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The area of metal-pentadienyl chemistry has recently
been attracting growing attention, and a number of
reviews covering various aspects of this field have ap-
peared.! As a result of the increasing interest in this
field, many new facets of metal-pentadienyl chemistry
have been uncovered leading to a greater appreciation
for, and understanding of, what this field has to offer.
Once again, therefore, it seems appropriate to try to
summarize and put into perspective the advances made
in this area. In this review, the focus will first center
on the physical and structural natures of these com-
plexes, particularly how they relate to similar systems,
e.g., allyl, butadiene, and cyclopentadienyl complexes.
However, ligand-centered structural features such as
C—C distances, C-C—C angles, and their variations with
substituents have already been discussed in detail and
for the most part will not be presented again.?2 Em-
phasis for the structural treatment in this review will
be given to n°-bound pentadienyl complexes, as struc-
tural parameters for - and n'-bound species can be
expected to reflect the bonding of metal-allyl and
metal-alkyl complexes, respectively. Subsequently,
attention will turn to reaction chemistry involving major
transformations of pentadienyl ligands.

I. Introduction

In many respects it is surprising that the potential
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usefulness of metal-pentadienyl compounds had not
been appreciated earlier. After all, the closed, five-
membered cyclopentadienyl ligand and the open,
three-membered allyl ligand have proven to be of im-
mense importance in both fundamental and practical
senses.> The cyclopentadienyl ligand is well-renowned
for its utility as a “stabilizing ligand”, as it has yielded
many very thermally stable compounds. Most notable
among these are the metallocenes or bis(cyclo-
pentadienyl)metal complexes.* In addition to the quite
stable complexes of iron, ruthenium, and osmium
(which obey the 18-electron rule), stable species are
known also for vanadium, chromium, manganese, co-
balt, and nickel, whose complexes possess electron
counts in the range of 15-20. In contrast, while hom-
oleptic allyl compounds of the first-row transition
metals from titanium to nickel have been prepared, the
most stable examples, of chromium and nickel, still
decompose at room temperature.® Despite, and in fact
perhaps because of, this much lower thermal stability,
metal-allyl compounds have been utilized in a tre-
mendous number of important synthetic and catalytic
applications.b

While a number of reports dealing with metal-pen-
tadienyl complexes had appeared prior to 1980 (vide
infra), there was little if any indication or recognition
that pentadienyl ligands by themselves might lead to
a variety of potentially useful carbon—carbon bond-
forming (coupling) reactions. However, a close com-
parison of the pentadienyl fragment, and particularly
its molecular orbitals’ (see Figure 1), to the related
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Figure 1. Comparison of the m-molecular orbitals of the pen-
tadienyl and cyclopentadienyl groups.

cyclopentadienyl and allyl fragments, has suggested that
the pentadienyl ligand should be capable of imparting
thermal stability to a wide variety of metal complexes
and that pentadienyl complexes should readily undergo
“allyl-like” transformations (e.g., n°~n°—y! interconver-
sions) and reactions (coupling and “naked metal”
chemistry). It was also proposed that in some cases
metal-pentadienyl bonding might actually be stronger
than the renowned metal-cyclopentadienyl bonding,!a?
even though earlier publications had explicitly pointed
out that metal-cyclohexadienyl bonding appeared
weaker than metal-cyclopentadienyl bonding.? In fact,
in both “half-open vanadocene” and “half-open
titanocene” complexes, this has now been demonstrated,
and even with the stronger metal-pentadienyl bonding,
the pentadienyl ligand remains the more active center
for coupling reactions (vide infra).

While the primary focus of this review relates to
metal complexes of open pentadienyl ligands, it must
be noted that a large number of metal complexes of
cyclohexadienyl, cycloheptadienyl, and cyclooctadienyl
(hereinafter collectively referred to as cyclo-dienyl for
simplicity, although even between these species there
may be significant differences®) ligands had been pre-
pared early on, although few of these were homoleptic
species and, with some notable exceptions,° little con-
certed effort had been devoted to reaction chemistry
of these complexes. Nonetheless, some early observa-
tions did serve to foreshadow part of the future course
of metal-pentadienyl chemistry, and it is appropriate
that some of these be included, particularly when they
represent species not yet observed for pentadienyl
complexes or demonstrate behavior much different
from that of otherwise related pentadienyl species.

