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Reduction of the metal—metal-bonded complex FvW,(CO)s generated the dianion
FvW3(CO)s?~. An X-ray crystallographic analysis of [Ety;N*L[FvW5(CO)sJ*~ (monoclinic space
iroup P2y/c, a = 7.687(2) A, b = 13.752(4) A, ¢ = 16.297(5) A, B = 94.80(2)°, V = 1716.8(8)

3, Z = 4) showed the dianion to contain a planar Fv ring system bonded to the two metal
centers in an anti fashion. The dianion reacted with a number of electrophiles to yield the
neutral species FvWy(CO)E; (E = H, Me, Et, 0-C3Hs, CHoPh). The pK, values for the two
consecutive deprotonations of FvW3(CO)sH; were determined as 14.0 and 16.6 by equilibrium
measurements in acetonitrile. Thermolysis and photolysis of FvWy(CO)¢H; yielded FyW,-
(CO) and Hz. Unlike CpaW2(CO)s, F¥W2(CO)s underwent protonation at the W—W bond
by HBF¢Et20 in acetonitrile. Reactions of FvW3(CO)s and FvMog(CO) with PMe; and Mes-
PCH;PMe; (dmpm) resulted in generation of the dinuclear zwitterions FvM2(CO)s;(PMes)2
and FvMy(CO)5)(dmpm), respectively. An X-ray crystallographic analysis of FvMoa(CO)s
(orthorhombic space group P2;2:21, a = 9.1049(8) A, b = 12.2598(14) A, ¢ = 20.1606(18) A,
V = 2250.4(7) A3, Z = 4) showed an anti coordination of the Mo(CO)s~ and Mo(CO)y(dmpm)*
moieties at a planar Fv ligand. Electrophiles added at the anionic part of the zwitterions,
whereas LiAlH, effected reduction of coordinated CO to CHj; at the cationic center of FvMos-
(CO)5(PMes);. Excess PMe; caused the conversion of FvMo(CO)s(PMes); and FyMoa(CO)s)-
(dmpm) to Mo(CO)s(PMes); along with FvMo(CO)z(PMe;s); and FvMo(CO)z(dmpm), respec-
tively. These reactions constitute the first ring-slippage reactions that have been observed
in fulvalene metal complexes. When treated with Mo(CO)3(NCMe)s, FvMo(CO)(PMes),

cleanly regenerated FvMos(CO)s(PMes)s.

Introduction

Dinuclear organotransition-metal complexes have at-
tracted special attention among organometallic chem-
ists.2 The reason for the interest in such systems stems
in part from the suggestion that polynuclear species
may act as suitable models for the interaction of organic
molecules with surfaces.3 Organometallic compounds
that incorporate two or more reactive metal sites in close
proximity might provide access to reaction pathways not
available to mononuclear systems as a result of coopera-
tive electronic and/or steric effects.® In order to achieve
true polynuclear reactivity, it is important that frag-
mentation of the polynuclear framework is avoided.
Despite the fact that a wide variety of bidentate,
metal—metal bridging ligands have been designed with
this in mind, fragmentation reactions are frequently
seen—presumably resulting from relatively weak met-
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al—ligand bonds. For example, dissociation energies for
tertiary phosphine—metal bonds fall in the range 30—
40 kcal/mol.4 The cyclopentadienyl (#5-CsHs, Cp) ligand
is among the more strongly bonded ligands in organo-
metallic systems, with bond strengths to metals typi-
cally estimated at 90—100 kcal/mol.4® Therefore, di-
nuclear systems containing two Cp moieties connected
to each other appear to be attractive bridging ligands.
On the basis of this strategy, Cp’s connected by meth-
ylene and other linkages have been used.® Earlier
work’2? provided ready access to dinuclear fulvalene (75:
n5-C10Hs, henceforth to be abbreviated Fv) complexes,
in which the Cp moieties are directly attached to each
other without intervening bridging groups. The high-

(4) Hoff, C. D. Progr. Inorg. Chem. 1992, 40, 503.

(5) Ryan, M. F.; Eyler, J. R.; Richardson, D. E. J. Am. Chem. Soc.
1992, 114, 8611.

(6) For some selected references, see: (a) Gémez-Sal, P.; de Jesus,
E.; Pérez, A. 1; Royo, P. Organometallics 1998, 12, 4633. (b) Brunner,
H.; Grassl, R.; Wachter, J.; Nuber, B.; Ziegler, M. L. J. Organomet.
Chem. 1992, 431, 143. (c) Werner, H.; Schneider, D.; Schulz, M. Chem.
Ber. 1992, 125, 1017. (d) Schneider, D.; Werner, H. Organometallics
1998, 12, 4420. (e) Bitterwolf, T. E.; Rheingold, A. L. Organometallics
1991, 10, 3856. (f) Nessel, A.; Niirnberg, O.; Wolf, J.; Werner, H.
Angew. Chem., Int. Ed. Engl. 1991, 30, 1006. (g) Knox, S. A. R;
Macpherson, K. A.; Orpen, A. G.; Rendle, M. C. J. Chem. Soc., Dalton
Trans. 1989, 1807. (h) Baumann, R.; Malisch, W. J. Organomet. Chem.
1986, 303, C33. (i) Abriel, W.; Heck, J. J. Organomet. Chem. 1986,
302, 363. (j) Wright, M. E.; Mezza, T. M.; Nelson, G. O.; Armstrong,
N. R; Day, V. W.; Thompson, M. R. Organometallics 1983, 2, 1711.

© 1994 American Chemical Society



Chemistry of Dinuclear Fulvalene Complexes

yield syntheses have facilitated the exploration of the
chemistry of such species in detail.”

There are at least two important reasons that suggest
that Fv-bridged dinuclear systems might exhibit prop-
erties quite different from those of Cp analogues, and
even of analogues based on Cp rings connected by
intervening linkages. First, in the metal—metal-bonded
complexes that lend themselves as obvious starting
materials for this type of chemistry, the Fv ligands are
forced to bend away from planarity in order to accom-
modate the metal—metal bonds. The distance between
the ring centroids in a planar Fv ligand is ca. 4.0 A8 In
comparison, the Ru—Ru distance in FvRug(CO), is 2.821
A and the Fv ligand is distorted from planarity by a
28.5° dihedral angle between the two Cp ring planes.”™
This bending of the Fv ligand is thought to weaken the
metal—metal bonds, leading in turn to unique react-
ivity.”¢ Second, the conjugated 7 system of the Fv ligand
provides a mechanism for electronic communication
between the metal centers regardless of whether there
is a metal—metal bond present or not, and of whether
the metals are oriented syn or anti with respect to the
bridging ligand. The Hiickel MO diagram of fulvalene®
shows that the first and third lowest energy levels in
the s-electron system provide significant bonding in-
teractions between the two ring 7 systems. The pres-
ence of significant electronic communication is sup-
ported by the report that FvRha(CO)2(PPhs)e underwent
a reversible, two-electron oxidation at 0.01 V vs SCE,
whereas CpRh(CO)(PPhs) underwent a one-electron
oxidation at 0.43 V.102 The large difference in oxidation
potentials suggests that special stabilization is provided
to the cation in the former case. Additional evidence
for electronic communication through the Fv ligand was
provided by the observationi® that the radical cation
FvFey(HMB)22* (HMB = hexamethylbenzene), in which
the Fe atoms may safely be assumed to be located anti
with respect to the Fv ligand, had only one type of Fe
atom, as found by Mossbauer spectroscopy even at 4.2
K (time scale of experiment: ca. 1072 s!). FvFe(HMB),
exists as a diradical, % demonstrating that while there
may be electronic communication between the metals,
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this does not necessarily lead to spin pairing of elec-
trons. Finally, it was recently shown that the cation
radical of FvMna(CO)4(us-PhyPCHoPPhy) had a delocal-
ized charge on the ESR time scale (1072 s) but not on
the IR spectroscopy time scale (10712 g),10c

In this contribution we describe the chemistry of
complexes FvWa(CQO)s (1), which has hitherto been
relatively unexplored, and of FvMo2(CO)s (2), which has
already been the focus of a full paper.™ Reactions that

I‘yi\\co
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oc//M
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bear relevance both on metal—metal bond energy weak-
ening because of induced strain and on the possible
intermetal communication through the Fv ligands will
be described.1!

Results and Discussion

Synthesis, Structure, and Reactivity of the Di-
anion FvW3(CO0)g?~ (127). The metal—metal-bonded
complexes FvMy(CO)¢ (M = Cr, Mo, W) undergo two-
electron electrochemical reductive cleavage of the
metal—metal bonds to form the corresponding dianions.™
FvWy(CO) (1), reduced at —0.82 V vs NHE,™ undergoes
reduction by LiEtsBH!2 or Na/Hg to form the Li and Na
salts of the non-metal—metal bonded dianion. A color
change from purple 1 to yellow 12~ marked the end point
of the reduction. The 'H NMR spectrum (THF-dg) of
12-(Na*), displayed signals at é 4.80 and 5.24 in the
expected AA’MM’ pattern typical of symmetrically
substituted dimetallafulvalene complexes of Cy, (syn
coordination at Fv) or Cy, (anti coordination) symmetry.
In THF, 12-(Na*); showed three IR vco bands at 1745,
1892, and 1889 cm™!, whereas 12(Li*); displayed a
somewhat different spectrum with bands at 1717, 1778
(shoulder), 1803, 1895, and 1897 (shoulder) cm~!. The
differences may be attributed to different ion pairing
effects with the two counterions.1?

Treatment of 12-(Na*); with aqueous EtJN*Cl~ led
to the formation of crystalline 12-(Ets;N*);. The IR
(acetonitrile) spectrum of this salt displayed only two
bands, consistent with the absence of contact ion pair-
ing,!13 at 1777 and 1888 cm~!. A number of dimetal
fulvalene carbonyl compounds without metal—metal
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Figure 1. Side-on SHELXTL view of [EtN*LIEVWACO)e2-]
(12-(Et,N*),), determined by X-ray crystallography.

Table 1. Bond Lengths and Bond Angles for
[E4N*LIFYW2(CO)s*"] (1>~ (Et,N*),)

Bond Lengths (A)
W(1)—C(1) 1.928(4) W()—C2) 1.927(5)
W(1)—C(3) 1.933(5) W(1)—C(5) 2.362(4)
W(1)—C(6) 2.354(6) W()—C() 2.367(5)
W(1)—C(®) 2.384(5) W(1)—C4) 2.407(4)
C(H—01) 1.163(6) C(2)—02) 1.187(7)
C(3)—0(3) 1.170(7) C(5)—C(6) 1.414(7)
C(5)—C#4) 1.413(6) C(6)—C(7) 1.415(8)
C()—C(8) 1.424(7) C(8)—C4) 1.427(7)
C4)—C@) 1.466(8) C(9)—C(10) 1.519(10)
C(9)—N(1) 1.527(7) C(11H—C(12) 1.492(8)
C(11)—N() 1.521(6) C(13)—C(14) 1.519(9)
C(13)—N(1) 1.526(7) C(15)—C(16) 1.518(8)
C(15)—N(1) 1.511(6)
Bond Angles (deg)
C()—W(1)—CQ2) 87.3(2) C(1)—W(1)—C@3) 86.1(2)
C(2)—W(1)—C@3) 89.0(2) C(H)—W(1)—C(5) 124.7(2)
C(2)—W(1)—C(5) 147.6(2) C(3)—W()—C(5) 97.2(2)
C(L—W(1)—C(®6) 98.2(2) CQ)—W(1)—C(6) 149.5(2)
C(3)—W(1)—C(6) 121.1(2) C(5)—W(1)—C(6) 34.9(2)
C(1)—W(1)—C(7) 103.32)  CQ=W(H—C(T) 114.7(2)
C3)—W)—C®) 154.6(2) C()y—W()—C(7) 57.9(2)
C(6)—W(1)—C() 34.9(2) C(L)—W(1)—C(8) 135.1(2)
C)—W(1)—C(8) 97.5(2) C(3)—W(1)—C(8) 138.3(2)
C)—W(1)—C(8) 57.5(2) C(6)~W(1)—C(8) 57.9(2)
C(7)—W(1)—C(8) 34.92) C(1)—W(1)—C4) 156.0(2)
CRQ—W(1)—C@4) 113.3(2) C(3)—wW(1)—C4) 105.5(2)
C(5)—W(1)—C4) 34.5(1) C(6)—W(1)—C(4) 57.8(2)
C(7)—W(1)—C@) 57.92) C(8)—W(1)—C4) 34.7(2)
W(H—C(1)—0(1) 176.8(5) W(1)—C2)—02) 178.6(5)
W()—C(3)—0(3) 178.1(4) W(1)—C(5)—C(6) 72.2(3)
W()—C(5)—C(4) 74.5(2) C(6)—C(5)—C(4) 109.0(4)
W(1)—C(6)—C(5) 7293)  W(1)—C(6)—C(7) 73.1(3)
C(5)—C(6)—C(7) 108.0(4) W()—C(7)—C(6) 72.1(3)
W()—C(T)—C(8) 73.2(3) C(e)—C(7H)—C(8) 107.7(5)
W()—C(8)—C(7) 71.9(3)  W(1)—C(8)—C(4) 73.6(3)
C(7)—C(8)—C(4) 108.3(4) W(1)—C@4)—C(5) 71.0(2)
W(1H—C@4)—C(®) 71.8(2) C(5)—C(4)—C(8) 107.0(4)
WwW(1)—C(4)—C4") 124.9(4) C(5)—C)—C4") 126.4(5)
C(8)—C4)—C4") 126.5(5) C(10)—C(9)—N(1) 114.9(5)
C(12)—C(11)—N(1) 116.2(5) C(14)—C(13)—N(1) 114.3(5)
C(16)—C(15)—N(1) 115.1(4) C(9)—N(1)—C(Q1) 111.5(4)
C(9)—N(1)—C(13) 108.9(4) C(11)—N(1)—C(13) 108.8(4)
C(9)—N(1)—C((15) 107.9(4) C(1D—N()—-C(15) 108.2(4)
C(13)—N(1)—C(15) 111.6(4)

bonds or additional bridging ligands have been struc-
turally characterized,’* and the metal centers are
always attached to the Fv ligand in an anti manner.
No anionic Fv complexes had been previously structur-
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ally characterized, so an X-ray structural analysis of
12-(Et4N*), was undertaken.

Figure 1 shows SHELXTL drawings of the structure
of [EtyN+L[FvW2(CO)s?>~]. Bond lengths and bond
angles are listed in Table 1. The dianion consists of two
tungsten tricarbonyl units bonded anti to a virtually
planar Fv ligand. The two Et,N* cations are well
separated from the anionic centers. The average W—CO
bond length, 1.929 A, is significantly shorter than that
in FyW,(CO)s, 1.97 A,m as a consequence of improved
W—CO d—n* back-bonding in the dianion, The average
W—C(ring) distance in 12~ is 2.375 A, longer than the
corresponding distance in 1(2.32 A). Similar differences
are revealed by comparison of CpsMoa(CO)glfe with
[BusN*I[CpMo(CO);71'¢* and of CpsCrx(CO)slée with
[Me,N+][CpCr(CO)3~1.16d The bond that connects the
two Cp moieties in the dianion has been lengthened to
1.466 A from 1.43 A in 1.5 HMO calculations® show
that the LUMO of fulvalene has a node between the two
central carbons. Increased m-electron density should
lead to a lengthening of this bond due to a reduction in
the n-bond order. The difference in bond lengths is in
the direction expected, but the change is quite small,
and caution must be exerted when attributing the
change exclusively to an orbital effect. Other contribut-
ing factors may be relief of strain in the fulvalene ligand
caused by the cleavage of the metal—metal bond, as well
as repulsive Coulomb forces between the two adjacent
anionic centers.

The dianion FvW5(CO)¢?™ readily undergoes reactions
with electrophiles to give the neutral, disubstituted
compounds FyWy(CO)sR2 (R = H (3), Me (4), Et, CHy-
CH,CH,I (5), CH;OCHj (6), 0-C3Hs, CHsPh) in good to

- NaHg
oc—NX W\\co THF

oc co o€ co

oc OC\ /CO
0c, €O R-)/-CO
@—@ = @_@
—
. W
oCuw"‘)w\CO oc// \\_\R
oc o co

R =H (3), Me (4), Et, CH,CH,CH,l (5),
CH,0CH; (6), 5-C3Hs, CHoPh

excellent yields. Some aspects of the chemistry of
compounds 4—6 will be discussed briefly in the follow-
ing, whereas the dihydride 8 will be the focus of
extensive discussions in separate sections of this paper.

Chemistry of Dialkyl Substituted Derivatives of
1. Photolysis of FvWy(CO)sMey (4) in benzene yielded
methane gas (detected by mass spectrometry) and FvWo-
(CO)s. This reactivity is reminiscent of the behavior of
FvMogz(CO)sMes,e CpMo(CO)3Me,'72 and CpW(CO)sMe,1™
which also yielded metal—metal-bonded species upon

(15) Abrahamson, H. B.; Heeg, M. J. Inorg. Chem. 1984, 23, 2281.

(16) (a) Adams, R. D.; Collins, D. M.; Cotton, F. A. Inorg. Chem.
1974, 13, 1086. (b) Crotty, D. E.; Corey, E. R.; Anderson, T. J.; Glick,
M. D.; Oliver, J. P. Inorg. Chem. 1977, 16, 920. (c¢) Adams, R. D,;
Collins, D. E.; Cotton, F. A. J. Am. Chem. Soc. 1974, 96, 749. (d) Feld,
R.; Hellner, E.; Klopsch, A.; Dehnicke, K. Z. Anorg. Allg. Chem. 1978,
442, 173.

(17) (a) Rausch, M. D.; Gismondi, T. E.; Alt, H. G.; Schwiirzle, J. A.
Z. Naturforsch., B: Anorg. Chem., Org. Chem. 1977, 32B, 998. (b)
Tyler, D. R. Inorg. Chem. 1981, 20, 2257.
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photolysis. The photochemical reaction of FvWg(CO)s-
Me; in benzene-ds yielded mostly CH4 (93% of total ion
intensity for m/z = 16—20) and CH3D (7%), demonstrat-
ing that the fourth hydrogen in the methane is not
derived from the solvent. Photolysis of FyWy(CO)e-
(CD3)g in benzene-ds yielded mostly CD4 (56% of ion
intensity) and CDsH (24%), indicating that the fourth
hydrogen (deuterium) largely derives from a second
methyl group in 4 or intermediates formed during its
degradation to 1. The isotopic selectivity in a puzzling
way differs from that of FvMoy(CO)sMez™ and CpMo-
(CO)3Mel (the source being mostly the ring systems)
and that of CpW(CO)sMe (extensive solvent involve-
ment!™),

The reaction between 12~ and 1,3-diiodopropane led
to the formation of bis(3-iodopropyl) complex 5 as the
only isolable product. The corresponding reaction of
FvMoy(CO)e?™ yielded a dinuclear Mo—Mo-bonded 1-0x-
acyclopent-2-ylidene Fischer-type carbene complex.” The
lack of formation of Fischer carbene products in the
tungsten case points to a considerably less facile CO
migratory insertion in tungsten alkyls relative to that
in the molybdenum alkyls. This conclusion is in accord
with the report that CpMo(CO)3~, but not CpW(CO)3™,
reacts with 1,3-dibromopropane to yield 1-oxacyclopent-
2-ylidene complexes.18

The dimethyl complex 4 failed to react with PhsCtBF4~
in an attempt to generate cationic carbene species.l®
However, the bis(methoxymethyl) complex 6 yielded a
carbene species in a reaction that qualitatively paral-
leled the behavior of its Mo analogue’ and other
alkoxyalkyl complexes.?® Treatment of 6 with HBF¢Et,O
in dichloromethane-d; at —60 °C initially yielded a
species which in the !H NMR spectrum displayed four
Fv signals, a characteristic methylene singlet (6 13.10,
2 H), and two singlets attributed to a methoxymethyl
group at 0 4.73 (3 H) and 3.62 (2 H). We assign the
structure FvW5(CO)s(CH20OCH3)(=CHg2)* to this com-
pound. Changes in the spectrum occurred upon heating
to 0 °C, which led to the gradual appearance of signals
arising from a compound that is tentatively assigned
the structure FvWy(CO)s(C2Hy)?t (see Experimental
Section for spectroscopic data). Presumably, coordi-
nated ethene arises from methylene—methylene cou-
pling in a transient, not detectable bis(methylene)
intermediate FvW3(CO)s(=CHz)s2*. Analysis of the
volatiles by mass spectrometry after heating the solu-
tion to 40 °C confirmed the presence of ethene. We do
not know whether the coupling reaction was intramo-
lecular in nature, but the possibility appears likely
because of the close proximity of the two methylene
groups. Intermolecular methylene coupling reactions

(18) Adams, H.; Bailey, N. A.; Winter, M. J. J. Chem. Soc., Dalton
Trans. 1984, 273

(19) For key references to the use of trityl reagents in the generation
of cationic alkylidene complexes, see: (a) Kiel, W. A,; Lin, G.-Y,;
Constable, A. G.; McCormick, F. B.; Strouse, C. E.; Eisenstein, O.;
Gladysz, J. A. J. Am. Chem. Soc. 1982, 104, 4865. (b) Kegley, S. E.;
Brookhart, M.; Husk, G. R. Organometallics 1982, 1, 760. (c) Kiel, W.
A.; Lin, G.-Y.; Bodner, G. S.; Gladysz, J. A. J. Am. Chem. Soc. 1983,
105, 4958. (d) Bodner, G. S.; Gladysz, J. A.; Nielsen, M. F.; Parker, V.
D.J. Am. Chem. Soc. 1987, 109, 1757. (e) Peng, T.-S.; Gladysz, J. A.
Organometallics 1990, 9, 2884,

(20) For recent key references to the use of alkoxyalkyl complexes
as carbene precursors, see: (a) Brookhart, M.; Liu, Y.; Goldman, E.
W.; Timmers, D. A,; Williams, G. D. J. Am. Chem. Soc. 1991, 113, 927.
(b) Vargas, R. M.; Theys, R. D.; Hossain, M. M. J. Am. Chem. Soc.
1992, 114, 777. (c) Gibson, D. H.; Owens, K.; Mandal, S. K.; Sattich,
W. E;; Franco, J. O. Organometallics 1991, 10, 1203.
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yielding coordinated ethene in mononuclear complexes
is a precedented reaction.1?®2! Interestingly, the me-
thylene complexes!?212 CpW(CO)3(=CHz)* and CpMo-
(CO)3(=CHygy)*, the first of which has been observed,21s
are considerably less stable than FyW2(CO)s(CH,OCH3)-
(=CHjy)* and its Mo counterpart. Phosphine substituted
analogues are considerably more stable, and a number
of such derivatives have been generated at low tem-
peratures, 1%
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Preparation and Characterization of FvWj-
(CO)gH; (3). The dihydride complexes FvMy(CO)sH;
(M = Cr, Mo, W) have been implied as plausible, albeit
not observed, intermediates en route from metal carbo-
nyl precursors and dihydrofulvalene to the correspond-
ing metal—metal-bonded complexes.” FvMoy(CO)sHo,
prepared in situ from the corresponding dianion and
trifluoroacetic acid (TFA), underwent quantitative de-
composition to the Mo—Mo-bonded dimer and H; at 20
°C,” a temperature at which CpMo(CO)3H is stable. The
study of the thermal H; extrusion from the bimetallic
dihydride was hampered by its instability. Our atten-
tion was therefore turned to the tungsten analogue 3.
Considering that M—H bond strengths increase as one
moves down in the periodic table,422 improved thermal
stability was anticipated for this complex.

