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Abstract: H, and 1,2-W('Bu)(O'Pr), react in hydrocarbon solvents to give the clustey(Mys(C'Pr)(CPr). (1) in

40% crystalline yield. WH)2(OPri(dmpe) (2) and Wiy(H)4(O'Pr)g(dmpm} (3) have been isolated in the presence

of the chelating diphosphines M@CH,CH,PMe, (dmpe) and Mg?CH,PMe, (dmpm). Reactions involving the use

of various isotopes reveal the importance of battand3-CH activation of théBu ligand. An X-ray determination

and NMR data reveal thdt contains an octahedral g\init, W—W = 2.58 to 2.85 A, supported by four bridging
hydride ligands, seven bridging alkoxides, and one bridging isobutylidyne ligand in addition to five terrifmal O

and one terminal hydride: WH)(«-H)4(u-C'Pr)(u-O'Pr)(O'Pr)s. Only one isomer is observed crystallographically,

and the NMR data are indicative of its presence in solution. The cldskinert with respect to intramolecular

ligand site exchange, which has allowed the detection of preferential hydrogenolysis and hydrogenation involving
the terminal W-H ligand while alcoholysis occurs preferentially at the terminat@iPr site adjacent to threeH

ligands. In the solid state, compouBdhas four terminal @r ligands on one W atom and two dmpe ligands on the
other: {PrOyW(u-H),W(dmpe)}, W—W = 2.49 A. The locations of the twa-H ligands are inferred from the

X-ray determination and their proposed locations are consistent with the hydride-locating program XHYDEX. In
solution, 2 is fluxional and low-temperaturtH and3!P{*H} NMR spectra are consistent with the presence of two
isomers, one of which is the same as that seen in the solid state while the other has the more symmetrical disposition
of ligands (dmpe)PrO»W (u-H),W(O'Pr)y(dmpe). Compound contains a chain of four tungsten atoms with terminal
W—W distances of2.5 A and a central W to W distance of 3.6 A, bridged by three dmpm ligands. The solid-state
molecular structure is proposed &rQ )W (u-H) (u-O'Pr)W(u-dmpmy(u-H)W(u-H),W(O'Pr),. The solution NMR

data reveal tha8 is fluxional but that at low temperatures a structure akin to that formulated above is present.
These results are discussed in terms of the developing chemistry of hydrido alkoxides of the early transition elements.

Introduction ligand supported exclusively by hard donor ligands, chloride,
] R ) formed in aqueous acfd.

Since t,hle initial dls_covery of HCO(C@_hnd HFe(CO) in As part of our interest in developing organometallic chemistry
the 1930’s, the chemistry of metal hydrides and metal poly- ot the early transition elements supported by alkoxide ligdnds,
hydrld_es ha_s been sy§temat|cally developed with the S!Jpporthydrido metal alkoxides of the general formulaHy(OR), are
of ancﬂlary ligands which are soft;-acceptors such as tertlgry a particularly attractive group of complexes in terms of their
phosphines, carbon monoxide, and the extended family of yyential reactivity® Already it has been shown that niobium

cyclopentadienyl ang"-carbocyclic ligands. As aresult, the  , tantajlum hydrides supported by bulky aryloxide or trialkyl-
chemistry of the metathydride bond is intimately related to  gjoxide ligands can act as efficient all cis hydrogenation

the development of organometallic chemistry and in particular catalysts of arenésand may reduce carbon monoxide in

plays a pivotal role in numerous stoichiometric and catalytic fascinating stepwise stoichiometric transformatiénalso W,-

reactiongd Subtle changes in the nature of such ancillary (H)(OR); compounds have been shown to be selective in
ligands may greatly change the reactivity of the-M bond, a-olefin hydrogenatiofs.

which may range from basic (hydridic) to acidic (protic). Itis,
however, not necessary to have attendant soft ligands, and the (3) (a) Cotton, F. A.; Kalbacher, B. thorg. Chem 1976 15, 522. (b)

i 3— i ; Bino, A.; Cotton, F. A Angew. Chem., Int. Ed. Engl979 18, 332.
formation of the [Mo(H)Clg]™ ion in the reaction between (4) (a) Chisholm, M. HChemtracts: Inorg1992 4, 273. (b) Chisholm,

Mo:Clg*~ andcHCl(aq) provides a good example ofcehydrido M. H.; Rothwell, I. P.Alkoxides and Related O-Donor Ligands in
Organometallic ChemistryPolyhedron Symposium-in-Print, No. 16, 1995.
® Abstract published ifAdvance ACS Abstractsune 1, 1997. (5) Chisholm, M. H.Chem. Soc. Re 1995 24, 79.
(1) (@) Heiber, W.Naturwissenschafteh931, 19, 360. (b) Heiber, W. (6) (@) Yu, J. S.; Rothwell, I. PJ. Chem. Soc., Chem. Commd892
Adv. Organomet. Cheni97Q 8, 1. 623. (b) Yu, J. S.; Ankianiec, B. C.; Nguyen, M. T.; Rothwell, 1.1 Am.
(2) (@) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. Chem. Soc1992 114 1927. (c) Rothwell, I. PChem. Soc. Featurtn
Principles and Applications of Organotransition Metal Chemistdyiver- press.
sity Science Books: Mill Valley, CA, 1987. (b) Cotton, F. A.; Wilkinson, (7) (a) Toreki, R.; LaPointe, R. E.; Wolczanski, P.JTAm. Chem. Soc.

G. Advanced Inorganic Chemistrpth ed.; J. Wiley: New York, 1988. (c) 1987 109 7558. (b) Miller, R. L.; Toreki, R.; LaPointe, R. E.; Wolczanski,
Elschenbroich, C.; Salzer, Arganometallics2nd ed.; VCH: Weinheim, P. T.; Van Duyne, G. D.; Roe, D. Q. Am. Chem. S0d.993 115, 5570.
1992. (d) Parshall, G. W.; Steven, D.Homogeneous Catalysi&nd ed.; (8) Barry, J. T.; Chacon, S. T.; Chisholm, M. H.; Huffman, J. C.; Streib,
J. Wiley: New York, 1992. W. E. J. Am. Chem. S0d995 117, 1974.
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Polynuclear Metal Hydrido Alkoxides. 2

Known routes to hydridometal alkoxides are currently rather
limited and involve one of the following:(1) reduction of a
metal halide by Na/Hg in the presence of;H2) oxidative
addition of H or ROH to a M—M multiple bond; (3)
decomposition of a metal alkoxide; and (4) hydrogenolysis of
metal-hydrocarbyl groups. In this paper we describe our
studies of the reaction between JBu)(OPry and H in
hydrocarbon solvents which lead to the most remarkable
polynuclear hydrido metal alkoxide yH)s(C'Pr)(OPr), orig-
inally mistaken to be W(H)s(O'Pr)3.° These studies include
the use of a variety of isotopically labeled compounds and the
introduction of chelating phosphines, BRCHCH,PMe, (dmpe)
and MePCH,PMe, (dmpm), as traps for reactive intermediates.
We also report on some of the reactions of the new compounds
described herein. Preliminary reports of some aspects of this
work have appeare.

Results and Discussion

Synthesis. (a) W(H)s(C'Pr)(O'Pr)12 (1). The compound
1,2-Wax(IBu)(O'Pr), is thermally unstable in solution and reacts
with PMe; according to eq 3 By analogy with the known
reaction involving 1,2-Mg(CH,Ph(O'Pr), and PMg,*2reaction
liis believed to involve a PMgromoted alkyl migration across

i i 22°C
W,(Bu),(O'Pr), + 3PMe, -
(PMe,)(‘PrO}W (u-H)(u-C'Pr)W(GPr)(PMg), + 'BuH
(1i)

(PMe,)(PrO}W(u-H)(u-C'Pr)W(OPT)(PMe), —or
(PMey)(‘PrO),W(u- H)(u-C'Pr)W(OPr),(PMe,) + PMe,
(Lii)

the M—M bond followed byo-CH activation leading to the
elimination ofiBuH and oxidative addition of the isobutylidene
ligand to the ditungsten center giving thehydrido, #-isobu-
tylidyne complex having the W core. Reaction 1lii is a
subsequent rearrangement to the symmetrical molecule involving
a rate-determining dissociation of Ppelt was this kinetic
lability of the 1,2-Ws(Bu),(O'Pr), compound, coupled with the
presence of3-CH groups and the potential forjtbxidative
addition across the ¥W bond?3 that led us to examine its
reactivity toward H. The reaction shown in eq 2 was thus
discovered and the black, hydrocarbon-soluble, air-sensitive,
crystalline clustefl was isolated in ca. 40% yield. By NMR
spectroscopy compound is the major species formed in
reaction 2, but hydride signals other than thosel @fre also

1,2-W,(BU),(OPr), + H, (3 atm)——

W,(H)<(C'Pr)(OPr),, + 'BuH + Me,C=CH, (2)

(9) Chisholm, M. H.; Kramer, K. S.; Streib, W. B. Am. Chem. Soc.
1992 114, 3571; correction). Am. Chem. S0d.995 117, 6152.

(10) (a) Chisholm, M. H.; Kramer, K. S.; Lobkovsky, E. G.; Streib, W.
E. Angew. Chem., Int. Ed. Endl995 34, 891. (b) Chisholm, M. H.; Kramer,
K. S.Chem. Commurl996 1331.

(11) Blau, R. J.; Chisholm, M. H.; Eichhorn, B. W.; Huffman, J. C,;
Kramer, K. S.; Lobkovsky, E. B.; Streib, W. Birganometallics1 995 14,
1855.

(12) Chisholm, M. H.; Folting, K.; Huffman, J. C.; Kramer, K. S.; Tatz,
R. J.Organometallics1992 11, 4029.

