce-
dures or slight modifications thereof. Commercial samples of
cobaltocene (Sigma-Aldrich) were sublimed before use. All other
chemicals were reagent grade or above and were used as received.

All spectral and electrochemical data were recorded under anaerobic
conditions at ambient temperature (unless otherwise stated). Infrared
spectra were recorded on a Biorad FTS 165 FTIR spectrophotometer.
Isotropic (295 K) and anisotropic (frozen glass, 110 K) EPR spectra
were recorded on a Bruker ECS 106 EPR spectrometer using 1,2-
diphenyl-2-picrylhydrazyl as reference, following in situ reduction of
TpP"™MoOS(OAr) with cobaltocene or N"Bu,SH in 10:1 tetrahy-
drofuran (THF)/MeCN or toluene. Solutions formed by dissolution
of the isolated compounds generally produced poor quality frozen-
glasses that yielded broad anisotropic (powder) spectra, whereas in
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situ generated samples yielded quality glasses and well-resolved spectra
(spectral parameters were virtually identical in all cases). EPR
simulations and parameter refinements were performed using the
WinEPR-SimFonia suite of programs.>* Cyclic voltammograms were
recorded using a 2 mm diameter glassy carbon working electrode,
platinum counter-electrode, and a freshly prepared double-jacketed
Ag/AgNO; reference electrode (10 mM AgNOj; in MeCN/0.1 M
N"Bu,PFs and a clean silver wire) connected to an Autolab
Potentiostat operated by the General Purpose Electrochemical System
software (version 4.9). Samples were prepared as 1—2 mM solutions in
MeCN containing 0.1 M N"Bu,PF, as supporting electrolyte. Internal
ferrocene was employed to reference potentials to the saturated
calomel electrode (+0.400 V vs SCE).** Microanalyses were
performed by Atlantic Microlabs, Norcross, GA.

Syntheses. The complexes were prepared by the following general
procedure. A solution of cobaltocene (0.375 g, 2 mmol) in toluene (10
mL) was added to a stirred solution of Tp"MoOS(OAr) (1.5 mmol)
in toluene (5 mL). After 20 min, the light brown precipitate that
formed was collected by filtration, washed with hexane (S mL), and
dried in vacuo. The compounds were generally pure but retained
variable amounts of solvent (removed by pumping under vacuum).
Where necessary, samples may be quickly recrystallized from THF/
hexane or MeCN/hexane.

[Conz][TpiP’MOOS(OPh)] (1). Yield: 757 mg, 66%. Anal. Calcd for
C4,H,sBCoMoN,0,S: C, 53.34; H, 5.80; N, 10.85; S, 4.15. Found: C,
52.81; H, 5.73; N, 10.85; S, 4.15%. IR (KBr): 3434 br, 3099 m, 2961
m, 2922 w, 2865 m, v(BH) 2472 m, 2441 m, 1584 m, 1566 w, 1508 s,
1484 s, 1458 m, 1415 m, 1399 m, 1381 m, 1358 m, 1320 w, 1280 m,
1264 m, 1192 s, 1163 w, 1106 m, 1070 m, 1043 5, 1012 m, 966 w, 926
w, 898 sh, v(Mo=0) 890 m, 858 m, 838 sh, 816 w, 793 m, 774 m,
760 m, 733 s, 695 m, 669 w, 627 m, 596 m, 504 m, 462, v(Mo—S)
440 m cm™!. UV—vis (MeCN), 4, nm (&, M~ "-cm™): 1250 (120), 512
(435).

[CoCp,][Tp”"MoOS(OCsH,Bu-2)] (2). Yield: 812 mg, 66%. Anal.
Caled for CygHg BCoMoN4O,S: C, 55.55; H, 6.26; N, 10.23; S, 3.90.
Found: C, 55.65; H, 6.20; N, 9.95; S, 3.78%. IR (KBr; cm™"): 3430 br,
3103 m, 2964 s, 2924 m, 2867 m, v(BH) 2472 w, 2442 m, 1580 w,
1508 s, 1478 5, 1441 m, 1414 m, 1398 m, 1384 m, 1361 m, 1249 m,
1193 s, 1162 w, 1105 m, 1069 m, 1044 s, 1011 m, 927 m, v(Mo=0)
882 m, 862 m, 836 w, 792 m, 772 m, 735 s, 692 m, 670 w, 627 w, 598
w, 504 w, 461 s, v(Mo—S) 442 m cm™.

[CoCp,][Tp™MoOS(OCsH,'Bu-2)] (3). Yield: 837 mg, 68%. Anal.
Caled for CygHg;BCoMoN,O,S: C, 55.55; H, 6.26; N, 10.23; S, 3.90.
Found: C, 55.30; H, 6.20; N, 10.59; S, 3.65%. IR (KBr; cm™"): 3436
br, 3107 m, 2960 m, 2922 w, 2865 m, v(BH) 2472 m, 2442 m, 1586
m, 1508 s, 1477 s, 1457 w, 1414 m, 1396 m, 1384 m, 1358 m, 1292 w,
1279 m, 1268 m, 1192 s, 1157 w, 1127 w, 1100 m, 1088 w, 1069 m,
1041 s, 1013 m, 927 w, 893 s, v(Mo=0) 876 m, 860 w, 826 w, 792
m, 773 m, 747 m, 732 w, 692 w, 627 w, 611 m, 503 w, 460 m,
v(Mo—S) 444 m, 426 m cm™ .

[CoCp,J[Tp™'MoOS(OCsH,'Bu-3)] (4). Yield: 874 mg, 71%. Anal.
Caled for CagHg;BCoMoN,O,S: C, 55.55; H, 6.26; N, 10.23; S, 3.90.
Found: C, 55.89; H, 6.33; N, 10.09; S, 3.77%. IR (KBr): 3435 br, 3107
m, 2965 s, 2868 m, v(BH) 2483 m, 1587 m, 1508 s, 1482 w, 1459 w,
1415 m, 1400 w, 1384 m, 1363 m, 1286 m, 1228 w, 1197 s, 1107 w,
1070 m, 1045 s, 1015 m, 937 m, v(Mo=0) 890 m, 858 m, 817 w, 778
m, 734 s, 701 w, 625 w, 461 m, v(Mo—S) 425 m cm™ .

