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The reactions of two equivalents of the cyclooctadienyl anion with various divalent transition metal salts (M = Ti,
V, Cr or Fe) led to the formation of the appropriate bis(cyclooctadienyl)metal complexes, isolable as crystalline
compounds. Their constitutions have been established through NMR and mass spectroscopies, elemental analyses,
and single crystal X-ray diffraction studies. As with the M(2,4-C7H11)2 and M(6,6-dmch)2 (C7H11 = dimethyl-
pentadienyl; dmch = dimethylcyclohexadienyl) complexes, the titanium and vanadium compounds adopt low
spin configurations, thereby differing from their metallocene analogs. The structures observed for these complexes
in the solid state are similar to those of the M(2,4-C7H11)2 complexes. The low spin titanium complex also forms a
mono(ligand) adduct with CO, although the binding appears noticeably weak due to the steric influence of the
edge bridge.

Introduction
Bis(pentadienyl)metal complexes, or open metallocenes, par-
ticularly those containing the 2,4-dimethylpentadienyl (2,4-
C7H11) ligand, have been demonstrated to possess very signifi-
cant differences compared to their metallocene counterparts.1

These differences arise to a large extent from the lower degree
of stabilization of the pentadienyl group’s occupied π molecu-
lar orbitals, and correspondingly greater stabilization of their
π* orbitals, which can lead to greater metal–ligand orbital mix-
ing, stronger metal–ligand bonding, generally higher reactivity,
and in some cases low spin configurations.1,2 While one would
expect edge-bridged open metallocenes (“pseudo-metallo-
cenes” 3), in which the two terminal dienyl carbon atoms are
connected via a bridging unit, to mimic the unbridged open
metallocenes, in some cases these species have been found to
possess properties intermediate between those of the metallo-
cenes and open metallocenes (e.g., C–O stretching frequencies
of some carbonyl adducts), while in other cases they may even
more closely resemble the metallocenes (e.g., green Cr(2,4-
C7H11)2 vs. red Cr(C5H5)2 and Cr(6,6-dmch)2, dmch = 6,6-
dimethylcyclohexadienyl).4 In an effort to gain a better
understanding of the relationships between pentadienyl, edge-
bridged pentadienyl, and cyclopentadienyl ligands, we have
investigated the syntheses and natures of bis(cyclooctadienyl)
complexes of titanium, vanadium, and iron, as well as for the
previously reported chromium complex. It will be seen that the
C8H11 ligand appears to bear greater similarity to the 2,4-C7H11

rather than the 6,6-dmch ligand.

Results and discussion
Synthetic and spectroscopic

The reactions of divalent metal halide complexes of titanium or
chromium with two equivalents of K(C8H11) (C8H11 = cyclo-

† Supplementary data available: mass spectral data. For direct electronic
access see http://www.rsc.org/suppdata/dt/1999/3995/, otherwise avail-
able from BLDSC (No. SUP 57649, 3 pp.) or the RSC Library. See
Instructions for Authors, 1999, Issue 1 (http//www.rsc.org/dalton).

octadienyl) lead to the respective M(C8H11)2 complexes,
eqn. (1). Similarly, the reactions of VCl3(THF)3 or FeCl3 with

“MCl2” � 2 KC8H11

THF
M(C8H11)2 (1)

M = Ti 1 or Cr 3

three equivalents of K(C8H11) lead to analogous vanadium and
iron complexes, eqn. (2), thereby demonstrating the ability of

MCl3(THF)n � 3 KC8H11

THF
M(C8H11)2 (2)

M = V 2 or Fe 4

the cyclooctadienyl anion to serve as a reducing agent, as is
typical of pentadienyl anions in general. The chromium com-
plex 3 had been reported earlier,5 but prepared through a differ-
ent route, as also had been the ruthenium analog.6 Complexes
1–3 are similar to their M(2,4-C7H11)2 counterparts in being
deep green, while 4 resembles Fe(2,4-C7H11)2 in being orange-
red.7 All of these complexes are solids (cf., liquid Ti(2,4-
C7H11)2), and crystallize much more readily than their M(2,4-
C7H11)2 analogs. As a result, the edge-bridged complexes may
well prove to be superior to the M(2,4-C7H11)2 complexes in
various applications such as metal film depositions,8 naked
metal reactions,9 syntheses of new materials,10 and polymeriz-
ations.11 The iron complex is relatively air stable, unlike the
earlier metal species, and 1 is even pyrophoric on occasion.

