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Synthesis and Reactivity of Permethyltantalocene Derivatives
Possessing 7°-Allyl, n>-Butadiene, n?-Methylallene, and
n'-Alkenylidene Ligands. Model Studies for the Role of Surface
Vinylidenes in the Fischer-Tropsch
Hydrocarbon-Chain-Lengthening Process’
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The reactivity of Cp*;TaH; (2) (Cp* = %5-C;Me;) toward a number of conjugated dienes has been
investigated, and mechanistic pathways have been probed by deuterium-labeling studies. Treatment of
2 with allene at 50 °C affords Cp*,Ta(»*-C3H;) (3), which, according to 'H and '3C NMR data, is most
reasonably described as a tantalabicyclobutane complex. Warming at 80 °C converts 3, via the intermediate
Cp*,Ta(H)(HC=CMe), to the hydrido propenylidene species Cp*,Ta(H)[=C=C(H)Me] (4). Butadiene
reacts with 2 to give sequentially Cp*,;Ta(H)(n?>~-CH,—~CHCH=CH,) (8), Cp*,Ta(H)[#*CH,=C=C(H)Me]
(9), Cp*;Ta(H)[=C=C(H)Et] (10), and Cp*,Ta(H)(MeC=CMe) (11). 9 exists in the form of two geometrical
isomers in which the allene methyl substituent lies in the equatorial coordination plane of the [Cp*,Ta]
fragment. Mechanistic studies have revealed the importance of 8-H elimination from sp?-hybridized carbon,
allene roll, and 1,2-hydrogen shift processes. Treatment of Cp*,Ta(H)(=C==CH,) with excess CH,=PMe,
leads to the formation of higher order linear-chain vinylidene homologues Cp*,Ta(H)[=C=C(H)R] (R
= Me, Et). A mechanism involving the intermediacy of vinylidene species and the migration of s-alkenyl
groups to a metal-bound methylene is proposed for the Fischer-Tropsch hydrocarbon-chain-lengthening

process.

Introduction

Rearrangements of unsaturated hydrocarbons at tran-
sition-metal centers are of fundamental importance in a
number of catalytic processes such as isomerization,! oli-
gomerization'®? and polymerization® and in stoichiometric
transformations employed in organic synthesis.>* The
mechanisms of some elementary processes such as 1,2-
hydrogen and alkyl shifts to alkylidenes,’ olefin insertion®’
and S-elimination from sp®-hybridized®’ and sp?-hybrid-
ized® carbon centers have been conveniently studied for
bent metallocene derivatives from groups 3 and 5. We
report herein some extensions of those studies, investiga-
tions of the reactivity of some simple conjugated dienes
with Cp*,TaH; (Cp* = 5-C;Me;). The kinetic stability
afforded these compounds by the two sterically demanding
pentamethylcyclopentadienyl ligands has allowed us to
isolate a number of unusual intermediates and products:
inter alia n%-allyl, hydrido n*butadiene, hydrido #*-
methylallene, and hydrido n!-alkenylidene derivatives of
permethyltantalocene. The interconversions of these
compounds are exceptionally clean, and their mechanisms
have been explored. In the course of our investigations
of their chemical reactivity, we discovered facile carbon-
carbon coupling for vinyl-methylene derivatives. Since
the resultant allyl then enters this same manifold of re-
arrangements, it occurred to us that the Cp*,TaH(=C=
CHR) systems could provide a clear-cut example of a
popular model'?® for the chain-lengthening/homologation
steps in methylene polymerization such as for Fischer-
Tropsch (FT) synthesis of hydrocarbons.

Numerous model studies for homogeneous systems®
support the basic tenets of the mechanism proposed by
Brady and Pettit!? in which surface-bound methylidene
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units insert into the M-H and M-C bonds of surface hy-
dride and alkyl groups (Scheme Ia). These studies do not,
however, exclude the possibility of additional C-C coupling
processes. Recently, evidence has been presented for the
existence of vinylidene species on the surface of FT cata-
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lysts.!! Subsequently, a mechanism for the intermediacy
of iron vinylidene species in hydrocarbon chain lengthening
and branching was forwarded by McCandlish.1? A key step
in this mechanism is the addition of methylene to vinyl-
idene to afford a cyclopropylidene species (Scheme 1b).
These postulates have been tested by Hoel, who has shown
that the bridging ethylidene ligand in the model compound
[CpFe(CO),ly(u-CO)(u-C=CH,) reacts with CH,N, in the
presence of a copper catalyst to give a diiron u-cyclo-
propylidene complex.’®* Hydrocarbon chain lengthening,
however, is found to occur only by protonation/depro-
tonation cycles't and results in exclusive formation of the
branched hydrocarbon chain, in contrast to the predom-
inant linear chain growth observed for FT synthesis.!®
Under thermal or photolytic conditions, rearrangement of
the cyclopropylidene ligand to coordinated allene occurs.
These results led the authors to conclude that the chem-
istry of cyclopropylidene in the soluble diiron system is
not necessarily the same as that which could occur on
heterogeneous FT catalysts. A modified version of the
McCandlish mechanism, favoring the intermediacy of al-
kylidene species, has since been proposed by Joyner,1¢ and
recent synthesis studies by Maitlis and co-workers!” reveal
that the divinylbis(u-methylene)dirhodium complex (1)

 SNat 3
1

undergoes facile coupling of vinyl and methylene to give
mostly propene, along with smaller amounts of C, and C,
hydrocarbons. Thus, the recent evidence suggests that

o-alkenyls may provide a chain-carrying role for the FT
polymerization process.

Herein we report that the hydrido ethenylidene complex
Cp*;TaH(=C=CH,), which is in equilibrium with the less
stable ethenyl derivatives [Cp*,TaCH=CH,], reacts
cleanly with an excess of the methylene-transfer reagent
CH,=PMe;,, leading to sequential generation of higher
order vinylidene hydride homologues.

Results and Discussion

1. Reaction of Cp*,TaH; with Allene. (a) Synthesis
and Characterization of Cp*,Ta(n*-C;H;) (3). Treat-
ment of Cp*;TaH; (2) with excess allene at 80 °C in
benzene or toluene rapidly gives a deep red solution of the
allyl complex Cp*,Ta(n’-C4H;) (3) (eq 1). The reaction

Cp*,TaH, + CH;—C=CH, >~
2

H,
3.
Cp*ZTa(3n C;Hs) + CH,=CHMe (1)

Cp*;TaCl, + 2C;H;MgBr —2 Cp*,Ta(x"C;H;) + 2MgBrCl
3

(2)

is accompanied by liberation of H, and formation of
propene, behavior similar to that observed in related re-
actions between Cp*;NbHj; and olefins.”™ Compound 3 can
also be prepared in good yield by the reaction of Cp*,TaCl,
with 2 equiv of allylmagnesium bromide in diethyl ether
at 25 °C (eq 2). Similar reactivity of Cp*,TaCl, toward
Grignard reagents has been exploited previously to prepare
hydrido olefin and hydrido vinylidene derivatives of per-
methyltantalocene.5¢18

3 is a purple crystalline solid which is similar to ap-
pearance to the analogous niobium complex!'®® and the

(17) Martinez, J. M.; Adams, H.; Bailey, N. A.; Maitlis, P. M. J. Chem.
Soc., Chem. Commun. 1989, 286.
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ganometallics 1986, 5, 976.
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Figure 1. (a) Diagrammatic representation of the two extreme
forms of bonding in the #*-C;H; ligand. (b) w-Allyl (I) and ¢*-allyl
(IT) forms for the 73-C4H; ligand in 3.

