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Metallacycles, such as cycloallenes, dienes, alkynes, and
cumulenes, with their significant role in multiple synthetic
and catalytic processes, also attract much attention owing to
their unusual geometrical parameters and bonding features.!!
There have been many reports on the metallacyclobuta-
diene,? but more exotic and challenging are the still unex-
plored 1-metallacyclobuta-2,3-dienes 1M (four-membered
metallacycloallenes MC;R, with no substituent at the central
carbon atom of the MC; ring; M =Ti, Zr, Hf; Scheme 1a).
The carbocyclic analogue, 1,2-cyclobutadiene, has a high
calculated strain energy of 74.9 kcalmol™', thus reflecting the
difficulty in isolating a molecule of this type.”! Schrock et al.
obtained two complexes described as “deprotiometallacyclo-
butadienes”, [Mo{C;(tBu),}{OCH(CF;),},(py),] “* (2Mo) and
[CPpW{C5(tBu),}Cl1],*® which were unexpectedly formed
during the metathesis of terminal alkynes and have the

a)

1M

Scheme 1. Representations of a) a four-membered metallacycloallene
(1M) and b) known unusual five-membered metallacycles (3M-5M).
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structural skeleton of complex 1IM. Another related structure
is a n’-phenylallenyl zirconocene complex, [Cp,Zr(CH;)(1’-
C(Ph)=C=CH,)]," but this compound has three substituents
at the terminal carbon atoms of C; fragment rather than two
substituents in complex 1M. Generally, Group 4 metals have
a fascinating reputation of stabilizing reactive C, fragments in
the form of five-membered metallacyclocumulenes (3M),/°*<!
metallacyclopentynes (4M),® and metallacycloallenes
(5M)F=%) (Scheme 1b). These complexes are well-docu-
mented and show interaction of the metal with the internal
carbon atoms along with the terminal carbon atoms. Inciden-
tally, the secret for successful isolation of 1M may also lie in
stabilizing the central carbon atom of the four-membered ring
by internal complexation, as is seen from the well-known
metallcycloallyloid” 6M  (Scheme 2). Therefore, we
attempted to isolate complex 1M following previously
successful strategies starting from lithiated allenes (LiRC=

+, +
Removal of X~
M X M T~ M > = M
6M M

Scheme 2. Generation of complex TM from a metallacycloallyloid com-
plex 6M.

C=CRLi; R=Ph) and metallocene dichlorides [Cp’,MCl,]
(Cp'=CsHs or CsMes; M=Ti, Zr, Hf). The unexpected
failure of this attempt to isolate complex 1M prompted us to
address the problem theoretically.

Herein, we present a way of stabilizing an unusual
structure 1M using suitable substituents in conjunction with
a transition-metal fragment in an experimentally viable way,
whereby an unprecedented M---C interaction is observed. This
challenging complex also presents insights into an all-
pervasive but occasionally controversial topic, namely the
chemical bond. The study gives a critical account of the
various traditional analysis of bonding using molecular orbital
(MO) and natural bond orbital (NBO)® approaches, espe-
cially for a chemical bond that appears to be very crucial for
amolecule on the basis of chemical intuition. We have studied
complexes IM_R (M =Ti, Zr, Hf in {Cp,M})"! with substitu-
ents R=H, Ph, CH;* as well as with several special
substituents R =NH,, NMe,, piperidino, NHC, and CO at

[*] Notations for the structures 1Ti_R: The substituents on C1 and C3
are represented by R, for example 1Ti_CH; denotes [Cp,TiC;(CHs),]
(Cp=CsHs); R=H, Ph, CH;, NH,, NMe,, piperidino, NHC, CO
(NHC = N-heterocyclic carbene, here imidazol-2-ylidene).
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the BP86!'""/def2-SVPI'"? Jevel of theory™ using the Gaus-
sian suite of program packages.['!

Stability of the wavefunction of complex 1Ti_R was
checked for each case regarding the possible complex
electronic structure for this molecule. The singlet state is
found to be the most preferred one over the triplet state and
the open-shell singlet state for these complexes unless
otherwise specified.

