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Reaction of M& O(SPRy), with K{ HB(Prpz)s} [HB(Prpz)s~ = hydrotris(isopropylpyrazol-1-yl)borate] in refluxing
toluene affords green L*MYO(SPR-SS) complexes [L*= HB(3-Ptpz)(5-Ptpz)~ = hydrobis(3-isopropy-
Ipyrazol-1-yl)(5-isopropylpyrazol-1-yl)borate; R Pr, Ph], which are converted upon reaction with boron sulfide
in dichloromethane to the yellow thio analogues L*V®(SPR-SS). Crystals of L*MdYO(S,PPt,) are
monoclinic, space group2;/n, with a = 10.024(2) Ab = 20.999(9) A,c = 15.368(5) A8 = 100.57(2}, V =
3180(2) B, andZ = 4. Crystals of L*MdYS(SPPh) are monoclinic, space grolR2;, with a = 10.801(8) A,

b = 13.100(5) A,c = 12.023(9) A5 = 99.56(10), V = 1678(2) B, andZ = 2. The mononuclear, distorted-
octahedral complexes are isostructural and are composed of a terminal chalcogenide ligea@ FMi0671(3)
A, Mo=S = 2.126(3) A], a bidentate dithiophosphina8& ligand, and a facial, tridentate L* ligand. In both
cases the 5-isopropylpyrazole group is bowraths to the Mc=E group (E= O, S). Oxygen atom transfer to
L*Mo VS(SPR,) and sulfur atom transfer to L*MYO(SPR,) produce the oxethio—Mo(VI) complexes L*Md’!-
OS(SPR-S). NOESY experiments confirm that the 5-isopropylpyrazole groupeiss to the Mc=O group in
these chiral complexes. Ferrocenium oxidation of L*KE(S;PR;,) yields the corresponding oxoand thio-
Mo(V) complexes [L*M E(SPR,-SS)] T, respectively; the [L*MYO(SPR-SS)]" complexes react with water

to produce (hydroxo)oxeMo(V) species, L*Md O(OH)(SPR--S), while the thio analogues are decomposed by
water. The complexIMoYOCH [L' = HB(3-Pfpz)s~ = hydrotris(3-isopropylpyrazol-1-yl)borate] was prepared
by reacting LIMoV'O,Cl with PPh in dichloromethane; this complex does not react with sulfiding agents to
produce the analogous thio complex.

Introduction oxo ligand by a thio ligand; for example, sulfidation of

The simple replacement of a terminal oxo ligand by a terminal '—MC:/Y'OZX [L = HB(Mexpz)s™;® X = F, Cl, Br, NCS] and
thio? ligand is a reaction plagued by practical limitations; [MO 1(3(SZCNR22/3]+Ieads to reductlgflalnd formation of Lie
the facile reduction of high-valent metal centers by sulfide (S9X'°and [M0'>(u-S)2(S;CNRy)s]°", ! respectively. At the
and the formation of polynuclea-thio complexes usually ~ Mo(V) level, models for the Very Rapid and Rapid centers of
conspire to prevent clean reactions. Nevertheless, this reactionx@nthine oxidas€é were generateth situ upon reaction otis-
has played a vital role in the generation of [K1OSE*, [MoV- dioxo—Mo(V) complexes with SH,13-17 and the conversion
OS]* and [M&’O(SH)R* complexes, some of which are Of LMoVOCI, to LMoVSCh was achieved using boron sulfiégfe.
important models. for th_e molybdenum centers formed during 7y (a) Hofer, E.; Holzbach, W.; Wieghardt, lAngew. Chem.nt. Ed.
turnover of xanthine oxidase and xanthine dehydrogefidse. Engl. 1981, 20, 282. (b) Wieghardt, K.; Hahn, M.; Weiss, J.; Swiridoff,
Most oxo—thio—Mo(VI) complexes have been produced by W.. Z. Anorg. Allg. Chem1982 492, 164. (c) Bristow, S.; Collison,
sulfidation of oxo complexes; examples include the oxothio- (%')’ ?gﬂ?rﬁ,%e}%ﬁaﬁ’("g' S.h?‘?'gfggaﬁg?,n,\;_raﬂsézi\a,\,’zﬁsg;
molybdates, [M¥'O4-,S]?~,° the Wieghardt complexes Mb Wedd, A. G.Aust. J. Chem1986 39, 1287.

OS(ONR),” and the organometallic specie{CsMes)MoV!- Eg; Kf;ltl)er, J-tW.; MGLI, YH%r(t;J'\?nom)italllcr?lgB% 8,(2059& i |

: 8 s ot reviations: L= epz)s~ = hydrotris(3,5-dimethylpyrazol-
OS(CHSiMes3).2  Generally, however, sulfidation of oxo 1-yl)borate; L*= HB(3-Pipz)(5-Pipz) = hydrobis(3-propylpyra-
Mo(VI) complexes does not lead to clean replacement of an
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nuclear Overhauser spectroscopy; TOCSYotal correlation spec-
troscopy.
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Oxo- and Thiomolybdenum Complexes

For Mo(IV) the utility of the oxo/thio exchange reaction is
exemplified by the conversion using boron sulfide of XS~
CNRy) into LM0'VS(SCNRy).1°

Many examples of oxygen atom transfer (OAT) to exdo-
(IV) complexes have been documen#dhe conversion of
oxo—Mo(IV) trispyrazolylborate complexes ws-dioxo—Mo-
(VI) complexes (eq 1, R= alkyl, aryl, alkoxy) is most pertinent
to the work described here#?2122 Recently, we reported a
related strategy, viz., sulfur atom transfer (SAT) to exo-
(IV) complexes (eq 2), for the synthesis of exthio—Mo(VI)

LMoV O(SPR-SS) + [0] — LMo O,(S,PR,S (1)
LMoV O(S,PR-SS) + [S] — LMo"'OS(SPR,S (2)
LMo"S(SPR,-SS) + [0] — LMo"'OS(SPR,S (3)

complexe€® A complementary approach to oxthio—Mo-
(VI) complexes involves OAT to suitable thidMo(IV) com-
plexes (eq 3). The ambidentate nature of the dithioacid ligands
facilitates the reactions in eqs-B and, where oxethio—Mo-
(VI) species are generated, permits the stabilization of the
[MoOSP* center via a weak SS interactior?®> To our
knowledge, there are no reports of reactions of the type
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represented by eq 3, and our attempts to prepare the necessary

LMo'VS(SPRy) precursors have to date failéH. Here, we
report the synthesis of the oxdo(IV) complexes L*MdYO(S-
PR-SS) [L* = HB(3-Pipz)(5-Pipz)~;° R = PI, Ph], their
conversion to the corresponding thio complexes, L\&{S-
PR-SS), and the synthesis or generation therefrom of-exo
thio—Mo(VI) and (hydroxo)oxe-Mo(V) species of biological
relevanceé> We also describe the synthesis and properties of
L'MoOCl,, where I' = HB(3-Pipz)~.° The significance of
the work lies in (i) the use of structural and spectroscopic
methods, particularly NOESY and TOCSYo define the regio-
and stereoisomeric forms of{KIB(Prpz)s} and various mo-
lybdenum complexes, (ii) the achievement of the clean replace-
ment of an oxo ligand by a thio ligand in complexes containing
an ambidentate S-donor co-ligand, which permitted (iii) the first
demonstration of OAT to thieMo(IV) complexes to form
stable, isolable oxethio—Mo(VI) complexes, and (iv) the
generationin situ of oxo— and thio-Mo(V) complexes,
including (hydroxo)oxe-Mo(V) species formed by correlated
electron-nucleophile transfer or CENT?reactions (Scheme
1).

Experimental Section

Materials and Methods. All reactions were performed under a

without further purification; boron sulfide was obtained from Morton
Thiokol. The starting materials,{fdB(Prpz)s},2>25L'MoO,Cl, 6 HS,-

PR, (R = Pr, Ph)Z" MoO4(S;PR,); and MoO(SPRy),,28 and [FeCpgl-

PR?° were prepared by literature methods. Mass spectra were recorded
on a Vacuum Generators VG ZAB 2HF mass spectrometer. Infrared
spectra were measured on a Periiimer FT 1430 spectrophotometer.
Electronic spectra were obtained on Shimadzu UV-240 and Hitachi
150-20 UV spectrophotometers. EPR spectra were run on Bruker FT
ECS-106 and Varian E-line spectrometers using 1,1-diphenyl-2-
picrylhyrazyl as standard. Electrochemical experiments were performed
on a Cypress Electrochemical System Iltwa 3 mmglassy carbon
working electrode and platinum working and reference electrodes.
Solutions of the complexes {2 mM) in 0.1 M NBu4BFJacetonitrile

were employed, and potentials were referenced to internal ferrocene.
Potentials are reported relative to the saturated calomel electrode (SCE).
Chromatography was performed on a 50 cm column (2 cm dia.) of
Merck Art. 7734 Kieselgel 60. Microanalyses were performed by
Atlantic Microlabs, Norcross, GA.

