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This feature article provides an overview of the synthesis and reactivity of

functionalized cycloheptatrienyl-cyclopentadienyl transition metal sandwich complexes

of the type [(n’-C;H;)M(n>-CsHs)] (M = group 4, 5 or 6 metal), which can be

used as building blocks for the preparation of metallopolymers and polymetallic complexes.
Emphasis is placed on 16-electron group 4 complexes (M = Ti, Zr, Hf) and their reactivity

towards o-donor/m-acceptor ligands, which indicates that these complexes bear a close
resemblance to Lewis acidic M"Y complexes. Based on theoretical calculations, this

behavior can be mainly attributed to the strong and appreciably covalent metal-cycloheptatrienyl
interaction with the cycloheptatrienyl ring acting more as a —3 ligand than as a +1 ligand in

these mixed ring complexes.

Introduction

Since the serendipitous synthesis and discovery of ferrocene,'
its functionalization has become an important task in orga-
nometallic chemistry, and ferrocene-containing compounds
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are nowadays ubiquitous and indispensable to the develop-
ment of research areas such as homogeneous catalysis
and materials science.”® In stark contrast, the modification
of other sandwich complexes is significantly less developed,
and for instance, little use has been made of sandwich
complexes containing cycloheptatrienyl (Cht) ligands,
although mixed cycloheptatrienyl-cyclopentadienyl (Cht—Cp)
complexes of the type [(n’-C7H,)M(n>-CsHs)] (M = group 4,
5 or 6 metal) have been known for more than three decades.*
The mono- and diphosphanes [(n’-CsH¢PR,)Ti(n>-CsHs)]
and [(n7-C;H¢PR,)Ti(n’-CsH4PR,)] (R = Me, Ph) are among
the very few examples of functionalized Cht—Cp complexes,
and they have been obtained by mono- or dilithiation of
[(n-C,H,)Ti(n’-CsHs)] (troticene) followed by reaction with
the respective chlorophosphane CIPR,.>® In a similar
fashion, a number of functionalized 17-electron vanadium
complexes have been obtained from [(n’-C;H,)V(n>-CsHs)]
(trovacene) and used to study the intermetallic communication
(exchange coupling) between the resulting paramagnetic sand-
wich moieties.”

Only recently, the interest in early-transition metal
Cht—Cp complexes has become revitalized by independent
reports from the groups of Elschenbroich, Braunschweig and
Tamm on the preparation of ansa-Cht—Cp complexes (Fig. 1),
which could be obtained from the 16-, 17- and 18-electron
sandwich compounds [(n’-C;H,)M(n°-CsHs)] (M = Ti, V,
Cr).5 1% It is the scope of this review to summarize the
latest progress in this area, which has led to a number of
new functionalized Cht-Cp sandwich complexes, and to
demonstrate that there are in fact signs of life beyond
ferrocene and other conventional metallocenes, if it comes to
applications in materials science and homogeneous catalysis.
Since the research contributed to this field from the
author’s group comprises mostly group 4 sandwich complexes,
this article has its focus on the use of Il6-electron
Cht—Cp complexes containing the metals titanium, zirconium
and hafnium.
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Fig. 1 ansa-Cycloheptatrienyl-cyclopentadienyl transition metal

complexes.

Syntheses and electronic structures of group 4
cycloheptatrienyl-cyclopentadienyl sandwich
complexes

The group 4 sandwich complexes [(n’-C;H;)M(n’-CsHs)]
(M = Ti, 1; Zr, 2; Hf, 3) can be prepared in moderate yields
by reduction of [(n’-CsHs)MCl;] with magnesium in the
presence of an excess of cycloheptatriene, C;Hg
(Scheme 1).""'* After sublimation, the complexes are ob-
tained as blue (1), purple (2) or orange-red crystalline solids
(3), which have been characterized by means of X-ray diffrac-
tion analyses.'* !> The three complexes, troticene (1), trozir-
cene (2) and trohafcene (3),'° are isostructural and crystallize
in the orthorhombic space group Pnma. In each, the metal
atom and one carbon atom in each ring reside on a crystal-
lographic mirror plane. As these two carbon atoms adopt a cis
orientation, the conformation of the two rings in 1-3 can be
regarded as being perfectly eclipsed. The rings are virtually
coplanar, and the centroid—metal-centroid angles are close to
linearity (178.3° in 1, 175.4° in 2, 176.6° in 3).

The bond lengths in 1-3 are summarized in Table 1. In all
cases, the metal-carbon bonds to the seven-membered ring are
significantly shorter than those to the five-membered ring,
revealing a much stronger interaction between the metal centre
and the cycloheptatrienyl ring (vide infra). The differences in
the metal-centroid distances are significantly more pro-
nounced, which can be mainly attributed to the larger dia-
meter of the seven-membered ring, naturally allowing the
larger ring to more closely approach the metal atom. Not
surprisingly, substitution of titanium for zirconium and haf-
nium leads to considerably longer metal-carbon bond lengths,
and also the shortening of the metal-carbon distances upon
going from trozircene (2) to trohafcene (3) is in agreement with
the trend of the metal radii.'” Related structural features have
also been observed for the closely related complexes
[(n-C;H7)M(n>-CsMes)] (M = Ti, Zr, Hf) containing the
pentamethylcyclopentadienyl (Cp*) ligand. '8

Scheme 1 Preparation of cycloheptatrienyl-cyclopentadienyl group 4
metal complexes and molecular structure of trozircene (2).

Table 1 Selected bond distances [A] in complexes [(n’-C7H,)M(n>-
CsHy)] (M = Ti, Zr, Hf)

M = Ti(1) M= Zr 2) M = Hf 3)
M-C, 2.202(1)-2.2165(6)  2.323(2)-2.342(2) 2.293(3)-2.307(2)
M-C, (av.) 2.212 2.335 2.303
M-Ct;* 1487 1.664 1.612
M-Cs 2.3213(8)-2.3375(8) 2.494(2)-2.504(2) 2.457(3)-2.471(2)
M-Cs (av.) 2.333 2.501 2.466
M- Ct  1.988 2.195 2.151

“ Ct; = centroid of the seven-membered ring. * Cts = centroid of the
five-membered ring.

