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The dioxo tungsten(VI) and molybdenum(VI) complexes WCI,(0)(OPMePh,),, WCIy(0),dppmO,, and MoCly(O),-
dppmO,, the oxoperoxo compounds WCI,(0)(0,)(OPMePh,),, WCI,(0)(O,)dppmO,, and MoCly(0)(0,)dppmO,, and
the oxodiperoxo complexes, W(0)(O,).dppmO, and Mo(O)(O,).dppmO, have been prepared and characterized by
IR spectroscopy, 3'P NMR spectroscopy, elemental analysis, and X-ray crystallography. The structural and X-ray
crystallographic data of compounds WCI,(0),(OPMePh,),, WCI,(0)(02)(OPMePh,),, MoCly(0),dppmO,-C4H;00,
WCl,(0),dppmO,, Mo(0)(0,).dppmO,, and W(0)(0,).dppmO, are also detailed. All complexes were studied as
catalysts for cis-cyclooctene epoxidation in the presence of tert-butyl hydroperoxide (TBHP) or H,O, as an oxidant.
The Mo-based catalysts showed a superior reactivity over W-based catalysts in the TBHP system. On the other
hand, in the H,0, system, the W-based catalysts (accomplishing nearly 100% epoxidation of cyclooctene in 6 h)
are more reactive than the Mo catalysts (<45% under some conditions). Various solvent systems have been
investigated, and ethanol is the most suitable solvent for the H,O, system.

1. Introduction valence compounds such as Mo(VI), W(VI), and Re(VII)
Olefin epoxidation is an important reaction in organic complexes. It has been noted that the large positive charge
synthesis for the reason that epoxides are valuable andolf thte metal_s mgke thes? cdompbo_tmlds capaltt_)Ie OT acctegflng
resourceful commercial intermediates, owing to the large electron pairs in vacan orbitals, resufting n stable
range of reactions they under§olhere are many ways complexeg .W'th organic peroxides. This formation causes
available to accomplish olefin epoxidation. Those methods the peroxidic distal oxygen atom to be more electrophilic

utilizing the peroxide moiety generally involve the addition 3nd,blth(le)refc&rfl,\lmore I|kel); tdq behattactl)<ed by acri\ oiegnlc
of other reagents to activate the peroxide compound. Ep- ouble bond-"NUmerous studies have been conducted on

oxidation of alkenes using peroxycarboxylic acids was metal-catalyzed epoxidation for both reacti¥ityand mecha-

detailed nearly a century agddore recently, metal-catalyzed nistic studie$:® Dioxomolybdenum(VI) and dioxotungsten-

epoxidation of olefins has been investigated, especially those (3) ((8; JSheldon. R-KA;A;C \(]an Dgorri.g é]'g %904&‘3“1‘" 1353(3)1%27—':43;.
H H H . H _ grgensen, K. em. Re. A — .(C n, k. e
systems that used organic peroxides combined with high Santos, A. M.. Gonalves, |. S.: Rora, C. C.; Lopes, A. DAppI.
Organomet. ChenR001, 15, 43-50. (d) Kthn, F. E.; Santos, A. M;
* To whom correspondence should be addressed. E-mail: rluck@mtu.edu. Abrantes, M.Chem. Re. 2006 106, 2455-2475. (e) Kinn, F. E;

(1) (a) Bhaduri, S.; Mukesh, DHomogeneous Catalysis: Mechanisms Santos, A. M.; Herrmann, W. ADalton Trans 2005 2483-2491.
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(VI) compounds of general formulas MPO),(L). have been reasonable to have an epoxidation reaction that involved only
proven to be effective catalysts’ For example, MoBi(O),- the catalyst, substrate, and®4,*®> and we are interested in
(NCR),, R = CHjs or GiHs, has been shown to accomplish designing such a catalyst. Clearly, if this direct oxygen
the epoxidation o€is-cyclooctene in a 65% yield. However, transfer mechanism is operative, then the more activated the
these catalysts are not very stable and they decompose durin@ atoms, the more facile is the transfer.

the course of the reactidrBidentate and tridentate ligands We have previously established that MgOl),(OPMePh),
bearing N-, O-, and S-electron donors are of interest and (1) and MoC}(O)(O,)(OPMePh), (2) compounds can be
have been synthesized in order to stabilize the catalysts andused as catalysts for the isomerization of allylic alcohols and
improve the reactivity. For example, the complex dichlo- epoxidation of cyclohexen®.In this paper, the syntheses
rodioxomolybdenum(VI) containing the 2,2-di(1-pyrazolyl)- of compounds WG[O),(OPMePh), (3), WCI,(O)(O,)-
propane ligand has been reportethis complex displayed  (OPMePh), (4), MoClx(O).dppmQ (5), MoCly(0)(0,)-

a moderate catalytic reactivity (i.e., 65% cyclooctene epoxide dppm@G (6), WClx(O).dppmG (7), WCI»(0)(0,)dppmQ (8),

after 4 h and 100% at 24 h reaction time). However, the Mo(O)(O,).dppmQ (9), and W(0O)(Q).dppmQG (10) are
stability of the catalyst was only slightly enhanced. Ad- reported. Compounds were synthesized and characterized
ditionally, complexes of formulas MoXO),(L),, where X using IR and NMR spectroscopic techniques, elemental
= Cl, Br or Me and L = 2,2- bipyridine or 2,2 analyses, and single-crystal X-ray crystallographic tech-
bipyrimidine, have been established and appear to be stableniques. The catalytic epoxidation ofs-cyclooctene in the
catalysts. However, the catalytic reactivity can be considered presence of either TBHP or 8, using the synthesized

as moderate, as these produced only 75% cyclooctenecompounds as catalysts is detailed.

epoxide after 24 B Other activators, most recently, NaHgO

have been added to the catalytic mixture to activate hydrogen2. Experimental Section

peroxide to effect the epoxidatidh.The mechanism by 2.1. General Method. Infrared spectra were obtained on a
which the oxygen atom (from a metal-bonded peroxo pattson GL-3020 FTIR spectrometé NMR data were recorded
activated entity) is transferred to the olefin may be direct on a Varian XL-400 spectrometer. A Fisher-Johns melting point
transfer!? Although the area of catalytic epoxide formation apparatus (Fisher Scientific Company) was used for the melting
has been widely investigated judging from the literature, point determinations. The elemental analysis data were obtained
several fundamental problems still remain. A search for a from Galbraith Laboratories, Inc. A Shimadzu QP5050 GC-MS was
procedure that would accomplish high yield and selectivity used for the mass spectra determinations and quantitative analysis
with a simple procedure, combining favorable economics and for the epoxidation reactions. Solvents were used as received from

environmental concerns among other factors, is still a goal commercial suppliers. Most chemicals were purchased from Aldrich
for industry®® This establishment of a more (’afficient and with the exception of methyl(diphenyl)phosphine oxide, which was
) urchased from either Aldrich or TCI America, and all chemicals

selective CatalyStS IS a_n active are"’,‘ of resfearCh as mam&/ere used as received. Bis(diphenylphosphineoxide)methane, dpp-
recently published studies atté$tObviously, it would be mO,, was prepared as described previod3hall compounds,

5) (@ Sharpl K BT 10 M Wil 5 RAm. Ch exceptd, were recrystallized by being dissolved in &b, stirred

a arpless, K. b.; lownsend, J. M.; Hiams, D.JxAmM. em. . P

Soc.1972 94, 295-296. (b) Thiel, W. R.; Priermeier, TAngew. for about +2 h, concentratet_j and |sola_1ted by the addl_tlon of
Chem., Int. Ed. EnglL995 34, 1737-1738. (c) Mitchell, J. M.; Finney, hexanes, and then vacuum-dried to obtain the reported yields and
N. S.J. Am. Chem. Soc2001, 123 862-869. (d) Groarke, M,; samples for elemental analyses. As evidence of bulk purity, copies

Gonglves, I. S.; Herrmann, W. A,; ¥an, F. E.J. Organomet. Chem. 1 ; _
2005 649, 108-112. of theH NMR spectra in CDGl of compounds3—10 have been

(6) (a) Deubel, D. V.; Sundermeyer, J.; Frenking,I@rg. Chem2000Q submitted as Supporting Information. They all indicate the presence
39, 2314-2320. (b) Di Valentin, C.; Gisdakis, P.; Yudanov, I. V.; of H,0.
Rosch, N.J. Org. Chem.200Q 65, 2996-3004. (c) Hroch, A.; 2.2. Synthesis. 2.2.1. Synthesis and Characterization of W€
Gemmecker, G.; Thiel, W. Reur. J. Inorg. Chem200Q 5, 1107 .
1114. (d) Deubel, D. VJ. Phys. Chem. A2001, 105 4765-4772.  (O)2(OPMePhy); (3). Tungsten(V1) chloride (1.00 g) and methyl-
(e) Gisdakis, P.; Yudanov, I. V.; Rch, N.Inorg. Chem.2001, 40, (diphenyl)phosphine oxide (1.08 g) were dissolved in 15 mL of
- f(?_?]5‘3F75€- e, WML ALAilount A Santos. A. M.: Zan. S CH,Cl,, together with 2 equiv of water. The resulting orange-yellow
thn, F. E.; Xue, W.-M.; Al-Ajlouni, A.; Santos, A. M.; Zang, S.; ! . . : ;
Romi, C. C.. Eickerling, G.; Herdtweck, Enorg. Chem 2002 41, solution was st_lrred until a dark blue solutlor_1 formed, Whlch was
4468-4477. then treated with a 140L of 30% H,O, solution. The resulting
(8) Kuhn, F. E.; Herdtweck, E.; Haider, J. J.; Herrmann, W. A.; Gdves, light purple solution was stirred for about 1 h, and then the solvent
g_sl"o'-"pes’ A. D.; Rorfa C. C.J. Organomet. Cheni999 583 was concentrated under vacuum. The desired compound was
(9) Santos, A. M.; Kan, F. E.; Bruus-Jensen, K.; Lucas, |.; Ran&.
C.; Herdtweck, EJ. Chem. Soc., Dalton Trang001, 8, 1332-1337. (14) (a) Valente, A. A.; Goralves, I. S.; Lopes, A. D.; Rodjuez-Borges,
(10) (a) Kihn, F. E.; Groarke, M.; Bencze,.;EHerdtweck, E.; Prazeres, J. E.; Pillinger, M.; Rorfig, C. C.; Rocha, J.; GariMera, X.New J.
A.; Santos, A. M.; Calhorda, M. J.; Rom&. C.; Gonelves, I. S; Chem.2001, 25, 959-963. (b) Valente, A. A.; Moreira, J.; Lopes, A.
Lopes, A. D.; Pillinger, M.Chem—Eur. J.2002 8, 2370-2383. (b) D.; Pillinger, M.; Nunes, C. D.; Rofita C. C.; Kihn, F. E.; Gonalves,
Veiros, L. F.; Prazeres, A.; Costa, P. J.; Ren&. C.; Kihn, F. E; I. S. New J. Chem2004 28, 308-313. (c) Ambroziak, K.; Pelech,
Calhorda, M. JDalton Trans 2006 1383-1389. R.; Milchert, E.; Dziembowska, T.; Rozwadowski, Z.Mol. Catal.