Treatment of a THF solution of 12-(Na*), with TFA
caused the color to turn from pale yellow (127) to intense
yellow after the addition of 1 equiv of TFA. The yellow
color is believed to arise from the hydrido anion
FvWy(CO)sH™ (7; vide infra). After the addition of 2
equiv of TFA, the solution was virtually colorless, and
analytically pure dihydride 3 was isolated in 85—95%
yield as an air-sensitive, off-white solid (Scheme 1). The
1H NMR spectrum of 8 unambiguously establishes that
the dihydride in solution has two terminally bonded,
noninterchanging (on the NMR time scale) hydride

(21) (a) Jolly, P. W.; Pettit, R. J. Am. Chem. Soc. 1966, 88, 5044.
(b) Green, M. L. H.; Ishaq, M.; Whiteley, R. N. J. Chem. Soc. A 1967,
1508. (¢) Schrock, R. R. J. Am. Chem. Soc. 1975, 97, 6577. (d)
Brookhart, M.; Nelson, G. O. J. Am. Chem. Soc. 1977, 99, 6099, (e)
Merrifield, J. H.; Lin, G.-Y.; Kiel, W. A.; Gladysz, J. A. J. Am. Chem.
Soc. 1988, 105, 5811, (f) Bodnar, T. W.; Cutler, A. R. Organometallics
1985, 4, 1558. (g) Appel, M.; Schloter, K.; Heidrich, J.; Beck, W. .
Organomet. Chem. 1987, 322, 717.

(22) (a) Tilset, M.; Parker, V. D. J. Am. Chem. Soc. 1989, 111, 6711,
1990, 112, 2843. (b) Parker, V. D.; Handoo, K. L.; Roness, F.; Tilset,
M. J. Am. Chem. Soc. 1991, 113, 7493. (c) Kristjansdéttir, S. S
Norton, J. R. In Transition Metal Hydrides; A. Dedieu, Ed.; VCH:
Weinheim, Germany, 1992; p 309. (d) Simées, J. A. M.; Beauchamp,
J. L. Chem. Rev. 1980, 90, 629.
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ligands. The hydride signal is located at § —6.98 (THF-
ds) as a singlet with accompanying 18W satellites (Jwxu
= 37.7 Hz). The 1:13:1 intensity ratio of the signals
agrees well with the 1:11.7:1 ratio expected for a static
structure.?®> The observation of a W—H coupling rules
out intermolecular hydride exchange processes on the
NMR time scale. A structure involving two bridging
hydrides, or two terminally bonded hydrides undergoing
rapid intramolecular exchange, is ruled out on the basis
of the intensities of the 183W satellites relative to the
central resonance. These alternatives require a 1:6:1
intensity ratio.2? The terminal nature of the hydride
ligands in 8 is also supported®* by its reactions with
CCly, CHBr3, and I; to yield the corresponding dihalide
complexes FvWo(CO)eXy (X = Cl, Br, I) in excellent
yields (Scheme 1).

Thermodynamic Acidity of FvW3(CO)gH,. In an
attempt at purifying FvWy(CO)eDz (8-ds; prepared from
12~ and TFA-d) by passage through a silica gel column,
we found that the isolated product was instead FvW,-
(CO)sH;. Conversely, when 3 was passed through a
column of silica gel deactivated with DO, 3-ds was
obtained (Scheme 1) with more than 97% D incorpora-
tion, as judged by the absence of the hydride resonance
in the 'H NMR spectrum. The facile H/D exchange
suggests that 8 is rather acidic. The factors that
influence transition-metal hydride acidity have been
thoroughly studied during the last decade?226 A
comparison of the thermodynamic acidities (pK,’s) of
CpW(CO)sH and FvWy(CO)sH; should provide informa-
tion about the electronic properties of the Fv ligand,
compared with Cp. The pK, of CpW(CO)3H in acetoni-
trile is 16.1 at 25 °C, as determined by measurement of
proton-transfer equilibria between metal hydrides and
bases of known pK,.25¢

The ambient-temperature 'H NMR spectrum (aceto-
nitrile-ds) of near equimolar amounts of FvW2(CO)¢H2
and [Ety,N*][CpW(CO);~] displayed extremely broad

(23) (a) Hames, B. W.; Legzdins, P. Organometallics 1982, 1, 116.
(b) Legzdins, P.; Martin, J. T.; Einstein, F. W. B.; Willis, A. C. J. Am.
Chem. Soc. 1986, 108, 7971.

(24) Moore, D. S.; Robinson, 8. D. Chem. Soc. Rev. 1983, 12, 415.

(25) For some pertinent references, see: (a) Jordan, R. F.; Norton,
J. R.J. Am. Chem. Soc. 1982, 104, 1255. (b) Walker, H. W.; Pearson,
R. G.;Ford, P. C.J. Am. Chem. Soc. 1988, 105, 1179. (c) Moore, E. J;
Sulhvan,J M.; Norton, J. R. J. Am. Chem Soc. 19886, 108, 2257. (d)
Knstjansdbttu, S. S.; Moody, A. E.; Weberg, R. T; Norton, J. R.
Organometallics 1988 7,1983. (e) Weberg,R T.; Norton J.R.J.Am.
Chem. Soc. 1990, 110, '1105. (f) Skagestad, V.; Tﬂset M. J. Am. Chem.
Soc. 1998, 115, 5077. (g) Rottink, M. K.; Angehc1, R. J.J.Am. Chem.
Soc. 1998, 115, 7267.

signals in the Cp/Fv and hydride regions of the spec-
trum, indicative of rapid intermolecular proton transfer
reactions. When the sample was cooled to —45 °C, the
signals sharpened and four distinct species were ob-
served in solution. CpW(CO)sH, CpW(CO)3~, and FvWs-
(CO)gH; were identified by comparison with authentic
samples. The last compound displayed four Fv signals
and a hydride resonance (see Experimental Section),
consistent with a formulation as the hydride anion
FvWuy(CO)H™ (7). The four complexes were present in
a 12.8:1.2:1.0:13.0 equilibrium ratio. This information,
combined with the known2¢ pK, of CpW(CO)sH in
acetonitrile, leads to an estimate of the pK, of FyWj-
(CO)¢Hz equal to 14.0, as described in the Experimental
Section.

oc €O
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A solution of near equimolar amounts of FvWy(CO)sHg
and [EtyN*]:[FvWy(C0)s2~] in acetonitrile-ds had an
intense yellow color, quite different from the pale colors
of either of the two complexes alone. The intense color
is attributed to the hydrido anion 7, consistent with the
transient yellow color observed during acidification of
12~(Na*); with TFA. The broadened signals in the
ambient-temperature 'H NMR spectrum sharpened
upon cooling to —45 °C and allowed the measurement
of relative equilibrium concentrations of FvWy(CO)sHa,
FyWo(CO)sH -, and FvyWx(CO)s?~. The equilibrium ratio
was 1.3:22.8:1.0, the hydrido anion being by far the most
dominant component. As outlined in the Experimental
Section, these data lead to an estimate for the second
pK. of FvWo(CO)sHg equal to 16.6. It has been assumed
that the pK,’s of the species involved in the equilibria
are the same at —45 °C and at 25 °C. Temperature
dependent acidities are conceivable; however, relative
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Table 2. pK, Values for (5-CsH;R)W(CO);H Complexes in
Acetonitrile-d; at —45 °C

compd R in (735-CsH4R) pKa
CpW(CO);H H 16.124
FvW,(CO)¢H; (7°-CsHa)W(CO):H 14.0
FvW(CO)¢H™ (73-CsH)W(CO)s~ 16.6

pK, values of the three species most likely are rather
unaffected by temperature changes. In support of this,
the broadened hydride resonances allowed the relative
amounts of Fv and Cp hydrides to be estimated at
ambient temperature. The Fv to Cp ratio was identical,
within experimental uncertainties, to that measured at
—45 °C.

The pK, data for CpW(CO)sH, FvWy(CO)sHs, and
FvWq(CO)gH™ are summarized in Table 2. The neutral
dihydride is 2.1 pK, units more acidic than CpW(CO)sH,
whereas the hydrido anion is 0.5 units less acidic than
CpW(CO)sH. HMO calculations predict that Fv2~ has
a higher-lying HOMO than Cp~ and hence should be a
better donor ligand.? If no other factors were involved,
this difference should lead to less acidic metal hydrides
in Fv complexes relative to the Cp complexes. Our
results clearly show that this is not the case. We believe
that this originates in strong substituent effects that
override the difference in 7-electron donating. abilities
of the ligands. The compounds CpW(CO);H, FyWo-
(CO)eHs, and FYWo(CO)sH™ may be viewed as substi-
tuted Cp derivatives (55-CsH,RYW(CO)3H with R = H,
(75-CsH)W(CO)3H, and (5-CsHy)W(CO)3~. Compared
to R = H, (#°-CsHy)W(CO)3H has an electron-withdraw-
ing inductive effect.26 As a consequence, the pK, of
FvWy(CO)Hz is 2.1 units lower than that of CpW-
(CO)3H. On the other hand, the electron-rich substitu-
ent (75-CsHy)W(CO)3~ acts as an electron donor relative
to H. Consequently, FvWa(CO)sH™ is less acidic than
CpW(CO)3H, but only by 0.5 pK, units. Similar trends
in pK, values are found in organic chemistry. The pK,
of CH3COOH is 4.76, whereas HOOCCH;COOH has
pKa1 = 2.83 and pKaz = 5.69.272 The 2.5 unit difference
between pK; and pK; of 8 shows that there is extensive
electronic communication between the two metal cen-
ters. Whether this communication is established through
the 7 or the o frameworks of the Fv ligand is not clear.

The estimates of the hydride acidities in FvW3(CO)sHz
represent the first involving two consecutive acidity
constants in a non-metal—metal-bonded transition-
metal polyhydride complex. Weberg and Norton?%¢ have
determined the acidity difference (5.5 pK, units) be-
tween the first and second proton removals from the
interstitial hydride cluster H3Rh13(CO)242~. The mono-
nuclear complex HyFe(CO)4 is the only other dihydride
for which two successive acidity constants have been
determined (aqueous pK, values of 4.4 and 13.4).2™

Thermal H; Elimination from FvWy(CO)gH; (3).
As mentioned earlier, FvMy(CO)sHy species are obvious

(26) The electron-withdrawing properties of the M(CQ), groups are
manifested in various ways, such as the tendency of C—H bonds of
coordinated Cp to undergo lithiation with n-BuLi and similar reagents,®
and the enhanced acidities of benzoic acids?®® and phenols?®* when
coordinated to the Cr{CQO); fragment. (a) See for example: Ramsden,
J. A.; Agbossou, F.; Senn, D. R.; Gladysz, J. A, J. Chem. Soc., Chem.
Commun. 1991, 1360 and references cited. (b) van Meurs, F.; Hoef-
nagel, A. J.; Wepster, B. M.; van Bekkum, H. J. Organomet. Chem.
1977, 142, 299. (c) Wu, A,; Biehl, E. R.; Reeves, P. C. J. Chem. Soc.,
Perkin Trans. IT 1972, 449.

(27) (a) Brown, H. C. In Determination of Organic Structures by
Physical Methods; Braude, E. A., Nachod, F. C., Eds.; Academic
Press: New York, 1955; p 567. (b) Krumholz, P.; Stettiner, H. M. A,
J. Am. Chem. Soc. 1949, 71, 3035.
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candidates for intermediates during the syntheses of
FvMo(CO)s complexes from dihydrofulvalene and car-
bonylmetal precursors. The failure to detect the dihy-
drides during the reactions raised the question whether
these species were inherently kinetically less stable than
the Cp analogues. From a thermochemical viewpoint,
however, the FvMyCO)gHy dihydrides should be more
stable with respect to Hy elimination than their Cp
counterparts, assuming that M—H bond dissociation
energies do not change appreciably between the Cp and
Fv systems.?® Hydrogenation of the M—M bond in the
Fv complexes should release the strain energy caused
by the bending of the Fv ligand and render the hydro-
genation more favorable than for the Cp dimers. Cps-
Cry(CO)s2%%b and CpaMoz(CO)g, but not CpaWo(CO)g,2%¢
undergo hydrogenation to yield the hydrides. We were
thus surprised to find that no detectable amounts of
FvMy(CO)¢Hy (M = Cr, Mo, W) were formed during
treatment of the metal—metal-bonded species with Hg
under pressure. It is still possible that the Cr and Mo
dihydrides form in low concentrations, since FvCrs(CO)g
and, more slowly, FvMog(CO)s, hydrogenate 1,3-dienes
to monoenes under Hj pressure at 80 °C."

Since we could not add Hy to the M—M bond of 1, our
attention was drawn to the reverse process, the elimi-
nation of H; from 8. When a solution of 8 was heated
in diglyme at 160 °C for 2—4 days, 1 was quantitatively

oc, €o
-y -co @
A
_A, _
== o }"V\\co *H
W od to of o
oc—N~n
od co

produced. The liberation of Hy was verified by mass
spectrometry. When 3 was heated to 160 °C in dioxane-
ds, the volatiles contained only Hy; HD or D; was not
detected. Thermolysis of 3-ds in dioxane-dg gave 70—
80% D3, 15—~25% HD, and a small amount of Hy. This
result pertained even with silylated and flame-dried
glassware. We nevertheless suspect that the HD and
H; originate from H/D exchange with traces of moisture,
rather than from Fv ring protons. The latter presum-
ably would lead to some decomposition, whereas the
formation of FvWo(CO)s was always quantitative.

In order to clarify whether the H; elimination oc-
curred inter- or intramolecularly, a crossover experi-
ment involving a mixture of 3 and 3-ds was desired.
However, considering the appreciable acidity of FvWs-
(CO)Hg, it was feared that rapid intermolecular H/D
exchange would occur under the reaction conditions.
This suspicion was verified by the following double
labeling experiment. The ring-dimethylated analogue
of FvWy(CO)s, (1%:75-(CsHsMe)2)W3(CO)g (Fv"W4(CO)s,
8) was prepared by oxidative coupling of (methylcyclo-
pentadienyl)sodium with I, followed by reaction with

(28) M—H bond dissociation energies are relatively insensitive to
permethylation of the Cp ring and to the replacement of CO by
phosphine substituents. See ref 22a,b and: (a) Nolan, S. P.; Hoff, C.
D.; Landrum, J. T. J. Organomet. Chem. 19885, 282, 357. (b) Kiss, G.;
Zhang, K.; Mukerjee, S. L.; Hoff, C. D. J. Am. Chem. Soc. 1990, 112,
5657.

(29) (a) Fischer, E. O.; Hafner, W.,; Stahl, H. 0. Z. Anorg. Allg. Chem.
19565, 282, 47. (b) Goh, L.-Y.; D’Aniello, M. J., Jr.; Slater, S,
Muetterties, E. L.; Tavanaiepour, I.; Chang, M. L; Fredrich, M. F.; Day,
V. W. Inorg. Chem. 1979, 18, 192. (¢) Dub, M. Organometallic
Compounds; Springer-Verlag: New York, 1966; Vol. 1.
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Figure 2. Schematic representation of the six possible
isomers, not including enantiomers, of (55:75-(CsH3zMe);)Wo-
(CO)s (8), as viewed from above the Fv ring plane.

W(CO)s(NCEt);. The reaction gave 8 as a mixture of
six possible sterecisomers, shown schematically in
Figure 2. Eight separate methyl singlets were observed
in the 300-MHz !H NMR spectrum of the mixture, as
expected if all different methyl signals were resolved.

Na/Hg reduction of this mixture, followed by proto-
nation with TFA, gave a mixture of the six isomeric
dihydrides Fv"W2(CO)sHz (9). In the 'H NMR spectrum
of 9, the hydride signals from the mixture (6 —6.73 to
—6.95) were fully separated from the hydride signal of
3 (0 —6.98).

Equimolar amounts of 3-d; and 9 were dissolved in
THF-dg at =75 °C. After 2 h at this temperature, only
5% of the total hydride signal intensity was due to 8 or
3-d. H/D scrambling started when the sample was
heated. At —40 °C, detectable changes took place within
a 10-min period. Scrambling was complete at 0 °C.
Clearly, under thermal H; elimination conditions at 160
°C, H/D exchange would be too fast to allow the use of
a crossover experiment as a measure of the inter- vs
intramolecularity of the Hp extrusion.

The progress of the Hj elimination from 3 was
monitored by the appearance of the A = 548-nm (¢ 740)
absorption of product 1 in the UV—visible spectrum. The
reaction rates were rather irreproducible, the time
required for complete reaction being ca. 24—48 h. A
1-5-h induction period was needed before the reaction
took off at a higher rate. The addition of FyWy(CO)s
had no effect on the initial reaction rate, ruling out an
autocatalytic process. Addition of 20 mol % of the
radical chain initiator AIBN or 330 mol % of the spin
trap 9,10-dihydroanthracene (DHA) caused the reaction
to proceed at a faster rate, primarily by reducing the
induction period. Rate enhancements due to spin trap
addition have been previously observed® and may be
due to thermal cleavage of the C(10)—H bond in DHA.
This would yield a stabilized 9-hydroanthracene radical
and a hydrogen atom capable of initiating hydrogen
atom abstraction from 3.

Our results point to a radical chain elimination of Ho,
rather than a concerted dinuclear elimination reaction.
Theoretical work3! suggests that a concerted reaction
with a planar, four-center transition state should be
symmetry forbidden. Twisting of the M—H bonds
relative to each other could remove this restriction,
making the process kinetically more favorable. This
does, however, not appear to be the case for FvWo-
(CO)eHy. Omne might argue that the presumed anti
arrangement of the metal centers in 3 could contribute
to its stability. However, in view of the facile carbene
couplings discussed in a previous section and elsewhere,”
the barrier to rotation around the central C—C bond

(30) Hoffman, N. W,; Brown, T. L. Inorg. Chem. 1978, 17, 613.
(31) Trinquier, G.; Hoffmann, R. Organometallics 1984, 3, 370.
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must be low and should have no appreciable effect on
the rate of Hy elimination.

The above discussion has established that 3 is kineti-
cally inert with respect to Hy elimination on the time
scale and at the temperature that is employed for the
synthesis of 1 from dihydrofulvalene and W(CO)s-
(NCEt)s. Under preparative conditions, however, sig-
nificant quantities of ill-defined materials that may well
initiate the extrusion of Hy are present. Therefore, we
still consider 3 to be a plausible intermediate for the
generation of 1.

Chemistry of Cationic Complexes Derived from
FvW2(CO)s and FvW3(CO)gHz. Addition of 10 equiv
of HBF¢Et20 to a slurry of FvWy(CO)g in dry acetoni-
trile-d3 gave a deep red solution. The IH NMR spectrum
showed two Fv resonances at J 5.65 and 5.91 and an
upfield singlet at § —21.16 (1 H). The singlet was
surrounded by 183W gatellites (Jwyn = 36.3 Hz), the
intensity ratios being 1:6:1, as expected for a hydride
bonded to two identical tungsten centers?? (the predicted
low-intensity 183W, satellites were not observed). The
spectroscopic data unambiguously show that the com-
pound is the bridging cationic hydride FvWy(CO)g(u-H)*
(10), formed quantitatively by 'H NMR spectroscopy.
The related [CpsWy(CO)s(u-H)It cation was formed
during protonation of CpaWy(CO)s in 98% H3S0, and
was characterized by means of its 6 —24.8 hydride
signal.3 We find that treatment of CpsW2(CO)s with
HBF4Et;0 in dry acetonitrile-ds does not produce the
bridging hydride. The W—W bond in FvyWo(CO)s is

HBF,
CDs;CN 3
=

oA \c0 Tawor
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OoC Co
= < Hy-co
W W CDyCN
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oc— \\ﬁ// €O slow
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therefore significantly more basic than that of CpsWj-
(CO). Presumably, an extra driving force for protona-
tion is provided by release of strain energy contained
in 1 due to the bending of the Fv ligand. Treatment of
1 with HBF¢Et;0 in dichloromethane provided 10(BF,")
in 95% isolated yield. When dissolved in dry acetoni-
trile-ds, 10(BF,~) slowly underwent deprotonation to
give 1. When dissolved in dry THF or acetone, 10(BF4")
quantitatively generated 1 within seconds, demonstrat-
ing the high acidity of the bridging hydride.

When a solution of 10(BF4~) and excess HBF4+Et,0O
(to inhibit deprotonation) was left in acetonitrile-d; at
ambient temperature for 24 h, ca. 50% conversion to a
new compound with four Fv signals at 6 5.71, 5.72, 6.08,
and 6.33 (2 H each), and a terminal hydride at § —6.95

(32) Davison, A.; McFarlane, W.; Pratt, L.; Wilkinson, G. J. Chem.
Soc. 1962, 3653.