The bonding of cycloheptatrienyl (n’-C;H,) rings to early
transition metals has been the subject of extensive experimen-
tal and theoretical investigation.'"”>* Originally, this ligand
was regarded as a coordinated aromatic tropylium ion,
[n7-C7H7]+, and thus classified as a six-electron donor with
the assignment of a +1 formal charge in the resulting Cht
metal complexes. The qualitative MO diagram in Fig. 2 is in
agreement with this assignment, and the relative energies of
the metal d orbitals and of the Cp and Cht e; and e, orbitals
have been chosen such that the d orbitals are higher in energy
than the filled ligand e, orbitals and lower in energy than the
ligand e, orbitals, which remain empty if the ligands are both
considered as six-electron ligands, i.e. as Cp~ and Cht™,
respectively. From the Frost-Musulin diagrams shown on
the left, it can be easily deduced that both the e; and e,
orbitals of the Cht ligand are lower in energy than those of
the Cp ligand. Consequently, their relative energies with
regard to the metal d orbitals indicate that the ligand-to-metal
n-donation can be expected to be much more pronounced for
the Cp ligand, whereas metal-to-ligand 6-back-donation re-
presents the most significant contribution to metal-Cht bind-
ing. For 16-electron group 4 metal complexes, the resulting le,
orbitals are filled with four electrons and represent the highest
occupied molecular orbitals (HOMOs), whereas the 1a; orbi-
tal, which should be essentially metal d.» in character, repre-
sents the lowest unoccupied molecular orbital (LUMO). In
contrast, this orbital contains one or two electrons in Cht-Cp
complexes of group 5 (M = V, Nb, Ta) or group 6
(M = Cr, Mo, W) transition metals, respectively.
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Fig. 2 Qualitative frontier molecular orbital diagram for [(n’-C;H,)-
M(n’-CsHs)]; the symmetry labels refer to the idealized point group
C .y, in which infinite axes of rotation are assumed for the carbocyclic
rings.?
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Fig. 3 Qualitative frontier molecular orbital diagram for
[(n’-CsH-)M(n>-CsHs)]; the symmetry labels refer to the idealized
point group C.,,, in which infinite axes of rotation are assumed for the
carbocyclic rings.

Increase of the d orbital energies might eventually result in
the bonding situation depicted in Fig. 3, where the Cht e,
orbitals have become lower in energy than the metal d orbitals,
so that the Cht—metal interaction must be formally regarded as
ligand-to-metal §-donation from a [n’-C;H;*~ trianion,
which would also satisfy the Hiickel 4n + 2 rule. Thereby,
the ionic character of the Cp-metal m-interaction would
become even pronounced. The decision, whether the MO
diagram in Fig. 2 or that in Fig. 3 is better suited for such
formal bonding considerations, can be derived from the
relative metal d and Cht fragment contributions to the le;
frontier molecular orbitals. Table 2 summarizes the eigenva-
lues of the 1a; (LUMO), le, (HOMOs), 2e; and le; frontier
orbitals in complexes 1-3 together with their metal, Cht and
Cp fragment contributions.?> For the HOMOs, the strong
contributions from both the metal d and the Cht e, orbitals
reveal a strongly covalent interaction with significant mixing
of metal and ligand orbital character. Since the electrons in
these orbitals are more ligand- than metal-localized, the
bonding situation is in agreement with the representation in
Fig. 3 and thus consistent with assigning a —3 formal charge to
the C;H, ligand. This situation becomes even more pro-
nounced upon going from Ti (Cht/metal fragment contribu-
tion of 58/40%) to Zr (64/34%) and Hf (66/32%). The next
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Fig. 4 Contour plots of the frontier orbitals in 2.

two levels, the 2e; and le; orbitals, correspond to the
n-interaction with the Cp and Cht rings, respectively, and
their predominant ligand orbital character reveals only little
mixing with the metal d orbitals. Accordingly, the interaction
between the metal and the Cp ring, which lacks a d-compo-
nent, can be regarded as being mainly ionic. For the zirconium
complex 2, the contour plots of the relevant frontier molecular
orbitals are given in Fig. 4, nicely illustrating the 6- and
n-symmetry of the metal-ring interactions.

The la; LUMO in complexes 1-3 is principally metal-
localized and consists of the respective d.» orbital with small
to marginal Cht and Cp contributions, in a coordinate system
in which the metal-ring axis is defined as the z axis. The
presence of an empty metal d orbital in each complex suggests
that these systems should be susceptible to the addition of a
two-electron donor ligand. However, the coordination of
additional ligands to the titanium atom has never been ob-
served for unbridged troticene (1), whereas the formation of
thermally labile phosphane adducts had been previously re-
ported for related zirconium and hafnium indenyl complexes of
the type [(n’-C;H;)M(n>-CoH>)]. Only for M = Hf could a
dinuclear complex containing a bridging 1,2-bis(dimethylphos-
phino)ethane (dmpe) ligand be structurally characterized.?®
This Lewis acidic behavior could be confirmed for trozircene
(2), which forms isolable 1 : 1 complexes upon addition of
alkyl and aryl isocyanides, 1,3.4,5-tetramethylimidazolin-2-

Table 2 Metal (M), Cht and Cp fragment contributions to the frontier orbitals in complexes [(’-C;H,)M(n>-CsHs)] (M = Ti, Zr, Hf)

Metal Orbital Symmetry* Eigenvalue/eV M (%) Cht (%) Cp (%)
Ti 49 (LUMO) la, —1.74 87 10 3
Zr —1.58 90 7 3
Hf —1.33 93 7 0
Ti 48, 47 (HOMOs) le, —4.99 40 58 2
Zr —-4.92 34 64 2
Hf —4.86 32 66 2
Ti 46, 45 2e; —6.96 14 2 84
Zr —6.93 9 6 85
Hf —7.03 9 6 85
Ti 44, 43 le; —8.31 10 89 1
Zr —8.36 13 84 3
Hf —8.33 12 85 3

“ The symmetry labels refer to the idealized point group C,,., in which infinite axes of rotation are assumed for the carbocyclic rings.

This journal is © The Royal Society of Chemistry 2008
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Scheme 2 Reaction of 2 with fert-butyl isocyanide (rBuNC), 2.6-
dimethylphenyl isocyanide (0-XyNC), 1,3,4,5-tetramethylimidazolin-
2-ylidene (IMe) and trimethylphosphine (PMejy).