(11) (a) Lane, B. S.; Vogt, M.; DeRose, V. J.; BurgessJKAm. Chem. A 2004 211, 9-16. (d) Valente, A. A.; Petrovski, .ZBranco, L. C.;
Soc. 2002 124, 11946-11954. (b) Gharah, N.; Chakraborty, S.; Afonso, C. A. M.; Pillinger, M.; Lopes, A. D.; Rofima C. C.; Nunes,
Mukherjee, A. K.; Bhattacharyya, Ehem. Commur2004 2630~ C. D.; Gonalves, |. SJ. Mol. Catal. A2004 218 5—11.

2632. (15) Collins, T. J Acc. Chem. Re002 35, 782—790.

(12) Mitchell, J. M.; Finney, N. SJ. Chem. Am. So001, 123 862— (16) Fronczek, F. R.; Luck, R. L.; Wang, Gorg. Chem. Commur2002
869. 5, 384-387.

(13) Sato, K.; Aoki, M.; Ogawa, M.; Hashimoto, T.; Noyori, R. Org. (17) White, C. R.; Joesten, M. DJ. Inorg. Nucl. Chem1967, 38, 2173-
Chem.1996 61, 8310-8311. 2175.
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Phosphine Oxide-Containing Mo(VI) and W(VI) Compounds

isolated by adding hexanes to the solution, and a light purple (0.16 g). Anal. Calcd for gH,.Cl,.OsP,W: C, 41.75; H, 3.08.

precipitate was filtered off, repurified as described above, and dried Found: C, 41.60; H, 3.21%. mp 23240°C dec;3'P NMR (CH-

under vacuum yielding 1.73 g (96%) of compoutidAnal. Calcd Cly) 6 39.6 (d, 1PJ = 15.2 Hz) and 45.8 (d, 1R} = 15.2 Hz)

for CoeH26ClOsP.W: C, 43.42; H, 3.64. Found: C, 42.97; H, relative to BPO,. IR (Nujol mull, v cm™1) 1147m, 1093m, 962s

3.71%. mp 195200°C dec;3'P NMR (CH,Cly): ¢ 46.44 (s, 1P) (M=0), 892s (G-0), 788s, 726s, 689s.

relative to HPQ,. IR (Nujol mull, » cm™) 1301s, 1152w, 1129s, 2.2.7. Synthesis and Characterization of Mo(O)(&),dppmO.

1081w, 996m, 956s (WO), 911s (W=0), 895s, 778s, 753, 724S,  (9) MoCl,(0),dppmQ (0.20 g, 0.33 mmol) was dissolved in 150

718s, 690s. mL of CH,Cl, followed by the addition of 17@L of 30% H,0,
2.2.2. Synthesis and Characterization of WC(O)(O2)- (1.65 mmol). The mixture was stirred for 1 day, and the compound

(OPMePhy); (4). WCI(O)(OPMePh) (1.00 g) was dissolved in  jsolated and dried using a similar process to that use®.fdine

25 mL of CHCI; and then treated with 1 equiv of 30%®. The product had a yellow color and was obtained in a 79% yield (0.15

mixture was stirred fo5 h and .then concentrat.ed under vacuum. g). Anal. Calcd for GsH,,0/P,M0-0.5H,0: C, 49.93; H, 3.86.

The desired compound was isolated and dried using a processgqng: C, 49.80; H, 3.96%. mp 17A75°C dec;3'P NMR (CH-

similar to the one mentioned for the synthesi8ofhe final product Cl,) 6 31.3 (br, 1P) and 49.3 (br, 1P) relative tgRD,. IR (Nujol

is a white pOWder obtained in 56% yleld (057 g) Anal. Calcd for muII, v Cmil) 1169br, 1132br, 1084m, 1070m’ 1056m, 9615, 9535’

CoetlzeCLOPW-H:0: C, 41.46; H, 3.75. Found: C, 41.19; H,  g75m, g67s, 786 s, 772m, 756m, 742s, 734m, 694s, 6595
. . - ) , , ) ) , , , , .
3.49%. mp 155 159°C dec;”™P NMR (CHCL,): 9 54.09 (s, 1P) 2.2.8. Synthesis and Characterization of W(O)(@.dppmO,

46. 1P) relati PO;. IR (Nujol mull 1) 1302
i;gmi Ofl(:?(’)m )1r§9%tr|;]/e5;?6504@¢@)(33§5 r(n(;og c7r?30?n 37041Tn (10). WCl»(O),dppmG (0.20 g, 0.28 mmol) was dissolved in 150
’ ' ' ' ' ' ' mL of CH,CI; followed by addition of 23Q:L of 30% H,O, (2.30

720m, 686m. mmol). This mixture was stirred for 1 day, and the compound
2.2.3. Synthesis and Characterization of MOG[O)dppmO, isolated and dried using a process similar to that mentioned for the

(5). Lead molybdate (1.00 g) was moistened withCH (1.0 mL), . ) . . .
. . . synthesis 08. The final product is a white powder and was obtained
tyl chl 2.5mL .Th It t
and acetyl chloride (2.5 mL) was added. The resulting mixture was in 84% yield (0.16 g). Anal. Calcd for GHpOPW-H,0: C,

stirred for 30 min and then filtered. The residue was washed with : i
a small amount of CkCl,. Addition of a dppm@ solution (1.14 g ;11:)!;0[\?M: 3&46(.::203?3; g’d‘lzl'?)l"_-"l?gzzgif)' mpdigffz C(Zjd](j;,
in 70 mL CHCI,) to a brown filtrate resulted in a brown solution (CH 2)_ 3(d, 1P = - z) an » (d, 1R,

= 15.2 Hz) relative to BPO,. IR (Nujol mull, v cm™?) 1157s,

and a yellow precipitate. This was stirred for 12 h, and the yellow
precipitate was then filtered off, recrystallized, and dried under 1127m, 1097m, 1083m, 1069m, 1055 m, 995m, 966s, 958s, 851m,
840s, 787s, 773m, 743s, 694s, 650s.

vacuum yielding 1.42 g (85%) & Anal. Calcd for GsH»,Cl,04P>-
2.3. Preparation of Single Crystals.Crystals were obtained

Mo-H,0: C, 47.42; H, 3.82. Found: C, 47.93; H, 3.66%. mp295
300°C dec;3’P NMR (CHCly): 6 38.39 (s, 1P) relative to 420, using the solvent layering method. Typically, the compound was
IR (Nujol mull, v cm™1) 1264m, 1154s, 1123m, 1096m, 996m, 949s dissolved in a dense chlorinated solvent such asGTHin a
(M=0), 908s (M=0), 783s, 729s, 688s. crystallizing tube, and then carefully a top layer was added with a
2.2.4. Synthesis and Characterization of MoG[O)(O.)- less dense solvent such as hexane, ether, or toluene. This was sealed
dppmO; (6). MoCl,(O),dppm@G (0.30 g) was dissolved in 70 mL ~ With Parafilm and left undisturbed at room temperature for about
of CH.,Cl,, and 1 equiv of 30% kD, was added. The mixture was @ week. The resulting slow diffusion of solvent across the boundary
stirred for 1 day. The compound was obtained by concentrating layer usually resulted in suitable crystals.
the solution under vacuum, with hexanes added to effect precipita- 2.4. X-ray Crystallography. Suitable crystals were rolled in
tion followed by filtration. The filtered precipitate was recrystallized epoxy resin and mounted on glass fibers. An Enraf Nonius CAD-4
and dried at 60C under vacuum to yield 0.225 g (73%) yellow  X-ray diffractometer was the instrument used in the measurements.

powder of6. Anal. Calcd for GsH».Cl,OsP,Mo: C, 47.57; H, 3.51.
Found: C, 48.08; H, 3.60%. mp 19095°C dec;3P NMR (CH.-
Cly): 6 38.3 (d, 1IPJ = 15.2 Hz) and 45.7 (d, 1R, = 15.2 Hz)
relative to POy IR (Nujol mull, v cm™1) 1148m, 1096m, 965s
(M=0), 920s (G-0), 784s, 726s, 689s.