(33) See for example: (a) Beck, W.; Siinkel, K. Chem. Rev. 1988,
88, 1405. (b) Lundquist, E. G.; Folting, K.; Huffman, J. C.; Caulton,
K. G. Organometallics 1990, 9, 2254. (c) Blosser, P. W.; Gallucci, J.
C.; Wojcicki, A. Inorg. Chem. 1992, 31, 2376, (d) Bochmann, M. Angew.
Chem., Int. Ed. Engl. 1992, 31, 1181. (e) Jiang, Z.; Sen, A. Organo-
metallics 1993, 12, 1406, (f) Kramer, R.; Lippmann, E.; Noisternig,
K.; Steimann, M.; Nagel, U.; Beck, W. Chem. Ber. 1998, 126, 927.
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(1 H) with 183W atellites (Jwy = 37.5 Hz, intensity ratio
1:11:1), occurred. We believe this species to be the
cationic monohydride FyWz(CO)s(HXNCCD3)* (11) in
which the hydride is terminally bonded to a neutral W
center and the cationic W center is ligated by a solvent
molecule. The amount of 11 increased over the next few
days and eventually no 10 was left. Simultaneously,
in a much slower reaction, 11 decomposed to give mostly
unidentifiable products. The only product that could
be identified by comparison with an authentic sample
was the dication FyWa(CO)g(NCCD3)o2+ (12-ds, vide
infra). Analysis of the volatiles by mass spectrometry
revealed the presence of Ha. The formation of 11 from
10 is formally a displacement of a W—H bond from a
cationic W center by acetonitrile. The time needed for
this reaction shows that the W—H bond in a kinetic
gense is a relatively good ligand.

Double hydride abstraction from FvW3(CO)¢Hy oc-
curred instantaneously when 2 equiv of PhyC*PF~ was
added to an acetonitrile solution of the dihydride and
yielded [FyWy(CO)s(NCMe)o 12 (PFg ™)z (12(PF¢7)2) quan-
titatively. This product was also accessible by treat-
ment of bridging hydride 10 with 1 equiv of PhsC*PFg™,
but this reaction needed 10 h to go to completion. The
removal of the hydride ligand of 10, presumably with a
significant H* character, as H™ must require significant
reorganization of the electronic structure when passing
through the transition state for the hydride abstraction.
It may be that this electronic redistribution at least in
part is the source of the kinetic barrier of the reaction.
Electrostatic repulsions between substrate and reagent
may also contribute to the barrier. Kinetic data are not
available, but it is conceivable that the reaction between
10 and Ph3C*PFg~ in part involves slow formation of
11, which has a more reactive terminal hydride ligand
at a neutral metal center, as an intermediate from
which the hydride is ultimately abstracted.

The selectivity for single vs double hydride abstrac-
tion from 3 was probed by treatment of FvW3(CO)¢Hs
with ca. 1 equiv of Ph3C*PFg~ in acetonitrile-ds. It was
anticipated that the first hydride abstraction would give
a cationic monchydride which was somewhat deacti-
vated with respect to a second hydride abstraction
because of the positive charge left in the molecule after
the first hydride removal. However, 30 min after
mixing in acetonitrile-ds, the 'H NMR spectrum showed
a mixture of 1 (17%), unreacted 3 (12%), 10 (8%), 11
(43%), and 12 (20%). After 2 h, 10 had been completely
converted to 1 by deprotonation. Most likely, all 1 that
was present was produced this way, so that the initial
yield of 10 should be 25%. From these data, it is
apparent that 10 and 11 are generated from 3 at
roughly the same rates, presumably via a common
intermediate FvW3(CO)gH™* (13) possessing a formally
coordinatively unsaturated cationic center. Saturation
may be achieved by coordinating either the neighboring
W—H bond or a solvent molecule (Scheme 2). It has
been already mentioned that conversion of 10 to 11is a
slow process (days) and that hydride abstraction from
10 is also slow (hours). Since the dication 12 formed
instantaneously and quantitatively from 3 and 2 equiv
of PhsC*tPF¢~, it cannot be formed from 10 in this
reaction. Because 11 is formed at roughly the same rate
as 10 when 3 is treated with 1 equiv of PhsC*PFg™, it
appears that the quantitative formation of 12 cannot
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be explained with 11 as the only intermediate. There
is a need for an intermediate which is capable of
reaction with PhsC* before 10 is produced subsequent
to the first hydride abstraction. This suggests that
coordinatively unsaturated 18 undergoes direct reaction
with PhsC* prior to achieving saturation by solvent
coordination. As a consequence, stabilization of 13 by
solvent coordination or intramolecular W—H coordina-
tion must be a slower process than the intermolecular
reaction of 18 with Ph3C*. It is possible that the PFg~
counterion acts as a weak ligand, providing temporary
saturation of 13, thereby blocking the approach of the
W—H bond or solvent molecule. PF¢~ and other weakly
coordinating anions are capable of bonding to strongly
Lewis acidic metal centers.32 Reaction pathways that
are in agreement with these observations are sum-
marized in Scheme 2, with relative rates given in a
qualitative sense. The production of 10 in this reaction
mimics the generation of [CpW(CO)sle(u-H)* from CpW-
(CO)3FBF; and CpW(CO)3H.3¢

Treatment of FvWy(CO)sH; with 5 equiv of HBF #Et;0
in dry acetonitrile-ds caused no immediate reaction.
However, heating at 65 °C slowly yielded a red solution.
By 1H NMR spectroscopy, 3 slowly disappeared over a
period of 10 h. Significant quantities of 11 and 12 were
present in the reaction mixture *H NMR). In addition,
unresolvable multiplets were present at § 5.6—6.3, in
the region expected for cationic Fv species, as well as a
sharp singlet at 6 —3.56, twice as intense as the hydride
signal due to 11 at 6 —6.95. No W—H coupling was
apparent in the 6 —3.56 singlet. This signal may be
due to species containing an Fv-bonded W(CO)sHo*

(34) Behrens, U.; Edelmann, F. J. Organomet. Chem. 1984, 263, 179.
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Figure 3. Schematic representation of the four different
isomers of 14 (not including enantiomers).

moiety (protonation of CpW(CO)3H in BFyH20 yields
CpW(CO)3H;*,%2 the 'H NMR spectrum of which dis-
played a broad singlet at 6 —1.9). Nonclassical dihy-
drogen complexes should also be considered as viable
sources of the 6 —1.9 and —3.56 signals.3%3¢ Hydrogen
gas was slowly generated in this reaction.

Phosphine Substitution Reactions of FvW.-
(CO)gHz. The M—M-bonded FvMa(CO)g species (M =
Mo, W (this work)) are less prone to undergo thermal
or photochemical substitution reactions by phosphines
than are their CpsM2(CO)s counterparts.®” Thus, no
substitution products were isolated when 1 was treated
with PPhs, PhoPCH2PPhg, or PhoCH3CH2PPh; under
thermal or photochemical conditions. On the other
hand, the dihydride 3 undergoes facile substitution of
phosphines for CO in analogy with CpM(CO)sH (M =
Mo, W).38

Exposure of an ether solution of 3 to PMes caused
rapid precipitation of FvWy(CO)y(PMes)oHs (14) as a
yellow solid in quantitative yield. The IR spectrum
(THF) showed two bands of equal intensities at 1841 and

H\W/CO H\W/Pkg
L @—@
OC/W\H R3P/ \"H
OC OC CO

PR3 = PMe3, PMe;Ph, P(OMe);

1922 em™1, indicative of a near 1:1 mixture of cis and
trans configurations at the metal centers.?% The ambi-
ent-temperature 'H NMR spectrum exhibited broad
signals, indicative of fluxional processes. Four different
isomers (not including enantiomers) are possible for 14,
depicted schematically in Figure 3. A variable-tem-
perature 'H NMR study was undertaken to have a
closer look at the dynamics of the cis/trans interconver-
sion.

(35) For reviews covering the chemistry of dihydrogen complexes,
see: (a) Kubas, G. J. Acc. Chem. Res. 1988, 21, 120. (b) Crabtree, R.
H.; Hamilton, D. G. Adv. Organomet. Chem. 1988, 28, 299. (c) Jessop,
P. G.; Morris, R. H. Coord. Chem. Rev. 1992, 121, 155. (d) Crabtree,
R. H. Angew. Chem., Int. Ed. Engl. 1998, 32, 789. (e) Heinekey, D
M.; Oldham, W. J., Jr. Chem. Rev. 1993, 93, 913.

(36) Protonation of CpW(CO)s(PMe3)H yields the fluxional dihydride
CpW(CO)2(PMeg)H,* rather than a dihydrogen complex: Ryan, O. B.;
Tilset, M.; Parker, V. D. J. Am. Chem. Soc. 1990, 112, 2618.

(37) For reviews with extensive references to reactions between
Cp2M2(CO)s and phosphines, see: (a) Tyler, D. R. In Organometallic
Radical Processes; Trogler, W. C., Ed.; Elsevier: New York, 1990; p
338. (b) Tyler, D. R. Prog. Inorg. Chem. 1988, 36, 125.

(38) (a) Manning, A, R. J. Chem. Soc. A 1967, 1984. (b) Bainbridge,
A.; Craig, P. J.; Green, M. J. Chem. Soc. A 1968, 2715. (c) Kalck, P.;
Poilblanc, R. C. R. Acad. Sci. Paris, Ser. C 1968, 267, 536. (d) Faller,
J. W.; Anderson, A, S. J. Am. Chem. Soc. 1970, 92, 5852.
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At —30 °C, the hydride region showed a doublet at 6
—7.28 (Jpu = 23.9 Hz) which must be due to overlapping
signals of the trans,trans isomer and the trans half of
the cis,trans species, based on the magnitude of the
coupling constant.38d Two partially resolved doublets,
both with Jpy = 68.9 Hz, were centered at 6 —7.73.
These must be due to the two cis,cis complexes and the
cis half of the cis,trans isomer. The overall cis:trans
ratio was 61:39. In the Fv region of the spectrum, the
stereoisomers could be distinguished somewhat better.
At 6 5.10 there was a broad signal attributed to the
B-hydrogens in the trans,trans compound and the trans
half of the cis,trans analogue, while a signal at 6 5.29
was due to the -hydrogens of the two cis,cis species and
the cis half of the cistrans complex. (The high-field
signals of Fv complexes without metal—metal bonds are
believed to be due to the 3-protons, based on 'H—13C
NOE experiments performed on a number of com-
pounds™). The cis:itrans ratio obtained from these
signals was 60:40. A multiplet due to the a-protons in
the trans,trans isomer was located at 4 5.51, and at ¢
5.56 there was a multiplet due to the a-hydrogens in
the trans half of the cis,irans complex. Again, a 60:40
cis:trans ratio was found. Finally, at § 5.71 there was
a multiplet arising from the a-hydrogens in the cis half
of the cis,trans species, and at ¢ 5.76 the a-protons in
the two cis,cis complexes gave rise to a multiplet. The
31P{IH} NMR spectrum at —30 °C showed two singlets
at 6 —12.3 (cis; Jwu = 253 Hz) and —14.7 (¢trans; Jwy =
277 Hz).

Heating of the sample eventually led to coalescence
in both the hydride and Fv regions of the 'H NMR
spectrum. At 85 °C, the hydride signals had sharpened
enough to show a doublet (Jpyg = 51 Hz). This coupling
is a weighted average of the cis and trans couplings,
and a cis:trans ratio of 59:41 may be calculated. The
coalescence temperatures 7. and the limiting low-
temperature peak separations Av give an approximate
estimate of the activation energy for the isomerization,
using the well-known relationships® for a two-site
exchange between equally populated sites (the 60:40
ratio actually present is close enough that errors should
be small). This way, we calculate AG* = 14.9 + 0.4 keal/
mol for the isomerization of 14 (independent calcula-
tions were made on the basis of the different T.s that
were measured for the hydride and Fv regions of the
spectra). The dimolybdenum analogue FvMog(CO),-
(PMes)eHg (15) was also prepared and the NMR data
gave AG* = 13.7 £ 0.3 kecal/mol. This value is quite
similar to those measured for CpMo(CO).LH systems,38d
ranging from 11.3 to 13.6 kcal/mol.

A number of other phosphine derivatives of 3 have
been prepared. Deprotonation of 14 with 2 equiv of
n-Buli followed by dialkylation with Mel, PhCH;Br,
and MeOCH,Cl gave the corresponding dialkyl com-

oc Co oC CO
H\\W//PMeg Me;P—\,/—H
1. 2n-BuLi
B —_——
Mesp— X\ ~H Mesp— X\~
oc’ Yoo oc’ co

R =Me, CH,Ph, CH30CH,

plexes, and treatment of 14 with I, yielded the diiodide.
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Table 3. Equilibrium Cis:Trans Ratios for Selected Fv and
Cp Complexes®

FvW,(CO.L X, CpMo(CO),LX?2
L X cis:trans ratio L X cis:trans ratio

PMe; H 60:40 PPh; H 63:37
PMes Me 10:90 PPh3 Me 7:93
PMe; CH;Ph <5:95 PPh; CH,Ph <2:98
PMe; CH,0CH;3 <5:95

PMe; I 75:25 PMe,Ph 1 74:26
PMe;Ph H 50:50 PMe;Ph H 48:52
P(OMe); H 92:8 P(OMe); H 84:16

@ Measured by 'H NMR spectroscopy at 20 °C. # From ref 37d.

While formation of 14 from 3 and PMe; was complete
in less than 5 min at ambient temperature, reaction of
3 with PMexPh to give FvWy(CO)«(PMesPh)oH; required
20—30 min. PPh; reacted very slowly even at 80 °C,
and the product underwent decomposition under the
reaction conditions. The reaction of 3 with P(OMe);
vielded pale yellow FvWy(CO)(P(OMe)s)eHz and re-
quired reflux overnight in THF for the reaction to go to
completion. Spectroscopic data for these new com-
pounds are included in the Experimental Section. Table
3 lists the cis:trans ratios of these species. For com-
parison, data for a number of CpMo(CO);LH compounds
are included. The cis:trans interconversion was rapid
on the NMR time scale only for the hydrides. Although
direct comparisons cannot be made due to differences
in metal and ligand system, it is clear that general
trends are similar in the Cp and Fv series of complexes.

Reactions of FvMo3(CO)g and FvWy(CO)g with
Strongly Donating Phosphines: Syntheses of Di-
nuclear Organometallic Zwitterions. Depending on
reaction conditions and the electronic and steric proper-
ties of PR3, CpasMog(CO)s may yield phosphine substi-
tuted Mo—Mo-bonded dimers CpsMox(CO)s—(PR3), (x =
1, 2),402c~¢ or disproportionation products [CpMo(CO).-
(PR3)2 ) [CpMo(CO)3~1.4%:41 The mechanism of the lat-
ter process has been studied in detail by Tyler and co-
workers®’#l and takes place by a photochemically-
induced radical chain process involving 17- and 19-
electron3’#? intermediates. Disproportionation is favored
over phosphine substituted dimers when electron-rich,
sterically undemanding, and/or chelating phosphines
are used. Contrasting with this behavior, treatment of
1 or 27¢ with PPhg, PhyPCH2PPhs, or PhoPCH;CH;PPh,
under thermal or photochemical conditions gave no

(39) k. = 7AV/~/2 and AG* = 2.3RT, (10.32 + log(T/k.)) where k. is
the rate constant for interconversion at 7.: Lambet, J. B.; Shurvell,
H. F.; Verbit, L.; Cooks, R. G.; Stout, G. H. Organic Structure Analysis;
Macmillan: New York, 1976; p 1186.

(40) (a) Barnett, K. W.; Treichel, P. M. Inorg. Chem. 1967, 6, 294.
(b) King, R. B.; Pannell, K. H.; Eggers, C. A.; Houk, L. W, Inorg. Chem.
1968, 7, 2353. (c) King, R. B,; Pannell, K. H. Inorg. Chem. 1968, 7,
2356. (d) Haines, R. J.; Nyholm, R. S.; Stiddard, M. H. B. J. Chem.
Soc. A 1968, 43. (e) Haines, R. J.; Marais, 1. L.; Nolte, C. R. J. Chem.
Soc., Chem. Commun. 1970, 547. (f) Haines, R. J.; Nolte, C. R. J.
Organomet. Chem. 1970, 24, 725. (g) Haines, R. J.; Du Preez, A. L.;
Marais, L. L. J. Organomet. Chem. 1971, 28, 97.

(41) (a) Stiegman, A. E.; Tyler, D. R. J. Am. Chem. Soc. 1982, 104,
2944. (b) Stiegman, A. E.; Stieglitz, M,; Tyler, D. R. J. Am. Chem.
Soc. 1983, 105, 6032. (c) Goldman, A. S.; Tyler, D. R. J. Am. Chem.
Soc. 1984, 106, 4066. (d) Stiegman, A. E.; Tyler, D. R. J. Photochem.
1984, 24, 311. (e) Stiegman, A. E.; Goldman, A. S.; Leslie, D. B.; Tyler,
D. R. J. Chem. Soc., Chem. Commun. 1984, 632. (f) Philbin, C. E,;
Goldman, A. S.; Tyler, D. R. Inorg. Chem. 1986, 25, 4434.

(42) For recent reviews of the roles played by 17- and 19-electron
complexes in organometallic mechanisms, see: (a) Astruc, D. Chem.
Rev. 1988, 88, 1189. (b) Baird, M. C. Chem. Rev. 1988, 88, 1217. (c)
Organometallic Radical Processes; Trogler, W. C., Ed.; Elsevier: New
York, 1990. (d) Astruc, D. Acc. Chem. Res. 1991, 24, 36. (e) Tyler, D.
R. Acc. Chem. Res. 1991, 24, 325.
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isolable products. However, interesting reactions oc-
curred when strongly electron-donating phosphines
were used.

Treatment of THF solutions of 1 and 2 with PMe; or
Me;PCH;PMe; (dmpm) caused the precipitation of
brown, crystalline, analytically pure products of com-
position FvMy(CO)sLs (16 M = Mo, L = PMeg; 17 M =

Me,
Me;P s P/CHZ
OC\MVCO OC\MVPMCZ
oc/M '-co oc/M """"" ~co
16: M =Mo 17: M =Mo
18 M=W 19 M=W

Mo, Ly = dmpm; 18 M = W, L =PMe3; 19M =W, L,
= dmpm) in good yields. The products were poorly (L
= PMej3) or not at all (L; = dmpm) soluble in THF, were
soluble in acetonitrile and DMSO, and decomposed in
acetone. NMR and IR spectroscopic data for these
compounds are listed in Table 4.

The presence of four Fv resonances in the 'H NMR
spectra showed that the products were less symmetrical
than the substrates. Decoupling experiments showed
that each signal was coupled to only one other signal,
establishing that both phosphines were attached to the
same metal. The IR spectra of the materials closely
resembled superimposed spectra of CpM(CO)3~ (1770—
1790 and 1880—1915 cm™1) and CpM(CO);La* (1880—
1900 and 1960—1980 cm™1); overlap of the high-energy
band of the anion with the low-energy band of the cation
was in some cases observed. The close match of the IR
veo bands of 16 with those of [CpMo(CO)3;~I[CpMo-
(CO)2(PMes)y*] prepared from CpaMos(CO)s and PMe;
(1956, 1894, 1874, 1783 cm™1) is noteworthy.#3 In fact,
the voo data for the two halves of the molecules indicate
very little electronic communication between them,
contrasting with the pK, work described earlier. In the
cases where no overlap occurred, the CpM(CO)zLs half
of the molecule displayed two CO absorptions with
intensity ratios being consistent with the cis geometry382
when Ly = dmpm (high-energy band more intense) and
with the trans geometry when L = PMe; (low-energy
band more intense). The spectroscopic data suggest
that products 16—19 have the zwitterionic structures
shown.

The novelty of these zwitterionic species warranted
an X-ray structural determination. X-ray quality crys-
tals were found in the crude reaction mixture containing
16. An ORTEP drawing of the structure of 18 is shown
in Figure 4. Bond lengths, bond angles, and torsional
angles are listed in Table 5. The molecule consists of
two Mo centers bonded to an essentially planar Fv
ligand in an anti manner. Both rings are planar, and
the dihedral angle between the two ring planes is 5°.
The rings are separated by a distance C(5)—C(6) = 1.455
A, to be compared with a separation of 1.442 A in FvMog-
(CO).™ The anionic half of the molecule closely re-
sembles CpMo(CO)s~ (as the BusN* salt!®?). Some

(43) The complexes [CpM(CO)3~][CpM(CO)o(PMeg)e™] (M = Mo, W)
were apparently prepared, but erroneously assigned the structures
CpM(CO);—MCp(CO)(PMes), in: Alt, H. G.; Schwirtzle, J. A, J.
Organomet. Chem. 1978, 162, 45.
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Table 4. 'H NMR, 3'P{!H} NMR, and IR (vco) Data for Zwitterionic Compounds

R 'H NMR, 6¢
compd veo, cm™! Fv other 3Ip{I1H} NMR, 8¢
FvMo(CO)s(PMes); (16) 1955, 1906, 1871, 1795¢% 5.06, 5.22, 5.50, 5.53 1.64 19.2
FvMo(CO)s(dmpm) (17) 1983, 1904, 1788¢ 5.04,5.41,549,5.69 1.68, 1.69, 3.65 —234
FyW(CO)s(PMe3), (18) 1953, 1898, 1868, 1785¢ 5.08, 5.33,5.48, 5.60 1.76 -16.7
FvW(CO)s(dmpm) (19) 1957, 1889, 17754 496,5.51,5.79,5.90 1.79, 1.89,4.18,4.45 —62.6

a Acetonitrile-ds except for 19: DMSO-de. ® THF. ¢ Acetonitrile. ¢ DMSO.

03

Figure 4. ORTEP drawing of the structure of FvMog(CO);s-
(dmpm) (18), determined by X-ray crystallography.

parameters to be compared are (CpMo(CO);~ data in
parentheses) Mo—C(ring) average 2.391 (2.371) A,
Mo—CO average 1.927 (1.909) A, and C—O average
1.170 (1.176) A. A comparison of bond lengths in the
anionic and cationic halves of 18 reveals that the
average Mo(1)(cation)—CO distance is 0.048 A longer
than the Mo(2)(anion)—CO distance, in accord with
stabilization of the negative charge by back-bonding into
the C—O a* orbitals. The Mo(2)—Cp separation is
greater than that of Mo(1)—Cp by 0.069 A, indicative
of a weakening of the bond between an electron-
donating Cp and the negatively charged Mo(2). The
ORTEP drawing shows that the dmpm ligand is twisted
relative to the plane that bisects the two Fv rings. Itis
not clear whether the twist is electronic in origin or if
it is imposed by crystal packing forces.