[CoCp,J[Tp™'MoOS(OCsH,Bu-4)] (5). Yield: 923 mg, 75%. Anal.
Caled for CygHg;BCoMoN,O,S: C, 55.55; H, 6.26; N, 10.23; S, 3.90.
Found: C, 55.69; H, 6.16; N, 9.80; S, 4.10%. IR (KBr; cm™): 3435 br,
3086 m, 2961 s, 2922 m, 2865 m, v(BH) 2480 m, 2447 m, 1598 m,
1509 s, 1488 m, 1461 m, 1413 m, 1398 m, 1380 m, 1357 m, 1295 w,
1262’5, 1190's, 1172 w, 1105 m, 1097 w, 1068 m, 1041 s, 1011 m, 954
w, 925 w, v(Mo=0) 884 s, 860 m, 827 m, 814 w, 791 w, 780 m, 734
s, 695 w, 663 w, 623 w, 586 m, 546 w, 504 w 460 m, v(Mo—S) 437 s
cm™.

[CoCp,][Tp™”"MoOS(OCsH,Ph-4)] (6). Yield: 843 mg, 67%. Anal.
Caled for CyH,sBCoMoN,O,S: C, 57.09; H, 5.63; N, 9.99; S, 3.81.
Found: C, 56.96; H, 5.52; N, 9.92; S, 3.81%. IR (KBr): 3436 br, 3104
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Table 1. Selected Distances and Angles for 9-2CH,CI,

distances (A)

Mo(1)-0(2) 1.761(5) Mo(1)-N(21) 2.328(6)
Mo(1)-S(1) 2.215(2) Mo(1)-N(31) 2.214(5)
Mo(1)-0(1) 2.989(4) 0o(1)-C(1) 1.324(7)
Mo(1)-N(11) 2.381(6) Co—C,* 1.998
angles (deg)
0(2)—Mo(1)-S(1) 107.33(14) S(1)—Mo(1)-N(31) 92.19(14)
0(2)—Mo(1)-0(1) 100.89(18) 0O(1)—Mo(1)—-N(11) 84.49(18)
0(2)—Mo(1)—-N(11) 161.15(19) O(1)—Mo(1)—-N(21) 84.30(18)
0(2)—Mo(1)-N(21) 86.56(18) 0O(1)—Mo(1)—-N(31) 163.70(19)
0(2)—Mo(1)—-N(31) 89.8(2) N(11)-Mo(1)-N(21) 75.94(19)
S(1)-Mo(1)—0(1) 96.22(14) N(11)-Mo(1)-N(31) 81.6(2)
S(1)—Mo(1)-N(11) 89.83(14) N(21)—Mo(1)-N(31) 84.13(18)
S(1)—Mo(1)-N(21) 165.66(14) C(1)-0(1)—Mo(1) 137.8(4)

“Mean Co—C distance in the [CoCp,]" cation.

m, 2963 m, 2925 w, 2867 m, v(BH) 2481 m, 1596 m, 1511 s, 1481 s,
1460 w, 1414 m, 1398 m, 1382 m, 1360 m, 1282 m, 1274 m, 1192 s,
1169 w, 1105 m, 1070 m, 1045 s, 1016 m, v(Mo=0) 884 m, 858 m,
837 sh, 791 m, 781 m, 766 m, 734 s, 701 m, 646 w, 622 w, 597 m, 505
w, 461 m, v(Mo—S) 437 m cm™.

[CoCp,][Tp™"MoOS(OCsH;'Bu,-3,5)] (7). Yield: 822 mg, 60%. Anal.
Caled for C,,HoBCoMoNO,S: C, 57.47; H, 6.78; N, 9.57; S, 3.65.
Found: C, $7.42; H, 6.65; N, 9.92; S, 3.60%. IR (KBr): 3435 br, 3106
m, 2966 w, 2868 m, v(BH) 2478 m, 2449 m, 1585 m, 1509 s, 1492 w,
1459 w, 1415 m, 1398 m, 1383 m, 1363 m, 1311 m, 1226 w, 1193 s,
1106 m, 1070 m, 1043 s, 1000 m, 975 m, v(Mo=0) 902 m, 858 m,
817 w, 792 w, 782 m, 775 m, 734 s, 710 w, 643 w, 628 w, 458 m,
v(Mo—S) 425 m cm™.

[CoCp,][Tp™”MoOS(OCsH,CO,Me-2)] (8). Yield: 839 mg, 68%.
Anal. Caled for C;sH,sBCoMoNO,S: C, 52.50; H, 5.51; N, 10.21; S,
3.89. Found: C, 52.21; H, 5.48; N, 9.77; S, 4.13%. IR (KBr, cm™):
3092 w, 3061 w, 2959 w, 2944, w, 2922 w, 2864 w, v(BH) 2475 w and
2446 w, 1(C=0) 1676’5, 1592 s, 1549 w, 1510's, 1472 5, 1454 s, 1430
w, 1414 m, 1397 m, 1379 m, 1359 m, 1325 s, 1264 s, 1220 m, 1195 vs,
1158 m, 1126 m, 1105 w, 1068 m, 1041 vs, 1011 m, v(Mo=0) 888
vs, 875 s, 808 w, 793 m, 775 s, 760 s, 731 vs, 695 m, 659 m, 629 m, 600
s, 568 w, 453 w, 501 w, 461 s, v(Mo—S) 434 vs.

[CoCp,]Tp™MoOS(OCsH,CO,EL-2)] (9). Yield: 904 mg, 72%. Anal.
Caled for CyyH,,BCoMoN,O,S: C, 53.06; H, 5.66; N, 10.04; S, 3.83.
Found: C, 52.77; H, 5.76; N, 9.75; S, 3.76%. IR (KBr, cm™): 3105 w,
3061 w, 2960 w, 2924 w, 2899 w, 2865 w, v(BH) 2475 w and 2446 w,
V(C=0) 1669 s, 1592 m, 1550 w, 1509 s, 1470 vs, 1452 s, 1414 m,
1397 m, 1379 m, 1361 m, 1322 s, 1303 s, 1263 s, 1223 s, 1195 vs, 1159
m, 1129 s, 1096 w, 1068 m, 1041 vs, 1013 m, v(Mo=0) 888 vs, 862
s, 832 m, 816 m, 793 m, 775 s, 761 s, 732 vs, 694 w, 658 m, 628 m, 602
s, 573 w, 542 w, 501 w, 460 s, v(Mo—S) 43S vs.

Molybdeny! Species: Tp™'MoO(OSAr’) (OSAr?~ = «?-0,5-2-
mercaptophenolate derivative). Complexes of this type are known
to be produced as the thermodynamic products in the kinetic
syntheses of Tp"MoOS(OAr) species.* They were also observed in
reactivity studies involving the title compounds. Additional derivatives
were prepared to obtain spectral data for identification purposes. The
synthetic procedure and spectral data for these compounds are
contained in the Supporting Information.