The first complex of a pentadienyl ligand, Fe-
(CsH;)(CO)s*, was prepared in 1962 by protonation of
the neutral Fe(n*-pentadienol)(CO); complex.!! In 1960
the related cyclohexadienyl complex, Fe(CgH,)(CO)s*,
had been reported to result from formal hydride ab-
straction from Fe(n*-1,3-CgHg)(CO);,'% while the iso-
electronic Mn(CgH,)(CO); had been prepared through
the reaction of 1,3-cyclohexadiene with Mny(CO),o!® or
from the reaction of NaBH, with Mn(C¢Hg)(CO)s*.
Similarly, for most other early cyclo-dienyl complexes,
the method of preparation utilized (n*-diene)- or (n%-
arene)metal complexes as starting materials rather than
utilizing the direct interaction of organic anions (pen-
tadienyl, eyclohexadienyl, etc.) with metal complexes.
While most of the resulting products involved »°-dienyl
coordination, a number of 7°-dienyl complexes had also
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Figure 2. Solid-state structure of Pd(n®-C4H,,)(acac) (reprinted
from ref 14c; copyright 1966 American Chemical Society).

Figure 3. Molecular structure of Niy(CsH;), (reprinted from ref
15; copyright 1969 VCH (Weinheim)).

been reported. Representative examples are depicted
below
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and in Figure 2, while the structure of the unusual
Niy(CsH7); may be seen in Figure 3.1

In addition to these isolated examples of #°- and
7®-bound dienyl complexes, at least several examples
of transformations between the #°- and #°-bonding
modes had been observed. For example, Rinze reported
the following #°—n® conversion (eq 1, L = P(CgH;)3).18
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Figure 4. Comparlson of the structures of Rh(»5-CgHz0)(P-
(CgHj)s), and Rh(n?-2,4-C;H;;)(pinacop) (reprinted from ref 20
and 21; copyright 1980 Elsevier Sequoia and 1988 American
Chemical Society).

cationic 16-electron n®-cycloheptadienyl complexes of
palladium displayed fluxional behavior that could be
attributed to n3-15-5° interconversions, e.g., eq 2.7
These observations were subsequently supported by

molecular orbital studies.1®

| = | = | (2)
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Although not the case in the example above, in gen-
eral one might expect that cyclo-dienyl complexes
should exhibit a greater preference toward #® coordi-
nation than would pentadienyl complexes, as the former
will be held relatively rigid in the U conformation, while
pentadienyl fragments tend to prefer W and S (sickle)
configurations (note, however, that the 2,4-dimethyl-

UWW

s
pentadienyl fragment is an exception, preferring the U
conformation).”® In fact, a good illustration of this may
be found in some rhodlum chemistry. Thus, while a
Rh(cyclohexadienyl) (P(C¢Hjs)s)s complex has been for-
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mulated as an #°-bound complex,® an analogous open
pentadienyl complex has been found to adopt an 7
configuration (Figure 4).2!

In a number of cases, the reaction chemistry of
metal-pentadienyl complexes has also been paralleled
by earlier work with cyclo-dienyl compounds, and such
situations will be discussed in the appropriate sections.
In addition, however, it should be noted that some very
important and extensive applications have been de-
veloped for (cyclohexadienyl)metal chemistry in organic
synthesis.!®

I1. Syntheses, Spectroscopy, and Structural
Data

A. Open Metallocenes

While a number of organic fragments, perhaps most
notably CO, may be incorporated into various series of
homoleptic complexes of transition metals,?? cyclo-
pentadienyl has been for some time quite unique. All
first-row transition metals from vanadium to nickel
form thermally stable metallocenes

P
<

despite the fact that their electron configurations range
from 15 to 20. Of these metals, only for iron is the
18-electron rule obeyed. Despite cyclopentadienyl’s
reputation as a stabilizing ligand, however, the simple
titanocene analogue is known to be quite unstable, and
attempts at its isolation have led instead to a myriad
of dimeric species, perhaps most commonly 1, and to
nitrogen adducts.?®

- @
' \\\“\ ‘y,,,

~ The first “open metallocene to be reported seems to
be bis(pentadienyl)chromium, Cr(CzH,),, although its
potential significance relative to the metallocenes was
not recognized.® However, two “pseudoferrocenes”,
bis(6-R-1,3,5-trimethylcyclohexadienyl)iron (R = CgH;,
t-C4Hy), were reported at about the same time,” and
while the potential relationship with ferrocene was
suggested, the conformational and bonding natures of
these species were essentially unknown. Subsequently,
a metal atom vapor reaction led to Fe(n%-C;H,) (n5-C;Hy)
(C;H; = cycloheptatrienyl; C;Hy = cycloheptadienyl).?
That unsymmetric structures were adopted by these
complexes was demonstrated by X-ray diffraction
(Figure 5).2627 Isoelectronic cationic complexes of
rhodium and iridium were reported at about the same
time.28