Even though conjugated, the molecules prefer the
charge-separated structure, as indicated by IR data and
reactivity patterns (vide infra), rather than the alterna-
tive M(n¢-fulvene)—M(n*-diene) arrangement which is
also in accord with the 18-electron rule. Complexes of

Table 5. Bond Lengths and Bond Angles for
FvMo;(CO)s(dmpm) (18)

Bond Lengths (A)
Mo(1)—P(1) 2.466(1) C(13)—0(3) 1.181(5)
Mo(1)—P(2) 2.474(1) C(14)—04) 1.179(4)
Mo(1)—C(11) 1.974(4) C(15)—-0(5) 1.151(4)
Mo(1)—C(12) 1.975(4) C(1H)—C®2) 1.422(5)
Mo(1)—Cp(1)* 1.999 C(H—C(5) 1.403(5)
Mo(2)—C(13) 1.923(4) C(2)—C(3) 1.398(5)
Mo(2)—C(14) 1.924(4) C(3)—CH# 1.388(5)
Mo(2)—C(15) 1.935(4) C(4)—C(5) 1.401(5)
Mo(2)—Cp(2)* 2.068 C(5)—C(6) 1.455(5)
Mo(1)—C(1) 2.307(3) C(6)—C() 1.429(5)
Mo(1)—C(2) 2.300(3) C(H—C(®) 1.404(5)
Mo(1)—C(3) 2.325(3) C(8)—C(©9) 1.392(5)
Mo(1)—C(4) 2.343(3) C(9)—C(10) 1.409(5)
Mo(1)—C(5) 2.365(3) C(10)—C(6) 1.425(5)
Mo(2)—C(6) 2.391(3) P(1)—C(16) 1.803(3)
Mo(2)—C(7) 2.397(3) P(1)—C(17) 1.813(3)
Mo(2)—C(8) 2.386(3) P(1)—C(18) 1.800(3)
Mo(2)—C(9) 2.395(3) P(2)—C(16) 1.821(4)
Mo(2)—C(10) 2.388(3) P(2)—C(19) 1.7994)
C(11)—0() 1.138(4) P(2)—C(20) 1.802(4)
C(12)—0(2) 1.143(4)
Bond Angles (deg)
Cp(1)~Mo(1)—P(1)  120.50 Mo(1)—P(2)—C(16)  97.19(11)

Cp(1)—Mo(1)—P(2) 120.12
Cp(1)—Mo(1)—C(11) 120.26

Mo(1)—P(2)—C(19) 120.65(13)
Mo(1)=P(2)—C(20) 119.60(14)

Cp(1)—Mo(1)—C(12) 118.86 P(1)—C(16)—P(2) 95.25(15)
P(1)—Mo(1)—P(2) 65.64(3) C(16)—P(1)—C(17) 105.58(16)
P(1)-Mo(1)—C(11) 79.31(10) C(16)—P(1)—C(18) 108.73(20)
P(1)—Mo(1)—C(12) 120.08(10) C(7)—P(1)—C(18) 103.16(19)
P(2)—Mo(1)—C(11) 119.28(10) C(16)—P(2)—C(19) 106.24(17)
P(2)—Mo(1)—C(12) 78.85(10) C(16)—P(2)—C(20) 109.55(17)
C(11)~-Mo(1)—C(12)  78.35(15) CU19—P2)—C(20) 102.59(19)
Cp(2)—Mo(2)—C(13) 131.40 C(5)—C()—C2) 109.0(3)
Cp(2)—Mo(2)—C(14) 121.98 C(H—C2)—C(3) 106.9(3)
Cp(2)—Mo(2)—C(15) 127.81 C(2—C(3)—CH) 108.1(3)
C(13)—Mo(2)—C(14)  87.37(14) C(3)—C4)—C(5) 109.93)
C(13)—~Mo(2)—C(15)  83.94(16) C(1)—C(5)—C4) 106.2(3)
C(14)—Mo(2)—C(15) 91.19(16) C(1)—C(5)—C(6) 127.2(3)
Mo(1)—-C(11)—0(1) 178.2(4) C4)—C(5)—C(6) 126.6(3)
Mo()—C(12)—0(2)  177.1(3) C(5)—C(6)—C(7) 126.4(3)
Mo(2)—C(13)—0(3)  177.4(3) C(5)—C(6)—C(10) 126.3(3)
Mo(2)—C(14)—04)  175.5(3) C(7)—C(6)—C(10) 107.2(3)
Mo(2)—C(15)—0(¢5)  179.1(4) CE)—C(N—C®) 107.4(3)
Mo(1)—P(1)—C(16) 97.94(11) C(7)—C(8)—C(9) 109.2(3)
Mo(1)—P(1)—C(17) 121.28(12) C(8)—C(9)—C(10) 108.3(3)
Mo(1)—P(1)—C(18) 118.88(14) C(9)—C(10)—C(6) 107.9(3)

2 Cp(1) and Cp(2) are the centroids of the cyclopentadiene rings of the
fulvalene.

the type (#5-fulvene)M(CO)s*¢ and (n*-diene)M(CO)s-
(PR3)2*® (M = Cr, Mo, W) have been reported. The
chromium fulvene complexes have been discussed in
terms of - and #5-bonded limiting structures.*®? The
relative importance of these has been estimated from

(44) (a) Edelmann, F.; Behrens, U. J. Organomet. Chem. 1977, 134,
31. (b) Lubke, B.; Edelmann, F.; Behrens, U, Chem. Ber. 1983, 116,
11.

(45) (a) Hohmann, F.; tom Dieck, H.; Mack, T.; Leibfritz, D. J.
Organomet. Chem. 1977, 132, 255. (b) Ozkar, S.; Kreiter, C. G. J.
Organomet. Chem. 1988, 256, 57. (c) Kreiter, C. G.; Kotzian, M.;
Schubert, U.; Bau, R.; Bruck, M. A. Z, Naturforsch., B: Anorg. Chem.,
Org. Chem. 1984, 39B, 1553. (d) Kreiter, C. G.; Kotzian, M. J.
Organomet. Chem. 1985, 289, 295.
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6 and 35° for M = Cr) decreased with the increasing
ability of the R group to stabilize a positive charge. If
we consider the zwitterions 16—19, the exocyclic (7%
diene)M(CO)sL; substituent on the fulvene unit is
clearly capable of stabilizing a positive charge by virtue
of the two good phosphine donors. Consequently, in the
ground state the molecules assume the zwitterionic
coordination mode rather than the fulvene—diene al-
ternative. The alternatives can conceptually be viewed
as resonance structures or as rapidly equilibrating
species, depending on whether or not atomic positions
are fixed. The possible contribution (in resonance
terms) or availability (when viewed as rapidly equili-
brating structures) of a fulvene—diene structure is of
special importance for the discussion of decomplexation
reactions to be described later.

Treatment of FvMoy(CO)s with slightly more than 2
equiv of PMe;s in acetonitrile-ds at ambient temperature
led to the exclusive formation of 16 as soon as the
substrate dissolved. No intermediates were detected by
H NMR spectroscopy. The reaction proceeded even in
the dark. In THF-dg, the reaction was slower and less
specific; several low-intensity resonances were seen
when the reaction was monitored by 31P{'H} NMR
spectroscopy. Significantly, none of these could be
attributed to the Mo—Mo-bonded complexes FvMoo-
(CO)s5(PMej3) and FvMox(CO)4«(PMes)s, both of which
have been independently prepared (vide infra). Fur-
thermore, neither of these Mo—Mo-bonded species
reacted with PMe; in THF or acetonitrile, even after 3
days at 50 °C, establishing that they were not interme-
diates in the formation of 16 from 2. These results
contrast with the observation of mono- and disubstituted
dimers during phosphine induced disproportionation of
Cp2Mo2(CO)6*! and suggest that a different mechanism
is operational in the fulvalene systems. It is conceivable
that direct nucleophilic attack by the phosphine causes
heterolytic cleavage of the Mo—Mo bond to generate a
zwitterionic intermediate, as shown in Scheme 3. The
relief of strain contained in 1 and 2 because of the
bending of the Fv ligand should enhance the reactivity
toward nucleophiles. The intermediate may then un-
dergo substitution by the second phosphine. The de-
pendence of the reaction rate on the solvent may reflect
improved stabilization by a polar solvent of a partially
charge-separated transition state, leading to the dipolar
intermediate.

Reactions of Zwitterions with Electrophiles and
Nucleophiles. The dipolar structure of zwitterions
16—19 was expected to induce dual reactivity: The
anionic half should show nucleophilic behavior, whereas
the cationic center ought to react as an electrophile.
Such dual reactivity was indeed observed and provided
the entry to a number of new and interesting com-
pounds, as will be demonstrated in the following.

In acetonitrile-ds, 17 reacted with HBF4Et,0, CFs-
SO3Me, and I, to give [FvMoo(CO)s(dmpm)H]*, [FvMoy-
(CO)s(dmpm)Me}*, and [FvMox(CO)s(dmpm)I]*, respec-

Me.
oc pFh
o\ /-pie;

@—\é
oc—Yo~g
oC [of¢]

E = H, Me, I, MeCN"

tively, in high yields CH NMR). AgPF; (2 equiv) caused
the formation of [FyMog(CO)s(dmpm)}NCCD3)12*. These
products were not isolated, but characterized by their
IR, 1H, and 3'P{'H} NMR spectra, details of which are
given in the Experimental Section. Treatment of 16
with excess Mel in THF gave the salt [FvMog(CO)s-
(PMe3):Me 1L~ (20), which was isolated in a quantitative
yield. The IR v¢o data for the products demonstrated
that the CO stretching frequencies for the unreacted
cationic half remained virtually unchanged at ca. 1910
and 1990 cm™1, whereas the formal 2-electron oxidation
of the anion from Mo(0) to Mo(II) caused significant
changes from 1788 and 1904 cm™! in 17 to 1932—1965
and 2017—2075 cm™! in the oxidation products. The 'H
NMR spectra exhibited downfield shifts consistent with
an overall oxidation.

Numerous cationic metal carbonyl complexes undergo
reduction of coordinated CO upon exposure to metal
hydrides in reactions that bear relevance to the hetero-
geneous or homogeneous Fischer—Tropsch reductive
polymerization of CO to hydrocarbons and other prod-
ucts.*6 Stepwise reduction of coordinated CO to coor-
dinated methyl via formyl and hydroxymethyl species
is a well documented process.*6447 FvMoo(CO)5(PMes)s
was unreactive toward NaBH, (as anticipated due to
the reported inertness*’® of CpMo(CO)o(PPhs). toward
NaBH,) but underwent a smooth reaction with LiAlH,
in THF-dg at 0 °C to yield the anion [FvMoy(CO)s-
(PMes);Me]™ in almost quantitative yield ' H NMR). The
1H NMR spectrum of the anion showed a methyl triplet
at 0 —0.76 (J = 12.6 Hz), indicative of trans geometry
at the methyl substituted Mo center. An isolable,

(46) (a) Rofer-DePoorter, C. K. Chem. Rev. 1981, 81, 447. (b)
Herrmann, W. A. Angew. Chem., Int. Ed. Engl. 1982, 21, 117. (c)
Blackborow, J. R.; Daroda, R. J.; Wilkinson, G. Coord. Chem. Rev. 1982,
43,17. (d) Cutler, A. R.; Hanna, P. K,; Vites, J. C. Chem. Rev. 1988,
88, 1363. (e) Klingler, R. J.; Rathke, J. W. Prog. Inorg. Chem. 1991,
39, 113. () Miller, R. L.; Toreki, R.; LaPointe, R. E.; Wolczanski, P.
T.; Van Duyne, G. D.; Roe, D. C. J. Am. Chem. Soc. 1998, 115, 5570.
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neutral complex was obtained by CO reduction at the
cationic center of 20 (Scheme 4) with LiAlH,;. The
product, FvMox(CO)4PMe;s)eMes (21), was isolated as
red crystals in 84% yield. The 'H NMR spectrum
(acetone-dg) showed four Fv signals at 6 4.77, 5.29, 5.37,
and 5.62, a PMej doublet at 6 1.32, and resonances from
two different metal-bonded methyl groups at 6 0.19 (s)
and —0.71 (t,J = 12.5 Hz). The IR spectrum displayed
two vco bands at 2010 and 1927 em ™!, characteristic of
a CpM(CO)sR group, as well as one at 1778 cm™! due
to the CpMo(CO)LsMe moiety. Even though no inter-
mediates were detected in these reactions, it is likely
that the reduction of CO to methyl proceeds via formyl
and hydroxymethyl species.472

Treatment of zwitterion 16 with excess Na/Hg in THF
led to a two-electron reduction and loss of PMe;j at the
cationic half, resulting in the dianion [FvMos(CO)s-
(PMe3)]?~ which displayed four Fv signals at é 4.61,
4.79, 5.02, and 5.22 and a PMe; doublet at § 1.26. The
dianion underwent methylation with Mel (Scheme 5)
to give dimethyl complex FvMoy(CO)s(PMes)Meq (22) in
78% yield, and protonation of the dianion with TFA
generated the dihydride FvMog(CO)s(PMe3)H; (23) which
was not isolated, but characterized by its ambient-
temperature 1H NMR spectrum. These compounds, as
expected, existed as cis and frans isomers at the
phosphine substituted metal center. Spectroscopic data
are given in the Experimental Section.

(47) For some examples, see: (a) Treichel, P. M.; Shubkin, R. L.
Inorg. Chem. 1967, 6, 1328. (b) Casey, C. P.; Andrews, M. A,
McAlister, D. R.; Rinz, J. E. J. Am. Chem. Soc. 1980, 102, 1927. (c)
Tam, W.; Lin, G.-Y.; Wong, W.-K_; Kiel, W. A.; Wong, V. K,; Gladysz,
J.A.J. Am. Chem. Soc. 1982, 104, 141. (d) Sweet, J. R.; Graham, W.
A. G.J. Am. Chem. Soc. 1982, 104, 2811. (e) Davies, S. G.; Hibberd,
J.; Simpsen, S. J.; Thomas, S. E.; Watts, O. J. Chem. Soc., Dalton
Trans. 1984, 701. (f) Nelson, G. O.; Sumner, C. E. Organometallics
19886, 5, 1983. (g) Gibson, D. H.; Owens, K:; Mandal, S. K,; Sattich,
W. E.; Franco, J. O. Organometallics 1989, 8, 498. (h) Asdar, A.;
Lapinte, C.; Toupet, L. Organometallics 1989, 8, 2708. (i) Miedaner,
A.; DuBois, D. L.; Curtis, C. J.; Haltiwanger, R. C. Organometallics
1993, 12, 299.

23

Synthesis and Characterization of Phosphine
Substituted Metal—Metal-Bonded Fulvalene Com-
plexes. In analogy with the behavior of FvW2(CO)eHz,
irradiation (300 nm) of the dihydrides FvMo3(CO)s-
(PMe;s)H; (23) and FvMoa(CO)4(PMes)sH, (17) led to He
elimination and gave the Mo—Mo-bonded complexes
FvMoy(CO)s5(PMej3) (24) and FvMos(CO)y(PMes), (25) in

Mo——Mo. Mo——Mo.
-t N — e LTS AV —
ocC i \ PMe; Me;P / y I \ PMe;

oc co oC co oC CO OC Co
24 25

high yields. Both compounds had an intense purple
color, diagnostic of the Mo—Mo-bonded structure. The
1H NMR spectrum of 24 displayed four Fv resonances
at 0 4.48, 4.50, 5.14, and 5.33, in addition to a PMe;
doublet at 6 1.77, establishing C, symmetry with the
PMe; group located in the plane bisecting the Fv ligand.
The 'H NMR spectrum of 25 was simpler, with two Fv
resonances at 0 4.20 and 4.94, and a PMej; doublet at 6
1.67, in accord with Cy, symmetry. Compound 24 was
also available in good yield by photolysis of dimethyl
complex FvMog(CO)4(PMes)sMes. Photolysis of zwitte-
rion 16 yielded a 5:95 mixture (H NMR) of 24 and 25,
resulting from net loss of PMe; and CO, respectively.

With the three Mo—Mo-bonded complexes 2, 24, and
25 in hand, it was of interest to obtain data pertaining
to the effect of ligand substitution on the properties of
the metal—metal bond. Structural data on the effect
of such substitutions in dimers Cp2M2(CO)s M = Cr,
Mo, W) are not very abundant. The symmetrically
disubstituted CpaCra(CO)«{P(OMe)3)2 has a Cr—Cr dis-
tance of 3.343 A 2% 0.062 A greater than in CpsCra(CO)s.
The substituted Cr dimer was largely dissociated to
CpCr(CO):P(OMe); radicals in solution, and CpCr(CO).-
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Table 6. Electronic Spectral Data for
FvMo,(CO)-(PMe;), (x = 0—2) in THF

Amax, N (6, M~ cm™!) Apax, nm (e, M~ cm™1)

compd o—o* dn — o*
FyMo2(CO)s (3) 375 (17 190) 554 (616)
FvMo2(CO)s(PMes) (24) 366 (15 280) 566 (642)
FvMox(CO)4(PMes), (25) 360 (18 500) 558 (1115)

(PPh3) remains monomeric even in the solid state.4®
Levenson and Gray*® suggested that dr—dn repulsive
interactions between the metals would increase with the
introduction of donor ligands. Such an electronic effect
would lead to a further weakening of the metal—metal
bond, enhancing the repulsive steric interactions. At-
tempts have been made at correlating metal—metal
bond strengths in Ma(CO)yg derivatives with their UV—
visible absorption spectra.3® It has been argued that if
these near-UV bands are correctly described as the
proposed do — do* excitations, a red shift should
indicate a weaker bond. Whereas such a correlation
appears to hold upon successive substitutions with one
or two®i2 PPhg, or with two or three P(OEt)s5! ligands
in Mny(CO)yg, the trend is reversed in the electronic
spectra of corresponding rhenium dimers’l2 and in
several other cases. It was suggested522 that the lack
of correlation may be due to the mixing of ligand-to-
metal charge transfer excitations with the do — do*
transition. The general validity of the method has been
recently questioned.5%

The absorption maxima in the electronic spectra of
FvMoo(CO)s—(PMe3), (x = 0—2) are listed in Table 6. A
blue shift is observed for the do — do* transition upon
successive substitutions of CO by PMes. If the Apax(do
— do*) vs bond strength relationship was to hold, then
the data in Table 6 indicate that the introduction of
PMe; leads to stronger, and presumably shorter, Mo—Mo
bonds. This effect was contrary to the expectations. An
X-ray structural investigation of 25 was undertaken to
clarify the situation.

ORTEP drawings of the structure determined from
the diffraction study®? are shown in Figure 5. Intramo-
lecular bond distances, dihedral angles and torsional
angles have been previously reported.’® The Mo—Mo
bond distance is 3.220 A. The twist angle between the
two rings (around the C(5)—C(6) axis) is 24°, and the
dihedral angle between the two ring planes is 27°.
Thus, although each ring is planar, the Fv ligand as a
whole is severely distorted from planarity by twisting
and bending. The C(5)—C(6) bond twist causes the CO
ligands on Mo(1) to be in a staggered position relative
to those on Mo(2), whereas in FvMoz(CO)s they were
eclipsed.’d The PMes methyl groups are oriented so as
to minimize steric interactions by pointing one methyl
group into a staggered position between the two CO
ligands at the same metal atom. The most interesting
finding in the crystallographic study is that the intro-

(48) Cooley, N. A.; Watson, K. A,; Fortier, S.; Baird, M. C. Organo-
metallics 1986, 5, 2563.

(49) Levenson, R. A.; Gray, H. B. J. Am. Chem. Soc. 1975, 97, 6042.

(50) (a) Jackson, R. A.; Poé, A. Inorg. Chem. 1978, 17, 997. (b) Poé,
A. J.; Jackson, R. A. Inorg. Chem. 1978, 17, 2330.

(51) (a) Geoffroy, G. L.; Wrighton, M. S. Organometallic Photochem-
istry; Academic Press: New York, 1979. (b) Kidd, D. R.; Brown, T. L.
J.Am. Chem. Soc. 1978, 100, 4095,

(52) (a) Miskowski, V. M.; Smith, T. P.; Loehr, T. M.; Gray, H. B. J.
Am. Chem. Soc. 1985, 107, 7925. (b) Michl, J. Acc. Chem. Res. 19980,
23, 127.