2.2.5. Synthesis and Characterization of WG[O).dppmO,
(7). Tungsten(VI) chloride (0.62 g) and dppm@0.65 g) were
dissolved in 70 mL of ChCl,, followed by addition of 2 equiv of
H,0 to the mixture. The resulting light green solution with a light

green precipitate was stirred for 12 h, and the precipitate isolated

by filtration. A light green precipitate was recrystallized and then
dried under vacuum to yield 0.99 g (90%) &f Anal. Calcd for
C25H22C|204P2W'H201 C, 41.64; H, 3.35. Found: C, 41.37; H,
3.20%. mp 285290 °C dec;3P NMR (CHCI,) 0 39.58 (1s, P)
relative to HPO,. IR (Nujol mull, v cm™1) 1157s, 1125s, 1096s,
1026m, 996m, 963s (WO), 943m, 913s (WO), 889m, 785s,
738s, 690s.

2.2.6. Synthesis and Characterization of WG[O)(O2)dppmO;
(8). WCI,(O).dppmQ (0.20 g) was dissolved in 200 mL of GH
Cl, followed by the addition of 87ZL of 30% H,O,. The resulting

mixture was stirred for 1 day, and the product isolated and dried

using the same procedure mentioned for the preparatién Die

desired compound was obtained as a white powder in 78% yield

The Windows program WinGX was used as the interface for the
solution and refinement of the modéfsThe data were first reduced
and corrected for absorption usiggscans® and then solved using
the program SIR97% The models were refined using the
SHELXL9721

Various types of disorder and decompositions features were
evident in the structures. First, in compouBdone phenyl group
was present in two orientations in a 62:38 occupancy ratio. Second,
compound4 contained unequal disorder between the terminal O
and Q ligands in a 63:37 occupancy ratio. Compouhdppeared
to contain a disordered diethyl ether molecule of crystallization that
was slowly evaporating out of the crystal lattice, as evident by the
44% decomposition in the intensity standards’ reflections. The data
for this compound was not as ‘accurate’ as that for the other
structures reported, and interestingly enough, this situation pertained

(18) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837—838.

(19) North, A. C. T.; Phillips, D. C.; Mathews, F. Bcta Crystallogr. A.
1968 24, 351-359.

(20) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G.; Giacovazzo,
C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna, R.
Appl. Crystallogr 1999 32, 115-119.

(21) Sheldrick, G. MSHELX-97. Programs for Crystal Structure Analysis
(Release 97-2)University of Gdtingen: Giatingen, Germany, 1998.
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Scheme 1. Synthetic Pathways for Compounds 10
dppmO, Ph,P—O_ Cl
MO,Cl, > \I\IA¢ M=Mo ; 5
X M=W ;7
PhP—0” él\o
2(Ph,MePO)
H,0, l
cl cl 0
Ph,MePO. Ph,P—O
N0 Mot 7 \1!4//\0 M=Mo: 6
/ %O M=W;3 /l%o M=W ;8
Ph,MePO al thP_OCl
H,0, excess
H,0,
Ph,MePO_ ¢! Ph,P—0_Q 0
2 N AR M=Mo ; 2 3 \|[/\ M=Mo:9
M=W; 4 M0 M=W:10

<O
PhoMePO” le\\o

with data reported for an acetone solvaté&gat The refinement of
complex 7 was straightforward, but complexés and 10 both

the literature procedures for the synthesis of WG),-
(OPRy),, where R= (CgHs), reported a fairly low yield of

contained rotational disorder, essentially a 2-fold rotation about the the compound (27%). Herein, we report an alternative

dppmQM (M = Mo, 9; W, 10) ligand to differing degrees.
Compoundd contained a 70:30 disorder, while thatId was 65:
35.

2.5. Catalytic Reactions in the Presence of TBHPThe catalytic

reactions were performed under an air atmosphere in a reaction

synthetic pathway for compounds with general formula
W(CI,(O),(OPRy),. This preparation consists of first dissolv-

ing WCls and 2 equiv of the ligand in an appropriate amount
of dichloromethane followed by treatment of this solution

vessel equipped with a magnetic stirrer and condenser. The reactiofVith 2 equiv of water. The solution is then stirred for an
vessel was immersed into an oil bath, and 0.200 mg (1.8 mmol) of aPpropriate time resulting in the desired WC).(OPRy).

cis-cyclooctene, 1 mol % of catalyst (18nol), and 0.5 mL of 5.5

compounds. However, with the OPMeRigand, the result-

M TBHP were added to start the reaction. The mixture was heated ing blue solution contained a mixture of the W(V) and W(VI)
at a specific temperature and reaction time. Samples were withdrawnderivatives?® This mixture must be treated with an appropri-
periodically and analyzed using a Shimadzu QP5050 GC-MS. The gte amount of kD, (0.5-1 mol equiv) to obtain a light

products were quantified using calibration curves, and 200 mg of purple-colored solution of the pure W(VI) compound (as

dibutyl ether was used as the internal standard (added after the qnfirmed by3!P NMR data). Compoun@ was produced

reaction).
2.6. Catalytic Reactions in the Presence of }D,. The catalytic

reactions were performed under an air atmosphere using the sam
design as mentioned in the TBHP system. In a typical reaction,

0.200 mg (1.8 mmol) ofis-cyclooctene, 1 mol % catalyst (18nol)
in 2 mL solvent, and 0.31 g of 30%8, (1.5 equiv) were added

e

in a high yield (96%). Compound was also synthesized
using the same route in a 90% yield and without the addition
of HzOz.

We have also discovered that the addition of 1 equiv of
H,O, to MC'z(O)z(OPF%)g, M = Mo or W; OPR =

to start the reaction. The reaction was then heated for a specificmonodentate or bidentate phosphine oxides, leads to the
temperature and reaction time. Samples were analyz_e_d usin_g aformation of the oxoperoxo complexes, M@)(0,)(OPRy)..
Shimadzu QP5050 GC-MS. The products were quantified using Additionally, the addition of an excess 0@, to the dioxo
calibration curves, and 200 mg of dibutyl ether (or decane) was compounds bearing the dppmdigand resulted in the

used as an internal standard (added after the reaction).
3. Results and Discussion

3.1. Synthesis of Dioxo- and Oxoperoxo Mo(VI) and
W(VI) Complexes. We have previously communicated the

formation of the oxodiperoxo, M(O)@ dppmQ com-
pounds. The formation of compounis-10is summarized
in Scheme 1.

Strangely enough, complex8sand4 are less soluble in

synthesis, spectroscopic properties, and some catalytic ap-organic solvents than their Mo(VI) analogues. Also those

plications for compounds and2.2® We have now expanded
our study to the dioxo and oxoperoxo W(VI) compounds.
Additionally, dioxo and oxoperoxo complexes of Me(™I)
and WC(VI1) with the bidentate ligand, dppmOwhich may
offer a more stable catalyst, were also synthesized.
W(VI) complexes of formula WG[O),(OPRy), were
reported for the first time by Brisdon in 1967 However,

(22) Hursthouse, M. B.; Levason, W.; Ratnani, R.; Reid,F@lyhedron
2004 23, 1915-1921.
(23) Brisdon, B. Jlnorg. Chem 1967, 10, 1791-1795.
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complexes containing the bidentate dppmi@and have
reduced solubility compared to the other compounds. All
compounds can be stored and handled under open atmo-
spheric conditions without signs of decomposition. However,
those complexes containing the peroxo ligand are less stable
than their respective dioxo precursor compounds judging by
the fact that they melt with decomposition at much lower
temperatures (ca 40 °C, see Experimental Section).
Interestingly, attempts to grow crystals of compouds
and8 by several methods failed and resulted in the formation
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of the corresponding dioxo materials. We have studied the Table 1. Selected Wavenumbers (c) for the M=O and G-O
stability of the compounds usirfdP NMR monitoring and ~ Stretching Modes fol ~10°

the results indicate that compourland8 in CH,CI, solvent compound M=0 M=0 asym
are stable (under NMR spectroscopic conditions). However, MoClx(0)(OPMePh), (1) 942s 903s
; i MoClx(O)dppmQ (5) 949s 908s
these OXOPEroxo species r_ead|ly transform back to the WCHLOWOPMePh)y (3) P ol1s
corresponding dioxo species in other solvents such as acetone wci,(0),dppma (7) 963s 913s
or acetonitrile (shown in eq 1), as confirmed B NMR M=0 0-0
measurements MoCl,(0)(02)(OPMePh), (2) 956s 920s
: MoCl,(O)(Oz)dppmQ (6) 965s 920s
WCI»(O)(O,)(OPMePh) (4) 9565 893s
Ph,,—0O_ CI N Ph,,—O0_ Cl WCl2(0)(O2)dppmQ (8) 963s 892s
I// \O acetone or acetonitrile \ /0 Mo(O)(O2)dppmG (9) 961s, 953s (d) 875w, 864s
/T\o W /'\|"\0 a W(0)(O)2dppmG (10) 966s, 958s (d) 851w, 840s
PhoP—0 ¢ R PhoP—0 ¢ ag = strong, w= weak, (d)= doublet.
M=Mo, 6 M=Mo, 5 _ . .
M=W, 8 M=W, 7 Table 2. 3P NMR Chemical Shift of the Free Ligands and the
Compoundsl—10 at 25°C?
3.2. Spectroscopic Characterization. 3.2.1. IR Spectro- compound *1P NMR (ppmyp
scopic Data.The dioxomolybdenum(VI) compoundkand dOPMegh gg-g Esg
. . m 0(s
5, showed two strong(M=0) absorption bands in the 968 MpopCIZ(O)z(OPMePIg)Z 1 2449
903 and 949942 cn1?! regions. The corresponding dioxo- MoCly(0)(O2)(OPMePh), 2 53.4 (s), 43.8 (s)
tungsten (VI) compounds and7, contained the)(W=0) WCly(0)(OPMePh), 3 46.4(s)
. . I WCI»(0)(O;)(OPMePh), 4 54.1 (s), 46.1 (s)
absorption bands in the 9£311 and 963-956 cnT* regions. MoCl(O),dppmG 5 38.4(s)
These absorptions are assigned to the asymmetric and MoClx(0)(0,)dppmG 6 45.7 (d), 38.3 (d)Jp-p = 15.2 Hz
; ; e di ; WCl(O)dppmQ 7 39.6 (s)
sym-metrlc stretching modsezs4for the cis dioxo un-lt, and they WCIHO)(02)dppmQ 8 25.8 (d), 39.6 (d)J_p = 15.2 Hz
are in the expected rang&*2*Thev(P=0) stretching band Mo(0)(O2)dppmG 9 49.3 (br, s), 31.3 (br, s)
of free OPMePhis at 1171 cm? and this shifts to the 1155 W(0)(O2)2dppm© 10 51.3(d), 33.3 (d)Jp-p =152 Hz
1152 cm? region in the compounds. In the dppmO a Compound was dissolved in GEl,, and the HPOY/D,0 in a sealed

compounds §—10), the P=0 band shifts from 1189 cm capillary was used as the internal refererfce= singlet, d= doublet, br
in the free ligand to the 11571147 cn1? region. = broad.