closely related cyclopentadienyl compounds Cp,M(#5%-
C;H;) (Cp = C;Hy;; M = Nb, Ta).?® However, its NMR
data reveal some notable differences which suggest that
the tantalum-allyl interaction is best described as a tan-
talabicyclobutane (Figure 1). The 'H NMR spectrum (500
MH?z) in benzene-d; (Table I) exhibits doublet of doublets
at 8 2.17 and 0.40 attributable to the syn and anti hydro-
gens of a static n®-allyl ligand with a 2/ coupling of 7.6
Hz; the remaining allylic hydrogen is observed as a triplet
of triplets at 6 —0.13. These shifts, in particular those for
the anti and allylic hydrogens, are more consistent with
hydrogen attached to metal-bound sp3-hybridized carbon
(for comparative purposes, allylic hydrogen shifts in other
allyl complexes are normally found in the range 6 4-6.5%2),
Furthermore, a geminal (syn-anti) coupling of 7.6 Hz is
well outside the range (0-3 Hz) typically observed for
geminal sp? olefinic hydrogens?® (coupling is usually
unobservable for most allylic complexes where considerable
sp? character predominates, e.g., [Pd(7*-C,H;)Cl1],%). The
13C NMR spectrum for 3 lends further support to there
being considerable sp® character in the ligand carbon at-
oms, most notably unusually high field shifts?® for the
terminal and central carbons (6 56.1 and 42.6) and rela-
tively low ¢y coupling constants (147-149 Hz).24% Thus,
the NMR data are consistent with a significant contribu-
tion to the metal-allyl bonding from the M—C(sp®) inter-

(19) (a) Doherty, N. M. Ph.D. Thesis, California Institute of Tech-
nology, Pasadena, 1984. (b) Bell, R. A.; Cohen, S. A.; Doherty, N. M.;
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(20) (a) Van Baalen, A.; Groenenboom, C. J.; Liefdemiejer, H. J. de.
J. Organomet. Chem. 1974, 74, 245. (b) Siegart, F. W.; Liefdemiejer, H.
J. de. J. Organomet. Chem. 1970, 23, 177.

(21) (a) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G.
Principles and Applications of Organotransition Metal Chemistry, 2nd
ed.; University Science Books: 1987; p 176. (b) Smith, A. E. Acta
Crystallogr. 1965, 18, 331. (¢c) Comprehensive Organometallic Chemistry,
Wilkinson, G., Stone, F. G. H., Abel, E. W., Eds.; Pergamon: New York,
1982; Vol. 6; Section 37.6, 38.7, 39.9.

(22) Mann. B. E.; Taylor, B. F. 3C NMR Data for Organometallic
Compounds; Academic Press: New York, 1981.
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(24) Typically 150-160 Hz for 'Jy at sp?-hybridized carbon. See ref
25

(25) Stothers, . B. Carbon-13 NMR Spectroscopy; Academic Press:
New York, 1972; p 333.

(26) Silverstein, R. M.; Bassler, G.; Morrill, T. C. Spectrometric
Identification of Organic Compounds; John Wiley and Sons: New York,
1981.

(27) Comprehensive Organometallic Chemistry; Wilkinson, G., Stone,
F. G. A, Abel, E. W,; Eds.; Pergamon: New York, 1982; Vol. 6, p 409.
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actions of resonance form 3-II (Figure 1) in which the
metal allyl is best described as a metallabicyclobutane or
a%-allyl moiety.

The formation of 3 may be rationalized according to eq
3 in which a coordinated allene inserts into the Ta~H bond
to give a 16-electron o-allyl species which then rapidly
rearranges to the thermodynamically preferred »*-allyl
st

H
CyHg CP*zTﬁf AN
H

Cp*;TaH; + 2CH,=C=CH, —2f .
2

* quaternary carbon l 3

[ Cp*zTa/\/]

Cp*,Ta(*-C3Hy) =

3

complex. The proposed mechanism is supported by deu-
terium-labeling experiments, in which 2 reacts with
CD,=C==CD, to yield CD;~CHCD,H and Cp*,Ta(n*-
CD,CHCD,) exclusively ({H NMR).

(b) Rearrangement of Cp*,Ta(n®-C;H;) (3) to
Cp*,Ta(H)[=C=C(H)Me] (4a). While stable indefi-
nitely at or below room temperature, 3 rearranges upon
prolonged warming at 80 °C in toluene-ds to give an orange
solution containing the n!-propenylidene complex 4a (90%,
'H NMR) (eq 4). 4a may be isolated in the form of col-
orless crystals by cooling a petroleum ether extract of the
dried product mixture to -50 °C,

2

80°C

Cp"zTaf
6d. H
3 4a

Its 'H NMR spectrum (400 MHz) in benzene-dg (Table
I) gives a singlet at 6 1.93 due to the hydrogens of equiv-
alent Cp* ligands, suggesting that the methyl and hydrogen
substituents of the propenylidene ligand lie in the equa-
torial coordination plane, as expected for maximum =-
overlap of the frontier orbitals of [Cp*,TaH] and [C=C-
(H)Me]. The methyl substituent occurs as a doublet at
6 1.92 with a 3Jyy coupling of 6.9 Hz to the propenylidene
hydrogen. The latter gives a quartet of doublets resonance
at 6 6.77 with an additional long-range *Jyy coupling of
2.3 Hz to the tantalum hydride ligand. This coupling is
too small to be resolved in the broadened resonance at &
~-0.01 (4, 2> 8 Hz) attributable to Ta~H, but its origin
was confirmed by a homonuclear 'H-'H decoupling ex-
periment. The broadening of the hydride signal is likely
due to the proximity of the hydride to the quadrupolar
181Ta nucleus.

The 3C NMR spectrum possesses signals consistent with
a metal-vinylidene moiety:*® an apparent triplet at 5 348.4
is assignable to the quaternary carbon of the propenylidene
ligand. The triplet signal arises from small, fortuitously
similar two-bond 3C-'H couplings of ca. 5 Hz to the metal
hydride and propenylidene hydrogen. The 3-carbon of the
propenylidene ligand resonates at § 120.9 as a doublet of
quartets [lJoy = 152.6, %Joy = 6.7 Hz] with the long-range
quartet coupling attributable to the hydrogens of the
propenylidene methyl substituent. Finally, a quartet of
doublets at é 18.3 is assigned to the methyl carbon of the

4)

Cp*,Ta(n*-CHy)

(28) Birdwhistle, K. R.; Nieter Burgmayer, S. J.; Templeton, J. L. J.
Am. Chem. Soc. 1983, 105, 7789 and references therein.
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propenylidene ligand with a 2Jcy coupling of 2.1 Hz to the
propenylidene hydrogen. The IR spectrum of 4a reveals
an absorption at 1775 cm™ due to »(Ta-H). However,
unlike for the ethenylidene complex, Cp*,Ta(H)(=C=
CH,),* a band due to »(C==C) is not apparent.

Of the two possible isomeric forms, 4a and 4b, which
agree with the equivalence of the Cp* ligands, only 4a is
formed. Consistently, the reaction of 4 with carbon

p) ~

* A
Cp‘zTaf

H

4a 4b

Y
Cp‘zTa\/
H

monoxide at 60 °C for 24 h gives the green (Z)-propenyl
complex 5% arising by insertion of the propenylidene ligand
into the tantalum-hydrogen bond to afford a 16e™ propenyl
intermediate which is trapped by carbon monoxide (eq 5).

7 '/) 60°C j’
CP‘:TG/ -— Cp*;Ta

~H

Co

—

R
hv, -CO

Cp‘z'l‘aj (5)
~co

5

da

Similar reactivity toward CO has been observed previously
for the parent ethenylidene complex Cp*,Ta(H)(=C=
CH,).* The 'H NMR data for the propenyl ligand confirm
a cis 1,2-substitution of the double bond; in particular, a
12.6-Hz %Jyy coupling between the vinylic hydrogens is
comparable with the 12.1-Hz cis coupling observed in
Cp*,;Ta(CH=CH,)(CO) (3Jyy coupling between trans-
vinylic hydrogens are usually found in the range 18-21
Hz5819%) UV irradiation of 5 with a medium-pressure
mercury lamp regenerates 4, demonstrating the reverse
a-H elimination from sp®hybridized carbon.

