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CONSPECTUS: Transition metals help to stabilize highly strained 'Z”,',’,j,',j’,'("\‘ Isomerization
. . . "—C Coupling :
organic fragments. Metallacycles, especially unsaturated ones, provide o (R' ’ R ~
much variety in this area. We had a sustained interest in understanding ) o Tone, A
~C Cleavage vicp, P 2

new C—C bond formation reactions affected by binuclear transition R CpM S
¢ R cpM | C—C Coupling

metal fragments Cp,M. One such study led to the exploration of the / R R

R

bimetallic C—C cleavage and coupled complexes, where the acetylide CpM
ligands bridge two metal atoms. The underlying M—C interaction in

these complexes inspired the synthesis of a five-membered cyclo- R R Radialene complex
cumulene complex, which opened a new phase in organometallic .:> — |

chemistry. The metallacyclocumulene produces a variety of C—C

cleavage and coupled products including a radialene complex. Group 4 Metallns T aulene |

metallocenes have thus unlocked a fascinating chemistry by stabilizing : !
strained unsaturated C, organic fragments in the form of five-membered

metallacyclocumulenes, metallacyclopentynes, and metallacycloallenes.
Over the years, we have carried out a comprehensive theoretical study to
understand the unusual stability and reactivity of these metallacycles.

The unique (M—C/;) interaction of the internal carbon atoms with the Fourmmored Formmmmred

metal atom is the reason for unusual stability of the metallacycles. We Metallacycloallene Heterometallacycle

have also shown that there is a definite dependence of the C—C

coupling and cleavage reactions on the metal of metallacyclocumulenes. It demonstrates unexpected reaction pathways for these
reactions. Based on this understanding, we have predicted and unraveled the stabilization factors of an unusual four-membered
metallacycloallene complex. Indeed, our prediction about a four-membered heterometallacycle has led to an interesting bonding
situation, which is experimentally realized. This type of M—C bonding is intriguing from a fundamental perspective and has great
relevance in synthesizing unusual structures with interesting properties.

In this Account, we first give a short prologue of what led to the present study and describe the salient features of the structure
and bonding of the metallacyclocumulenes. The unusual reaction pathway of this metallacycle is explored next. Similar features of
the metallacyclopentynes and metallacycloallenes are briefly mentioned. Then, we discuss the exploitation of the unique M—C
bonding to design some exotic molecules such as a four-membered metallacycloallene complex. Our efforts to build a conceptual
framework to understand these metallacycles and to exploit their chemistry continue.

N
Cp,M MCp,
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M =Ti, Zr, Hf

Metallacyclopentyne Metallacycloallene

B INTRODUCTION Buchwald, among others, have pioneered the use of group 4
metals in the synthesis of important and complex organic
molecules through the involvement of metallacycles.” Here we
focus on unsaturated metallacycles generated from the Cp,M
(Cp = C¢H;) fragments and hydrocarbons such as RCCCCR,
RHCCCCHR, RCCCRCHR/, RCCCR, and their heteroana-
logues (Scheme 1). We have used in this study computational
methods that over the years evolved as a powerful technique
not only to complement experimental studies but also to design
new experiments and develop novel concepts.

Group 4 metallocenes (Cp,M) with their 14e configuration

Transition metals have attained superstar status for making
seemingly impossible transformations possible under normal
conditions and for providing unprecedented bonding situations
that expand our understanding of the chemical bond.'
Metallacycles provide much variety in this area. The
involvement of metallacyclic intermediates, such as metal-
lacyclobutane and metallacyclobutadiene in olefin and alkyne
metathesis is well-known.””* Metallacyclopentane and metal-
lacyclopentadiene with no direct metal-C; bonding inter-
actions are well documented.®> The in situ generated metal-

locenes (Cp,M) of group 4 metals (M = Ti and Zr) have a are both coordinatively and electronically unsaturated. The
special position in this chemistry because of their capability in

forming several unsaturated metallacycles on reactions with Received: April 19, 2014

