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Introduction

Nowadays, when so many things are questioned again and
again, tetrahedral sp® hybridization of tetravalent carbon
seemed to be a rock solid concept since its proposal by
van’t Hoff and Le Bel.! Forget this! Planar tetracoordinate
carbon is not as odd as a three-dollar bill and does exist.

In 1970, Hoffman et al. were the first to predict, on the
basis of a theoretical approach, the possible existence of
planar methane with an electronic structure involving a
six-electron four-bond electron-deficient o system and a
two-electron-containing p,-based orbital perpendicular to
the o plane.? Naturally, as the energy of planar methane
is higher than that of tetrahedral methane,® some kind of
stabilization was needed if compounds containing planar
tetracoordinate carbon (ptC) were to be prepared. Indeed,
this prediction was experimentally confirmed,* when
Seidel et al. reported in 1976 the synthesis,*® and Cotton
et al. in 1977 the structure,*? of V,(2,6-dimethoxyphenyl),
THF, a divanadium complex in which a ptC may be
identified. Following on this seminal result, a number of
other ptC compounds have been prepared, often inci-
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dentally. Several recent important papers and exhaustive
and comprehensive reviews have appeared at different
stages of development of this research,® and the reader is
especially directed to the most recent one by Erker et al.®
Examination of the structural and electronic features of
the various involved compounds indicates that the sta-
bilization required for obtaining ptC compounds may
result from the incorporation of a carbon atom into
sterically rigid, small ring or polycyclic systems, or from
the increase of the electron density in the o system and
its decrease in the & system. In the second case, variation
of the electronic density may be obtained by use of
appropriate o-donor/z-acceptor substituents, such as, for
example, transition metals. As appears in the literature,®
most ptC compounds were obtained that way, and it may
seem ironic that organometallic chemistry provides the
most efficient route toward planar tetracoordinate carbon.

Planar Tetracoordinate Carbon in Groups 4
and 13 Dimetallic Complexes

From a general point of view, the preparation of dimetallic
complexes associating two transition metals has recently
attracted an increasing amount of attention. This is due
to a new chemical reaction behavior resulting from the
synergistic combination of the properties of both metals
which may be utilized in stoichiometric or catalytic
reactions.” It happens that most of the ptC-containing
transition metal complexes reported to date are dimetallic
complexes of groups 4 and 13 (I in Scheme 1).6

All the synthetic procedures described for preparing |
are believed to involve an (alkyne)—metallocene interme-
diate compound Il which reacts with another metal-
containing species to afford the dimetallic complex | in
which a C'=C? bond is connected to both metals. The C?
atom is the ptC in this system as shown by the planarity
of the MC1C2M'X cycle and the value close to 360° of the
sum of the bond angles around C2. The preparation of
ptC-containing, group 4 homodimetallic complex cations
seems also to involve an (alkyne)—metallocene intermedi-
ate.589° Thus, the presence of this (alkyne)—metallocene
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intermediate, or, if available, an (alkyne)—metallocene-
based reagent, seems crucial for obtaining group 4 and
13 dimetallic complexes containing one ptC.

On the other hand, more recently, implication of
alkynyl moieties for incidental ptC generation was also
observed by Rosenthal et al. in the reactivity of Ni°
complexes and titanocene (vide infra).1° Indeed, two
heterobimetallic compounds (Ti—Ni, Zr—Ni) were pre-
pared, and their crystal structure determination led to the
identification of ptC in these compounds.