Reactivity Studies. Reactions with Cyanide. In a typical
experiment [CoCp,][Tp™"MoOS(OAr)] (20 mg, 0.022—0.026
mmol) and KCN or NEt,CN (0.088—0.104 mmol) were dissolved
in dichloromethane or 10:1 THF/MeCN and stirred at ambient
temperature. The progress of the reactions was monitored by EPR and
mass spectrometry at intervals. Detection of thiocyanate was achieved
by mixing the reaction mixture with threefold excess of Sorbo’s
reagent,34 then stirring for 5 min in the absence of light before using
UV—visible spectroscopy to detect the absorbance at 460 nm.

Reactions with Triphenylphosphine. In a typical experiment
[CoCp,][Tp™"MoOS(0OAr)] (20 mg, 0.022—0.026 mmol) and PPh,
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(0.088—0.104 mmol) were dissolved in dichloromethane or 10:1
THF/MeCN and stirred at ambient temperature. Reactions were
monitored by EPR and mass spectrometry at S min intervals until no
changes were observed. Detection of SPPh; was achieved by *'P NMR.

Reactions with Copper Species. In a typical experiment [CoCp,]-
[TpP"MoOS(OAr)] (20 mg, 0.022—0.026 mmol) and CuL (L = Cl, -
diketiminate) or [Cu(MeCN),]BF, (~0.03 mmol) were dissolved in
dichloromethane or 10:1 THF/MeCN and stirred at ambient
temperature. Reactions were monitored by EPR and mass
spectrometry at 5 min intervals until no changes were observed.

X-ray Crystallography. Brown crystals of 9-2CH,Cl, were grown
by diffusion of diethyl ether into a dichloromethane/acetonitrile
solution of the complex. Diffraction data were collected to 260 = 55° on
an Oxford XCalibur diffractometer at 130 K using Cu Ka radiation
(1.541 84 A). Cell parameters and data reduction were performed on
the Cysallis software. The structure was solved by direct methods
(SHELXS-97*) and refined using full-matrix least-squares on F*
(SHELXL-97).%® Molecular diagrams were generated using ORTEP
3% and Mercury®®* software. All non-hydrogen atoms were included
in difference maps, and anisotropic parameters were employed.
Hydrogen atoms were included in calculated positions. Selected
bond distances and angles are presented in Table 1.

X-ray Absorption Spectroscopy. Sulfur K-edge X-ray absorption
studies were performed at the Stanford Synchrotron Radiation
Lightsource (SSRL) with the SPEAR storage ring containing 60—
100 mA at 3.0 GeV. Experiments were performed on Beamline 6—2
using an Si(111) double crystal monochromator and a wiggler field of
1.0 T. Harmonic rejection was accomplished using a flat nickel-coated
mirror downstream of the monochromator effecting a cutoff energy of
4500 eV. Incident X-ray intensity was monitored using an ion chamber
contained in a (flowing) helium-filled flight path. Energy resolution
was optimized by decreasing the vertical aperture upstream of the
monochromator and quantitatively determined to be 0.51 eV by
measuring the width of the 2471.4 eV 1s — z* 3(b,) transition of
gaseous SO,, which corresponds to a transition to a single orbital,
rather than to a band of orbitals (in contrast to solid standards).*® X-
ray absorption was monitored by recording total electron yield, and
the energy scale was calibrated with reference to the lowest energy
peak of the sodium thiosulfate standard (Na,S,05-SH,0) which was
assumed to be 2469.2 eV.*' Solutions were prepared in acetonitrile
(ca. 100 mM) and examined at ambient temperature. Preedge features
were estimated by curve-fitting to a sum of pseudo—Voigt peaks using
the program EDG_FIT (pseudo-Voigt deconvolution).*

Molybdenum K-edge X-ray absorption spectra were collected on
beamline 7—3 using a Si(220) double crystal monochromator with an
upstream vertical aperture of 1 mm and a wiggler field of 1.8 T.
Harmonic rejection was accomplished by detuning one monochro-
mator crystal to ~60% off-peak. An Oxford Instruments CF1208
continuous-flow liquid helium cryostat maintained a constant sample
temperature of 10 K. Spectra were recorded in transmittance mode
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using argon-filled ionization chambers. A spectrum of molybdenum
foil was collected simultaneously with that of the sample, and spectra
were calibrated with reference to the lowest energy inflection point of
the K-edge, assigned to be 20 003.9 eV. Solid samples were diluted by
grinding with boron nitride to give samples with maximum
absorbances of ~2.0. Data were analyzed using the EXAFSPAK suite
of computer programs (http: //ssrl.slac.stanford.edu/EXAFSPAK.
html), and no smoothing or related operations were performed on
the data.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Reaction of Tp**MoO-
S(OAr) with excess cobaltocene in dry, deoxygenated toluene
resulted in the rapid precipitation of crystals of [CoCp,]-
[Tp""MoOS(OAr)] in moderate—high yields. These com-
pounds are the kinetic products of the reaction; the
thermodynamic products, obtained after prolonged reaction
times, generally contain bidentate x*-O,S-donor mercaptophe-
nolate ligands formed by reaction of the sulfido ligand with the
phenolate ring (this behavior is similar to that observed in the
synthesis of Tp™™MoOS(OAr)*). The brown or red-brown
compounds were soluble in THF and acetonitrile and insoluble
in toluene, diethyl ether, and hexane. Solutions of the
compounds were highly air- and moisture-sensitive, but solid
samples could be handled very briefly in air without apparent
decomposition; refrigeration is required for long-term storage
of the compounds. EPR experiments showed that [CoCp,]-
[TpP"MoOS(OC¢H,CO,Ph-2)] was generated in situ; how-
ever, the compound was unstable, and attempted isolation led
to the formation of [CoCp,][Tp""MoO(OCH,SC(0)-2-
K*0,8)].*” Correct microanalyses were obtained for all
compounds.