unsaturated hydrocarbons.6 Nugent, Negishi, Nakamura, and Published: August 29, 2014
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Scheme 1. Schematic Representations of Various Metallacycles
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Scheme 2. Frontier Molecular Orbitals of a Bent
Metallocene (Cp,M, M = Ti, Zr, or Hf) Unit
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bent group 4 metallocene, with a d* configuration (M*?), has
three in-plane frontier molecular orbitals in the equatorial plane
bisecting the CpMCp angle (i—iii, Scheme 2) with two valence
electrons.® Thus, Cp,M is isolobal to carbene because both
have two electrons in a set of a; and b, orbitals. However,
carbene cannot stabilize the strained organic fragments as the
Cp,M fragment does with its more diffuse orbitals having more
varied extensions in space under the same symmetry. This is
why replacement of CH, fragments in organic molecules by
isolobal Cp,M (M = Ti, Zr and Hf) fragments brings dramatic
changes in the structure, bonding, and reactivity of the
organometallic complexes in comparison to the organic
counterpart.5
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Our interest in Cp,M fragments started with a search for new
C—C bond forming reactions. One such study’ led to the
analysis of structural variations in the complexes where the
acetylide ligands (—C=CR) bridge two metal atoms (Scheme
1). The bimetallic complexes of Li, Be, Na, and Al have the
structures 1M or 2M with very little involvement of the 7 MOs
of the acetylide in M—C bonding.” In contrast, Cp,M
fragments prefer structures 3M where in-plane 7 and 7*
orbitals of the acetylides interact strongly with the metal
orbitals and 4M with a new C—C bond. The Cp,Zr fragment
prefers the acetylide structure 3M, and Cp,Ti prefers the 4M.
The preference for 3M or 4M also depends on the substituent
R (Table 1).

These observations inspired many chemists” and led one of
us to isolate the structure SM (M = Ti or Zr, Scheme 3).'° This
is the smallest cyclocumulene to be isolated and characterized.
The metallacyclocumulene SM also produces a radialene
complex 6M, a formal [2 + 2] cycloaddition product, but
only for M = Ti (Scheme 3)."" Surprisingly for M = Zr, only
the C—C cleavage product 3Zr is obtained (Table 1).'> Earlier,
Buchwald and co-workers also tried to synthesize such a
complex 6Zr with SiMe; substituents'® but were unsuccessful.
However, the synthesis of metallacyclocumulene led chemists
to the isolation of two related structures, metallacyclopentyne'*
and metallacycloallene,"® as well as four-membered metal-
lacycloallenes and heteroallenes (7M, 8M, and 9M, Scheme 1).
The status of these attempts forms the subject of this Account.

B METALLACYCLOCUMULENES

Many derivatives of metallacyclocumulenes (SM) are known
experimentally for metals Ti, Zr, and Hf.'*'® Calculations show
that all M—C bonds are within the bonding range with
significant internal M—Cy interactions (Figure la; Table SI,
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Table 1. Known Structures of 1IM—8M (Scheme 1)

metallacycle M ligand (L,) substituent R? metallacycle M ligand (L,) substituent R?
1 Li Tmpda Ph (9) 3 Zr (CsHMe), Ph (20)
1 Be (NMe;)(C=CMe) Me (9) 3 Zr Cp (u—n*-CsH,) Ph (20)
1 Be (NMe,)(Me) Me (9) 3 Zr Cp (u—n>-CiH,) SiMe; (20)
1 Ti (CsH,),SiMe, Ph (20) 3 Zr (u—n’-CsH,) (7°-CHsSiMe,) SiMe,  SiMe; (20)
2 Be (NMe,)(C=CMe) Me (9) 4 Ti Cp, Ph, tBu, SiMe, (20)
2 Al Ph, Ph (9) 4 Ti (C;H,Me), Ph (20)
2 Al Me, Me (9) S Ti,Zr Cp, tBu (6)
2 Ga, In Me, Me (9) S Zr Cp*, Ph or SiMe; (6)
2 Er Cp, CMe, (9) 6 Ti Cp, Ph (11)
2 Cudg  (MeP), Ph (9) 7 Ti Cp, H, SiMe, (26)
2 Sm (CsHMe), CMe; (9) 7 Zr Cp, SiMe,, tBu (14)
3 Ti (CsH,),SiMe, Ph (20) 7 Zr Cp*, H (26)
3 Ti (CsH3Me,), SnMe; (20) 7 Hf Cp, SiMe, (26)
3 Zr Cp, SiMe; nBu (20) 8 Zr,Hf Cp, tBu, SiMe; (15)

“References for the corresponding structures are given in parentheses after the substituents.