(23) This has been seen previously in (i) the reversible additior,®b H
Cp2W2Cly (Green, M. L. H.; Mountford, P. RChem. Soc. Re 1992 21,
29) and (ii) in the reversible reaction between(W)2(silox)s, where X=
Cland H, and H (Miller, R. L.; Lawler, K. A.; Bennett, J. L.; Wolczanski,
P. T.Inorg. Chem.1996 35, 3242).
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seen. Whether these are other isomers or other compounds is
presently not known (see later). Compounshows 5 hydride
signals and 18Pr groups and it was the latter observation that
first led to its formulation as \§(H)s(O'Pr)s. However, when
reaction 2 is carried out employing the labeled compound 1,2-
W,(Bu)x(O'Pr-d;)4, formation of W(H)s(C'Pr)(OPr-d;)12 is
clearly evident by!H NMR as one methine septet and two
doublets arise from theBr group (the latter contains diaste-
reotopic methyl groups as will be shown later).

We shall return to investigations pertinent to the mechanisms
of the formation ofl later. However, it was suspected early
on in our studies that formation of the hexanuclear cluster
occurred by way of the stepwise coupling of reactive W
fragments as for example in a hypothetical reaction, Egriis
led us to attempt a trapping of a reactive, Wpecies by the
addition of a chelating phosphine. Note a monodentate phos-
phine was known to promote-CH activation, eq 1, while
chelating phosphines could form adducts such as 1,2-
W(CHR),(O'Pr)(dmpe)it

W,(H)(CPr)(OPr), + 2[W,(H),(O'Pr),] —

Wq(H)5(C'Pr)(OPr), (3)
1

(b) W2(H)2(O'Pr)4(dmpe). When the reaction between 1,2-
W,('Bu)(O'Pry and H (3 atm) is carried out in the presence
of dmpe, with the order of addition being kfter dmpe, then
formation of1 is impeded and the major product is{M),(O'-
Priy(dmpe} (2), which is formed according to eq 4.

H, (3 atm), 22°C

1,2-Wy('Bu),(O'Pr), + 2dmpe—— 20—

W,(H),(O'Pr),(dmpe), + 'BuH + Me,C=CH, (4)

Compound?2 is a dark-brown, hydrocarbon-soluble, air-
sensitive, crystalline solid. When the reaction related to eq 4
is carried out with P¥PCH,CH,PPh (dppe), the hexane-
insoluble compound WH)(O'Pri(dppe} is formed and pre-
cipitates from solution. The latter compound is soluble in
toluene and benzene.

() Wa4(H)4(O'Pr)g(dmpm)s. The reaction between the
methylene bridged diphosphine MRCHPMe,, dmpm, and 1,2-
W,(1Bu)(O'Pr), in the presence of Heads to the dark-brown,
hydrocarbon-soluble, air-sensitive, crystalline compound
W4(H)4(O'Pr)g(dmpm} (3), according to eq 5.

i i H, (3 atm)
2W,(Bu),(OPr), + 3dmpm 22°C, hexane

W,(H),(O'Pr);(dmpm), + 'BuH + Me,C=CH, (5)

Solid-State and Molecular Structures of 1, 2, and 3. (a)
We(H)s(C'Pr)(O'Pr) 12 (1). A ball-and-stick stereoview of the
hexanuclear clustet, is shown in Figure 1. This clearly reveals
that the cluster is related to the well-known octahedral class of
clusters having 12 bridgingt$) and 6 terminal ligand® These

(14) The coupling of W{OR) compounds to give WOR), compounds
has been well-documented. See, for example, where 'Rr: Chisholm,
M. H.; Clark, D. C.; Folting, K.; Huffman, J. C.; Hampden-Smith, MJJ.
Am. Chem. S0d.987, 109, 7750. Chisholm, M. H.; Clark, D. L.; Hampden-
Smith, M. J.J. Am. Chem. S0d.989 111, 574. And when R= CH;*Bu,
CHx®Pen, CHPr: Chisholm, M. H.; Folting, K.; Hammond, C. E.;
Hampden-Smith, M. J.; Moodley, K. G. Am. Chem. So0d989 11, 5300.

(15) For Ms(u-X) 12" Le Systems, where M= Sc, Y, Zr, Nb, Ta, Pr, Gd,
Er, La, and Th and X= a halide, see: Cotton, F. A.; Hughbanks, T.;
Runyan, C. E., Jr.; Wojtczak, W. A. IRarly Transition Metal Clusters
with z-Donor Ligands Chisholm, M. H., Ed., VCH: Weinheim, 1995;
Chapter 1 and references cited therein.
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Figure 1. Stereoview of the W(H)s(C'Pr)(OPr), molecule as determined by single-crystal X-ray crystallography. The hydride ligands are not
shown but are proposed to occupy the otherwise missing edge-bridging and terminal sites 4f.-2€) #Ks moiety. Tungsten atoms are green,
oxygens are red.

Table 1. Selected Bond Distances (A) for §#)s(CPr)(OPr)2 (1)

0O(55)

A—B distance A-B distance
W(1)—-W(2) 2.847(1) W(3)>W(5) 2.665(1)
W(1)—W(4) 2.786(1) W(3)W(6) 2.808(1)
W(1)—-W(5) 2.833(1) W(3)-0(19) 2.087(9)
W(1)—W(6) 2.651(1) W(3)0(31) 2.06(1)
W(1)—0O(7) 2.06(1) W(3)-0(47) 1.970(1)
W(1)—0(11) 2.21(1) W(4XW(5) 2.582(1)
W(1)—0(39) 1.96(1) W(4yW(6) 2.773(1)
W(1)—C(15) 1.97(2) W(4)-0O(35) 2.08(1)
W(2)—-W(3) 2.760(1) W(4)-0(51) 1.98(1)
W(2)—-W(5) 2.797(1) W(50(11) 2.02(1)
W(2)—W(6) 2.792(1) W(5)-0(23) 2.08(1)
W(2)—0O(7) 1.99(1) W(5)-0(55) 1.95(1)
W(2)—0(19) 2.028(9) W(6)-0(27) 2.02(1)
W(2)—0(23) 2.037(9) W(6)0(31) 2.13(1)
W(2)—0(27) 2.023(9) W(6)0O(35) 2.06(1)
W(2)—0(43) 2.02(1) W(6)-C(15) 2.02(2)
W(3)—W(4) 2.600(1)

Table 2. Selected Bond Angles (deg) for §tH)s(C'Pr)(OPr). (1)

A—-B—-C angle A-B-C angle
O(7)-W(1)-0(11) 84.5(4) O(35yW(4)—0O(51)  90.4(4)
Figure 2. A ball-and-stick drawing of the WH)sO:1.C skeleton of O(7)-W(1)—0(39) 101.8(4) O@QHW()—0(23) 88.7(4)
the We(H)s(O'Pr).(C'Pr) molecule. The atom C(15) was refined as  O(7)—W(1)—C(15) 98.4(5) O(1LYW(5)—0(55) 91.5(4)
carbon, and the hydride ligands denoted are shown in the proposed O(11}-W(1)-0(39) ~ 81.9(4) 0O(23yW(5)—0(55)  94.8(4)
locations and their labeling H(&H(e) is as described in the text. O(11)-W(1)—-C(15)  175.5(5) O(27yW(6)—-O(31)  86.0(4)
O(39-W(1)-C(15)  94.1(6) O(2AW(6)—O(35) 169.0(4)

are seen, for example, in lower valent zirconium, niobium, and 8&%:%%:8&23 38;3223 8%3%2;:8%?) 23;}153

tantalum halides and for the methoxide ;NBs(u-OMe) - O(7)-W(2)—0(27) 92.8(4) O(3LYW(6)—C(15) 172.4(5)
(OMe)*(MeOH).16 What is evident, however, is that four edge  O(7)—W(2)—0(43) 86.9(4) O(35YW(6)—C(15)  91.2(5)
bridges are apparently vacant as is one terminal site. It is in O(19-W(2)—0(23)  87.3(4) W(1}O(7)-W(2) 89.5(4)
these positions that we propose there are hydride ligands, andggg)):wgg:&(‘g)) gg:g% nggﬁéﬁwg gf{:ggg
the central WHsO1.C skeleton with the atom number scheme 553} w(2)-0(27) 176.9(4) W(2yO(23-W(5)  85.6(4)
is given in Figure 2. Selected bond distances and bond angles 0(23)-w(2)-0(43) 85.1(4) W(2)}-0(27)-W(6) 87.3(4)
are given in Tables 1 and 2, respectively. It is noteworthy that O(27)-W(2)—0(43) 93.7(4) W(3)0(31)-W(6) 84.2(4)
the u-C'Pr ligand does not appear to be disordered with any of O(19)-W(3)-0(31)  89.8(4) W(4rO(35)-W(6)  84.1(4)
the otheru-OPr sites andvhen C(15) was refined as carbon 8%%:“8;:88% gg'gg; W(LyC(15-W(6) 82.6(6)
and not as oxygen the 1@Bvalue dropped from 50 to 15 :

The terminal W-O distances span the range 1.95 to 2.02 A
while those of the bridging WO groups are 2.02 to 2.21 A, distances noted above, it is worth mentioning that WAQ}15)
with the longest W-O distance being associated with a-\\- appearsshorter, 1.97(2) A, relative to W(6)C(15), 2.02(2) A,
OR bond that is trans to one of the-¥¥-C bonds, namely  which would be consistent with the observation that W{1)
W(1)—0O(11). The other WO bond trans to a WC bond, O(11) is longer than W(6)0O(31) based on the concepts of
W(6)—0(31)= 2.13 A, is also relatively long, consistent with  trans-influencé? However, within the criteria of @these W-C
the view that theu-isobutylidyne ligand exerts a higher trans distances are not deemed significantly different, but the@V
influence than a-O'Pr ligand. In connection with the Wu-O distances are notably shorter than the averageMD distance

H(d)

(16) Chisholm, M. H.; Heppert, J. A.; Huffman, J. Bolyhedron1984 (17) Appleton, T. G.; Clark, H. C.; Manzer, L. Eoord. Chem. Re
3, 475. 1973 10, 352.
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Table 4. Selected Bond Angles (deg) for }#H),(O'Pru(dmpe)
E c1o)  csg) @C(zg) 2