éfetylide Chemistry. sz Donation as the First
ep

The chemistry of acetylides is well suited for the prepara-
tion of new compounds of group 4 elements, either by
oxidative addition of a diyne on the metal (initially Ti"
and Zr'") of ligand-stabilized metallocene or by reaction
of an alkyne compound of a group 4 element with a Lewis
metal complex. Different situations may be encountered
depending on the nature of the metal, the substituents
on the diyne or alkyne, and the stoichiometry, the simplest
situation being the formation of the homodimetallic
complex [Cp,M(u-C=CPh)], (Cp = cyclopentadienyl)
(Scheme 2).11~14 Moreover, it has been shown by Rosenthal
et al. that the Cp,Ti(Me3;SiC=CSiMe3) and Cp,Zr(THF)-
(Me3SiC=CSiMe3) compounds are convenient sources of
transient Ti- and Zr-metallocene species (Scheme 3).1°
Thus, the “Cp,Ti” titanocene and “Cp,Zr” zirconocene are
the reactive moieties on alkynes and dialkynes and can
self-organize to afford [Ti, Ti] and [Zr, Zr] homodimetallic,
as well as heterodimetallic, [Ti, Zr] complexes.® Alter-
nately, the reactivity toward diynes of these transient
“CpoM” species also allows the stabilization of these
species. The subsequent reaction of these species with
other diyne systems leads to the formation of new homo-

and heterodimetallic complexes with various structural
configurations. For example, Lang et al. have successfully
used the reactivity of alkynes coordinated to titanium or
zirconium to prepare heterodimetallic complexes in which
the second metal is an element of group 11.17:18 These
opportunities have also been exploited by Erker et al. who
used Cp,Zr(butadiene) as a source of zirconocene. Reac-
tion of “Cp,Zr” with Cp,M(C=CPh), (M = Zr, Hf) is fol-
lowed by a redistribution process which affords either the
dimeric [Cp,Zr(u-C=CPh)], or the heterodimetallic Cp,-
Zr(u-C=CPh),HfCp, complexes (Scheme 4).2° This re-
search line was further explored by studying the proto-
nation of [Cp,Zr(u-C=CPh)],, which led to the formation
of ptC.1°

Synthesis and Characterization of Groups 4
and 5 Dimetallic Complexes

All the ptC-containing dimetallic complexes reported until
recently had only one planar tetracoordinate carbon atom.
We were able to prepare and characterize dimetallic
complexes of groups 4 and 5 containing two ptCs.2° This
result was obtained in our group rather incidentally as our
primary goal was then the synthesis of dimetallic vana-
dium—titanium complexes for use as molecular precursors
in the organometallic chemical vapor deposition of car-
bonitride ceramics containing both these metals.?122 In
many heterodimetallic complexes, an electron-poor metal
(Ti, Zr) is associated with an electron-rich metal (Rh,
Ru).”23 The association in a single molecule of two
electron-poor metals is more unusual, and indeed, very
few heterodimetallic compounds of groups 4 and 5
elements have been described.?4~26 The reaction behavior
of alkyne triple bonds in substituted titanocene and
zirconocene compounds has recently been extensively
studied.1718.27=30 |n particular, the preparation by oxida-
tive addition of titanium—silver and titanium—copper
heterodimetallic compounds from [(CsH4(SiMe3)],Ti(C=
CSiMe3), and MCl, (M = Fe, Co, Ni) or M'X (M' = Ag, Cu;
X = Cl, R) has been reported by Lang et al. (Scheme 5).18

Likewise, a similar oxidative addition of Cp,Hf(C=CPh),
by Cp,Zr(butadiene) has led to the preparation of Cp,Hf-
(u-C=CPh),ZrCp,.1° These results showed the way toward
heterodimetallic [Ti, V] or [Zr, V] complexes involving the
use of acetylenic titanium or zirconium compounds.
Moreover, the synthesis of the [Cp,V(2-R1C=CR?] com-
pound (Scheme 6)3! indicated that the oxidative addition
of vanadocene Cp,V (the oxidation state of vanadium
increases from Il to 1V) on RIC=CR? alkynes was pos-
sible.32 Thus, a new route toward M—vanadium heterodi-
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metallic complexes by reaction between the appropriate
M"Y alkyne compound (M = Ti, Zr) and vanadocene was
explored. A series of M'V alkyne compounds, namely, Cp,-
Tl(CECPh)z and Cp'gzr(CECPh)z with Cp' = CsHs, CsHs-
Me, CsH,SiMes, and CsH4t-Bu, were reacted with vana-
docene. Physicochemical characterization of all resulting
compounds gave similar indications.2%:33 Elemental analy-
ses and mass spectra were consistent with a formula
corresponding to a 1:1 adduct of the two starting com-
ponents. The infrared absorption band corresponding to
the alkynyl C=C bonds, which is clearly observed at ~2065
cm~1 in the infrared spectrum of the starting M'V alkyne
compound,'317a or at lower frequencies in the range of
1960—1850 cm~! when alkynyl groups interact with
another metal,1434 was not present in the spectrum of the
metal—vanadium adduct. The measured magnetic mo-
ment (~1.73 ug), corresponding to one single electron in
the molecule, indicated that the formal oxidation state of
vanadium has been increased from Il to IV. These
observations gave the first clear indication that vana-
docene has reacted with both (C=CPh) alkynyl groups.
An intense »(C=C) band at 1600 cm~1 is observed in the
Raman spectra (along with a shoulder attributed to phenyl
group bonds), whereas no v(C=C) band is present. Thus,
all the obtained metal—vanadium adducts can be de-
scribed as heterodimetallic systems containing vanadium-
(IV) and zirconium atoms, and C=C double bonds.