In addition to analytical and mass spectral data, NMR
spectroscopy proved valuable for the characterization of some
of these species. As was found for the M(2,4-C7H11)2

1 and
M(6,6-dmch)2

4 complexes, the 14 electron Ti(C8H11)2 1 and 18
electron Fe(C8H11)2 4 species are diamagnetic, whereas 14 elec-
tron titanocenes are paramagnetic.12 The NMR spectra of both
1 and 4 reveal unsymmetric ground state conformations, pre-
sumed to be as shown below, based upon observations for the
M(2,4-C7H11)2 complexes. At higher temperatures, one observes
the establishment of a more symmetric NMR pattern for 4, as a
result of oscillation of the C8H11 ligand, almost certainly via
intermediate 5. The barrier can be estimated to be ca. 12.2 ± 0.3
kcal mol�1, substantially higher than the value of 9.1 ± 0.1 kcal
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mol�1 for Fe(2,4-C7H11)2.
7,‡ Possibly the higher value in this

case results from the greater apparent substituent tilts in the
M(C8H11)2 complexes (see below). For 1, as with Ti(2,4-C7H11)2,
much higher barriers were evident, 14.9 ± 0.5 and 15.3 ±  0.2
kcal mol�1, respectively.13§ In these cases, however, theoretical
data do not clearly favor either a syn- or anti-eclipsed inter-
mediate, such as 5 or 6.14

For the fifteen electron V(C8H11)2 complex, magnetic sus-
ceptibility measurements reveal the presence of the expected
one unpaired electron, analogous to that of V(2,4-C7H11)2, but
in contrast to the high spin vanadocene.15 The ESR spectra
revealed a characteristic eight line pattern (Iv = 7/2), with a
vanadium hyperfine splitting of 76.6 G, similar to that of 77.2
G for V(2,4-C7H11)2, while that for V(dmch)2 is significantly
smaller, at 54 G. Overall, these electronically open dienyl
complexes display more similarity to each other than to
vanadocenes.

As had been observed for various open titanocenes,16 the
fourteen electron Ti(C8H11)2 was observed to form 16 electron
mono(ligand) adducts with appropriate Lewis bases, eqn. (3).

Ti(C8H11)2 � L Ti(C8H11)2L (3)
L = PMe3 or CO

For example, formation and precipitation of a deep red PMe3

adduct could be observed at low temperatures (ca. �80 �C),
although even well below room temperature (ca. �30 �C) deco-
ordination occurred. This relatively weak binding contrasts
significantly with that for Ti(2,4-C7H11)2(PMe3),

17 for which the
binding was relatively complete even above room temperature.
It is clear that the presence of the two C3H6 bridges in the
complexes has greatly impeded the tendency of these molecules
to be coordinated by additional ligands, thereby favoring their
electron deficient M(C8H11)2 forms. Quite analogous observ-
ations were also made for the Ti(6,6-dmch)2 and V(6,6-dmch)2

complexes.4 However, stronger binding was achieved with
CO, as exposure of Ti(C8H11)2 in solution to CO at room
temperature led to a change to a paler, apple-green color.
The resulting 16 electron mono(carbonyl) adduct 7 could be
straightforwardly isolated and characterized. As in the case of
Ti(2,4-C7H11)2(CO), but very much unlike Ti(2,4-C7H11)2 or
Ti(C8H11)2, this complex was found to be air stable for short
periods (minutes to hours). The complex also appears stable
at room temperature, as opposed to Ti(2,4-C7H11)2(CO). NMR

‡ For 4, the approximate barrier was obtained from peaks at δ 53.13
and 61.55 in the 13C NMR spectrum (∆ν = 632 Hz), with Tc = 278 K.
§ For 1, the approximate barrier was obtained from peaks at δ 87.1160
and 87.1786 in the 13C NMR spectrum (∆ν = 4.7 Hz), with Tc = 273 K.
One can note that the barrier of 10.8 kcal mol�1 for Ti(6,6-dmch)2

4

is dramatically lower than those for the other titanium complexes,
perhaps a result of a short C1 � � � C5 separation.

Spectroscopy for 7 indicated the adoption of a very symmetric
pattern, such as 7a or 7b. Although structure 7a would be
analogous to all other Ti(2,4-C7H11)2L complexes, as well as to
Ti(dmch)2(CO), it has been observed that for the edge-bridged
half-open titanocenes the incorporation of the additional
ligand occurs by the C(3) position, as in 8, instead of by the

electronically open edge.18 A structural determination has,
however, revealed the actual structure of 7 to be that of 7a (see
below).

Additional interesting insight could be obtained through
infrared spectroscopy. The C–O stretching frequency for com-
plex 7 was found to occur at 1879 cm�1, compared to values
of 1904 cm�1 for Ti(6,6-dmch)2(CO) and 1952 cm�1 for Ti(2,4-
C7H11)2(CO). In this regard, then, the two edge-bridged com-
plexes appear relatively similar, although in color one again
observes the red dmch complex to be unique, as the other
carbonyl complexes are green. The lower value of the C–O
stretching frequency for 7 compared to the dmch complex
could be a result of the fact that 7 has effectively a separate
alkyl substituent on each of its terminal dienyl positions,
whereas in the dmch ligand the two dienyl termini on a given
ligand share the same alkyl substituent. Methylation of dienyl
termini has in fact been shown to lead to significant reductions
in C–O stretching frequencies.19

Structural

Solid state structural studies have confirmed the formulations
of complexes 1–4. Pertinent bonding parameters are provided
in Tables 1–4, and perspective views are presented in Figs. 1–4.