A—-B-C angle A-B—-C angle

W(2)-W(1)-P@3) 130.20(5) W(BW(2)-0(27)  99.0(2)
W(2)-W(1)—P(6) 97.13(5) W(LXW(2)-0(31) 120.1(2)
W(2)-W(1)-P(11)  97.85(5) O(19W(2)-0O(23) 84.6(2)
W(2)-W(1)-P(14) 130.43(5) O(19W(2)—0(27) 161.3(2)
P(3-W(1)—P(6) 78.39(7) O(19W(2)-0O(31)  86.5(2)
PR-W(1)-P(11)  91.51(7) O(23)W(2)-0(27) 86.4(2)
P(B-W(1)-P(14)  99.37(7) O(23)W(2)~0(31) 119.4(2)
cm)@\ P(6-W(1)-P(11)  165.01(7) W(2O(19)-C(20) 123.8(5)
O P(6-W(1)-P(14)  91.93(7) W(2r0(23)-C(24) 131.9(5)
P(11-W(1)—-P(14) 78.68(7) W(2O(27)-C(28) 123.9(4)
$ =P ces) W(1)-W(@)-0(19) 99.7(2) W(2}0(31)-C(32) 134.9(5)
W(1)-W(2)—-0(23) 120.5(2)

ce2) similar to that of M@(O'Pr)y(dmpe}) but only superficially sét

In Mox(O'Pri(dmpe), the Mo—Mo distance is 2.236(1) A,
Figure 3. An ORTEP drawing of the \\(H)2(O'Pr)(dmpe} molecule typical of a Mo—Mo triple bond distance for a compound having
giving the atom number scheme used in the tables. The hydride ligandsthe M—M electronic configuratiow?z*, whereas ir2 the W—W

are shown as open circles in the proposed locations. distance is 2.496(1) A, unmistakably outside the range for a
Table 3. Selected Bond Distances (A) for {#),(OPr(dmpe) related WEW bond. Indeed, the d|_stance falls squarely within
0 the range of double bonds typically seen for =A)8+-

containing compounds having edge- or face-shared bioctahedral

W(g_\?V(Z) ;f;asr;(z:) W(z':s(lQ) 1 g;?g)ce geometrieg? In Mo,(O'Pr)(dmpe), all four Mo—Mo P angles
- - - fall within the range 98.0(2)to 100.8(1},% whereas ir2 we
vagg:Egg; g:igg% wgggg% igggg see two sets of WW—P angles, W(2XW(1)—P(3),P(14)=
W(1)-P(11)  2.423(2) W(2yO(31)  1.940(5) 130.3, W(2)-W(1)—P(6),P(11)= 97.5. The W-P bonds
W(1)—P(14) 2.489(2) PC 1.84(1) av(5) with the more obtuse angles also are slightly longer, 2218
o-C 1.41(1) av 2.42 A. A similar trend is seen for the YO ligands with

W-W-0 = 99.3 (O(19) and O(27)) and 120°30(23) and
0O(31)). Again the W-O distances fall into two sets, 1.98 and
1.94 A, with the shorter bond distances correlating with the
larger W-W—0 angles. It should also be noticed that at W(1)
the WR, fragment can be viewed as a MEragment derived
from an octahedron where P(6)V(1)—P(11) are remnants of

a trans moiety. Similarly, at W(2) the O(19W(2)—0O(27)
moiety, with an angle of 161 may be viewed as trans, and of
the other G-W(2)—O0O angles four are less than9(B5° (av))
and one, O(23)yW(2)—0(31), is 119. Thus the geometry of

2 may be viewed as the co-joining of a pseudooctahedfal (

. T ; dmpe}W(H), fragment to a W(@r), fragment so as to form a
We have noted previously thatju-CR) moieties tend to give g1 distorted edge-shared bioctahedral dinuclear complex.
short W-W distances due to a mixing of W,¢W d, and Cp The hydride ligands are formally trans to W{B(3) and W(1)>
orbitals!® The short W-W distances associated with the face P(14) bonds and W(2)O(23) and W(2)-O(31) bonds.
involving W(3), W(4), and W(5) may similarly be understood (c) Wa(H)4(O'PN)s(dmpm)s (3). A ball-and-stick drawin

if one accepts that each of these edges is proposed to beof the tétra;uclearscomp ojria:l ' shown in Fioure 4 Thge
supported by bridging hydride ligands. Finally, it should be hvdride ligand hich p i tall % " 'I ted
stated that while none of the proposed five hydride ligands was ydnde figanas, which were not crystallographically located,
located crystallographically, the proposed locations as shown are shown in locations by the open lee? and are labeled H.
in Figure 2 are entirely satisfactory to the hydride locating  'Ne structure has some resemblance o that there are

program XHYDEX and as will be shown later are supported two very different types of tungsten atoms. The terminal
by extensive NMR data. tungsten atoms are bonded to foulPOligands and to the

i ; internal tungsten atoms by YWV bonding, W(13W(2) =
(b) Wa(H)A(O'Pr)a(dmpe), (2). An ORTEP drawing of the 5 s 1\ '8 204 w3y wia) = 2.498(1) A, The central W
molecular structure d is shown in Figure 3 where the proposed W(2) and W(3 bonded b bridaed by th
locations of the twae-H ligands are denoted by circles. Again gtoms,l_ ( )dan d (3), are no('; hor:j % ut art(]e h QeF_ yt rze
their presence in these positions is acceptable to the hydride mpm ligands and a proposed hyaride (as shown in Igure )-
locating program XHYDEX® Selected bond distances and Orzg)alkomdéa Ilgar(;dbbort\]ded to W(l) formﬁ av\;vzak bridge to
; W(2) as evidenced by the asymmetry in the-@ distances:
bo?ﬁ a"?!i.s arf ptresemfet‘:]'” Iab'tes 3 ;fr.‘d tf]' Cour opr | W(—O(26) = 2.03(1) A vs W(2)-0(26) = 2.28(1) A. In
IiganSSSar;embgon?jzgrt% ?N (z)e vihrrljec \%?l) i": boanl de%u:o fOLI‘ p the proposed structure, with the location of the hydrides shown
atoms of twon?-dmpe ligands. In this regard, the structure is n Elgure 4, all W atoms but W(.l) are in a pseudooctahedral
) ’ environment. W(1) has a coordination number of only 5 and

(18) Chisholm, M. H.; Folting, K.; Heppert, J. A; Hoffman, D. M.; May be viewed as a distorted trigonal bipyramid.
Huffman, J. CJ. Am. Chem. S0d.985 107, 1234.

(19) See, for example, the structure of NIOCH,*Bu);2(HOCH,Bu) in (21) Chisholm, M. H.; Huffman, J. C.; Van Der Sluys, W. G.Am.
ref 14. Chem. Soc1987 109, 2514.

(20) Orpen, A. GJ. Chem. Soc., Dalton Tran%98Q 2509. (22) Chisholm, M. H.Polyhedron1983 2, 681.

by 0.1 A as would be expected based on metric data for
previously characterized compounds containingldACR) and
W,(u-OR) groupsi® There is no evidence of an HRY ligand
based on WOR distances since this would be expected to have
a distance of~2.35 A, which is well outside the observed
ranget®

Within the Ws moiety the distances involving W(3W(5),
W(3)—W(4), and W(4)»-W(5) are notably shorter than the
others, 2.61 A (av), and of the others the shortest involves
W(1)-W(6) = 2.65 A, which is bridged by the-C'Pr ligand.
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Table 6. Selected Bond Angles (deg) for X#H)4(O'Pr)g(dmpm}
(©)

A-B-C angle A-B-C angle

W(2)—W(1)—0(26) 60.4(3) P(AHW(3)—P(14) 166.6(2)
W(2)—W(1)—0(30) 117.6(4) P(HW(3)—P(21) 94.1(2)
W(2)—W(1)—0(34) 106.2(4) P(14W(3)—P(21) 91.5(2)
W(2)-W(1)—0(38) 118.8(4) W(3yW(4)—0(42) 101.2(3)
O(26-W(1)—0O(30)  82.4(5) W(3YW(4)—0O(46) 122.1(4)
O(26)-W(1)—0O(34) 94.3(5) W(3)yW(4)—0(50) 99.4(3)
O(26-W(1)—0O(38) 166.7(5) W(3yW(4)—0O(54) 120.3(3)
O(30)-W(1)—0O(34) 126.1(5) O(42yW(4)—0O(46) 87.0(5)
O(30-W(1)—0O(38) 87.0(5) O(42yW(4)—0O(50) 159.3(5)
O(34)-W(1)—0(38) 98.5(5) O(42yW(4)—0O(54) 82.5(5)
Figure 4. A ball-and-stick drawing of the WH)4(O'Pr(dmpm) w&;_wgg_ggﬂz) gég(é)) 8&13“%2%_822% ﬁ?é((‘?)
molecule showing the atom number scheme used in the tables. The \W(1)—W(2)—P(19) 117'2(1) O(50}W(4)—0(54) 86'0(5)
hydride ligands are shown as open circles and are placed in the proposedyy(1)—w/(2)—0(26) 50..6(3) W(1)O(26)-W(2) 69.'0(3)

‘ /O 0(42) c

P(21)

locations. PG-W(@)-P(12)  167.1(2) W(BO(26)-C(27) 132(1)
_ P(5-W(2)—P(19 92.1(2) W(2>0(26)-C(27) 140(1
Table 5. Selected Bond Distances (A) for #H)4(O'Prs(dmpm} PgS)):WE2g—O((26)) 94.8((3)) W((1;OESO)):CESlg 1278
® P(12-W(2)-P(19)  93.8(2) W(1}O(34)-C(35) 121(1)
R mew aw  dmea MR Ba3 WaomCe b
W(1)-W(2) 2451(1)  W(3yW(4) 2.499(1) W(4)-W@)-P(7)  951(1) W(4)0(46)-C(47) 132(1)
wg;:gggg fggg; wgggz) g-ﬁi((i)) W(4)-W(3)-P(14)  92.2(1) W(4)O(50)-C(51) 126(1)
WA Lood) WD) ppe W(4)-W(3)-P(21) 122.1(1) W(4}O(54)-C(55) 131(1)
W(1)-0(38) 1.90(1) W(4)0(42) 1.97(1)
W(2)—P(5) 2.449(5) W(4Y0(46) 1.94(1)
W(2)—P(12) 2.472(5) W(4)0(50) 1.95(1)
W(2)—P(19) 2.442(4) W(4YO(54) 1.95(1)
W(2)-0(26) 2.28(1) P-C 1.83(2) av
o-C 1.44(2) av