It is interesting to note, however, that the reactivity of
M' alkyne compounds depends on the substituents
carried by the alkyne.3%d:34 For example, no reaction is
observed with vanadocene and when the substituent on
the alkyne is the SiMe; group.?® In relation to the previ-
ously mentioned formation of a heterodimetallic com-
pound from titanium dialkynes and CuR, an interesting
reaction concerns the 1,2-addition of the CuR moiety on
the alkynyl Ti ligand when R is [CsH3(CH,NMe,),-2,6]
(Scheme 7).18
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FIGURE 1. Molecular structure and atom numbering scheme for
CpaV(u-n%n*-butadiyne)Zr(CsH,SiMes),, 1. Reprinted with permission
from ref 20. Copyright 1998 Wiley-VCH.

Crystal Structure of Groups 4 and 5 Dimetallic
Complexes; Identification of Two Planar
Tetracoordinate Carbons

Determination of the crystal structure of the above-
described groups 4 and 5 dimetallic complexes was
possible in several cases and gave a rather unexpected
molecular arrangement.2° For example, in the structure
of compound 1 resulting from the reaction of (CsHy-
SiMej3),Zr(C=CPh), and vanadocene (Figure 1), the vana-
dium atom adopts a metallacyclopropane environment:
the V—C(2) and V—C(3) bond lengths are those expected
for a V—C o bond,3® and the C(2)—C(3) distance, 1.447 A,
is characteristic of a single C—C bond in a conjugated
system. The metallacyclopropane vanadium core observed
in 1 is quite different from a metallacyclopropene in which
the corresponding C=C bond length is typically 1.25—1.28
A 3135

Moreover, the C(2)—C(1)—C(51) and C(3)—C(4)—C(61)
bond angles in 1 are 128.4° and 129.0°, respectively, i.e.,
out of the range observed for the corresponding angles
(134—148°) in systems containing w-bonded alkynyl C=C
triple bonds.3¢ The environment around the zirconium
atom could be regarded as a n*-diene (or n*-diyne)
zirconium structure.3” Indeed, the C(1)—C(2) and C(3)—
C(4) distances (1.336 and 1.331 A, respectively) are in the
range of a C=C double bond linkage and similar to the
C=C bond length observed in the zirconacyclopropene
complex Cp,Zr(RC=CR')(PMe3) R=H,R'=Bu;R=R'=
Ph).38 The distances of Zr to C(1) and C(4), 2.224 and 2.235
A, respectively, are as expected for a Zr—C o bond (2.27
A in CpyZrMe,®9). The distances from Zr to C(2) and C(3)
are 2.458 and 2.459 A, respectively, which indicates that
the Zr atom is coordinated in an olefinic o-plane fashion
to both internal carbon atoms of the butadiene skeleton.>°b
These Zr—C(2) and Zr—C(3) distances (mean value 2.46
A) are smaller than those of Zr—C(Cp) (mean value 2.55
A), but close to the sum of the corresponding van der
Waals radii (2.42 A). The specific connections of C(2) and
C(3) to their four neighboring atoms (Zr, V, C(1), C(3) and
Zr, V, C(2), C(4), respectively) make C(2) and C(3) planar
and tetracoordinated, and the sum of the angles around
C(2), as well as around C(3), is 360°. These results show
that the zirconium atom is connected symmetrically to a
four-carbon chain which can be described as a butadiene
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(or butadiyne) fragment. For comparison, the bonding of
the Zr atom to the diene in CpyZr(y*-s-cis-2,3-dimethyl-
butadiene) corresponds to similar Zr—C distances (2.300
and 2.597 A).4° Thus, two planar tetracoordinate carbons
seem to have been identified in the crystal structure of
compound 1, which could be designated as Cp,V(u-n?:
774'butadiyne)zr(C5H4SiM63)2.