The IR spectra of the compounds (Table 2) showed bands
characteristic of the Tp™~ (v(BH) ca. 2475, v(CN) 1509

Table 2. Comparison of IR Data (cm™)

cmpd number, Ar v(Mo=0) v(Mo—S) v(BH) v(CN)
1, Ph 890 440 2472 1508
2, C¢H,Bu-2 882 442 2472 1508
3, C¢H,Bu-2 876 444 2472 1508
4, C¢H,'Bu-3 890 25 2483 1508
5, C¢H,Bu-4 884 437 2480 1509
6, C¢H,Ph-4 884 437 2481 1511
7, C¢H;Bu,-3,5 902 425 2478 1509
8, C¢H,CO,Me-2 888 434 2475 1510
9, C¢H,CO,Et-2 888 435 2475 1509

cm™') and terminal oxo and sulfido ligands. The v(Mo=0)
band appeared in the 902—876 cm™" region, considerably lower
in energy than is typical of mono-oxo species and ca. 20—30
cm™! lower than v(Mo=O0) in the Tp*"MoOS(OAr)
precursors. The v(Mo—S) band appeared in the region of
444—425 cm™', ~40 cm™" lower than the corresponding bands
in Tp™™MoOS(OAr). These observations are consistent with a
weakening of the Mo=O and Mo=S bonds through
population of the predominantly Mo—S #* singly occupied
molecular orbital (SOMO) upon one-electron reduction. Both
the v(Mo=0) and v(Mo—S) modes are sensitive to the
nature of the coligand, spanning ranges of 26 and 19 cm™),
respectively, consistent with the involvement of phenolate O-
donor p orbitals in the 7 orbital manifold. Bands characteristic
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of the cobaltocenium cation (ca. 3098, 1414, 858, and 460
cm™!) are also observed.”

The cyclic voltammograms of the compounds displayed
three reversible waves assignable to Mo""/Mo" (see Table 3),

Table 3. Cyclic Voltammetric Data for the MoV /Mo"
Couple”

cmpd number, Ar Eyj (V) AE,, (mV) Lo/ L
1, Ph —0.485 83 1.04
2, C¢H,Bu-2 —0.550 130 1.01
3, C¢H,/Bu-2 —0.658 98 1.03
4, CH,Bu-3 —-0.514 96 1.03
5, C¢H,Bu-4 —0.500 107 1.04
6, CgH,Ph-4 —0.396 101 1.05
7, CeH;Bu,-3,5 —0.542 89 1.02
8, C¢H,CO,Me-2 —0.462 112 1.03
9, C¢H,CO,Et-2 —0.475 94 1.03

“Recorded in acetonitrile (see Experimental Section). Data for scan
rates of 100 mV s™', with E, /, vs SCE using ferrocene (Fc) as internal
standard (AE,, & 75 mV and 1,,/I,. &~ 1.02 for Fc/Fc*).

[CoCp,]*/CoCp, (E = —0.94 V), and CoCp,/[CoCp,]™ (E =
—1.88 V) couples. The reversible, one-electron Mo""/Mo"
processes occurred from ca. —0.40 to —0.66 V, close to the
values derived from electrochemical studies of the Mo(VI)
analogues.**® The potentials of these processes vary with the
phenolate coligand and have been shown to correlate with
Hammett—Smith parameters.** The Mo""/Mo" couples were
ca. 300 mV more positive than the corresponding couples
exhibited by the dioxo analogues, consistent with the lower
energy of the SOMO (due to the reduced ligand field) in the
oxosulfido- versus dioxo-Mo complexes. Consequently, the
oxosulfido-Mo(V) complexes are easier to produce (thermo-
dynamically) and more difficult to oxidize than their dioxo-
Mo(V) counterparts, the latter being the stronger of the two
reducing agents, that is, more easily oxidized to Mo(VI).
X-ray Crystallography. Crystallographic characterization
of the compounds proved extremely difficult due to persistent
oxo/sulfido ligand disorder or competitive decomposition
during slow crystal growth. Diffraction studies of disordered
crystals confirmed the presence of discrete [CoCp,]* and
[Tp*"MoOS(OAr)]~ ions but provided unreliable metrical
parameters for the oxo/sulfido ligands. Oxo/sulfido ligand
disorder has been observed for many related Mo(VI) and
W(VI) compounds, for example, (17°-C;Mes)MoOS-
(CH,SiMe;),” MOS(OSiPh;),(Me,phen) (M = Mo,* W;*’
Me,phen = 3,4,7,8-tetramethyl-1,10-phenanthroline),
Tp""™MoOS(OAr),* and Tp*WOSX (Tp*~ = hydrotris(3,5-
dimethylpyrazol-1-yl)borate, X~ = monoanion).** Finally, an
acceptable structure, the first for an oxosulfido-Mo(V)
compound, was obtained for 9-2CH,Cl,. The structure has
been communicated,”” and only key results are reiterated here.
The distorted octahedral anion (shown with its cobaltoce-
nium counterion in Figure 1) exhibits an Mo=0 distance of
1.761(S) A, to the high end of the range typical of Mo=0
bonds (1.65—1.85 A, average (av) 1.706 A with standard
deviation (SD) 0.079 A**°). A lengthening of this bond is
consistent with the weakening observed by IR spectroscopy; a
Mo=0 distance of 1.75 A is estimated using the isolated
harmonic oscillator approximation®' and Badger’s Rule.> The
Mo—S bond length of 2.215(2) A in 9 is also significantly
longer than those of TpT"™MoOS(OC4H,Bu) (2.132(2) A)*
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Figure 1. ORTEP projection of the ions in 9-2CH,Cl, drawn at 30%
ellipsoid probability. Lattice solvent molecules and hydrogen atoms
were omitted for the sake of clarity.

and related sulfido-Mo complexes (av 2.154 A with SD 0.087
A®°). This bond lengthening results from the occupation of the
Mo==S n*-orbital, which weakens the Mo==S bond as revealed
by IR spectroscopy; here, an Mo—S distance of 2.25 A is
estimated using Badger’s Rule.’"** The O=Mo—S$ angle of
107.33(14)° is also greater than that of Tp"*MoOS-
(OCH,Bu) (103.7(2)°),* consistent with trends observed in
dioxo-Mo(VI) and -Mo(V) complexes.’*** Significantly, the
Mo—S bond in 9 is much shorter than that reported for
PPh,[MoOS(L-N,S,)] (2.36 A by EXAFS)" but close to the
range established for XnO-VR (2.0 + 0.2 A).*?

The ions are associated by a variety of interionic interactions,
including nonclassical hydrogen bonds and z—7 interactions, to
form the dimeric unit shown in Figure 2. These include two
short, interionic [CoCp,]*--*O=Mo interactions, with H---O
distances of 2.42(5) A and 2.84(4) A, the stronger interaction
being significantly shorter than the sum of the van der Waals
radii (Y oy = 2.65 A®). The thermal ellipsoid of the oxo ligand

Figure 2. Dimer unit of 9-2CH,Cl, showing interionic interactions.
Isopropyl groups, solvent molecules, and nonparticipating H atoms
were excluded for the sake of clarity. Atom colors: Mo (magenta); Co

(dark blue); O (red); S (yellow); N (blue); B (pink); C (gray).

is also directed toward the C—H group. These metrical and
thermal parameters are indicative of stabilizing C—H--O H-
bonds.** "% A red shift in the 2(C—H) modes of [CoCp,]" is
also indicative of the presence of these interactions.”” A single,
interionic C—H---S—Mo H-bond interaction is also present in
the dimer unit, the H--S distance being 2.66(2) A and inside
the sum of the van der Waals radii (Ygy = 2.88 A®).
Significant 7—7 interactions (dcc < 3.3 A) between the Cp and
phenolate rings are also observed. The aforementioned
interactions play a major role in the positional ordering of
the oxo and sulfido ligands.

