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Metallacycles of transition metals are important for many
synthetic and catalytic applications.'l In recent years, our
interest has focused on the synthesis, formation, and reactions
of three-, four-, and five-membered titana-, zircona-, and
hafnacycles,? which could be obtained by utilizing the
reactive metallocene fragment {Cp,M} (M =Ti,ZrHf)
“hidden” in a n>bounded bis(trimethylsilyl)acetylene com-
plex. The scope for using such metallocene complexes in
catalytic or stoichiometric reactions resulting, for example, in
unusual all-carbon-metallacycles has been shown on numer-
ous occasions.?!

Steric strain needs to be addressed, especially when
cumulated double or triple bonds are part of small all-carbon
metallacycles.”! For example, Johnson et al. calculated ring-
tension energies of 55 kcalmol ™! for 1,2-cyclopentadiene and
90 kcalmol ™! for 1,2-cyclobutadiene.’! Stabilization of small
strained metallacycles is achieved by means of complexation
and incorporation of external substituents.">* As a result of
rehybridization effects, the external complexation of a metal
center to C=C=C=C, C=C=C, or C=C moieties significantly
reduces ring tension. But also internal complexation (that is,
complexation of a metal center inside the ring) is observed,
which is responsible for the stabilization of unusual sterically
strained five-membered metallacycles of the early transition
metals Ti, Zr, and Hf, such as metallacyclocumulenes
(1-metallacyclopenta-2,3,4-trienes; A), metallacyclopentynes
(1-metallacyclopent-3-ynes; B), and metallacycloallenes
(1-metallacyclopenta-2,3-dienes; C, Scheme 1). Also isolobal
substitution of carbon atoms by heteroatoms decreases ring
tension owing to longer heteroatom—carbon bonds.!"?

Decreasing the ring size leads to increased steric strain
which was expected when dealing with four-membered all-
carbon-metallacycles, such as metallacycloallenes (1-metal-
lacyclobuta-2,3-dienes; D) or diverse metallaheterocycloal-
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Scheme 1. Unusual five-membered metallacycles of the early transition
metals Ti, Zr, and Hf.

lenes (Scheme 2). To date we have not succeeded in isolating
metallacycloallenes but following our interest in Group 4
metallacycle chemistry with strained rings,'”! we describe

Scheme 2. Four-membered metallacycloallenes D and metallaheterocy-
cloallenes E which is derived by formal substitution of C” by N, and F
which is derived from E stabilized by external complexation.

herein, for the first time, the synthesis, isolation, and full
characterization of a formal titanaheterocycloallene of
type E, however, it is not stabilized by an internal coordina-
tion mode as displayed in Scheme 2 but by external complex-
ation resulting in the formation of a four-membered carbene-
like complex (Scheme 2, F; Figure 1). Schrock and co-work-
ers have prepared complexes featuring such allene moieties,
for example, [Mo{Cs(Bu),{OCH(CF;).},(py).] (py=pyri-
dine) and [CpW{C;(tBu),}]JCLF! Our attempts to obtain
complexes of type D by elimination of LiCl employing
lithiated allenes, such as LiIRC=C=CRLi and metallocene
dichlorides [Cp’,MCl,] (Cp'=Cp, CsMes; M =Ti, Zr, Hf),
failed.

When one equivalent of 1,3-N,N'-dicyclohexylcarbodii-
mide dissolved in n-hexane was added to a solution of
[Cp,Ti(n*-Me;SiC,SiMe,)], the light brown solution changed
immediately to red. The color change indicated that Ti" was
oxidized to corresponding Ti"™ (Scheme 3). Within 12 h at
room temperature deep red crystals (black appearance) were
formed. Astonishingly, these crystals disappeared after fur-
ther seven days and the color changed from red to green
(Scheme 3). Single-crystal X-ray studies revealed the forma-
tion of an intriguing carbene-like complex 1 in the first
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Figure 1. ORTEP drawing of the molecular structure of 1.'! Thermal
ellipsoids set at 30% probability at 173 K. Selected bond lengths [A]
and angles [°]: Ti1—C1 2.199(4), Ti2-N1 2.154(3), Ti2-N2 2.144(3),
N1-C1 1.325(4), N2-C1 1.340(4); C1-N1-Ti2 93.6(2), C1-N2-Ti2
93.6(2), N1-C1-N2 111.2(3), N1-C1-Ti1 128.1(3), N2-C1-Til1 120.7(2),
N1-C1-Ti2 55.8(2), N2-C1-Ti2 55.4(2), Ti-C1-Ti2 175.8(2).
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Scheme 3. Synthesis of 1 and 2 (Cy = cyclohexyl).

