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Chart I. Protium Content at the Different Carbon Atoms
of 3,4,4-Trimethylpentanal Produced in the
Deuterioformylation of 2,3,3-Trimethyl-1-butene by
Rhodium and Cobalt Carbonyls
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It follows, therefore, that in spite of practically exclusive
formylation at the terminal carbon atom in 2,3,3-tri-
methyl-1-butene both by cobalt and rhodium carbonyls
as the catalyst precursor, different pathways probably
caused by different regioselectivities can be displayed by
either catalyst in the first step of the reaction. A similar
phenomenon could also be responsible for the extensive
formylation (32%) of the methyl group in [1-14C]-
propene,’®? in the presence of Co,(CO)s. These results
had previously been interpreted in terms of a rapid in-
terconversion with considerable isomerization of w-olefin
complexes. Alternatively, insertion of propylene into the
H-Co bond could prevail with the addition of the metal
atom to the internal carbon atom; equally probable 3-
elimination? from the two methyl groups should then
bring about the high extent of formylation in position 3
of propylene.1%2022 A tentative rationalization has been
proposed for such kind of attack, which has been called
“anti-Markownikoff insertion”.22 However, the different
reaction pathways observed using either rhodium or cobalt
carbonyls as the catalyst precursors point out either that
too much is still unknown for such rationalization or that
the nature of the catalytic species formed from both metals
is rather different.
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Summary: Titanaoxacyclobutanes can be prepared by
the addition of a ketene to a titanium methylene complex
or by the addition of a methylene fragment to a titanium
ketene complex. For example, the addition of 2 equiv of
dimethylsulfoxonium methylide to titanocene chloro-acyl
complexes yields titanaoxacyclobutanes. The first
equivalent deprotonates the acyl to form the titanocene
ketene complex which is trapped by the second equiva-
lent of the methylide to yield the metallaoxacyclobutane.
Both routes yield complexes that are stable to tempera-
tures above 60 °C. Variable-temperature NMR studies
show that the metallaoxacyclobutane ring is puckered
with a barrier to inversion of 13-19 kcal/mol.

Metallaoxacyclobutanes have long been considered as
intermediates in transition-metal-catalyzed olefin ep-
oxidations and conversions of carbonyls to alkenes by
metal alkylidenes.! To date, the major route to metal-
laoxacyclobutanes has been the reactions of high-valent,
electron-rich, late transition metals with electron-deficient
tetracyanooxiranes.? The analogous organic heteroatom
complexes have also been observed in the olefin oxidation
by SO, as well as in “Wittig” transformations.* We report
here two independent routes to early-transition-metal
metallaoxacyclobutanes: (1) reaction of a metal methy-
lidene complex with an organic ketene and (2) coupling
of a metal ketene complex with dimethylsulfoxonium
methylide (eq 1).

LnM==CH, + O=C==CR; —

(9]
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0 0

Treatment of a yellow suspension of titanocene chloro—
acyl complex 1* with an excess of dimethylsulfoxonium
methylide® resulted in the instantaneous formation of a
dark solution from which a red solid, 2, was isolated in 77%
yield® (eq 2). The product is moderately air-sensitive and
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is stable in the solid state under an inert atmosphere. A
cyclic, monomeric solution structure of 2 is supported by
the spectral data’ and the cryoscopic molecular weight.

CHy

CooTi YO + 2CH,S(CHg), —
o]
1
o

szTi:O>=CH2 + (CHg)gSCI + CH3SCHg (2)
2

The stoichiometry of the reaction suggests the initial
formation of the ketene complex 3 which reacts further
with the excess ylide to form complex 2 and dimethyl
sulfoxide. This is confirmed by direct treatment of the
titanium ketene complex 3% with dimethylsulfoxonium
methylide (eq 3). The coupling of the methylene ylide and
the ketene complex 3 is proposed to proceed through ionic
intermediate 4 which rearranges and eliminates dimethyl
sulfoxide.

CHa o
(CpTi—0), + CH,S(CHg), —= szTi\/>:CH2 &)
o]