X-ray Absorption Spectroscopy. Sulfur K-edge X-ray
absorption near-edge spectroscopy (XANES) and Mo K-edge
extended X-ray absorption fine structure (EXAFS) experiments
(on selected derivatives) provided additional evidence for the
oxosulfido-Mo(V) formulation and the presence of a short
Mo—S bond, as well as insights into the electronic structure of
the compounds. The solution and solid-state S K-edge X-ray
absorption spectra of 1 are shown in Figure 3; virtually identical
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Figure 3. (a) S K-edge X-ray absorption spectra of 1 in solid (upper)
and solution (lower) states. (b) Pseudo-Voigt peak fit of the preedge
features in the spectrum shown in (a) (solid) with resultant residual
(lower trace).

spectra were obtained for 7 (not shown). The spectra exhibit
strong, preedge features at 2465.7, 2466.3, and 2468.3 eV with
relative integrated intensities and full widths at half-maximum
absorption (fwhm (eV) in parentheses) of 0.84 (0.40), 1.0
(0.52), and 0.30 (0.38), respectively. These bands are assigned
to S(1s) = (S(3p) + Mo(4d)) transitions, and the observation
of them provides incontrovertible evidence for the presence of
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a terminal sulfido ligand in the title compounds.'™ For
transitions into an empty orbital, for example, in d° Mo(VI)
complexes, the relative intensities would be directly propor-
tional to the S(3p) atomic orbital coefficient in the linear
combination of atomic orbitals expansion of the formally
Mo(4d) orbitals. However, a reduction in the intensity (by ca.
half) of the lowest energy band in 1 and 7 is expected due to
the reduced probability of a transition into a (formally d')
SOMO. Thus, although there is significant sulfur character
mixed into all the higher energy Mo d orbitals, the sulfur
character appears to be greatest for the lowest energy orbital,
assigned as the y,, 7* SOMO. Finally, the peak widths are
consistent with each band corresponding to a single transition,
as calibrated by Shadle et al* Analogous bands and
interpretations were reported for the S K-edge XANES of
monomeric Tp*"MoOS(OAr) species, the lowest energy band
being the most intense for these compounds; for example,
Tp™"MoOS(OPh) exhibits peaks at 2465.9 (relative intensity
(I) = 1), 2467.1 (I = 0.48), and 2469.1 (I = 0.44) eV,® while
Tp*"MoOS(OC4H,Bu-2) exhibits peaks at 24659 (I = 1),
24669 (I = 0.51), and 2468.8 (I = 0.35) eV. The highly
covalent nature of the interaction revealed by this spectroscopic
technique is consistent with EPR studies demonstrating high
covalency and spin delocalization from Mo to S in XnO-
VR 1314

Analysis of the Mo K-edge EXAFS of 1 and 7 confirmed the
presence of terminal oxo and sulfido ligands with Mo=0 and
Mo—S distances of ca. 1.72 and 2.24 A, respectively. The
EXAFS Fourier transform of 1 (Figure 4) displayed overlapping
features at ca. 2 A attributable to a combination of Mo=0,
Mo—S, Mo—0, and Mo—N backscatterers (an approximate
determination of the Mo—N shell was applied due to the high
static variation in individual Mo—N distances). Features at ca. 3
A corresponded to nonbonding N and C atoms of the Tp™
ligand.%' The parameters obtained from curve fitting analysis of
both compounds are presented in Table 4. The Mo=O
distances and associated (Mo=0) frequencies (1.73 A and
890 cm™ for 1, 1.69 A and 902 cm™! for 7) are consistent with
the presence of a weaker Mo=0 bond in 1 compared to that
of 7. The lower v(Mo=0) frequency for 9 (888 cm™") would
suggest a further lengthening of the Mo=0 bond, consistent
with the value obtained by X-ray crystallography (vide supra).
The variation in the Mo=0 distances of 1, 7, and 9 may reflect
the extent of lattice interactions involving the oxo group (vide
supra). The Mo—S distances in Table 4 also correlate with
v(Mo—S) values and their bond strength implications (2.23 A
and 440 cm ™" for 1,2.25 A and 425 cm™" for 7). Comparison of
data from 7 and 9 is invalidated by the statistically insignificant
differences in the comparison data (see footnote to Table 4).
Importantly, the Mo—S bonds of 1, 7, and 9 are all significantly
longer than those of related oxosulfido-Mo(VI) species (2.13—
2.15 A**), consistent with a weakening of the Mo=S$ bond due
to the partial occupation of the Mo—S #* SOMO.

The X-ray absorption spectra of the title compounds are
strikingly different than those reported for PPh,[MoOS(L-
N,S,)]." This compound does not exhibit the S K-pre-edge
transitions' > or the short Mo—S$ distance typical of terminal
sulfido compounds (the EXAFS derived Mo—S distances for
the compound were ca. 2.36 A" compared to av 2.154 A% for
sulfido-Mo compounds and 2.215 A for 9). Insights into the
true nature of PPh,[MoOS(L-N,S,)] and/or the origins of its
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Figure 4. (a) Molybdenum K-edge EXAFS of 1. (b) Fourier transform
of spectrum in (a).

Table 4. EXAFS Curve Fitting Analysis for 1 and 7°

cmpd number/ligand R (A) o (A?)
1 1 Mo=0 173 0.0019(1)
1 Mo—O 2.01 0.0029(2)
1 Mo=$ 223 0.0021(1)
3 Mo—-N 231 0.0064(9)
7 1 Mo=0 1.69 0.0024(1)
1 Mo—O 2.01 0.0027(4)
1 Mo—S$S 225 0.0023(1)
3 Mo—N 2.32 0.0068(9)

“The parameters for curve fitting are backscatterer (atom type);
coordination number Nj interatomic distance R; (thermal and static)
mean-square deviation in R (the Debye—Waller factor) o> The values
in parentheses are estimated standard deviations (precisions) obtained
from the diagonal elements of the covariance matrix. We note that the
accuracies will be somewhat larger than the precisions (not quoted),
typically 0.02 A for R and 20% for N and o*.

unexpected spectroscopic properties must await further
characterization of this compound.