Scheme 3. Schematic Representation of Synthetic and Reactivity Pathways for Five-Membered Metallacyclocumulene SM

Synthetic pathways

Reactivity pathways

R
R
| 4 )
| | Cp,M MCp, MCp>
s1 + CpM
szM + \ /
|| e
R
Il? R 3M 4M
R
e R R
7z / h
szM/ s2 ~ _=
\\ CooM MCp,
\\ ] _— =~
M=Ti,Zr,R=H
R oM R

Supporting Information). The analysis of computed C—C bond
length and bond indices and population analysis (NBO)
suggests cumulenic nature for SM.®> The metal atom and the
four carbon atoms of the MC, ring in SM are coplanar, and
there is a strong bonding interaction between the metal and all
four carbon atoms orbitals (HOMO, HOMO — 6 in Figure
1b).

The bonding of SM can be best analyzed from a fragment
molecular orbital approach.'” The three frontier orbitals of the
Cp,M fragment (Scheme 2) are in the MC, plane. The in-plane
frontier orbitals of the RCCCCR fragment are very similar to
the 7 MOs of butadiyne or butadiene. These are constructed
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from the two in-plane p orbitals on the two central carbon
atoms (C2 and C3) and the sp* hybrid orbitals on the terminal
carbon atoms (C1 and C4). Out of the four resulting MOs, the
lowest two MOs are occupied.'” The LUMO of the C,H,
fragment, which is bonding between C2 and C3, is similar to
the in-plane equivalent of the LUMO of butadiene z-orbitals.
The strongest stabilizing interaction is between this LUMO of
the C,H, fragment and the HOMO of the Cp,M fragment
strengthening the C2—C3 bond (HOMO, Figure 1b)."” The
other stabilizing interaction is the donation of electrons from
the HOMO — 1 of C,H, into the LUMO + 1 of the metal to
form HOMO — 6. The bonding is similar to the ligand to metal

dx.doi.org/10.1021/ar5001567 | Acc. Chem. Res. 2014, 47, 2917—2930
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Figure 1. Optimized geometrical parameters of SM (a) and its important MOs (b).

Scheme 4. Reaction Pathways for the C—C Coupling and Cleavage Reactions of Metallacyclocumulene SM (R1, Scheme 3)“
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“Relative energies (kcal/mol) are calculated with respect to SM at B3LYP/def2-SVP level of theory for M = Ti (blue) or Zr(green). Energy barriers
for each step are given in parentheses. Energy of the SM and the isolated Cp,M are taken as reference.

donation and metal to ligand back bonding observed in the
Dewar—Chat—Duncanson model, except for the C2—C3
bonding nature of the acceptor orbital on C,H,. The analysis
suggests the metallacyclic structure SM to be the major
descriptor of the complex.>'® The calculated nucleus-
independent chemical shift (NICS) values for 5Zr (R = H)
are —30.41 and —14.37 at the ring center and 1 A above the
ring center. Obviously, there is cyclic delocalization of electrons
in the complex. Thus, NICS calculations and other analysis
reveal SM to be neutral in-plane aromatic.’Aromaticity plays an
important role in stabilizing such strained systems as was
recently observed in the reported osmapentalenes,'” where an
unsaturated C, fragment interacts with a metal.
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B REACTIVITY OF METALLACYCLOCUMULENES

Generally the metallacyclocumulene SM, formed from the
reaction of Cp,M with butadiyne (RC=C—C=CR), reacts
with another mole of Cp,M to produce the C—C cleavage
product 3M or the C—C coupled product 4M depending on
the metal and the substituents (Table 1).° We had established
the mechanism of these reactions and unraveled the reason for
the different preferences of Ti (4Ti) and Zr metals (3Zr).”° We
present very briefly the pathway for formation of the complexes
3M and 4M and also show how radialene 6Ti is formed

through an unusual mechanism.

dx.doi.org/10.1021/ar5001567 | Acc. Chem. Res. 2014, 47, 2917—2930
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Scheme 5. Plausible Reaction Pathways for the Formation of Radialene Complex 6M
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B C-C CLEAVAGE AND COUPLING REACTIONS

The formation of the C—C coupled product 4M via
intermediates 10M, 11M, and 3M is found to be the most
favorable pathway.’”>! Direct conversion of 10M to 4M is not
teasible due to the higher reaction energy barrier of 31.9 kcal/
mol associated with this step, in comparison to 14.4 kcal/mol
calculated as the highest barrier for the favorable pathway
(Scheme 4).2%*! The isomeric 3M—4M transformation is the
important step that differentiates between Ti and Zr in the
mechanistic scheme.