It may be noted that atoms C(2) and C(3) could also
be considered as unsaturated, and in that case, their
planar tetracoordination could have been expected. Thus,
one might alternately consider that the Zr—C(2) and Zr—
C(3) interactions may be just enforced by the butadiene
framework. The question as to whether there is an actual
electron density between the Zr atom and the C(2) and
C(3) atoms may be addressed by the determination of this
density (using, for example, a topological analysis of the
electron localization function (ELF) which is in progress33).

A similar molecular structure was observed for the
CpoV(u-n%n*-butadiyne)Zr(CsH,t-Bu), analogue compound,
2, obtained from the reaction of (CsH;t-Bu),Zr(C=CPh),
and vanadocene.#*Although crystals of compounds 3 and
4 obtained from the reaction of Cp,Zr(C=CPh), and (CsH,-
Me),Zr(C=CPh), with vanadocene, respectively, seemed
at first sight to be of sufficient quality for an X-ray
structural determination, difficulties due to a statistical
disorder were encountered throughout the refinement.
Nevertheless, for both compounds 3 and 4, the resulting
overall molecular arrangement2°-41 was found to be similar
to that observed in the fully resolved structure of 1
described above. Crystals of insufficient quality for an
X-ray structural determination were obtained for com-
pound 5 prepared by reaction of Cp,Ti(C=CPh), and
vanadocene.

Nevertheless, the physicochemical characterizations of
compounds 1-5 (elemental analysis and mass spectros-
copy, IR spectroscopy [no »(C=C) band observed), Raman
spectroscopy (v(C=C) band observed at 1550 (s) cm™—1),
and magnetic measurements (magnetic moment of ~1.73
ug)] are so consistent that it is probable that all these
compounds have a similar Cp,V(u-n2:n*-butadiyne)Zr-
(Cp')2 structure containing two ptCs.

Mechanism of Formation of Compounds 1—5

Whereas the sole determination of the crystal structure
of compounds 1-5 reveals the existence of two ptCs in
these complexes, it does not help much in understanding
their mechanism of formation. The observed reaction
between the bis(phenylethynyl)zirconocene and vana-
docene and the formation of the heterodimetallic [Zr, V]
compounds may be understood as resulting from the
transfer of the phenylethynyl group from zirconium to
vanadium to give Cp,V(C=CPh), and zirconocene “Cp,Zr”
(or Cp,V(C=CPh) and “Cp,Zr(C=CPh)”). Just as the latter
species, which has been extensively studied for its high
reactivity,*? Cp,V(C=CPh), should also be considered as
a transient species.?” Both species certainly are extremely
reactive, and stabilization of the bis(ethynyl)vanadocene
by Cp,Zr implies the reductive coupling of alkynes via the
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formation of the metallacyclopropane vanadium. Thus,
the most straightforward explanation would involve the
migration of the C=CPh moiety from the Zr environment
to the vanadium environment, while the zirconium atom
would establish bonding to the four C(1), C(2), C(3), and
C(4) carbon atoms within a u-2:y*-butadiyne arrange-
ment.