The oxoperoxomolybdenum(Vl) compound,and 6, complexes, thé'P NMR spectra contained two resonances
displayedv(Mo=0) bands in the 965956 cm* region and at 53 and 44 ppm for the Mo(VI@] and at 54 and 46 ppm
the absorbance for the(O—O0) stretching mode is at 920 o the W(VI) (4), respectively. The more downfield
cmt. The oxoperoxotungsten(Vl) complexes, and 8, resonance in both cases can be assigned to the ligand trans
contained a band in the 96956 cm™* region which is o the peroxo group, while the more upfield may be assigned
assigned to the(W=O0) stretching mode, and another band o the P atom in the ligand trans to the oxo-group on the
at about 892 cm' was also observed and tentatively assigned pasis of data from the dioxo complexes presented earlier.
as thev(O—O0) stretching mode. The(P=0) bands i_n these The 3P NMR spectra for MG(O),dppmG compounds,
compound are observed in the 15152 cn* region for 5 and7, contained a single resonance at 38 and 39 ppm for
compounds and4 and at about 1147 cmfor compounds  ha Mo(VI) and W(VI) complexes, respectively. TH&P
6 and8. NMR spectrum in the oxoperxo MgD)(O,)dppmQ com-

The oxodiperoxo complexes, M(O)fladppm@Q, 9 and pounds, 6 and 8, consisted of two doublets indicating
10, contain strong absorption bands at 961, 953 and 966, coupling between two nonequivalent phosphorus atoms, see
958 cnrt for the Mo and W complexes, respectively. Table 2.

Additional bands at 875, 864 and 851, 840 ¢nare also Interestingly, thé!P NMR spectra forl0 contained two

observed and tentatively assigned for t#(@—0) stretching  goublet absorptions which indicated two nonequivalent
absorptions for the Mo9) and W (L0), complexes, respec-  phosphorus atoms in the compound. In contrast, the spectrum
tively. Selected IR spectroscopic data for compouhd40 for compound consisted of two broad peaks under the same
together with assignments are summarized in Table 1. conditions (i.e., 25°C). This spectrum still contained two
3.2.2.3'P NMR Spectroscopic Data3P NMR spectros-  broad peaks at 35C but at reduced intensity. Further study
copy was used to determine the complexity of reaction at higher temperatures was limited by the low solubility of
mixtures or the purity of compounds containing phosphine compound in higher-boiling-point solvents. However, a low
oxide ligandg® The P atom in free OPMeResonates at  temperaturé’P NMR study of9 showed that, at 10 and 0
30 ppm relative to BPOy. This shifts downfield to 44 and  °C, two single sharp peaks are observed and; H) and
46 ppm upon coordination via the oxygen atom to the metals
in the dioxo Mo(VI1) ) and W(VI) 3), respectively. Asingle  (24) Butcher, R. J.; Gunz, H. P.; Maclagan, G. A. R.; Kipton, H.; Powell,
resonance suggests two equivalent phosphorus atoms in these ‘izzw3_'”f2”257c Hian, Y. SJ. Chem. Soc., Dalton Tran$375 12,
compounds. For the oxoperoxo MED)(O.)(OPMePh), (25) Garrou, P. EChem. Re. 1981, 81, 229-266.
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Table 3. Crystallographic Data for the Structures Provided

Jimtaisong and Luck

3 4 5
formula C26H26C|204P2W C26H26C|205P2W C25H22C|204P2M0.C4H100
fw, g-mol~1 719.16 735.16 689.33
cryst syst monoclinic monoclinic monoclinic
space group P21fc P21 P121h1
a(A) 9.225(2) 9.322(3) 11.141(2)
b (A) 17.629(5) 17.429(4) 14.410(3)
c(A) 17.867(3) 17.879(5) 18.474(4)
o (deg) 90 90 90
B (deg) 104.52(2) 105.17(3) 92.761(17)
y (deg) 90 90 90
V (A3) 2812.9(11) 2803.6(14) 2962.4(11)
4 4 4 4
dealca (g-cm™3) 1.698 1.742 1.546
u (mm1) 4.440 4.459 0.942
6 (deg) 1.65-22.49 1.66-22.48 1.79-22.52
2 (A) 0.71073 0.71073 0.71073
T (K) 293(2) 293(2) 293(2)

GOF 1.032 1.099 1.046
R12, WR2 (I > 20(l))° 0.033, 0.069 0.057,0.131 0.087, 0.23¢

7 9 10
formula C25H22C|204P2W C25H2207P2M0 C25H2207P2W
fw, g-mol~1 703.12 592.31 680.22
cryst syst tetragonal monoclinic monoclinic
space group 141 P 21/n P 21/n
a(A) 19.268(2) 13.519(2) 13.479(3)

b (A) 19.268(4) 10.978(3) 10.990(2)
c(A) 28.587(4) 17.159(3) 17.278(5)
o (deg) 90 90 90

B (deg) 90 96.300(10) 96.44(2)

y (deg) 90 90 90

V (A3) 10613(3) 2531.2(9) 2543.3(10)
z 4 4 4

deaica (g-cm™3) 1.76 1.554 1.776

u (mm1) 4.705 0.687 4.710

6 (deg) 1.2722.47 1.82-24.63 1.82-22.49
2 (A) 0.71073 0.71073 0.71073

T (K) 293(2) 293(2) 293(2)
GOF 1.028 1.116 1.120

R12, WR2 (I > 20(1))° 0.038, 0.092 0.067,0.13® 0.060, 0.094'

aR1 = S||Fo| — [Fel/3IFol. PWR2 = [S[W(F2 — FAA/S[WFAZ]Y2 cw = 1/[A(Fs2) + (0.033P)2 + 4.065P] whereP = (F2 + 2(F)?)/3. 4w =
U[AF) + (0.084(P)2 + 7.265F]. ew = 1/[2(F,2) + (0.1600)2 + 20.6394]. 'w = L/[(Fo?) + (0.062P)2 + 0.000(]. 9w = 1/[XFc?) + (0.000(P)2 +
23.676%]. "w = 1/[%Fs?) + (0.000P)2 + 23.380%].

—20 °C, these resolve into two doublets. TH® NMR
spectral shifts for compounds-10 are presented in Table
2.

3.3. X-ray Crystallographic Data. Crystals were obtained
as described in the Experimental Section excep®fohich
was achieved by allowing slow evaporation of an ethanol
solution of 9. Crystal data and final structural refinement
parameters of all compounds are listed in Table 3.

3.3.1. Crystal Structure of 3. An ORTEP-326 drawing
of 3is shown as Figure 1. The bond lengths and bond angles
about the W atom are listed in Table 4. The coordination Figure 1. Crystal representation (ORTEP&Bof 3 with selected atom
geometry about the W atom is a distorted octahedron in numbering. Thermal ellipsoids are drawn at the 20% probability level, and

which two Cl atoms are axially trans (C—I—lNl—ClZ ang|e hydrogen atoms are omitted for clarity. The major orientation in the
disordered phenyl ring (62%, C121, C122, C123, C124, C125, and C126)

= 165.07(8)°) and two oxo-oxygen atoms () are C_is 10 on the right of the drawing is the one drawn with solid lines for the bonds.
each other and trans to the oxygen of the phosphine oxideThe minor phenyl ring is shown with dashed lines for the bonds.

ligands (Qy), all located in a distorted equatorial plane. The

bond distances for WO, and W-CI are within the The P-O bond distances and0—W angles, P+011
expected ranges of 1.70.75 and 2.342.39 A, respec- = 1.497(5) A and P2021= 1.523 (3) A and P+011-
tively.”2” The OPMePh ligands are oriented in a cis W1 = 159.0(3} and P2-0O21-W1 = 139.5(3}, are

configuration with an O1+W1—-021 angle of 77.44(19) significantly different though in the range for coordinated
phosphine oxide¥22829These two molecules, i.e., com-

plexes1?® and 3, are isostructural. Interestingly, one of the

(26) Farrugia, L. JJ. Appl. Crystallogr.1997, 30, 565.
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Phosphine Oxide-Containing Mo(VI) and W(VI) Compounds