(53) Kretchmar, S. A.; Cass, M. E,; Turowski, P, N. Acta Crystallogr.,
Sect. C 1987, C43, 435.
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Figure 5. ORTEP drawings of the structure of FvMo,-
(CO)4(PMes); (25), determined by X-ray crystallography.5?

duction of two sterically demanding PMe; ligands causes
a shortening of the Mo—Mo bond by as much as 0.15 A
relative to the bond length in FvMog(CO)s—contrary to
our expectations. Even in FvMoy(CO)s, steric crowding
due to nonbonded interactions between CO ligands are
severe enough to be a contributing factor to the presence
of a long Mo—Mo bond.” The structure of 25 shows that
the molecule has relieved the effects of increased crowd-
ing by twisting away from planarity. If the twisting of
the Fv ligand is the sole reason for the Mo—Mo bond
shortening, such a twist should be possible even in
FvMo2(CO)s. The lack of significant twist in 2 suggests
that in these complexes, the introduction of PMe;
substituents has some other, presumably electronic,
stabilizing effect on Mo—Mo bonding, the exact nature
and origin of which is presently unknown.
Decomplexation of a Fulvalene-Bonded Molyb-
denum Center: A Novel “Ring-Slippage” Reaction.
While investigating the mechanism of formation of the
zwitterion 16, we found that when FvMos(CO)s was
treated with excess (6—7 equiv) PMes in acetonitrile-
ds, the product 16, subsequent to its formation, under-
went a quantitative reaction which was complete in 2—3
days at ambient temperature. The four Fv resonances
in the 'H NMR spectrum of 16 were replaced by four
new signals at 6 4.99, 5.20, 5.63, and 5.90 (2 H each).
The PMej resonance at 6 1.64 was replaced by two new
signals at § 1.40 (18 H) and 1.37 (27 H). In the 3!P-
{'H} NMR spectrum, the 6 19.2 singlet of 16 was
replaced by two new singlets at 6 +19.4 and —17.8ina
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2:3 ratio. The 6 —17.8 signal had six small but sharp,
symmetrically spaced satellites separated by a coupling
of 126 Hz. The IR spectrum (THF) showed CO bands
at 1936, 1852, and 1838 cm~!. During workup of a
preparative-scale reaction, it became apparent that two
products were present. A pale yellow, ether-soluble
crystalline product was identified as fac-Mo(CO)s-
(PMes); by comparison with published spectroscopic
data.5* The satellites in the 31P{'H} NMR spectrum
were not previously reported, and are attributed to
coupling to %Mo (I = 5/, 15.7% natural abundance) or
9"Mo (I = /3, 9.5%).552 Couplings from Mo to other
nuclei are rarely seen because of the quadrupolar line
broadening caused by these isotopes.?s

The other product was the novel mononuclear com-
plex FvMo(CO)o(PMes), (26), isolated in 92% yield as
red-orange crystals. The !H NMR and %P{1H} NMR
spectra have already been described. The IR spectrum

= T

OC/Mo\CO OC/MO\CO
Me;P PMe; Me;P PMe;
26

had two bands at 1936 and 1852 cm™! with relative
intensities?82 indicating a trans disposition of the PMe;
ligands. The 13C NMR spectrum showed resonances at
0 78.8 (d), 86.0 (d), and 104.5 (s) attributed to the
complexed half of the Fv ligand and at 6 109.1 (d), 110.5
(d), and 133.7 (s) due to the uncomplexed half. The
average chemical shift of the uncomplexed ring, 115
ppimn, is between the average shifts in fulvalene?? (135
ppm) and the cyclopentadienyl anion®® (103 ppm),
suggesting that the structure of 26 should be viewed
as intermediate between the dipolar and the fulvene—
(n*-diene)-type structures shown above. This conclusion
is further substantiated by the IR spectrum. The vco
bands of 26 at 1936 and 1852 cm™! are between those
found in CpMo(CO)2(PMes)t (1956 and 1874 cm~1)43
and (77%-C4Hg)Mo(CO)o(P(r-Bu)z)s (1909 and 1820 cm1).45
An X-ray crystal structure analysis of the analogous
complex FYRu(CO)(PMej3)s, also prepared in our lab-
oratories,” confirmed the notion of contributing ful-
vene—diene and dipolar structures. The importance of
the contributing ionic structure of 26 is underscored by
the observation that the uncomplexed ring underwent
H/D exchange in acetonitrile-ds or D20 (vide infra).
The formation of 26 from 16 constituted the first
example of a “ring-slippage” reaction in a fulvalene
system.?d857 The corresponding slippage of FvRug(CO)4
to yield FvRu(CO)}PMes): required harsher reaction
conditions™ to proceed. The diradical FvFex(58-CsHs)z
yields the zwitterionic FvFe(®-C¢Hs), stabilized by ion

(54) (a) Jenkins, J. M.; Moss, J. R.; Shaw, B. L. J. Chem. Soc. A
1969, 2796. (b) Mathieu, R.; Lenzi, M.; Poilblanc, R. Inorg. Chem.
1970, 9, 2030.

(55) (a) Harris, R. K. NMR and the Periodic Table; Academic
Press: New York, 1978. (b) Milbrath, D. S.; Verkade, J. G. Inorg. Nucl.
Chem. Lett. 1978, 12, 921.

(56) (a) Rutsch, W.; Escher, A.; Neuenschwander, M. Chimia 19883,
37, 160. (b) Spiesecke, H.; Schneider, W. G. Tetrahedron Lett. 1961,
468.

(57) (a) Ring-slippage reactions in Cp systems have been extensively
studied and reviewed: O’Connor, J. M.; Casey, C. P. Chem. Rev. 1987,
87, 307. (b) Casey, C. P.; O’'Connor, J. M.; Haller, K. J. J. Am. Chem.
Soc. 1985, 107, 1241.
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pairing with Na* and PFs~, when treated with CO in
the presence of NaPFg.58

The reaction between 16 and PMe; came as a sur-
prise, since the anionic site of 16 would not be expected
to react with PMes for electronic reasons and the
cationic site should be rendered unreactive for steric
reasons. The reaction proceeded cleanly at ambient
temperature with no buildup of detectable intermedi-
ates. In order to determine whether it was the cationic
or the anionic metal center that was displaced from the
Fv ligand, the zwitterion FvMox(CO)5(dmpm) (17) was
treated with excess PMes. The reaction gave the
slippage product FvMo(CO)z(dmpm) (27) and fac-Mo-
(CO)3(PMe3);s in excellent yields. The reaction unam-
biguously establishes that in 17, it is the anionic site
that is being displaced by PMe;. We assume that the
same pertains to the reaction between 16 and PMes;.

Qualitatively, the rate of the reaction between 16 and
PMe; increased with increasing PMes concentrations.
These findings are consistent with a rate determining
attack by PMe; on 16. Alternatively, 16 could be in
equilibrium with (5%9%Fv)Moz(CO)s(PMe3), in which
the central C—C bond is not coordinated; rate-limiting
capture of this species is equally consistent with the
qualitative rate observations. Both events would yield
(n*:n*-Fv)Moy(CO)s(PMes)s as a crucial intermediate in
which the central carbon—carbon double bond is not
complexed to the metals (Scheme 6). The availability
of this intermediate may be the reason that the anionic
metal center in 16 does, but CpMo(CO);~ does not, react
with PMes. In any case, the reaction demonstrates the
presence of electronic communication between the two
metal centers. Attack of PMez at the less hindered
metal center in the intermediate then generates the
final product through sequential #* — 2 — »° slippages
of the Fv ligand with consequential loss of the initially
anionic Mo center in the substrate. The sequence is
complementary to the #5 — 5® — 51 slippage sequence
and final loss of Cp~ that was observed in the reaction
between CpRe(NO)CO); and PMe;.5™

Energetics of the Decomplexation Reaction.
Contrasting with the facile decomplexation of 16, no

(58) Delville, M.-H.; Lacoste, M.; Astruc, D. J. Am. Chem. Soc. 1992,
114, 8310.
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reaction took place when the Nat or Et,N* salts of
CpMo(CO);~ were heated in the presence of PMeg at 95
°C. On the other hand, treatment of (7%-dimethylful-
vene)Mo(CO); with PMes at 0 °C led to instant and
quantitative generation of free dimethylfulvene and fac-
Mo(CO)3(PMe3)s.5° When the ring-slipped complex 26

OC\ /CO
PMe;
Mo(CO);;(NCMe); %‘ ; :
oc—)* oc—4~co
Me;P PMe; Me;P PMe;
16 26

was treated with Mo(CO)3(NCMe)s, a quantitative reac-
tion ensued to regenerate 16, The use of 26 as a
substrate for the designed syntheses of heterobimetallic
fulvalene complexes will be described in a forthcoming
paper.80

Hoff* has compiled enthalpy data for bonding between
the Mo(CO); fragment and a variety of ligands. The
bonding of the fragment to three MeCN groups is worth
84.6 kcal/mol, to three PMe; groups 115.2 kcal/mol, and
to NaCp 98.3 kcal/mol. On the basis of these data, the
hypothetical reaction between Na*tCpMo(CO);~ and
PMe;s to give NaCp and Mo(CO)3(PMe3); will be exo-
thermic by 16.9 kcal/mol.

The Mo—Cp bond energy in CpMo(CO);H is estimated
to be 93 kcal/mol.4 The observed spontaneous reactions
between FvMo(CO)o(PMes); and Mo(CO)s(NCMe)s, and
between FvMoa(CO)s(PMe;s); and PMe;s, suggest that the
bond strength between FvMo(CO)2(PMes); and the Mo-
(CO)s fragment is between 85 and 115 kcal/mol (the
values may be subject to change somewhat when
entropy effects are taken into account). It appears that
the bond between Mo(CO); and the Fv ligand in 16 is
not particularly weak. Consequently, the reason that
the Fv slippage reaction takes place must be that the
kinetic barrier is significantly lower than in the unob-
served reaction between CpMo(CO);~ and PMes. The
lowering of the kinetic barrier is probably due to easier
access to a reduced hapticity coordination mode for the
Fv ligand than for the Cp ligand.

H/D Exchange into the Uncomplexed Ring of
FvMo(CO)2(PMes); (26). Slow H/D exchange was seen
when 26 was dissolved in acetonitrile-d3.6! Treatment
of 26 with 2:1 acetonitrile-ds/D20 for 3—4 h gave 26-d,
with more than 90% D incorporation into the uncom-
plexed ring. 'H NMR monitoring of a solution of 26 in
85:15 acetonitrile-dy/Dy0 showed that the two Fv signals
of the uncomplexed ring (d 5.63, 5.90) gradually disap-
peared. A decoupling experiment demonstrated that
the two remaining Fv signals (6 4.99, 5.20), the former
of which displayed coupling to phosphorus, were coupled
to each other, and hence were located on the same ring.

(59) (a) Some reactions between (substituted fulvene)M(CQ); (M =
Cr, Mo) and tertiary phosphines have yielded zwitterionic products
arising from the attack of phosphine at the exocyclic carbon: Koch,
O.; Edelmann, F.; Behrens, U. Chem. Ber. 1982, 115, 1313. (b)
Decomplexatxon of an exocyclic-n?-fulvene Pd complex has been previ-
ously reported: Werner, H.; Crisp, G. T.; Jolly, P. W.; Kraus, H.-J.;
Kriiger, C. Organometallics 1983 2, 1369.

(60) Huffman, M. A.; Kahn, A. P.‘ Newman, D. A.,; Tilset, M.;
Tolman, W. B.; Vollhardt K P.C. Manuscnpt under preparation.

(61) H/D exchange of the “naked” Cp~ anion of Cp,Ta(u-CHy).Pd-
(dmpe)*Cp~ in acetonitrile-ds was recently reported: Butts, M. D.;
Bergman, R. G. Organometallics 1998, 12, 4269.
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The signal at § 5.90 vanished at about twice the rate of
the 0 5.63 signal, indicating different kinetic and/or
thermodynamic basicities of the o and 8 positions of the
uncomplexed ring.

In addition to these signals, two Fv peaks of equal
intensities, each ca. 30% of the intensity of the Fv peaks
from 26-d,, appeared at 6 5.34 and 5.63, with a cor-
responding PMe; signal at 6 1.65. Finally, two Fv
signals, each 9% of the intensities due to 26-d4, were
found at ¢ 5.39 and 5.69 with a corresponding PMe;
signal at 6 1.63. These two extra sets of signals are
believed to be due to the two different isomers (27-o and
27-5) of D* adducts of 26-ds. Such species are likely

@—@—@—@

C/MO\CO OC/Mo\CO
Me;P PMe3 Me3P PMe3
1 27

intermediates in the H/D exchange process. Rapid
rotation around the Cp—Cp bond will render the protons
on the complexed ring pairwise equivalent, and only two
Fv resonances appear in the 1H NMR spectra of each of
27-a and 27-3. The different concentrations of the two
species show that the a and 8 positions exhibit different
thermodynamic basicities. We cannot tell which is the
o and which is the § isomer on the basis of the spectra

The selective incorporation of deuterium into one nng
provided a means for the detection of possible “ring
walk” processes in which the metal center in 26-d,
shifted from one ring to the other. Such a shift could
easily have been detected by 'H NMR and would be
indicated by the reappearance of signals at ¢ 5.63 and
5.90 in the spectrum, or by the disappearance of the
remaining Fv signals in 26-d4 if the reaction were
studied under conditions of rapid H/D exchange with
the solvent. However, no evidence was seen for such a
process in 26-d4 upon prolonged heating at 90 °C in
THF-ds, acetonitrile-ds, or DMSO-dg; nor did the addi-
tion of D3O or PMe; induce a ring walk.

Concluding Remarks. It did not come as a surprise
that aspects of the chemistry of 1 and 2 resembled the
chemistry of the Cp counterparts. Numerous ligand
substitution reactions and functional group manipula-
tions that are typical of Cp-bonded metal centers could
be faithfully reproduced at the two metal centers that
were attached to the Fv ligand. However, the most
valuable insight is gained when focus is on the differ-
ences in reactivity that were imparted by the two ring
systems.

The pK, equilibrium measurements showed that the
metal hydride acidities decreased in the order FvWo-
(CO)eHz (pK, 14.0) > CpW(CO)3H (16.1) > FvWx(CO)¢H~
(16.6). The (#5-CsHy)W(CO);~ moiety serves as an
electron donor and (75-CsH,)W(CO)sH as an acceptor
when compared with H. The 2.6 pK, unit acidity
difference between FvWy(CO)sH; and FvWs(CO)sH-
shows that electronic information is transmitted from
one metal center to the other through the Fv ring
system.

FvW,(CO)g, but not CpaWy(CO)s, undergoes protona-
tion at the metal—metal bond to form a cationic bridging
hydride complex in dry acetonitrile. This observation
implies a greater basicity of the W—W bond in the Fv
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complex. We believe that the effect is caused by relief
of strain energy upon opening of the W—W bond in
FvW3(CO)s. The higher-lying HOMO (and therefore
better donor capacity) of the Fv ligand, relative to Cp,
may also contribute to the enhanced W—W bond basic-
ity.

The metal—metal bond cleavage reactions of 1 and 2
that were induced by PMe; and dmpm were presumably
also energetically favored by the relief of strain. The
resulting zwitterionic complexes smoothly underwent
decomplexation reactions in the presence of excess
PMes. These reactions were facilitated by the capacity
of the Fv ligand system to undergo a gradual ring
slippage to accommodate reduced hapticity bonding
modes of the Fv ligand. This reaction mode is not
available to an isolated Cp ligand, or to Cp ligands
joined by intervening methylene or other saturated
linkages. The decomplexation reactions clearly dem-
onstrate the occurrence of electronic communication
through the 7 system of the Fv ligand.

In summary, a comparison of the reactivities of the
Cp and Fv ligands reveal diverging behavior in some
important aspects. The differences are caused by a
combination of strain energy effects and electronic
effects. The occurrence of electronic communication
between the two rings of the Fv ligand serves to
highlight the uniqueness of the Fv system and to
emphasize the value of having two metals joined
together in close proximity with this ligand.

Experimental Section

General Procedures. All reactions were performed in
flame-dried or oven-dried (120 °C) glassware. All reactions
involving organometallic reagents were done under an atmo-
sphere of argon, using standard vacuum-line, Schlenk, syringe,
and drybox techniques. Ether, THF, THF-ds, toluene, and
toluene-ds were distilled from sodium benzophenone ketyl
prior to use. Dichloromethane, dichloromethane-ds, acetoni-
trile, acetonitrile-ds, and DMSO-ds were distilled from P,O;
or CaHj;. Acetone-dg was dried over 3-A molecular sieves. All
reagents were used without further purification unless oth-
erwise noted.

'H NMR spectra were recorded on the UCB 200-, 250-, and
300-MHz instruments equipped with Cryomagnets Inc. mag-
nets and Nicolet Model 1180 and 1280 data collection systems.
13C NMR spectra were recorded on the UCB 300 instrument
operating at 75 MHz. 'H and !3C NMR spectra are reported
downfield from tetramethylsilane using the solvent resonance
as the internal standard. The signals due to the AA'MM’ spin
system in symmetrical Fv ligands are, due to their simple
appearance, for simplicity reported as “triplets” with coupling
constants equal to half of the separation between the two outer
lines. In less symmetrical cases, and when phosphorus
couplings are observed, the Fv signals are reported as “mul-
tiplets”. In diphosphine complexes, the methyl signals are for
simplicity reported as “triplets” (dmpm) and “doublets” (PMe3),
respectively. $1P{'H} NMR spectra were recorded on the UCB
300 instrument operating at 121.5 MHz. A solution of 1%
trimethyl phosphate in the appropriate solvent, contained in
a sealed capillary tube, was used as an external standard after
calibration against 85% HsPQO,. $3'P{'H} NMR chemical shifts
are reported downfield from 85% H3PO.. ,

Infrared spectra were measured on a Perkin-Elmer 681
infrared spectrometer equipped with a 580B data station.
Electronic spectra were obtained on a Hewlett-Packard 8450A
diode array spectrophotometer and are reported in nanometers
(extinction coefficient ¢). Low resolution mass spectra were
acquired on AEI-MS12 or Finnigan 4000 instruments by the
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Mass Spectral Service at the University of California, Berke-
ley. Mass spectral data are listed as m/z (% intensity of base
peak). Only the most intense peak in isotope envelopes are
reported. Elemental analyses were performed by the Mi-
croanalytical Laboratory of the University of California,
Berkeley. Photochemical experiments were carried out with
a Rayonet photochemical reactor. Melting points were mea-
sured on a Thomas Hoover Unimelt apparatus in capillary
tubes sealed under Ny and are uncorrected.

The compounds FvWy(CO)s, FvMoy(CO)s, 2> [EtyN*]-
{CPMo(CO)371,3* Mo(CO)(NCEL)z, W(CO)(NCE1)3,52 and (4°-
CsH,CMe;)Mo(CO)s,*** were prepared according to literature
procedures.

Na;FvW2(CO)e (12-(Na*)z). An intense purple solution of
FvWy(CO)s (66 mg, 0.10 mmol) in THF (15 mL) was stirred
over Na/Hg (ca. 1 g, 1% w/w, 0.43 mmol). After 2 h, the
solution had turned pale yellow. A sample was transferred
to an IR solution cell: IR (THF) voo 1745, 1792, 1889 em™!.
The solution was filtered (medium frit). Removal of the solvent
by vacuum transfer gave 12-(Na*); as a yellow, air-sensitive
powder in quantitative yield.

In a separate experiment, FvWy(CO)s (6.6 mg, 0.01 mmol)
was dissolved in THF-ds (0.5 mL) in a 5-mL round-bottom
flask. Excess Na/Hg was added, and the solution was stirred
for 1 h. The yellow solution was transferred into an NMR tube
which was sealed under vacuum. 'H NMR (300 MHz, THF-
ds): 6 4.80 (47, J = 2.2 Hz, 4 H), 5.24 (“t", J = 2.2 Hz, 4 H).

LisFvW3(CO)¢ (12-(Li*)z). A 1 M solution of LiEt;BH in
THF was added dropwise to a solution of 1 (66 mg, 0.10 mmol)
in THF (15 mL) at 0 °C until the color turned pale yellow.
Gas was evolved during the reaction. An aliquot of the air-
sensitive solution was transferred to an IR solution cell: IR
(THF) vco 1717, 1778 (weak shoulder), 1803, 1895, 1897 (weak
shoulder) em™1.

In a separate experiment, 1 (6.6 mg, 0.01 mmol) in THF (1
mL) was reduced with LiEt;BH in an NMR tube. The volatiles
were removed in vacuo, THF-ds was added by vacuum
transfer, and the tube was sealed under vacuum. 'H NMR
(300 MHz, THF-ds): 6 4.81 (“t”,J = 2.4 Hz, 4 H), 5.25 (“t”", J
= 2.2 Hz, 4 H).

[EtN*1[FyW2(CO)e?"]1 (12-(Et4N")z). NasFvWy(CO)s was
prepared by Na/Hg reduction of 1 (300 mg, 0.47 mmol) in THF
(70 mL). The solution was filtered, and the solvent was
removed by vacuum transfer. The yellow residue was dis-
solved in water (50 mL). Addition of a saturated aqueous
solution of Et,NC1 (20 mL) caused 12~(Et,N*), to precipitate
as an off-white powder. The solid was separated by filtration,
washed with water (4 x 50 mL) and ether (8 x 50 mL), and
dried in vacuo. The product was dissolved in a minimum
amount of acetonitrile, and the solution was filtered and cooled
to —20 °C, causing the product to crystallize. Concentration
of the mother liquor followed by cooling gave another crop of
crystals (combined 384 mg, 92%): yellow prisms; mp 185—
186 °C; 'H NMR (300 MHz, acetonitrile-ds) 6 1.21 (tt,J = 7.3,
1.9 Hz, 24 H), 3.16 (q,J = 7.3 Hz, 16 H), 4.89 (“t”, J = 2.3 Hz,
4 H), 527 (47, J = 2.3 Hz, 4 H); IR (acetonitrile) vqo 1777,
1888 cm~!. Anal. Calcd for C3,H4sN2OsWo: C, 41.58; H, 5.23;
N, 3.03. Found: C, 41.81; H, 5.33; N, 2.97.

X-ray Diffraction Analysis of [Et.N*L[FvW,(CO)¢ 1.
Suitable crystals were found in the product that was recrystal-
lized from acetonitrile. Crystallographic data are given in
Table 7. Bond length and bond angle data are listed in Table
1. Atomic coordinates and displacement coefficients are given
in the supplementary material.

FvW3(CO)gH; (8). Excess Na/Hg (1% w/w) was added to a
solution of 1 (200 mg, 0.30 mmol) in THF (50 mL). The
mixture was stirred until the solution had turned pale yellow
(ca. 2h). The solution was transferred to a Schlenk flask. The
following operations were carried out in the absence of
daylight. At 0 °C, trifluoroacetic acid (TFA) was added slowly

(62) Kubas, G. J. Inorg. Chem. 1983, 22, 692.
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Table 7. Crystallographic Data
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compd [EtNTL{FvW(CO)e2™] FvMo,(CO)s(dmpm)
formula C33H4gN2OgW2 C20H22M0,;05P;

fw 924.44 596.22

cryst syst monoclinic orthorhombic

space group P2y/c P2,2;2;

a, 7.687(2) 9.1049(8)

b A 13.752(4) 12.2598(4)

c, A 16.297(5) 20.1606(18)

B, deg 94.80(2)

Vv, A 1716.8(8) 2250.4(7)

z 4 4

dearc, g cm™3 1.781 1.76

Heale, cm ™! 70.9 12.55

cryst size, mm 0.43 x 0.38 x 0.24 0.20 x 0.23 x 0.40
diffractometer Nicolet R3Im/V Enraf-Nonius CAD4
radiation (4, A) Mo Ka. (0.710 69) Mo Ka (0.710 73)
temp, K 298 298

scan mode Wyckoff 6-20

26 range, deg 3-60 3—45

no. of reflns measd total 5027 1725

no. of obsns 4267 with F, = 40(F) 1703 with F2 = 3a(F?)

max peak in final diff map, /A
structure soln

1.02, 1.05 A from C2
Patterson

0.27, near Mo atoms
Patterson

refinement block-cascade methods standard least-squares and Fourier methods
weighting scheme w™l = g%(F,) + 0.00034F,? w = 4F2/(0.2(Fo2) + (0.02F2)%)

R 0.0370 0.0164

Ry 0.0352 0.0242

against a stream of argon. The pale yellow solution first
turned intense yellow (1 equiv of TFA) and then virtually
colorless (2 equiv). The volatiles were removed by vacuum
transfer at 0 °C, and the residue was dried in vacuo for 1 h at
ambient temperature. The solid was extracted with ether (2
x 25 mL), and the pale yellow extract was filtered through a
medium frit filter and then through silica gel (1 x 6 cm).
Removal of the solvent by vacuum transfer at —20 °C yielded
3 (170—190 mg, 85—95%): pale yellow needles; mp 136—-138
°C slow dec; 'H NMR (300 MHz, toluene-dg) ~6.98 (s, Jwu =
37.7Hz, 2 H), 4.45 (“t”, J = 2.2 Hz, 4 H), 4.76 (“t", J = 2.2 Hz,
4 H); IR (THF) vco 1926, 2016 cm™1; MS m/z 664 (M+ — 2H,
10.8%), 638 (100). Anal. Calced for C1¢H100sWa: C, 28.86; H,
1.51. Found: C, 28.85; H, 1.45.