(c) Mechanism of the Formation of Cp*,Ta(H)-
(=C==C(H)Me) (4a) from 3. An intermediate, formed
during the conversion of 3 to 4a, has been identified as the
1-propyne complex Cp*,;Ta(H)(HC=CMe) (6a) by NMR
spectroscopy. 6a is only present in low concentration, but
its formation may be optimized by warming 3 at 60 °C for
3 days, resulting in a concentration of 6a amounting to
approximately 18% of the combined permethyltantalocene
components of the reaction mixture. Once again, a single
isomer only is observed (eq 6) for which exo geometry (6a)

N\

/
Cp*,Ta 6a
“H

60°C €xo
] ®

3 /’
NI N
CpaTd '\ 6b
H

endo

Cp*;Ta(m*-CyHs)

is favored on the basis of couplings observed in the high-
field 'H NMR spectrum. In particular, a doublet of
quartets resonance at § 7.79 is assignable to the acetylenic
hydrogen, which couples with a magnitude of 7.6 Hz to the
tantalum hydride ligand.® Doublet resonances at § 2.67

(29) 5 has been characterized by 'H NMR spectroscopy only. A small
amount of a second species is also observed in the mixture, believed to
result from further reaction of 5 with CO(g).
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Scheme II
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(*Juy = 1.5 Hz) and 0.60 (3Jygy = 7.6 Hz) are attributable
to the propyne methyl substituent and metal hydride. A
remaining singlet at & 1.80 is due to the methyl hydrogens
of equivalent Cp* ligands. The preferential formation of
the exo isomer may be rationalized according to Scheme
II. The mechanism is comprised of interconversion of
hydrido allene isomers and 8-H elimination from the sp?
carbon of the 16e” 2-propenyl intermediate.

The interconversion of metal allene isomers by a low-
energy “allene roll” mechanism3! whereby the metal frag-
ment migrates to the orthogonal w-orbital of the adjacent
carbon—carbon double bond is well precedented. Further
evidence for the formation and interconversion of the
hydrido allene species postulated here is provided by the
interconversion of isomers of an analogous methylallene
complex from the reaction of 2 with butadiene (vide infra).
Although $8-H elimination from sp? carbon has been de-
scribed previously,®? of particular note here is the compe-
tition for elimination of hydrogen from sp?- and sp®-hy-
bridized carbons of the 2-propenyl ligand with the product
of the 8-H elimination from the sp? carbon, yielding the
more stable products in this case. Consistently, deuteri-
um-labeling studies showed that 3-d,, Cp*;Ta(n®-
CD,CHCD,), prepared via the reaction of Cp*;TaH, with
allene-d, is converted to Cp,*TaD(DC=C(CD,H)) (>95%
'H and *H NMR).

Irradiation of a solution containing 6a leads to formation
of the endo isomer 6b.3° The 'H NMR spectrum (Table
I) of 6b bears close similarity to that of 6a, with the ex-
ception that coupling between the propyne hydrogen and
metal hydride is no longer observed. This would appear
to be consistent with the endo geometry for 6b in which
the methyl substituent is directed “inward” toward the
metal hydride ligand. Such an arrangement is expected

(30) Couplings of similar magnitude are observed between the endo
olefinic hydrogens and the hydride ligand in Cp,M(C,H;R)H complexes.
See ref 7.

(31) Foxman, B.; Marten, D.; Rosan, A.; Raghu, S.; Rosenblum, M. J.
Am. Chem. Soc. 1977, 99, 2160.

(32) A 50:50 mixture of 6a and 6b is obtained, which may represent
an equilibrium mix at room temperature.
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Table I. NMR and IR Data
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NMR (chem shift, multiplicity, coupling consts, Hz)

compd IR, cm™ assignment H 18C
sz*Ta(ﬂa'CaH5) 3 C5(CH3)5 1.56, s 12.4, q, JCH =126
174, 8 11.8, q, JCH = 126
Cs(CHy)s 98.0, s
103.1, s
He 2.17, dd, Jag = 7.6, Jac = 10.2
Ha i Ha 0.40, dd, Jga = 7.6, Jpc = 14.5
c -0.13, tt, Jep = 10.2, Jog = 14.5
Hy Hg
CH,CHCH, 42.6, dd, Jcy = 148, 147
CHchCHg 561, d, JCH = 149
Cpy*Ta(H)(=C=C- 4 1775 »(Ta-H) C5(CH3)s 1.93, s 12.1, dq, Joy = 127, 1.8
(H)Me) Cs(CHy)s 105.4, s
CH, 1.92, d, %Jyy = 6.9 18.3, dq, Joy = 126, 2.1
CH 6.77, qd, 3Jyy = 6.9, *Jyy = 2.3 120.9, dq, Jeoy = 152.6, 6.7
Ta=(C=C 348.4, app. t, Jogy =~ 5
Ta—H -0.01, s (bd)
Cpy*Ta(H)(HC=CMe) 6a Cs(CH,)s 1.80, s
CH 779, dq, SJHH = 1.8, 4JHH =15
CHg 2‘67, d, 4JHH =15
Ta—H 0.60, d, SJHH =176
6b C5(CH3)s 1.78, s
CH 7.58, q, *Jpy = 1.7
CH, 2.94, d, *Jyy = 1.7
Ta—H 0.25, s (bd)
Cp*Ta(H)(n*-CH,= 8 1800 »(Ta—H) Cs(CH,); 1.63, s 11.2, q, Jey = 127
CHCH=—CH,) 1590 »(C=C) 175, s 12.0; q, Jeu = 127
Cs(CHj)s 104.0, s (overlapping)
HA 020, dd, JAB = 76, JAC =103
HB -0.04, dd, JBA = 1.6, JBC =
Hp He 12.0
Hﬂ)_z?=<‘ H¢ 1.63, (obscured by C5(CHjy)s)
y= e Hp, 6.22, ddd, Jpc = 9.3, Jpg =
M| K 16.6, Jpp = 9.5
Ta—H 2 “DF :
HE 525, ddd, JEC = 12, JED =
16.6, Jgg = 2.7
HF 4.74, ddd, Jpc = 1.0, JpD = 9.5,
JFE =27
C, 25.1, t, Joy = 144.0
C,y 394, d, Jey = 152.6
C3 1535, d, JCH = 145.3
C4 1014, t, JCH = 150.8
Ta—H -1.78, s (bd)
Cp,*(H)(n*-CHy=C= 9a, 9b 1765, 1820 »(Ta—H)
C(H)Me) 1665 v(C=C)
Cpy*Ta(H)(n*CHy,—= 9a C5(CH,)s 1.71, s 11.3, q, Joy = 126
C=C(H)Me) Cs(CH,); 104.8, s
He Ha HA 771, qtd, JAB = 61, JAC = 29,
== Jac = 0.8
Mo D@ CHy(B) 2.33, dt, Jas = 6.1, Jpo =

9b

Cpy*Ta(H)(=C=C- 10
(H)Et)

1795 »(Ta—H)

CH,=C=C(H)Me
CH,=C=CH(Me)
CH,=C=CH(Me)
CH,=C=CH(Me)
Ta—H

C5(CH,)s

Cs(CH;);5

He CHy(B)

o | Ha
Ta—H

CH,=C=C(H)Me
CH,=C=C(H)Me
CH,=C=C(H)Me
CH,=C=C(H)Me
Ta—H

C5(CHg)s

Cy(CH,)y

CH,

CH,

CH

Ta=C=C

2.7
Hc —0.25, dq, JCA = 29, JCB =27

-1.12, s (bd)
1.70, s

HA 656, qt, JAB = 61, JAC =32

CH,y(B) 2.42, dt, Jgs = 6.1, Jpc =
2.2

HC -0.34, dq, JCA = 3.2, JCB =22

-1.59 s (bd)
1.95, s

0.99, t, 3JHH = 15.1
obscured by C3(CHs);
6.27, dt, %Jyy = 7.1, Wyy = 1.7

4.7, t, JCH = 145.3

183.8, s

128.2, d, JCH = 158.7
91.3, ad, Jon = 125.7, 7.3

113, q, JCH =126
104.8, s

3.6, td, Joy = 145.3, 7.3
1824, s

1241, d, JCH = 153.8
25.2, dq, Joy = 124.5, 85

12.1, q, JCH =127
105.5, s

153, q, Joy = 1245
268‘ t, JCH = 125.7
1304, d, JCH = 152.6
346.2, s (bd)
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Table I (Continued)
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NMR (chem shift, multiplicity, coupling

consts, Hz)
compd IR, cm™ assignment 'H 13C
Cp,*Ta(H)(MeC=CMe) 11 1790 »(Ta—H) Cs(CHy)g 177, s 116, q, Jeg = 126
1750 »(C=C) Cs(CHy); 106.6, s
CH, 278, s
CH, 2.52, s
CHj; (en) 19.6, qd, Jcy = 125.1, 6.1
CH; (exo0) 15.1, q, Joy = 125.7
=C— 148.9, s
=C— 142.1, s
Ta—H 0.45, s (bd)

to be favored thermodynamically as models show that the
central equatorial coordination site represents the sterically
least hindered position. Attempts to prepare 6a or 6b from
2 and propyne at 80 °C led only to intractable products.