The unusual C—C coupling that led to the Ti complex (4M)
and the absence of it in the corresponding Zr complex (3M) is
attributed to the thermodynamic energy difference between the
two isomers. The C—C coupled product 4Ti is calculated to be
lower in energy by 6.8 kcal mol ™' compared with 3Ti (R = H).
But the C—C cleavage product 3Zr is lower in energy than the
C—C coupled product 4Zr by 8.8 kcal mol™". The difference in
the diffuse nature of the valence atomic orbitals of the two
metals suggests an explanation. The more diffuse orbitals of Zr
lead to longer Zr—acetylide o-ligand distance, which in turn
causes longer C2—C3 distance (2.993 A) in 3Zr. Simulta-
neously the orbitals of the same Zr interact strongly with the 7
MOs of the other acetylide. The similar interaction is not as
strong with Ti with its less diffuse orbitals. In addition, the C3
unit in 4M interacts better with Ti, bringing 4Ti lower in
energy than 3Ti. These are reflected in the exothermicity of the
equation 3Ti + 4Zr — 4Ti + 3Zr of 15.6 kcal/mol at B3LYP/
def2-SVP.***! The energy barrier and the extent of movement
of atoms required in the reaction follow the Evan Polyani’s and
Hammond’s postulates.”” However, the energy differences

involved are not very large. Calculations reveal that electron
withdrawing substituents such as R = F could draw the
acetylides closer to the metal, thereby bringing the two C atoms
closer to drive the 3M—4M equilibrium to the C—C coupled
product 4M for both Ti and Zr metals.*

B DIMERIZATION OF METALLACYCLOCUMULENES

Dimerization of SM to give radialene 6M is exothermic by 18.9
and 18.6 kcal mol™" (dimerization energy; basis set super-
position error (bsse) corrected) for Ti and Zr metals,
respectively, but only 6Ti is known.”' The direct [2 + 2]
cycloaddition pathway is not symmetry allowed. A stepwise

Scheme 6. Titanacyclopentadiene—Titanacyclopentene

Complex
R

.

~x
Cp.Ti \ R

==~ TiCp,

R
R =Ph, Me
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Figure 2. Optimized structure of 7Zr and bimetallic complex 1SM.

15M

mechanism also did not distinguish between Ti and Zr analogs;
the calculated barrier for the first step in the dimerization of SM
is 17.0 kcal mol™ for Ti and 20.8 kcal mol™ for Zr (Scheme
5).>' The absence of the formation of 6Zr requires another
mechanistic explanation.''

The #*-metallacyclocumulene SM is observed to exist in
equilibrium with its isomeric three-membered 7*-metallacyclo-
propene 12M.** The barrier for the SM—12M isomerization via
TS5 is calculated to be 10.8 kcal mol™ for Ti and 22.8 kcal
mol™ for Zr. The HOMO of the transition state TS indicates
the M—C bond breaking (Scheme ). This barrier difference of
isomerization reflects the two metals’ ability to interact with the
carbon atoms of the C, s-ligand. With its more contracted
orbitals, the Ti interacts effectively with a C, ligand in 12Ti,
while the larger Zr binds better with the C, ligand in 5Zr. This
trend holds true for all the substituents as is evident from the
free energy difference of the two complexes SM and 12M for
the two metals (Table S3, Supporting Information). The
stability of the n*-alkyne z-complex increases with increasing
electron-donating substituents on carbon for both Ti and Zr
complexes. The Cp*,Zr fragment (Cp* = CsMe;) reacts with
Me;SiC=C—C=CSiMe; to form the 5*-complex, Cp*,Zr(1*-
1,2,3,4-Me;SiC,SiMe;), while smaller Cp*,Ti generates the
three-membered 7*-complex, Cp*,Ti(n*1,2-Me,SiC,C=
CSiMe;,)."® Generally Zr forms the n*-complex with an
additional ligand.