FvW2(CO)eD: (8-d2). The dideuteride was prepared in the
same manner as the dihydride 8, except that the silica gel
filtration was carried out through gel that was deactivated
with D20: regular silica was degassed on the vacuum line at
ambient temperature for 3 h, then at 70 °C for 3 h, and then
at 150 °C overnight. At ambient temperature, the flask was
filled with argon, and D3O (10% w/w) was added. The silica
was shaken until no more lumps were seen and left to
equilibrate for 10 h. The procedure (degassing, heating,
addition of D;0) was repeated twice. After the last addition
of D20, equilibration was allowed to proceed for 20 h, and the
silica was degassed at 40 °C for 4 h before being taken into
the drybox for storage. The dideuteride 3-d; (80—90%) ob-
tained by filtration through this silica gel had a hydride
contept of less than 3% judged by 'H NMR spectroscopy.

FvW3(CO)¢R: (R = Me, Et, CH,CH,CH,I, CH:CH=CH,,
CH:Ph, CH;0CH;). The same general procedure was fol-
lowed in the preparation of all dialkyl complexes. LigFvWs-
(CO)s was prepared from FyWy(CO)s (50—100 mg) as described
previously, and 2.5 equiv of the appropriate alkyl halide was
added with a syringe at 0 °C. Daylight was avoided from this
point and throughout the workup. Reaction times are given
below. The yellow or orange solutions were filtered through
alumina III (1 x 3 cm) and then preadsorbed on ca. 1 g of
alumina, and the products were separated by chromatography
on alumina IIT (1.5 x 25 ¢m) with pentane—acetone mixtures.
In most cases, a yellow forerun and excess alkyl halide were
eluted with pentane. The product FyWx(CO)sR; was eluted
with 10—15% acetone in pentane. Heptane (5 mL) was added
to the solution obtained, and the products were crystallized
by slow removal of the solvent by rotary evaporation until 2—3

mL was left. The crystalline products were washed with cold
pentane and dried in vacuo.

FvW2(CO)¢Mez (4): from Mel; 2-h reaction time; 95%;
yellow needles; dec without melting 230—235 °C; 'H NMR (200
MHz, benzene-dg) 6 0.41 (s, Jw-me = 1.8 Hz, 6 H), 4.43 (“t”, J
= 2.3 Hz, 4 H), 4.51 (t”, J = 2.3 Hz, 4 H); IR (THF) vco 1923,
2013 cm™t; MS m/z 694 (M™, 8.4%), 509 (100). Anal. Caled
for C1sH140sWy: C, 31.15; H, 2.03. Found: C, 31.42; H, 2.04.

FvW3(CO)gEty: from EtI; 10-h reaction time; 87%; yellow
needles; mp 180—181 °C dec; *H NMR (200 MHz, benzene-ds)
61.40(q,J =7.2Hz,4 H), 1.66 (t,J = 7.2 Hz, 6 H), 4.47 (“t”,
J = 1.9 Hz, 4 H), 4.58 (“t”, J = 1.9 Hz, 4 H); IR (THF) vco
1917, 2009 ecm™Y; MS m/z 722 (M*, 2.4%), 551 (100). Anal.
Caled for CooH1s0sWa: C, 33.27; H, 2.51. Found: C, 33.41;
H, 2.62.

FvW3(CO)s(CH;CH,CH:I); (5): from 1,3-diiodopropane;
10-h reaction time; 71%; orange powder; no clear mp; 'H NMR
(250 MHz, benzene-ds) 6 1.08 (m, 4 H), 1.91 (m, 4 H), 2.81 (t,
J =17.0Hz, 4 H), 441 (¢",J = 2.3 Hz, 4 H), 4.55 (4", J = 2.2
Hz, 4 H); IR (KBr) vco (1912, 1998, 2016 cm™!; CIMS m/z 1003
(M+ + 1, 0.3%), 835 (100). Anal. Calcd fOl‘ ngHzoIzOeWz: C,
26.37; H, 2.01; 1, 25.33. Found: C, 27.60; H, 2.07; I, 24.76.

FvW2(CO)g(CH;O0CHjy): (6): from chloromethyl methyl
ether; 1-h reaction time; 87%; yellow needles; mp 124—125 °C
dec; 'H NMR (250 MHz, benzene-ds) 6 3.14 (s, 6 H), 4.46 (s, 4
H), 4.62 (“t”, J = 2.2 Hz, 4 H), 4.99 (4*, J = 2.2 Hz, 4 H); IR
(THF) vgo 1918, 1933, 2018 cm™!; MS m/z 7256 (M* — 29,
18.8%), 524 (100). Anal. Caled for CooH1305Wy: C, 31.86; H,
2.41. Found: C, 32.06; H, 2.52.

FvW3(CO)e(CH;CH=CHj;);: from 3-bromopropene; 1-h
reaction time; 82%; orange powder; mp 155—156 °C dec; 'H
NMR (250 MHz, benzene-dg) 6 2.23 (dd, J = 8.3, 1.0 Hz, 4 H),
4.44 (“t",J = 2.3 Hz, 4 H), 461 (¢, J = 2.3 Hz, 4 H), 4.74
(ddd, J = 9.8, 2.0, 1.0 Hz, 2 H), 4.93 (dd, J = 16.6, 2.0 Hz, 2
H), 6.17 (ddt, J = 16.6, 9.8, 8.3 Hz, 2 H); IR (THF) v¢o 1923,
2013 ecm™!; CIMS m/z 690 M+ — 2CO, 51.8%), 619 (100). Anal.
Caled for CooH506Ws: C, 35.42; H, 2.43. Found: C, 35.68;
H, 2.70.

FvW2(CO)s(CH2Ph);: from benzyl bromide; 2-h reaction
time; 92%; yellow-orange needles; mp 179—180 °C dec; 'H
NMR (250 MHz, benzene-ds) & 2.85 (s, Jwcu, = 5.5 Hz, 4 H),
4.43 (¢",J = 2.3 Hz, 4 H), 4.52 (*t”,J = 2.3 Hz, 4 H), 7.0-7.1
(m, 2 H), 7.2—7.3 (m, 8 H); IR (THF) v¢o 1915, 2005 cm™*; MS
miz 818 M* — 2CO, 0.2%), 91 (100). Anal. Caled for
C30H220sWa: -C, 42.58; H, 2.62. Found: C, 42.61; H, 2.73.



3164 Organometallics, Vol. 13, No. 8, 1994

Photolysis of FvW3(CO)sMe; (4) and FyWy(CO)s(CDs):
(4-dg). A Pyrex bomb (2 x 10 cm) equipped with a Teflon
needle valve was loaded with 4 or 4-ds (21 mg, 0.030 mmol).
Degassed benzene or benzene-dg (15 mL) was added by vacuum
transfer. The needle valve was closed, and the solution was
irradiated in a Rayonet photoreactor (300 nm) for 2 h. The
color of the solution changed from yellow to purplish brown.
The gaseous products, along with ca. 1 mL of the solvent, were
vacuum transferred into another bomb which was cooled in
liquid N;. The contents of this bomb were subjected to an MS
analysis. In all cases, methane and some CO, but no ethane
or ethene, were detected. Irradiation of 4 in benzene provided
CH, only; 4 in benzene-ds gave CH, (93%) and CH;3D (7%);
4-dg yielded CH3D (2%), CH.D. (18), CHD; (24%), and CD4
(56%). The solution remaining in the reaction vessel was
concentrated by vacuum transfer. Chromatography of the
residue on alumina III with hexane/THF gave FvW3(CO)g (13
mg, 65%) as the only isolable product.

Reaction of FvW3(CO)¢(CH,OCHs): (6) with HBF +Et;0.
A solution of 6 (8 mg, 0.011 mmol) in dichloromethane-d; (0.5
mL) was prepared in an NMR tube equipped with a 14/20 outer
joint that was stoppered with a rubber septum. The tube was
cooled at —78 °C, and a solution of HBF ¢Et,0 (10 uL, ca. 0.10
mmol) in dichloromethane-d; (0.2 mL) was added by syringe.
On mixing, the color of the solution turned from yellow to deep
red, and small quantities of a brown precipitate formed. The
tube was sealed under vacuum while the solution was kept
cold. 'H NMR spectra (300 MHz) were acquired between —65
°C and +25 °C. Below —25 °C, the only observable Fv
containing species was the methylidene complex FvW3(CO)s-
(CH.OCH3)(=CH_)*: & 3.62 (s, 2 H), 4.73 (s, 3 H), 5.45 (“t”, J
= 2.2 Hz, 2 H), 5.74 (t*, J = 2.2 Hz, 2 H), 6.10 (“t", J = 2.3
Hz, 2 H), 6.26 (“t”, J = 2.3 Hz, 2 H), 13.10 (s, 2 H). With
further warming, this complex slowly transformed into the
ethene complex FvWy(CO)s(CoHy)?*: 6 3.56 (s, 4 H), 5.55 (“t”,
J =2.3Hz, 2 H), 570 (¢, J = 2.3 Hz, 2 H), 6.36 (“t”, J = 2.2
Hz, 2 H), 6.48 (“t", J = 2.2 Hz). Prolonged reaction times
resulted in extensive decomposition as evidenced by the
amount of insoluble material present. MS analysis of the
volatiles from a reaction that was carried out in an analogous
manner in a bomb revealed the presence of ethene.

FvW3(CO)glz. I3 (92 mg, 0.36 mmol) in THF (5 mL) was
added to a solution of FvW3(CO)s (200 mg, 0.30 mmol) in THF
(50 mL) while stirring. The color immediately turned from
purple to red. Heptane (10 mL) was added, and the solution
was extracted with aqueous 10% NapS;0; (10 mL). The
organic layer was washed with water (10 mL), separated, and
dried (NazSO,). The solvents were removed by rotary evapo-
ration. Recrystallization of the residue from THF /hexane gave
the product!® (232 mg, 84%): red-orange powder, mp >320 °C;
'H NMR (300 MHz, acetone-dg) 6 5.95 (“t”, J = 2.2 Hz, 4 H),
6.45 (“t”, J = 2.3 Hz, 4 H); IR (THF) vco 1953, 2034 cm™L. Anal.
Calcd for C16HgloOsWs: C, 20.94; H, 0.88; I, 27.66. Found: C,
21.28; H, 0.76; I, 27.63. Alternatively, the diiodide could be
prepared in a quantitative yield from the dihydride 3 and I,
in ether.

FvW2(CO)¢Brs. CHBr; (60 L, 0.69 mmol) in ether (1 mL)
was added to FvWy(CO)sH, (60 mg, 0.090 mmol) in ether (20
mL). After 2 h, small red cubes of the product had crystallized
from the solution. The solvent was decanted and the solid (74
mg, 100%) was washed with ether and dried in vacuo: red
cubes; dec 250 °C without melting; 'H NMR (300 MHz,
acetone-dg) 6 5.90 (“t”, J = 2.3 Hz, 4 H), 6.44 (“t”, J = 2.3 Hz,
4 H); IR (THF) vco 1960, 2049 cm™!. Anal. Caled for CigHs-
Br:OsWa: C, 23.33; H, 0.98; Br, 19.40. Found: C, 23.56; H,
0.95; Br, 19.08.

FvW2(CO)¢Cl;. CCly (100 uL, 159 mg, 1.04 mmol) was
added to a solution of FvWa(CO)sH; (60 mg, 0.090 mmol) in
ether (20 mL). Dark red cubes of the dichlorc complex
crystallized slowly from the solution. After 16 h, the solvent
was decanted, and the solid was washed with ether and dried
in vacuo to give the product (66 mg, 100%). dark red cubes;
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mp >320 °C; 'H NMR (300 MHz, acetone-dg) 6 5.86 (“t”, J =
2.2 Hz, 4 H), 6.44 (*t”, J = 2.1 Hz, 4 H); IR (THF) vco 1954,
2048 cm™!. Anal. Caled for C16HsCloOsW,: C, 26.15; H, 1.10;
Cl, 9.65. Found: C, 26.38; H, 1.06; Cl, 9.39.

Determination of the First and Second Acidity Con-
stants of FvW(CO)¢H; (8). In a mixture of CpW(CO);~ and
FyWy(CO)sHg, the following independent proton-transfer equi-
libria will be established:

KCpH
CpW(CO),H = CpW(CO),” + H*

K,
FVWz(CO)6H2 = FVWZ(CO)GH-— + H+

K
FyW,(CO).H™ = FyW,(CO)2™ + H*

The appropriate expressions for the equilibrium constants
may be combined to give the following simple equations for
K; and K;:

[FyW,(CO)H IICpW(CO)3H]

K =
L T IRy W,(CO)H,IICPW(CO), 7]

[FvW,(CO)H,IIFyW,(CO);1
[FyW,(CO)H ]

Since Kcpn is known, @ the two dissociation constants for
FyWy(CO)sHz, K1 and Kj, will be available if relative equilib-
rium concentrations of the species involved can be measured.

To obtain Kj, an experiment was carried out in which FvyWo-
(CO)H; (10 mg, 0.015 mmol) and [Et,N*J[CpW(CO);~1(7 mg,
0.015 mmol) were added to an NMR tube equipped with a 14/
20 outer glass joint. Acetonitrile-ds (0.5 mL) was added by
vacuum transfer, and the tube was sealed under vacuum. The
'H NMR spectrum (300 MHz) of the yellow solution was
acquired at —45 °C. The components that were present in
measurable concentrations were CpW(CO);H (6 —7.47, 5.61),
CpW(CO)s~ (6 5.09), FvWo(CO)H; (6 —7.09, 5.55, 5.98), and
FyWy(CO)H~ (6 —7.06, 5.02, 542, 548, 5.83) in relative
amounts 12.8:1.2:1.0:13.0.

K; was obtained when an equimolar mixture of FvW,-
(CO)H; and [EtN*];[FyWy(CO)¢?"] was used. The 'H NMR
spectrum (acetonitrile-ds, —45 °C) showed the presence of
FVWz(CO)st, FVWz(CO)eH', and FVWz(CO)sZ_ (] 4.91, 5.29)
in the ratio 1.3:22.8:1.0.

The measured relative concentrations were used to calculate
the two dissociation constants by the use of the equations
above.

Thermal Decomposition of FvW3(CO)sH; (3) and FvW-
(CO)eD; (3-d2). A bomb (2 x 10 cm) equipped with a Teflon
needle valve was loaded with 3 or 3-dz (20 mg, 0.030 mmol)
and diglyme or dioxane-ds (20 mL, freshly distilled from molten
Na and K, respectively). The solution was degassed by four
freeze—pump—thaw cycles on the vacuum line, and the needle
valve was closed. The solution was heated in a thermostated
oil bath at 161 + 1 °C for 4 days. The volatiles in the bomb
were analyzed by mass spectroscopy. Thus, 8 in diglyme
yielded only Hs, 8 in dioxane-ds also gave only H,, whereas
3-d; provided a mixture containing D; (70—80%), HD (15—
25%), and Hj (2—5%). Chromatography of the residue after
removal of the solvents gave FvWy(CO); as the only isolable
product (>95%).

Kinetics of the Thermal Decomposition of FvW,-
(CO)¢H; Followed by UV-—Visible Spectroscopy. The
kinetic runs were carried out in a reaction vessel constructed
in the following way: onto three glass tubes (10-mm o.d.) were
fused a 14/20 outer joint, a 10-mL pear-shaped flask, and a
quartz UV cell, respectively. The ends of the tubes, each ca.
5 cm in length, were fused together in a Y-shaped connection



Chemistry of Dinuclear Fulvalene Complexes

at 120° angles. The pear-shaped flask was filled with 5 mL
of a (8—10) x 10™* M solution of 8 in diglyme. AIBN or 9,10-
dihydroanthracene was added when desired in the reaction.
The outer joint was attached to the vacuum line, and the
solution contained in the flask was degassed by four freeze—
pump—thaw cycles before the glass tube connecting the joint
to the rest of the assembly was sealed off under vacuum. The
flask with the solution was immersed in a thermostated oil
bath (161 + 1 °C), thus avoiding direct contact between the
UV cell and the high-temperature bath. The progress of the
reaction was monitored by the increase in absorption at 548
nm, corresponding to formation of FvW3(CO)s. Before each
reading on the spectrometer, the reaction assembly was
removed from the bath, and the solution was cooled to 22 °C
before it was transferred to the UV cell by a 120 °C tilt. After
each measurement, the solution was returned to the flask
which was immersed in the thermostated bath again. The
reaction was monitored until the absorbance was constant for
at least 10 h. ‘

Preparation of the Isomer Mixture of (5% (Me-
CsHs))sWa(CO)g (8). To a solution of freshly cracked meth-
yleyclopentadiene (800 mg, 10.0 mmol) in THF (100 mL) at 0
°C was added n-BuLi (6.3 mL of a 1.6 M solution in hexanes,
10.1 mmol). The solution was stirred for 1 h and cooled to
—178 °C before I3 (1.30 g, 5.1 mmol) in THF (25 mL) was added.
The resulting orange solution was allowed to warm to 0 °C
during 30 min. Aqueous NayS;03 (2%, 100 mL) was added
against a flow of argon, followed by heptane (150 mL). The
mixture was stirred vigorously for 30 s and poured into a
separatory funnel. The aqueous layer was drained, and the
organic layer was added to anhydrous NaySO4 (25 g) in a 500-
mL round-bottom flask. After being swirled for 1 min under
N, the orange solution was transferred to a 500-mL round-
bottom flask which was then capped with a septum and cooled
to —78 °C. The resulting solution of dimethyldihydrofulvalene
was stored under argon at this temperature until used.

This solution was added to W(CO)s(EtCN); (prepared from
W(CO)s (3.52 g, 10.0 mmol)) in boiling glyme (500 mL). The
addition was done slowly, in 10-mL portions, over a period of
4 h. The reaction mixture was heated at reflux for an
additional 10 h. It was then filtered through alumina III (4
x 30 cm). The filtrate was concentrated to dryness by rotary
evaporation. The residue, ca. 1 g, was dissolved in THF, after
which alumina III (5 g) was added, and the solvent was slowly
removed by rotary evaporation. The solid was added to the
top of a column of alumina III (3 x 25 cm) which was eluted
with hexane—ether mixtures. The product was eluted as an
intense bluish purple band with 20—40% ether in hexane.
Heptane (25 mL) was added to the solution which subse-
quently was concentrated by slow rotary evaporation. The
product precipitated as a bluish purple powder that was
washed with cold hexanes and dried in vacuo to give 8 as a
mixture of six stereoisomers (510 mg, 14.7%): bluish purple
powder; 'H NMR (300 MHz, benzene-dg) ¢ 1.12 (s), 1.15 (s),
1.27 (s), 1.30 (s), 1.59 (s), 1.61 (s), 1.64 (s), 1.66 (s) (a total of
6 H), 3.4—4.5 (m, 6 H); IR (THF) vco 1901, 1921, 1957, 2017
cm™!, MS m/z 692 (M™, 14.6%), 260 (100). Anal. Caled for
C1sH1206W2: C, 31.24; H, 1.75. Found: C, 31.20; H, 1.72.

Preparation of the Isomer Mixture of (%p3-(Me-
CsHs))sWa(CO)eH: (9). A solution of 8 (50 mg, 0.072 mmol)
in THF (15 mL) was reduced to the corresponding dianion by
stirring over excess Na/Hg (1% w/w) for 1 h. The pale yellow
solution was filtered (medium frit), and trifluoroacetic acid was
added slowly until the intermediate yellow color disappeared.
The volatiles were removed in vacuo. The sticky, off-white
residue was extracted with ether (2 x 10 mL) and filtered
through silica (1 x 5 cm). Removal of the solvent from the
pale orange filtrate gave the dihydride 9 (44 mg, 88%): pink
oily wax; *H NMR (300 MHz, toluene-ds) 6 —6.95 to —6.73
(several overlapping singlets and '#W satellites, a total of 2
H), 1.48 (s), 1.57 (s), 1.58 (s), 1.60 (s), 1.71 (s), 1.73 (s), 1.78
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(s), 1.81 (s) (a total of 6 H), 4.35—5.13 (m, 6 H); IR (THF) vco
1922, 2013 em™1.

H/D Scrambling in a Mixture of FyW;(CO)eD; (3-d2)
and (n%:n°%-(MeC3Hs)):W2(CO)6H: (8). An NMR tube equipped
with a 14/20 outer joint was loaded with 3-d; (5 mg, 0.0075
mmol) and 20 (5 mg, 0.0072 mmol). The tube was cooled at
—78 °C, and THF-ds (0.4 mL) was added by vacuum transfer
before the tube was sealed. The tube was inserted in a
precooled (—75 °C) NMR probe, and the 'H NMR spectra (300
MHz) were initially obtained at this temperature. At first,
virtually all the signals in the hydride region were due to 9,
less than 2% arising from 8-d; or 8. After 2 h at —75 °C, ca.
5% of the hydride intensity was due to the two latter species.
The probe was slowly heated. At —40 °C, scrambling occurred
at a faster rate (ca. 5% change in 10 min). By the time the
temperature reached 0 °C, the scrambling was complete, and
50% of the hydride signal intensity had its origin in 3-d; and
3

[FvWa(CO)e(u-H)1*BF4~ (10(BF47)). A slurry of FyW,-
(CO)s (50 mg, 0.075 mmol) in dichloromethane (20 mL) was
treated with HBF¢Et;0 (60 uL, ca. 0.6 mmol) overnight with
stirring. A red precipitate formed. The solvent was decanted,
and the solid was washed with ether (3 x 20 mL) before being
dried in vacuo, yielding 10(BF,4~) (54 mg, 95%): red powder;
dec ca. 250 °C without melting; 'H NMR (300 MHz, acetoni-
trile-ds) 6 —21.16 (s, Jwy = 36.3 Hz, 1 H), 5.65 (“t”, J = 2.3
Hz, 4 H), 5.91 (t”, J = 2.3 Hz, 4 H) (traces of ether and FvW,-
(CO)s were apparent in the spectrum; the amount of the latter
increased with time); IR (acetonitrile) vco 1925, 1968, 1993,
2046, 2069 cm~!. Anal. Caled for C1sHsBF,O¢W2: C, 25.56;
H, 1.21. Found: C, 28.51; H, 1.84 (the residual ether, apparent
in the 'H NMR spectrum, could not be removed).