reaction step, and a diamidinate complex 2 as the final
product in the reaction of dicyclohexylcarbodiimide with
[Cp,Ti(n*-Me;SiC,SiMe,)]. The major problem was when to
isolate 1, under which conditions (stoichiometry, solvent,
temperatures, and concentration), from this reaction mixture.
Optimization of the stoichiometry (utilization of a 2:1 ratio,
Scheme 3) led to isolation of 1 in of 41 % yield. For crystalline
2 the best yield was obtained with a 1:1 ratio and with toluene
as the solvent.

Compounds 1 and 2 are thermally stable up to over 100°C
(decomposition of 1 at 190°C and of 2 at 135°C), they are
moisture sensitive but stable as solids under argon atmos-
phere. Both compounds can be prepared in bulk and are
stable when stored in a sealed tube. These properties, together
with reasonable solubility in organic solvents, makes both
compounds good precursors for further synthesis.

The solid-state structures of both compounds are shown in
Figures 1 and 2. Complex 1 crystallizes in the monoclinic
space group P2, with two formula units in the unit cell, while 2
crystallizes in the monoclinic space group P2/c with four
formula units (and two independent molecules) in the unit
cell. Both nitrogen atoms and the carbon center of 1 are in a
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trigonal-planar coordination geometry indicating formal sp’
hybridization. As depicted in Figure 1, the main structural
motif of 1 is the planar four-membered N1-N2-C1-Ti2 ring,
which is attached to Til by the carbon atom with a Til—C1
distance of 2.199(4) A9 Also Til is part of the plane (% Til-
C1-N1-Ti2=179.0(6)°) and almost linearly linked to Ti2
through C1 (% Til-C1-Ti2 =175.8(5)°). The Til—C1 distance
of 2.199(4) A is in the range of a typical single bond (cf.
2.107(5) in [CpTiMe;]” or 2.213(2) A in the titanocene
monomethyl complex [(n’-CsMe,SiMe,),TiMe]®)). The N1-
N2-C1-Ti2 ring is slightly distorted, with two short C—N bonds
(N1-C1 1.325(4), N2—C1 1.340(4) A); ©r,,,(C-N) =1.47 and
Yro(C=N)=1.27 A; r.,, = covalent radius)"” indicating par-
tial C=N double-bond character, and two slightly elongated
Ti—N single bonds (Ti2—N1 2.154(3), Ti2—N2 2.144(3) A; cf.
Yro(Ti-N) =2.02).1
The bridging ligand in 2, which is formed from the
dimerization of two N,N'-dicyclohexylcarbodimides, acts as a
tetradentate ligand chelating the two Ti centers through four
nitrogen atoms. The X-ray study of 2 revealed
very similar structural features to those found
for 1 (Figure 2): Both four-membered rings in 2
are planar but orthogonal to each other (X (N1-
C1-C24-N4)=90.3(3),  %(N2-C1-C24-N3) =
90.5(3)°), and as expected, all the C—N dis-
tances (N1—C1 1.323(3)/N2—C1 1.323(3), and
N3—C24 1.328(3)/N4-C24 1.328(3) A), indicate
a delocalized m bond along each NCN unit.
Cy However, owing to the orthogonality of both
NCN units, no delocalization occurs along the
connecting C1—C24 bond, which is in accord
with its length of 1.527(3) A indicating a single
bond (cf. L7 (C—C) =1.54 AP)).
Cy Interestingly, bridging ligands of the type
p-i®-k*-Co(NR), can act as diamide (G,
Scheme 4) or diamidinate (H) ligands leading
either to five- or four-membered metallacycles.

Figure 2. ORTEP drawing of the molecular structure of 2.""! Thermal
ellipsoids set at 30% probability at 173 K. Selected bond lengths [A]
and angles [°]: Ti1=N1 2.177(2), Ti1-N2 2.189(2), Ti2-N3 2.163(2),
Ti2-N4 2.199(2), N1-C1 1.323(3), N2-C1 1.323(3), N3-C24 1.328(3),
N4-C24 1.328(3), C1-C24 1.527(3); C1-N1-Ti1 93.0(2), C1-N2-Til
92.4(2), N2-C1-N1 113.6(2), N2-C1-C24 124.1(2), N1-C1-C24 122.3(2),
N2-C1-Til 57.1(1), N1-C1-Ti1 56.6(1), N1-Ti1-N2 60.95(7), N3-Ti2-N4
61.33(7).
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Scheme 4. Coordination modes for the p-k?k*-C,(NR), ligand.