Indeed, the titanacyclopentadiene—titanacyclopentene com-
plex (Scheme 6), which was isolated during the formation of
6M, supports the existence of 12Ti."" The metallacyclopropene
12M, on reductive coupling with another molecule of 1,3-
butadiyne (RC=C—C=CR), can form the bis(alkynyl)-
metallacyclopentadiene 13M with low barrier height (Scheme
5). Bis(alkynyl)metallacyclopentadienes are known. Coordina-
tion of 13M with Cp,M to give 14M is significantly exothermic.
The reaction of bis-alkyne complex 14Ti to the radialene
complex 6Ti is nearly barrierless. Thus, the decisive step is the
SM—12M isomerization. This kind of reaction path was
suggested for the reaction of Me;SiC=C—CH,—C=CSiMe;
with zirconocene.”* The preference of Zr for M, rather than
12M, is evident from the structural features as well (Table S1,
Supporting Information). There are several products observed
that support that Zr prefers SZr while Ti tends to choose
12Ti'¢ Additionally formation of 6Hf from SHf at higher
temperature, which may allow the conversion to 12Hf,
reinforces this mechanistic proposal.”’
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B METALLACYCLOPENTYNES AND
METALLACYCLOALLENES

The stabilization of SM led to the anticipation of metal-
lacyclopentyne 7M and metallacycloallene 8M. Suzuki et al.

Scheme 7. Optimized Geometrical Parameters of
Metallacycloallene 8Hf (anti)
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synthesized 7Zr,'** which contains a strained alkyne unit

(Figure 2). Molecular orbital analysis suggests that the strong
interaction between the metal and C; atoms stabilize this
system.>'®*® All five atoms of the MC, ring are coplanar in
7Zr. A detailed analysis of the calculated NICS values at the
ring center and 1 A above the ring center (—44.76 and —18.44,
respectively, for 7Zr, R = H) shows it to be a neutral
bishomoaromatic® with both in-plane and out-of-plane
delocalization. However, there is a perpendicular z-orbital
(HOMO - 1) in 7Zr, which is mainly localized on the Cj
atoms (C2 and C3). These z-orbitals can interact with a second
metal.”” This proposition is exemplified by the existence of
Cp,M(u—n:n-H,C,H,)M'L,”” (15M, Figure 2) where M = Zr
and M'L, = ZrCp, or Ni(PRy),.

Erker et al. synthesized the five-membered metallacycloallene
8M containing a strained allene unit with R = SiMe; or tBu
(Table 1 and Scheme 7)."* The MC, unit in 8M, unlike in SM

dx.doi.org/10.1021/ar5001567 | Acc. Chem. Res. 2014, 47, 2917—2930
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or 7M, is not planar. We have analyzed the structure and
bonding of 8Hf; the calculated structural parameters are in
good agreement with the values from the X-ray crystal structure
(Scheme 7)."”

The structure 8Hf (anti) with a near-planar HfC, unit turns
out to be the transition state, and the barrier for conformational
isomerism of 8Hf (anti, R in opposite site w.r.t. B(C¢Fs), in the
nonplanar ring) to 8Hf (syn) with R = SiMe; is calculated to be
28.2 kcal/mol, which is somewhat higher than the experimental
value of 14.4 + 0.3 kcal/mol."> The similarity of Hf—C1 and
Hf—C2 bond lengths indicates that there is a strong interaction
between the metal atom and the internal carbon atom C2 along
with a distinct Hf—C1 bond. The interaction between the metal
atom and the carbon atom C3 is not as strong compared with
that of Hf—C1 and Hf—C2 bonds. Naturally the Hf—C3/C4
bonds are relatively longer than the Hf—C1/C2 bonds (Scheme
7). The NBO analysis suggests an allenic arrangement in 8M.
In essence, M—C bonding as in SM and 7M stabilizes 8M.

B FOUR-MEMBERED METALLACYCLOALLENES

The study of metallacyclocumulenes, metallacyclopentynes, and
metallacycloallenes led us to four-membered metallacycloallene

Scheme 8. Schematic Representations of a Four Membered
Metallocycloallene 9Ti and the Planar Complex 9Ti’

sR R
i 2 i 2
\\\\“ \\\\“
cp® 3 Cp® 3
R
oTi oTi'

complexes 9M (Scheme 1).*® The carbocyclic analogue 1,2-
cyclobutadiene is too strained to be isolated. It may be noted
that there are many reports on metallacyclobutadienes
(MC;3R;).*® Schrock et al. had described two complexes with
similar structural skeleton to 9M, “deprotiometallacyclobuta-
dienes” [Mo{C;(tBu),}{OCH(CF;),},(py),] (16Mo) and
[CpW{C;(tBu),}Cl], during the metathesis of terminal
alkynes.30 Herein, we present an analysis of bonding in 9Ti
(Scheme 8) and suggest synthetic approaches.
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Figure 3. Correlation diagram between the planar structure 9Ti’ and
the tilted structure 9Ti (R = Ph). The energy change of the HOMO
and LUMO is plotted as a function of distortion in 9Ti.