In the early 1980s, it was proposed that pentadienyl
ligands should be capable of imparting thermal stability
as well as favorable chemical and catalytic reactivities

to their transition-metal complexes and that in some
cases pentadienyl might even bond more strongly than
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Figure 5. Structure of the pseudoferrocene Fe[n?-1,5-(CgHj)o
3-(t-C,Hy)C;H,P(CH3;)], (reprinted from ref 27b; copyright 1985
American Chemical Society).

cyclopentadienyl.?® In accord with these expectations,
it was found that direct reaction of 2 equiv of the 2,4-
dimethylpentadienyl anion with divalent titanium, va-
nadium, chromium, and iron chlorides or chloride
complexes led straightforwardly to the formation of the
respective “open metallocenes” M(2,4-C,H,,), (M = Tj,
V, Cr, Fe).2%b30 Products could also be isolated from
reactions involving manganese and cobalt dichlorides,
but much different courses were followed, and the
products are described later.

Because of their close relationship with ferrocene, the
open ferrocenes have provided a nice opportunity for
comparisons through physical studies. Most of these
studies can be more effectively understood in relation
to results for the half-open ferrocene Fe(C;H;)(2,4-C,-
H,,) and hence their discussion will be postponed until
section II.C. Structures of Fe(2,4-C;H,,), (Figure 6) and
Fe(2,3,4-CgH,3), have been determined,®! and in each
case a nearly gauche-eclipsed conformation was
adopted, with the average Fe-C bond distances of 2.089
(2) and 2.087 (1) A, respectively, being longer than the
average distance of 2.064 (3) A in ferrocene.?? To dis-
cuss the conformations properly, one can define a con-
formation angle, x, as being 0° for the syn-eclipsed
conformation 2 and 180° for the anti-eclipsed form 3.

< <<=
é £>
2 3
With this definition, the value of x for the gauche-ec-
lipsed form 4 should be 60°. The respectively values
for the two iron complexes are 59.7 and 55.1°, and the
deviation from 60° for the latter complex can readily

be ascribed to intramolecular CHg-CHj repulsions.
While a second gauche-eclipsed form, 5, is possible, until
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Figure 6. Structure of the open ferrocene Fe(2,4-C;Hj,), (re-
printed from ref 31a; copyright 1983 American Chemical Society).

recently (vide infra) it had appeared to be quite unlikely
and was generally omitted from consideration. While
something close to this form has now been observed for
Zr(2,4-C;H,,)4(CO),, it is still likely to be uncommon,
and any unqualified reference to a gauche-eclipsed form
will refer to that of 4. It can be noted that structural
determinations for “pseudo-ferrocenes”, as in Figure 6,
also have revealed gauche-eclipsed ligand orientations,
although recent spectroscopic data for bis(6,6-di-
methylcyclohexadienyl)iron have led to the proposal
that it exists in the anti-eclipsed form 3.3

It is notable that the Fe-C bonds for the “open
ferrocenes” are slightly longer than those in ferrocene
itself. This observation is consistent with early struc-
tural observations for other n®-dienyl complexes.® For
the “open ferrocenes” at least, the longer distances were
attributed to the presence of significant interligand
steric repulsions and to decreased Fe-pentadienyl
overlap.?l Support for both of these possibilities would
be found from the structural data. Regarding the
overlap argument, it can be noted that a tilting of 3.7
(9)° by the hydrogen atom substituents toward iron has
been observed for ferrocene, 6, and attributed to an

attempt to improve metal-ligand overlap by pointing
the carbon atoms’ p orbitals more toward the metal
center,* whereas for vanadium, the tilt appeared to take
place in the opposite direction. For comparison, tilts
of substituents in the “open metallocenes” are generally
in the range of 6-12°, suggesting that more tilting is
required to bring about reasonable overlap.