Two examples!'”) are known which have been obtained by
reductive  coupling:  [(MeCsH,),Sm(HMPA)],[p-1*-*
C,(NR),](thf), (R=iPr and cyclohexyl, HMPA = hexame-
thylphosphoric triamide),™ which adopts (like 2) coordina-
tion mode H (Scheme 4) and is the only other example of such
a complex, but with a considerably larger metal, and the
[Cp,Ti],[p-Kk*K*C,(NR),] (R = para-tolyl)'? with two con-
densed planar five-membered titanacycles (G, Scheme 4) in
contrast to the situation found for 2. Presumably, the nature
and size of the group R is important in favoring one of the two
coordination modes. Although in contrast to 2 the [p-1-x*
C,(NR),] ligand is planar in [Cp,Ti],[u-x*x*C,(NR),] (R=
para-toly)*? the C—C distance is also in the range of a single
bond, 1.504(6) A (cf. 1.527(3) A in 2), hence only delocaliza-
tion of the ; bond over the two CN, units was assumed, in
accord with the existence of two paramagnetic Ti'™" centers.

The assignment of oxidation state III to Ti is corroborated
by temperature-dependent magnetic measurements for 1 and
2 (Figure S1, in the Supporting Information). Complex 2
shows at 290 K a u. value of 2.35 p, which is close to the
expected value of 2.38 g for two S="'/, centers with g=
1.94.1% Whereas a very weak antiferromagnetic coupling is
observed for 2 with /J=—-8cm™, the S=0 ground state is
much more stable in complex 1 with /= —90 cm~'. Consistent
with this data, the shortening of the bridging moiety between
the Ti centers from five bonds in 2 to three bonds in 1 leads to
a considerable strengthening of the antiferromagnetic cou-
pling, in accord with the observed structural features.

The generation of the carbene-like complex 1 (with the
topology of a four-membered N-heterocyclic “Arduengo
carbene”, NHC)!" and its disappearance with the formation
of complex 2 deserves some comments. The key species for
the formation of 1 and 2 and hence for the reductive metal-
promoted C—C bond formation seems to be the biradical
cyclic titanium(III) carbene-like species 3 (J and K in
Scheme 5). Carbenes are neutral compounds featuring a
divalent carbon atom. Singlet carbenes have an in-plane lone
pair and an out-of-plane formally vacant orbital."”) NHCs are
stabilized by the presence of two heteroatoms interacting with
the carbene center. All these characteristics of a NHC are also
found in 3 except that only one electron is localized at the
carbon atom. As for NHCs, the “true” carbene nature of
“metalla-N-heterocyclic carbene” (M-NHC) 3 could be con-
troversially discussed.

The Lewis picture of 3 also includes NHC-type Lewis
representations (L-N) but their contribution should be
negligible. Computations at the UHF, B3LYP, and CAS-
(2,2)/6-31G(d) level of theory support the existence of a
titanium(I1I) species 3 as a Ti- and C-centered biradical in
accord with representations J and K in Scheme5 (see
Supporting Information Tables S6-S7). The calculated spin
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Scheme 5. Lewis representations of the intermediate biradical species
3 (as structures J-N).

density (—1.08 at Ti, 0.82 at C, 0.07 at both N atoms for the 'A
singlet species; Figure S2 in the Supporting Information)
indicates that nearly one electron is localized at the Ti atom
and along the NCN unit (but with the largest probability at
the C center). Either dimerization occurs (similar to the
Wanzlick equilibrium!" but in this case with only one electron
at the C atom) yielding paramagnetic compound 2 with two
Ti"™ centers (Scheme 6) or this carbene-like species is
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Scheme 6. Mechanism of the formation of 1 and 2.
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quenched by a second {Cp,Ti"} equivalent resulting in the
formation of 1 which slowly converts into 2. Since 1 seems to
be less soluble it was possible to isolate and characterize this
transient species.

In conclusion, we have shown that the unusual carbene-
like complex 11is easily prepared in good yields and is stable as
a solid but slowly dissociates in solution into 3, a biradical
carbene-like species with unpaired electron density at the ring
carbon and the Ti'™ center. Dimerization of this intermediate
species 3 leads to the bimetallic complex 2, the final product
of the reduction-coupling reaction of a carbodiimide and
[Cp,Ti(1*-Me;SiC,SiMe;)].
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