On the other-hand, cyclometallated Cp*(C;Me,(CHy,))-
TaH, (7)% provides an incipient source of [Cp*;TaH] at
room temperature via hydrogen migration from metal to
ring methylene, and its reaction with propyne at 25 °C does
indeed afford the endo isomer 6b (Scheme III).

6b also undergoes a similar transformation to a vinyl-
idene, but interestingly now exclusively to the comple-
mentary isomer 4b! A likely mechanism for this process
is shown in Scheme III. Here, the 16e™ hydrido species
[Cp*;TaH] is trapped by propyne to give the thermody-
namically favored endo isomer 6b. Insertion of the pro-
pyne ligand into the tantalum hydride bond affords the
16e” 1-propenyl intermediate which can then undergo a-H
elimination from the sp?-hybridized carbon of the propenyl
ligand to give 4b. o-H elimination from sp? carbon has
been demonstrated previously® and in the elimination of
CO from 4a. Thus, the distinct pathways followed in the
formation of 4a and 4b from 6a and 6b, respectively,
suggest that 6a and 6b (or for that matter any interme-
diates generated during the transformation) do not
equilibrate thermally.

The conversion of 6a to 4a at 60 °C is similar to rear-
rangements of terminal alkyne to metal vinylidene ligands
previously observed for a variety of complexes.?* The
mechanism attending this transformation is not well un-
derstood, however. Of the two steps indicated in eq 7, the

| R
[M]—m —_— [M]ir _ [M]=-=(R M

| H
H

oxidative addition of an alkyne C-H bond to a metal to
give hydrido acetylide species has been observed.®
However, the conversion of hydrido acetylide to vinylidene
via a concerted intramolecular 1,3-hydrogen shift seems
unlikely since calculations indicate a prohibitively large
barrier to such a process.® A substantial charge locali-
zation at the $-carbon of the acetylide ligand®” would
suggest that deprotonation/protonation to give interme-
diate acetylides presents a more reasonable alternative.
We have been unable to identify any acetylide species

(33) Bulls, A. R.; Parkin, G.; Bercaw, J. E. Manuscript in preparation.

(34) (a) Garcia Alonso, F. J.; Héhn, A.; Wolf, J.; Otto, H.; Werner, H.
Angew. Chem., Int. Ed. Engl. 1985, 24, 406 and references therein. (b)
Birdwhistle, K. R.; Tonker, T. L.; Templeton, J. L. J. Am. Chem. Soc.
1985, 107, 4474.

(35) (a) Wolf, J.; Werner, H.; Serhadli, O.; Ziegler, M. L. Angeuw.
Chem., Int. Ed. Engl. 1983, 22, 414. (b) Alonso, F. J. G.; Hohn, A.; Wolf,
d.; Otto, H.; Werner, H. Angew. Chem., Int. Ed. Engl. 1985, 24, 406.

(36) Silvestre, J.; Hoffmann, R. Helv. Chim. Acta 1985, 68, 1461.

(37) Kostic, N. M.; Fenske, R. F. Organometallics 1982, 1, 974.

during the conversion of 6a to 4a, and attempts to prepare
such complexes by metathesis of Cp*,MCl; [M = Nb, Ta]
with LiC=CR® (R = Me, Ph) have proved unsuccessful.
An additional complication is also apparent in the system
under study here, since deuterium labels are found to
scramble into the ring methyl sites of 4a in addition to the
metal hydride and 8-hydrogen and methyl substituents of
the propenylidene ligand. Thus, the available data do not
allow us to clarify the mechanistic pathway beyond the
formation of 6a and appear to be complicated by ring
methyl activation processes.

2. Reaction of Cp*,TaH; with Butadiene. The re-
action of 2 with 1,3-butadiene in benzene or toluene affords
sequentially Cp*,;Ta(H)(»>-CH,=CHCH=CH,) (8),
Cp*;Ta(H){n?>-CH,=C=C(H)Me) (9), Cp*;Ta(H)(=C=
C(H)Et) (10), and Cp*,Ta(H)(MeC=CMe) (11) (eq 8).

2 # . 50°C ,
Cpe:TuH, 2 Cp*,Ta(H)(n*-CH,=CH-CH=CH,)
3 - AN 3

&)

o
Cp*,TatH)(=C=C(H)Et) <LC— Cp‘:Ta(H)(T]Z-CH1=C=C(H)MC)

10 9

Cp*,Ta(H)(MeC=CMe)
11

Compounds 8-11 arise by rearrangement of the coor-
dinated C,Hg fragment and bear close similarities to the
intermediates both isolated or postulated in the reaction
of 2 with allene.

(a) Synthesis and Characterization of Cp*,Ta-
(H)(n*-CH,=CHCH=CH,) (8). Spectroscopic data for
8 are given in Table I. The 'H NMR spectrum (400 MHz)
in benzene-dg consists of singlets at 6 1.63 and 1.75 due to
the methyls of inequivalent Cp* ligands, a broad hydride
resonance at 6 —1.78, and six discrete multiplets at § -0.04,
0.20, 1.63, 4.74, 5.25, and 6.25 attributable to the hydrogens
of coordinated butadiene. The multiplet at é§ 1.63 was
shown by a homoscalar-correlated 2D (COSY) 'H NMR
spectrum (Figure 2) to lie beneath the methyl resonance
of one of the C;Mes ligands.

The chemical shifts of the butadiene hydrogens are
consistent with coordinated (5 -0.04, 0.20, and 1.63) and
noncoordinated (8 4.74, 5.25, and 6.25) olefinic bonds.
Moreover, trans, cis, and geminal 'H-'H coupling constants
of 16.6, 9.5, and 2.7 Hz, respectively, accompanying the
high-frequency signals are typical for free alkenes.?

(38) Gibson, V. C.; McDade, C. M.; Bercaw, J. E. Unpublished ob-
servations.
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Figure 2. Homoscalar-correlated 2D (COSY) 400-MHz 'H NMR
spectrum of 8.

The 3C NMR spectrum exhibits signals at 4 25.1 (t, lJcy
= 144.0 Hz) and 394 (d, !Jey = 152.6 Hz) due to the
metal-bound carbons of the butadiene ligand, and reso-
nances at § 101.4 (t, 'Joy = 150.8 Hz) and 153.5 (d, 'Jey
= 145.3 Hz) are attributable to the carbons of the unco-
ordinated double bond. The latter is also supported by
a strong absorption at 1590 ¢cm™ in the IR spectrum due
to »(C=C). Thus, 8 is formulated as an n?-butadiene
complex. It has not proved possible to establish un-
equivocally whether endo or exo geometry prevails for the
coordinated olefin. However, an X-ray structural analysis
on Cp*;Nb(H)(CH,=CHPh)* and our observations on
related permethylmetallocene olefin derivatives®181%
suggest that the endo form will be favored sterically. Also,
endo geometry for 8 is supported by the observation of a
small coupling between Ta—-H and the obscured hydrogen
H, in the 2D (COSY) 'H NMR spectrum.®* In contrast,
coupling between Ta-H and the methylene hydrogens H,
and H, is not observed. While n*butadiene species have
been isolated for late transition-metal systems*! and have
been postulated to mediate a variety of transformations
involving CpyZr(C,H,),* to our knowledge 8 represents the
first isolable example of an early transition-metal n2-bu-
tadiene complex.

(b) Synthesis and Characterization of Cp*,Ta-
(H)(n*-CH,=~C=(H)Me) (9). Compound 9 was not
formed in sufficiently high concentration to allow its iso-
lated from the reaction mixture. Therefore, an alternative
method of preparation was investigated. Treatment of
Cp*,TaCl, with 2 equiv of trans-crotylmagnesium bromide,

(39) Burger, B. J.; Santarsiero, B. D.; Trimmer, M. S.; Bercaw, J. E.
J. Am. Chem. Soc. 1988, 110, 3134,

(40) Our observations on related complexes suggest that coupling is
usually observable only between Ta-H and the endo hydrogens of a
coordinated hydrocarbon. See ref 7.