The optimized structure of 9Ti with R = H, CHj;, and Ph has
a tilted geometry. The MC; ring deviates from the plane
(equatorial plane) that bisects the CpMCp angle. In addition,
the substituents (R) are out of the M—C1—C2—C3 plane to a
significant extent (Scheme 9). The planar structure 9Ti’ (R =
H) with constrained geometry turns out to be a first-order
saddle point, which is 20.0 kcal/mol higher in energy than the
optimized complex 9Ti (R = H). The HOMO and HOMO — 2
(Scheme 9) are two MOs of 9Ti (R = Ph) that predominantly
constitute the Ti—C bonds of 2.202 A (cf. calculated Ti—C o
bond length of 2.168 A in [Cp,TiMe,]). Although the Ti—C1/
C3 bonds (2.202 A) and Ti~C2 (2211 A) have close

Scheme 9. Schematic Representations of the Optimized Structure of 9Ti and Its Important MOs
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Scheme 10. Strategies for Transformation of the Tilted Complex 9Ti to Various Planar Systems
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Scheme 12. Schematic Representations of the Optimized Planar Structure of 9Ti and Important MOs of 9Ti

R = NH,, NMe,, Piperidino, NHC, CO
9Ti

R
Cp\
i
Cp“\\\
R
R = Piperidino
HOMO HOMO-1

interatomic distances, there is no MO indicating a strong Ti--
C2 interaction. Besides, no lone pair is noticed on C2 in 9Ti (R
= Ph).

A correlation diagram (Figure 3) is drawn between the planar
and tilted structure of 9Ti (R = Ph), which reveals that the
planar 9Ti’ has a very small HOMO—LUMO energy gap. As a
consequence, it undergoes a structural distortion, which allows
mixing of these MOs to stabilize the tilted complex 9Ti to a

2924

greater extent. This is nothing but a pseudo-Jahn—Teller
distortion. We observed that the LUMO has a strong M—C2
bonding character (Figure 3). Addition of two electrons
therefore stabilizes the planar structure, 9Ti'. Indeed, dianionic
9Ti” having two extra electrons than 9Ti adopts a planar
structure. We can provide two electrons to 9Ti (a) by using
suitable substituents that are capable of donating two electrons
to 9Ti (R = NH,, NMe,, piperidino, NHC, CO), (b) by
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Scheme 13. Schematic Representations of (a) Known Metallacycles Containing Heteroatoms and (b) a

Heterometallacycloallene 17Ti
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Scheme 14. Schematic Representations of (a) a four-membered Heterometallacycloallene, 17Ti, with various Substituents (R)
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incorporating two nitrogen atoms in the ring to form a
heterometallacycloallene (17Ti), and (c) by using group 6
metals (18M) (Scheme 10).

The isodesmic equation, which is devised to ascertain the
thermodynamic feasibility of synthesizing 9Ti for R = H, CHj,
or Ph with respect to the model known complex 16Mo’
(obtained by replacing the —OCH(CF;), and pyridine by
—OH and —NHj, respectively, in 16Mo with R = H) reveals
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the reactions to be endergonic (Scheme 11). Indeed, this is in
agreement with the unsuccessfully attempted synthesis by one
of us of 9Ti, employing lithiated allenes (LIRC=C=CRLj; R
= Ph) and metallocene dichlorides [Cp’,MCl,] (Cp’ = C;H; or
CiMeg; M = Ti, Zr, or Hf).*®

Interestingly, the optimized structures of 9Ti (R = NH,,
NMe,, piperidino, NHC, and CO) indicate that these
substituents provide additional electrons to the complex and
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Scheme 15. (a) Dimetallacycle 20M and (b) Its & and f HOMO Showing Biradical Nature of the Complex and HOMO — 8 of

Complex 20M
(@)

HOMO-8

make the MC, unit planar, in comparison to 9Ti (R = H, Ph,
CH;) (Scheme 12). The HOMO (Scheme 12) along with a
HOMO - 2 orbital (Scheme 9) explains the short Ti—C bond
lengths in the planar complexes, which range between 2.072
and 2.081 A (Table S4, Supporting Information). Specifically,
the significant Ti—C2 interaction in 9Ti (R = piperidino) is
reflected in the filled MO (HOMO, Scheme 12). This is crucial
for the stability of the unusual four-membered ring and is
supported by NBO analysis with an occupancy of 80.9% with
0.297 Ti(d)+0.703 C2(p) composition (Table S5, Supporting
Information).