The optimized structure of complexes 1Ti_R with R=H,
Ph, CH; takes up a tilted geometry with the MC; ring
deviating from the plane (equatorial plane) that bisects the
Cp,M angle; the substituents R deviate out of the M-C1-C2-
C3 plane to a significant extent (Scheme 3a,b; Supporting
Information, Table S1).

a)

R R
Cp, 1 Cp, 1
\ \
T 2 JTi > 2
Cp’ 3 Cp’ 3
R R

Tilted

1Ti_R (Tilted) 1Ti'_R (Planar) Planar

Scheme 3. a) Representations of the optimized structures of complex
1Ti_R (R=H, Ph, CH;) and the planar complex 1Ti'_R. b) Planar
versus tilted: ¢ represents the deviation of the MG; ring from the Cp-
M-Cp bisecting plane and J represents the deviation of the substitu-
ents R from the M-C1-C2-C3 plane in complex 1Ti_R. C blue, M crim-
son, R green.

The constrained structure with no distortion, denoted
1Ti'_H, comes out as a first-order saddle point that is
20.0 kcalmol™" higher in energy than the optimized complex
1Ti_H. The triplet state of complex 1Ti_H, which adopts
a planar structure, is calculated to be less stable than the
singlet state by 10.0 kcalmol ™' (for other complexes, see the
Supporting Information, Table S3). Fragment molecular orbi-
tal (FMO) analysis!™” using the ADF2007.01 program pack-
agel'! was carried out for complex 1Ti_Ph to obtain a better
understanding of the interactions in the complex by dividing it
into two fragments: the metal fragment (Cp,Ti), where the Ti
atom is in the formal oxidation state + 2 with two valence (d?)
electrons, and the allenic ligand fragment C;R,. There are two
MOs found in complex 1Ti_Ph: HOMO and HOMO-2
(Scheme 4; Supporting Information, Figure S1) that are
responsible for two Ti—C bonds, which can be assigned to
the two terminal Ti—C bonds of 2.202 A (compared to the
calculated Ti—C o bond length of 2.168 A in [Cp,TiMe,)).
Despite close interatomic distances of the Ti—C1/C3 bonds
(2.202 A) and Ti-~C2 (2.211 A), there is no MO correspond-
ing to a distinct Ti-+C2 interaction. We could not locate any

HOMO

HOMO-2

Scheme 4. Important molecular orbitals of complex 1Ti_Ph.
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lone pair on the central carbon atom C2 in complex 1Ti_Ph as
may have been anticipated from Scheme 2. Both C1—C2 and
C2—C3 have two bonding orbitals, one o and another &t with
high occupancies (Supporting Information, Table S4).

The correlation diagram (Figure 1) between the planar
and tilted structure of complex 1Ti_Ph reveals that the planar
complex 1Ti’_Ph has a very small HOMO-LUMO energy gap
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Figure 1. Correlation diagram between the untilted (or planar) struc-
ture 1Ti’_R and the tilted structure 1Ti_R (R="Ph). The variation of the
energy of HOMO and LUMO is plotted as a function of distortion in
complex TTi_R (on both sides). 1Ti_R_C refers to the other conformer
of complex 1Ti_R. 1Ti_R1 and 1Ti_R_C1 are intermediate structures.!"”!

and consequently it undergoes structural distortion, thus
allowing mixing of these MOs to stabilize the tilted complex
1Ti_Ph to a greater extent.”® Importantly, the metal can
effectively interact with the central carbon atom C2 in the
planar structure (LUMO; Figure 1). However, this MO needs
to be filled up by electrons to stabilize the planar structure
1Ti’_Ph, where the MG, ring is coplanar with the equatorial
plane of the Cp,M moiety. Indeed, the dianionic complex
1Ti”_Ph, which has two more electrons than 1Ti_Ph, adopts
a planar structure. There are specific ways of providing two
electrons to complex 1Ti_R in neutral state: a) by using
Group 6 metals (complex 7M); b) by incorporating two
nitrogen atoms in the ring to form a heterometallcycloallene
(8Ti); and c) by using appropriate substituents that are
capable of donating two electrons to complex 1Ti_R (R=
NH,, NMe,, piperidino, NHC, CO; Scheme 5).