(41) Murdoch, H. D.; Weiss, E. Helv. Chim. Acta 1962, 45, 1156.

(42) (a) Erker, G.; Wicher, J.; Engel, K.; Rosenfeldt, F.; Dietrich, W;
Kriger, C. J. Am, Chem. Soc. 1980, 102, 6344. (b) Erker, G.; Dorf, U.;
Engel, K.; Atwood, J. L.; Hunter, W. E. Angew. Chem. 1982, 94, 915. (c)
Dorf. U.; Engel, K.; Erker, G. Organometallics 1983, 2, 462. (d) Erker,
G.; Engel, K.; Atwood, J. L.; Hunter, W. E. Angew. Chem. 1983, 95, 506.
(e) Erker, G.; Dorf, U. Angew. Chem. 1983, 95, 800.

Gibson et al.

prepared from commercially available 1-bromobut-2-ene
(containing ~20% 3-bromobut-1-ene), gave a mixture of
two isomers corresponding to compound 9 in 66% yield.
The two components have been characterized as isomers
9a and 9b of a hydrido methylallene complex (eq 9).

Y Y
Cp=.TaCl, THF, 120 Cp"'zTaf '\7 . Cp‘zTa: ' 9
2 /\/\MgBr H H
9a 9b
<+ /Y )
MgBr

Measurement of peak intensities in the 'H NMR spec-
trum (400 MHz, benzene-dg) shosed that 9a and 9b are
formed in the ratio 62:38. Each compound gives rise to
only one resonance in the *H NMR spectrum (5 1.71 (9a)
and 1.70 (9b)) attributable to the methyl hydrogens of
equivalent Cp* ligands for each isomer. Thus, the tanta-
lum atom must be bound to the unsubstituted double bond
of the methylallene ligand with the methyl substituent
lying in the equatorial plane of the {Cp*,Ta] moiety.

The remaining multiplets were assigned according to
their peak intensities and extensive !H-'H decoupling
experiments. In particular, for isomer 9a, a multiplet at
8 7.71 is attributable to the unique §-hydrogen (H,) of the
methylallene ligand with couplings to the methyl (6.1 Hz),
methylene (2.9 Hz), and hydride (0.8 Hz) hydrogens, re-
spectively. A doublet of quartets resonance at § —0.25 (*Jyy
= 2.9, 5Jyy = 2.7 Hz) is assignable to the hydrogens (H,)
of the tantalum-bound methylene group, while Ta-H oc-
curs as a quadrupolar-broadened resonance at § ~1.12. The
methyl substituent gives a doublet of triplets resonance
at 6 2.33 (®Jyy = 6.1, %Jyy = 2.7 Hz). The 13C NMR
spectrum for 9a shows a characteristic singlet resonance
at 8 183.8 due to the quaternary carbon of the methylallene
ligand. This shift is to a frequency lower than that usually
observed for free allenes (typically & 200-215%) and is
consistent with quaternary carbon shifts of other transi-
tion-metal allene complexes.?? A triplet resonance at 4 4.7
(!*Joy = 145.3 Hz) is assigned to the tantalum-bound
methylene carbon, and a doublet resonance at 6 128.2 (*Jcy
= 158.7 Hz) is consistent with the remote sp>-hybridized
carbon of the methylallene ligand. Finally, the carbon of
the methyl substituent resonates as a quartet of doublets
at 6 21.3 (*Jey = 125.7, 2Joy = 7.3 Hz), the smaller doublet
value arising due to two-bond coupling to H,. Isomer 9b
exhibits closely analogous 'H and 3C NMR data (Table
I). The most notable features of the NMR data for 9a and
9b are the low-frequency shifts of the metal-bound
methylene carbon (5 4.7 (9a) 2.4 (9b)) and hydrogens (&
-0.25 (9a), —0.34 (9b)) along with reduced *C-H coupling
constants of 145.3 Hz. These data are consistent with
considerable sp® character in the metal-bound carbon at-
oms, suggesting a significant contribution to the metal-
allene bonding from the ethylenetantalacyclopropane
resonance form, 9-I1.

/ H H
H—C i 4
N €
¥ C
|Ta) \\C -~ [Ta]— C== C(HMe
N (H)Me N
H H
9.1 9.11
A <\
\ \ * A .
A . N N
Cp*aTal \7 Cp“zTa: A Cp*,Ta Cp*,Ta N
H H ~ \H
9a 9p 9¢ od
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Scheme IV

Cp*,TaCl; + 2 AN\ MgBr Cp“zTa/\/\]

H
l sp? B-elim.

N
s AN N,
CprTal | N” — A = . Cp*Ta \7
H Cp*Ta H
9b H 9a

Although X-ray data are not available for early transi-
tion-metal allene complexes, structural determinations on
related middle-to-late transition-metal complexes do in-
deed show a considerable bending of the bound allene
ligand.#3 It might be anticipated that this effect will be
even more pronounced for a m-adduct of a low-valent, early
transition metal such as Talll,

Of the four possible methylallene ligand orientations
with respect to the metal hydride (below), nuclear Over-
hauser effect (NOE) experiments rule out 9¢ and 9d. In
particular, irradiation of the hydrogens of the allene methyl
substituent lead in the case of one isomer to considerable
enhancement of the metal hydride resonance, consistent
with the proximal hydride-methyl arrangement of 9a. The
methyl resonance of the second isomer did not lead to
enhancement of the hydride signal. Rather, a significant
nuclear Overhauser effect was observed between the hy-
dride and unique hydrogen of the methylallene ligand,
consistent with isomer 9b. The preferential formation of
9a and 9b may be rationalized, for the same reasons
outlined earlier, on steric grounds. However, other ori-
entations of the methylallene ligand appear to be ener-
getically accessible since 9a is converted slowly to 9b
(weeks at room temperature). A mechanism for the for-
mation and interconversion of 9a and 9b is shown in
Scheme IV, which is dependent upon 3-H elimination from
the sp? carbon of a 16e™ s-crotyl species followed by an
allene roll process which serves to equilibrate 9a and 9b.*

(¢) Synthesis and Characterization of Cp*,Ta-
(H)(=C=C(H)Et) (10). The third major product formed
sequentially from the reaction of 2 with butadiene is the
butenylidene complex Cp*,Ta(H)(=C=C(H)Et) (10). A
single isomer is obtained whose 'H and *C NMR data
(Table 1) closely resemble those of the exo propenylidene
complex 4a.

The reaction of 10 with CO(g) (eq 10) allowed us to
confirm exo geometry for 10 through observation of the
butenyl insertion product (12). 'H NMR resonances at

_— Cp ;Ta\ {10}
€O

hv, -CO
10 13

r

not Cp*;Ta
“co

(43) (a) Bowden, F. L.; Giles, R. Coord. Chem. Rev. 1976, 80, 21. (b)
Shaw, B. L.; Stringer, H. A. Inorg. Chim. Acta Rev. 1973, 7, 1.

(44) The slow conversion of 9a to 9b does not account for the high
initial concentration of 9b, amounting to some 38% of the combined
isomer concentration. This is believed to arise due to the presence of
3-bromo-1-butene in commercially available trans-crotyl bromide. The
reaction of Cp*,TaCl, with the resultant trans-crotyl Grignard will gen-
erate a higher energy methylallene isomer, which, by ligand rotation and
roll processes, can also lead to 9a and 9b.
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Scheme V
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6 6.90 (dt, 3JHH = 126, SJHH =15 HZ) and 6.09 (dt, 3JHH
= 12.6, 6.4 Hz) due to the «- and 8-hydrogens, respectively,
of the butenyl ligand revealed a cis 3Jyy coupling of 12.6
Hz, indicating that 13 must arise by trapping of the o-
butenyl insertion product of 10.