IH-, H{3P}- and3P{*H}-NMR spectra were recorded on Varian
FT Unity 300 (1-D) and Unity-Plus 400 MHz (2-D) spectrometers; all
spectra were recorded between 293 and 303 K in GDeloton and
31p chemical shifts were referenced to internal C4#0id external 85%
HsPQO,, respectively. All 2-D NMR experiments were acquired in the
phase-sensitive mode with quadrature detection in the F1 dimension
achieved by the States meth®dIn general, 2048 complex points were
acquired in F2 with 206400 increments and 1632 scans per slice

dinitrogen atmosphere using standard Schlenk techniques. Solvents

were dried, deoxygenated, and doubly-distilled according to Petrin
al.* All other chemicals were AR grade or better and were used
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(18) Young, C. G.; Enemark, J. H.; Collison, D.; Mabbs, Flrferg. Chem.
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Enemark, J. HInorg. Chem.1988 27, 3044.

(23) Eagle, A. A,; Laughlin, L. J.; Young, C. G.; Tiekink, E. R. J.Am.
Chem. Soc1992 114 9195.

(24) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory
Chemicals 3rd ed.; Pergamon: Oxford, England, 1988.

(25) Trofimenko, S.; Calabrese, J. C.; Domaille, P. J.; Thompson, J. S.
Inorg. Chem.1989 28, 1091.

(26) We have preliminary infrared afti NMR evidence that in solution
and the solid state (over periods of days and weeks, respectively)
K{HB(Prpz)s}, originally isolated as KL% undergoes a 1,2-boratropic
shift to form KL*. In our experience, the nature (fresh or aged) of the
ligand employed in reactions does not influence the products and their
yields. Rather, facile ligand rearrangements ensure the formation of
the least sterically encumbered product compatible with a particular
coordination sphere, viz., the products appear to be under thermody-
namic control.

(27) (a) Christen, P. J.; van der Linde, L M.; Hooge, F.Récl. Tra.
Chim. Pays-Ba4959 78, 161. (b) Corbin, J. L.; Newton, W. Erg.
Prep. Proc. Int.1975 7, 309.

(28) Chen, G. J.-J.; McDonald, J. W.; Newton, W.I&org. Chem1976
15, 2612.
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48, 286.
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in F1. NOESY! spectra were acquired using a range of mixing times
(250-600 ms). TOCSY? spectra were acquired with a mixing time
of 40 ms using the MLEV-17 mixing scheme flanked by 289trim
pulses. Both NOESY and TOCSY spectra were acquired with and
without 3'P decoupling during F2. Spectra were generally processed
using 66-90° shifted square sine bell windows in both dimensions
and zero filling to 1024 points in F1.

Preparation of Complexes. L*MdVO(S,PPri,-S,S). A toluene
solution (40 mL) of MOQ(S;PPt5), (1.91 g, 3.89 mmol) and PRL.12
g, 4.28 mmol) was refluxed for 1 h. Upon cooling, the mixture was
treated with K HB(Prpz)} (1.48 g, 3.9 mmol) and then refluxed for
a further 12 h. The mixture was hot-filtered, the filtrate evaporated to
dryness, and the residue column chromatographed using dichlo-
romethane as eluent. The predominant green fracipr (0.7—0.8)
was collected and recrystallized from dichloromethane/methanol as
green crystals. Yield: 1.41 g (58%).

Anal. Calcd for GHH..BMoNsOPS: C, 45.58; H, 6.69; N, 13.29;
S, 10.14. Found: C, 45.68; H, 6.68; N, 13.28; S, 10.10. IR (KBr):
2950 s, 2900 m, 2850 my(BH) 2500 m, 1510 s, 1480 m, 1460 m,
1400 s, 1380 s, 1360 m, 1310 m, 1240 w, 1190 s, 1130 w, 1100 w,
1090 w, 1060 m, 1040 m, 1010 m(MoO) 955 s, 880 w, 800 m, 770
s, 730 s, 670 s, 600 w, 515 w cf

L*Mo VO(S,PPhy-S,S). A toluene solution (40 mL) of Mo&§S,-
PPh), (0.815 g, 1.3 mmol) and PR(D.341 g, 1.3 mmol) was refluxed
for 45 min. The mixture was allowed to cool to room temperature
and then treated with #HB(Prpz)s} (0.54 g, 1.43 mmol) and refluxed
for a further 60 min. The reaction was then filtered and the filtrate

Young et al.

Table 1. Crystallographic Data for L*MoO($Pt,) and
L*MoS(S:PPh)

L*MoO(S,PPt,) L*MoS(S:PPh)
formula G4H4:BMONsOPS CioH3sBMONgPS
632.49 716.60
space group P2:/n P2;
a, 10.024(2) 10.801(8)
b, A 20.999(9) 13.100(5)
c, A 15.368(5) 12.023(9)
B, deg 100.57(2) 99.56(10)
v, A3 3180(2) 1678(2)
4 2
Deaie grcm—3 1.321 1.418
no. of unique non-zero 6148 4862
data used
no. of terms used for 5007 4600
refinement
final no. of params 386 402
refined
R2 0.049 0.062
Ry 0.050 0.080

*R= JAF/3|Fol, Ry = [XW(AF) 3 w|Fo[7"2

redissolved in toluene, and column chromatographed (silica/toluene)
to give an orange fraction, which was recrystallized from dichlo-
romethane/methanol. Yield: 0.10 g (80%).

evaporated to dryness. The residue was dissolved in dichloromethane _Method 2. OAT to L*M0oS(S:PPr). A mixture of L*MoS(S-
and column chromatographed using dichloromethane as eluent. ThePPt2) (0.1 g, 0.154 mmol) and pyridind-oxide (0.03 g, 0.315 mmol)

main green fractionR ~ 0.7—-0.8) was collected and the complex
recrystallized from dichloromethane/methanol to afford the light-green
crystalline product. Yield: 0.58 g (65%).

Anal. Calcd for GoH3sBMONsOPS: C, 51.44; H, 5.47; N, 12.00;

S, 9.15. Found: C,51.35; H,5.52; N, 11.92; S, 9.20. IR (KBr): 2970
s, 2920 m, 2870 my(BH) 2500 m, 1510 s, 1490 m, 1460 w, 1440 m,
1400 m, 1380 s, 1360 m, 1310 m, 1240 w, 1190 s, 1100 m, 1070 m,
1050 m, 1020 mp(MoO) 955 s, 800 w, 780 s, 750 s, 740 s, 710 s,
690 m, 640 m, 615 m, 570 s, 480 w cihn

L*Mo VS(SPPr-S,S). A solution of LXMoO(SPPt) (1.0 g, 1.58
mmol) in dichloromethane (25 mL) was treated with boron sulfide (1.0
g, 8.5 mmol) and the mixture stirred at ambient temperature for at least
4 h (progress of the reaction was monitored by TLC). The reaction
was filtered in air through a silica plug which was washed copiously
with dichloromethane. The combined filtrate and washings were
evaporated to dryness and the residue recrystallized from dichlo-
romethane/methanol to afford yellow-brown crystals. Yield: 0.53 g
(50%).

Anal. Calcd for GH.,BMoNsPS:: C, 43.17; H, 6.35; N, 12.16; S,
14.21. Found: C, 42.98;H, 6.34; N, 12.36; S, 14.10. IR (KBr): 2950
s, 2920 m, 2850 my(BH) 2480 m, 1510 s, 1480 m, 1460 m, 1400 s,
1380 s, 1360 m, 1310 m, 1240 w, 1190 s, 1140 w, 1110 w, 1090 w,
1060 m, 1040 m, 1020 m, 950 w, 880 w, 800 m, 770 s, 730 s, 670 s,
640 m, 620 mp(MoS) 515 m cm.

L*Mo VS(SPPh-S,S). A mixture of L*MoO(S,PPh) (0.15 g,
0.214 mmol) and boron sulfide (0.126 g, 1.07 mmol) in dichloromethane
(20 mL) was stirred at ambient temperature for 6 h, whereupon the
mixture was filtered aerobically, evaporated to dryness, and twice-
recrystallized from dichloromethane/methanol to afford yellow-gold
crystals. Yield: 0.07 g (47%).