Table 4. Selected Bond Distances (A) and Angles (degBof

Ww1-01 1.706(5) W1011 2.150(5) W2Cl1 2.386(2) P+011 1.497(5)
W1-02 1.716(5) w1021 2.182(5) WACI2 2.388(2) P2021 1.523(5)
01-W1-02 101.3(3) 02W1-011 91.7(2) 0+W1-CI2 95.7(2) 02+W1-Cl2 84.14(14)
011-W1-021 77.44(19) 01W1-021 89.5(2) 02W1-CI2 94.6(3) Clt-wW1-CI2 165.07(8)
01-W1-011 166.8(2) 0+W1-Cl1 94.4(2) 01+W1-Cl1 82.59(15) P1011-W1 159.0(3)
02-W1-021 169.2(2) 02W1-Cl1 94.2(3) 02+W1-Cl1 84.96(14) P2021-W1 139.5(3)
011-W1-CI2 85.10(14)

Table 5. Selected Bond Distances (A) and Angles (deg)4d63% O1, 02, 03:37% 04, 05, 06 disordered)
wi-01 1.85(2) W105 1.69(4) 0405 1.52(5) W1-CI2 2.396(4)
W1-02 1.846(18) W2106 1.86(2) W1011 2.093(8) O1%1P1 1.517(9)
W1-03 1.739(14) 0102 1.55(3) w021 2.098(8) 021P2 1.508(8)
wi1-04 1.79(2) WtCl1 2.400(4)
02-W1-03 105.6(8) 02W1-Cl1 73.5(7) 05-W1-04 51.5(18) 06-W1-CI2 95.1(9)
03-W1-011 87.9(5) 03-W1-Cl2 90.8(7) 04-W1-06 96.0(9) 05-W1-Cl1 123.8(17)
01-W1-011 153.3(8) 0+W1-CI2 72.4(7) 05-W1-06 95.8(15) 04W1-Cl1 73.3(8)
02-W1-011 152.5(7) 02W1-CI2 121.0(7) 06W1-021 90.6(7) O6W1-Cl1 100.3(9)
01-w1-021 90.3(7) O+rW1-02 49.5(9) 04W1-021 157.9(8) 01xW1cCl1 80.9(3)
02-W1-021 88.0(6) 0+W1-03 98.8(8) 05-W1-021 148.7(17) 012W1-CI2 81.7(3)
03-W1-021 166.4(6) 01+W1-021 79.5(3) 04W1-011 93.9(7) 02+W1-Cl1 84.7(3)
03-W1-Cl1 98.5(7) P+011-W1 140.1(5) 05-W1-011 91.7(14) 023W1-CI2 82.3(3)
01-W1-Cl1 123.0(8) P2021-W1 162.1(6) 06-W1-011 169.9(7) Cl2w1-C11 159.93(17)

phenyl rings of the phosphine oxides exhibited a positional the peroxo and oxo ligands. The Cl ligands are oriented trans
disorder where the minor orientation (38%) has an orientation to each other with similar bond distances of 2.396(4) and
roughly perpendicular to the major arrangement (62%). This 2.400(4) A to various dichloro W speciegac3%and a Cli-

type of disorder has also been observed for the Mo W1—CI2 angle of 159.93(17) The OPMePhligands are
analoguée? and in both cases, the disorder occurred in the cis to each other and trans to the (disordered) oxo and peroxo

phosphine oxide ligand that had the larger®-M angle.

ligands.

Similar P-O—M angles have also been previously observed  The metal-to-disordered oxo-oxygen bond distances;W1

in other phosphine oxide coordination compoufff12°The
corresponding MOy, bond distances are significantly
different in these reported compounds, i.e., M@IXOPPR),
2.065(10) and 2.136(11) A (ordered molecéfgand MoCh-
(O)(OPMePHh), 2.160(3) and 2.206(3) A.Clearly, the more
linear the P-O—M interaction, the greater the degree of

03 1.739(14) and WA06 1.86(2) A, are longer than the
reported monooxetungsten bond distance range of 1-69
1.71 Ae7d31and those irB of 1.706(5) and 1.716(5) A, and
the W—Operoxodistances (1.69(4)1.85(2) A) are shorter than
the reported values of 1.88.95 A3! These differences
probably are a result of the disorder between the oxo and

bonding between the O and M atoms, as indicated by the peroxo ligands. Moreover, this disorder may have affected

shorter distances. However, in compouddthe W—0Ojg

the trans effect of the oxo and peroxo ligands as can be seen

distances while significantly different, i.e., 2.150(5) and from the similar Wt011 and W+021 distances of 2.093-
2.182(5) A, are closer to each other than those reported in(8) and 2.098(8) A, respectively. The two-VO—P bond

the complexes mentioned above.
3.3.2. Crystal Structure of 4.An ORTEP-3% representa-

angles, 140.1(8)and 162.1(6), are very different with no
simple relationship to these similar bond lengths. Given the

tion of 4 is shown in Figure 2. Selected bond lengths and fact that a significant difference was also observed in the
angles about the W atom are listed in Table 5. The compoundrelated angles in comple3, these angles may well result
crystallized with seven atoms coordinating around the W from steric considerations, i.e., packing effects.

atom. The molecule contained a 63:37 disorder ratio between 3.3.3. Crystal Structure of 5. This crystal contains a

Figure 2. Crystal representation (ORTEPSB of 4 with selected atom

numbering. Thermal ellipsoids are drawn at the 20% probability level.
Hydrogen atoms are omitted for clarity. The crystal contained an oxo-,

peroxo-ligand positional disorder with a 63% major orientation-(Q2,

and O3) and 37% (0405 and O6) shown with dashed lines for the bonds.

disordered diethyl ether molecule of crystallization that was
slowly evaporating out of the crystal lattice, as evident by

(27) (a) De Wet, J. F.; Caira, M. R.; Gellatly, B. Acta Crystallogr. B
1978 34, 762-766. (b) Dreisch, K.; Andersson, C.; Hakansson, M.;
Jagner, SJ. Chem. Soc., Dalton Tran4993 7, 1045-1049. (c)
Dreisch, K.; Andersson, C.; Stalhandske, Rhlyhedron1991, 10,
2417-2421. (d) Mayer, J. Mlnorg. Chem 1988 27, 3899-3903.

(28) (a) Butcher, R. J.; Penfold, B. R.; Sinn,EChem. Soc., Dalton Trans.
1979 668-675. (b) Garner, C. D.; Howlader, N. C.; Mabbs, F. E.;
McPhail, A. T.; Onan, K. DJ. Chem. Soc., Dalton Trank978 1848—
1854. (c) Wang, G.; Jimtaisong, A.; Luck, R. Inorg. Chim. Acta
2005 358 933-940.

(29) Fronczek, F. R.; Luck, R. L.; Wang, Gworg. Chim. Acta2003 342G
247-254.

(30) Brock, S. L.; Mayer, J. Minorg. Chem 1991, 30, 2138-2143.

(31) (a) Maiti, S. K.; Banerjee, S.; Mukherjee, A. K.; Abdul Malik, K. M.;
Bhattacharyya, RNew J. Chem2005 29, 554-563. (b) Piquemal,
J.-Y.; Halut, S.; Brgeault, J.-M.Angew. Chem., Int. EdL998 37,
1146-1149. (c) Griffith, W. P.; Slawin, A. M. Z.; Thomson, K. M.;
Williams, D. J.J. Chem. Soc., Chem. Commuad894 569-570.
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Table 6. Selected Bond Distances (A) and Angles (deg)5or

Jimtaisong and Luck

Mo1-01 1.706(7) Mo1-011 2.177(6)
Mo1-02 1.695(7) Mo1-021 2.208(6)
01-Mo1-02 103.5(4) 0+Mol-011 88.1(3)
011-Mo1-021 78.5(2) 02Mo1-021 89.8(3)
02-Mo1-011 168.0(3) 02Mo1—CI2 96.5(4)
01-Mo1-021 166.6(3) 0+Mo1-CI2 95.6(3)

Mo-Cl1 2.396(3) P+0O11 1.511(6)

Mo2-Cl2 2.366(3) P2021 1.505(7)
01+Mol-CI2 85.13(18) 024+Mol1—-Cl1 83.45(18)
021Mo1—Cl2 82.71(19) Cl2-Mol-Cl1 163.15(11)
02-Mol1-Cl1 93.0(4) P+011-Mol 142.2(3)
OrMol-Cl1 95.6(3) P2-021-Mol 140.7(4)
011-Mol-Cl1 82.73(17)

the 44% decrease of intensity for the data. As a result, the Table 7. Selected Bond Distances (A) and Angles (deg)#or

data for this compound were poor compared to that of the

other structures reported (and this resulted in the Rifgctor
values listed in Table 3). Interesting enough, similarly weak
diffracting data for MoGJ(O),dppmQ-1/2CHC(O)CH; was
also reported? The molecule consists of a distorted octa-
hedral geometry about the Mo atom, as expected for an-MCI
(O).L, type compound, Figure 3. The two Cl atoms are
oriented trans to each other with a €llo1—CI2 angle of
163.15(119, see Table 6. The two oxo ligands are cis to
each other (Me-Oayg= 1.701(6) A) and trans to the oxygen
atoms of the dppm®ligand. Interestingly, the PO—Mo
angles of 140.7(4)and 142.4(3) are not as different (diff.

= 1.5°) compared to those in compl&(19.5°) and4 (22°)
containing monodentate phosphine oxide ligands.

3.3.4. Crystal Structure of 7.Compound? crystallized
with two independent molecules constituting the asymmetric
unit. An ORTEP-3® drawing of the molecules is given in
Figure 4. As with most of the characterized dioxo compounds
of formulas MX(O),L,, M = Mo or W, X= halide, L=
Lewis base ligand, the coordination geometry around the W
center can be described as a distorted octahedhi@iia32

The overall arrangement of the six coordinating ligands
around the W atom is similar to that i5 and the Mo

Figure 3. Crystal representation (ORTEPSB of 5 with selected atom
numbering. Thermal ellipsoids are drawn at the 50% probability level. H
atoms are represented by circles of arbitrary sized radii. Thté;O
molecule of solvation is not shown.