Fig. 1 Perspective view of Ti(C8H11)2.
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A comparative summary of selected geometrical parameters is
given in Table 5. As can be seen, the approximate conform-
ations of the Ti (1) and Fe (4) complexes correspond to the 90�
staggered and 60� gauche-eclipsed forms, depicted above. Other
edge-bridged iron 20 and ruthenium 21 complexes adopt struc-
tures similar to that of 4. The vanadium complex 2 also adopts
the staggered conformation, while that of 3 is intermediate
between 1 and 4. The observed conformations are quite similar
to those adopted by the M(2,4-C7H11)2 species (M = V, 89.8; Cr,
82.2; Fe, 59.7�).1 A similar correspondence is observed for the
“fold” angles, defined by the angle between the M–C(1)–C(5)
and C(1)–Cl(5) planes. In each case the value for a given

Fig. 2 Perspective view of V(C8H11)2.

Fig. 3 Perspective view of Cr(C8H11)2.

Fig. 4 Perspective view of Fe(C8H11)2.

Table 1 Selected bond distances (Å) and angles (�) for Ti(C8H11)2

Ti–C(1)
Ti–C(2)
Ti–C(3)
Ti–C(4)
Ti–C(5)
C(1)–C(2)
C(2)–C(3)
C(3)–C(4)
C(4)–C(5)

C(1)–C(2)–C(3)
C(2)–C(3)–C(4)
C(3)–C(4)–C(5)

2.220(6)
2.262(6)
2.284(6)
2.237(6)
2.226(6)
1.419(8)
1.404(9)
1.425(8)
1.402(8)

128.5(6)
130.1(5)
128.6(5)

Ti–C(9)
Ti–C(10)
Ti–C(11)
Ti–C(12)
Ti–C(13)
C(9)–C(10)
C(10)–C(11)
C(11)–C(12)
C(12)–C(13)

C(9)–C(10)–C(11)
C(10)–C(11)–C(12)
C(11)–C(12)–C(13)

2.218(7)
2.262(6)
2.264(7)
2.242(6)
2.236(6)
1.398(9)
1.413(9)
1.425(10)
1.387(11)

128.6(7)
130.7(7)
128.0(6)

Table 2 Selected bond distances (Å) and angles (�) for V(C8H11)2

V–C(1)
V–C(2)
V–C(3)
V–C(4)
V–C(5)
C(1)–C(2)
C(2)–C(3)
C(3)–C(4)
C(4)–C(5)

C(1)–C(2)–C(3)
C(2)–C(3)–C(4)
C(3)–C(4)–C(5)

2.169(3)
2.206(3)
2.242(3)
2.187(3)
2.182(3)
1.403(4)
1.416(5)
1.408(5)
1.409(4)

127.8(4)
130.2(3)
128.7(3)

V–C(9)
V–C(10)
V–C(11)
V–C(12)
V–C(13)
C(9)–C(10)
C(10)–C(11)
C(11)–C(12)
C(12)–C(13)

C(9)–C(10)–C(11)
C(10)–C(11)–C(12)
C(11)–C(12)–C(13)

2.175(3)
2.214(3)
2.238(4)
2.192(3)
2.185(3)
1.405(5)
1.399(5)
1.418(5)
1.397(6)

129.0(4)
129.9(4)
129.2(4)

Table 3 Selected bond distances (Å) and angles (�) for Cr(C8H11)2

Cr–C(1)
Cr–C(2)
Cr–C(3)
Cr–C(4)
Cr–C(5)
C(1)–C(2)
C(2)–C(3)
C(3)–C(4)
C(4)–C(5)

C(1)–C(2)–C(3)
C(2)–C(3)–C(4)
C(3)–C(4)–C(5)

2.207(7)
2.172(7)
2.187(7)
2.135(7)
2.160(6)
1.429(10)
1.395(11)
1.410(10)
1.414(10)

127.8(8)
129.1(6)
126.6(7)

Cr–C(9)
Cr–C(10)
Cr–C(11)
Cr–C(12)
Cr–C(13)
C(9)–C(10)
C(10)–C(11)
C(11)–C(12)
C(12)–C(13)

C(9)–C(10)–C(11)
C(10)–C(11)–C(12)
C(11)–C(12)–C(13)

2.188(7)
2.182(8)
2.191(8)
2.137(7)
2.152(7)
1.406(11)
1.421(13)
1.417(12)
1.397(13)

126.4(8)
128.1(8)
127.8(7)

Table 4 Selected bond distances (Å) and angles (�) for Fe(C8H11)2

Fe–C(1)
Fe–C(2)
Fe–C(3)
Fe–C(4)
Fe–C(5)
Fe�–C(1�)
Fe�–C(2�)
Fe�–C(3�)
Fe�–C(4�)
Fe�–C(5�)
C(1)–C(2)
C(2)–C(3)
C(3)–C(4)
C(4)–C(5)
C(1�)–C(2�)
C(2�)–C(3�)
C(3�)–C(4�)
C(4�)–C(5�)

C(1)–C(2)–C(3)
C(2)–C(3)–C(4)
C(3)–C(4)–C(5)
C(1�)–C(2�)–C(3�)
C(2�)–C(3�)–C(4�)
C(3�)–C(4�)–C(5�)