Anal. Calcd for GoH3sBMoNgPS:: C, 50.28; H, 5.35; N, 11.73; S,
13.42. Found: C,50.21;H, 5.42; N, 11.65; S, 13.49. IR (KBr): 2950
s, 2920 m, 2850 ny(BH) 2500 m, 1510 s, 1490 m, 1460 m, 1430 m,
1400 s, 1380 s, 1360 m, 1310 m, 1290 w, 1260 w, 1190 s, 1100 m,
1060 m, 1040 m, 1020 m, 950 w, 800 w, 780 s, 730 s, 710 s, 690 m,
670 s, 640 m, 610 m, 570 8(MoS) 515 w cn1.

L*MoOS(S,PPri,-S). Method 1. SAT to L*MoO(S,PPr,). A
mixture of L*MoO(SPPt,) (0.12 g, 0.19 mmol) and propylene sulfide
(0.4 mL, 5 mmol) in dichloroethane (10 mL) was stirred for 1 week at
55 °C. The reaction mixture was then evaporated to dryness,

(31) Macura, S.; Ernst, R. RMol. Phys.198Q 41, 95.
(32) Bax, A.; Davis, D. GJ. Magn. Reson1985 65, 355.

in toluene (10 mL) was stirred for 3 days at85. The reaction mixture

was evaporated to dryness and the residue column chromatographed
(silica/toluene) to yield an orange fraction which was recrystallized
from dichloromethane/methanol. Yield: 0.10 g (90%).

L*MoOS(S:PPh-S). Methods 1 and 2 above were adapted to the
synthesis of this compound. Yields were ca. 70% and 80%, respec-
tively.

L*Mo(S 4)(S:PPr'»-S). Reaction of L*MoS(SPP#,) with dry (4 A
sieved) dioxygen gas in toluene at 30 for 4 days produced seven
species; those identified were L*MoOSPPt,) (40%), L*MoO(S-
PPH,) (30%), and blue L*Mo(9(S:PPt,) (5%). The latter was isolated
by subjecting the evaporated reaction mixture to column chromatog-
raphy (silica/CHCI;). NMR (CDCk) (according to group): BMe;
of L*, 6 —0.96, 3.50, and 3.95 (each sep, 8= 7 Hz); CHVe, of
L*, 6 0.22, 0.27, 1.28, 1.34, 1.36, and 1.75 (each d, 3Hs 7 Hz);
4-CH, 6 5.30, 6.35, and 6.50 (each d, 1d,= 2 Hz); 3- and 5-El, 6
7.20, 7.95, and 9.70 (each d, 11,= 2 Hz); PCHMe,, 6 —0.13, 0.27,
0.32, and 0.57 (dd, 3HJ = 7 Hz, Jpy = 17 Hz); PGMe,, 6 1.00 and
1.20 (obscured) (each ds, 18,= 7 Hz, Jpy = 7 Hz). 3P{H} NMR
(CDCly): 6 116.

L'MoVOCl,. A mixture of L'MoO,Cl (0.5 g, 1.0 mmol) and PRh
(0.288 g, 1.1 mmol) in dichloromethane (25 mL) was stirred at ambient
temperature for 1 day. After this period, the reaction volume was
reduced to ca. 5 mL and then the mixture was treated witbGDH30
mL) to afford light green crystals, which were filtered and washed with
CH:CN. Yield: 0.28 g (54%). IR (KBr): 2970 my(BH) 2500 m,
1505 s, 1460 w, 1440 w, 1400 s, 1380 s, 1360 s, 1290 s, 1240 w, 1200
s, 1170 s, 1150 3(MoO) 975 s, 800 m, 780 m, 730 s, 650 w, 630 w,
v(MoCl,) 320 and 310 w crmt.

Crystallographic Studies. Crystals of L*MoO(SPPH) and
L*MoS(S:PPh) were grown by slow diffusion of methanol into
saturated dichloromethane solutions of the compounds. Unit-cell
parameters were obtained at 296 K by least-squares refinemeft of 2
values measured with CudKradiation for 30 independent reflections.
Integrated intensities were measured on a Siemens AED diffracto-
meter with nickel-filtered Cu & radiation. Data were measured
to a maximum (sirf)/ka. = 0.613 AL Three reflections, monitored
every 50 reflections, showed no significant variation in intensities.
The intensities were corrected for Lorentz and polarization effects
and for absorptiod® Crystallographic data are summarized in
Table 1.

(33) Cromer, D. T.; Liberman, DI. Chem. Phys197Q 53, 1891.
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Table 2. Atomic Coordinates %10%) and Equivalent Isotropic Table 3. Atomic Coordinates %10 and Equivalent Isotropic
Thermal Displacement Parameters? (A 10%) for L*MoO(S,PPt>) Thermal Displacement Parameters? (& 10%) for L*MoS(S,PPh)
atom X y z Ueqy atom X y z Ueqp
Mo —88(1) 3164(1) 7441(1) 36(1) Mo 8591(1) 10000 2035(1) 35(1)
S(1) 2077(1) 3071(1) 8530(1) 46(1) g(l) %zgg 182228 iggggg ?SEB
S(2) —182(1) 4138(1) 8364(1) 49(1)
P 1333(1) 3742(1) 9257(1) 42(1) S(2) 8642(2) 8194(2) 2691(2) 45(1)
o) —1038(3) 2635(2) 7865(2) 53(1) P 6773(2) 8351(2) 2637(2) 38(1)
N(11) 967(4) 3815(2) 6504(2) 46(1) N(11) 8656(6) 9338(7) 249(6) 38(2)
Na2) 6 sas)  seee) o aim) REH SR sa@) 1okl 3a(2
Ny ie2y ssor) sasl) em) NG 00K loweay  dosey  ad
NGY ey e s oam  NSY RO HTED om0
N oo D w0 @) o) e meo o a0
c(z) 1824(7) 3133(3) 10897(4) 80(2) c(12) 8362(9) 8471(9)  —1387(8) 412)
@) ) ©) @ @ C(13)  9143() 9287(9)  —1486(8) 45(2)
g% ‘2‘:39365(2) 39351%((42)) %5;6577((43)) 95%((21)) C(14) 9753(9) 9607(10)  —2469(9) 53(3)
c(15 9632(13 8756(16) —3376(12 83(5
o ey ey ooy Clo)  owsedd) 1063014 —a003d0) o
c(21 12250(8 10515(9 1210(9 48(2
C(11) 1886(6) 4278(3) 6644(3) 61(1) cEzzg 12702%83 10124§1)3) 2255%9)) 58((3))
C(12) 2178(6) 4513(3) 5851(3) 67(2) C(23) 11642(7) 9829(9) 2702(7) 41(2)
C(13) 1373(4) 4158(2) 5193(3) 49(1) C(24) 11600(9) 9371(11) 3845(9) 54(3)
c(14) 1266(6) 4185(3) 4203(3) 61(1) C(25) 12161(11)  10092(16) 4775(10) 71(4)
Cc(15) 1590(9) 4835(4) 3896(5) 110(3) C(26) 12280(13) 8332(14) 3967(12) 76(4)
C(16) 2119(9) 3675(4) 3889(5) 111(3) C(31) 8910(10)  12512(9) —238(9) 48(2)
c(21) —2965(5) 3551(3) 5054(3) 56(1) C(32) 7954(10)  12934(9) 237(10) 52(2)
c(22) —3851(5) 3684(3) 5612(3) 60(1) C(33) 7619(9) 12211(9) 983(9) 45(2)
Gr o ome o wne g Wm o me ) sl
C(24) —3594(5) 3684(3) 7335(3) 65(1)
C(25) —4696(8) 3202(4) 7407(5) 97(2) C(36) 5335(10) 12555(11) 1031(11) 62(3)
C(26) —4087(7) 4365(3) 7435(4) 87(2) C(41) 6366(8) 8572(9) 4029(8) 45(2)
c(31) 427(5) 2090(2) 5131(3) 51(1) C(42) 6351(11) 7764(11) 4749(10) 58(3)
coy  wmen ewe eel) oo CHY mOI) mely gedy T
c(34) 1370(6) 1551(2) 7434(3) 59(1) C(46) 6106(9) 9556(10) 4385(9) 52(3)
C(35) 363(8)  1028(4) 7555(4) 98(2) C(51)  5929(8) 7213(8) 2130(9) 43(2)
C(36) 2195(7)  1274(4) 7512(5)  100(2) C(52)  6508(10)  6385(9) 1730(10)  53(2)
B —421(3)  3248(2) 52293) 42(1) C(53) 5813(12)  5544(10) 1291(12)  65(3)
aU(eq) is defined as one-third of the trace of the orthogonalizgd gggg ;‘-gég&g; ggﬁg% igggggg ggg;
tensor.
C(56) 4612(9) 7173(10) 2121(10) 53(3)
The sites of the Mo, P, and S atoms for L*MoGQPPf,) and the B 10086(10) 10762(10) —44(9) 40(2)
Mo, P, S, and most C atoms for L*MoSf&Ph) were determined by aU(eq) is defined as one-third of the trace of the orthogonalizgd
direct [for L*MoO(S,PPFt;)] and Patterson [for L*MoS($Ph)] tensor.