The right-hand half oB can thus be seen to be related?to
by the replacement of one P bond by a W-u-H bond. Note By U«_ 1 -
two W(4)—W(3)—P angles are 93#vhile the other is larger, T T T T
12. The QW(4) fragment can also be viewed as being 5.0 14.5 14.0 13.5 PPM 10.5 10.0 9.5 9.0 PPM
derived from an octahedron by the removal of a cis pair of Figure 5. The five hydride signals associated withs{td)s(O'Pr)>-
ligands (these positions being, in fact, occupied by theiwd (C'Pr). The assignment of H(a) to H(e) as denoted in Figure 2 follows
ligands). The trans ©W—0 angle of 159.5involves O(42) from H(a) being most downfield (to left) to H(e) most upfield (to right)
and O(50) and the W(4) to O(46) and O(54) bonds are trans to in & consecutive order: & b—c—d—e.
the u-H—W(H) ligands. These are, as B) slightly shorter

W—0 bonds than those that are mutually trans. “missing terminal and edge-bridged sites” implicated in the

The unique coordination at W(1) arises because at least oneﬁézsg:'ew ofl (Figure 1) are indeed occupied by hydride

tungsten atom has to be only five-coordinate, and with the From the reaction of \W(BU)(OPr-dh)s with D in hydro-

hydride as shown in Figure 4, O(26) and O(38) occupy trans ; ;
o . : . g carbon solvents the labeled compoung(Bjs(C'Pr)(OPr-d;)12
positions of a trigonal bipyramid while O(30) and O(34) are is obtained, which shows a septetda?.1 and two doubleté

equatorialcf. angles of 167and 126, respectively. The other 1.72 and 1.45 withJuy = 6 Hz in the'H NMR spectrum
g—tw—o an%les alt w(Q1) are aII.cI_(l)_S(ta)Ito 208edle60ted bon? I assignable to the-C'Pr ligand. In the:*C{*H} NMR spectrum
Istances and angles are given In 1ables 5 and ©, respectively e _cipr signal was found at 412.5, and by use of the labeled
NMR Solution Characterization of 1, 2, and 3. (a) W- compoundl-dge the methyne carbon @ 52.3 and the methyl
(H)s(C'Pr)(O'Pr)12 (1). The *H and **C{*H} spectra ofl in carbon signals 35.7 and 32.2 were located for the isobutylidyne
benzeneds are entirely consistent with the expectations based |igand. A careful inspection of the hydride region of the
on the solid-state structure shown in Figures 1 and 2. Of spectrums 15 to 9, Figure 5, shows trace protio impurities in
singular importance is the observation of filté resonances,  each site H(a) through H(e) such that the reaction between D
downfield of the benzends aromatic protio impurity signal, at  and Ws(iBu),(O'Pr-d)1, may have yielded not all-dgg but at
6 14.65, 13.42, 13.40, 10.00, and 9.14, each flanked by satellitesieast some W(H)(8)(u-C'Pr)(OPr-d:)1» (1-dg). Indeed, it is
due to coupling td%W, | = %/, 14.5% natural abundance, with  possible that the deuterated compound-iges with a single
Jisgy_1y ranging from 88 to 130 Hz. The integral intensity of hydride being, within the limits of experimental determination,
the satellites of the resonance at 10.00 ppm is 15%, whereasstatistically scrambled over the five hydride sites.
the integral intensities of the others a@e 22—25%, indicating The 12 methine signals of the 12 chemically inequivalent
that the former signal is assignable to a terminal hydiddgy_1 O'Pr ligands ofl appear as septets in the regid#.8 to 6.0 of
= 130 Hz, whereas the others are bridging two tungsten atoms.the 'H spectrum J44 = 6 Hz), and the methine carbons are
The assignment of the hydride ligands “a through e” as shown seen as twelve signal$ 69.9 to 88.6 in the'3C{1H} NMR
in Figure 2 is made possible by NOE difference spectroscopy spectrum. The CH{e), doublets in theH NMR spectra are
and is supported by the observation that H(a) and H(e), being not all distinct (several overlap), but in tR&C{'H} spectrum
mutually trans, show a significant HH coupling, 10 Hz, and between 35.7 and 23.1 ppm there are 22 resonances, four of
H(a) and H(c) show a small cis HH coupling;1 Hz. The integral intensity twice that of the othergntirely consistent
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Figure 6. The hydride signals in thtH NMR spectrum of W(H)(O'Pru(dmpe) in tolueneds at —60 °C, 500 MHz. The center resonance arises
from isomerA and the outer resonances from isorBer

with 13 diastereotopic ®r-methyl groups. Full data are given

in the Experimental Section. !

In summary, théH and*C NMR spectra are fully supportive LL i Ak
of the existence of gingle isomernf 1 in solution having the
same structure as seen in the solid state.

(b) W(H)2(O'Pr)4(dmpe), (2). TheH NMR specturm of
2 in toluenedg at 22°C shows only one type of®r ligand, no
evidence of a hydride resonance (because it is in the baseline)
and in the3?P{1H} NMR a single broad resonance centered at
14.9 ppm. The compound is evidently fluxional in solution as
cooling to—60 °C in tolueneds yields three hydride signals at
0 —1.04, —1.60, and —12.4 in the integral ratio 3:4:3,
respectively. These are shown in Figure 6. 24 NMR
spectrum of the compound MD),(O'Pr)(dmpe), prepared
from the reaction between }{Bu),(O'Pr) and D in the ¢°
presence of dmpe, showed that these were the dHly o 0 - 15.0
resonances associated with hydride ligands. Relative to the
methine proton signals the hydride resonances integrated in the
ratio 1:2 consistent with the proposed formula(W),(O'Pr- ow
(dmpe}. ¢

The 31P{1H} spectrum of2 in tolueneds at 146 MHz gave
upon cooling three resonancesdal8.7, 14.4, and 5.91 in the
integral ratio of 4:3:3, respectively. At 202 MHz the low-field : : . PPM
signal ¢ 18.7) was seen to be split into two resonances by 28 20.0 150 100 5.0
Hz due to the higher spectral r_esolution. Since proton-coupled Fiqure 7. 3P—31p COSY of W(H).(OPru(dmpe) in tolueneds at
$'P NMR spectra showed only line broadeningiR-3'P COSY —gO °C. The 1D spectrum sh(\)/\\/%(n ()er(1 top )ngespris)e to four resgnances.
spectrum was run at60 °C to see if any*'P—3'P coupling, The two upfield resonances are due to isomend the two downfield
unresolvable in the 1-D spectrum, could be detected. As shownto isomerB as defined in the text.
in Figure 7, the upfield resonances which are resolved at 202
MHz and in the integral ratio 1:1 are indeed coupled as are the been characterized by elemental analysis and NMR spectros-

downfield signals. We thus propose that compof@rekists in copy, but a single crystal structure was not obtained. It is only
solution as a mixture of isomers shownArandB below which sparingly soluble in benzene or toluene so NMR spectra were
interconvert rapidly on the NMR time scale 460 °C. recorded in pyridineds. The3IP{1H} spectrum gives rise to
two sharp singlets flanked by satellites due to coupling to
o O PN PP 183\ ¢ 42, Jisqy_31p = 292 Hz, and) 25.8, ls3y_31p = 161 Hz
w | P P P and 23y_31p = 46 Hz. In thelH NMR spectrum there is a
N /W\ 2N\ /W\ single hydride resonance &0.01 which integrates in the ratio
o (|) H U o (|) H (L o] 1:2 with the OGiMe; protons and appears as a multiplet of the
type shown in Figure 6)1.60). The spectral data are consistent
A B with a structure for W(H)(O'Pr)y(dppe} akin to that observed
IsomerA is the same as that seen in the solid-state structure fr 2 in the solid state and shown in Figure 3.
shown in Figure 3 while isomeB contains two chemically — (d) Wa(H)4(O'Pr)g(dmpm)s (3). Although the ligand dmpm
different hydrides which give rise to tHél NMR signals at) is well known to bridge M-M bonded metal centef3as indeed
—1.04 and—12.4. it does in the solid-state structure of 1,2(Bu)(O'Pr)-
(©) Wa(H)2(OPra(dppe).  WaH)(OPr(dppe), where (dmpm)}! the solution NMR data obtained f@rin toluenees
dppe is PBPCH,CH,PPh, is prepared similarly to compound (23) Cotton, F. A.; Walton, R. A. IrMultiple Bonds Between Metal

2 but employing dppe in place of dmpe. The compound has Atoms 2nd ed.; Oxford University Press: New York, 1993.