In accord with structural results, variable-tempera-
ture 'H and *C NMR spectroscopic studies have dem-
onstrated that the ground states of Fe(CsH,)y, Fe(3-
CsH9)2, Fe(2,4-C7H11)2, and Fe(2,3,4'CgH13)2 are all un-
symmetric (presumably gauche-eclipsed) in solution
phase.?3* The barriers to the ligand oscillation pro-
cesses have been determined (Table I) and can be seen
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TABLE I. Rotational Barriers (AG* at the Coalescence
Temperature, kcal/mol) for Various Open Metallocenes®

Feb Ru* Os¢?
C.H, 8.4
3-CeH, 8.7
2,4-C.H,¢ 9.1 9.7 13.4
2,3,4-CsHys 9.4 10.2

4 Uncertainties are ca. 0.1-0.2 keal/mol. ®References 31 and 34.
‘Reference 48. ?Reference 34. ¢The barrier for Ti(2,4-C;H,), is
15.3 keal/mol.

to increase with the addition of methyl substituents.
For the unsymmetric complexes possessing the 2-
methyl- or 2,3-dimethyl-substituted ligands, variable-
temperature NMR spectra indicate the presence of two
isomers, such as 7 and 8, depicted in the anti-eclipsed

Fe Fe
7 8

form for clarity, although for both the actual ground
states will be gauche-eclipsed. The presence of two
isomeric forms, 7 and 8, has been further confirmed
recently through Fe NMR spectroscopy.®

Molecular orbital studies have been carried out on the
open ferrocenes, utilizing both the extended Hiickel
(EH) and INDO methods, and the results correlated
with photoelectron spectroscopic data.®® Several sig-
nificant differences were noted between the open fer-
rocenes and ferrocene. Thus, calculations for the
anti-eclipsed, syn-eclipsed, and gauche-eclipsed con-
formations for the former compound reveal in each case
the presence of three orbitals having comparable
(30-70%) metal and ligand character, whereas no such
orbitals are found for ferrocene. According to the EH
method, the anti-eclipsed form is favored over the ob-
served gauche-eclipsed form by 22 kJ/mol. While this
is at oods with structural and spectroscopic results, it
is in accord with the observation that the barriers to
ligand rotation in those species are significantly larger
than those for the metallocenes. The lower degree of
m orbital stabilization for pentadienyl relative to cy-
clopentadienyl appears most reponsible for the higher
degree of mixing. However, the lower molecular sym-
metry may also contribute somewhat. In any event, as
a direct result of the greater orbital mixing, the iron d
orbital populations in the open ferrocenes become much
more symmetric in accord with much lower quadrupole
splittings observed in the Méssbauer spectra.?’

The lower stabilization of C;H, is responsible for
several other features. Despite the large size of pen-
tadienyl, which leads to poorer metal-ligand overlap
and increased ligand-ligand steric repulsion and
therefore to longer Fe—~C bonds than in ferrocene, the
Wiberg indices for the eclipsed Fe(CsH;), (Fe-C(1,5)
= 0.351, Fe-C(2,4) = 0.193, Fe-C(3) = 0.342) average
slightly more than the value of 0.281 for ferrocene.
Thus, any weakening of the Fe-pentadienyl bonding
that results from overlap and steric problems seems to
be more than compensated for by the energetic favor-
ability of metal-pentadienyl bonding. The internal and
external C-C bond indices are 1.27 and 1.39, respec-
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tively, which is consistent with many structural results,
and the resonance hybrid

U

Other interesting trends have also been uncovered.
While 6 (Fe — L) bonding in ferrocene appears very
modest, the 6 bonding in the open ferrocenes seems
quite significant and perhaps is largely responsible for
the slightly higher charge on iron found by the theo-
retical studies (0.434 vs 0.416 in Fe(C;H;),). The carbon
atom charges are greatest for the terminal atoms, —0.478
which can be compared to the respective values of 0.033
and —0.312 for the C(2,4) and C(3) atoms in Fe(CzH,),,
and —0.173 for the carbon atoms in ferrocene. Actually,
spectroscopic studies of various metal pentadienyl
carbonyl complexes generally reveal higher C-O
stretching frequencies compared to their CsH; ana-
logues, suggesting that pentadienyl is the better ac-
cepting ligand, despite the fact that CsHs has both a
higher electron affinity and ionization potential than
CsH;.2® It might be that the large size of the penta-
dienyl ligands, and the closer approach of their planes
to the metal centers, tend to promote the é interaction,
and possibly pentadienyl ligands may function as sig-
nificant é-accepting ligands in many of these com-
pounds. Perhaps this type of interaction might be re-
sponsible for the observation that metal pentadienyl
complexes are most favored for low metal oxidation
states, although other factors (pentadienyl vs metal ion
size or resonance stabilization of the pentadienyl rad-
ical) might also be important.