methods, followed by partial structure expansion using SHELX386.
Subsequent difference syntheses using SHEEXi#&6/ealed the sites

of all the remaining non-hydrogen atoms. The hydrogen atoms were
included in the analyses at calculated positions and were assigned a Syntheses and Characterization of Oxe- and Thio—Mo-
variable overall isotropic thermal parameter. The structures were (]v/) Complexes. Reaction of KHB(Prpz)} with MoO(S-
refined by the full-matrix least-squares method, with anisotropic PR.), (R = PF, Ph) in refluxing toluene produced the green,
parameters given to the non-hydrogen atoms. An anisotropic extinction diamagnetic, oxeMo(IV) complexes, L*MoO(SPRy), which

— _ T1E21 /(i i
foa ;ﬁ?iﬁ;ﬁ{::df(;ﬁztufe[gméﬁ'tﬁggslg Il':,\/'((()%%g)f)z])was applied were isolated in ca. 60% yield following column chromato-

Results and Discussion

Neutral atom scattering-factor curves for the non-hydrégeand graphic purification (Scheme 1). The Syn.theses' follow the
hydroged” atoms were taken from the literature. Anomalous dispersion Methodology developed for related LMo (dithoacid) com-
corrections were applied to the non-hydrogen at&ginal atomic plexes!’1922 These complexes are air and water stable, readily
positional coordinates for L*MoO{®Pt,) and L*MoS(SPPh) are soluble in chlorinated solvents and insoluble in alcohols, ethers,

given in Tables 2 and 3, respectively. Selected bond distances andand hydrocarbons. Reaction of L*MoGf&R,;) with boron
angles are presented in Table 4. Figures, drawn at the 25% probability sulfide resulted in the production of the yellow-brown, diamag-

level, were prepared from the output of ORTEP. netic, thio-Mo(1V) species, L*M0S(SPRy) (Scheme 1). The
- i thio complexes were purified by flash chromatography followed
(34) 2(r:1tealdcngll<ét(§|.lor\g.r?ggEqLﬁgeAg;ogram for Crystal Structure Solutions.  py, recrystallization; yields of ca. 50% were typical. Their
(35) Sheldrick, G. MSHELX76 Program for Crystal Structure Determi-  Synthesis finds precedent in the synthesis of IM8¢SCNRy)
natiory Cambridge University: Cambridge, England, 1976. complexes from their oxo analogu¥s.These complexes are

(36) (a) Cromer, D. T.; Mann, J. B\cta Crystallogr.1968 A24, 321. (b) ; ir it
lbers, J. A Hamilton, W. C.nternational Tables for X-Ray slightly air-sensitive and were stored under an atmosphere of

Crystallography Kynoch: Birmingham, England, 1974; Vol. 4, p 100. dinitrogen. They are soluble in chlorinated and aromatic

(c) Doyle, P. A.; Turner, P. SActa Crystallogr.1968 A24, 390. hydrocarbons, slightly soluble in acetonitrile and insoluble in
(37) Stewart, R. F.; Davidson, E. R.; Simpson, WJTChem. Physl965 alcohol and ether solvents.
42, 3175.

(38) Johnson, C. K. ORTEPII. Report ORNL-5138; Oak Ridge National 1 he alleviation of an unfavorable steric clash between the
Laboratory: Oak Ridge, TN, 1976. in-plane pyrazole and f; dithiophosphinate substituent favors
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Table 4. Interatomic Distances (A) and Angles (deg) for changes consistent with the desired reactions with boron sulfide
L*MoO(SzPPt;) and L*MoS(SPPh)* were consistently observed, a variety of workup procedures
atoms L*MoO(SPPt,) L*MoS(S:PPh) failed to secure the desired products. It is likely that the
Mo—E 1.671(3) 2.126(3) 3.-|s.opropyl groups flanklng the MeS group combine with Fhe
Mo—S(1) 2.494(1) 2.494(2) dithiophosphinate ligand to afford considerable protection to
Mo—S(2) 2.501(1) 2.492(3) this moiety. To our knowledge only three other mononuclear
Mo—N(11) 2.372(4) 2.328(8) thio—Mo(IV) complexes have been report&344
Mo—N(21) 2.205(3) 2.198(6) The complexes were characterized by microanalytical, mass
Mo—N(31) 2.207(4) 2.195(8) spectrometric, spectroscopic (Tables 5 and 6), and crystal-
ﬁ:gg; g:ggg% g:gigg; Iogr_aphic techniqges. The infrared spectra of L*Mo@_‘(Bz)
exhibit a strong single’(Mo=0) band at 955 cmi, a single
E—Mo—S(1) 100.1(1) 103.3(1) v(BH) band at 2500 cmt, and other bands characteristic of
E-Mo—S(2) 103.8(1) 101.5(1) the dithiophosphinate and pyrazolylborate ligands. The L*MoS-
E-Mo—N(11) 165.9(1) 169.4(2) (S:PR,) complexes exhibit a single, medium intensio=S)
E-Mo—N(21) 91.7(2) 94.2(2) band at 515 cm, a singlev(BH) band at 2500 crri, and other
E—Mo—N(31) 92.3(2) 95.2(2) e ; >
S(1)-Mo—-S(2) 78.6(1) 79.6(1) bands charactens}p of the ligands. In t{€N) region, these
S(1)-Mo—N(11) 91.3(1) 85.1(2) L* complexes exhibit two strong bands at 1510 and 1490%m
S(1)-Mo—N(21) 167.5(1) 162.3(2) whereas [IMoOCl; and other L complexes exhibit a single,
S(1)-Mo—N(31) 96.8(1) 93.0(2) stronger and broader band at 1510¢ér/$45 This difference
S(2-Mo—N(11) 86.6(1) 86.3(2) in the infrared spectra of L* and' lcomplexes provides a quick
S(2y-Mo—N(21) 94.4(1) 94.5(3) and convenient indication of the ligand’s regiochemistry.
ﬁl((i)l_)ﬁ/'l\(/’lgill(\i”(lz)l) %33821()1) %?_29'?35)2) The NMR spectra of th_e complext_es are indicative of
N(11)-Mo—N(31) 77.9(1) 77.7(3) .molecul.arCs symme;ry, consistent with elthef strqctuxeor B
N(21)-Mo—N(31) 87.1(1) 88.0(3) in solution. A priori, 1-D NMR cannot distinguish between
Mo—S(1)-P 87.3(1) 85.5(1) these two structures but NOESY experiments confirmed struc-
Mo—S(2)-P 87.0(1) 85.6(1) ture A; full NMR assignments are given in Table 6 [Note: the
S(1)-P-S(2) 102.6(1) 104.3(2) crystallographic labeling schemes (vide infra) are employed to
aThe abbreviation E specifies the terminal oxo (O) and terminal SPECify the protonic groups of L*, while the dithiophosphinate
thio (S) ligand in the complexes. substituents are identified asyRor Rany depending on their