Figure 4. Crystal representation (ORTEPSB of the two independent
molecules in7 with selected atom numbering. Thermal ellipsoids are drawn
at the 50% probability level. Hydrogen atoms are omitted for clarity.
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molecule 1 molecule 2

W1-01 1.726(10) w203 1.705(10)
W1-02 1.693(10) w204 1.708(11)
W1-011 2.184(9) w2021 2.180(11)
W1-012 2.180(10) W2022 2.154(9)
W1-Cl1 2.398(4) W2-CI3 2.354(5)
W1-CI2 2.359(4) w2-Cl4 2.406(5)
P1-011 1.505(10) P3021 1.519(12)
P2-012 1.517(11) P4022 1.496(10)
01-W1-02 101.0(5) 03W2-04 101.9(6)
01-W1-011 91.1(4) 03W2-021 90.3(5)
01-W1-012 168.9(4) 03W2-022 168.4(5)
02-W1-011 167.8(5) 04W2-021 167.6(4)
02-W1-012 89.9(4) 04W2-022 89.6(4)
011-W1-012 77.9(3) 02+W2—-022 78.2(4)
01-W1-CI2 95.4(4) 0O3-W2-Cl4 94.3(5)
02-W1-CI2 96.5(5) 04-W2-Cl4 95.4(5)
011-W1—CI2 82.8(3) 02+W2—Cl4 81.4(3)
012-W1-CI2 85.1(3) 022W2—Cl4 83.2(3)
01-W1-Cl1 93.9(3) 03-W2-CI3 96.9(5)
02-W1-Cl1 95.8(5) 04 W2-CI3 96.3(5)
011-W1-Cl1 82.7(3) 02+W2—CI3 84.2(3)
012-W1-Ci1 83.0(3) 022-W2-CI3 83.0(3)
Cl2-w1-Cl1 162.85(17) Cl4&w2—-CI3 161.79(19)
P1-011-W1 139.9(6) P3-021-W2 140.5(6)
P2-012-W1 139.5(5) P4022-W2 144.5(6)

analogue containing a different molecule of solvafidine.,
the octahedron consists of cis dioxo, ©O&1—-02 (or O3-
W2—-04) groups, trans dichloride ligands, and two neutral
oxygen donors from the dppm@gand, both neutral oxygen
trans to the cis dioxo group. The bond lengths and angles
between the two molecules i) see Table 7, do not vary
significantly and are comparable to those observed in other
dioxotungsten compoundg/ 3233

3.3.5. Crystal Structure of 9. Compound9 has seven
atoms coordinating around the Mo atom and also contained
disorder with the oxygen atoms of the two peroxo and oxo
ligands, as shown in Figure 5. The coordination geometry
around the Mo center can be described as a distorted
pentagonal bipyramid. With this assignment, the apical
positions are occupied by the oxo oxygen; O1 (or O10) and
one of the oxygen of the dppm@gand, i.e., 021 (or O11).
The oxygen atoms from the peroxo groups, i.e., 02 and O3,
04, and O5 (or O2 and O30, 04, and O50), and the oxygen
atoms from the dppmfligand, i.e., O21 (or O11) are
situated in an equatorial plane. Selected bond parameters are
listed in Table 8. The disorder in the arrangement of the

(32) (a) Spivack, B.; Dori, ZCoord. Chem. Re 1975 17, 99-136. (b)
Wang, G.; Chen, G.; Luck, R. L.; Wang, Z.; Mu, Z.; Evans, D. G,;
Duan, X.Inorg. Chim. Acta2004 357, 3223-3229. (c) Hornung, F.
M.; Heilmann, O.; Kaim, W.; Zalis, S.; Fiedler, lhorg. Chem200Q
39, 4052-4058.

(33) (a) Zhang, C.; Schlemper, E. O.; Schrauzer, GOyanometallics
199Q 9, 1016-1020. (b) Wong, Y.-L.; Yan, Y.; Chan, E. S. H.; Yang,
Q.; Mak, T. C. W.; Ng, D. K. PJ. Chem. Soc., Dalton Tran£998
3057-3064.
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Table 8. Selected Bond Distances (A) and Angles (deg)9dqi70% O1, O3, 05:30% 010, 030, 050)

Mol-01 1.804(11) Mo%030 1.63(2) 02030 1.58(3) Mo+011 2.240(6)
Mo1-03 1.813(9) Mo1+050 1.78(2) 04050 1.34(3) Mo+021 2.133(7)
Mo1-05 1.802(12) 0203 1.404(13) Mo102 1.894(8) 0O1%P1 1.503(6)
Mo1-010 2.13(2) 0405 1.420(14) Mo+04 1.962(7) 021P2 1.502(7)
01-Mol1-02 95.8(5) 03-Mo1-04 138.5(5) 016Mol1-04 87.7(7) 036-Mo1—-050 103.2(14)
01-Mo1-04 99.7(5) 03-Mo1-05 96.3(6) 016-M01-02 92.6(7) 056-M01-02 155.8(9)
01-Mo1-03 101.2(5) 03Mo1-011 87.3(4) 016Mo01-030 96.0(12) 056Mo01—-04 41.7(9)
01-Mol1-05 102.3(6) 03Mol1-021 132.5(5) 016Mo1—-050 90.7(12) 056Mo01-011 122.9(9)
01-Mol1-011 164.3(4) O4Mo1-05 44.1(4) 016-Mo1-021 156.8(7) 056Mo01-021 98.0(10)
01-Mo1-021 84.8(4) O4Mol1-011 81.8(3) 016Mo1-011 77.5(7) 01+Mol1-021 79.7(2)
02—-Mo1-03 44.5(4) 04Mol1-021 84.7(3) 036Mo1-02 52.6(11) P+011-Mol 132.0(4)
02—Mo1-05 139.7(5) 0O5Mol1-011 89.6(4) 036-Mol1-04 144.9(11) P2021-Mol 136.4(4)
02-Mo1-011 81.1(3) O5Mo1-021 128.8(4) 036Mo1-011 133.2(11) 02Mol-04 162.4(3)
02—Mol1-021 88.2(3) 036Mo1-021 102.8(11)

molecules in the crystal lattice has drastically altered the of 1.894(8), 1.813(9), 1.962(7), 1802(12), 1.63(2), and 1.78-
resulting bond lengths in the molecule. The molybdenum to (2) A are shorter than the previously reported values of-1.91

the oxo-oxygen distances, i.e., Me@1 1.804(11) A and

Mo1—010 2.13(2) A) are significantly longer than the 1-65

compounds!a32>34Most of the Mo—Operoxo boNd distances

Figure 5. Crystal representation (ORTEPSBof 9 with selected atom

numbering. Thermal ellipsoids are drawn at the 20% probability level.

orientation ((with dashed lines for bonds) 010, 02, 030, O4, 0O50). Bonds
between Mol and O2 and Mol and O4 are depicted with open lines as

these pertain in both forms of the molecule.

1.99 A31a32b343nd the G-O bonds are quite variable at
1.404(13) and 1.420(14) A for the major (70%) orientation
1.69 A range for the completely ordered oxodiperoxo and 1.34(3) and 1.58(3) A for the minor orientation. Some
of these are not in the reported 1-45.49 A range for -0
bond distanceg.2320:34ab35The bond parameters about the
coordinated dppmgligand are normal, and it is likely that
the disorder in the crystal is as a result of 2-fold rotation
about this ligand. Evidence for this is also present in the
elongated ellipsoid (attempts to resolve this were not
successful) for the Mo atom and in the fact that the two-Mo
Oy distances were not significantly different. In the related
complex containing the monodentate ligand Mo(Q)¢©
(OPMePh),, large difference were observed for the-1@.a

at 2.326(3) A compared to the MDequatoriaiat 2.063(3) A2
These differences were apparent in #e¢ NMR spectra of

a solution of9 and relatedlO as mentioned earlier.

3.3.6. Crystal Structure of 10. Compound 10 was
isostructural to compoun@l. The crystal displayed similar
disorder of the oxygen atoms of the peroxo and oxo ligands,
Hydrogen atoms are omitted for clarity. The structure showed positional @S Shown in Figure 6. Selected bond parametersOcdre
disorder with 70% major orientation (O1, 02, 03, 04, 05) and 30% minor listed in Table 9. The disorder altered the bond distances
about the W atom in ways similar to that described for the
Mo analogue9, and this has resulted in bond data that are
not accurate. The 65:35 disorderliand the 70:30 disorder
in 9 are further evidence that the disorder arises from the
packing preferences of the dppmi@and.

3.4. Olefin Epoxidation Catalysis. Epoxidation ofcis-
cyclooctene was performed in the presence of TBHP a,H
as an oxidant and some of the title compounds as catalysts,

eq 2.