The theoretical studies also indicate that methylation
brings about significant changes in the Fe-C bonding
including a net destabilization of the compounds. Thus,
the Fe~C(3) bond index for Fe(3-CgHy), is smaller than
that for Fe(CzHy;), (0.24 vs 0.28), and similarly the Fe-
C(2,4) index for Fe(2,4-C;H,,), is smaller than that of
Fe(CsH;), (0.21 vs 0.23). In accord with these obser-
vations, the orbital ionizations observed by photoelec-
tron spectroscopy are significantly lower in energy for
the complexes having the higher degrees of methyla-
tion.® Note, however, that the kinetic stabilities (e.g.,
thermal) of these compounds generally increase with
higg:ler degrees of methylation (cf. Co(allyl); complex-
es?).

Some final observations may be made regarding the
molecular HOMO’s and LUMO’s. For the pentadienyl
anion itself one observes a fairly small separation be-
tween the HOMO and LUMO, 1.003. In comparison,
the separation for the cyclopentadienyl anion is much
larger at 2.248. This indicates that pentadienyl should
function as a “softer” ligand than cyclopentadienyl,
in accord with the theoretical studies indicating greater
metal-ligand orbital mixing. Paralieling the results for
the isolated anions, theoretical studies also indicate that
Fe(CsH,), has both a higher energy HOMO and a lower
energy LUMO than ferrocene, leading to a smaller
HOMO/LUMO separation. In accord with these re-
sults, the open ferrocenes have been found to undergo
electrochemical oxidation more readily than ferrocene!
(section IL.C).

Detailed magnetic and structural data have been
obtained for open chromocenes and open vanadocenes
(Figures 7 and 8, Table II).42  Analogous to chro-
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TABLE II. Pertinent Bonding Parameters for
Metallocenes and Open Metallocenes

parameter Ve Crt Fe’
A. For M(2,4-C;H,,); Compounds
conformatn angle, deg  89.8 82.2 59.7
M-C(1,5), A 2,179 (4)  2.155 (5) 2.108 (5)
M-C(2,4), A 2.231 (4) 2171 (4) 2.073 (4)
M-C(3), A 2.236 (5) 2.163 (6) 2.084 (3)
M-C(av), A 2.211 (2) 2.163 (3) 2.089 (1)
M-CM, A 1.632 (2) 1.599 (3) 1.508 (2)
C(1)---C(5), A 3.05 (1) 2.92 (2) 2.785 (5)
B. For M(C;H;); Compounds?

M-C, A 2.280 (5) 2.169 (4)  2.064 (3)
M-CM, A 1.928 (6) 1.798 (4) 1.660 (10)

¢Reference 49. ®Reference 42. ¢Reference 31a. ?Reference 32.

e co) C®)

Figure 7. Structure of the open chromocene Cr(2,4-C;H,;),
(reprinted from ref 42; copyright 1987 American Chemical So-
ciety).

mocene,*? open chromocenes such as Cr(CzH;),, Cr-
(3'CsH9)2, Cr(2,4'C7Hu)2, and Cr(1,5-(SiMe3)2C5H5)2 all
possess two unpaired electrons.?®# Surprisingly, how-
ever, V(2,4-C;H,,); was found to possess only one un-
paired electron, compared to vanadocene’s three.
Subsequently, several open titanocenes, including Ti-
(2,4-C;Hyy),, Ti(2,4-(¢-C4Hg);CsHs)z, and Ti(1,5-
(SiMe;),CsH;), have also been found to be low spin
(diamagnetic),*® whereas Ti(C;Me;), possess two un-
paired electrons.?3d

The structural determination for Cr(2,4-C,H,,), re-
vealed an unsymmetric pentadienyl ligand orientation,
for which the conformation angle is 82.2°.4? Interest-
ingly, the average Cr-C distance was found to be 2.163
(3) A, reasonably similar to, if not actually slightly
shorter than, the value of 2.169 (4) A for chromoc-
ene.47 Clearly, compared to the Fe(II) complexes, the
metal bonding to the pentadienyl ligand has gained
relative to cyclopentadienyl, and this may readily be
understood on the basis of the sizes of the metal centers.
Thus, while in the “open ferrocene” the metal-penta-
dienyl bonding is hindered by both a loss in metal—
pentadienyl overlap and the presence of pentadienyl-
pentadienyl repulsions, both of these problems will be
relieved somewhat as one substitutes a larger metal
atom for iron. A similar observation was also made for
the larger ruthenium complex (vide infra), with the
metal-pentadienyl bonding again appearing to be
marginally shorter than the metal-cyclopentadienyl
bonding, 2.188 (2) vs 2.196 (3) A48 Although these
results seem to demonstrate at least some gain for