In support of the first possibility, there are already the two
above-mentioned Group 6 complexes, namely the molybde-
num 2Mo and tungsten complexes. Thus, our theoretical study
also provides a justification for the ease of formation of the
Mo and W complexes during the metathesis of alkynes. We

Angew. Chem. Int. Ed. 2012, 51, 5347 —5350


http://www.angewandte.org

C R using appropriate C ;\R incorporating C l}
p\T‘ > substituents p\T' > heteroatoms p\T‘ /N>> 2
K L ¢ — 1 e & 1 H
Cp" R=NH, NMe,,  Cp" " N,
R piperidino, NHC, CO R R
1Ti R 1Ti_R (R=H, Ph, CHs) 8Ti
with Group 6 metals
M=Cr, Mo, W
R
Cpy
M)
Cp
R
™

Scheme 5. Representation of the transformation of tilted complex
1Ti_R to planar species.

have also reported Ti-NCN metallacycles (8Ti; Scheme 6a),
which undergo coupling with another Cp,Ti fragment or
dimerize to form two dinuclear titanocene complexes.!'”)

R
Cp, {
Ny N
S cp”
R R
8Ti 1Ti_ R HOMO HOMO-1

Scheme 6. Representations of a) complex 8Ti (R=cyclohexyl) and
b) complex 1Ti_R (R=NH,, NMe,, piperidino, NHC, CO). c) Impor-
tant molecular orbitals of complex 1Ti_Pip.

The isodesmic equation devised to ascertain the thermo-
dynamic feasibility of synthesizing complexes 1Ti_R with
substituents R = H, Ph, CH; with respect to the model known
complex 9Mo*” shows the reactions to be endergonic, which

is in agreement with our unsuccessful attempted synthesis
(Scheme 7).

9Mo 1Ti_R
R| H Ph CH; NH., NMe, Piperidino NHC CO

AG|17.2 97 138 -06 -84 -8.6 -37 6.6

Scheme 7. Isodesmic equation for complexes 1Ti_R (R=H, Ph, CH,,
NH,, NMe,, piperidino, NHC, CO) and AG [kcal mol™'] calculated at
the BP86/def2-SVP level of theory.

Complexes 1Ti_R with substituents R=NH,, NMe,,
piperidino, NHC, and CO that are capable of providing two
more electrons to the complex in comparison to complexes
1Ti_ R (R=H, Ph, CHj;), have a planar structure (Sche-
me 6b).

Angew. Chem. Int. Ed. 2012, 51, 5347 —5350

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

The significant change in Ti—C bond lengths, which range
between 2.072 A and 2.081 A in these planar complexes
compared to that of complexes 1Ti_R (2.202 A for R=H,
Ph), is attributed to the occupation of HOMO (Scheme 6c¢) of
the complexesalong with the presence of a HOMO-2 orbital
(Scheme 4). These MOs involve in-phase interaction between
the metal d orbital and the terminal carbon (C1 and C3)
p orbitals.

Significantly, in the complex 1Ti_Pip (Pip = piperidino)
we can locate the filled MO (HOMO, Scheme 6¢) that is
responsible for interaction between the Ti atom and the
central carbon atom C2 (Ti-~C2=2242 A). NBO analysis
also confirms the existence of a distinct Ti—C2 bond with an
occupancy of 80.9% with 0.297 Ti(d) 4+ 0.703 C2(p) compo-
sition. This is crucial for the stability of the unusual four-
membered ring. The Wiberg bond index (WBI) of the Ti—C2
bond is 0.603 compared to WBI of 0.840 of the terminal Ti—C
bonds. Furthermore, a considerable decrease in the NBO
charge at the Ti center in complex 1Ti_Pip compared to that
of complex 1Ti_Ph (from 0.98¢ to 0.15e¢) is indicative of
electronic charge-sharing between the C2 and Ti atoms, thus
providing support for the Ti—C2 bonding in the former
complex.