4";»(:

s o

Fig. 5 Molecular structures of 4 (left) and 6 (right).

ylidene (IMe) and trimethylphosphine (PMes) (Scheme 2).'%%
The molecular structures of 4 and 6 are shown in Fig. 5. The
isocyanide adducts 4 and 5 exhibit CN stretching vibrations at
2156 cm™" (4) and 2134 cm™" (5), which is only slightly shifted
compared to the values for the free isocyanides. These ob-
servations indicate that metal-to-ligand m-back-bonding is
weak and significantly less pronounced than in related zirco-
nocene derivatives, in which the zirconium center is formally
considered to be in the +1I oxidation state. On the other
hand, for d®-configured Zr "V complexes, higher values, even
above 2200 cm™ !, have been observed.'”

Thermodynamic data for the reaction of 2 with fert-butyl
isocyanide (BuNC) could be established by means of an
NMR titration study,'® revealing that the reaction is only
slightly exergonic with an average value of AG° = —0.85 +
0.54 kJ mol~"'. The average standard enthalpy for the forma-
tion of complex 4 and the associated entropy change amount
to AH° = —39.6 + 6.6 k] mol™' and AS® = —132.2 £ 258 ]
mol™" K™!, respectively, which clearly indicates a rather weak
zirconium—isocyanide bond in comparison with conventional
transition metal isocyanide complexes.”® The experimental
data are in excellent agreement with theoretical studies, and
a calculated enthalpy of formation of AH® = —36.5 kJ mol™!
could be derived for 4. The formation of the 2,6-dimethylphe-
nyl isocyanide (0-XyNC) complex 5 is computed to be slightly
more exothermic (AH° = —38.2 kJ mol™!). N-Heterocyclic
carbenes such as IMe are considered to be significantly
stronger o-donors than isocyanides, and accordingly, the
calculated reaction enthalpy of formation of carbene complex
6 (AH° = —56.3 kJ mol™') suggests a stronger interaction,
which could also be confirmed by NMR spectroscopy.?’ In
contrast, the formation of the phosphane complex 7 is almost
thermoneutral (AH® = —2.3 kJ mol™"), which is also in accord
with our inability to isolate this species from solution.?’

The corresponding trohafcene complexes 8-11 containing
tBulNC (8), 0o-XyNC (9), IMe (10) and PMe; (11) have been
prepared only recently (Scheme 3),'* and their molecular
structures have been established by X-ray diffraction analyses.
In contrast to the corresponding trozircene derivative 7, the
PMe; hafnium complex 11 could also be isolated in crystalline
form and structurally characterized (Fig. 6). Table 3 sum-

- 8, L={BUNC
= 9, L=0-XyNC

Hf + L = %Hf L ol ive
@ Q 11, L= PMeg

Scheme 3 Reaction of 3 with fert-butyl isocyanide (rBuNC), 2,6-
dimethylphenyl! isocyanide (0-XyNC), 1,3,4,5-tetramethylimidazolin-
2-ylidene (IMe) and trimethylphosphine (PMe;).

Fig. 6 Two presentations of the molecular structure of 11.

marizes the calculated enthalpies of formation of related
trozircene and trohafcene complexes together with experimen-
tally and theoretically derived metal-ligand distances. For
each ligand, the formation of the hafnium complex is more
exothermic than the formation of the corresponding zirconium
complexes, and in agreement with the trend of the metal
radii,'” all Hf-ligand distances are shorter than the corres-
ponding Zr-L distances. The Zr—C and Hf-C bond lengths in
the isocyanide and carbene complexes 4-6 and 8-10 are
comparable to those observed in Zr "™ and Hf "'V complexes,
eg. Zr-C = 23133) A and Hf-C = 22754) A in
[CpsM(CN7Bu)]" (M = Zr,*” Hf*) and Zr-C = 2.432(3) A
and Hf-C = 2.401(2) A in [MCl4L,] (L = 1,3-diisopropyl-
imidazolin-2-ylidene).?! The experimentally observed Hf-P
distance of 2.7851(5) Ain11is long, albeit significantly shorter
than the calculated value of 2.90 A (Table 3). The space filling
presentation of its molecular structure reveals that steric
interaction between the PMe; ligand and the Cht and Cp
rings prevents strong metal-ligand interaction (Fig. 6), which
is presumably the main reason for the exceptionally small
calculated enthalpy of formation of —3.5 kJ mol~'. Further
experimental studies, inter alia by applying NMR titration
techniques,'® will be carried out to quantify and confirm the
different stabilities of the Zr and Hf Cht—Cp complexes, since
subtle differences in the reactivities of related zirconocene and

Table 3 Standard enthalpies for the formation of selected trozircene
and trohafcene complexes; calculated and experimental metal-ligand
distances

Complex M L AH" cdlcd/ d(M L)calcd/A d(M L)exp/A
kJ mol ™

4 Zr (BuNC  -36.5 2.38 2.376(3)

8 Hf BuNC  —433 2.36 2.35¢

5 Zr o0-XyNC -38.2 2.36 —

9 Hf o0-XyNC —46.0 2.32 2.306(2)

6 Zr IMe —56.3 2.51 2.445(2)

10 Hf IMe —63.1 2.47 2.393(2)

7 Zr PMe; 2.3 2.94 —

11 Hf PMe; =35 2.90 2.7851(5)

“ Disordered structure, two independent molecules in the asymmetric
unit.
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hafnocene complexes have recently led to the isolation of
remarkable organohafnium complexes and to ‘“‘hafnium’s
foray into the limelight” 3%