Similar to the reaction of Cp*,TaH; with allene, an
intermediate terminal alkyne species is observed prior to
the formation of 10. The high-field 'H NMR data are
consistent with the 1-butyne complex Cp*,Ta(H)(HC=
CEt) (13). Although never formed in sufficiently high
concentration to allow its isolation from the reaction me-
dium, high-field 'H NMR data revealed signals at 6 7.72
(dt. Jyy = 7.8, 1.5 Hz) and 0.52 (d, Jyy = 7.8 Hz) attrib-
utable to the terminal acetylenic hydrogen and metal hy-
dride, respectively. By analogy with 6a, 12 is thus assigned
an exo geometry, and its formation may be rationalized
by a pathway analogous to the formation of 6a (Scheme
1I).

(d) Synthesis and Characterization of Cp*,Ta-
(H)(MeC=CMe) (11). The final product (prior to de-
composition) of the reaction of 2 with butadiene is the
but-2-yne complex Cp*,Ta(H)(MeC=CMe) (11), which is
formed in 80% yield upon prolonged warming of the re-
action mixture at 110 °C. 11 is conveniently prepared by
treatment of 2 with 2 equivalents of but-2-yne. Prelimi-
nary data for this compound have been reported,!® and full
spectrscopic data are included in Table I. NMR and IR
data are consistent with n?-coordination of the alkyne
ligand in the [Cp*;Ta] equatorial plane, leading to in-
equivalence of the methyl substituents of the symmetrical
alkyne. The 3C NMR spectrum revealed a small coupling
(6.1 Hz) between the hydride and one of the but-2-yne
methyl carbons, presumably the methyl attached to the
endo carbon of the coordinated alkyne. Singlet resonances
at 6 142.1 and 148.9 are consistent with acetylenic carbons
of a 2¢” alkyne ligand. Similar shifts are observed for
related niobium derivatives!® and are some 40 ppm lower
in frequency than acetylenic carbon shifts for 4 e alkyne
ligands to tantalum.

The formation of 11 at elevated temperature may be
rationalized due to the accessibility of a thermodynamically
less favored hydrido methylallene isomer 9d either by an
endo-to-end rotation of the coordinated methylallene lig-
and (as shown in Scheme V) or alternatively by ligand
dissociation. According to this mechanism only 9b will lead
to 11 since the 8-sp? hydrogen of the 2-butenyl isomer
arising from 9¢ is not accessible to the metal center.

3. Reaction of Cp*,Ta(H)(=C=CH,) with
CH,PMe,. In view of the current interest in the role of

(45) McGreary, M. J.; Gamble, A. S.; Templeton, J. L. Organo-
metallics 1988, 7, 271 and references therein.
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metal vinylidenes in the Fischer-Tropsch hydrocarbon-
chain-lengthening process, we have examined the reactivity
of hydrido vinylidene complexes with the methylene-
transfer reagent, CH,PMes, in order to determine if higher
order vinylidene homologues result.

A mixture of Cp*,;Ta(H)(=C==CH,) and a 3-fold excess
of CH,PMe,; was heated at 110 °C for 2 days, resulting in
40% conversion of Cp*,Ta(H)(=C=CH,) to Cp*,Ta-
(H)(=C=C(H)Me) (4b) and liberation of PMe; as de-
termined by 'H NMR spectroscopy.* Significantly, only
isomer 4b is produced, readily identified by the charac-
teristic signal of the 8-vinylidene hydrogen.

Continued warming of the mixture at 110 °C led to the
consumption of all the ethenylidene complex, a slight
decrease in the amount of the propenylidene species, and
the appearance of a triplet of doublets resonance in the
vinylidene 8-hydrogen region, attributable to the bute-
nylidene complex 10a. Prolonged heating of the mixture,
while leading to an increase in the proportion of the higher
order homologues, also lead to a diminution of the ring and
vinylidene ligand resonances, most probably due to H/D
exchange with deuteriobenzene solvent. For this reason
and due to the inherent instability of the butenylidene
complex at 110 °C, it did not prove possible to monitor
the formation of vinylidene species beyond this stage.
Nevertheless, incorporation of methylidene units into a
growing vinylidene chain was apparent.

In order to gain insight into the mechanism of homol-
ogation, the reaction between Cp*,Ta(H)(='3C=13C,)*
and CH,;PMe; was monitored by *C NMR spectroscopy,
resulting in a 1:2:1 distribution of the 13C label between
the a-, 8-, and v-sites of the propenylidene ligand (eq 11).

2 ch,
|
C—y
X/Z'C/

Z

-PMe.
2 Cp*zTa\

Cp*,Ta(H)(="C="CH;) + CH,PMe,

H

Such a distribution may be reasonably accounted for by
formation of a symmetric allyl intermediate (according to
Scheme VI), which then converts by the mechanism out-
lined earlier to the propenylidene complex. Consistently,
as observed for the conversion of Cp*,Ta(*-C3H;) to
Cp*,;Ta(H)(=C=C(H)Me), only a single propenylidene
isomer, 4b, is formed.

The mechanism of the formation of the allyl species is
less certain, but by analogy wit the formation of Cp*,Ta-
(CH;)(=CH,) from Cp*,Ta(H)(=CH,) and CH,PMe;,5
and trapping of a 16e” vinyl intermediate by
methylidenetrimethylphosphorane would seem most rea-

(46) Small amounts of unidentifiable species were also formed.
47) Cp*zTa(H)(=‘3C=130H§) was prepared from the reaction of
Cp*(C;Me((CH,))TaH, with H¥C=13CH.

Gibson et al.

sonable. Similar trapping of a vinyl intermediate has also
been observed in the reaction of Cp*,Ta(H)(=C=CH,)
and CO(g), giving Cp*,;Ta(CH=CH,)(CO).5c By analogy
with the methyl to methylene migration observed in the
conversion of the methylmethylidene complex Cp*,Ta-
(CH,)(=CH,) to Cp*,Ta(H)(CH,—~CH,),5 and analogous
transformations seen in the C;H; system,* the allyl species
may reasonably result from a closely analogous vinyl to
methylene migration.

Summary

The kinetic stability afforded by two pentamethyl-
cyclopentadienyl ligands on tantalum, combined with the
rigorous steric and electronic constraints of the per-
methyltantalocene fragment, has enabled us to probe in
considerable detail some tantalum-mediated hydrocarbon
rearrangement processes. In particular, it has proved
possible to monitor multiple insertion/elimination steps
of types that have not commonly been observed. Some
of the key transformations are shown in Scheme VII. 3-H
elimination from sp? carbon plays a pivotal role in the
isomerization of allene and butadiene ligands, while a-
hydrogen and «-vinyl migratory insertions play a crucial
role in the hydrocarbon homologation sequence.

The delineation of the reaction pathway followed in the
isomerization of allene and butadiene owes much to the
isolation of intermediates whose room-temperature sta-
bility would not normally be anticipated. Most notable
are the hydrido butadiene and hydrido methylallene de-
rivatives, both apparently favored over the usually ther-
modynamically preferred =-crotyl ligand arrangement.

The subsequent conversion of the methylallene ligand
to propenylidene and then but-2-yne is equally remarkable
when compared with related observations for molybde-
num* and rhodium,® both of which have been found to
undergo acid-promoted alkyne to allyl rearrangements via
allene intermediates, precisely the opposite to our obser-
vations for tantalum. The strict 2-fold symmetry for the
frontier orbitals of [Cp*,;Ta] undoubtedly has an important
influence on the relative stabilities of these tautomeric
species. Their relative stabilities appear to be finely
balanced; we have seen that for the C; hydrocarbon ligand
the metal-allyl bonding mode is favored over the hydrido
allene form, yet for C, the order is reversed and hydrido
methylallene is now preferred to metal crotyl.

A particularly poignant conclusion of these studies is the
importance of the hydride ligand in facilitating hydro-
carbon rearrangements through reversible migration pro-
cesses, consistent also with the necessity for a source of
added hydrogen (H* or H") in the alkyne to allyl rear-
rangements of Green and Werner and the model Fisch-
er-Tropsch studies of Hoel. For the latter, the allene
ligand was found to be productive with respect to hydro-
carbon chain growth only in the presence of added HBF,,!3
and our results indicate that a viable pathway exists to
metal vinylidenes (and hence to hydrocarbon chain
lengthening), provided a metal-bound hydrogen is also
present.