Catalyst

TBHP or H,0, , solvent

O (2)

At room temperature and, if left for 24 h, the oxoperoxo-
molybdenum catalysp gave a lower percent (i.e., 20%)
epoxide conversion than the corresponding dioxo compound
1 (40%) in studies utilizing cyclohexene as the substrate. At

Figure 6. Crystal representation (ORTEP&Bof 10 with selected atom . d h id . in th
numbering. Thermal ellipsoids are drawn at the 20% probability level. Increased temperature, the epoxide conversions were In the

Hydrogen atoms are omitted for clarity. The structure showed positional Same range, indicating perhaps that binding of TBHP was

disorder with 65% major orientation (O1, 02, O3, 04, O5) and 35% minor reduced with the oxoperoxd Compound at lower temper-

orientation ((with dashed lines for bonds) 010, 02, 030, 04, 0O50). Bonds L
ature. It has been found that all compounds assist in the

between Mol and O2 and Mol and O4 are depicted with open lines, as A . ; : h
these pertain in both forms of the molecule. epoxidation ofcis-cyclooctene. Their extent of conversions
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Table 9. Selected Bond Distances (A) and Angles (deg)¥0r65% O1, 03, 05:35% 010, 030, O50)

W1-01 1.835(17)  W%030 1.68(3) 02030 1.64(4) W1-011 2.208(8)
W1-03 1.791(13)  W%050 1.77(3) 04050 1.35(3) W1021 2.122(9)
W1-05 1.809(16) 0203 1.460(19) W02 1.898(11) 01%P1 1.508(8)
W1-010 2.16(3) 0405 1.471(18) W04 1.970(8) 021P2 1.497(9)
01-W1-02 95.1(7) 03-W1-04 140.1(7) 016W1-02 92.8(9) 036-W1-050 101.6(17)
01-W1-04 99.3(7) 03-W1-05 96.6(9) 016W1-04 91.0(9) 056-W1-02 155.4(12)
01-W1-03 99.9(8) 03-W1-011 88.4(5) 016W1-030 93.2(16) 056W1-04 41.9(11)
01-W1-05 100.2(8) 03W1-021 132.6(7) 016W1-050 93.6(14) 056W1-011 123.1(12)
01-W1-011 164.9(7) 04W1-05 45.6(6) 016W1-011 78.3(8) 056W1-021 96.4(11)
01-W1-021 85.3(6) 04W1-011 81.6(4) 016W1-021 158.1(8) 011W1-021 79.9(3)
02-W1-03 46.5(6) 04-W1-021 83.6(4) 030W1-02 54.2(14) P+0O11-W1 132.1(5)
02-W1-05 142.2(7) 05W1-011 91.2(6) 036W1-04 143.5(14) P2021-W1 137.1(6)
02-W1-011 81.5(4) 05W1-021 129.1(6) 036W1-011 134.7(15) 02W1-04 161.5(5)
02-W1-021 86.2(4) 030W1-021 103.7(14)

Table 10. Epoxidation ofcis-Cyclooctene by Dioxo Compounds in the  reaction still proceeded rapidly upon the addition of more
Presence of TBHP at 5% substrate and oxidizing agent (equal to the initial quantities

cyclooctene used) after the first run was completed. However, the catalyst
epoxide (%) TOP was reduced after the sixth cycle, ca. 500 turnover number.
catalyst 6h 13h 24h (molmolcat*h™) These results indicate that an active catalytic species is still
MoCl(O)(OPMePh);1 100 100 100 150 present in the reaction after the first few runs. The lower
\“fv‘é(f;(zé?ggg%m%gz s oo 1% I rate may due to the coordination tért-butyl alcohol (a
WClx(O)dppmQ 7 22 35 52 18 byproduct) to the catalyst®

a . . In contrast5 resulted in 63% epoxide conversion after 6
lext for funther etatles Tho TORS were galcutatod after 30 min rescion N and reached 100% only after 24 h at %5, The dioxo
time and described as mol epoxide/mol catalyst time (h). W(VI) analogue,7, only converted 52% at 55C and 24 h.
Attempts to perform the reaction withat higher tempera-
tures resulted in a higher yield, i.e., 22% at®®5compared
to 70% yield at 90°C after 6 h. However, extending the
reaction time at 90C resulted in the decomposition of the
added internal standard (i.edibutyl ether). This finding
led to a change in the experimental procedure to the extent
that the internal standard was added after the reaction was
finished, which is different to that reported previously.

The TOF forl measured at 5 min is 847 mol mol cht
h~twhich is higher than the 26600 mol mol cat! h* range
reported for those dioxomolybdenum(VI) complexes bearing
nitrogen base ligands'® The ¢;°>-CsBzs)MoCI(O), complex
is reported to have a TOF of 1200 mol mol cah™?, but
this complex is quite moisture sensitive in solution and can
be handled under an open atmosphere for only short periods

% cyclooctene epoxide

05 0 05 1 15 2 25 3 35 4 45 5 55 6 65

time/h of time in the solid staté’@ More recently, closely related
Figure 7. Time-dependent reaction courses oftiecyclooctene catalytic  Systems that are not moisture sensitive, mainly because their
epoxidation in the presence of TBHP at 85 up to 6 h. Key: catalyst, stable carbonyl precursors can be used, have been de-
W; catalysts, @: catalysts, 4; catalyst7, ¢. veloped®-4 On the other hand, the MogD),(OPMePh),

catalyst is very stable exposed to the atmosphere in either

the solid state or in solution with no sign of decomposition.
The tungsten analogu@ displayed very low catalytic

activity. The epoxide conversion was only 30% after 6 h

are different, but all reactions are remarkably clean, as only
cyclooctene epoxide was produced. The course of epoxida-
tion reactions, employing compounds 3, 5, and 7 as

catalysts, are shown in Figure 7, and additional data are
summarized in Table 10. Initially, reactions are exothermic (34) (a) Bayot, D.: Tinant, B.; Devillers, Mnorg. Chim. Acta2004 357,

and proceed quickly, signifying that an active catalytic 80%816. (b) Sensactjo, F. R ;ass, Q. B.;dLongO. E.; Zukerman-
; ; ; e ; Schpector, J.; Custodio, R.; Addrel.; Hernandes, M. Z.; Longo, R.

species is formed rapidly upon the addition _of TBHP. ]t_ is L. Inorg. Chem 2001, 40, 6022-6025. (c) Jacobson. S. E.: Tang. R

noteworthy that blank reactions performed without addition Mares, F.Inorg. Chem 1978 17, 3055-3063. (d) Le Carpentier, P.

of catalysts result in significant quantities of epoxide, i.e., iigﬂé; Schlupp, R.; Weiss, Racta Crystallogr. B1972 28, 1278~

55 °C, 24 h, 15%; 70°C, 13 h, 28%; 90°C, 6 h, 26%  (35) (a) Kiraz, C. I. A.; Emge, T. J.; Jimenez, L. 5.0rg. Chem2004

epoxide. 69, 2200-2202. (b) Hinner, M. J.; Grosche, M.; Herdtweck, E.; Thiel,

. L . W. R.Z. Anorg. Allg. Chem2003 629, 2251-2257. (c) Winter, W.;
1is the best catalyst among the four studied judging from Mark, C.: Schurig, VInorg. Chem198Q 19, 2045-2048. (d) Glas,

the data in Figure 7. Experiments to optimize the catalytic F) api?glezr, M.; Tphieclé_}{V-PREFgraJ, lnorgRChem19F9§/27F§iZ8é-

sy . . e artin-Zarza, F.; Glll, P.; Rodriguez-komero, r. V.; RuUlz-rFerez,
condition were reported previousi§.The conversion was C.- Solans, XInorg. Chim. Actal994 223 173-175.
completed afte4 h at 55°C. Moreover, we found that the  (36) Jimtaisong, A.; Luck, R. LJ. Cluster Sci2005 16, 167—184.
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and 61% after 24 h at 5%C. At higher temperatures, the
rate of epoxidation increased, i.e., 60% epoxide aftet®

Table 11. Epoxidation ofcis-Cyclooctene in the Presence o§®b and
CH3CN Solvent

h at 70°C. However, extending the reaction time at “f®

cyclooctene epoxide (%)

to 24 h resulted in a decrease in both epoxide and substrate. catalyst 55C 24 h 90°C 24 h
Additionally, the reaction accomplished only 70% conversion — mocl,(0),(OPMePh), 1 35 20
yield at 90°C afte 6 h and at longer time periods, the WCIx(0)(OPMePh), 3 70 70

quantities of all components in the reaction mixture were

aYield determined from calibration curve; catalyst/substrai@tmole

diminished. As mentioned previously, compouiidalso ratio is 1:100:200.

showed a lower activity compared to the tungsten mono-

dentate3, and the molybdenum analogug,see Table 10. = hmpa, dmf, have also been examined extensively as
Noteworthy, the reaction at S with 7 resulted in a 70%  stoichiometric catalysts for olefins epoxidatititf?However,
conversion after 6 h, which is comparable to that found using use of or testing of these catalysts in conjunction witDi
catalyst3. The results in Table 10 are consistent with a was limited due to their decomposition over the reaction
situation in which coordination and activation of TBHP is periods. An oxe-tungsten cluster/pD, system was reported
either reduced in the case Bf(where the bidentate ligand to show great reactivity for olefin epoxidatiéhand it was
does not dissociate as easily as the monodentate ligands ifoncluded that this reaction proceeded via an oxo-peroxo-
1) or hindered due to restricted dissociation due to the tungsten active speciés.

stronger metal to ligand bonds in the W(VI) complex@s
and?.

Other reported dioxo W(VI) complexes, e.g., W@),-
(DME),” for the epoxidation otis-cyclooctene resulted in
only 27% epoxide at 53C and 24 h, 36% at 7€C for 6 h,
and 75% at 9CC and 6 h. The catalytic reactivity of the
other WX(O),(L), compounds, where X CI or alkyl and
L =
reported with fairly low epoxide yields, i.e., about 19% at
70 °C and 6 h and 42% at 90C for 6 h/ Our W(VI)
compounds appear slightly superior for this particular ep-
oxidation reaction.

3.5. Epoxidation Reaction in the Presence of }D..
Hydrogen peroxide is a very attractive green oxid&rfor
various organic compounds, as®lis the byproduct The
development of epoxidation catalysts utilizing theGH
system is constructive for the environment and theR#0;
(MTO) catalyst (MTO/HO./pyridine system) is a good
example’® In addition to the high cost and moisture
sensitivitied! of the CHReG; catalyst compared to the Mo-

The formation of the oxodiperoxo M(O)@RdppmQ
compounds in the presence of an exceg®i1as shown in
Scheme 1, suggested that these complexes may be stable to
catalyst in the presence of,8,.