Syntheses and reactivity of ansa-
cycloheptatrienyl-cyclopentadienyl complexes

Double-lithiation of troticene (1) can be achieved with
n-butyllithium—-N,N,N’,N'-tetramethylethylenediamine (tme-
da) resulting in the formation of the tmeda-stabilized complex
[(n7-C7HgLi)Ti(n*-CsH4Li)].° The reaction of the dilithio
complex with Me,SiCl, or Me,GeCl, afforded the sila- or
germa[1]troticenophanes 12 and 13 as blue crystalline solids in
moderate yield.8*¢ The molecular structures of both com-
plexes could be established by X-ray diffraction analyses,
and Scheme 4 shows an ORTEP presentation of the germa-
nium derivative 13. Despite the considerable strain imposed by
the introduction of the Me,E-bridges (E = Si, Ge), the Cht
and Cp rings in 12 and 13 are virtually planar and can still be
regarded as being essentially n’- or n’-coordinated, respec-
tively. The deviation from an unstrained sandwich structure
with an ideal coplanar ring orientation, as observed in troti-
cene,'* can be characterized by the angles o, f, f’, 6 and 8,
which are defined in Table 4. Since germanium has a larger
covalent radius than silicon, one would expect the germa[l]-
troticenophane 13 to be somewhat less distorted than the
sila[1]troticenophane 12, and this is confirmed by the observa-
tion of a slightly smaller tilt angle o (22.9° in 13 versus 24.1° in
12). The same trend has been observed for other structurally

characterized Si/Ge couples, the ferrocenophanes 14/15,343°

_Iri 1. nBulLiftmeda MEQE _,\&‘ I‘Tl
N

&3 2. Me,ECI,

Scheme 4 Preparation of silicon- and germanium-bridged ansa-cy-
cloheptatrienyl-cyclopentadienyl titanium complexes and molecular
structure of 13.

0

12,E=Si
13,E=Ge

Table 4 Structural comparison of silylene- and germylene-bridged
ansa-complexes

=:::ug‘___“ IR
BM
Compound o/° Ble, p)° 0/° d/°
12 24.1 42.3,29.2 95.6 160.5
13 22.9 41.4,28.5 92.8 161.0
14 20.8 37.0 95.7 164.7
15 19.1 37.8, 35.9 91.7 —
16 16.6 38.2,37.9 92.9 167.6
17 14.4 38.7 91.8 —
18 17.3 48.3, 32.6 98.2 167.0
19 15.6 47.7, 30.6 93.9 168.4
20 15.1 43.8, 29.8 90.5 168.3

16, E =Si, R=Me 19, E =Si
17, E=Ge,R=Ph 20,E=Ge

wiZ
N

14 E=Si
15 E=Ce

Fig. 7 Selected silylene- and germylene-bridged ansa-complexes.

the chromarenophanes 16/17°%%’

19/20'°> (Fig. 7, Table 4).

It can be clearly concluded that both 12 and 13 represent the
most strongly distorted sandwich complexes in comparison to
the silylene- and germylene-bridged derivatives shown in
Fig. 7. For instance, a pronounced decrease in strain is
observed on going from the 16-electron sila[l]troticenophane
12 (¢ = 24.1°, 6 = 160.5°) to the 17-electron sila[l]trovace-
nophane 18 (x = 17.3°, & = 167.0°)° and to the sila[l]tro-
chrocenophane 19 (¢ = 15.6°, & = 168.4°),'"% which is
undoubtedly a consequence of the larger interannular distance
in [(n’-C;H)Ti(n’-CsHs)] (troticene, 3.48 A) compared to
that in [(n’-C;H,)V(>-CsHs)] (trovacene, 3.38 A) and in
[(n’-C;H;)Cr(n>-CsHs)] (trochrocene, 3.26 A).M“ Large an-
gles f and B’ are observed for 12 (42.3°, 29.2°) and 13 (41.4°,
28.5°), indicating a strong distortion from planarity at the
ipso-carbon atoms (Table 4). These values are only exceeded
by the corresponding angles found in the vanadium and
chromium congeners 18 (48.3° and 32.6°), 19 (47.7° and
30.6°) and 20 (43.8° and 29.8°). This trend, however, must
not necessarily impose higher strain on these sandwich mole-
cules in comparison to 12, since a significant out-of-plane
displacement of the substituents of the Cht ring can also
partially be attributed to a reorientation of the large seven-
membered ring for a better overlap with the smaller vanadium
and chromium atoms.*>®

As mentioned before, coordination of additional ligands has
never been observed for troticene (1). However, bridging and
bending of the two rings in 12 and 13 creates a gap at the
titanium atom, which might thereby become accessible to
“slender” monodentate ligands such as carbon monoxide
and isocyanides. To identify suitable frontier orbitals for such
metal-ligand interactions, the structure of the silicon-bridged
troticenophane 12 was optimized with DFT methods.® Owing
to the distortion of the symmetric sandwich structure, the
highest occupied molecular orbitals in 12 have given up their
degeneracy. Their energy positions are nonetheless very close
to those in 1. A closer inspection (Fig. 8, Table 2) reveals that
the introduction of the ansa-bridge leads to a slight increase in
the HOMO-LUMO gap. Since the lowest energy band in the
optical absorption spectrum of 1 has been assigned to a one-
electron HOMO-LUMO transition, which is partly a d—d
transition and partly a ligand-to-metal charge transfer
(LMCT),*® UV-Vis measurements could be used to quantify
these effects: a blue shift of the lowest energy band in the
visible spectrum with enhanced intensity owing to a lowering
of the symmetry and as a consequence of relaxation of the
Laporte selection rule was observed (from 4 = 696 nm and
¢=31Lmol 'em'in1to 4 = 663 nmande = 105 L mol~!
em~! in 12). It is worth noting that the introduction of a Si
bridge in troticene has an opposite effect on the splitting and

and the trochrocenophanes

This journal is © The Royal Society of Chemistry 2008
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Fig. 8 Contour plots and eigenvalues of the frontier orbitals in 12.

energy of the molecular orbitals than observed for sila[l]-
ferrocenophanes and other [1]ferrocenophanes.>¢**