5534 J. Am. Chem. Soc., Vol. 119, No. 24, 1997

o

0

-35.0

&8
(23

E -30.0

L -25.0

-20.0

-15.0

. -10.0

PPM

T
-20.0 —2&'3‘0 —36.0

PPM

-45.0

Figure 8. 31P—31P COSY of Wi(H)4(O'Pr)(dmpm} in tolueneel at
—60 °C.
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Figure 9. H NMR spectrum recorded in toluermg-at —60 °C, 500
MHz, showing three of the hydride resonances attributed 4g-)(O'-
Prg(dmpm}.

indicate that the tetranuclear structure is maintained in solution,
even at high temperatures-80 °C), where thelH NMR
spectrum shows three types dflB, resonances in the integral

ratio 4:4:4. We believe that this represents a time-averaged
spectrum where a fluxional process makes equivalent the left

and right halves of the \&hain such that a pseudomirror plane
contains one dmpm ligand [P(19) and P(21) in Figure 4] and
the four W atoms. Unfortunately th8P{1H} spectrum is of

little assistance because of poor line shape, unresolved coupling

and coincidental overlap. However,-a60 °C we find support

for the maintenance of the solid-state structure. There are thre
complex multiplets in thé'P{1H} spectrum which integrate in

a 1:2:3 ratio consistent with an AMX,' spectrum. A3P—

31p COSY spectrum, see Figure 8, recorded & °C indicated
that the resonance ét—15.1 ppm was coupled to both of the

other signals which were not coupled to each other. Assuming

that neither through-ring (chain) nor cis—P coupling is
observed, the coupling information is consistent with the
formulation that the left- and right-hand sides of the molecule

are not under rapid exchange. It is also noteworthy that three
of the expected four hydride signals were readily observed at

—60 °C in the integral ratio 1:1:1 as shown in Figure 9. Of
these resonances one is a doublet with a I&#geH coupling
consistent with its placement trans to a single-®bond (see

Figure 4). Another resonance appears as a doublet of triplets

wherein the outer lines overlap to give an apparent 1:2:2:2:1

Chisholm et al.

pentet {p_1; = 30, 15 Hz). The third resonance is an ill-
resolved multiplet while the fourth hydride signal is assumed
to be obscured by théH signals of the dmpm or OCH®
protons. Collectively these data suggest that only one isomer
is present in solution and that the tetranuclear nature of the
complex is maintained.

Mechanistic Studies Aimed at Elucidating the Reaction
Pathway Leading to the Formation of 1. It is reasonable to
suggest that compountl arises from the formal coupling of
three reactive dinuclear fragments as shown in eq 6. We have

2[Wo(H)(OPN] + Wo(H)CPOP] —
We(H)5(C'Pr)(OPr),, (6)
1

seen how the addition of monodentate phosphines and nitrogen
Lewis bases to 1,2-WCH,R),(O'Pr), compounds can promote
o-CH activation and the formation of compounds of the type
W(H)(CR)(OPr)L,, e.g. for R=Pr and L= PMe; as shown

in eq 111 Furthermore, in the reaction of 1,2YCH,R)x(O'-

Pr), compounds, where R= Et, with internal alkynes it was
noted that for R= Et competinga- and 3-CH activation
pathways were possible with the latter leading to(WY
C2R'2)»(O'Pr), compounds (R= Me, Et) and the elimination

of CH3CH,CHs and MGCH=CH2.24

In order to investigate some of the reactions occurring when
hydrocarbon solutions of WBuU),(O'Pr), are exposed to
the volatile components were analyzed by GC-MS and NMR
spectroscopy. Similar reactions and analyses were performed
employing B gas, and the reactions were also carried out in
the presence of ethylene and dmpe. The results are summarized
in Scheme 1, where the percentages of the various products are
believed to be accurate t85% but the absolute ratios are not
deemed significant with respect to a partitioning of the various
pathways since the concentrations of the various species present
in solution [Ws], [H2], or [D;] and [ethylene] are not known.

In the reaction between 1,2)(iBu),(O'Pr); and H the
formation of isobutylene, ME€=CH,, clearly implicates #-CH
activation pathway where the uptake of & the dinuclear center
promotes “alkyl group disproportionation”: “MiBu),” — “M ,”

+ IBuH + Me,C=CH,. Theca 90% formation of isobutane
could result from this reaction followed by hydrogenation of
the isobutylene by a reactive species such as(FH)(O'Pr),”

as well as bya-CH activation, with the latter leading to
“W (H)(C'Pr)(OPr)".

Further evidence for the importance lodth - and 5-CH
activation pathways is seen in the reactions witfgBs and R
and GH,. In the case of the former, some 22% all proBoH
was observed. This must represent the sunBaH formed

eby botha-CH andj-CH elimination pathways. [Note in these

experiments we do not observe any D incorporation into the
O'Pr ligands nor do we observe by NMR spectroscopy amjiC
activation of the solvent. Th@uH once formed is inert with
respect to incorporation of D by the introduction of §as in

the presence of tungsten species present in solution.] Also the
ca 23% formation of (CH)(CH,D)CD clearly suggests that a
reactive tungsten species is capable of hydrogenating
isobutylene-though not very efficiently as some isobutylene
is present in the gaseous mixture10%). Theca. 50%
formation of the single deuterated product #CH,D)CH
implicates a direct hydrogenolysis of the alkyl ligands. How-
ever, this could proceed via@abond metathesis mechanism,

(24) Chisholm, M. H.; Eichhorn, B. W.; Huffman, J. Organometallics
1987 6, 2264.
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1,2-W,(1Bu),(OiPY),

" ™
H c\...., CH H—C.., CH,
CH, CH,
90% 2%
/CH, /CH,
HC=C HC=C
2 2
\CH3 \CH3
10% 6.0%
CHD
I 2
H—C..,
\ " CH,
CH,
49%
CHD
| pa
D - C\ " CH
CH,
23% i

eq 7, or by an oxidative-addition/reductive-elimination sequence,

eq 8.

1,2-W,(CH, Pr),(O'Pr), + D, —
1,2-W(D)(CH,Pr)(OPr), + (CH,D)CH(CH,), (7i)

1,2-W,(D)(CH, Pr)(CPr), + D, —
W,(D),(O'Pr), + (CH,D)CH(CHy), (7ii)

1,2-W,(CH, Pr),(O'Pr), + D, — W,(D),(CH, Pr),(O'Pr),
(8i)

W,(D),(CH,Pr),(O'Pr), —
W,(D)(CH, Pr)(OPr), + (CH,D)CH(CH,), (8ii)

Reactive species such as,{l)(CH,Pr)(OPr), could also
enter into reductive elimination to give “WO'Pr)” and
(CH,D)CH(CH), or o-CH activation to give “W(H)(C'Pr)-
(O'Pr)y”. While we cannot distinguish between these pathways,
we do emphasize that formation of (eIJCH(CH), implicates
a hydrogenolysis by either (7) or (8).

o o
H—C..,, H—C.,
\ CH \ 'CH
CH3 CH3
29% 21%
/CH3 /CH3
HC=C HC=C
2 2
\CH3 \CH3
31% 21%
CHZQ (IIHZQ
H—C..,, H—C..,,
\ CH3 \ ! CH3
CH3 CH3
40% 58%
Label
scrambled
ethane and
ethylene

that are capable dfoth reversible insertion with ethylene and
hydrogenolysis of a WEt moiety.

Again in the reaction between 1,2Bu),(O'Pr), and D
in the presence of dmpe all protio isobutane and isobutylene
are formed in equal quantities implicating theCH activation
pathway. The formation of (C#D)CH(CHzg), implicates hy-
drogenolysis. In this reaction, D),(O'Pr)(dmpe} rather than
compoundl is the product.

In summary, while the formation of the isobutylidyne ligand
must occur bya-CH activation, there is overwhelming evidence
that5-CH activation is also extremely important in the formation
of 1. Indeed, in reactions between other 1,2(R)(O'Pr),
compounds where R lacks&hydrogen, related clusters are
not formed. Reactive species ‘HH)(O'Pr),” are implicated
by the trapping reactions involving dmpe and dmpm which give
2 and3, respectively. It may well be that such species in the
absence of bidentate ligands associate to give(F)4(O'Pr),”,
which in turn reacts with 1,2-Y¢Bu),(O'Pr) to yield 1 with
the elimination ofBuH. The order of these events is of course
uncertain, but it should be recalled that the reaction between
1,2-Wo(Bu)x(O'Pr-d7), and [ leads to a cluster where some
protio W—H bonds can be detected at each of the sites “a”
through “e” in Figure 2. It seems then that this residual protio

In the presence of ethylene (excess) the reaction between 1,2impurity in 1-dg must arise from thex-CH of an'Bu ligand.

W,(Bu),(O'Pr), and Iy, yields all protio isobutane and all protio

That it is distributed over the five WH sites, at least to a

isobutylene in essentially the same ratio. This suggests that indetectable extent, suggests there is a degree of dynamic freedom

the presence of ethylene the isobutane is formed byéd
activation pathway, and the lack of;Incorporation to give
(CH,D)CD(CHg); indicates that MgC=CH, is not competitive
with ethylene in hydrogenation. The formation of (ECH-
(CHg), indicates that a hydrogenolysis pathway, either (7) or
(8), is still operative while the formation of D-labeled ethane
and ethene implicates reactive species such a&WOPr)

in the assembly of the cluster compourid that is not
subsequently available to the clusteitself, vide infra

Reactions of 1. The hydride ligands il do not show any
exchange in toluends in the presence of 100 equiv &¥rOD
from which we conclude that they are neither acidic nor basic.
The reaction betweed and (CD),CDOD, 100 equiv, in
benzened; or tolueneels showed a slow but selective alcoholysis
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reaction {12 ~10 h, 33°C) to yield Ws(H)s(C'Pr)(OPr)1(O'- Scheme 2
Prd;) (1-d;). Clearly one site irl is kinetically more labile
toward alcoholysis than the others by roughly one order of
magnitude. The question that arises is which one?

Having assigned the hydride resonances H(a) through H(e)
as shown in Figure 2 by NOE difference spectroscopy, the
influence of NOE between the hydride ligands and the methyne
proton resonances was investigated. In this way several of the
methine resonances could be assigned. For example, the
methine resonance at 4.98 is assignable to the terminal
alkoxide bound to W(5) because it is enhanced when both H(b)

“H
c.
1pr

&

-a-CH || + a-CH +H R

&

and H(c) are irradiated. Likewise the resonance #t84 is
assigned to the alkoxide bound terminally to W(3) because it
shows NOE to hydrides H(b) and H(e). The methine signal at
0 5.10, corresponding to the labile alkoxide, was enhanced by
irradiation at H(c) (but not by irradiation of H(a) or H(e)). Thus - Ethane
the labile alkoxide must be either the one bridging W(1) and -H -H
W(5) or the one bound terminally to W(4). At this point it ipr v Jipr
should be remembered that the NOE between th¢1R6& c ¢
protons and the hydride signals is determined by H---H \
distances and the latter are a consequence of preferred confor- H HE
mations.