Ernst
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Figure 8. Structure of the open vanadocene V(2,4-C;Hy;), (re-
printed from ref 49; copyright 1984 American Chemical Society).

metal-pentadienyl bonding, subsequent results for
V(2,4-C;H,,); came as quite a surprise.®®* A nearly
staggered conformation (x = 89.8°) was observed, with
the average V-C distance being 2.211 (2) A, much
shorter than the 2.280 (5) A value for vanadocene.*"%
It would be convenient to interpret the shorter V-C-
(pentadienyl) distances as indicating stronger V-pen-
tadienyl bonding, as this would then help explain the
remarkable thermal stability of the “open-titanocenes”.
However, it is well recognized that low-spin configura-
tions can give rise to M-C bond distances which may
be shortened, but not necessarily strengthened. A good
example of such a situation involves 1,1’-dimethyl-
manganocene, which has been found to exist as an
equilibrium mixture of low- and high-spin species (one
and five unpaired electrons, respectively).’! As the
equilibrium between these two forms is close to being
balanced, there is little difference in stability between
them, yet the average Mn~C distances for the two forms
are 2.14 and 2.433 (8) A, respectively. Hence, the short
average M-C distance in V(2,4-C;H,;), did not neces-
sarily reflect stronger bonding relative to vanadocene.
However, subsequent results with half-open vanadocene
and half-open titanocene complexes, in which spin
complications have been removed, have now revealed
that the metal-pentadienyl bonding has become
stronger than the metal-cyclopentadienyl bonding in
these species (vide infra).

Some interesting comparisons may be drawn for the
three M(2,4-C;H,,), structures. As can be seen in Table
I, the shortest Fe-C(pentadienyl) bonds are those in-
volving the formally uncharged 2- and 4-positions, while
the longest ones are to the 1- and 5-positions. For
chromium, all bonds are similar, while for vanadium the
shortest bonds involve the 1- and 5-positions. One way
of rationalizing this trend would be to propose that
bonding for the earlier metals is principally = (lig-
and—metal) in nature and hence would be more
localized at the charged positions, particularly at the
open edge of the pentadienyl ligand. As one proceeds
to the right of the periodic table, one adds electrons to
the metal center, which could then promote ¢ (metal-
—ligand) bonding, which should involve primarily the
2- and 4-positions. The presence of greater 6 bonding
for the later open metallocenes could also be used to
explain the adoption of the sterically demanding
gauche-eclipsed conformation for iron, the smallest
metal in the series. Also notable in the M(2,4-C;Hy;),
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Figure 9. Molecular structure of an open titanocene Ti[l,5-
(SiMe3)2C5H5]2.‘5

series (M =V, Cr, Fe) is the fact that the pentadienyl
ligands are themselves quite deformable. Thus, for the
largest complex (M = V), one observes a C(1)--C(5)
separation of 3.05 (1) A, while for M = Cr, the separa-
tion becomes 2.92 (2) A, and for the smallest case (M
= Fe), it is only 2.785 (5) A. For Fe(2,3,4-CgH,3),, this
separation drops further, to 2.706 (9) A. As the pen-
tadienyl ligands seem to be too large for optimal
bonding with metal centers (vide supra), it appears that
these ligands are contracting more and more as the
metal size decreases, in order to promote better overlap.
This trend is reminiscent of the previously mentioned
substituent tilt effects, and a similar skeletal deform-
ability has been noted .for metal-allyl compounds.5?