disposition relative to M&E (E= O, S)]. With the exception
the formation of the L*MoO(&PR,) complexesA) rather than of L*MoO(S,PPh), the complexes exhibit three doublets of
their L' analoguesg).26 A number of ML*, (M = F€', Cd', equal intensity in thé 1.0—1.3 region; accidental equivalence
Ni") complexes have been reported by Trofimenko &t ahd accounts for the presence of two doublets of 2:1 intensity ratio
in the spectrum of L*MoO(8PPh). These doublet resonances
are assigned to the methyl groups on the isopropylpyrazole
fragments; the three symmetry related pairs, a and b (each
diastereotopic) and c (enantiotopic) are indicated in structure
A. A similar pattern would be predicted for structiBe The
isopropyl methine groups of L* exhibit quite different chemical
Ranti shifts in the two types of complexA¢ 0.7 ppm when E= O,
A6 1.5 ppm when E= S). In all cases, the less intense methine
resonance, assigned to C(14)H, is considerably shielded relative
to those of related ‘Lcomplexes (typicall}f 6 >3.45). The
doublet pyrazole ring-proton resonancésS.5—8) exhibit a
2:1:2:1 intensity pattern and tlde5.6 resonance is considerably
related ligands have been observed to undergo 1,2-boratropicshielded compared to resonances in relateédcamplexes
rearrangemen®4! The observation of a novel “side-on” (typically!® 6 >6.06). Thed 6.95 resonances of L*MoS{S
bonded pyrazole unit in JU" provides an insight into how  PR) are also highly shielded within the series and in comparison
rearrangements of this type may be facilitatédThe relative to related L complexes. The shielded protons generally lie
rates of formation of L*MoO(g8PR,) and LMoO(SPRy) within the shielding zone associated with the terminal=io
complexes (minutes versus hours, respectively) may also reflectgroup. For the L*MoE(gPPt,) complexes, two doublet of
the capacity of the ligands to reduce steric interactions, doublet resonances aroudd.70 are assigned to the two pairs
especially in the transition states involved. The presence of of enantiotopic methyl groups in the dithiophosphinate ligand;
the L* ligand was critical to the clean conversion of L*MoO-  two doublet resonances are observed uiBrdecoupling. The
(S2PR,) to the thio complexes L*MoSEPR,). All attempts to doublet of septet methine resonances associated with these
convert related LMoO($R,) and LMoQ S,P(OR)} complexes ligands collapse to septet resonances upBrdecoupling. The
to their thio analogues have proved unsuccesafwhile color phenyl resonances of theFPh~ ligand complexesd 7—8)
are also simplified byP decoupling (not analyzed in detail).

(39) Cano, M.; Heras, J. V.; Jones, C. J.; McCleverty, J. A.; Trofimenko,

S. Polyhedron199Q 9, 619. (43) (a) Simhon, E. D.; Baenziger, N. C.; Kanatzidis, M.; Draganjac, M.;
(40) Cano, M.; Heras, J. V.; Trofimenko, S.; Monge, A.; Gutierrez, E.; Coucouvanis, DJ. Am. Chem. S0d.981, 103 1218. (b) Draganjac,
Jones, C. J.; McCleverty, J. A. Chem. So¢Dalton Trans.199Q M.; Simhon, E. D.; Chan, L. T.; Kanatzidis, M.; Baenziger, N. C.;
3577. Coucouvanis, DInorg. Chem.1982 21, 3321.
(41) Cano, M.; Heras, J. V.; Monge, A.; Pinilla, E.; Santamaria, E.; Hinton, (44) Berreau, L. M.; Young, V. G., Jr.; Woo, L. Knorg. Chem.1995
H. A.; Jones, C. J.; McCleverty, J. A. Chem. So¢Dalton Trans. 34, 3485.
1995 2281. (45) (a) Xiao, Z.; Gable, R. W.; Wedd, A. G.; Young, C. G.Chem.
(42) Sun, Y.; McDonald, R.; Takats, J.; Day, V. W.; Eberspacher, T. A. Soc, Chem. Commuri994 1295. (b) Xiao, Z.; Gable, R. W.; Wedd,

Inorg. Chem.1994 33, 4433. A. G.; Young, C. GJ. Am. Chem. S0d.996 118 2912.



Oxo- and Thiomolybdenum Complexes Inorganic Chemistry, Vol. 35, No. 18, 1996373

Table 5. Spectroscopic and Electrochemical Data

infrared spef:ltruﬁwKBr, 31p{1H} NMR electronic spectrum cyclic voltammetry
mass spectrum cm (CDCly) AmaxNM (€ M~L-cm™?) glassy carbon, C}CN
compound m/z(%) [M]* (CN) v(MOE) 0 (Wi Hz) (CH.Clp) Eiz, V (AEp,, mV; lpdlpd)
L*MoO(S;PPt,) 634 (70) 1510's 955 s 174 (50) 670 (110), 405 (75) +0.47 (87; 1.02)
1480 m
L*MoO(S,PPh) 702 (90) 1510's 955 s 154 (35) 660 (130), 430 (360 sh), 380 (930) +0.52 (70; 1.02)
1490 m —1.80 (irrev)
L*MoS(S;PPF) 650 (20) 1510's 515s 214 (65) 395 (1500 sh), 325 (8800 sh) +0.23 (71; 0.97)
1480 m —1.46 (irrev)
L*MoS(S,PPh) 718 (60) 1510's 515 m 190 (45) 360 (2700 sh), 285 (10200) +0.32 (62; 0.96)
1490 m —1.32 (irrev)
L*MoOS(S,PPf,) 666 (15) 1510's 930's 110 (10) 445 (1800), 335 (3850)
634 (40§ 1480 m
L*MoOS(S,PPh) 734 (20) 1510's 930's 82(10) 450 (1700), 340 (3800)
702 (45§ 1480 m
L'MoOCl, 1505 s 975s

aComplete listings of infrared data are given in the Experimental Sectimtensities; s= strong, m= medium.¢ Due to [M—S]*.

Table 6. *H NMR Data in CDC} Solutiort

L*M0oO(S:PRy)° L*M0S(S:PR,)® L*MoOS(S;PRy)°
assignment R= Pr R=Ph R=Pr R=Ph R=Pr R=Ph
Reyn 1.52 (dd, 7.0, 18) 7.93 (m, 2H) 1.61 (dd, 7.0, 17) 8.12 (m, 2H) 1.23(dd, 7.0, 18) 7.85 (m, 2H)
2.89 (ds, 7.0, 6.8) 7.48 (m, 3H) 3.91 (ds, 7.0, 14) 7.54 (m, 3H) 1.23(dd, 7.0, 18) —7B3m, 3H)
2.45(ds, 7.0,9)
Ranti 1.48 (dd, 7.0, 18) 8.02 (m, 2H) 1.59 (dd, 7.0, 17) 8.17 (m, 2H) 1.45 (dd, 7.0, 18) 7.92 (m, 2H)
2.42 (ds, 7.0, 6.8) 7.58 (m, 3H) 2.69 (ds, 7.0, 7.0) 7.60 (m, 3H) 1.53(dd, 7.0, 18) —7H3m, 3H)
3.22(ds, 7.0, 7)
C(11)H 7.79 (d, 1.6) 7.20(d, 1.6) 7.32(d, 1.6) 6.95 (d, 2.0) 7.08 (d, 2.4) 7.22(d, 2.4)
C(21)H 7.66 (d, 2.4) 7.66 (d, 2.4) 7.72(d, 2.4) 7.76 (d, 2.4) 7.63(d, 2.4) 7.62(d, 2.4)
C(1)H 7.64 (d, 2.8) 7.64(d, 2.4)
C(12)H 5.79 (d, 1.6) 5.60 (d, 1.6) 5.58 (d, 1.6) 5.48 (d, 2.0) 5.69 (d, 2.4) 5.69 (d, 2.4)
C(22)H 6.14 (d, 2.4) 6.14 (d, 2.4) 6.26 (d, 2.4) 6.30 (d, 2.4) 6.19 (d, 2.4) 6.17 (d, 2.4)
C(32)H 6.18 (d, 2.8) 6.15 (d, 2.4)
C(14)H 3.22 (sep, 6.8) 3.18 (sep, 6.8) 3.09 (sep, 7.0) 3.15 (sep, 7.0) 3.20 (sep, 6.8) 3.19 (sep, 2.4)
C(24)H 3.95 (sep, 6.8) 3.95 (sep, 6.8) 4.49 (sep, 6.8) 4.54 (sep, 7.0) 4.36 (sep, 6.8) 4.31 (sep, 2.4)
C(34)H 4.29 (sep, 6.8) 4.08 (sep, 2.4)
C(15)Hs 1.17 (d, 6.8) 1.11 (d, 6.8) 1.07 (d, 7.0) 1.07 (d, 7.0) 1.14 (d, 6.8) 1.14 (d, 6.8)
C(16)H; 1.14 (d, 6.8) 1.14(d, 6.8)
C(25)H; 1.23(d, 6.8) 1.23(d, 6.8) 1.20(d, 7.0) 1.23(d, 7.0) 1.39(d, 6.8) 1.39(d, 6.8)
C(35)H; 1.33(d, 6.8) 1.27 (d, 6.8)
C(26)H; 1.22 (d, 6.8) 1.27(d, 7.0) 1.33(d, 7.0) 1.23(d, 6.8) 1.19 (d, 6.8)
C(36)H; 1.19(d, 6.8) 1.08 (d, 6.8)
BH 4.5 (br) 4.5 (br) 4.6 (br) 4.6 (br) 4.4 (br) 4.5 (br)

aWwith the exception of the Rki and Ply, resonances, data are presented in the fordnfmultiplicity, %Jun in Hz, Jen in Hz); the number of
protons and carbon atoms to which they are attached are indicated in column 1 (see Figures 1, 2, and 4 for labeling schemes). Abbreviations: d
= doublet, dd= doublet of doublet, ds= doublet of septets, n= multiplet, sep= septet, and b= broad.? For these complexes, available data
do not permit unambiguous assignment of the C(2B)(85)H; and C(26)H/C(36)H; resonances.For these complexes, available data do not
permit the sets of resonances from th@®Pgroups containing N(21) and N(31) to be unambiguously distinguished (see text).