On the other hand, as mentioned above, two [Ti, Ni]
and [Zr, Ni] heterodimetallic compounds have been
prepared by Rosenthal et al. by reaction of Ni(PPh3)(#?-
PhC=CC=CPh) and Cp,Ti or Cp,Zr.1° The crystal struc-
tures of both complexes have the same skeletal arrange-
ment as that observed in compounds 1-5, i.e., involving
two ptCs. Moreover, the formation of a zirconacyclocu-
mulene species, Cp,Zr(n*-PhC=C=C=CPh), as a reactive
intermediate toward the nickel(0) complex fragment was
suggested (Scheme 8).10

Likewise, a cumulene-based complex was also claimed
to be obtained from acetylide Ti and Zr complexes, Cp,M-
(C=Ct-Bu), (M = Ti, Zr) and Cp,Zr(C=CMe),, by either
hv irradiation or adding a catalytic amount of B(CgFs)3.42
Cp:M(n*-RC=C=C=CR) (M = Ti, Zr; R = t-Bu) was
characterized by an X-ray structure determination (Scheme
9).16.30e

The study of the reactivity of the zirconacyclocumulene
species led to a recent proposition by Rosenthal et al. of
an equilibrium between the cumulene form and a (32-
RC=C—C=CR) complex (Scheme 10).44 This latter form
was revealed in the formation of the [Cp,Zr(C=CPh)(»?-
RC=C—C=CR)]~ complex anion obtained by the reaction
of Cp,ZrCl, with LiC=CPh. (Figure 2).4%
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FIGURE 2. Molecular structure and atom numbering scheme for
[CpyZr(C=CPh)(i?>-RC=C—C=CR)]~.*
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We suspect that in this case LiIiC=CPh reacts with the
zirconacyclocumulene or the [Cp,Zr(#?-RC=C—C=CR)]
form (see Scheme 10) to stabilize the [Cp,Zr(C=CPh)(»?-
RC=C—C=CR)]~ complex anion.

It should be noted that the formation of the zircona-
cyclocumulene is governed by the nature of the substit-
uents attached to the alkyne. The precursor synthon of
“Cp2Zr” obtained from Cp,Zr(L)Me;3SiC=CSiMe; (L = THF,
pyridine), reacting with t-BuC=CC=CCt-Bu and Me;SiC=
CC=CSiMe;, leads to either the zirconacyclocumulene
Cp2Zr(y*-t-BUC=CC=Ct-Bu) or [CpZr(u-n*:n?-C=CSi-
Mej3)]2.16 The substituents on the alkyne also conduct the
reactivity between Cp,M and Ni(0) complexes, and three
situations were observed by Rosenthal et al.*> (Scheme
11). Thus, a subtle balance between the electronic effects
of the different substituents attached to the diyne deter-
mine the nature of the final complex (A, B, and C in
Scheme 11). It should be noted that the Cp,Ti(u-r2:n*-
PhC=C—C=CPh)Ni(PPh3), compound mentioned by
Rosenthal et al.’® and our Cp',Zr(u-n?n*-PhC=C—C=
CPh)VCp, compounds (Cp’' = CsH;SiMe; and CsH,t-Bu),
studied in the stabilization of the zirconacyclocumulene
either with Ni(0) or with vanadocene, were observed with
a phenyl group attached to the alkyne. In this context, it
should also be noted that our attempts to prepare the

498 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 32, NO. 6, 1999

Scheme 12
CHg
CCH3 /C\\ @

c// CpoZr-- CCHj

P __CHg e
Cpa2Zr __ + CpaZr] /c — ZrCpy

Se &
CHj L HiC

heterodimetallic complex from Cp,V and Cp,Zr(C=
CSiMey), failed.?* Furthermore, the use of different electron-
donating or -accepting R groups on the Cp ring of the
dialkyne zirconocene does not change the nature of the
resulting heterodimetallic [Zr, V] complex.*t

These results prompted us to produce, and characterize
by H and 13C NMR, a zirconacyclocumulene species
within 2—3 days by adding a catalytic amount of Cp,V to
(Cp',Zr(C=CPh), (Cp' = CsHs, CsH4t-Bu)) (1:10 ratio).4146
This means that (i) vanadocene is actually involved in the
mechanism of formation of compounds 1-5 through a
transfer of the C=CPh moiety from Zr to V and (ii) a
zirconacyclocumulene species is a key intermediate in this
mechanism.