[FvW2(CO)e(NCMe);12* (PFg )2 (12(PFg7)2). A solution of
PhsC*PFg~ (120 mg, 0.31 mmol) in acetonitrile (10 mL) was
added quickly to FvWy(CO)¢H; (100 mg, 0.150 mmol) in
acetonitrile (10 mL). The resulting orange solution was
filtered (medium frit) and concentrated to ca. 2 mL by vacuum
transfer. Ether (25 mL) was added slowly, causing the
precipitation of 12(PFs™); (150 mg, 96%): yellow needles; mp
>300 °C; 'H NMR (300 MHz, acetonitrile-ds) 4 1.94 (s, 6 H),
5.94 (“t7, J = 2.2 Hz, 4 H), 641 (“t", J = 2.2 Hz, 4 H); IR
(acetonitrile) vco 1982, 2066 cm™!. Anal. Caled for CooHis-
F12N0cP2W2: C, 23.19; H, 1.36; N, 2.70. Found: C, 23.40;
H, 1.39; N, 2.70.

Treatment of FvW3(CO)¢ with HBFEt;0 in Acetoni-
trile-ds. FvWy(CO)s (5 mg, 0.0075 mmol) and HBF¢Et;0 (8
4L, 0.08 mmol) were added to an NMR tube equipped with a
ground-glass joint. Acetonitrile-ds (0.5 mL) was added by
vacuum transfer, and the tube was sealed under vacuum. The
tube was agitated until all substrate had dissolved, providing
a deep red solution. The 'H NMR spectrum (300 MHz)
recorded immediately thereafter showed the presence of FyWs-
(CO)s(u-H)* (10) as the only Fv containing product. During 3
days, 10 was gradually replaced by FyWy(CO)s(H)YNCCD;)*
(11-d3): 6 —6.95 (s, Jwu = 37.5 Hz, 1 H), 5.71 (¢, J = 2.3 Hz,
2 H), 5.72 (t", J = 2.2 Hz, 2 H), 6.08 (“t”, J = 2.3 Hz, 2 H),
6.33 (47, J = 2.2 Hz, 2 H). Prolonged reaction times induced
extensive decomposition, as evidenced by the decrease in
overall signal intensity in the Fv region (ether internal
standard). Minor quantities (ca. 10% based on 1) of FyWo-
(CO)(NCCD3)2%* (12-dg) could be detected in the mixture.

A similar reaction was carried out in a bomb. After 10 days
at ambient temperature, the volatiles were subjected to an MS
analysis which revealed the presence of Hs.

Hydride Abstraction from FvW;(CO)H; with 1 equiv
of PhsC*PFg~. A solution of 8 (8 mg, 0.012 mmol) in
acetonitrile-ds (0.4 mL) was treated with PhsC*PFs~ (5 mg,
0.013 mmol) in acetonitrile-ds (0.2 mL) under vigorous stirring.
The orange solution was transferred to an NMR tube. The
H NMR spectrum (300 MHz) was acquired 30 min later and
showed the presence of FvWy(CO)s (1; 17%), FyW2(CO)eHz (3;
12%), FyWo(CO)s(u-H)* (10; 8%), FvW2(CO)s(NCCDs)?+ (12-
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dg; 20%), and FyWy(CO)(H)YNCCD;)* (11-ds; 43%). After 2
h, no FyWy(CO)s(u-H)* was present, whereas the amount of
FvW3(CO)s had increased correspondingly.

Hydride Abstraction from [FvW:(CO)s(u-H)I*BF,~
(10(BF47)). A solution of Ph;C*PFs~ (4 mg, 0.010 mmol) in
acetonitrile-ds (0.2 mL) was mixed with a solution of [FvW-
(COY(u-H)I*BF 4~ (7 mg, 0.009 mmol) in acetonitrile-ds (0.4 mL)
in an NMR tube, and the tube was sealed under vacuum. A
'H NMR spectrum (300 MHz) recorded 15 min later showed
the presence of FyWy(CO)s (1; ca. 10%) as well as FvW3(CO)s-
(u-H)* (10) and FyWy(CO)e(NCCD3)22* (12-de) in a 2.5:1 ratio.
After 3 h, the ratio of 10 to 12-ds was 2:3, the amount of 1
being 15%. After 10 h, no 10 was left, as it had all been
transformed to 12-ds or 1. The final relative yields of the
products are not known because 1 crystallized in the tube.

Treatment of FvW;(CO)gH; (3) with HBF,Et;0. An
NMR tube with a ground-glass joint was loaded with 3 (14
mg, 0.021 mmol). Acetonitrile-ds (0.5 mL) was added by
vacuum transfer, and HBF¢Et;0 (20 uL, ca. 0.18 mmol) was
added. The tube was sealed under vacuum. No reaction was
detectable by 'H NMR after 12 h at ambient temperature. The
tube was heated in an oil bath at 65 °C. After 3 h, the 'H
NMR spectrum revealed partial conversion (ca. 15%) of 8 to
FyvW3(CO)(H)(NCCDs)* (11-dg); in addition, several uniden-
tifiable products were apparent in small amounts in the Fv
region, and a small singlet without ¥3W satellites was seen
at § —3.56. After 10 h, 3 had reacted completely; 11-d; was
the major product along with some 12-ds and more of the
unidentifiable materials. The signal at § —3.56 was more
intense than the hydride resonance due to 11. Mass spec-
trometry revealed the presence of H; in the volatiles after 15
h at 65 °C.

FvWy(CO)4(PMes) H; (14). PMe; (ca. 50 uL, 0.8 mmol) was
added by vacuum transfer to a solution of FyWx(CO)sH; (80
mg, 0.12 mmol) in ether (30 mL) at ~78 °C. The solution was
heated, and at 0 °C the product started to precipitate as a
yellow powder. After 30 min at ambient temperature, the
solvent was decanted, and the residue was washed with ether
(2 x 15 mL). Recrystallization from THF/hexane gave 14 (92
mg, 100%): yellow needles; mp 154—155 °C dec; 'H NMR (200
MHz, THF-dg, —30 °C) (cis conformers) 6 —7.72 (d, J = 69.6
Hz,2H),1.57(d,J=9.7Hz, 18 H), 5.28 (m, 4 H), 5.7—-5.8 (m,
4 H); (trans conformers) 6 —7.27 (d, J = 24.8 Hz, 2 H), 1.62
(4, J = 9.7 Hz, 18 H), 5.10 (m, 4 H), 5.5-5.6 (m, 4 H); cis:
trans ratio 60:40; 3'P{*H} NMR (121 MHz, THF-ds, —30 °C) é
—12.3 (cis; Jwp = 253 Hz), —14.7 (¢trans; Jwr = 277 Hz); IR
(THF) veo 1841, 1922 em™t; MS m/z 760 (M* — 2H, 7.5%), 76
(100). Anal. Caled for CoH2s0,PsW2: C, 31.52; H, 3.70.
Found: C, 31.60; H, 3.65.

FvMo2(CO)4(PMes):H: (15). FvMog(CO)gH; was prepared
from FvMoo(CO)s (100 mg, 0.20 mmol) as previously described,’”
and successfully purified by ether extraction and rapid filtra-
tion through silica (1 x 3 cm). PMe; (60 L, 0.6 mmol) was
added by vacuum transfer at —78 °C, causing an instant
reaction yielding a light yellow precipitate. The suspension
was held at 5 °C for 3 days, causing 15 to form large yellow
crystals. After cooling to —45 °C, the solvent was decanted
and the residue was washed with cold pentane (—40 °C, 2 x
10 mL) to give 15 (92 mg, 72%): yellow prisms; *H NMR (300
MHz, THF-dg, =50 °C) 6 —6.31 (4, J = 68.4 Hz) and —6.29 (d,
J = 68.3 Hz) (cis), —5.95 (d, J = 23.0 Hz) and —5.93 d, J =
23.0 Hz) (trans) (combined cis + trans, 2 H), 1.41 (4, J = 9.4
Hz) (cis), 1.47 (d, J = 9.1 Hz) (¢rans) (combined PMes, 18 H),
5.07 (m), 5.22 (m) (4 H combined), 5.52 (m), 5.57 (m), 5.70 (m),
5.75 (m) (4 H combined); cis:trans ratio = 55:45; 3'P{'H} NMR
(THF-ds) 6 21.8 (s, trans), 25.5 (s, cis); IR (THF) vco 1840, 1922
cm™1; MS m/z 584 (M* — 2H, 8.9%), 61 (100). Anal. Caled for
CaoH2sMo0204Ps: C, 40.97; H, 4.81. Found: C, 41.20; H, 4.86.

FvW3(CO),(PMeg):Mez. To a solution of FyWy(CO)s-
(PMes).H; (101 mg, 0.133 mmol) in THF (25 mL) at 0 °C was
added n-BuLi (0.2 mL of a 1.55 M solution in hexanes, 0.31
mmol). There was an instant color change from pale to intense

Tilset et al.

yellow. After stirring at 0 °C for 1 h, Mel (57 mg, 0.4 mmol)
was added. The yellow solution was filtered through alumina
III (1.5 x 10 cm), heptane (15 mL) was added, and the solution
was concentrated to 10 mL by slow rotary evaporation, causing
the precipitation of yellow needles. The solid was washed with
hexane (2 x 20 mL) and dried in vacuo to give the products
(87 mg, 83%): yellow needles; mp 220—221 °C dec; 'H NMR
(300 MHz, acetone-dg) 6 —0.13 (d, J = 12.5 Hz, cis Me), 0.18
(d, J = 3.2 Hz, trans Me) (total 6 H), 1.46 (d, J = 9.1 Hz, cis
PMes3), 1.68 (d, J = 9.3 Hz, trans PMes) (total 18 H), 5.05—
5.15 (m, 4 H), 5.15~-5.25 (m, 4 H); cis:trans ratio = 10:90; 3'P-
{'H} NMR (acetone-ds) 6 ~15.9 (s, Jwp = 231 Hz, trans), —16.8
(s, cis); IR (THF) veo 1836, 1917 ecm™1; MS m/z 790 (M™, 5.4%),
61 (100). Anal. Caled for C2oH3p0.PsWo: C, 33.44; H, 4.08.
Found: C, 33.82; H, 4.17.

FvW2(CO)4(PMe;)2(CHaPh)2. n-Buli (0.20 mL of a 1.55
M solution in hexanes, 0.31 mmol) was added to a solution of
FyWo(CO)4(PMes)oH; (101 mg, 0.133 mmol) in THF (20 mL)
at 0 °C. After stirring for 30 min, PhCH;Cl (44 mg, 0.35 mmol)
was added, and stirring was continued for 1 h. The orange
solution was filtered through alumina III (1 x 6 cm) and
concentrated by rotary evaporation. The oily product was
separated by chromatography on alumina ITI (1 x 12 ¢m) with
hexane—acetone mixtures. The product was eluted as an
orange band with 10—15% acetone in hexane. Removal of the
solvent by rotary evaporation followed by recrystallization from
ether/hexane yielded the product (69 mg, 55%): orange
powder, mp 184—185 °C dec; 'H NMR (300 MHz, acetone-d¢)
01.64(d,J=19.6Hz,18 H),2.72 (d,J = 3.1 Hz, 4 H), 4.98 (m,
4 H),5.01 (m,4H),6.80(t,J =74Hz,2H),7.04(dd, J = 1.5,
7.5 Hz, 4 H), 7.12 (d, J = 7.4 Hz, 4 H); cis:trans ratio < 5:95;
81P{TH} NMR (acetone-ds) 6 ~13.4 (s, Jwp = 215 Hz); IR (THF)
vco 1835, 1917 cm™}; FAB MS m/z 943 (M* + 1, 40.0%), 758
(100) Anal. Calcd for Ca4H4oO4P2W22 C, 4334, H, 4.28.
Found: C, 42.87; H, 4.27.

FvW3(CO)4(PMes):(CH;OCHj),. n-Buli (0.33 mL ofa 1.55
M solution in hexanes, 0.51 mmol) was added to a solution of
FyWy(CO)4«(PMes)oH; (170 mg, 0.223 mmol) in THF (20 mL)
at 0 °C. After stirring for 30 min, CHsOCH,Cl (45 mg, 3 mmol)
was added. The volatiles were removed in vacuo after 1 h.
The residue was dissolved in THF (20 mL), and the yellow
solution was filtered through alumina III (1 x 15 em). After
rotary evaporation of the solvent, the residue was dissolved
in a minimum amount of ether, and the solution was filtered
and cooled to —78 °C. The yellow precipitate was washed with
cold pentane (2 x 20 mL) and dried in vacuo, giving the
product (140 mg, 74%): yellow microcrystals; mp 142—143 °C
dec; 'H NMR (300 MHz, acetone-dg) 6 1.68 (d, J = 9.5 Hz, 18
H), 3.19 (s, 6 H), 4.45(d, J = 5.0 Hz, 4 H), 5.15 (m, 4 H), 5.35
(m, 4 H); cis:trans ratio < 5:95; 31P{'H} NMR (acetone-ds) &
—14.7 (s, Jwp = 214 Hz); IR (THF) vco 1834, 1921 cm™}; CIMS
miz 850 (M*, 1.5%), 77 (100). Anal. Caled for CpsH3s0sP2Wo:
C, 3391; H, 4.27. Found: C, 34.18; H, 4.44.

FvW,(CO)4(PMes)2I2. A mixture of FvWy(CO)y(PMes):Hs
(50 mg, 0.066 mmol) and I, (45 mg, 0.18 mmol) in THF (20
mL) was stirred for 5 min. The brown solution was poured
into aqueous 5% NasS;03 (6 mL), and heptane (2 mL) was
added. The mixture was stirred, and the organic layer was
separated, dried (MgSOy,), filtered, and concentrated by rotary
evaporation to give the product (66 mg, 99%): red powder; mp
273—274 °C dec; *H NMR (300 MHz, THF-ds) 6 1.75, 1.81, 1.82,
1.83 (all 4, J = 9.6 Hz, 18 H total), 5.1—6.0 (several m, 8 H);
cis:itrans ratio = 75:25 (major isomer determined from relative
intensities in IR spectrum); 3*P{*H} NMR 6 34.3 (s, Jwp = 250
Hz), 34.4 (s, Jwp = 249 Hz); IR (THF) vco 1852, 1947 cm™1.
Anal. Calcd for C2oHzeI20.P:W2: C, 23.69; H, 2.59; I, 25.08.
Found: C, 24.10; H, 2.55; I, 26.97.

FvWy(CO)4«(PMezPh);H;. PMeoPh (50 mg, 0.51 mmol) was
added to a solution of FvWo(CO)sH; (70 mg, 0.105 mmol) in
ether (30 mL) at 0 °C. A yellow solid started to precipitate
within 10 min at ambient temperature. After 30 min, the
solvent was decanted, and the residue was washed with ether
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(8 x 30 mL). Recrystallization from THF/hexane gave the
product (51 mg, 77%): yellow needles; mp 142—143 °C dec;
'H NMR (200 MHz, THF-ds, —30 °C) 8 —7.42 (d, J = 67.1 Hz,
cis), —7.07 (4, J = 23.5 Hz, trans) (2 H total), 1.8—2.0 (m, 12
H), 4.8—5.6 (m, 8 H), 7.3—7.5 (m, 6 H), 7.6—7.8 (m, 4 H); cis:
trans ratio = 50:50; 31P{*H} NMR (THF-dg, —70 °C) 6 0.4 (s,
Jwr = 283 Hz), 2.3 (s, Jwp = 258 Hz); IR (THF) vco 1841, 1924
cm~1; MS m/z 856 (M*+ — 30, 0.05%), 138 (100). Anal. Caled
for C3oH3,0.P;W,: C, 40.66; H, 3.64. Found: C, 40.77; H, 3.68.

FvW3(CO)4(P(OMe)s):Hz. P(OMe); (100 mg, 0.81 mmol)
was added to a solution of FvW3(CO)gH;, (76 mg, 0.11 mmol)
in THF (30 mL). The solution was heated at reflux in the dark
for 15 h. Hexane was added to the hot solution until crystal-
lization started. Gradual cooling to 0 °C yielded the product
(79 mg, 81%): pale yellow needles; mp 115—116 °C dec; 'H
NMR (300 MHz, acetone-ds, —65 °C) (cis) 6 —8.13(d, J = 72.8
Hz, 2 H), 3.39 (d, J = 12.3 Hz, 18 H), 5.45 (m, 4 H), 6.00 (m,
4 H); (trans) 6 —7.59 (d, J = 26.4 Hz, 2 H), 3.49 (d, J = 124
Hz, 18 H), 5.31 (mm, 4 H), 5.85 (m, 4 H); cis:trans ratio = 10:1;
31Pf1H} NMR (acetone-ds, —65 °C) & 163.6 (s, Jwp = 429 Hz,
cis), 167.9 (s, Jwp = 574 Hz, trans); IR (THF) vco 1873, 1945
em™!; MS m/z 856 (M* — 2H, 9.2%), 828 (100). Anal. Calcd
for ConstmPng: C, 27.99; H, 3.29. Found: C, 28.24; H,
3.34.

FvMo2(CO)s(PMes); (16). PMe; (150 4L, ca. 1.6 mmol) was
added by vacuum transfer to a solution of FvMoy(CO)s (300
mg, 0.61 mmol) in THF (50 mL) at =75 °C. The solution was
heated to 0 °C and held refrigerated, with occasional swirling
to dissolve the starting material. A yellow-brown precipitate
formed slowly. After 3 days, the solvent was decanted, and
the residue was washed with cold THF (2 x 30 mL) and then
with ether (5 x 30 mL). Drying in vacuo yielded 16 (237 mg,
63%): yellow-brown needles; mp 242—244 °C dec; 'H NMR
(300 MHz, acetonitrile-ds) 4 1.64 (“d”, J = 10.3 Hz, 18 H), 5.06
(“t",J = 2.4 Hz, 2 H), 5.22 (m, 2 H), 5.50 (‘t”, J = 2.4 Hz, 2 H),
5.53 (m, 2 H); 'P{'H} NMR (acetonitrile-d;) 4 19.2 (s); IR
(THF) veo 1795, 1871, 1906, 1955 cm™; CIMS m/z 584 (M* —
CO, 28.3%), 77 (100). Anal. Calcd for Cz1HyM0205P;: C,
41.20; H, 4.28. Found: C, 41.54; H, 4.57.

FvMo,(CO)s(dmpm) (17). To a solution of FvMoz(CO)s (90
mg, 0.184 mmol) in THF (30 mL) was added dmpm (50 u«L,
0.46 mmol). The mixture was heated at 50-55 °C. A
crystalline material began to precipitate after 2 h. Heating
was continued for an additional 14 h. The solvent was
decanted, and the brown crystals were washed repeatedly with
THF and then with ether. Drying in vacuo provided 17 (81
mg, 77%): brown polycrystalline leaves, mp 243—244 °C dec;
1H NMR (300 MHz, acetonitrile-ds) 6 1.68 (“t”, J = 5.7 Hz, 6
H), 1.69 (“t”, J = 5.7 Hz, 6 H), 3.65 (m, 2 H), 5.04 (‘¢",J = 2.4
Hz, 2 H), 5.41 (m, 2 H), 5.49 (“t”, J = 2.4 Hz, 2 H), 5.69 (“t”, J
= 2.1 Hz, 2 H); 3'P{'H} NMR (acetonitrile-ds) 6 —23.4 (s); [R
(acetonitrile) voo 1788, 1904, 1983 cm™1; MS m/z 568 (M* —
CO, 3.4%), 61 (100). Anal. Calcd for CooHa2Mo205P;: C, 40.29;
H, 3.72. Found: C, 40.47; H, 3.88.

X-ray Structural Analysis of 17. A single crystal suitable
for the purpose was found in the reaction mixture. Crystal-
lographic data are given in Table 7. Bond lengths, bond
angles, and torsional angles are listed in Table 5. The
positional parameters and temperature factors are given in
the supplementary material.

FvW,(CO)s(PMeg); (18). A solution of FvW(CO)s (100 mg,
0.15 mmol) in THF (50 mL) was treated with PMes (50 uL,
0.8 mmol) for 12 h at ambient temperature. Orange plates of
18 crystallized slowly. The solvent was decanted, and the
brittle crystals were washed with ether (3 x 20 mL) and THF
(20 mL). Drying in vacuo gave 18 (61 mg, 51%): orange-brown
plates; mp > 300 °C; 'H NMR (300 MHz, acetonitrile-ds) 6 1.76
(“d”, J = 10.4 Hz, 18 H), 5.08 (“t”, J = 2.2 Hz, 2 H), 5.33 (m,
2 H), 5.48 (“t”, J = 2.2 Hz, 2 H), 5.60 (m, 2 H); 'P{'H} NMR
(acetonitrile-ds) 6 —16.7 (s, Jwp = 196 Hz); IR (acetonitrile)
vco 1785, 1868, 1898, 1953 em~!; MS m/z 760 (M* — CO,
13.2%), 77 (100).
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FvW3(CO)s(dmpm) (19). To a solution of FvWy(CO)s (102
mg, 0.151 mmol) in THF (40 mL) was added dmpm (27 mg,
0.20 mmol). The solution was heated without stirring at 55
°C for 3 days. Slowly, red-brown crystals formed in the
solution., After cooling to 0 °C, the brown solution was
decanted. The residue was washed with THF (2 x 25 mL)
and ether (4 x 40 mL) and dried in vacuo to give 19 (75 mg,
66%): brown polycrystalline solid; mp 289—290 °C dec; 'H
NMR (300 MHz, DMSO-d¢) 6 1.79 (t”, J = 5.9 Hz, 6 H), 1.89
(", J = 5.8 Hz, 6 H), 4.18 (dt, J = 14.8, 13.2 Hz, 1 H), 4.45
(dt, J = 15.0, 11.8 Hz, 1 H), 4.96 (“t”, J = 1.7 Hz, 2 H), 5.51
(“t”, J = 1.8 Hz, 2 H), 5.79 (m, 2 H), 5.90 (m, 2 H); 3P{H}
NMR (DMSO-dg) 6 —62.6 (s, Jwp = 198 Hz); IR (DMSO) v¢o
1775, 1889, 1957 cm™; MS m/z 744 (M* — CO, 3.4%), 76 (100).
Anal. Caled for CooHg20sP:W2: C, 31.11; H, 2.87. Found: C,
31.77; H, 3.06.