Two-dimensional NMR spectroscopy is able to distinguish identifies it as that belonging to the phemg andp-protons of
between structure& andB and the assignments given in Table Phuyi. The o-Phy, resonances show a cross peak with the
6 are fully supported by NOESY and TOCSY experiments. C(24)H/C(34)H resonance & 3.95. NOESY and TOCSY
NOESY spectra of the L*MoE(Pf,) complexes reveal an  experiments confirmed the assignment of the resonance at
NOE connectivity between the C(21)H/C(31)H resonance at ca. 1.11 to the enantiotopic methyl groups c in structdre The
0 7.7 and a broad resonance arodndl.5, which we ascribe to  spectrum of L*MoS(gPPh) was assigned by analogy to that
the BH proton. This broad resonance also shows a weak NOEof L*MoS(S,PPt,). Available data do not permit the pairs of
connectivity with the C(14)H resonance. These observations diastereotopic methyl groups a and b to be unambiguously
confirm that the unique pyrazole ring orients its isopropyl group assigned.
toward the BH group rather than toward R The C(11)H The electronic spectra of green L*MoQR,) exhibit two
resonance exhibits NOE connectivities with resonancé2at5 d—d absorption bands at ca. 670 and 4@80 nm; the spectra
and 1.48, which are accordingly assigned to the methine andare quite analogous to those of the corresponding LMgO(S
enantiotopic methyl groups of By, respectively. In the PR:) complexes? The tailing of intense UV LMCT bands into
NOESY spectrum of L*MoO(gPh), NOE cross peaks the visible accounts for the yellow-brown coloration of solutions
between the broad BH resonance, the C(14)H resonande at of L*M0oS(S;PRy). Cyclic voltammograms in acetonitrile reveal
3.18, and the C(21)H/C(31)H resonance at.66, confirm the a reversible oxidation at cat0.5 V for L*MoO(S,PR;) and
presence of L*. As well, NOE cross peaks between the phenyl +0.23 to +0.32 V for L*M0S(SPR,). We show later that
ortho resonance at 8.02 and the C(11)H resonancedaf.20 Mo(V) complexes, [L*MJI'E(SPR,)]*, are formed upon oxida-
identify this phenyl ortho resonance as that belonging to the tion; the potentials are consistent with the reduaeldonding
Phunii group; a further cross peak with the resonancé ats8 capacity of the thio ligand compared to its oxo analogue.



5374 Inorganic Chemistry, Vol. 35, No. 18, 1996 Young et al.

the MoS and SP planes. The movement of the Rrgroup
away from the region occupied by the 3-CH ring proton is likely
to be responsible for the hinging effect. Steric interactions
between the M&O and 3-Ppz groups are reflected in a
substantial increase in the N(2dMo—N(31) angle (87.9)
compared to the otherNMo—N angles of ca. 779

The structure of L*MoS(8Ph) is very similar to that
described above for L*MoO@®PF,). The Mo—S distance of
2.126(3) A is typical of other thieMo(IV) complexesto:4344.47
The thio ligand exerts a stroricansinfluence, lengthening the
Mo—N(11) bond by ca. 0.13 A compared to the other-Mo
bonds. The Me-S(1) and Me-S(2) distances are comparable
to the values observed in L*MoO{BPf;). The Mo and
P atoms reside 0.341 and 0.312 A, respectively, above (toward
the thio ligand) the plane defined by S(1), S(2), N(21), and N(31)
Figure 1. Molecular structure of L*MoO(gPPt). The atom labeling ~ [Maximum deviation of 0.011 A for N(31)]. The MeB
scheme for the Bz group containing N(31) parallels that shown for fragment is hinged along the-S direction, the dihedral angle
the pseudo-mirror-related Bz group containing N(21). between the MoSand SP planes being 2520 This again
reduces the steric interactions of the 3-CH and,fYroups.
The larger than average N(2iMo—N(31) angle of 88.0(3)
accommodates the MeS group. In both complexes, the
conformations of the Pgroups of L* appear to be dictated by
both intramolecular and intermolecular interactions.

Synthesis and Characterization of Oxothiomolybdenum
Complexes. The L*MoO(SPR,) complexes were converted
to orange, diamagnetic, oxdhio—Mo(VI) complexes, L*MoOS-
(S:.PR-9), upon reaction with propylene sulfide in toluene at
55°C (Scheme 1). The same compounds were generated when
L*Mo0S(S;PR,) were reacted with pyridin&l-oxide in toluene
at 55°C (Scheme 1). The oxethio—Mo(VI) complexes are
soluble in chlorinated and aromatic hydrocarbons, slightly
soluble in acetonitrile and insoluble in alcohol and ether solvents.
As well, NMR experiments revealed that samples of L*MoS-

Figure 2. Molecular structure of L*MoS(8Ph). The atom labeling (SPRy) in CDCl; were converted to mixtures containing
scheme for the Byz group containing N(31) parallels that shown for L*MO.OS(SQPRZ) (C‘?‘ 60%) and I_‘*MOO(EPRZ) (ca'. 40%) over
the pseudo-mirror-related Bz group containing N(21). a period of weeks in air. Reaction of L*"MoS{3Pt,) with dry
dioxygen in toluene at 50C produced a number of products
Irreversible reductions were observed at €4.8 and—1.4 V including L*MoOS(SPPr2), L*MoO(S:PPf;), and a blue

for L*MoO(S,PRy) and L*MoS(SPRy), respectively. This complex with a striking TLC signature. The blue complex is
behavior is very similar to that exhibited by LMoQER,)!7 tentatively identified as L*Mo(9(S:PPf»), on the basis of its
and related complexé822 distinctive color and unusual NMR spectrum (Experimental

Molecular Structures. The molecular structures and atom Section). The extremely shielded resonances are assigned to

. ; i | group of L* which is located within the shielding
labeling schemes for L*MoO@®Pt,) and L*MoS(SPPh) are an 1Sopropy! . 1048 iie: S
shown in Figures 1 and 2, respectively. The L*MoGRBH,) zone associated with the Mp8ng.1°48 Significant shielding

complex exhibits a distorted octahedral geometry and containsiS also experienceq by the isopropy| groups.gﬂ"Brz‘ which

a terminal oxo ligand, a bidentateP¥t,~ ligand, and a facially QISO occupy the sh|.eld|ng zone (on the opposite face of the;MoS
tridentate L* ligand. The 5-Ryz group of L* is coordinated ring from Pfpz). Since the complex has, sym_metry, as-pr
trans to the Mo=O bond giving effectiveCs molecular Pz group must flank _the MaSand S_PPrz groups; the
symmetry. The Me=O bond length of 1.671(3) A is equal to arrangement of Ilgands in ihe two enantllomers would be favored
the median value (1.67 A) established for other ekto(1V) sterically. Rezictlons of L"M0oSER;) with NBUNO; or H-
complexed®4647 The Mo=O bond exerts a strongrans NSQ;H form L MoOS(Sz_PRg) as well as S|gn|f|_cant amounts
influence on the Me-N(11) bond, lengthening it by ca. 0.17 A 0f L*M0O(SPRy). Reactions of L*MoS(gPRy) with propyiene
compared to the MeN bondscisto the Mc=0O unit. The Mo- sulfide and L*MoO(SPRy) with oxygen atom donors were

S(1) and Me-S(2) distances are slightly shorter than the median _compllcz?\tterz]d either by :hfe Igrm{mon t(')f r;ugmrous products or
Mo—S distance in such complexes (2.535%A)The S(1), S(2), ISomers; they were not further investigated. .

N(21), and N(31) atoms are approximately planar [maximum Microanalytical Qnd mass spe.ctrometrlc.data for L .MoOS-
deviation 0.05 A for N(21)] and the Mo atom is positioned 0.277 (SQP\I/?IZ) were lcon5|st$nt with t|:1e||r f(irmulathn az ?XT;]O:[M

A above this plane toward the oxo group. The phosphorus atom o(Vl) complexes. Two peak clusters assigned to the’[M]

is 0.333 A above the plane on the same side as the molybdenu nd [M-S} lons were observed n the mass SpethPm of each
atom, resulting in a hinging of the MeB fragment along the complex. U\~visible spectra, which exhibit absorptions at ca.