Therefore, in considering a mechanism for the role of
vinylidenes in the Fischer-Tropsch hydrocarbon-chain-
lengthening process, we feel it appropriate to postulate a
crucial role for surface-bound hydride. A mechanism for
linear hydrocarbon chain growth is shown in Scheme VIII.

(48) Sharp, P. R.; Schrock, R. R. J. Organomet. Chem. 1979, 171, 43.

(49) Green, M. J. Organomet. Chem. 1986, 300, 93 and references
therein.

(50) Wolf, J.; Werner, H. Organometallics 1987, 6, 1164.



Permethyltantalocene Derivatives

Organometallics, Vol. 10, No. 1, 1991 229

Scheme VII
N
% — - C3Hg 7/ '\ p \
Cp*;TaH; + 2==e== Cp*zTa\ N == Cp*,Ta~ ™ \F —_— Cp*zTa—V
2 H sp? P elim
g >
N A
Cp*;Ta — Cp* 2Ta: Cp*,Td v
H
3
spzﬁelimu
P
H 7" o-H shift | CH,;PMe;, |
Cp*zTa\ —_— Cp*zTa\ <_._,2‘—> Cp*;Ta b m—nt Cp*zTa\
H sp” o elim -PMe, \CHZ
/ 4a
6a
l a-vinyl shift
S
eic CH,PMe; . * /\. I
2 T e Cp*aTal -~ - OpnTa - Cp*,Ta
® - 3 H H
cpe, a2 10
~ H 9b
Scheme VIII
H R
H R H N R
ﬁ - || é
- H— 2
C
}ﬂ /C\ /C{{z - H\C// CH, —» H” ~CH, == H \C—CHZ = H RHC—C/
I A .
VARV A A A /7 /7 7 /] /7 /7 7 1 /7 /7 7 /7 /7 7
RCH, 4 CHER y
e . !
/ H CHZR RHZC H -
y |(.! - He 7 - Se=c” o n == \JC=|C/ T - RHZC\f/
41 1
/7 /7 7 7/ /7 /7 /7 7 / /7 /7 7 /7 /7 7 /7 /Z /7 77
H CH,R H CH;R H (CHp),R
\C/ \C/ C/
I co. H, | etc  COH, etc  COH ||
H C - H C CH. —_— _— _— = H C CH
/N T 4N N T T T N N
/7 /7 7 /7 /7 7 77/ /7 /7 7 7/

A key step in this mechanism is the migration of hydride
to a vinylidene group to generate a surface alkenyl species,
a process closely related to the hydride to methylidene
migration proposed by Pettit and co-workers and in con-
trast to the insertion of methylidene into the vinylidene

C=C bond proposed by McCandlish. It is only recently
that hydrogen to vinylidene migration has been observed
directly,’ and comparable insertion rates have been ob-
served for methylidene and vinylidene insertions into the
tantalum-hydride bonds of Cp*,TaH(=CH,) and
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Cp*,Ta(H)(=C=CH,), respectively.®® The subsequent
alkenyl to methylene migration is supported by observa-
tions on a soluble diiron system®! and the model studies
of Maitlis.1? It is also in agreement with transient kinetic
studies on cobalt, iron, and ruthenium catalysts, which
suggest that monomer units add only at the one end of the
growing chain,?

In summary, the use of bulky ancilliary Cp* ligands on
tantalum has allowed a number of complexes possessing
very unusual ligand combinations to be observed and
isolated during tantalum-mediated rearrangements of some
simple conjugated dienes. A modified mechanism for the
role of surface vinylidenes in the Fischer-Tropsch hy-
drocarbon-chain-lengthening process based on reversible
hydride migration to vinylidene and subsequent migration
of vinyl to surface methylene has emerged from these
studies.

Experimental Section

General Considerations. All manipulations were performed
on a conventional vacuum line by using standard Schlenk or
cannular techniques or in a drybox under an atmosphere of di-
nitrogen. Solvents were dried and purified by prolonged reflux
over LiAlH, or benzophenone kety! followed by distillation under
an atmosphere of dinitrogen. Ethereal solvents were stored over
sodium benzophenone ketyl, and hydrocarbon solvents were stored
over titanocene. Cp*,TaCl, and Cp*,TaH; were prepared ac-
cording to a previously reported procedure.'® Allene (Matheson),
butadiene (Matheson), and allene-d, (MSD isotopes) were used
as received. 2-Butyne and 2-pentyne were stored over molecular
sieves (4A) and distilled prior to use. trans-Crotylmagnesium
bromide was prepared by a standard Grignard procedure from
trans-crotyl bromide (Lancaster), while allylmagnesium bromide
(Aldrich) and vinylmagnesium bromide (Aldrich) were used as
received. Elemental analyses and mass spectral data were pro-
vided by the Caltech microanalytical service. Nuclear magnetic
resonance spectra were recorded on a Varian EM 390, a Jeol
FX90Q, a Bruker WM 500, or a Jeol GX 400Q spectrometer.
Infrared spectra were recorded on a Beckman 4240 spectrometer
as Nujol mulls and are reported in inverse centimeters. Relative
intensities are abbreviated as follows: vs (very strong), s (strong),
m (medium), w (weak), bd (broad), sh (shoulder).

Procedures. Cp*,Ta(n%-C;H;) (3). Allylmagnesium bromide
(1.8 mL of 1.0 M solution; 1.8 mmol) was transferred onto a stirred
suspension of Cp*,TaCl, (0.24 g, 0.46 mmol) in THF (20 mL) at
-78 °C. The mixture was allowed to warm to room temperature
and stirred for 48 h to give a deep red solution. The volatile
components were removed under reduced pressure, and the
residue was dried in vacuo overnight. Extraction with petroleum
ether (40 mL) followed by concentration and cooling to =78 °C
afforded red microcrystals of 3. Yield 0.16 g, 70.8%. Anal. Caled
for Cy3HgsTa: C, 56.10; H, 7.11. Found: C, 55.87; H, 7.25. MS:
m/e 492. IR (ecm™, Nujol): 1720 (w), 1630 (m), 1305 (m), 1020
(s), 940 (m), 885 (m).

Cp*,TaH[=C=CH(CHj;)] (4). A thick-walled glass reaction
vessel fitted with a Teflon needle valve was charged with
Cp*;TaH, (0.5 g, 1.10 mmol), toluene (20 mL), and allene (6.60
mmol) and heated at 80 °C. A 'H NMR sample was heated under
similar conditions and monitored by 'H NMR spectroscopy. After
5 days, the mixture was transferred to a 110 °C oil bath and heated
until conversion to 4 was complete by 'H NMR spectroscopy
(approx 2 days). The volatiles were removed under reduced
pressure to give a red residue that was dried overnight in vacuo.
Washing with cold petroleum ether (25 mL) gave a white solid
that was recrystallized from pentane at -119 °C to afford white
crystals of 4. Yield 0.16 g, 34%. Anal. Calcd for Co3H,sTa: C,
56.10; H, 7.11. Found: C, 55.88; H, 7.24. MS: m/e 492. IR (cm,
Nujol): 2720 (w), 1775 (m), 1238 (m), 1025 (s), 855 (m), 725 (m).

(51) Casey, C. P.; Austin, E. A.; Rheingold, A. L. Organometallics
1987, 6, 2157.

(52) (a) Mims, C. A.; McCandlish, L. E. J. Phys. Chem. 1987, 91, 929.
(b) Mims, C. A.; McCandlish, L. E.; Melchior, M. T. Catal. Lett. 1988,
1, 121.
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endo-Cp*,TaH(n’-CH,—CHCH==CH,) (8). Utilizing a sim-
ilar procedure adopted for 4, a thick-walled glass reaction vessel
fitted with a Teflon needle valve was charged with Cp*,TaH; (0.5
g, 1.10 mmol), toluene (20 mL), and butadiene (3.3 mmol) and
heated in a constant temperature oil bath maintained at 50 °C.
The reaction was monitored by !H NMR spectroscopy on a sample
prepared to approximate the conditions. After 21 days, the volatile
components were removed under reduced pressure to give a yellow
solid that was dried in vacuo overnight. Extraction with petroleum
ether (20 mL) gave a yellow solution that on concentration to half
volume and cooling to ~78 °C, afforded yellow crystals of 8. Yield
0.4 g, 82.5%. Anal. Calced for C,yHy;Ta: C, 56.92; H, 7.31. Found:
C, 56.52; H, 7.36. MS: m/e 506. IR (cm™, Nujol): 2720 (w), 1800
(m), 1590 (s), 1210 (w), 1145 (w), 1025 (s), 860 (m).