Electron Paramagnetic Resonance Spectroscopy. The
title compounds are paramagnetic and give rise to strong EPR
signals typical of d' oxosulfido-Mo(V) species (Figure 5 and
Table S), including the best characterized example, in situ-
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Fiso = 1.923

(@

g; = 1.855

Figure S. Typical EPR spectra. (a) Isotropic spectrum of 9 in 10:1
THF/MeCN. (b) Frozen-glass spectrum of 1 generated in situ using
N"Bu,SH in toluene. (c) Frozen-glass spectrum of 6 generated in situ
using N"Bu,SH in toluene.

generated [MoOS(L-N,S,)]~."*""7 Solution EPR spectra were
characterized by a broad (W;,, > 20 G) signal with g, ~ 1.925
(Figure Sa). The dominant central feature is associated with
Mo isotopomers with nuclear spins I = 0 (natural abundance =
75%), while the six satellite peaks are due to hyperfine coupling
to ***’Mo nuclei (I = 5/2, 25%). The inner and low-g satellite
peaks were often obscured or broadened due to overlap with
the broad central peak or the effects of g and A strain. The
frozen-glass EPR spectra were rhombic (g, # g # g) and
highly anisotropic (Ag 0.124—0.150) with g; close to the value
observed for the free electron (g, = 2.0023) (Figure Sb,c). The
average g-values ({g)) correspond closely to the isotropic g-
values obtained from solution spectra. Anisotropic A(*>*"Mo)
hyperfine coupling was also observed, the largest coupling
constant being A; followed by A, then A, (ca. 56 X 107% 47 X
107* and 31 X 107* cm™, respectively).

The EPR spectra are very similar to those reported for in situ
generated oxosulfido-Mo(V) complexes, such as [MoOS(L-
N,S,)]™ 7" and [Tp*MoOSX]™ (Tp*~ = Tp™™~, Tp*~; see
Table 5),°>% the variations in g and A values being ascribed to
differences in the coordination environments and attendant
electronic structures. However, the spectra are distinctly
different from those of monosulfido-Mo(V) complexes, where
the sulfido ligand (rather than an oxo ligand) provides the
strongest field ligand; these complexes exhibit EPR spectra with
higher g, (~1.90—1.96), smaller anisotropy (Ag ~ 0.02—0.1)
and highly ligand-sensitive A, (ca. 46 X 107" cm™" and 37 X
10~* em™ for hard and soft ligand donors, respectively).>**%
The spectra are also distinct from those reported for various
dioxo-Mo(V) analogues, [Tp*MoO,X]”; these complexes
contain two strong field oxo ligands in a cis configuration
and exhibit highly anisotropic spectra (Ag ca. 0.15—0.18) with
lower g, (~1.90—1.93) and marginally higher A;,, (~40—45 X
10~* cm™") values (especially when comparing analogous pairs
of compounds).>>>*

Table S. Isotropic and Anisotropic EPR Parameters for Oxosulfido-Mo(V) Species®

b

cmpd number, Ar/other compds Giso Aigo
1, Ph 1.925 40.3
2, C¢H,Bu-2 1925 40.0
3, C¢H,'Bu-2 1.923 40.3
4, C;H,Bu-3 1.926 403
S, C¢H,Bu-4 1.926 431
6, C¢H,Ph-4 1.927 43.1
7, CeHyBu,-3,5 1.924 415
8, C¢H,CO,Me-2 1.924 415
9, C¢H,CO,Et-2 1.923 4s.1
na, C;H,CO,Ph-2 1.924 436
[Tp*MoOSCIT€ 1.937 374
[Tp*MoOS(NCS)]™* 1.937 366
[Tp*MoOS(SCH,Ph)] ™ 1.954 34.1
[Tp*MoOS(S,PPr’,)]™ 1.938 435
[Tp*MoOS(S,PPh,)]~ 1.934 435

[Tp™"MoOSCI] ™
[Tp™"MoOSBr]~®
[MoOS(L-N,S,)] ¢
XnO-VR (xanthine)”

& & & (&) Ag?
1.999 1.924 1.849 1925 0.149
2.002 1.929 1.852 1.928 0.150
1997 1931 1.869 1932 0.128
2,000 1.927 1853 1927 0.147
2,001 1929 1.853 1927 0.148
2,002 1.924 1.855 1928 0.147
2.000 1.927 1.850 1.926 0.150
2,002 1926 1.853 1927 0.147
2.000 1.923 1.850 1.924 0.150
2,003 1926 1.854 1928 0.149
2,010 1.930 1.874 1938 0.136
2.010 1.930 1.874 1.938 0.136
2022 1.948 1.898 1956 0.124
2013 1.933 1.880 1941 0.133
2012 1932 1.877 1.940 0.135
2011 1932 1.868 1937 0.143
2012 1933 1.868 1937 0.143
2017 1.934 1.889 1.946 0.128
2,025 1.955 1.949 1976 0.076

“Spectra of in situ generated title compounds in 10:1 THF/MeCN solution or frozen glass. baiso(%‘” Mo) units: 107 em™. “(g) = 1/3(g; + & + g3)-
dAg = g — & ‘Reference 62. fReference 63. SReference 14. hSignal elicited by substrate xanthine. Very similar parameters pertain to the signal

elicited by 2-hydroxy-6-methylpurine (ref 13).
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EPR is a valuable tool for studying paramagnetic metal
centers in enzymes. Coupling interactions between unpaired
electron(s) and the nonzero nuclear spins of the metal(s)
(hyperfine coupling) and neighboring nuclei (superhyperfine
coupling) provide information about the metal center, its first
(ligand) and second coordination spheres, and its coordination
geometry. Furthermore, spin—orbit coupling resulting from
mixing of the ground and excited states modifies the g value of a
pure spin state (g.), thus providing information about the
symmetry and electronic structure of the metal center.%®
Detailed analysis of the g and A tensor components provides
additional information about the relative spin density (orbital
splittings/mixing, wave function coeflicients and degree of
ligand covalency) of the metal center.