The electronic structure calculation of 12 reveals that this
16-electron complex contains a LUMO and a HOMO (Fig. 8)
that seem to be suitably oriented for o- and m-interaction with
one additional ligand. However, the formation of a stable
carbonyl complex of type 21 (Scheme 5) could not be detected
at ambient pressure. An NMR spectroscopic study of 12 under
elevated CO pressure in the temperature range from +20 to
—70 °C indicates that the metal-CO interaction is very weak
and that CO is quickly exchanged on the NMR time scale.®
An exchange to more c-donating, less m-accepting isocyanide
ligands produced the adducts 22 and 23 as brown crystalline
solids in nearly quantitative yields (Scheme 5). As also ob-
served for the trozircene—isocyanide complexes 4 and 5
(Scheme 2), the CN stretching vibrations at 2153 cm™' (22)
and at 2112 cm™! (23) are only slightly shifted compared to the
values of the free isocyanides, again indicating only weak
metal-to-ligand m-back-donation. In principle, it should be
possible to quantify the interaction between 12 and the CO
and isocyanide ligands and to produce thermodynamic and
kinetic data for these equilibrium reactions by employing
NMR titration techniques as described for the trozircene-
tert-butyl isocyanide adduct 4."> Fig. 9 shows excerpts from
the "H NMR spectra of 12 at 20 °C with variation of the
isocyanide concentration. Upon increase of the isocyanide
concentration, the resonances for the ring hydrogen atoms
are clearly shifted, although in different directions and to a
different extent, depending on their position on the rings.
Monitoring the change of the chemical shifts as a function
of the isocyanide concentration and application of an NMR
adaptation*' of the Benesi—Hildebrand treatment, originally
used in optical spectroscopic studies,*? allows the equilibrium
constant K¢ to be established for a given temperature. Deter-
mination of K¢ at different temperatures produces AH® and
AS° from a van’t Hoff plot of In K¢ versus 1/T. Unfortunately,
the data for the formation of 22 do not seem to be fully
reliable, since the almost thermoneutral nature of this
reaction (AH° = +6.7 + 3.4 kJ mol™!) leaves K¢ hardly
affected by variation of the temperature. Yet, it can be
concluded that the interaction is actually very weak, which
is also confirmed by the calculated enthalpy of formation of
AH® = —14.5 kI mol .

. 4 . . n 22 | = BUNG
Me,Si Ti + L == Me5Si Ji—L 93 (= oxynC
A A5 24, = IMe

12
Scheme 5 Reaction of 12 with carbon monoxide (CO), tert-butyl
isocyanide (rBuNC), 2,6-dimethylphenyl isocyanide (0-XyNC) and
1,3.4,5-tetramethylimidazolin-2-ylidene (IMe).

12 + CNBu — 22
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Fig. 9 Excerpts from the 'H NMR titration of 12 with (BuNC in
toluene-dg at 20 °C.

The molecular structures of 12 and its fBuNC adduct 22 are
shown in Fig. 10. Coordination of the isocyanide ligand leads
to pronounced elongation of the metal-carbon bonds, in
particular  to  the  seven-membered ring  [from
2.170(3)-2.256(2) A to 2.248(2)-2.412(3) A]. Hence, the dis-
tance between titanium and the centroid of the seven-mem-
bered ring increases from 1.496 to 1.649 A. As a result,
modified coordination is observed in the solid state, indicating
a distortion from a symmetric n’- towards an open n>-bond-
ing mode.** In agreement with the small Ti-isocyanide bond
dissociation energy (vide supra), the Ti-CN¢Bu distance is long
[2.223(2) A] and falls in the range observed for Ti "'V com-
plexes, where the d’-electron configuration prevents effective
metal-to-ligand back-donation. Despite its weakness, how-
ever, m-interaction can be held responsible for the observation
that the 2,6-dimethylphenyl isocyanide ligand in 23 adopts a
vertical conformation with a coplanar orientation toward the
mirror plane including titanium, silicon and the centroids of
the Cht and Cp rings (Fig. 11). This orientation, which was
also experimentally and theoretically confirmed for the corre-
sponding trozircene o-XyNC complex 5,'° is electronically
favorable, since it allows the alignment of the LUMO of the
isocyanide ligand in an antisymmetric fashion with respect to
the mirror plane in order to optimally interact with the
HOMO of the troticenophane 12 (Fig. 8). In contrast, a
horizontal conformation is observed for complex 24, which
contains an imidazolin-2-ylidene ligand with stronger c-donor
and weaker m-acceptor characteristics (Fig. 11). As expected,
the calculated enthalpy of formation of AH® = —27.8 kJ
mol ™! indicates a stronger metal-ligand interaction than in 22.

In view of the similar reactivity of sila[l]troticenophane (12)
and of trozircene (2) and trohafcene (3) towards carbon
monoxide or isocyanides, it can be concluded that these 16-
electron complexes have only a small propensity to efficiently
interact with o-donor/m-acceptor ligands. In this respect, 2, 3
and 12 do not act like complexes containing titanium,

Fig. 10 Molecular structures of 12 and 22.
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Fig. 11 Schematic presentation of the solid state conformations of 23
and 24 (top); molecular structure of 24 (below).

zirconium or hafnium in a lower oxidation state but rather
bear a closer resemblance to Lewis acidic M ™" complexes.
Based on theoretical calculations, this behavior can be mainly
attributed to the strong and appreciably covalent metal-cy-
cloheptatrienyl interaction leading to highly stabilized frontier
orbitals and consequently to a diminishing n—electron release
capability. Therefore, these experimental results support the
conclusion that the cycloheptatrienyl ring functions more as a
—3 ligand than as a +1 ligand in these mixed ring com-
plexes,>* a description, which was also found to be valid for
cycloheptatrienyl sandwich compounds of actinides.**

Ring-opening reactions of ansa-
cycloheptatrienyl-cyclopentadienyl complexes

Poly(ferrocenes) represent the most important class of transi-
tion metal-containing macromolecules and are playing an
important role in the development of novel polymers with
intriguing structural, conductive, magnetic, optical, or redox
properties.> In most cases, these polymers are made by ring-
opening polymerization (ROP) of strained [1]ferrocenophanes
such as 14 (Scheme 6), which can be initiated thermally or by
anionic or transition metal catalysis. In contrast to the
Cp-Si—Cp-linked poly(ferrocenylsilane) obtained from 14,
thermal ROP of the troticenophanes 12 and 13 apparently
leads to irregular polymers, which contain all possible
Cp—X—Cp, Cht—-X—Cht and Cp—X—Cht (X = Me,Si, Me,Ge)
linkages (Fig. 12).3¢® It could be demonstrated that 12
exothermically polymerizes at about 170 °C, whereas 13
ring-opens at lower temperature at about 130 °C. This differ-
ent behavior can be attributed to the weaker germanium-—
carbon bond in 13 compared to the silicon—carbon bond in 12.
The strain energies of both molecules were estimated to be
approximately 45 kJ mol~' by means of differential scanning
calorimetry (DSC) studies,* and Fig. 12 shows the DSC trace
of 12.