As Ti(2,4-C;H,,), is a liquid at room temperature, a
single-crystal X-ray diffraction study could not be
routinely carried out.® Variable-temperature 'H and
13C NMR spectroscopy did reveal that the molecule
possesses an unsymmetric ground state, presumably
similar to the “staggered” 90° form found for V(2,4-
C;H,,),, with the barrier (AG*) to the ligand oscillation
process being 15.3 = 0.2 kcal/mol. Interestingly, MO
calculations indicate that the syn-eclipsed conformation
(x = 0) is lower in energy than the anti-eclipsed form,
just the opposite of the situation for iron.%¢ In order
to obtain structural data for an open titanocene, we
sought to prepare analogous species having bulkier
substituents such as t-C4Hy (cf. t-C;HyOH vs CH;OH).
Indeed, 2,4-(t-C,Hg),-1,3-pentadiene could be prepared
in straightforward fashion, from which K[2,4-(¢-
C4H9)2C5H5] and flnally Ti[2,4'(t'C4H9)2C5H5]2 could
be prepared.® The latter compound is in fact a solid
at room temperature, and despite the much bulkier
substituents present, still has a barrier to ligand os-
cillation which is quite similar to that of Ti(2,4-C;Hj,),.
However, good single crystals were difficult to obtain,
and ultimately resort was made to the 1,5-bis(tri-
methylsilyl)pentadienyl anion, which had previously
been reported by Nakamura, Yasuda, et al.*® From the
reaction with “TiCl,”, a solid product was again ob-
tained, which was indeed Ti[1,5-(SiMe3),C;Hj;], (eq 3).

“TiCl2” + 2K[1,5-(SiMe3)2C5H5] -
Ti[1,5'(SiMe3)2C5H5]2 (3)

Interestingly, while 'H and *C NMR signals for the
other two “open titanocenes” display significant
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Figure 10. Solid-state structure of the open ruthenocene Ru-
(2,3,4-CgH,3), (reprinted from ref 48; copyright 1983 American
Chemical Society).

broadening even at room temperature, those for Ti-
[1,5-(SiMejy),CsHg], remain sharp even to 107°, sug-
gesting a much higher barrier to the ligand oscillation
process. Whether this is due to a steric or electronic
effect is not yet clear. In any event, a solid-state
structural determination could be carried out, and the
result (Figure 9) clearly confirms the fact that the open
titanocenes are indeed stable, monomeric, 14-electron
open-sandwich compounds.#® The conformation is close
to the expected staggered form, with y = 82.5°. Quite
possibly the twist from 90° occurs as a result of
SiMe,-SiMe, repulsions. The average Ti-C distance
of 2.275 (2) A is actually quite similar to the average
V-C distance of 2.280 (5) A in vanadocene and much
shorter than the 2.33 A distance that has been esti-
mated for decamethyltitanocene.?? The Ti-C(5) dis-
tance is actually longer than the Ti-C(1) distance (2.315
(5) vs 2.264 (5) A) probably a result of silyl-silyl steric
interactions. The Ti-C(2-4) distances are 2.268 (4)
2.278 (6), and 2.248 (5) A, respectively.

The only stable second- and third-row metallocenes
are those of ruthenium and osmium, which possess
18-electron configurations and exist in eclipsed (D)
structures.” Not surprisingly, open analogues of these
species could be obtained through the routes® indicated
in eq 4 and 5.3448

Zn, BtOH
RuClynH,0 + 2,4-dimethyl-1,3-pentadiene
Ru(2,4-C;Hyy), (4)

Zn, EtOH

Nay0sClg + 2,4-dimethyl-1,3-pentadiene
0s(2,4-C;Hy)), (5)

Replacement of 2,4-dimethyl-1,3-pentadiene in eq 4 by
the 2,3,4-trimethyl analogue leads to the isolation of
Ru(2,3,4-CgH,3),. Variable-temperature NMR spec-
troscopy indicated that each of these species exists in
an unsymmetric conformation, and the barriers to the
ligand oscillation processes are listed in Table I. In
accord with these results, single-crystal X-ray diffrac-
tion studies revealed nearly gauche-eclipsed confor-
mations for both Ru(2,3,4-CBH13)2 and 03(2,4'C7H11)2
(Figures 10 and 11), with the respective values of x
being 52.5° and 48.2°, ¢f. 59.7° for Fe(2,4-C;H;;);. One
can note a steady twist from the gauche-eclipsed toward
the syn-eclipsed form as one proceeds down the iron




1262 Chemicai Reviews, 1988, Vol. 88, No. 7
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Figure 11. Structure of the open osmocene 0s(2,4-C;H,,), (re-
printed from ref 34; copyright 1987 Elsevier Sequoia).