The m-donating effect of the piperidino group into the p
orbitals at C1 and C3 in 9Ti, which causes polarization of the 7
bonds toward the central carbon atom, is responsible for the
longer average allene C—C bond length (1.378 A) in 9Ti than
the standard allene C—C bond length of 1.307 A>' The
HOMO, which involves significant interaction between the Ti
atom and the central carbon atom C2 and the nonbonding
HOMO - 1, have larger contributions from the central carbon
atom C2 (Scheme 12). The Ti--C2 interaction is unprece-
dented and may render complexes with interesting chemical
properties.

Encouragingly, the isodesmic equation shows 9Ti with R =
NH,, NMe,, piperidino, NHC, and CO to be significantly
exothermic (Scheme 11). The increased stability of these
complexes is attributed to the existence of the in-plane HOMO
(Scheme 12), which results in planar structures with the novel
Ti---C2 bonding interaction. 9Ti attains the familiar 18-electron
configuration with the formation of the Ti—C2 bond in the
planar complexes, justifying further its stability. In contrast, the
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tilted complex 9Ti, a 16-electron complex, does not have this
interaction. Recent characterization of a four-membered
carbocyclic allene® molecule with cyclic amine substituents
provides strong motivation for the experimental realization of
these complexes.

B HETEROMETALLACYCLOALLENES

Strained metallacycles are also isolated with heteroatoms in the
ring. This is exemplified by the formation of five-membered 1-

Scheme 16. Schematic Representations of a
Heterometallacycle

SiMe3

/\

szM

N
|

SiMes

zircona-2,5-disilacyclopent-3-yne, heterometallacycloallenes
(Scheme 13a).*

We have just seen from the theoretical analysis of 9Ti that
the four-membered heterometallacycloallene 17Ti can be a
candidate for synthetic exploration (Scheme 10 and Scheme
13b). In this part, we present a detailed theoretical analysis of
the electronic structure and bonding of heterometallacycles
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Scheme 17. (a) Schematic Representations of Some Interesting Metallacycles and (b) 7*—#* Equilibrium for

/N
n
Mj Cp,M ]
< O G
N
24 25

Metallacyclopentyne (7M) and Metallacycloallene (8M)

(a) AN
CpoM CpoM
74 74
21 22
H
/ R
szM
R H 4 R
™ 26M

CrM

23

17Ti with substituents of varying electronic and steric
influences (Scheme 14a). A detailed study of 17Ti unravels
the peculiar electronic nature of this strained four-membered
heterometallacycle.>* We investigated 17Ti using a density
functional theory approach (DFT-broken-spin-symmetry).
Complexes 17Ti have open-shell singlet state (OSSS) character
(at the B3LYP/def2-SVP level) as revealed by stability checking
the wave function of the complexes. The delicate Ti—C2
interaction in 17Ti provides support for it (Scheme 14b).
Unrestricted broken-spin-symmetry approach (UBS-B3LYP) is
employed to obtain the stable wave functions for these
complexes. Optimized 17Ti takes up a planar geometry (Ti—
N1-C2—-N3 —0.8° for R = iPr, Table S6, Supporting
Information).

Interestingly, electron-donating substituents reduce the
natural orbital occupation number (NOON)*® values of Ti—
C2 in 17Ti LUMO from 34.9% to 13.6% for H and tBu, (Table
S7, Supporting Information). This is in tune with the short Ti—
C2 distance (from 2.384 to 2.274 A for H and tBu, Table S7,
Supporting Information). Furthermore, the Ti—C2 distance of
2.316 A in 17Ti (R = iPr) is only marginally longer than the
calculated Ti—C o bond distance of 2.160 A in Cp,TiMe,.
These observations point to the description of Ti-—-C2 as a
“stretched” chemical bond.

Both the electronic and steric effects of the Mes groups are
needed to explain the higher NOON value of 17Ti (R = Mes).
Mes is more electron donating than a p-Tol group, but it is
bulkier. The higher steric requirement of the Mes group
hinders stronger complexation of the respective carbodiimide
to the Cp,Ti moiety. This results in comparatively longer Ti—N
(2.189 A) and Ti—C2 (2.462 A) bond lengths. So, electronic as
well as steric effects contribute to the effective complexation of
the carbodiimide with Cp,Ti to result in the four-membered
17Ti.