2.126(7)
2.055(6)
2.110(6)
2.067(6)
2.072(5)
2.120(6)
2.070(5)
2.116(5)
2.060(5)
2.077(6)
1.385(9)
1.401(10)
1.408(9)
1.420(8)
1.421(8)
1.412(7)
1.402(7)
1.434(7)

125.2(6)
125.9(6)
126.4(6)
122.9(5)
125.6(5)
127.6(5)

Fe–C(9)
Fe–C(10)
Fe–C(11)
Fe–C(12)
Fe–C(13)
Fe�–C(9�)
Fe�–C(10�)
Fe�–C(11�)
Fe�–C(12�)
Fe�–C(13�)
C(9)–C(10)
C(10)–C(11)
C(11)–C(12)
C(12)–C(13)
C(9�)–C(10�)
C(10�)–C(11�)
C(11�)–C(12�)
C(12�)–C(13�)

C(9)–C(10)–C(11)
C(10)–C(11)–C(12)
C(11)–C(12)–C(13)
C(9�)–C(10�)–C(11�)
C(10�)–C(11�)–C(12�)
C(11�)–C(12�)–C(13�)

2.111(6)
2.068(6)
2.112(6)
2.056(5)
2.079(5)
2.134(6)
2.065(7)
2.119(7)
2.062(6)
2.090(6)
1.406(8)
1.424(9)
1.382(9)
1.423(7)
1.417(8)
1.420(8)
1.410(9)
1.429(9)

124.0(6)
125.5(5)
128.2(6)
124.6(6)
124.5(6)
128.4(5)
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Table 5 Comparisons of averaged structural parameters (distances in Å, angles in �) for the M(C8H11)2

Parameter Ti V Cr Fe 

Conformation angle
Interligand tilt
C(1) � � � C(5)
M–CM
M–C(1), C(5)
M–C(2), C(4)
M–C(3)
M–C (average)
C(1)–C(2)–C(3)
C(2)–C(3)–C(4)
C(1)–C(8)–C(7)
C(6)–C(7)–C(8)
C(2)–C(1)–C(8)
C–C (deloc., average)
C(6), C(8) tilts b

Hydrogen tilts
Fold angle

88.4
28.5
3.238
1.643
2.225(4)
2.251(3)
2.274(4)
2.245
128.4(3)
130.4(4)
117.0(3)
114.4(5)
126.1(4)
1.410
59.4 (46.3)
25.3
80.1

89.7
21.2
3.231
1.584
2.178(3)
2.200(4)
2.240(2)
2.199
128.7(2)
130.1(2)
116.4(2)
113.5(2)
127.0(2)
1.407
57.8 (46.0)
26.8
79.8

84.0
24.5
3.115
1.563
2.177(10) a

2.156(10) a

2.189(5)
2.171
127.2(4)
128.6(5)
116.5(4)
113.0(4)
127.5(4)
1.411
61.3 (47.9)
24.8
75.0

58.4
22.7
2.947
1.480
2.101(11) a

2.062(2)
2.114(3)
2.088
126.0(9) a

125.4(3)
116.0(2)
110.0(3)
126.7(3)
1.412
66.9 (52.0)
24.6
70.6

a In this case, individual values being averaged differ from one side of the ligand to the other. b The first tilt value in each case is derived from the
appropriate torsion angle; the sine of the second value is equal to the deviation of a given atom, C(6) or C(8), from the dienyl least-squares plane
divided by the C(1)–C(6) or C(5)–C(8) distance.

M(C8H11)2 complex is within 3� of that for the corresponding
M(2,4-C7H11) complex (V, 78.8; Cr, 72.9; Fe, 68.1�).22 Much of
the similarity between 1–4 and the 2,4-C7H11 analogs may arise
from a notable flexibility of the C8H11 ligand. As can be seen in
Table 5, the C(1) � � � C(5) separation is quite variable, ranging
from 3.238 to 2.947 Å for 1–4. This is surprising both in its
variability and in its similarity to those of the M(2,4-C7H11)2

complexes (V, 3.05; Cr, 2.93; Fe, 2.785 Å). Thus, in both cases
the girth of the dienyl ligand contracts for smaller metal centers
in order to maintain effective overlap. It can be observed that
the bridge does lead to a fairly regular expansion of the open
edge separation by 0.16–0.18 Å, but this seems to be of a small
enough magnitude that the complexes’ electronic and conform-
ational properties are relatively unchanged. While structural
data for the M(6,6-dmch)2 complexes do not seem available, it is
worth noting that the C(1) � � � C(5) separation for the 6,6-dmch
ligand is significantly less than those for either of the other
electronically open ligands (cf., Ti(C5H5)(6,6-dmch)(PMe3),
2.34; Ti(C5H4CH3)(C8H11)(PEt3), 3.075; Ti(C5H5)(2,4-C7H11)-
(PEt3), 3.09 Å). This most likely accounts for the differences in
colors and ESR spectral parameters displayed by the 6,6-dmch
complexes (see above).