In an attempt to make an unequivocal assignment the cluster The clusterl dissolved in benzends was allowed to react
1 was allowed to react in benzedgwith MeOH (10 equiv). ~ With 10 equiv of ethylene and H3 atm) in J. Young NMR
This led to the disappearance of the methine signal &t10 tubes. The reaction was followed Bl NMR spectroscopy.
and the growth of a singlet @t 4.76 due to the formation of ~ Ethane was produced very slowlya. 2 equiv per week. An
methoxide. As the new singlet at4.76 grew in so did five ~ analogous reaction was undertaken employlirs, ethylene,
new resonances ¢hrough & in the hydride region consistent ~and H (3 atm). Again ethane was produced and H was slowly

with the formation of the cluster compoundgiM)s(C'Pr)(O- incorporated intd—qlgg at sites H(d) and H(a). Some deuterium
Priui(OMe). The new hydride signals were closely related to Was also detected in the ethane and ethylene. The rate of ethane
their parent signals in that Hjaand H(¢) were coupledJqy formation was comparable but slightly slower than the H for D

~11 Hz, H(d) had the largest value dfs3y_14, and its satellite exchange of the hydrides at sites H(d) and H(a). The incorpora-
intensity was indicative of coupling to one tungsten, etc. tion of D into ethylene and ethane in the above implicates the
Irradiation of the OMe signal at 4.76 showed NOE to H(p cluster in catalysis and led us to investigate the reaction between
H(c'), and H(&), thereby indicating that the kinetically labile ~ 1-dsg and ethylene, €,. In this instance very little H for D

site is the terminal OR group on W(4), denoted by O(51) in exchange was observed, which leads us to suspect that insertion
Figure 2, which is adjacent to three hydride ligands. In Of ethylene into the terminal WH(d) ligand may not be
retrospect this makes good chemical sense since the terminalesponsible for the formation of ethane.

W—O0R group involving W(4) is the least sterically congested, ~ An alternative pathway by which both hydride H for D
and we expect that terminal OR groups would be more labile €xchange and ethylene hydrogenation could occur is shown in
to alcoholysis than bridging ones. It is, however, an extremely Scheme 2. Migration of an adjacent hydride tohalkylidyne

rare situation that bridge terminal site exchange is so slow thatto generate an alkylidene ligand, which is in itself the

this can be observes. microscopic reverse of the reaction leading to the formation of
In order to probe further the reactivity of clustierthe labeled ~ theu-isobutylidyne ligand, would be equivalent to an intramo-
compounds W(D)s(C'Pr)(OPr)2 (1-ds) and Ws(D)s(C'Pr)(O- lecular redox reaction of the cluster and would open up a vacant

Pr-d;)12 (1-dgo) were prepared. Compouridds was heated in coordination site. As shown in Scheme 2, this could then lead
benzeneds at 33 °C for 4 weeks and théH NMR spectrum to oxidative addition of Hand by reaction with ethylene lead
recorded. No W-D for C—H scrambling was observed. Thus to ethane. A direct addition of Hacross the M-C multiple
there is no evidence for reversihfieH elimination from OPr bond is also possible. These possibilities are attractive to us in
ligands—at least none that leads to scrambling with the hydrides light of the fact that H/D site exchange at the cluster occurs at
of the clusterl. The compound-dgywas dissolved in benzene-  roughly the same rate as ethylene hydrogenation and only sites
ds and allowed to react with $(3 atm) in a J. Young NMR H(d) and H(a) are involved. These hydrides are both adjacent
tube. In this reaction slow, but site-selective exchange of H to the alkylidyne ligand.

for D was seen at the terminal hydride H(d) witly ~ 2 days The reactivity ofl toward (C¥).C=0 and (CH),**C=0 in

at 33°C. A slower but also site-selective H for D exchange benzeneds was also investigated, and it was found that
was observed for one of the bridging hydrides, namely H(a). deuterated, OCH(C#), or **C-labeled alkoxide ligands were
The relative rates of H for D exchange for H(d) to H(a) was incorporated selectively at the terminal W{4R site. In these

ca 4:1. After removal of H gas the partially protio cluster — experiments protio acetone aridC-acetone were formed,
containing H at sites H(d) and H(a) remained unaltered for 4 respectively. Careful studies of these reactions revealed that
weeks at 33C. Thus, no scrambling of hydride ligands occurs the rate of incorporation of label into the cluster was dependent

within the cluster on a chemically significant time scale. upon the presence of adventitidBsOH, present as an impurity
(25) In Re(u-OPrjs(OPr) the terminal sites show selective!F® due to trace hydrolysis of the cluster. Furthermore, the exchange

exchange in the presence of both acetdnend'Pr-d,-OH because of the  reaction shown in eq 9 occurred significantly faster, as deduced

reversible_reaction: R@u-OPrs(OPs = Re(u-OPr(OPri(H) + from NMR studies, than did incorporation of label into the

acetone. The ®r ligand bonded to the ReH moiety is then capable of . . ..
undergoing alcoholysis: Hoffman, D. M. Lappas, D.; Wierda, D.JA. cluster. From this observation we conclude the cluster is itself

Am. Chem. Sod 989 111, 1531;1993 115, 10538. not directly responsible for the catalysis of the MPV reaction
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(CH,),"*C=0 + (CD,),CDOD =
(CH,),"*CDOD + (CD,),C=0 (9)

9,26 but rather catalysis arises from some species present in trac
amounts due to degradation of the cluster. However, the site-
selective alcoholysis involving W(4) allows incorporation of
the label into the cluster.

A Minor Isomer of 1 and Related Cyclopentoxides and
Cyclohexoxides? As noted earlier, compoundl is prepared
from the reaction between 1,2Bu),(O'Pr); and H in
hydrocarbon solvents, eq 2, and is isolatedarn40% crystalline
yield. Related compounds are believed to be formed in the
reactions of 1,2-W(Bu),(OR), and H, where R= chexyl and

‘pentyl, based on the observation of hydride resonances similar

to those characteristic for hydride signals observed Tor
However, in the crude reaction mixture there are other signals
in the hydride region. One compound that can be identified by
its hydride signals is possibly an isomerldbecause its hydride
resonances integrate as 2:2:#, it contains 5 H. In the case

of the reactions involving OR= O°hexyl and Opentyl, these
signals are present in a larger relative abundance than for R

J. Am. Chem. Soc., Vol. 119, No. 24, 13857

distilled under N from Na/benzophenone and storedodd\ molecular
sieves. Spectra were recorded on Varian XL-300 (300 MHz), Nicolet
NT-360 (360 MHz), and Bruker AM 500 (500 MHz) spectrometers in
dry and deoxygenated benzetgtolueness, or pyridineds. All *H

éand13c NMR chemical shifts are reported in ppm relative to the residual

protio impurities or'3C signals of the deuterated solvenf8P NMR
chemical shifts were calibrated against an external samples®OH

set at 0.0 ppm.2H NMR spectra were recorded in benzene or toluene,
and the chemical shifts are reported in ppm relative to the natural
abundanceH present in the protio solvent. Infrared spectra were
obtained from KBr pellets or Nujol mulls with a Nicolet S10P FT-IR
spectrometer. Elemental analyses were performed by Atlantic Microlab,
Inc., Norcross, GA, and Oneida Research Services, New York, NY.

Chemicals. The preparation of 1,2-WBu)(O'Pr)?® and
W,(CH;R)(O'Pr(dmpm) (R= Ph,Bu)!!* was described previously.
The ligands dmpe, dmpm, and dppe were purchased commercially and
used as received. MiBu),(O'Pr-d;), was prepared from the reaction
between 1,2-W(Bu)(NMe;), and DOPr-d;. All lecture bottles of gases
(H2, D, and HCCH,) were rated as 98% pure and were used as
received.

We(H)(u-H) 4(u-C'Pr)(O'Pr)s(u-O'Pr); (1). In a 30 mL capacity
Kontes solvent seal flask, 1,2\Bu),(O'Pr), (0.650 g, 0.905 mmol)
was dissolved irca. 15 mL of hexane. The solution was frozen in
liquid nitrogen and the flask evacuated and closed. Next, the flask

iPr. While we have not been able to isolate these compoundsWas transferred to a gas addition manifold where it was immersed in

in a pure form, for R= Pr it is possible to account for the
compound as an isomer &f The datad 12.2,Ji3y_13 = 101

Hz, | = 24% (1H),6 11.8,J13y_1y = 108 Hz,| = 24% (2H),
ando 8.3, Js3y_1y = 132 Hz,| = 14% (2H), implicate three
bridging hydrides, two of which are equivalent, and two
equivalent terminal hydrides. Thus an isomerlohaving a
mirror plane of symmetry would meet these requirements, and
by merely exchanging the bridging hydride H(a) with the
terminal alkoxide O(39) in Figure 2 such an isomer would be
realized. To conclude, during the synthesid afther isomers
could be formed. However, ondehas been formed it never
isomerizes.

Concluding Remarks

The reaction between 1,2-)Bu),(O'Pr) and H in hydro-
carbon solutions has led to the discovery of a n&veluster
We(H)s(C'Pr)(OPr)2 (1), with an unsymmetrical disposition of
ligands such that three hydride ligands “cluster” on one face.
The cluster is chemically “inert” and thereby allowed insight
into rare site-selective reactions at a cluster. The formation of
the hexanuclear clustet, is proposed to occur by the sequential
combination of reactive “\W complexes derived from bot@-
and -CH activation. This proposal finds support from the
trapping of the hydrido alkoxides? and 3, by the use of
chelating phosphines, dmpe and dmpm, respectively.