Interestingly, the strain energies of 12 and 13 are substan-
tially smaller than the values reported for related [1]ferroce-
nophanes, e.g. 80 kJ mol™! for 14,% although the structural

Me,
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Me,Si Fe e Fe
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Scheme 6 Ring-opening polymerization of sila[l]ferrocenophane 14.
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Fig. 12 Left: schematic presentation of the ring-opening polymeriza-
tion of 12 and 13 (blue = Cht, red = Cp, grey = Ti); right: DSC
thermogram of 12 with a melt endotherm at 155 °C and a polymeriza-
tion exotherm at 170 °C.

parameters of 12 and 13 (Table 4) suggest that these molecules
are more strongly distorted from an unstrained sandwich
structure. An explanation could be derived from a theoretical
comparison of the energy content of ferrocene (Cp,Fe) and
troticene (1) as a function of the bending angle 6 (Fig. 13).%
As expected, bending of both sandwich molecules results in an
exponential increase of energy.*® For ferrocene, however, a
significantly steeper rise in energy is observed upon lowering o,
and it can be clearly deduced that distortion of the
[(n°-CsHs),Fe] moiety requires significantly more energy than
that of [(n’-C7H;)Ti(n’>-CsHs)]. As a consequence, the energy
released by conversion of a strained into an unstrained mole-
cule is in fact expected to be higher for ferrocenophanes than
for troticenophanes.

To elucidate the impact of the d-electron configuration on
the strain energy, bending of the 17- and 18-electron species
trovacene and trochrocene was also investigated theoretically
(Fig. 13). Comparison with the calculations obtained for
metallocenes (Cp,M)* leads to the expectation that occupa-
tion of the la; orbital (Fig. 4) with one (M = V) or two
electrons (M = Cr) should more strongly favour parallel ring
structures. Although this trend should be even further sup-
ported by decreasing the interannular distance in the order Ti
> V > Cr (vide supra),'*" the calculations do not show a
definite pattern (Fig. 13). Whereas the energy penalty for
bending trochrocene is expectedly higher in comparison to
troticene and almost identical to that of its 18-electron con-
gener ferrocene, the trovacene energies for a given angle o are

1304
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% 0]
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= 607 Ti
% 50 o
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40 -V
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Fig. 13 Relative potential energy for ferrocene and troticene as a
function of the angle 0.
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Scheme 7 Acid-induced ring-opening of 12.

consistently smaller than those of troticene, indicating that
simple parallels to bent metallocenes cannot be drawn.*® The
shallow potential calculated for the bending of trozircene (2)
(Fig. 13), however, is in full agreement with the observed
reactivity and ability of 2 to coordinate additional o-donor
ligands.

Since the thermal ring-opening polymerization of ansa-
Cht—Cp complexes leads to the formation of irregular poly-
mers (Fig. 12), the possibility of regioselective Si—C bond
cleavage in 12 was investigated. Treatment of 12 with ethereal
HCI exclusively affords the troticene derivative 25 with a
chlorodimethylsilyl substituent attached to the Cp ring,®
indicating that a regioselective protonolysis of the silicon—
carbon bond to the seven-membered ring must have occurred
(Scheme 7). In a similar fashion, the reaction with ethereal
HBF, produces the fluorosilane 27, which presumably pro-
ceeds via a highly reactive silyl cation intermediate 26, which is
able to abstract F~ from the tetrafluoroborate anion. It should
be noted that this mechanism had already previously been
established for the same reaction employing sila[l]ferroceno-
phanes such as the dimethylsilyl-bridged derivative 14.*” The
regioselective Si—C bond cleavage and exclusive protonation of
the Cht ring could have been anticipated from the structural
constraints in 12 (Table 4), where the unusually large f angle
of 42.3° at the Si—-C;Hg site implies that this Si—-C bond or
rather the ipso-C;Hg carbon atom represent the most highly
strained part of this molecule.

Regioselective Si—C bond cleavage could also be observed
on treatment of 12 with equivalent amounts of tris(triethyl-
phosphane)platinum(0), which results in the formation of the
platinasila[2]troticenophane 29 by oxidative addition and in-

EtsP
“ L &>
/'\ PI(PEl);  EtP—Ft
=N
" 3

12 M=Ti

Scheme 8 Synthesis of Si—Pt-bridged ansa-Cht—Cp complexes and
structure of 29.

sertion of a [Pt(PEts),] moiety into the Si—C bond to the seven-
membered ring (Scheme 8).*”¢ In a similar fashion, the
analogous vanadium and chromium complexes 30 and 31
could be isolated from the respective sila[l]trovacenophane
28% and sila[1]trochrocenophane 19.'%” The molecular struc-
tures of 29-31 could be established by X-ray diffraction
analyses, and Scheme 8 shows the structure of the Ti derivative
29. All three compounds are isotypic and crystallize in the
orthorhombic space group P2;2,2;. Selected bond lengths and
angles are summarized in Table 5. As expected from the crystal
structures of the parent complexes [(n'-C7H;)M(n’-CsHs)]
(M = Ti, V, Cr),'"* the metal-carbon bond distances decrease
in the order Ti > V > Cr. Accordingly, 29 shows the strongest
deviation from an unstrained sandwich structure with o =
13.5° and 6 = 169.1°. Smaller angles o together with larger
angles 0 are consequently observed for the vanadium (¢ =
10.6°, 6 = 171.9) and chromium analogues (¢ = 7.5°, ¢ =
174.9°). In all complexes, the platinum centres are in a slightly
distorted square-planar environment with two different PEt;
ligands. Because of the strong trams influence of the silyl
substituents, the Pt—P1 distances are significantly longer than
Pt-P2. These distances and also the Pt—C and Pt-Si bond
lengths are in reasonable agreement with the values obtained
from structural characterization of related platinasila[2]ferro-
cenophanes.*® Finally, it should be noted that Pt insertion
could also be observed for the germa[l]troticenophane 13,