The expansion of the open edge length does lead to some
other geometrical effects, including an increase in the average
delocalized C–C–C bond angles (ca. 2�), and a decrease of ca.
0.03–0.05 Å in the M–CM (center of mass) distance. However,
there is one structural aspect in which one sees a fairly signifi-
cant change relative to the M(2,4-C7H11)2 complexes, namely
the degree of bending experienced by the various substituents.
The methylene groups adjacent to the dienyl fragment experi-
ence deviations of some 58–67� out of the dienyl plane, away
from the metal centers. This, as well as the greater girth of these
ligands, may then lead to enhanced deviations (toward the
metal center) by the hydrogen atom substituents on the delocal-
ized (C(1)–C(5)) carbon atoms, relative to the M(2,4-C7H11)2

complexes. Deviations of these types, but of generally smaller
magnitudes, are expected, and have been attributed to attempts
by the ligand to improve overlap with the transition metal sys-
tem.23 For the dienyl group’s terminal carbon atoms, one can
relate the distortions to an approach to sp3 hybridization for
these atoms,24 as well as to an attempt to relieve intramolecular
H � � � H interactions,25 while for the dienyl group’s internal
carbon atoms the substituent tilts have been attributed to an
attempt to tilt the atom’s p orbital more toward the metal
center, as in 9. It is possible that the initial, large downward
tilt by the hydrogen atom substituents on the terminal carbon
atoms (C(1), C(5)) may then enhance the tilts of the other hydro-

gen atom substituents in order to optimize overlap between
adjacent, formal p orbitals in the delocalized π system. One
final point of interest concerning the C3H6 bridge is its consist-
ent folding back over the dienyl ligand. Most likely this orien-
tation is favored due to the resulting C–H/π interaction.26 The
exposure of one C–H bond to the dienyl fragment’s π electron
density can clearly be seen through a significant upfield shift for
one resonance in the 1H NMR spectrum.

The average M–C bond distances also parallel those of the
M(2,4-C7H11)2 compounds (V, 2.211; Cr, 2.163; Fe, 2.089 Å). Of
course, since these are each averages of several different types
of bonds, exact comparisons cannot be drawn. However, the
fact that the averages for the M(2,4-C7H11)2 and M(C8H11)2

complexes are within ca. 0.01 Å of each other provides an indi-
cation that comparisons would likely be valid nonetheless. To
begin with, one can observe a steady increase in M–C bond
distance as one moves further from the 18 electron configur-
ation of Fe(C8H11)2. A similar trend exists for the metallocenes
(see Contents graphic), which has been characterized as an
“electron imbalance” relationship.23b However, while the appro-
priate, average M–C distances in M(2,4-C7H11)2 and M(C8H11)2

complexes are similar to those of chromocene and ferrocene,
those for the low spin complexes 1 and 2 are much shorter than
in metallocenes of vanadium (2.199 vs. 2.280 Å) and titanium
(2.245 vs. 2.352 Å).12,27 Although it is clear that spin configur-
ations can have a large effect on bond distances, such that com-
parably stable species may have much differing bond distances
(e.g., manganocenes 28), structural data for half-open metallo-
cenes of titanium,2a vanadium,29 even chromium 30 and more
recently zirconium 31 have demonstrated that such differences
persist even when the two ligands are present in the same com-
plex, and hence are no longer subject to spin state differences.
Theoretical calculations have substantiated expectations of
stronger bonding for the pentadienyl ligand, and have revealed
that the open ligands engender a much greater degree of metal–
ligand orbital mixing, and furthermore generally serve as much
stronger electron acceptors, through a significant δ interaction.

Although the presence of the edge bridge may alter inherent
bonding patterns of the ligand, some useful information may
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still be derived from trends displayed within the M(C8H11)2

series. Unlike the M(2,4-C7H11)2 series, however, the central
carbon atoms (C(3),C(11)) are consistently most remotely posi-
tioned from their metal centers. As a result, the most important
trends to observe involve the C(1), C(5) and C(2), C(4) positions.
As had been observed for the M(2,4-C7H11)2 series (V, Cr, Fe),
for the early metals, V and presumably Ti, the shortest M–C
interactions involve the formally charged C(1), C(5) positions,
whereas for Fe the preference shifts to the formally uncharged
C(2), C(4) positions. In both series the chromium complex has
relatively comparable M–C distances for all positions. This
general trend can be accounted for through arguments based on
the relative favorabilities of M→L and L→M bonding inter-
actions. For the earlier metals one can propose that the most
important interaction would be π (L→M), which would be
expected heavily to utilize the formally charged carbon atoms,
e.g., C(1), C(5). In contrast, for the later metals, especially iron,
additional metal electrons would be available in orbitals which
could lead to strong δ M–L backbonding interactions. The
ligand atoms most prone to adopting an acceptor role would
naturally be the uncharged C(2), C(4) positions, thus leading to
short Fe–C(2), C(4) distances. These arguments are also nicely
consistent with the observed structures of the molecules, as the
90� conformation of the early complexes leads to a correspond-
ence of the angle between the two ligands’ π MOs and the angle
between the potential π accepting dxz and dyz orbitals of the
metal center. For the later iron complex an eclipsed conform-
ation could be considered to be a result of the δ bonding inter-
actions, although it can also be noted that in a gauche-eclipsed
conformation an octahedral arrangement of the formally
charged C(1), C(3), C(5) positions results. However, this would
also be the case for an anti-eclipsed conformation, 6, which
appeared to be the more stable form from molecular orbital
studies.2b It is still not clear what leads to the stabilization of the
gauche-eclipsed form relative to anti-eclipsed for the iron com-
plexes, although several subtle factors could play a role.¶