Experimental Section

liquid nitrogen. At—176°C, hydrogen (600 Torga. 3 atm at 22°C)
was added. The Kontes tap was closed and the contents of the flask
warmed to room temperature while stirring continued. After 48 h the
excess hydrogen was released and the reaction mixture was transferred
to a standard Schlenk flask. The solvent volume was reduceatuo
and the flask cooled te-20 °C for another 24 h. Crystals were isolated
by removing the mother liqguor and washing with cold hexane (yield:
0.214 g, 38%). Anal. Calcd (found) for 69012 Ws: C, 25.66
(25.81); H, 5.17 (5.08); N, 0.00 (0.00}H NMR (300 MHz, 22°C,
benzened): W—H, 6 14.65 (dd, 1H )31y = 88.2 Hz, 24.5%J1 -1y
= 10.6 Hz,Jy-1y = 1.5 Hz),0 13.42 (s, 1HJis3y 1y = 93.4 Hz,
24.5%),6 13.40 (s, 1H)s3y_1y = 105.5 Hz, 24.5%)¢ 10.00 (s, 1H,
Jisay_1y = 130.2 Hz, 14.3%)) 9.14 (d, 1H Jisay_1 = 103.5 Hz, 24.5%,
Jiy-1y = 10.6 Hz); OCH(CHs),, 6 5.97, 5.80 (2H), 5.65, 5.56, 5.41,
5.15,5.10, 4.98, 4.90, 4.85, 4.84 (quintets, 12H,, = 5.7—-6.6 Hz);
CCH(CHga),, 0 7.10 (quintet, 1HJy—1y = 6.5 Hz); OCH(®3),, o
1.15-1.8 (multiple overlapping doublets)}:3C{*H} (125 MHz, 22°C,
benzeneads): OCH(CHs),, 6 88.6, 84.4, 84.1, 83.1, 82.5, 79.9, 77.1,
76.6, 76.5, 72.1, 71.4, 69.9; OCEH3)2, 0 30.44, 30.40 (2C), 29.61,
28.47, 28.12 (2C), 28.06 (2C), 28.02, 27.97, 26.75, 26.66, 25.89, 25.33,
25.29 (2C), 24.91, 24.84, 24.72, 24.58, 24.51, 23.42, 23.10; CCHYCH
see below. IR (KBr Pellet)ywn = 1794 frwp = 1283), 1451 w, 1375
m, 1325 m, 1160 m, 1115 s, 978 s, 922 s, 837 s, 581 m, 446 w.
WG(D)(p-D)4(y-C‘Pr)(O‘Pr-d7)5(;¢-OiPr-d7) (l-dgg). 1-dgo was pre-
pared in an identical manner aswith 1,2-Wx(‘Bu),(O'P-d;)4 and D
gas. *H NMR (300 MHz, 22°C, benzened): CCH(CHs),, 0 7.07
(quin, 1H,Juy = 6.0 Hz); CCH(QH3)2, 0 1.72 (d, 3H,Jun = 6.0 Hz),
6 1.45 (d, 3H,Jus = 6.0 Hz). °C{H} (125 MHz, 22°C, benzene-
ds): CCH(CH),, 6 412.5,0 52.3,6 35.7,0 32.2.
We(D)(-D)a(-C'Pr)(u-O'Pr)-(O'Pr)s (1-ds). 1-ds was prepared
in the same manner &with D, in place of H. 2H NMR (22 °C,

General Procedures. All syntheses and sample manipulations were benzene):d 14.3 (1D, Jieay 2y = 12.7 Hz),d 13.4 (2D, ey 2y =

carried out under an atmosphere of dry and deoxygenated nitrogen with4 5 7 Hz),0 9.88 (1D,Jis3y_2; = 20.0 Hz),0 8.84 (1D,J3y_2 = 16.5
standard Schlenk and glovebox techniques. Hydrocarbon solvents wereyz).

(26) This is typically catalyzed by alkoxides of Al or Zr, e.g. Alf®)
or Zr(OPr): March, J. InAdvanced Organic Chemistry: Reactions,
Mechanisms and Structur8rd ed.; J. Wiley and Sons: New York, 1985;
pp 811 and 813814.

W(u-H)(dmpek(O'Pr)4 (2). In a 30 mL capacity Kontes brand
solvent seal flask, 1,2-Y{Bu),(O'Pr), (0.900 g, 1.25 mmol) was
dissolved inca. 15 mL of toluene. The chelating diphospine dmpe
(0.376 g, 2.51 mmol) was then added from a microliter syringe. The

(27) The most similar group of octahedral polyhydrido clusters of which  mixture was frozen in liquid nitrogen and the flask evacuated and

we are aware are those recently reported by Cotton and co-workers such a
ZreX1gHs®~ and related species, where=X Cl or Br. These have edge-
bridging and terminal halides supporting an octahedrglufit and the
hydrides occupys-H positions on faces. The hydrides in these anions are
fluxional, giving rise to one!H NMR signal in solution. See: Chen, L.;
Cotton, F. A.; Wojtczak, W. AAngew. Chem., Int. Ed. EnglL995 34,
1877. Zg(H)4Clh4(PRs)a: Chen, L.; Cotton, F. A.; Wojtczak, W. Anorg.
Chem.1996 35, 2988. Zg(H)sCl;2—: Chen, L.; Cotton, F. Alnorg. Chem.
1996 35, 7364. Cotton, F. A.; Chen, L.; Schultz, A. @. R. Acad. Sci.
Paris 1996 323 539.

Tlosed. Next, the flask was transferred to a gas addition manifold where

it was immersed in liquid nitrogen. At176°C, hydrogen (600 Torr,
ca 3 atm at 22°C) was added. The Kontes tap was closed and the
contents of the flask warmed to room temperature while stirring

(28) Chisholm, M. H.; Eichhorn, B. W.; Folting, K.; Huffman, J. C.;
Tataz, R. JOrganometallics1986 5, 2171.

(29) Chisholm, M. H.; Folting, K.; Huffman, J. C.; Kirkpatrick, C. C.
Inorg. Chem.1984 23, 1021.
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continued. After 24 h the excess hydrogen was released and the reactiortomplete intensity data collection and correction for absorption, data
mixture was transferred to a standard Schlenk flask. The solvent processing gave a residual of 0.036 for the averaging of 1888 unique
volume was reduceith vacuountil crystallization began. The reaction  intensities which had been observed more than once. Four standards
mixture was then warmed gently to regain homogeneity. The flask measured every 400 data showed no significant trends. The structure
was left standing at room temperature for several hours and then cooledwas solved by using a combination of direct methods (SHELXS-86)
to —20 °C for another 24 h. Two crops of crystals were isolated in and Fourier techniques. The positions of the tungsten atoms were
this manner by removing the mother liquor and washing with cold obtained from an E-map. The remaining non-hydrogen atoms were

hexane (yield: 0.985 g, 87%). Anal. Calcd (found) fopso-
O4PsW;: C, 31.81 (31.94); H, 6.89 (6.95}H NMR (300 MHz,+60
°C, toluenedg): 6 4.65 (quin, 4H, OQf)(CHs),, Jun = 5.7 Hz),o
1.41 (d, 24H, OC(H)(El3)2, Juu = 5.7 Hz), 6 1.62 (bs w/shoulder,
32H, (CH3),PCH,CH,P(CH3),). *H NMR (300 MHz,—60 °C, toluene-
dg, W—u-H): 6 —12.4 (m,Jyy-3 = 30.9 Hz),0 —1.60 (m,Jy_31p =
15.3 Hz,y-3p = 6.3 Hz),0 —1.04 (m,J-3 = 6.3 Hz). 2H NMR
(300 MHz,—60 °C, toluene, W-u-H): 6 —12.3 (bs),0 —1.50 (bs),0
—0.90 (bs). 3*P{*H} NMR (146 MHz, +60 °C, tolueneds), 6 14.9
(bs, dmpe). 3¥P{H} NMR (146 MHz,—60 °C, tolueneds): ¢ 18.71
(bs, 2P 83y_31p = 224.8 Hz),0 14.37 (s, 1Py 3 = 275.5 Hz),0
5.91 (bs, 1Pss3y_31 = 167.0 Hz). IR (KBr Pellet):vy = 1755 ¢p =
1250), 1460 w, 1449 w 1420 m, 1366 m, 1348 m, 1331 m, 1316 m,
1290 w, 1277 w, 1265 w, 1161 s, 1117 s, 979 s, 953 s, 885 S, 826 S,
779 w, 716 m, 669 m, 608 s, 594, 446 m, 421 w.
W(u-H)(dppe)(O'Pr)4. In a 30 mL capacity Kontes brand solvent
seal flask, 1,2-W(iBu)x(O'Pr) (1.00 g, 1.39 mmol) and dppe (1.11 g,
2.78 mmol) were dissolved ica. 15 mL of toluene. The mixture was
frozen in liquid nitrogen and the flask evacuated and closed. Next,
the flask was transferred to a gas addition manifold where it was
immersed in liquid nitrogen. At+176 °C hydrogen (600 Torrca. 3

obtained from subsequent iterations of least-squares refinement and
difference Fourier calculation. Hydrogens bonded to carbon were
included in fixed calculated positions with thermal parameters fixed at
one plus the isotropic thermal parameter of the atom to which they
were bonded. The hydride ligands could not be determined by this
work. They were included in the formulas and the density calculation
since their presence was established by earlier NMR work. In the final
cycles of refinement, the non-hydrogen atoms were varied with
anisotropic thermal parameters to a fil{F) = 0.048. The largest
peak in the final difference map was a tungsten residual of 2.8 e/A
All of the more significant peaks were in chemically unreasonable
positions (mostly too close to W) to be interpreted as the anticipated
hydride ligands.

Prompted by the fact that spectroscopic results were inconsistent
with the original structure and in part by the supporting observation
that one of the oxygen atoms, O(15), had an isotropic thermal parameter
that was twice as large as for any other oxygen in the structure, data
was reevaluated. While a large thermal parameter such as this is not
impossible, it probably should have been cause for more concern earlier.