S+S vector. A dihedral angle of 23.5s observed between 445 and 335 nm, are virtually identical to those of LMoOS(S

Cle

(48) Reaction of IMoO,Cl with B,S; [cf. synthesis of LMo($CI9

(46) Nugent, W. A.; Mayer, J. MMetal-Ligand Multiple BondsWiley: produces a blue compound, formulated &da(S,)Cl, which exhibits
New York, 1988. NMR features related to some of those of L*MgY&:PPt,): 6 —1.4
(47) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson, D. (sept, 1H), 0.2 (d, 6H), 1.27 (d, 6H), 1.73 (d, 6H), 4.44 (sept, 2H),

G.; Taylor, R.J. Chem. So¢Dalton Trans.1989 S1. 5.34 (d, 1H), 6.12 (d, 2H), 7.62 (d, 1H), 7.95 (d, 2H).
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of the L* ligand. The CQ1)H (6 >7) and C(2)H (6 5.6-6.2)
resonances are connected by both NOE and TOCSY cross peaks.
3 M An NOE cross peak between the C(12)H proton and the methyl

C15/C16

s C
resonance ad 1.14 (intensity 6H) permits the assignment of
the latter resonance to the C(13}hd C(16)H protons. These
db methyl protons also show a cross peak to the C(21)H and

C(31)H resonances. A weak NOE cross peak, between the BH
Prlani Prisvlj\cz6

resonance and the septet resonanée3a20, permits assignment
of the latter to the C(14)H proton. The two methyl resonances
ato 1.43 and 1.53 are assigned to thgRigroup by virtue of
U U NOE cross peaks with the C(11)H resonance at08; these
J L also exhibit cross peaks to the3.22 resonance assigned to the
_ methine resonance of Bf. A weak NOE connectivity is

JM\JM !

Y6 s 14 12 observed between the methine resonances of tg&hd Py
Chemical Shift (ppm) groups. H{3!P} NOESY and TOCSY permit the assignment
of sets of resonance® rings 2 and 3 (Figure 4) but not an

Figure 3. Methyl resonances in the NMR spectra of L*MoOS8I,) . >
in CDCl at room temperature. Bottom: Fully couplédl NMR unambiguous full assignment. Long-range NOEs between a
spectrum. Top:3P-decoupledH NMR spectrum. The doublet of  particular 3-Prgroup and the Py, group, which would have
doublet resonances due to the fouPBf, ™~ methyl groups are simplified  permitted a definitive assignment, were not evident. The
as indicated upoftP-decoupling. Full assignments are given in Table relatively shielded set of Bz resonances are (tenuously)
6. assigned to the group bourtdans to, and under the weak
shielding influence of, the M&S group. An analogous
assignment of théH NMR spectrum of L*MoOS(8PPh) is
given in Table 6 (this assignment was not confirmed by 2D
studies).

The mechanism of the reactions have not been probed directly
but it is reasonable to suppose that atom transfer to L*MoO-
(SPR) and L*Mo0S(SPRy) is an associative bimolecular
process, as observed for related process#s22:50 Prior to or
concomitant with the generation of the transition state complex,
in which the atom-donor is bound to Mo, the bidentate

only the first carbon atom of each L* 'Rmd dithiophosphinate R group dithiophosphinate ligand probably adopts a monodentate coor-

is shown. The detailed numbering of the rings parallels that shown in dination mode and upon generation of the [Mo&Sgenter
Figures 1 and 2, e.g., ring 3 incorporates nitrogen and carbon atomsbecomes associated with the #8 unit through a weak -85

N(3n) and C(3). interactior?® OAT to either of the two potential oxo ligand
binding sitescis to the thio group would produce enantiomers
PPH) and related complexéd2> The compounds exhibit a  in which the 5-isopropylpyrazole group would flank the #0

Figure 4. Structure of the L*MoOS(8R,) complexes. For clarity,

strongv(Mo=O0) infrared absorption, a weakMo=S) absorp- group rather than beingans to the Me=0O group. At some
tion and bands typical of the co-ligand§!P chemical shifts stage along the reaction coordinate, boratropic shifts, or some
are typical of oxe-thio—Mo(V1) complexes of this typé? For other form of ligand rearrangement, must take place to form

both compounds!H NMR spectra are consistent with the the observed, sterically favored enantiomeric products. SAT
formation of a single major isomer with; symmetry; dataand  to one of the sites occupied by the bidentasPF~ ligand of
assignments are given in Table 6. As shown in Figure 3, a L*MoO(S2PRy) would produce directly the observed products.
complex set of resonances is observed in the methyl region of Generation of Mo(V) Complexes. Reaction of LMoO,-

the H NMR spectrum of L*MoOS(8PPf,). The spectrumin  CI*6 with PPh in dichloromethane resulted in the formation of
this region is dramatically simplified by'P decoupling, the oxo-Mo(V) complex, LMoOCLk, in accord with previous
permitting the identification of the four ;8Pt,~ methyl results?! The reaction involves the initial formation of coor-
resonances. The integrated intensities of the resonances confirndlinatively unsaturated'MovOCI via OAT to PPh, followed

the presence of 10 methyl groups, although some coincidentalby chlorine atom abstraction from GEI, and formation of
overlap of chemical shifts is evident. Five isopropyl methine L'MoOCl,. The relatively small size of the oxo and chloro
resonances are observed and two of these are simplified uporligands permits the maintenance of the original conformation
81p decoupling. Six doublet resonances are observed for theof the isopropylpyrazole groups. The presence of théegand
pyrazole ring protons of L*. ThéH and'H{3'P} NMR spectra is supported by infrared spectra and the inability of boron sulfide
of L*MoOS(S,PPh) are similar to those of L*MoOS(EPP,) or (MesSi),S to convert EMoOCI, into the corresponding thie
with obvious differences due to the;R,~ ligands. Both Mo(V) complex. We ascribe the lack of reactivity to the steric
spectra are consistent with molecul@ symmetry for the protection afforded the MeO fragment by the three 3-isopropy!
L*MoOS(S:PR,) complexes.3P-Decoupled NOESY and TOC-  substituents. The EPR spectrum ofMoOCI, is virtually

SY experiments (see Supporting Information) permitted the identical to that reported by Cleland et®&ffor LMoOClI..
detailed assignments given in Table 6; the structure in Figure 4 - —

was thereby established. A weak NOE cross peak between the®®) t%fu'?r:eagob”;ygatﬂgesrefcrg%_g;gg?"fgti f;‘g'[ﬁfﬂé%('-s'\z/'gggﬁ 12 In
C(21)H and C(31)H resonancesdal.64 and 7.63 and the broad KILMOO(S,PPH,)][C3HeS] with k = 7.0(1) x 10°6 M-1-571 at 35°C.

BH resonance ai 4.6, and the absence of a similar cross peak The activation parameters for this reaction Ak¢* = 61(1) kimol2,

between the C(11)H and BH resonances, confirms the presence é‘fg m:re—f12412)(2) JK~1mol"* and AG* 106(2) kdmol™* (at 35°C)

- (51) Roberts, S. A.; Young, C. G.; Kipke, C. A.; Cleland, W. E., Jr,;

(49) 3P NMR data for LMoOS(8PR): R = Pr, 6 108; R= Ph,d 77 Yamanouchi, K.; Carducci, M. D.; Enemark, J.IHorg. Chem199Q
(from ref 21). 29, 3650.
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Table 7. EPR Parameters for the Mo(V) Complexes are split into a characteristic triplet signal indicating superhy-
complex Giso ACMo)  aC®P)  a(*H) perfine coupling to two spidb nuclei. In this case, a

[L"MoO(S,PPE)] " 1963 425 36.9 nonexchangable I|garﬁ3P_and an exchangable hyd_roxc_) proton
[L*MoO(S,PPh)]* 1.963 424 441 are the sources of coupling. Monodentate coordination in the
[L*MOoS(S:PPf,)]* 1.961 44.3 36.5 (hydroxo)oxo complexes removes the phosphorus atom from
[L*MO0S(S.PPh)]* 1.960 44.1 43.6 the vacinity of the magnetic orbital and reduces the superhy-
L*MoO(OH)(S:PPf;)  1.950 45.0 12.2 12.2 perfine interaction; this is reflected in the lowa@!P) values
L*MoO(OH)(S,PPh)  1.949 44.7 125 125

, compared to the cations above. The presence of (MOH)Z"
L'MoOCE (THF) 1.947 46.3 species was confirmed by the generation of the deuterium
2 Units of coupling constants: 104 cm ™. analogue upon addition of £ to solutions of [L*MoO($-