The structure of Ti(C8H11)2(CO) 7 was determined in order
to establish the location of CO attachment (Fig. 5, Table 6). As
noted earlier, in Ti(2,4-C7H11)2L complexes, the additional
ligands had invariably been located by the electronically open
edge, whereas in Ti(C5H5)(C8H11)(PEt3) (and its 6,6-dmch
analog) the presence of the edge bridge appears to have forced
the additional ligands to be positioned by the C(3) location,18 as
in 7a. The observed structure for Ti(C8H11)2(CO) clearly reveals
that CO has occupied a position between the electronically

Fig. 5 Perspective view of Ti(C8H11)2(CO).

¶ Some possibilities include a favorable HOMO/LUMO arrangement
between the two dienyl framents, a greater extent of orbital mixing that
is allowed by the lower symetry arrangement, and the ability for the two
ligands to tilt away from a parallel orientation.

open edges. Apparently, it would be worse to have the two edge
bridges forced to lie directly beside each other, as in 7b. At first
glance, there would not seem to be significant steric interactions
between the edge bridges and the carbonyl ligands as there is
only a 2� angle between the two dienyl ligand planes. However,
the dienyl ligands actually are significantly non-planar, and
adopt something close to an envelope conformation, with an
angle of 8.3� formed between the C(2)–C(3)–C(4) and the C(1)–
C(2)–C(4)–C(5) planes. This leads to a greater separation
between the terminal carbon atoms of one dienyl fragment and
those of the other, and also is likely responsible for the fact that
the average Ti–C(1), C(5) distance is significantly longer than
those for the C(2), C(4) and C(3) positions, 2.364(2) vs. 2.272(2)
and 2.286(4) Å, respectively. Overall, these distances are length-
ened relative to those in the 14 electron parent 1. The Ti–CM
distance is also correspondingly lengthened, being 1.746 Å. The
Ti–CO distance of 1.979(5) Å is comparable to that of 1.978(9)
Å for Ti(6,6-dmch)2(CO).

The edge-bridged 6,6-dimethylcyclohexadienyl and cyclo-
octadienyl ligands add an extra dimension to metal–dienyl
chemistry,32 being intermediate in their physical properties
between pentadienyl and cyclopentadienyl ligands. The edge-
bridged complexes are also significantly more sterically
demanding, which should make them ideal for stabilizing elec-
tron deficient species. An additional advantage of these ligands
appears to be their greater ease of crystallization. However, it is
also clear that there are significant differences between various
edge-bridged ligands, most likely traceable to the differing sep-
arations between their terminal (C(1), C(5)) carbon atoms. It
would seem that much remains to be gained from additional
studies involving a broader range of edge-bridged ligands.

Experimental
All reactions were carried out under a nitrogen atmosphere
in Schlenk apparatus. Ether and hydrocarbon solvents were
distilled from sodium–benzophenone under a nitrogen atmos-
phere. The compound K(C8H11) was prepared according to a
general method for pentadienyl anions.33 Spectroscopic data
were obtained as previously described.34 The 1H and 13C NMR
spectra were obtained at 300 and 75 MHz, respectively. For the
13C NMR spectra the peaks were not precisely integrated, but
numbers of carbon atoms are presented in accord with their
assignments. Elemental analyses were obtained from Robertson
Microlit. Mass spectral data are available as supplementary
material.

Preparation

Bis(cyclooctadienyl)titanium, Ti(�5-C8H11)2. To a frozen mix-
ture of 50 mL THF and 70–80 mesh magnesium metal (0.88 g,
36 mmol) was added TiCl4 (3.3 mL, 30 mmol). The mixture was
allowed to warm to room temperature and then refluxed for 1.5
h to give a black slurry of “TiCl2”. The slurry was then cooled
to �78 �C and a solution of K(C8H11) (8.8 g, 60 mmol) in 50

Table 6 Selected bond distances (Å) and angles (�) for Ti(C8H11)2(CO)

Ti–C(1)
Ti–C(2)
Ti–C(3)
C(1)–C(2)
C(1)–C(8)
C(2)–C(3)
C(3)–C(4)
C(9)–O(9)

C(8)–C(1)–C(2)
C(1)–C(2)–C(3)
C(2)–C(3)–C(4)
C(3)–C(4)–C(5)

2.362(3)
2.270(4)
2.286(4)
1.404(4)
1.499(5)
1.407(5)
1.403(5)
1.142(5)

125.5(3)
128.1(3)
128.5(3)
128.7(3)

Ti–C(4)
Ti–C(5)
Ti–C(9)
C(4)–C(5)
C(5)–C(6)
C(6)–C(7)
C(7)–C(8))

C(4)–C(5)–C(6)
C(5)–C(6)–C(7)
C(6)–C(7)–C(8)
C(7)–C(8)–C(1)