0O(15) has now been refined as a carbon, C(15). The isotropic
thermal parameter is now at a more reasonable valu&s(18 15 rather

atm at 22°C) was added. The Kontes tap was closed and the contentsthan 50), although the anisotropic thermal parameters for it and two
of the flask warmed to room temperature while stirring continued. After other carbons, C(33) and C(36), did not refine properly. This may be
24 h a large amount of dark precipitate formed. The excess hydrogendue to absorption errors. The crystal was quite small and the
was released and the product (1.280 g) collected over a medium porositymeasurements of the crystal dimensions needed for the absorption
frit and washed with hexane multiple times to ensure removal of any correction were not accurate and in fact were adjusted somewhat in an
dppe. The combined mother liquor and washings were then stripped attempt to improve the correction.

to drynessn vacua The solid was then washed several times to remove  In the final cycles of refinement. C(15), C(33), and C(36) were
any hexane-soluble material. A second crop (0.330 g) of the hexane-varied with isotropic thermal parameters and all other non-hydrogen
insoluble product was then collected as before (yield: 1.610 g, 83%). atoms were varied with anisotropic thermal parameters. Hydrogens

Anal. Calcd (found) for GH7s04P,W,: C, 54.79 (54.94); H, 5.60
(5.61). 'H NMR (300 MHz, 22°C, benzenels): ¢ 0.01 (m, 2H, W-H,
Juegy_1y = ca. 80 Hz),0 4.52 (bs, 4H, OEI(CHz),, 6 1.33 (d, 12H,
OCH(CH3),), 6 1.03 (bs, 12H, OCH(83),), 6 2.35, 2.20, 1.68, 0.68
(bm, 8H, PRPCH,CH,PPh). 3P{*H} NMR (146 MHz, 22 °C,
pyridineds): 6 42.0 (s, 2P1s3y_31, = 291.7 Hz, 14.3%)¢ 25.8 (s, 2P,
hisgy_s1p = 161.0 Hz, 14.3%%83y_ 31 = 46.0 Hz, 14.3%).

W 4(u-H) 4(dmpm)3(O'Pr)s (3). In a 30 mL capacity Kontes brand
solvent seal flask, 1,2-WBu),(O'Pr),(dmpm) (0.400 g, 0.468 mmol)
was dissolved irca. 15 mL of hexane. The solution was frozen in

bonded to carbon atoms were included in fixed calculated positions.
Since changing one oxygen to a carbon is only a change of two electrons
in this very heavy atom structure, it is not surprising that the residuals
were not significantly different.R(F) was 0.048 as before and the final
dh}erence map again had a maximum of 2.6 and a minimum 20

elAs.

W (-H)(dmpe)k(O'Pr)4 (2). A cube-shaped crystal of suitable size
was cleaved from a large piece of the sample in a nitrogen atmosphere
glovebag. The crystal was mounted with silicone grease and it was
then transferred to a goniostat where it was cooled-160 °C for

liquid nitrogen and the flask evacuated and closed. Next, the flask characterization and data collection. A systematic search of a limited
was transferred to a gas addition manifold where it was immersed in hemisphere of reciprocal space revealed a primitive monoclinic cell.
liquid nitrogen. At—176°C hydrogen (600 Torrga. 3 atm at 22°C) Following complete intensity data collection the conditidng- 1 =

was added. The Kontes tap was closed and the contents of the flask2n for h01 andk = 2n for OkO uniquely determined space groBp1/
warmed to room temperature while stirring continued. After 24 h the n. After correction for absorption, data processing gave a residual of
excess hydrogen was released and the precipitated product was collected.054 for the averaging of 887 unique intensities which had been
over a medium porosity frit and washed with hexane (yield: 0.163 g, measured more than once. Four standards measured every 400 data

43%). Anal. Calcd (found) for H1020sPsW4: C, 28.91 (28.94); H,
6.54 (6.36); N, 0.00 (0.00)3*P{*H} NMR (146 MHz,—60°C, toluene-
ds): 6 —30.94 (m, 1P)¢ -21.30 (M, 2P)¢ —14.45 (bs, 3P).*H NMR
(300 MHz,+60 °C, tolueneds): ¢ 4.71 (quin, 9H, OQf)(CHz)z2, Jun
= 6.0 Hz),0 1.41 (d, 48H, OC(H)(El3)2, Jun = 6.0 Hz),6 2.20 (bs,
12H, (CH3),PCHP(CH3),), 6 1.94 (bs, 12H, (Bl3),PCHP(CH3),), 0
1.55 (bs, 12H, (€3),PCHP(CH3)2). *H NMR (300 MHz, —60 °C,
tolueneds): W—H, 6 —0.96 (m, 1H),6-4.15 (d, 1H),0 —7.16 (bs,
1H).

Crystallographic Studies. General operating procedures and listings
of programs have been given previou&ly.

We(H)(p-H) 4(u-C'Pr)(O'Pr)s(u-O'Pr)7 (1). A needle shaped crystal

showed no significant trends.

The structure was solved by using a combination of direct methods
(MULTANT78) and Fourier techniques. The positions of the tungsten
atoms were obtained from an initial E-map. The positions of the
remaining non-hydrogen atoms were obtained from subsequent itera-
tions of least-squares refinement and difference Fourier calculations.
Only a few of the hydrogens were observed. Hydrogens were included
in fixed calculated positions with thermal parameters fixed at one plus
the isotropic thermal parameter of the atom to which they were bonded.

In the final cycles of refinement, the non-hydrogen atoms were varied
with anisotropic thermal parameters to a fiRdF) = 0.033. The largest
peaks in the final difference map were tungsten residuals of 0.7 to 2.0

was mounted in a nitrogen atmosphere glovebag with silicone greasee/A3. All other peaks were less than 0.6 &/AThe largest hole was

and it was then transferred to a goniostat where it was cooled &
°C for characterization and data collection. A systematic search of a
limited hemisphere of reciprocal space revealed no symmetry among
the observed intensities. An initial choice of space grBlipvas later
proven correct by the successful solution of the structure. Following

—2.1elR

W 4(u-H)4(dmpm)z(O'Pr)s (3). A crystal of suitable size was
mounted in a nitrogen atmosphere glovebag with silicone grease and
it was then transferred to a goniostat where it was cooled160 °C
for characterization and data collection. A systematic search of a
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Table 7. Summary of Crystal Data

empirical formula GoHgsO12We C24He004PsW2 Ca9HogOgPsW4
color of crystal black black black
crystal dimens (mm) 0.0& 0.10x 0.36 0.20x 0.20x 0.20 0.16x 0.45x 0.45
space group P1 P2:/n Pcab
temp €C) —170 —160 —150
cell dimens
a(d) 12.800(3) 9.841(1) 21.396(3)
b (R) 20.561(5) 20.478(3) 30.729(5)
c(A) 11.839(3) 17.280(3) 17.624(2)
o (deg) 103.74(1)
S (deg) 116.61(1) 95.70
y (deg) 88.00(1)
Z (molecules/cell) 2 4 8
vol (A) 2696.81 3464.78 11587.86
Oealaa (g €NT2) 2.306 1.734 1.853
wavelength (A) 0.71069 0.71069 0.71069
mol wt 1872.29 904.33 1616.44
linear abs coef (cm) 130.719 69.851 82.907
detector to sample dist (cm) 225 22.5 22.5
sample to source dist (cm) 235 23.5 235
av w scan width at/, height 0.25 0.25 0.25
scan speed (deg/min) 6.0 8.0 8.0
scan width (degt dispersion) 2.0 1.8 1.4
individual background (s) 6 4 4
aperture size (mm) 3.4.0 3.0x 4.0 3.0x 4.0
260 range 6-45 6-45 6-45
total no. of reflcns collected 9059 5669 14614
total no. of unique intensities 7067 4550 7602
total no. withF > 0.0 6539 4394 6653
total no. withF > 30(F) 5942 4252 3901
R(F) 0.0483 0.0330 0.0372
Rw(F) 0.0486 0.0353 0.0381
goodness of fit for last cycle 1.303 1.374 1.227
maxdlo for last cycle 0.002 0.122 0.051

limited hemisphere of reciprocal space revealed a primitive ortho- Table 8. ThexyzCoordinates o, 2, and3

rhombic cell. Following complete intensity data collection, the observed Wo(H) (u-H)a(u-CPr) (w-O'Pry(OPrk (1)

conditions 1= 2n for Okl, h = 2n for h01, andk = 2n for hkO uniquely W(1)—H-W(4) 0.9653 0.1846 0.0465
determined space groupcah After correction for absorption, data W(3)—H-W(4) 0.7577 0.2278 —0.0328
processing gave a residual of 0.092 for the averaging of 4707 unique ~ W(3)—H=W(5) 0.5859 0.1971 —0.2230
intensities which had been observed more than once. The rather large W(4)—H-W(5) 0.7781 0.1251 —0.1452
residual is probably due to the fact that there was a large amount of W(6)—-H 0.9739 0.4098 0.0866
weak data. Of the 7602 unique data, only 3901 were considered Wo(u-H)(dmpe}(O'Pr) (2)

observed by the criterioh > 30(l). Four standards measured every W(1)—H-W(2) 0.2220 0.1717 0.6957
400 data showed no significant trends. The structure was solved by ~ W(1)—H-W(2) 0.4832 0.1457 0.7674
using a combination of direct methods (MULTAN78) and Fourier tech- Wa(u-H)4(dmpmy(OPr)s (3)

niques. The positions of the tungsten atoms were obtained from an ~ W(1)-H—-W(2) 0.0971 0.1011 0.0791
E-map. The remaining non-hydrogen atoms were obtained from sub- ~ W(2)—H—-W(3) 0.1195 0.2172 0.1268
sequent iterations of least-squares refinement and difference Fourier ~W(3)—H—W(4) 0.1254 0.2979 0.1865
calculation. Hydrogens were included in fixed calculated positions with ~ W(3)—H—W(4) 0.1438 0.3261 0.0436

thermal parameters fixed at one plus the isotropic thermal parameter
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The program XHYDEX® was used to determine optimal hydride . . . . .
positions in compounds, 2, and3. M—H distances were taken to be Supporting Information Available: Crystallographic data

1.73 A for terminal sites and 1.87 A for bridging sites. Thkgz for compoundd, 2 and3 (20 pages). See any current masthead
coordinates located for hydrides by the program for each molecule are page for ordering and Internet access instructions.

listed in Table 7. In all cases the potential energy values fell between

0 and 2.5 units. JA9643634