The average allene C—C bond length in complex 1Ti_Pip
is 1.378 A, which is longer than the standard allene C—C bond
length of 1.307 A.?Y This is ascribed to the m-donating effect
of the piperidino group into the p orbitals at C1 and C3 of
complex 1Ti_Pip, which disturbs the mt system of the allene
moiety by causing polarization of the m bonds towards the
central carbon atom. This effect has been observed in a four-
membered carbocyclic allene molecule synthesized by Ber-
trand et al. with cyclic amine substituents.”” The resulting
bent C-C-C skeleton is consistent with the nonlinear struc-
tures of heavier Group 14 element analogues with weak
7 bonds (Si=Si=Si 136.58,*1 Ge=Ge=Ge 122.68"!).> The
HOMO, which has significant interaction between the Ti
atom and the central carbon atom C2 and the HOMO-1,
which is non-bonding, have larger contributions from the
central carbon atom C2 (Scheme 6c). The Ti--C2 interaction
presented herein is unprecedented. The m MO, which has
large coefficient at C2, can be treated as lone pair, as shown
by NBO analysis. In the case of complex 1Ti_NHC, involve-
ment of melectrons of the NHC in conjugation with the
p orbitals at C1 and C3 causes disturbance to the & system of
the allene moiety, resulting in the increase of C—C bond
lengths.

Importantly, these complexes do not have a typical
reactivity like biradicals or carbenes at the central carbon
atom C2, which increases the chances of isolating the
complexes significantly. The calculated NICS (nucleus-inde-
pendent chemical shift)?! values at the ring center, NICS(0),
and 1A above the ring, NICS(1), are —27.0 and —14.0,
respectively, in complex 1Ti_Pip (compared to NICS(0) and
NICS(1) values of —8.5 and —10.7 of benzene at the same
BP86/def2-SVP level of theory). These results suggest that the
MG,; ring is in-plane aromatic, as might have been envisaged
from the HOMO of the complex. Moreover, the extraordi-
nary electronic situation at C2 may render the complexes with
interesting chemical properties.
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Encouragingly, complexes 1Ti_R with R =NH,, NMe,,
piperidino, NHC, and CO are calculated to be energetically
feasible from the isodesmic equation (Scheme 7). The reac-
tions are significantly exergonic for complexes 1Ti_R with
substituents NMe,, piperidino, NHC, and CO. The enhanced
stability of these complexes is attributed to the filling-up of
the in-plane molecular orbital (HOMO, Scheme 6¢), which
renders planar structures for the complexes endowed with the
crucial Ti--C2 interaction. Formation of the Ti—C2 bond in
the planar complex 1Ti_R (Scheme 6b, compare with stable
18-electron [Cp,ML;] complexes;®! M =d’ transition metal,
L=o-donor ligand), engenders it with the familiar 18-
electron configuration, justifying further its stability. In
contrast, absence of this bond in the tilted complex 1Ti_Ph
makes it an unfeasible 16-electron complex. Recent charac-
terization of the four-membered carbocyclic allene® mole-
cule with cyclic amine substituents also strengthens the
possibility of experimental realization of these complexes.

In conclusion, we have shown from a comprehensive
theoretical study that a Group 4 metal can stabilize the exotic
four-membered metallacycloallene by interacting with the
central carbon atom of the MC; ring along with two strong
terminal M—C bonds. Substituents, such as acyclic and cyclic
alkylated amines like NMe,, piperidino, and NHCs, which are
capable of donating two electrons to the complex, stabilize it
significantly to make it synthetically viable. The existence of
the crucial M—C2 bond in the MC; ring is supported by MO
and NBO analyses as well as by the enhanced stability of the
complexes.
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