Table 5 Selected bond distances [A] and angles [°] in complexes of the type [(PEt;),PtSiMex(n’-C7Hg)M(1>-CsHy)]

M = Ti (29) M = V (30) M = Cr (31)
M-C, 2.184(3)-2.216(3) 2.168(3)-2.192(3) 2.141(4)-2.173(4)
M-C; (av.) 2.203 2.184 2.149
M-Ct,* 1.468 1.446 1.411
M-Cs 2.280(3)-2.333(3) 2.209(3)-2.274(3) 2.150(4)-2.201(4)
M-Cs (av.) 2.308 2.242 2.174
M-Cts” 1.967 1.888 1.808
Pt-C 2.096(3) 2.092(2) 2.087(4)
Pt-P1 2.3874(6) 2.3849(6) 2.3745(10)
Pt-P2 2.2962(9) 2.3020(7) 2.3057(10)
Pt-Si 2.3881(8) 2.3900(6) 2.4229(13)
o 13.5 10.6 7.5
s 169.1 171.9 174.9

“ Ct, = centroid of the seven-membered ring. * Cts = centroid of the five-membered ring.
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Scheme 9  Synthesis of oligo(troticenylsilanes); calculated structure of
a cyclic hexamer 33 (n = 9).

resulting in the formation of a metallacycle with a rare Ge-Pt
bond.

The Pt-Si-bridged derivative 29 could be used as a single-
source catalyst for the metal-catalyzed ROP of the original
strained molecule 12, and the reaction of 29 with an excess of
12 at elevated temperature led to the formation of regioregular
poly(troticenylsilanes), in which the Cp—Cht sandwich
moicties are exclusively linked via Cp-Si—Cht bridges.®” In
analogy to the metal-catalyzed polymerization of ferroceno-
phanes such as 14 and 15 (Fig. 7),*** propagation might
proceed by sequences of oxidative addition and reductive
elimination processes involving the Si—-C bonds or via c-bond
metathesis of the Pt-Si and Si—C bonds. Reductive elimination
from the intermediate platinacyclic oligomers 32 eventually
leads to cyclic oligotroticenes 33 (Scheme 9). MALDI-TOF
mass spectrometric characterization produced molecular
peaks for oligomers 33 between m/z = 1301 (» = 5) and
5985 (n = 23). Unfortunately, the high reactivity of the
mixture 33 precluded the isolation and purification of specific
oligomers in a similar manner as recently described for
dimeric, pentameric and hexameric oligo(ferrocenylsilanes).>
The calculated structure of a corresponding hexa(troticenyl-
silane) of type 33 is shown in Scheme 9.

Phosphane-functionalized
cycloheptatrienyl-cyclopentadienyl sandwich
complexes

In contrast to ferrocenylphosphanes, P-functionalized Cht-Cp
sandwich complexes are scarce, and the mono- and di-
phosphanes  [(n’-C;H¢PR,)Ti(n>-CsHs)] (35) and [(n’-
C;H¢PR,)Ti(n’-CsH4PR,)] (34) (R = Me, Ph) are among
the very few examples of functionalized Cht—Cp complexes;
they have been obtained by mono- or dilithiation of [(n’-
C,H,)Ti(n>-CsHs)] (troticene) followed by reaction with the
respective chlorophosphane CIPR, (Scheme 10). Several tran-
sition metal complexes have been synthesized, in which 35 or
34 act as mono- or bidentate phosphane ligands, respec-
tively.>® Taking into account the different reactivities of the
Cht—Cp complexes 1-3 towards o-donor/m-acceptor ligands, it
could be assumed that related phosphorus-functionalized
zirconium and hafnium complexes should feature intermole-
cular metal-phosphane contacts (vide supra).?® Since the

1. nBuLi
Ti —a ; :C'I Ti T
s R e, <>
1 34 35

Scheme 10 Preparation of mono- and diphosphanyltroticenes.

lithiation of trozircene (2) and trohafcene (3) with n-BuLi-
tmeda in an analogous manner to troticene (1) proved un-
successful, we aimed towards the syntheses of the monophos-
phane derivatives [(n’-C;H,)M(n>-CsH4PR,)] (M = Ti, 39;
Zr, 40; Hf, 41). The titanium complexes 39 could be obtained
from the reduction of [(n>-CsH4PR,)TiCl5] (36)°! with mag-
nesium in the presence of cycloheptatriene, whereas the corres-
ponding zirconium and hafnium complexes required the use of
the metallocenes [(n°-CsH4sPR,),MCl,] (M = Zr) and 38
(M = Hf)*? with loss of one Cp ligand (Scheme 11).3>*

The molecular structures of 39a, 39¢, 40a, 40b and 41a could
be established by means of X-ray diffraction analyses, and
Fig. 14 shows the molecular structures of 39a and 40a as
representative examples. As expected, no Ti—P contacts could
be observed in the solid state for the troticenes 39, and the Cht
and Cp rings remain virtually coplanar. In contrast, the
formation of dimeric structures with Zr-P and Hf-P contacts
is observed for the trozircenes 40 and trohafcenes 41. In all
cases, the dimerization leads to centrosymmetric metallacycles
with a M-—P-Cts—M—-P-Cts sequence (Cts = centroid of the
Cp ring; M = Zr, Hf), and the six-membered rings adopt
undistorted chair conformations. The metal-phosphorus dis-
tances are very long, e.g. Zr—-P = 2.9833(3) A in 40b, indicat-
ing weak interactions as expected from the study of the PMes
adducts 7 and 11 (vide supra).”’ In agreement with the trend of
the metal radii,'” the Zr—P bond of 2.9305(4) A in 40a is longer
than the Hf-P bond of 2.8034(6) A in 41a.