Cp*,TaH(n?-CH,=~C=CHCH;) (9). Crotylmagnesium
bromide was prepared by addition of crotyl bromide (0.68 g, 5.0
mmol) to magnesium turnings (0.3 g, 12.5 mmol) in THF. The
solution was stirred for 2 h at room temperature filtered onto a
suspension of Cp*,TaCl, (0.5 g, 1.10 mmol) in THF at -78 °C.
The mixture was warmed to room temperature and stirred for
12 h to give a clear orange solution. After removal of the volatile
components, the residue was extracted with petroleum ether (80
mL) to give an orange solution, which was filtered, concentrated,
and cooled to -78 °C to afford white crystals of 9. Yield 0.32 g,
66%. Anal. Caled for CoyHg,Ta: C, 56.92; H, 7.31. Found: C,
56.77; H, 7.38. MS: m/e 506. IR (cm™; Nujol): 2720 (w), 1820
(m), 1765 (m), 1665 (m), 1310 (m), 1293 (m), 1025 (s), 830 (w),
868 (m).

Cp*,TaH[=C=CH(Et)] (10). In a similar manner described
for 4 and 8, a thick-walled glass reaction vessel was charged with
Cp*,TaH; (0.5 g, 1.10 mmol), toluene (20 mL), and butadiene (6.6
mmol). The mixture was stirred at 80 °C for 5 days and then
transferred to a 110 °C oil bath until conversion to 10 was op-
timized by 'H NMR spectroscopy (approx 6 h at 110 °C). A yellow
solution resulted. After removal of the volatile components under
reduced pressure, the residue was dried overnight in vacuo and
extracted with petroleum ether (50 mL). The resulting yellow
solution was filtered, concentrated, and cooled to -78 °C to give
white crystals of 10. Yield 0.35 g, 72%. Anal. Calcd for CyyHj,Ta:
C,56.92; H, 7.31. Found: C, 56.77: H, 7.27. MS: m/e 506. IR
(em™, Nujol): 2720 (w), 1795 (s), 1735 (m), 1260 (m), 1225 (m),
1025 (s), 880 (w), 860 (w), 800 (w), 775 (m).

Cp*,;Ta(H)(MeC=CMe) (11). A thick-walled glass reaction
vessel fitted with a Teflon needle valve was charged with
Cp*,TaH; (0.5 g, 1.10 mmo}), toluene (20 mL), and but-2-yne (2.20
mmol) and heated at 110 °C with stirring for 5 days to give a pale
yellow solution. The volatile components were removed under
reduced pressure to give a yellow solid that was dried in vacuo.
Recrystallization from pentane (15 mL) at -78 °C afforded white
crystals of 11. Yield 0.49 g, 88%. Anal. Calcd for Cy HjTa: C,
56.92; H, 7.31. Found: C, 56.93; H, 7.32. MS: m/e 506. IR (cm™,
Nujol): 2720 (w), 1790 (m), 1750 (m).

Reaction of Cp*(C;Me,(CH,))TaH, with CH,C=CH. A
solution of Cp*(CsMe,(CH,))TaH, (20 mg) in CgDg (0.7 mL) was
treated with excess CH;C==CH in a NMR tube and sealed at -196
°C. The tube was allowed to warm to room temperature and then
heated at 80 °C for 1 h. The formation of 6b was established by
'H NMR.

Reaction of Cp*;Ta(H)(=C=CH,) with CH,PMe;. A so-
lution of Cp*,;Ta(H)(=C=CHj,) (ca. 50 mg) in C¢Dg (0.7 mL) was
treated with a 3-fold excess of CH,PMe; in a sealed NMR tube.
The mixture was heated at 110 °C for 2 days, and the products
were analyzed by 'H NMR spectroscopy.

Reaction of Cp*,Ta(H)(=13C='*CH,) with CH,PMe;. A
solution of Cp*,Ta(H)(="C="3CH,) (ca. 50 mg) in C¢Dg (0.7 mL)
was treated with excess CH,PMe; and heated under similar
conditions to the unlabeled mixture. The products were analyzed
by 1¥C NMR spectroscopy.
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Preparation of Tricarbonyl(n*-vinylketene)iron(0) Complexes
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Nathaniel W. Alcock, Christopher J. Richards, and Susan E. Thomas*''
Department of Chemistry, University of Warwick, Coventry CV4 7AL, England
Received May 10, 1990

Reaction of tricarbonyl(n*-vinyl ketone)iron(0) complexes (CO);(PhCH=CHC(R)=0)Fe(0) (R = Me,
1; Bu", 3; Bu, 5; Ph, 7) with organolithium reagents under an atmosphere of carbon monoxide gave products
that were identified as tricarbonyl“(n*-vinylketene)”iron(0) complexes (CO);(PhCH=CHC(R)=C=0)Fe(0)
(R = Me, 2; Bu®, 4; But, 6; Ph, 8) based on a crystal structure analysis of 2. Complex 2 crystallizes in space
group P2,/c with a = 13.998 (6) A, b=17955(5) A, c=12.935(5) X, 8 =113.04 (3)°,and Z = 4. A reaction
pathway that postulates the intermediacy of a tricarbonyl(»®-vinylcarbene)iron(0) complex, 20, is discussed.
Heating the tricarbonyl(y*vinylketene)iron(0) complexes 6 and 2 with either tert-butyl, cyclohexyl, or 2,6-xylyl
isocyanide at 80 °C gave tricarbonyl“(n*-vinylketenimine)”iron(0) complexes (CO)3;(PhCH=CHC(R!)=
C=NR2?Fe(0) (R! = R? = Bu}, 23; R! = Me, R? = Bu!, 24; R! = Me, R? = C;H,;, 25; R! = Me, R? =
(2,6-Mey)CgHa, 26) via intermediate dicarbonyl(isocyanide)(n*-vinylketene)iron(0) complexes. The in-
termediacy of tricarbonyl{isocyanide)(n!-vinylcarbene)iron(0) complexes in this reaction is proposed.

Introduction

Investigations into the reactivity of vinyl ketones com-
plexed to the tricarbonyliron(0) moiety have been ne-
glected in the past in favor of investigations into the re-
activity of 1,3-dienes complexed to the tricarbonyliron(0)
unit.! This is somewhat surprising in view of the central
role played by carbonyl compounds in organic synthesis
and the potential that these complexes hold for exerting
high stereochemical control over reactions of the vinyl
ketone ligand. The major application of tricarbonyl(x*-
vinyl ketone)iron(0) complexes to date has been their use
as a source of the tricarbonyliron(0) unit, which may be
transferred from the vinyl ketone ligand to 1,3-dienes
under relatively mild conditions.? Other investigations
have revealed that they may be protonated? or acylated*
on the ligand oxygen atom and that on heating they cy-
clodimerize to generate cyclopentene derivatives.5

Some time ago we reported the first examples of nu-
cleophilic attack on tricarbonyl(n-vinyl ketone)iron(0)
complexes.® We demonstrated that reactions of Grignard
and organolithium reagents with a range of complexes
under a nitrogen atmosphere produced 1,4-diketones in
good yield, presumably via nucleophilic attack on a metal
carbonyl ligand. This chemistry has been subsequently
applied to the synthesis of dihydrojasmone and the formal
synthesis of cuparene.” Recently it has been reported that
addition of LiCMe,CN to an iron(0) complex of a vinyl
ketone resulted in a Michael-type addition; i.e., direct
attack on the organic ligand occurred.® This observation

*Current address: Department of Chemistry, Imperial College of
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2AY, England.

0276-7333/91/2310-0231$02.50/0

is consistent with the results obtained from studies on
tricarbonyl(n*-1,3-diene)iron(0),? tetracarbonyl(xn?-vinyl
ester)iron(0),1° and tetracarbonyl(y?vinylamide)iron{0)!
complexes, which show that in these systems alkyllithium
and Grignard reagents add to a carbonyl ligand while
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