The calculated NOON values correctly describe the bonding
in 17Ti because the complex does not represent a perfect
biradical (for which NOON should be close to 100%)>** but is
an appropriate “biradicaloid” species on account of the Ti--C2
interaction. Among the five resonating structures, A and B are
the major descriptors of the molecule (Scheme 14b). This
draws support from spin density calculations as well as from the
isolated complexes (20M), which contain a Ti(III) center.**

~
~
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Several unusual metallacycles including dimetallacyle 20M
(Scheme 15a) resulted when the metallocene—alkyne com-
plexes reacted with a variety of carbodiimides.**

The “stretched” Ti—C2 bond (2.316 A) of the monometallic
complex 17Ti (R = iPr) disappears in dimetallacycle 20M (Ti-
C2 = 2.632 A), which corroborates the above interpretation.
The occupation of the metal d orbitals in 20M with electrons of
opposite spin (a and f HOMO, Scheme 15b) renders the
complex an almost perfect biradical (NOON is 98%). The
allene orbitals of the two RNCNR moieties in 20M interact
strongly to form a C—C single bond (C2—C2’ = 1.542 A)
corresponding to HOMO — 8 (Scheme 15b). Substituents (R)
with proper balance of electronic and steric influences are
required to assist in the formation of the crucial Ti—C2 bond so
that a derivative of 17Ti can be isolated.

Formation of various metallacycles from the reaction of
titanocene with carbodiimide prompted us to investigate
substitution reactions with other heteroallenes such as
sulfurdiimide. We have investigated also the structure and
bonding of the four-membered heterometallacycle (Scheme
16), which is best described as a complex with cyclic
delocalization of electrons in it.>®

B SUMMARY AND OUTLOOK

Our theoretical study has shown that the unusual stability of
the unsaturated five-membered metallacycles stems from the
unique (M—Cjy) interaction of the internal carbon atoms with
the metal atom. The investigation of the reactivity of
metallacyclocumulenes reveals that the formation of the
radialene complex 6M proceeds through a three-membered
metallacyclopropene complex 12M, contrary to the prevailing
notion of a simple dimerization of SM. The equilibrium
between the three- and five-membered ring (SM—12M) is
predominantly governed by the extent of diffuse nature of metal
orbitals and is fine-tuned by the substituents. This equilibrium
plays a crucial role in the chemistry of Cp,M-ligand
complexes. On the basis of this understanding, we have
predicted and unraveled the stabilization factors of a
challenging four-membered metallacycloallene complex 9M,
which is found to contain a unique crucial M—C2 bond in the
MC; ring. Electron donating substituents, such as NMe,,
piperidino, and NHCs, are calculated to stabilize the complex
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significantly. The MO and NBO analyses support the existence
of the crucial M—C2 bond in the MC; ring, which enhances the
stability of the complexes. We predicted an unusual bonding
situation in the four-membered heterometallacycle 17Ti and
realized it experimentally. This heterometallacycle features
biradicaloid character resulting from a stretched M—C2 bond,
which gets manifested in its reactivity. This observation of the
substituent-dependent biradicaloid character lends itself to
obvious extension.

Several implications of interest have emerged from these
studies. Incorporation of nonlinear cumulenic double bond
(C=C=C=C) or alkyne (C—C=C-C) or allenic (C=C=
C—C) moieties into the metallacyclic rings leads to unusual
systems, which not only are structurally interesting but also
show reactivity very different from their carbocyclic analogues.
It would be worthwhile to investigate some interesting
metallacycles as shown in Scheme 17a, which may reveal new
bonding features with unusual reactivity.

The metallacyclopentyne 7M does not undergo [2 + 2]
cycloaddition reaction with alkenes.'* 7M also does not
trimerize by Ni® catalyst.”” Interestingly, the metallacycloallene
is found to stabilize the MgH, indicating the many possibilities
that exist for these complexes.’® The equilibrium that exists
between SM and 12M (;*-complex and 7*-complex) prompts
us to suggest similar possibilities for metallacyclopentyne 7M
and metallacycloallene 8M>® (Scheme 17b). We feel that
consideration of the 7*—# equilibrium along with judicious
selection of substituents will lead to a rich chemistry in this
area. An in-depth study is required to understand the reactivity
of these and related metallacycles.
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