The presence of weak P-Zr and P-Hf bonds in 40 and 41
suggests that these dimers can easily be cleaved and used for
the synthesis of transition metal-phosphane complexes, which
might exhibit interesting secondary interactions due to the
presence of a Lewis acidic Cht-Cp metal site. In fact, any
structurally characterized bimetallic complex obtained from
the reactions of 40 or 41 features an unusual intramolecular
interaction involving the zirconium or hafnium atoms, respec-
tively. Scheme 12 shows two representative examples derived
from 40b. For instance, the reaction with dimeric [M(n*
Cngz)Cl]z (CgH[z = l,5-cyclooctadiene; M = Rh, II") fur-
nishes complexes 42 with long Zr—Cl distances of 2.7976(4) A
(M = Rh) and 2.8265(6) A M = TIr). A particularly
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Scheme 11 Preparation of Cp-functionalized Cht-Cp sandwich
complexes.
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Fig. 14 Molecular structures of 39a (left) and 40a (right).

interesting complex can be isolated from the reaction of 40b
with [Pd(n*-CgH,)Cl,], which leads to reduction of Pd(ir) and
formation of the diphosphane—Pd(0) complex 43. The mole-
cular structure reveals a T-shaped palladium complex with an
unprecedented Pd—Zr bond of 2.9709(3) A (Fig. 15). The
angles at palladium are P1-Pd-P2 = 131.83(2)°, P1-Pd-Zr1
= 73.652(11)° and P2-Pd-Zr1 = 152.935(11)°, indicating a
strong deviation from a linear arrangement normally observed
for dicoordinate structures of the type [Pd(0)(PRj3),]; for
instance P-Pd-P = 180° in [Pd(FcP7Bu,),], in which the di-
tert-butylferrocenylphosphane ligand (FcPsBu,) is incapable
of developing a secondary Fe-Pd interaction.>

Another selected example for the Lewis acidic behaviour of
the Cht—Cp metal sites in complexes 40 and 41 involves the
reaction of 40b with the (dimethylsulfide)chlorogold complex
[(Me,S)AuCl], which did not give the expected 1 : 1 complex
[(40b)AuCl]. Instead, a 2 : 1 complex of the type [(40b),Au]Cl
precipitated from solution, irrespective of the applied stoichio-
metry. The molecular structure in Scheme 13 reveals that this
complex contains a cationic diphosphane-gold moiety and
that the chloride counterion has been removed from the gold
atom and is weakly bound to the two zirconium atoms. The
P-Au-P axis is almost linear [172.37(3)°], whereas the
Zr—Cl-Zr angle of 135.09(3)° is significantly more acute.

The secondary interactions available in complexes contain-
ing the phosphanes 40 and related species will certainly have
an impact on the activation of substrates, for instance by
oxidative addition to complexes such as 43. A number of
related complexes await their publication,® and the full
potential of the zirconium— and hafnium—phosphane ligands
40 and 41 as ligands for applications in homogeneous catalysis
needs yet to be investigated. Thereby, the Cht-Cp metal

- M(COD)CI €l
T IM(COD)CIL, GO\

@_Pipm M=Rh, Ir :Cé: o

40b 42

[(COD)PACI]

Scheme 12 Synthesis of trozircenylphosphane complexes featuring
secondary interactions.

[(Me;S)AuCl]
2 r

<S> piPr,

40b

THF, -78 °C

Scheme 13 Synthesis and molecular structure of a bis(trozircenyl-
phosphane)gold complex.

moiety can be regarded as a pendant Lewis acidic acceptor
ligand in a similar fashion as described for ambiphilic phos-
phane ligands featuring pendant borane and alane moieties,
which have also been investigated as promising candidates for
organotransition metal catalysis, notably via intramolecular
activation of M—X bonds.>®

Conclusions and outlook

The detailed experimental and theoretical investigation of
16-electron group 4 Cht—Cp complexes as outlined in this
contribution gives clear evidence for a reactivity pattern,
which resembles the Lewis acidic behaviour of M*'V com-
plexes (M = Ti, Zr, Hf). For M = Zr and Hf, the metals are
accessible without the prerequisite to bridge the two rings.
Therefore, functionalized systems such as phosphanyl-substi-
tuted trozircenes and trohafcenes of the type [(n’-
C5H4PR2)M(n7-C7H7)] (M = Zr, Hf) are able to exhibit
secondary metal-ligand or metal-metal interactions upon
coordination to other transition metals (Fig. 16), and the use
of these interactions as a steering principle in homogenous
catalysis will be further exploited. Isomeric monophosphanes
and diphosphanes of the types [(1n°-CsHs)M(n’-C;HgPR,)]
and [(1°-CsH4PR)M(n’-C;HGPR,)], respectively, are also
interesting alternatives. In addition, the corresponding troti-
cene derivatives (M = Ti), where secondary interactions
involving the titanium atom are absent, represent interesting
ligands in their own right, as they might serve as sterically
modified analogues of ferrocenylphosphanes.?

For Cht-Cp titanium complexes, reactivity at the metal
center could be observed only for ansa-Cht—Cp complexes.
In addition, cleavage of the E-C bond to the seven-membered
ring allows the use of these complexes as building blocks
for the preparation of metallopolymers. In addition to
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M = Ti, Zr, Hf

Fig. 16 Secondary interactions in phosphanyl-functionalized Cht-Cp
metal complexes.
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Fig. 17 Variation of ansa-cycloheptatrienyl-cyclopentadienyl

complexes.
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Fig. 18 Cycloheptatrienyl-cyclopentadienyl actinide sandwich

complexes.

troticenophanes (M = Ti), ansa-Cht—Cp complexes contain-
ing vanadium and chromium have been characterized.®'°
Further development in this area could be achieved by varia-
tion of the metal atoms with incorporation of the heavier
group 4-6 elements, but could also involve the introduction of
other bridging atoms with different atomic radii to fine-tune
the reactivity of the resulting complexes (Fig. 17). For R,.E =
PR, interaction between the bridging phosphorus atom and
the metal atom could be envisaged in the case of titanium,
potentially leading to supramolecular aggregation in the
solid state.

The heaviest group 4 element is the transactinide rutherfor-
dium; its radioactivity, however, prevents the preparation of
organometallic complexes. On the other hand, the high stabi-
lity of the +4 oxidation state makes thorium an ideal candi-
date for the preparation of Cht—Cp actinide complexes. In
view of the report of the X-ray crystallographic characteriza-
tion of the bis(cycloheptatrienyl)uranium anion [(n’-
C;H;),U]", the preparation of Cht-Cp uranium sandwich
complexes as shown in Fig. 18 could also be envisaged. It
should be noted that a number of sterically demanding
cycloheptatrienyl ligands are also available for this purpose,
and the majority of these ligands have been introduced by the
author’s group.**>#
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