_ . PR))]T; these complexes exhibit the expected doublet signal
A number of EPR-active Mo(V) species were generated upon produced by superhyperfine coupling®® alone. Correlated

the oxidation of L*MoO(SPR,) and L*"MoS(SPR,) (Scheme glectron-nucleophile transfer (CENT) reactions are involved
1); EPR data and assignments are summarized in Table 7. Thep the formation of the [MYO(OH)P+ species-2!

addition of substoichiometric quantities of [FeRFs in dry

THF/CHsCN (71) to THF solutions of L*MOO(SDRz) (flnal L*Mo lVO(SZPRz) . [L*MO Vo(szl:)Rz)]+ + e (4)
Fe:Mo 1:19) produced orange-brown solutions which exhibited
characteristic doublet EPR signalsgata. 1.963. The signals
are assigned to the oxdMo(V) cations, [L*Mo'O(SPR-
SS)]*. Oxidation of L*M0oS(SPR,) under the same condi- . N .
tions produced solutions containing the thido(V) cations Ferrocenium oxidation of OXOMO(I\Q com_plexes in wet
[L*Mo VS(SPR-SS)]*, with g ca. 1.961. Electrochemical solyents also produces the [MD(OH)]. species. The ability
oxidation of related LMoS(£NR) complexes is irreversibFé, to |ndepe_r_1dently observe the OX|dat|(_)n_ .Of Mo(IV), then the
and the greater stability of [L*MoSEBR)]* may also be nucleophilic attack of OH (or HyO initially) on Mo(V)

attributed to the increased steric protection afforded to the thio implicates the CENT mechanism in this case as we.II. Re]ated
ligand by the L* ligand. Theg values for all four cationic coupled electronproton transfer (CEPT) reactions, involving

; T ; : i dination of HO to the oxa-Mo(lV) species followed
species are very similar; however, a slightly lovgevalue is prior coor
characteristic of the thio complexes. The LXECI, (E = O, by oxidation and loss of a proton, produce (hydroxo)ekéo-

i i 67,58
S) complexes exhibit similar behavior, which is ascribed to the (V) SPecies in other systenis!
lowering of the HOMG-LUMO gap in the thio complexes v v
relative to the oxo analogués3 The g values for the oxo ~ LMO"OX+ H,0— LMo OX(OH,) —

[L*Mo YO(S,PR)] " + OH™ — L*Mo YO(OH)(SPR,) (5)

complexes are consistent with those of related cationic com- [LMOVOX(OHZ)]+ +e (6)
plexes containing 12! and HB(Meypz)~ ligands®* The
complexes exhibit doublet Mo(V) EPR signals due %® [LMOVOX(OH2)]+—>LMOVOX(OH)+ Ht @)

superhyperfine coupling. Coincidentally, the magnitude of the
31p coupling isnearly equal to theé®>°Mo hyperfine coupling,

resulting in a spectrum in which all hyperfine lines exist as a monodentate ligand and where unsaturated VX or

goublehts e);_cept for l_the gﬁre_mz Imes(,j which are smglets. weakly solvated LM OX(solvent) complexes are generated,
‘fp‘?f ype;‘lne coupiing g.ﬁlsésse egenh ?nt. on |ftshp(()j§|tt_]|_on e.g., in OAT from LMd'O,(SPh) to PPH16:57.58 CEPT
relative to the magnetic orbi ~"and chelation of the dithio o igns are a specific example of a more general class of

ligands permits significant coupling. The electron-withdrawing cou . . g
) pled electrorelectrophile transfer (CEET) reactiofisei.e.,
* (@ + *
phenyl substituents of [L"MoOEPR)]™ and [L*MOS(S- the proton is the electrophile in CEPT reactions. The {&e

PPR)]™ enhance thé'P coupling in these two complexes. OH)]2* species produced by CENT are oxidized by dioxygen
The addition of deoxygenated water to solutions of [L*MoO- \(/ia ;] CE?DT meF:;hanism toy EPR-silent species };)resu)r/r?ably
(SPRy)] " resulted in the generation of (hydroxo)oxio(V) dioxo—Mo(V1) complexes ’

species, L*MJO(OH)(SPR--9), which exhibited characteristic The thio-Mo(V) cations, [L*MoS(SPRy)]*, are :

" . , , potentially
triplet EF.)R ggn_qlé? these were st.able for several hourg under valuable precursors for oxothidvio(V) species and associated
a”a‘?FOb'C conditions but were rapidly dgcomposed by dioxygen. protonated species. Complexes of this type are implicated in
Addition of deoxygenated D to solutions of [L*MoO(S- the turnover of molybdenum enzymes such as xanthine oxidase

PR,)]" resulted in the generation of species which exhibited and xanthine deh :
- . . ydrogenase. Unfortunately, extension of the
doublet EPR signals assigned to the deuterated species L*MoO-ceNT strategy to the generation of [MB(OH)E* or [MoV-

(OD)(PR-S). Addition of H,O to solutions containing O(SH)P* speci * + :

. . : pecies from [L*MoS(g&PR,)]* was not realized.
eSS PR gt e produeion of sl 2T oo vatr o soions o [ WOS(ERO rcuces
(V) species, the central resc?nancé and the gix hvperfine Iinesvery short lived EPR-active species. The initial product, while

P ' yp likely to be L*MoVS(OH)(SPRy), is rapidly transformed to

thermodynamically favored L*M&O(SH)(SPR.). In the pres-

The CEPT reactions are favored where X can function only as

(52) Cleland, W. E., Jr.; Barnhart, K. M.; Yamanouchi, K.; Collison, D.;

Mabbs, F. E.; Ortega, R. B.; Enemark, J.IHorg. Chem 1987, 26, ence of water, these species are unstable with respect to
1017. _ o dinuclear, EPR-silent [L*MoQ]u-O)(u-S;).5° Thus, unless
(53) An increase in the coordination-sphere sulfur content of-dwo(V) actively stabilized, M&=S groups, in the presence of water,

complexes is invariably associated with an increase irgthalue of
the complex. However, it is important to note that the “higher sulfur
content, higherg value” rule breaks down when oxo ligands are

undergo facile decomposition and/or dinucleation. Thus, ap-

replaced by thio ligands, as in the present series and LMoECI (57) Xiao, Z.; Young, C. G.; Enemark, J. H.; Wedd, A. &.Am. Chem.
(54) Laughlin, L. J.; Gulbis, J. M.; Tiekink, E. R. T.; Young, C. Bust. S0c.1992 114, 9194.

J. Chem.1994 47, 471. (58) Xiao, Z.; Bruck, M. A.; Enemark, J. H.; Young, C. G.; Wedd, A. G.
(55) Miller, G. A.; McClung, R. E. DIlnorg. Chem.1973 12, 2552. Submitted for publication.

(56) Chen, G. J.-J.; McDonald, J. W.; Newton, W.|&Borg. Chim. Acta (59) Xiao, Z.; Enemark, J. H.; Wedd, A. G.; Young, C. IBorg. Chem.
1979 35, 93. 1994 33, 3438.
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plication of the CENT strategy in the synthesis of [k
(SH)?* complexes from thieMo(lV) species is of limited
value is this system.

Summary. Incorporation of the L* ligand into the oxo
Mo(IV) complexes L*MoO($PR,) permits their conversion to
stable, isolable thisMo(IV) complexes L*MoS(SPR,). Ac-
cess to these thieMo(IV) species has allowed the first synthesis
of stable, octahedral oxethio—Mo(VI) complexes via oxygen
atom transfer to thieMo(lV) precursors. The synthesis of the
same compounds via sulfur atom transfer to the-ao(IV)
complexes confirms the formation of oxthio—Mo(VI) species

Inorganic Chemistry, Vol. 35, No. 18, 1996377

of oxo—Mo(V), thio—Mo(V) and (hydroxo)oxe-Mo(V) species

via CENT reactions involving the oxe and thic—-Mo(IV)
complexes. A (hydroxo)oxeMo(V) species is proposed as an
intermediate in the regeneration of molybdoenzyme active sites.
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Supporting Information Available: A composite figure of the
NOESY and TOCSY spectra of L*MoOS{8Pf,) and full tables of
crystallographic data, positional and displacement parameters, bond

in the OAT reactions. In the generation of all the complexes, '€ngths, and bond angles for L*MoOf&Pt;) and L*MoS(SPPh)

the ability of the L* ligand to undergo boratropic or other

(14 pages). Ordering information is given on any current masthead

rearrangements appears to be crucial to the stabilization of theP29¢:
ultimate products. As well, we have generated a number IC960403T