Many factors contribute to the g and A tensors of transition
metal species and the computational analysis of bonding and
simulation of EPR parameters in many-electron, low-symmetry,
highly covalent species such as these is nontrivia. In a
simplified, crystal field treatment for a d' distorted octahedral
field, and anisotropy in g or deviation from g, can be ascribed to
spin—orbit coupling between the ground and excited states.
Assuming a molecular coordinate system with z along the
Mo=0 vector and x and y close to the Mo—S and Mo—0O,,
vectors, the ground state orbital would be the 7* (Mo(dxy)—
S(p,)) SOMO in the xy plane perpendicular to the Mo—L
vector of the strong field terminal oxo ligand, while the major
contributors to the accessible excited states would be (in order
of increasing energy) the d,,, d,,, and d,>_ orbitals. Assuming
close coincidence of g, with the Mo=0O vector, the g values
would, to first order and neglecting covalency, be given by eqs
1-3.

8 =8 ~ 8c/AE2 (1)
8, =8, — 2/AE, )
& =8~ zc/AExz 3)

where AE,; = E; — E,, and { is the spin—orbit coupling constant
for Mo" (1030 cm_ﬁ. Here, g, & g, due to the large energy gap
between the d,, and 6* d,»_,> orbitals. The fact that g, > g, for
XnO-VR and many of the model compounds in Table 5 is
ascribed to the significant delocalization of spin density onto
the terminal sulfido ligand. It is expected that the d,, and d,,
orbitals would have similar energies but that the d,, orbital will
be destabilized by a 7* interaction with the O,, p, orbital, thus
increasing AE,, relative to AE,, accounting for the different g, 3
values. Because of the significant destabilization of d,, through
the 7* interaction with the sulfido ligand, the energy gaps
under discussion are expected to be very small.

Indeed, the electronic spectrum of 1 exhibits a weak, low-
energy band centered at 1260 nm (7960 cm™, ¢ ~ 70 M™!
cm™"), which is assigned to the formally forbidden dy — dyye
transition. The band is much lower in energy than is typical of
oxo-Mo(V) species (ca. 620 nm, 13000—16000 cm™" 67’68)
due to the destabilization of the d,, orbital (SOMO) through 7
interactions with the sulfido ligand. A first excited state of
similar energy (relative to the ground state) was calculated for
[MoOS(L-N,S,)]~ by Peng et al.*® Other sulfur-based ligand-
to-metal charge transfer (LMCT) bands associated with the
sulfido and phenolate ligands are observed at 520 nm (19 300
ecm™), £ % 400 M™! cm™') and 430 nm (23 400 cm™}, £ ~ 600
M™' ecm™). Preliminary magnetic circular dichroism (MCD)
studies suggest that multiple LMCT transitions, involving
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charge transfer from in- and out-of-plane combinations of the
filled S and Opyenolre P Orbitals to semioccupied (d,,) and
virtual Mo d orbitals, contribute to these absorption bands.”

According to eqs 1-3, purely metal-based spin—orbit
coupling terms make a net negative contribution to g values.
However, as shown by Westmoreland and co-workers,”"7?
ligand-based terms make a large (dominant), positive
contribution to g and can produce g values greater than g,
for highly covalent complexes. In the case of [Mo'OX,]™ (X =
F~ CI7, Br7), as the complexes become more covalent in the
plane perpendicular to the oxo ligand, specifically, F < Cl < Br,
the contributions of ligand-based terms to g increases and g
approaches and exceeds g, (for X = Br, g = 2.090). More
recent studies support these findings and conclusions.”

In summary, g, &, and g3 reflect spin—orbit coupling
between the ground and accessible excited states and are likely
to lie close to the Mo=0, Mo—0,, and Mo—S vectors,
respectively. Assessment of the influence of covalent
interactions and low-energy LMCT transitions on the EPR
spectra require more advanced spectroscopic’*’* and theoreti-
cal”>7®~"% interrogation of the compounds, which are beyond
the scope of the present paper.

There are striking similarities as well as differences in the
EPR spectra of oxosulfido-Mo(V) compounds and XnO-VR
(see Table 5). The most notable similarity is in the **S (I = 3/
2) superhyperfine coupling observed for [**MoO**S(L-N,S,)]~
and *S-labeled XnO-VR."> Indeed, the large, anisotropic
coupling to S (a,, = 11 X 107" cm™) in both species
provided the first compelling evidence for the presence of a
highly covalent (S spin density ca. 35—38%), terminal sulfido
ligand. Moreover, both species exhibit similarly high g, values,
which approach or exceed g, due to the effect of the remarkably
high degree of covalency in the Mo—S and Mo—MPT moieties
(vide infra).

However, the g, and g; values for the model compounds are
consistently lower than those observed for XnO-VR. This may
be ascribed to differences in the coordination numbers,
geometries, and ligands present in available models compared
to XnO-VR.® In particular, the highly covalent nature of the
Mo—MPT pterin-dithiolene moiety present in the enzyme but
absent from models is expected to contribute to an increase in g
values, especially g, and g3, relative to those of the less covalent,
hard donor ligand model complexes. Many studies have
corroborated the extensive covalency and noninnocence of
metal dithiolene complexes,**~* including oxo-Mo(V) species
relevant to molybdenum enzymes.**** Delocalization of spin
density from Mo onto the sulfur donor ligands of XnO-VR is
consistent with the very low a(***"Mo) (27.2 X 10~* cm™) and
high a(**S) (11 x 107* cm™") observed for this species.'>'*
Indeed, Westmoreland and co-workers have shown that metal—
ligand covalency is the major contribution to the g anisotropy
of oxo-Mo(V) species such as [MoOX,]” (X~ = F~ CI,
Br7);”"7* it is likely that this situation extends to the title
compounds and XnO-VR, where a single strong field oxo ligand
dominates the ligand field.

Reactivity Studies. Reactivity with Cyanide. 1t is known
that oxosulfido-Mo(VI) complexes, including TépiP "MoOS-
(OAr), undergo cyanolysis to yield thiocyanate.”*>® These
reactions mimic the removal of the catalytically essential sulfido
ligand from oxidized xanthine oxidase to produce desulfo
xanthine oxidase and thiocyanate.®®

EPR monitoring of the reactions of the title compounds with
cyanide in chlorinated solvents revealed the abstraction of the

DOI: 10.1021/acs.inorgchem.5b00708
Inorg. Chem. 2015, 54, 6386—6396


http://dx.doi.org/10.1021/acs.inorgchem.5b00708

Inorganic Chemistry

terminal sulfido ligand as thiocyanate and the formation of
TpP"MoOCI(OAr) (g = 1.939). In this case, the stability of the
chloro complex prevents complicating reactions, but this is not
the case in other solvents. For example, the same reaction in
acetonitrile produces multiple species, including Tp""MoO-
(OSAr) (g = 1.956), Tp""MoO(OAr), (g = 1.942) and
[TpT"™MoO],(i-S,)(1-0O) (identified by "H NMR). Formation
of Tp*"MoO(OSAr’) species is also supported by the isolation
and structural characterization of Tp""MoO(OSC4H,-x*0,S)
from the reaction of Tp™"MoOS(OPh) and cyanide (see
Supporting Information).