To optimize conditions, the reactions were studied in
various solvents. Toluene or benzene as solvents resulted in
biphasic reactions, and no epoxide formation was observed.

various bidentate nitrogen donors, have also been In dichloromethane, the epoxidation reaction resulted in a

small quantity of epoxide at room temperature. However,
reactions at temperatures higher tharf@Qvere not possible.
Catalysis in acetonitrile did result in the formation of
appreciable quantities of epoxide product at temperatures
greater than 40C, as shown in Table 11.

It is noteworthy to mention that an alkali-catalyzed
epoxidation of cyclohexene using a nitrile as a co-reactant
has been previously reportédThe reported reaction was
performed in methanol at a pH of #8.0. The addition of
NaOH solution was required in order to control the pH of
the system. It was suggested that hydrogen peroxide reacts
with a nitrile to generate a peroxycarboximidic acid (RC-

based catalysts, the fact that a large amount of pyridine is (NH)COOH) intermediate, which then reacts with the olefins
used is also of concern for environmental considerations with to produce the epoxid&.In our system with acetronitrile, a

the MTO system. Mimoun-type peroxo complexes, MCI
(0)(O))(L)2 and M(O)(Q)2(H20)(L), where M= Mo, W, L

(37) (a) Abrantes, M.; Santos, A. M.; Mink, J.;'Kn, F. E.; Rorma, C. C.
Organometallic2003 22, 2112-2118. (b) Freund, C.; Abrantes, M.;
Kdhn, F. E.J. Organomet. Chem2006 691, 3718-3729. (c)
Sakthivel, A.; Zhao, J.; Hanzlik, M.; Chiang, A. S. T.; Herrmann, W.
A.; Kiihn, F. E.Adv. Synth. Catal2005 347, 473-483. (d) Zhao, J.;
Herdtweck, E.; Kain, F. E.J. Organomet. Chen2006 691, 2199~
2206.

(38) Noyori, R.; Aoki, M.; Sato, K.Chem. Commur2003 16, 1977
1986.

(39) (a) Jones, C. W. IApplications of Hydrogen Peroxide and Deai
tives Clark, J. H., Ed.; Royal Society of Chemistry, Thomas Graham
House, Cambridge, 1999. (b) Centi, G.; Cavani, F.; TrififoSelectve
oxidation by Heterogeneous Catalysisluwer Academic/Plenum
Publishers: New York, 2001.

(40) Rudolph, J.; Reddy, K. L.; Chiang, J. P.; Sharpless, K. Bm. Chem.
Soc.1997 119 6189-6190.

(41) (a) The conclusion that MTO is moisture sensitive is based on our

research where, if MTO was subjected to water for 4 h, the substance

referred to as “poly-CgRe(Q;” is obtained. See Wang, G.; Jimtaisong,
A.; Luck, R. L. Organometallics2004 23, 4522-4525. (b) Others
have reported on the reactivity of GReQ; under acidic and basic
conditions. See Rofwa C. C.; Kthn, F. E.; Herrmann, W. AChem.
Rev. 1997 97, 3197-3246.

blank reaction conducted in the absence of catalyst did not
yield epoxide. This suggests that, in our system, a peroxy-
carboximidic acid is not the active catalytic intermediate.
Catalyst in acetonitrile is possible perhaps because of its
solubilizing attribute, which provides for a miscible mixture
of water-soluble and water-insoluble materials.

We were initially reluctant to use alcoholic solvents, since
in the TBHP system, the reaction rate in alcohols is relatively
low compared with noncoordinating chlorinated solvents or

(42) Mimoun, H.; Seree de Roch, |.; Sajus,Tetrahedronl97Q 26, 37—
50.

(43) (a) Lane, B. S.; Burgess, IChem. Re. 2003 103 2457-2473. (b)
Kozhevnikov, I. V.Chem. Re. 1998 98, 171-198. (c) Mizuno, N.;
Yamaguchi, K.; Kamata, KCoord. Chem. Re 2005 249 1944-
1956.

(44) (a) Salles, L.; Aubry, C.; Thouvenot, R.; Robert, F.; Doieux-Morin,
C.; Chottard, G.; Ledon, H.; Jeannin, Y.;' Beault, J.-MInorg. Chem
1994 33, 871-878. (b) Aubry, C.; Chottard, G.; Platzer, N.; Beault,
J.-M.; Thouvenot, R.; Chauveau, F.; Huet, C.; Ledonindrg. Chem
1991, 30, 4409-4415.

(45) Payne, G. B.; Deming, P. H.; Williams, P. Bl. Org. Chem1961,
26, 659-663.
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Table 12. Epoxidation ofcis-Cyclooctene with Catalysts in the and an extra peak in the high-field direction, suggesting some
Presence of b0, in Ethanol Solvent dissociation may have taken place. The addition of excess
cyclooctene 30% H0O; (i.e., 150 mol equiv) into an ethanol solution of
__epoxide (%) compoundb (or 7) under identical conditions to that for the
catalyst no. of catalyst 1h 6h  catalytic studies results in the formation of compouider
MoClz(0)(OPMePh), 1 none observed 43 10) and the presence of uncoordinated dpprigand. These
%%ﬂfé?z)(zg%m%mz X A observed 956 results indicated that the oxodiperoxo species might be an
WCI(0)(O,)(OPMePh), 4 50 97 intermediate in the epoxidation reaction. However, a sto-
wg:zgggg%mqmq g 2(1) gg ichiometric reaction of an oxodiperoxo species (Beor 10)
W(OZ)(OZ)dep‘;EQ 10 39 90 andcis-cyclooctene initially produced only a small amount
of epoxide. At longer reaction times, the concentration of

aGCMS quantitative using an internal standard technique; catalyst/ id ined tant and th . | . ble t
substrate/bD, mole ratio is 1:100:150T = 70 °C. epoxide remained constant and another signal assignable to

the corresponding diols was also detected, both being in

benzend® However, we have discovered that ethanol is a much smaller quantities compared to the reactant.
much more suitable solvent than acetonitrile for the epoxi-
dation ofcis-cyclooctene with hydrogen peroxide (i.e., 100% 4. Conclusions
epoxide when using cataly®, 78 °C, 24 h). The blank
reaction (i.e., without catalyst) did not result in any epoxide
being produced. Furthermore, the quantity of hydrogen
peroxide at different ratios to substrate was varied, and while
1 equiv of HO, resulted in 77% conversion, increasing this
to 1.5 and 2 equiv of kD, resulted in an increase in epoxide
production to 90 and 92%, respectively.

The results from the epoxidation ofs-cyclooctene with
the EtOH/HO, system are presented in Table 12. Interest-
ingly, it has been found tha®, which was initially less

Several new complexes of dioxo or oxoperoxo Mo(VI)
and W(VI) bearing phosphine oxide ligands have been
synthesized and assessed for their catalytic epoxidation
applicability ofcis-cyclooctene. The compounds were easily
synthesized and produced in good yield. All compounds are
stable and can be handled under open atmospheric conditions.
The addition of an excess of,8, to the dioxo of the
bidentate phosphine oxide complexes MOI).dppmQ,
where M = Mo or W, resulted in the formation of the
reactive thanl, after 24 h gave a slightly higher epoxide COrresponding oxodiperoxo M(O)fdppm@Q, whereas the
yield (75%) thanl as catalyst (62%). Some catalysts were 9100 of the monodentate phosphine oxide complexes
also tested for a second reaction cycle under identical 9€c0mposed and do not afford the corresponding oxodiper-
conditions, that is, by charging with an extra 100 mol equiv ©XC SPecies under the same conditions. The epoxidation of
of substrate and 1.5-fold of #,. The epoxidation reaction cis-cyclooctene using the synthesized compounds as catalysts
did not proceed for a second run whgwas used. However, ~Nas been examined. W-based catalysts showed a lower
with 7, the epoxidation reaction continued, albeit at a lower éactivity than Mo-based catalysts in the presence of TBHP
rate after the third run, and the reaction was fairly slow for @S the oxidant. However, the W-based catalysts showed a
the fourth cycle. These results may well be due to the less SUperior reactivity over the Mo-based catalysts whe®H
dissociable, bidentate dppra@gand in these compounds Was the oxidant, and ethanol appeared to be the best solvent
as compared to the monodentate complexes where thefor the HO, system. Finally, it must be noted that these
monodentate ligands may have been displaced by EtOH. catalytic epoxidation reactions were very clean. An epoxide

Interestingly, in EtOH, the W-based catalysts gave higher Was the only product detected. The®i-based catalytic
epoxide conversions than the Mo-based catalysts, oppositeePoxidation is noteworthy with respect to environmental
to the TBHP system reported above. The stability of the considerations because®is produced. The use of ethanol
W-based catalysts may be related to the increase in the@s solvent is also advantageous because it is considered to
general M-L bond strength from the first row down to the be less toxic and more environmentally friendly than
third row transition metals. Therefore, the tungsten catalytic chlorinated or nonpolar solvents.
species function better in the presence of a strong oxidant
such as HO, and the EtOH solvent, where the dissociation
of ligand(s) may result in premature decomposition of the
catalyst.

3.6. Properties of Catalysts in EthanolUsing3'P NMR
spectroscopy, we have assessed the stability of the catalyst
in EtOH under similar conditions to those used in the
epoxidation reactions, i.e., 78C for 6 h. These spectra
revealed complete dissociation of t.he OPMgHgand for Supporting Information Available: X-ray crystallographic data
compound3. The spectra for the bidentate compoun8ls, i, standard CIF format for compourg 4, 5, 7, 9, and 10; 1H
and7, contained peaks assigned to the original compounds iR spectra of compounds-10. This material is available free
of charge via the Internet at http://pubs.acs.org.
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