[FvMoz(CO)s(dmpm)H]*BF,~. HBFEt.O (3 4L, ca. 0.03
mmol) was added to a slurry of FvMoo(CO)s(dmpm) (6 mg, 0.01
mmol) in dichloromethane-d; (0.5 mL) in an NMR tube.
Thorough agitation caused the starting material to dissolve
slowly, providing a yellowish brown solution of the cationic
hydride in quantitative yield by NMR. 'H NMR (300 MHz,
dichloromethane-ds): 6 —5.24 (s, 1 H), 1.79 (t”,J =59 Hz, 6
H), 1.83 (“t”, J = 5.8 Hz, 6 H), 3.60 (m, 1 H), 4.28 (m, 1 H),
5.41 (“t”, J = 2.3 Hz, 2 H), 5.64 (m, 2 H), 5.74 (“t”, J = 2.2 Hz,
2 H), 5.79 (¢, J = 2.1 Hz, 2 H). 3P{!H} NMR (dichloro-
methane-ds): & —24.2 (s). IR (dichloromethane): vco 1910,
1937, 1984, 2030 cm™.

[FvMo2(CO)s(dmpm)Me]*CFsSO;~. CF3SOsMe (2.1 mg,
1.3 mmol) was added to a solution of FvMoy(CO)s(dmpm) (6
mg, 0.01 mmol) in acetonitrile~ds (0.4 mL) in an NMR tube. A
brown solution of the product was obtained in 95% yield by
NMR. H NMR (300 MHz, acetonitrile-ds): 0 0.25 (s, 3 H),
1.73 (“t”,J = 5.8 Hz, 6 H), 1.78 (“t”, J = 5.8 Hz, 6 H), 3.62 (m,
2 H), 5.37 (“t”, J = 2.3 Hz, 2 H), 5.65 (“t”, J = 2.3 Hz, 4 H),
5.78 (t”, J = 2.2 Hz, 2 H). 3'P{'H} NMR (acetonitrile-ds): &
—24.7 (s). IR (acetonitrile): vco 1908, 1932, 1987, 2017 cm™L.

[FvMo3(CO)s(dmpm)Il*I-. I, (2.6 mg, 0.01 mmol) was
added to a solution of FvMox(CO)s(dmpm) (6 mg, 0.01 mmol)
in acetonitrile-ds (0.4 mL) in an NMR tube. A dark brown
solution was obtained after some agitation. The product was
quantitatively formed by NMR. 'H NMR (300 MHz, aceto-
nitrile-ds): 4 1.74 (“t”, J = 5.9 Hz, 6 H), 1.80 (“t”, J = 5.8 Hz,
6 H), 3.74 (m, 2 H), 5.54 (“t”, J = 2.3 Hz, 2 H), 5.70 (m, 2 H),
5.85 (“t*,J = 2.3 Hz, 2 H), 5.95 (“t”, J = 2.3 Hz, 2 H). 3P{'H}
NMR (acetonitrile-ds). 6 —24.9 (s). IR (acetonitrile): vco 1919,
1965, 1988, 2040 cm 1.

[FvMo2(CO)s(dmpm)(NCCD3)12+*(PFs)2. A solution of
FvMo2(CO)s(dmpm) (6 mg, 0.010 mmol) in acetonitrile-ds (0.5
mL) was treated with AgPFs (5.5 mg, 0.022 mmol), providing
a dark brown solution containing the product in ca. 90% yield
by NMR. 'H NMR (300 MHz, acetonitrile-ds): 6 1.73 (“t”, J
= 5.9 Hz, 6 H), 1.77 (“t”, J = 5.9 Hz, 6 H), 3.75 (m, 2 H), 5.33
(“t”,J = 2.3 Hz, 2 H), 5.59 (m, 2 H), 5.74 (“t”, J = 2.3 Hz, 2 H),
5.77 (¢, J = 2.2 Hz, 2 H). $1P{'H} NMR (acetonitrile-ds):
—24.6 (s). IR (acetonitrile): vgo 1921, 1964, 1993, 2075 cm™1.

[FvMo:(CO)s(PMeg):Mel*1- (20). A slurry of FvMoy(CO)s-
(PMej3)2 (50 mg, 0.082 mmol) in THF (10 mL) was treated with
Mel (28 mg, 0.2 mmol). The mixture was stirred for 2 h, after
which a yellow precipitate had formed. The volatiles were
removed by vacuum transfer, and the residue was washed with
ether (3 x 20 mL) to give 20 (62 mg, 100%): yellow powder;
mp 175—180 °C dec; tH NMR (300 MHz, acetonitrile-ds)  0.24
(s, 3H), 1.69 (“d”, J = 10.4 Hz, 18 H), 5.39 (m, 2 H), 5.42 (“¢”,
J = 2.3 Hz, 2 H), 5.63 (m, 2 H), 5.68 (“t”, J = 2.4 Hz, 2 H);
31P{1H} NMR (acetonitrile-ds) 4 18.8 (s); IR (acetonitrile) vco
1874, 1924, 1958, 2014 cm~!. Anal. Caled for CooHog-
IMo2OsP2: C, 35.04; H, 3.88; I, 16.83. Found: C, 35.25; H,
4.01; 1, 16.90.

FvMo:(CO)(PMes):Me~. An NMR tube equipped with a
ground-glass joint was loaded with 16 (8 mg, 0.013 mmol) and
LiAlH, (2 mg, 0.051 mmol). THF-ds was added by vacuum
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transfer at —78 °C, and the tube was sealed under vacuum.
The tube was allowed to warm to 0 °C and was held at this
temperature with occasional agitation. The substrate slowly
dissolved to give a red solution. The 'H NMR spectrum (300
MHz) revealed that the anion accounted for more than 90% of
the products: 6 —0.76 (t,J = 12.6 Hz, 3 H), 1.26 (*d”, J = 8.0
Hz, 18 H), 4.48 (br “t”, J = 2.0 Hz, 2 H), 4.91 (“t”, J = 2.4 Hz,
2 H), 4.95 (m, 2 H), 5.27 (“t”, J = 2.4 Hz, 2 H); ¥'P{'H} NMR
(THF-dg) 6 31.8 (s).

FvMo3(CO)4(PMes):Me; (21). LiAlH, (20 mg, 0.53 mmol)
was added to a slurry of 20 (197 mg, 0.26 mmol) in THF (25
mL) at —30 °C. The mixture was stirred for 2 h at —30 °C to
—20 °C and then at —10 °C for 30 min. A red solution was
obtained. Excess LiAlH, was quenched by addition of water
(1 mL) at —10 °C. The volatiles were removed by vacuum
transfer. The residue was extracted with ether (20 mL) and
filtered through alumina III (1 x 10 cm). Heptane (5 mL) was
added to the orange solution, which was concentrated to 5 mL
by vacuum transfer at —20 °C without stirring, giving 21 (135
mg, 84%): red-orange needles; mp 140 °C dec; 'H NMR (300
MHz, acetone-ds) 6 —0.71 (t, J = 12.5 Hz, 3 H), 0.19 (s, 3 H),
1.32 (“d”, J = 8.3 Hz, 18 H), 4.77 (m, 2 H), 5.29 (m, 2 H), 5.37
(“t”, J = 2.3 Hz, 2 H), 5.62 (“t”, J = 2.3 Hz, 2 H); 3'P{'H} NMR
(acetone-dg) 6 31.5 (8); IR (THF) vco 1778, 1927, 2010 ecm™;
MS m/z 614 (M*, 5.3%), 61 (100). Anal. Caled for CgoHae-
Mo204Ps: C, 43.01; H, 5.25. Found: C, 43.25; H, 5.46.

[FvMo32(CO)s(PMes)12~. A drop of Na/Hg (1% w/w) was
added to a slurry of 16 in THF-ds (0.5 mL). The solution was
stirred at ambient temperature until a yellow solution was
obtained. The solution was transferred to an NMR tube which
was sealed under vacuum. The ‘H NMR spectrum showed at
least 95% conversion to the dianion. 'H NMR (300 MHz, THF-
ds) 6 1.26 (d, J = 8.2 Hz, 9 H), 4.61 (br “t”, J = 2.3 Hz, 2 H),
4.79 (%¢”, J = 2.3 Hz, 2 H), 5.02 (m, 2 H), 5.22 (“t”, J = 2.3 Hz,
2 H) (a doublet due to free PMe3 was located at 6 0.94 (J =
2.6 Hz); *P{'H} NMR (THF-ds) 6 28.9 (s), —61.5 (s, free PMe3).

FvMo2(CO)s(PMes)Me; (22). A slurry of 16 (100 mg, 0.16
mmol) was stirred over excess Na/Hg (1% w/w) in THF (15
mL) until the substrate had dissolved and the solution was
bright yellow. The volatiles were removed by vacuum transfer,
the residue was dissolved in THF (15 mL), and the solution
was filtered. At 0 °C, Mel (57 mg, 0.40 mmol) was added. The
solution was stirred for 30 min at 0 °C. The volatiles were
removed by vacuum transfer, and the residue was extracted
with ether (40 mL) and filtered through alumina III (1 x 5
e¢m). Heptane (5 mL) was added, and the solvent volume was
slowly reduced to 5 mL by vacuum transfer. The yellow solid
that was obtained was recrystallized from ether—hexane,
giving 22 (72 mg, 78%): yellow powder; mp 130—140 °C dec;
1H NMR (300 MHz, acetone-dg) (trans) 6 0.08 (d, J = 3.0 Hz,
3 H), 0.19 (s, 3 H), 1.59 (d, J = 9.2 Hz, 9 H), 5.12 (m, 2 H),
5.24 (m, 2 H), 5.42 (“t”, J = 2.2 Hz, 2 H), 5.73 (“t”, J = 2.3 Hz,
2 H); (cis) 6 —0.24 (d, J = 11.6 Hz, 3 H), 0.22 (s, 3 H), 1.37 (4,
J =88 Hz, 9 H), 516 (m, 1 H), 5.45 (m, 1 H), 5.53 (m, 1 H)
(cis:trans ratio = 1:2); 3P{'H} NMR (acetone-d¢) & 22.9 (s,
trans), 20.0 (s, cis); IR (THF) vco 1851, 1930, 2012 em~Y; MS
m/z 566 (M*, 10.5%), 188 (100). Anal. Caled for CgyoHas-
Mo:0sP: C, 42.42; H, 4.09. Found: C, 41.31; H, 4.65.

FvMo2:(CO)s(PMes) (24). A slurry of 16 (70 mg, 0.11 mmol)
in THF (20 mL) was stirred over excess Na/Hg (1% w/w) until
a homogeneous yellow solution was obtained (1—2 h). The
solution was filtered (medium frit) and the volatiles were
removed in vacuo. The residue was dissolved in THF, and
trifluoroacetic acid (15 mg, 0.13 mmol) was added at 0 °C. The
solvent and excess acid were removed by vacuum transfer, and
the residue was extracted with ether (2 x 15 mL). This
furnished a yellow solution from which an aliquot was taken
for NMR analysis of the dihydride FvMox(CO)s(PMe;s)H; (23):
'H NMR (300 MHz, THF-ds) 4 —6.0 (br m, 1 H), —5.34 (s, 1
H), 1.48 (d, J = 9.1 Hz, 9 H), 5.15 (br m, 2 H), 5.46 (m, 2 H),
5.60 (br m, 2 H), 5.91 (m, 2 H). The solvent was removed by
vacuum transfer, and the residue was dissolved in THF (60
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mL). The pale yellow solution was transferred to a Pyrex bomb
that was closed under vacuum. Photolysis for 2 h (Rayonet,
300 nm) resulted in the formation of a deep purple solution.
The solution was concentrated, and the residue was separated
by chromatography on alumina III (2 x 25 cm) with toluene—
ether mixtures.

A faint purple band was eluted with toluene. Concentration
of the solution and crystallization from THF—heptane gave
FvMoy(CO)¢ (4 mg, 9%).

An intense bluish purple band was eluted with 256—50%
ether in toluene. Concentration of the solution by vacuum
transfer followed by recrystallization of the solid from THF -
heptane provided 24 (45 mg, 74%): dark purple prisms; mp
185-190 °C; 'H NMR (300 MHZ, acetone-de) § 1.77 (d, J =
9.5 Hz, 9 H), 4.48 (t”, J = 2.3 Hz, 2 H), 4.50 (“t”, J = 2.3 Hz,
2 H), 5.14 (m, 2 H), 5.33 (7, J = 2.3 Hz, 2 H); 'P{'H} NMR
(acetone-ds) 6 26.2 (s); IR (THF) vgo 1837, 1901, 1911, 1984
cm™Y; UV (THF) Amax 366 (¢ 15 280), 566 (642) nm; MS m/z
536 (M*, 51%), 376 (100). Anal. Calcd for C1sH17M02O5P: C,
40.32; H, 3.20. Found: C, 41.98; H, 3.62.

FvMo(CO)4(PMes); (25). Dihydride 15 was prepared from
FvMo2z(CO)s (100 mg, 0.21 mmol) as described earlier. Crude
15 was dissolved in THF (100 mL), and the solution was
transferred to a Pyrex bomb which was closed under vacuum.
The solution was irradiated (Rayonet, 300 nm) for 2 h, leading
to an intensely colored purple solution. The solvent was
removed by vacuum transfer, and the residue was separated
by chromatography on alumina III (2 x 25 cm) with toluene—
ether mixtures.

A faint purple band was eluted with 1% ether in toluene.
Removal of the solvents followed by recrystallization from
THF—heptane gave FvMo(CO)s(PMe;) (4 mg, 3%).

An intense purple band was eluted with 5—~10% ether in
toluene. Removal of the solvents by vacuum transfer, followed
by recrystallization from THF—heptane, yielded 25 (96 mg,
80%): dark purple prisms; mp 271—273 °C dec; 'H NMR (300
MHz, acetone-dg) 6 1.67 (d, J = 9.0 Hz, 18 H), 4.20 (“t", J =
2.3 Hz, 4 H), 4.94 (m, 4 H); ¥P{*H} NMR (acetone-dg) é 27.9
(8); IR (THF) vco 1805, 1850, 1926 cm™!; UV (THF) Amax 360 (¢
18 500), 558 (1115) nm; CIMS m/z 585 (M* + 1, 5.3%), 77 (100).
Anal. Caled for ConzeMOzO.;Pz: C, 41.12; H, 4.49. Found: C,
40.86; H, 4.65.

FvMo(CO):(PMes), (26). A 200-mL round-bottom flask
equipped with a vacuum adapter was loaded with FvMoz(CO)s
(500 mg, 1.02 mmol) and acetonitrile (60 mL). PMes (0.6 mL,
6 mmol) was added by vacuum transfer at —50 °C, and the
vessel was closed before the mixture was heated to room
temperature. The flask was heated at 35 °C for 3 days,
resulting in the formation of a deep red-orange solution. The
volatiles were removed by vacuum transfer, and the residue
was extracted with ether (90 mL) on a medium frit filter. The
filtrate was concentrated to 20 mL and cooled to —20 °C,
resulting in the formation of pale yellow crystals of the known%
complex fac-Mo(CO)s(PMe3)s (280 mg, 67%): 'H NMR (300
MHz, acetonitrile-ds) 6 1.37 (“d”, J = 5.3 Hz); 3'P{'H} NMR
(acetonitrile-ds) 6 —17.8 (s, Jmop = 126 Hz); IR (acetonitrile)
veo 1838, 1937 em™1,

The residue on the filter was dissolved in THF (70—80 mL),
filtered (medium frit), and concentrated to 15 mL to yield an
intense red solution containing an orange-red solid. Ether (70
mL) was added, causing the precipitation of more material.
The mixture was cooled at —20 °C for 2 days, filtered (medium
frit), and washed with ether (60 mL). The residue was dried
in vacuo, yielding 26 (408 mg, 92%): red-orange microcrystals;
mp 180 °C dec; 'H NMR (300 MHz, acetonitrile-ds) 6 1.40 (“d”,
J = 10.0 Hz, 18 H), 4.99 (m, 2 H), 5.20 (“t”, J = 2.2 Hz, 2 H),
5.63 (br “¢”, J = 2.2 Hz, 2 H), 5.90 (“¢”, J = 2.8 Hz, 2 H); 3P-
{IH} NMR (acetonitrile-ds) & 19.4 (s); *C NMR (dichlo-
romethane-ds) 6 18.9 (dq, J = 31, 130 Hz), 78.8 (d, J = 175
Hz), 86.0 (d, J = 175 Hz), 104.5 (s), 109.1 (d, J = 158 Hz),
110.5 (d, J = 161 Hz), 133.7 (s), 236.6 (t, J = 28 Hz); IR (THF)
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voo 1852, 1936 cm™1; CIMS m/z 432 (M*, 1.6%), 77 (100). Anal.
Caled for C1sHgsMoO2P2: C, 50.01; H, 6.06. Found: C, 49.88;
H, 6.14.

FvMo(CO);(dmpm) (27). A 100-mL round-bottom flask
equipped with a vacuum adapter was loaded with FvMog(CO)s-
(dmpm) (200 mg, 0.34 mmol) and acetonitrile (40 mL). PMes
(0.15 mL, 1.5 mmol) was added by vacuum transfer at ~50 °C
before the assembly was closed and warmed to ambient
temperature. The mixture was heated at 35 °C for 2 days,
yielding a red-orange solution. The volatiles were removed
by vacuum transfer, and the solid was extracted with ether (2
x 15 mL). The residue was dissolved in THF (50 mL), and
the resulting red solution was filtered (medium frit) and
concentrated to 5 mL. Ether (80 mL) was added, causing the
precipitation of an orange-red solid. The mixture was cooled
to —20 °C for 2 days, and the suspension was filtered (medium
frit) and washed with ether (10 mL), yielding 27 (130 mg,
93%): red microcrystalline powder; mp 195 °C dec; 'H NMR
(300 MHz, acetonitrile-ds) 6 1.10 (“t”, J = 5.4 Hz, 6 H), 1.60
(*t”,JJ = 5.4 Hz, 6 H), 3.33 (m, 2 H), 5.01 (“t”,J = 2.1 Hz, 2 H),
5.39 (m, 2 H), 5.64 (m, 2 H), 5.92 (", J = 2.5 Hz, 2 H); 3'P-
{tH} NMR (acetonitrile-d;) 6 —16.2 (s); IR (THF) vco 1884,
1959 cm~1; CIMS m/z 416 (M™*, 1.8%), 55 (100). Anal. Calcd
for C17H22MoQO2P;: C, 49.05; H, 5.33. Found: C, 49.20; H, 5.41.

Reaction between PMe; and (78-CgHMez)Mo(CO)s.
The dimethylfulvene complex is known to be unstable,
decomposing to substituted cyclopentadienyl complexes; there-
fore, the experiment was carried out with crude (pure by 'H
NMR) material freshly prepared from Mo(CO)s(NCMe); (50
mg, 0.17 mmol) and dimethylfulvene (30 mg, 0.28 mmol) in
THF (2 h, ambient temperature). Solvent and excess dimeth-
ylfulvene were removed by vacuum transfer. The crude
material was dissolved in hexane or THF, and PMe; (0.05 mL,
0.5 mmol) was added at —78 °C in the dark. Upon heating to
room temperature, an instant reaction took place. The only
products detectable by 'H NMR and IR spectroscopies were
fac-Mo(CO)3(PMes); and dimethylfulvene.

(Fv-ds)Mo(CO)2(PMes); (26-ds). A solution of FvMo(CO).-
(PMes); (50 mg, 0.12 mmol) in acetonitrile-ds (2 mL) and DO
(1 mL) was stirred for 3—4 h at ambient temperature. An
aliguot was withdrawn for recording of the *H NMR spectrum,
which revealed more than 90% D incorporation into the
uncomplexed ring (6 5.63, 5.90). In addition to the signals,
due to 26-dy, two Fv peaks, each with ca. 30% of the intensity
of the Fv peaks from 26-d, appeared at 6 5.34 and 5.63, with
a corresponding PMe; signal at § 1.65. Finally, two F'v signals,
each with ca. 9% of the intensity of the 26-d4 F'v signals, were
found at § 5.39 and 5.69 with a corresponding PMe; signal at
6 1.63. These two extra sets of signals are believed to be due
to the two different isomers (27-o and 27-8; see Results) of
the D+ adducts of 26-ds.

Organometallics, Vol. 13, No. 8, 1994 3169

The sample in the NMR tube was combined with the
reaction mixture.  The solvents were removed in vacuo, the
residue was dissolved in THF (10 mL), and the solution was
filtered (medium frit). Removal of the solvent provided 26-d
(90-95% yield) with 90—95% deuterium incorporation in the
uncemplexed ring, as judged by *H NMR spectroscopy.

Attempted Induction of “Ring Walk” in (Fv-dy)Mo-
(CO):(PMey); (26-dy). Ferrocene (1-2 mg, 0.005-0.011
mmol, internal standard) and 28-d, (5—10 mg, 0.012—-0.023
mmol) were added to an NMR tube equipped with a ground-
glass joint. The appropriate solvent (0.5 mL) and, when
desired, an additional ligand (PMe; or D;O) were added. The
tube was sealed under vacuum. The following solvent/liquid
combinations were tried: THF-ds, acetonitrile-ds, DMSO-ds,
acetonitrile-ds/15% D0, THEF/1 equiv of PMes, and acetoni-
trile-dy/1 equiv of PMeg. The solutions were heated at 80—90
°C for 3—4 days or until decomposition became apparent. By
1H NMR spectroscopy, the intensities of the resonances from
both complexed and residual uncomplexed ring protons were
measured relative to each other and relative to the ferrocene
standard. In no case was any evidence for a “ring walk”
process found.

Reaction between FvMo(CO);(PMes): and Mo(CO)s-
(NCEt);. Mo(CO)s(NCEt)s (5 mg, 0.015 mmol) was added to
a solution of 26 (5 mg, 0.014 mmol) in acetonitrile-ds (0.4 mL).
A reaction took place instantly, as evidenced by the color
change of the solution from orange-red to yellowish brown. By
'H NMR spectroscopy, the zwitterion 16 had formed in
quantitative yield.
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