2.261(3)
2.365(4)
1.979(5)
1.415(5)
1.500(5)
1.512(5)
1.495(5)

126.7(3)
116.2(3)
114.0(3)
117.4(3)
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Table 7 X-Ray data parameters for Ti(C8H11)2, V(C8H11)2, Cr(C8H11)2, Fe(C8H11)2, and Ti(CH11)2(CO)

Formula
M
Crystal system
Space group
T/K
a/Å
b/Å
c/Å
α/�
β/�
γ/�
V/Å3

Z
µ/cm�1

Data collected
Unique data with I > nσ(I); n
R(F)
Rw(F)

C16H22Ti
262.24
Orthorhombic
P212121

298
9.608(4)
9.893(2)
13.981(2)

1328.9(6)
4
6.19
1832
1681; 2
0.049
0.072

C16H22V
265.28
Orthorhombic
P212121

218
9.4927(9)
9.8940(9) 
14.0614(12)

1320.7(3)
4
7.26
4371
2848; 2
0.039
0.076

C16H22Cr
266.34
Orthorhombic
P212121

298
9.614(2)
9.850(1)
13.923(3)

1318.5(4)
4
8.43
1824
1677; 2
0.047
0.142

C16H22Fe
270.19
Triclinic
P1̄
249
7.306(3)
13.327(4)
13.861(3)
98.25(2)
97.51(2)
100.57(2)
1295.8(7)
4
11.38
4288
3323; 2
0.054
0.112

C17H22OTi
290.25
Monoclinic
P21/m
298
6.998(2)
16.263(2)
7.055(1)

115.88(1)

722.4(3)
2
5.82
1358
982; 2
0.043
0.104

mL THF added dropwise. The mixture was warmed to room
temperature and stirred overnight during which time a very
dark green solution resulted. Next, the solvent was removed
in vacuo and the black-green residue extracted into three 100
mL portions of pentane and filtered through a Celite pad on
a coarse frit. Concentration of the green filtrate in vacuo to
ca. 100 mL and placement into a �20 �C freezer gave 2.2 g
(28%) of the complex as air-sensitive dark green needle-shaped
crystals. Melting point (nitrogen-filled sealed capillary): 110–
112 �C. Calc. for C16H22Ti: C, 73.28; H, 8.45. Found: C, 72.96;
H, 8.37%. 1H NMR (toluene-d8, ambient): δ 7.17 (t, 1 H,
J = 10.7, H-3), 6.74 (t, 1 H, J = 10.9, H-2), 4.74 (t, 1 H, J = 11.7,
H-4), 4.05 (dd, 1 H, J = 6.7, 6.3, H-1), 2.77 (m, 1 H, H-6), 1.73
(dd, 1 H, J = 7.4, 7.3, H-5), 1.42 (m, 1 H, H-8), 1.26 (tt, 1 H,
J = 13.6, 2.1, H-6�), 0.71 (m, 1 H, H-8�), 0.43 (qt, 1 H, J = 13.6,
2.1, H-7�) and �0.62 (t, 1 H, J = 13.4 Hz, H-7). 13C NMR
(toluene-d8, ambient): δ 128.2 (dt, 2C, J = 161, 11, C-3), 106.4
(dt, 4C, J = 61, 9, C-2 or 4), 105.7 (dt, 2C, J = 160, 9, C-2 or 4),
87.3 (d, 4C, J = 148, C-1,5), 38.4 (t, 2C, C-6 or 8), 30.8 (t, 2C,
J = 127, C-6 or 8) and 20.5 (t, 2C, J = 126 Hz, C-7).

Bis(cyclooctadienyl)titanium monocarbonyl, Ti(�5-C8H11)2-
(CO). Over an emerald green solution of Ti(η5-C8H11)2 (0.50 g,
20 mmol) in 20 mL pentane under a blanket of nitrogen was
passed a stream of CO at �78 �C. After 10 min a distinct
change to light green occurred. The reaction mixture was
warmed to room temperature and the solvent removed in vacuo
to give a green solid. This green residue was extracted into two
50 mL portions of pentane and filtered through a Celite pad on
a coarse frit. Concentration in vacuo of the green filtrate to ca.
20 mL and placement into a �20 �C freezer gave 0.50 g (91%)
of the complex as air-sensitive light green diamond-shaped
crystals. Melting point (nitrogen-filled sealed capillary): 133–
135 �C. Calc. for C17H22OTi: C, 70.34; H, 7.64. Found: C, 70.13;
H, 7.67%. 1H NMR (toluene-d8, ambient): δ 5.58 (t, 2 H,
J = 9.4, H-3), 3.94 (dd, 4 H, J = 10.8, 10.3, H-2,4), 2.91 (dd, 4 H,
J = 5.8, 5.6, H-1,5), 2.31 (m, 4 H, H-6,8), 2.24 (qt, 4 H, J = 13.2,
2.3, H-6�,8�), 0.97 (d, 2 H, J = 13.6, H-7) and 0.03 (qt, 2 H,
J = 13.3, 3.1 Hz, H-7�). 13C NMR (toluene-d8, ambient): δ 253.0
(s, 1C, CO), 116.3 (dt, 2C, J = 161, 11, C-3), 102.1 (dt, 4C,
J = 158, 9, C-2,4), 72.8 (d, 4C, J = 148, C-1,5), 30.8 (t, 4C,
J = 126, C-6,8) and 20.2 (t, 2C, J = 126 Hz, C-7). IR (Nujol
mull): 1879 cm�1 (CO).