From an another point of view, we now understand
why the heterodimetallic complexes Cp,V(u-n%:1*-buta-
diyne)Zr(CsH,SiMe3),, 1, and Cp,V(u-n%:n*-butadiyne)Zr-
(CsH4t-Bu),, 2, show very sharp NMR signals, despite the
presence of a paramagnetic center in the molecule.2° This
is probably due to some dissociation of 1 and 2 in
solution, giving some Cp,V and the zirconacyclocumulene.
Indeed, the 13C NMR spectra of solutions of 1 and 2 in
deuterated toluene or THF show signals corresponding
to a quaternary carbon atom at ~181 and ~115 ppm. The
same 13C NMR chemical shifts were observed when (CsH;-
SiMe;3),Zr(C=CPh), and (CsH4t-Bu),Zr(C=CPh,) were treated
with a catalytic amount of Cp,V.4146 This shows that a
relatively easy access to the metallacyclocumulene com-
ponent is available, and possibly to ptC systems with an
appropriate choice of the second metal-containing re-
agent.

The Chemistry of ptC. Extension of This
Mechanism t0 Other ptC Systems

It may be quite possible that the mechanism proposed
above, involving the key zirconacyclocumulene intermedi-
ate, also applies in the case of other diacetylenic Zr and
Ti complexes. Recent results by Erker et al.®® have shown
that the formation of ptC is observed when a diacetylenic
zirconium complex is reacted with the cationic species
[Cp2ZrMe(THF)]* (Scheme 12).

If Cp,V and B(CgFs); are able to catalyze the formation
of a zirconacyclocumulene intermediate, why should this
not happen when Cp’',Zr(C=CPh); is placed in the pres-
ence of the cationic species [Cp,ZrMe(THF)]*? Indeed,
when (CsH;Me),Zr(C=CPh), is mixed with a catalytic
amount of [Cp,ZrMe(THF)]* in THF (in a 10:1 ratio), the
characteristic peaks of the corresponding zirconacyclocu-
mulene, (CsHsMe)Zr(n*-PhC=C=C=CPh), are observed
in the *H and 13C spectra of the resulting solution (nearly
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100% of (CsH4Me)Zr(n*-PhC=C=C=CPh) is obtained
within 2 days).#%46 This experiment confirms that the
cationic species [Cp,ZrMe(THF)]* does catalyze the CC
coupling of (CsH4Me),Zr(C=CPh)s,.

This result, involving a zirconacyclocumulene as a key
intermediate, shed more light on the reaction scheme
proposed by Erker et al. in the case of diacetylenic
complexes.®® As a matter of fact, these authors made a
proposition which seems similar to ours when monoacet-
ylenic complexes are engaged in a reaction with group
11 elements and where the acetylene is 7-bounded to the
Zr(11) species (Scheme 13).92

Different routes toward ptC-containing systems were
proposed by Erker et al.,>6 and some are depicted in Chart
1, offering a simple method to prepare a variety of metal

complexes containing one ptC electronically stabilized by
og-donor/m-acceptor interaction.

The work by Rosenthal et al.*® and our recent findings
describe a new situation (should an actual electron density
between the involved M and C atoms be confirmed) where
two ptCs are included in the same molecule via a unifying
mechanism involving the formation of a zirconacyclocu-
mulene.

This Account results from our modest contribution and from
the extensive work of U. Rosenthal and G. Erker in the chemistry
of group 4 elements and more especially on ptC-containing
complexes. We thank both these colleagues for fruitful discussion
on this Account prior to publication. We are indebted to L. Valade,
J.-S. Zhao, and D. De Caro, whose parallel research project on
molecular precursors to ceramics was the driving force of this work.
We thank J.-P. Legros and B. Donnadieu for cunningly solving
tricky crystal structures.
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