3
2

(CH4) 's!*
s "’,_) CH, | -
CHz{\
Cpfi—0
4

The diphenyl-substituted ketene complex 5° gave in-
tractable products (no detectable signals by 'H NMR (eq
4)) on treatment with Me,S(O)CH, under the same reac-
tion conditions. The titanaoxacyclobutane 6, however, can
be obtained by heating a toluene solution of 3-tert-bu-
tyltitanacyclobutane 7 (a source of titanocene methylid-
ene)!® and diphenylketene at 80 °C for 10 min!! (eq 5).
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Analytically pure 6 was isolated in 71% yield.!? Attempts
to prepare 2 from 7 and ketene in an analogous reaction
were unsuccessful.
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Recrystallization of both 2 and 6 from a variety of sol-
vents failed to yield crystals suitable for X-ray analysis.
The solution structures of the titanaoxacyclobutanes were
examined by dynamic 'H NMR. At room temperature,
only one signal was observed for both cyclopentadienyl
rings of 2. The titanium—methylene protons appeared as
a broad signal that sharpened with increasing temperature.
At -40 °C the methylene signal resolved into two doublets
(Av = 87 Hz) with coupling constants of 10 Hz. At 60 °C
the cyclopentadienyl resonances also appeared as two
singlets (Av = 2 Hz).1® The results suggest a puckered ring
structures for complex 2. Interconversion of the two de-
generated puckered conformers by a ring flip is rapid at
room temperature (Scheme I). The free energy of acti-
vation AG* for this process was calculated to be 13.0 £ 0.2
kcal. In contrast, the 'H NMR spectrum of 6 at room
temperature exhibits two signals for the cyclopentadienyl
ligands and two separated doublets for the titanium
methylene protons (6 2.54 and 1.91). Coalescence of the
cyclopentadienyl resonances was achieved at 100 °C, and
the AG* was calculated to be 19.0 + 0.2 kcal. The struc-
tural feature that leads to this high barrier to inversion
is under investigation.!* It has been proposed that
puckering is due to donation of the electrons of the exo
methylene double bond into the empty a; orbital on the
titanium®® as is seen in zironocene metallacyclopentenes.!®
We propose instead that the lone-pair electrons on oxygen
can also donate into the empty a; orbital. Puckering of
the metallaoxacycle ring is required for optimum orbital
overlap.

It is surprising that these metallaoxacycles are thermally
stable up to 100 °C. By comparison, the proposed me-
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tallaoxacycles in early metal olefin epoxidation and al-
kylidene transfer reactions have never been observed.
Most striking is the comparison of the stable 3-alkylidene
complexes 2 and 6 to the isomeric 2-methylene complexes
such as 9 that are formed in the reaction of the precursor
to Cp,Ti=C==CR, (8) with ketones and aldehydes. Com-
plex 9 is unstable at room temperature (eq 6).!”

sznf& + R,C=0 —

8
R 25 °C
CpTi —— R, C=C=CH;, + (Cp, Ti=0), (6)
\O R n

9
"CpaTi==CH," + O=C==CH, —=

0 100 *C
Co,Ti, = H,C==C=CH, + (Cp,Ti=0),

2

At least two major factors are considered to account for
this difference. If the transition state for the cleavage of
the metallaoxacycle is similar to that for the cleavage of
the corresponding metallacyclobutanes, the ring must
reach a planar geometry for the reaction to occur.’® As
indicated above, the 3-methylene-metallaoxacyclobutanes
are puckered and there is a significant barrier to flattening.
The 2-methylene isomers cannot pucker and maintain
normal angles and bond distances. The differences in the
barriers to planarity could account for a significant part
of the difference in stabilities between the two isomers.
In all the examples where 9 is a proposed intermediate,
the B-carbon is substituted with alkyl groups. Substitution
in this position has been shown to significantly destabilize
the corresponding metallacyclobutanes!® due to significant
steric interactions between the §-substituent and the cy-
clopentadienyl ligands. Therefore, there is significantly
greater relief of steric strain when 9 cleaves to allene and
the titanocene oxide than when 2 or 6 reacts to yield the
same products. We propose that these 3-alkylidene me-
tallaoxacycles are more stable than the 2-alkylidene isomer
due to the combined ability to pucker to increase bonding
by donation of the oxygen lone pair electrons to the tita-
nium center and to the absence of steric crowding due to
the planar sp? 8-carbon.
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Summary: Exposure of various mono- and dinuclear
carbonyl complexes of rhodium and cobalt to the bis-
(ethylene) complex CpCo(C,H,), gives rise to several new
trinuclear clusters of the form (Cp*M),_,(CpCo),(1s-CO),
{n = 1, 2; M = Co, Rh) in high yield. These 46e clusters
exhibit paramagnetically shifted 'H NMR spectra and
readily engage in the reversible transfer of a cyclo-
pentadienyl cobalt fragment to suitable organometaliic
acceptors.

Recently, a series of unsaturated trinuclear cluster
complexes of the form Cp*;MM’'M”(u3-CO), have been
described which exhibit interesting electronic properties.'?
These complexes are unusual in that they contain three
low-valent, electron-rich metals in a highly electron-defi-
cient cluster arrangement (46 electron count). Depending
on the metals and substitution on the cyclopentadienyl
rings, several different high- and low-spin electron con-
figurations have been reported for these complexes.!#?s
Herein we report on a broadly applicable synthetic
methodology for the synthesis of a wide variety of this type
of trinuclear cluster containing at least one CpCo fragment.
Preliminary characterization of the electronic states of
several new examples of these clusters is also presented
along with initial investigations into their reactions with
carbon monozxide and several organometallic complexes.
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