Bis(cyclooctadienyl)vanadium, V(�5-C8H11)2. A solution of
VCl3�3THF (1.0 g, 2.7 mmol) in 30 mL of THF was cooled to
�78 �C. A solution of K(C8H11) (1.27 g, 8.3 mmol) in 30 mL of
THF was slowly added. The resulting black solution was slowly
warmed to room temperature. After stirring overnight, the
solvent was removed in vacuo. The crude product was extracted
with three 25 mL portions of pentane, and filtered through a

Celite pad on a coarse frit. The solution was cooled to �30 �C,
yielding a dark green air-sensitive crystalline solid (60% yield).
Single crystals were obtained by slowly cooling their concen-
trated solutions in pentane. Melting point (nitrogen-filled
sealed capillary): 95 �C (decomp.). Calc. for C16H22V: C, 72.44;
H, 8.36. Found: C, 71.60; H, 8.39%. Magnetic susceptibility
(Evans method,35 THF): 1.6 µB. ESR (hexane, 20 �C): g = 1.976;
Av = 75.7 G.

Bis(cyclooctadienyl)chromium, Cr(�5-C8H11)2. A solution of
CrCl2 (0.80 g, 6.5 mmol) in 30 mL of THF was cooled to
�78 �C. A solution of K(C8H11) (2.0 g, 14 mmol) in 30 mL of
THF was slowly added. The resulting orange-brown solution
was slowly warmed to room temperature. After stirring over-
night, the solvent was removed in vacuo from the black solu-
tion. The crude product was extracted with three 25 mL
portions of pentane, and then filtered through a Celite pad on
a coarse frit. The solution was cooled to �30 �C, yielding a
dark green air-sensitive crystalline solid (70–80% yield). Single
crystals were obtained by slowly cooling their concentrated
solutions in pentane.

Bis(cyclooctadienyl)iron, Fe(�5-C8H11)2. To a magnetically
stirred slurry of FeCl3 (1.00 g, 6.17 mmol) in 20 mL of THF
at �78 �C was slowly added a solution of K(C8H11) (2.83 g,
19.1 mmol) in 40 mL of THF. After addition was complete the
solution was allowed to warm to room temperature and stirred
overnight. Then, the solvent was removed in vacuo from the
dark brown solution. The residue was extracted with pentane
and filtered through a Celite pad on a coarse frit. The product
was isolated by cooling to �90 �C, as an orange crystalline solid
(65–70% yield). Melting point (nitrogen-filled sealed capillary):
81–83 �C. Calc. for C16H22Fe: C, 71.12; H, 8.21. Found: C,
71.21; H, 8.37%. 1H NMR (toluene-d8, ambient, �35 �C):
δ 5.11 (t, 1 H, H-3), 3.48 (m, 2 H, H-2, H-4), 2.50 (d, 2 H, H-1,
H-5), 2.15 (t, 1 H, H-6, J = 12.9), 1.61 (br, 1H, H-6�), 1.38 (m,
1 H, H-8), 1.17 (m, 1 H, H-8�), 0.94 (m, 1 H, H-7) and �0.25
(q, 1 H, H-7�, J = 12.9 Hz). 13C NMR (toluene-d8, ambient,
�35 �C): δ 105.5 (d, C-3, J = 150), 90.9 (d, C-2, J = 157), 79.9
(d, C-4, J = 159), 61.6 (d, C-1, J = 145), 53.1 (d, C-5, J = 145
Hz), 30.2 (t, C-6 and C-8, J = 119) and 28.8 (t, C-7, J = 118 Hz).

Structural studies

Crystals of the compounds studied were grown by slowly
cooling concentrated solutions in hydrocarbons. They were
subsequently mounted in glass capillaries under nitrogen atmo-
spheres, and transferred to a Siemens P4 or P4/CCD diffract-
ometer, each of which utilized a Mo-Kα source (λ = 0.71073 Å).
Diffraction symmetries and systematic absences for several
of the M(C8H11)2 complexes (M = Ti, V or Cr) were uniquely
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consistent for the space group P212121, while for Fe(C8H11)2 and
Ti(C8H11)2(CO), the respective space groups P1̄ and P21/m were
suggested by intensity statistics and confirmed by their success-
ful refinements. For the isomorphous M(C8H11)2 (M = Ti, V or
Cr) complexes, refinements of the Flack parameters suggested
that enantiomorphic mixtures were present (44/56, 55/45, and
30/70, respectively). For Fe(C8H11)2, two independent molecules
were present but their structural parameters were nearly identi-
cal. Non-hydrogen atoms were refined anisotropically, while
hydrogen atoms were treated as idealized contributions. Other
data collection and refinement parameters are presented in
Table 7.

CCDC reference number 186/1662.
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