Reactions with Triphenylphosphine. Consistent with hard—
soft acid—base theory and thermodynamic expectations,
oxosulfido-Mo(VI) complexes react with phosphines to
produce phosphine sulfides rather than phosphine oxides.*
The reactions of TP*MOOS(KI—SZPR2)63 and Tp""MoOS-
(OAr)®” complexes with PPh; to yield oxo-Mo(IV/V)
complexes and SPPh are most pertinent to this paper.
Reactions of the title compounds with PPh; in chlorinated
solvents show similar reactivity to the cyanide reactions, with
the formation of Tp™"MoOCI(OAr) and SPPh; (identified with
P NMR and thin-layer chromatography). In acetonitrile,
SPPh; is formed along with the multiple molybdenum species
observed in the cyanide reactions. The reactions were complete
is less than S min in both solvents.

Reactions with Copper Species. A potential synthetic route
to models of the Mo/Cu carbon monoxide dehydrogenases
(CODH),*® involves the reaction of [MoO(=S)]" complexes
with copper species. Indeed, the reactions of the title
compounds with [Cu(MeCN)(Me,tcn)|BF, (Mesten = 1,4,7-
trimethyl-1,4,7-triazacyclononane) has provided excellent spec-
troscopic models for CODH.* Here, we describe reactions
involving several other copper complexes.

The title complexes reacted instantaneously with [Cu-
(MeCN),]BF,, Cu(MeCN)(f-diketiminate), and CuCl, lead-
ing to abstraction of the sulfur and the subsequent generation
of various Mo-containing byproducts. In chlorinated solvents
only one molybdenum species, Tp*"MoOCI(OAr), was
observed to form (detected by EPR). Reactions with 1 equiv
of CuCl in nonchlorinated solvents also produced significant
yields (ca. 40%) of Tp*"MoOCI(OAr) along with unidentified
species. Dinuclear Mo/Cu species were not observed to form.
Reaction of 3 with [Cu(MeCN)(ttcn)]BF, in MeCN with
subsequent cooling to —10 °C resulted in precipitation of light
blue crystals of Tp*"MoO(OC¢H,Bu-2)(MeCN)-MeCN,
which were characterized by X-ray crystallography (see
Supporting Information). This is consistent with solvolysis of
any initially formed Mo—S—Cu complex, with the effective
abstraction of the sulfur from the coordination sphere.

Implications of Reactivity Studies. Clearly, the terminal
sulfido ligand, rather than the conserved oxo, phenolate, or
Tp™~ ligands, is the center of reactivity in these compounds.
The reactions are likely to be initiated by direct sulfur atom
transfer although the participation of disproportionation or
radical reactions cannot be discounted. Formal sulfur atom
transfer, converting cyanide into thiocyanate, phosphines into
phosphine sulfides, and Cu complexes into unidentified Cu/S
species, would be predicted to form an oxo-Mo(III) species
such as [CoCp,][Tp*"MoO(OAr)(MeCN)]. However, oxo-
Mo(III) species are extremely rare and highly reactive,”® and
facile oxidation prevents their isolation in the reactions above.
The identity of the oxidant(s) has not been established, but the
reagents and/or solvents are the most likely oxidants under
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anaerobic conditions. One-electron oxidation of the oxo-
Mo(IIl) species would account for the frequent formation of
blue Tp""MoO(OAr)(MeCN) in acetonitrile systems, while
subsequent chlorine atom abstraction in chlorinated solvents
and ligand exchange would account for the formation of stable
oxo-Mo(V) complexes such as Tp*'MoOCI(OAr) and
Tp*"MoO(OAr),. The formation of Tp*"MoO(OSAr’) occurs
slowly in the absence of sulfur atom donors but appears to be
facilitated (in the case of more stable derivatives) or accelerated
in the reactions above. Small amounts of dinuclear
[Tp™™Mo0],(u-S,)(u-O) are observed to form even in
anaerobic solutions. Dimerization or disproportionation of
[Tp*"MoOS(OAr)]~ to form [Tp™*MoOS(OAr)],>” or
Tp*"MoOS(OAr)/[Tp*"MoOS(OAr)]*~ could also account
for the formation of the products without the involvement of
oxo-Mo(IlI) species. Additional studies are required to
completely understand the rapid and complex reactions of
these highly reactive species.

B CONCLUSION

One-electron reduction of Tp™"MoOS(OAr) with cobaltocene
in toluene results in the precipitation of the oxosulfido-Mo(V)
compounds [CoCp,][Tp*"MoOS(OAr)]. These compounds
constitute the first extended series of oxosulfido-Mo(V)
complexes to be isolated and unambiguously characterized.
The synthesis of [MoOS(OAr)(dithiolene)]"~ complexes as
models for Mo hydroxylases is a daunting task, one that has
been thwarted by “downstream” reactions in these sterically
unencumbered and reactive (noninnocent and redox-active)
complexes.”'® In contrast, the bulky and relatively innocent
nature of the Tp™~ and OAr~ coligands serve to stabilize the
title compounds and facilitate their isolation. Significantly, the
compounds are the first models for the key [Mo'OS(OAr)]
moiety present in the “very rapid” form of xanthine oxidase
(OAr™ = urate in XnO-VR). The crystal structure of 9, the first
reported for any oxosulfido-Mo(V) compound, revealed the
presence of a short Mo—S bond (2.215(2) A), consistent with
results obtained from enzyme studies.'®'®** The properties of
the compounds are very different than those of PPh,[MoOS(L-
N,S,)], the only previously isolated oxosulfido-Mo(V)
compound." In particular, spectroscopic studies reveal that
the frontier orbitals of oxosulfido-Mo(V) compounds are
dominated by contributions from the Mo—S unit, with
significant covalency and extensive spin delocalization across
the whole unit. Accordingly, the reactivity of the compounds is
focused on the terminal sulfido ligand, which is susceptible to
abstraction by cyanide, phosphines, and copper complexes. A
similar electronic structure in XnO-VR">~"% is likely to facilitate
the activation and oxidation of enzyme substrates and the
conversion of XnO-VR to the “rapid type 1”7 form of the
enzyme, proposed to contain an [(MPT)MoYO(SH)-
(OR,...)]” center.! Advanced spectroscopic and computa-
tional interrogation of these and related compounds have the
potential to provide key results and insights informing enzyme
behavior through electronic control of reactivity.
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