Sl

Figure 12. Perspective view of Ru(n*trans-2,4-(CHj),-1,3-
C5H6)(acac)2.57

triad, but an explanation for this is not obvious. The
average Ru-C and Os-C distances in those structures
were found to be 2.188 (3) and 2.200 (7) A, respectively,
similar to the value of 2.196 (3) A in ruthenocene.%

As the yields for the preparations of the open ru-
thenocenes varied substantially with the quality of the
RuCl;-nH,0 used, a related reaction was attempted
utilizing Ru(acac)s, which had previously been used for
the preparation of ruthenocene.® Indeed, the Ru(acac),
analogue of eq 4 did lead to a much cleaner reaction,
but the product was not an open ruthenocene, but in-
stead Ru(n*-2,4-dimethyl-1,3-pentadiene) (acac), (Figure
12),57 which is notable for its possession of n*-trans-
diene coordination. Such coordination has been ob-
served in Zr(CzHg),(diene) and Mo(CzH;) (NO)(diene)
complexes, but only for the latter case is the trans-diene
coordination thermodynamically favored.?® The diene
ligands in the Ru(diene){(acac); complexes may readily
be replaced by appropriate ligands (e.g., phosphines).>’

It is notable that despite the “stabilizing” nature of
the cyclopentadienyl ligand, no second- or third-row
metallocenes have been isolated which violate the 18-
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Figure 13. Structure of a 14-electron open zirconocene Zr-
[1,5-(SiMe3)2C5H5]2.6°

electron rule. Rather, various dimers are generally
isolated, such as those depicted below.?®
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Given this fact, even we were surprised when it proved

possible to isolate a deep red, 14-electron open zirco-
nocene through the route of eq 6,%° which involves a

ZTCI4(THF)2 + 4[1,5-(SiMe3)2C5H5]’ -
Zr[1,5-(SiMeg),CsH;s]y (6)

spontaneous reduction of Zr(IV) to Zr(II). This com-
plex, like its green titanium analogue, is diamagnetic
and quite stable thermally, being isolable by sublima-
tion at 125 °C. Variable-temperature NMR spectro-
scopic studies yielded similar results to those obtained
for the titanium analogue, indicating a high barrier to
ligand oscillation. An interesting comparison may be
made regarding the air sensitivity of the open titanoc-
enes and open zirconocene. While Ti(2,4-C;H,,), is
extremely air-sensitive, smoldering and even setting fire
to paper, Ti[1,5-(SiMe;)sCsH;], is only slightly so. The
larger Zr[1,5-(SiMe;);CsH;ls, however, is extremely
air-sensitive.

The monomeric, 14-electron open-sandwich configu-
ration proposed for Zr[1,5-(SiMe),CsHg]o has been
confirmed by X-ray diffraction (Figure 13).%° The
complex is isomorphous with its titanium analogue, has
nearly an identical conformation (x = 82.2°), and
possesses an average metal-carbon bond distance of
2.396 (3) A, consistent with the 0.13 A difference in size
between these two metals.5! It is interesting that the
conformation for Zr[1,5-(SiMes),C5Hjs], is similar to that
of its titanium analogue while that for Ru(2,3,4-CgH,3),
is similar to those of its iron analogues. This would
suggest that structural trends observed for the first
transition series open metallocene complexes (M = Tij,
V, Cr, Fe) also will apply for second- or third-row open

v

N
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metallocenes (e.g., M = Nb, Mo, Re), should such
species prove isolable.

B. Ligand Adducts of Open Metallocenes

While metallocene-related species such as M-
(C5H5)2(L or X) and M(C5H5)2X3 are knOWn,62 the
M(CzH;)4(L), and M(CzH;),X, complexes are much
more common.%® In contrast, for the open metallocenes
the mono(ligand) adducts dominate, probably as a re-
sult of the great steric crowding brought on by penta-
dienyl (cone angle of 180-190° vs 126° for C;H; and
165° for CsMe;—see Figure 14).8¢ For the first-row
metal complexes, these adducts are most commonly
prepared by the direct coordination of the ligand to the
open metallocene, e.g., eq 7 and 8.396485 For all com-

Ti(2,4'C7H11)2 +L— Ti(2,4'C7Hu)2(L) (7)

L = CO, PF,, P(OCH,),CCH,, PMe,, PMe,CeH;,
P(OMe)3, P(OEt)3, PEt3

V(2,4-C;Hy)), + L — V(2,4-C;Hy,)o(L) (8
L= CO, PF3, PMe3, P(OMe)3, PEt3

plexes, it is assumed that a syn-eclipsed conformation
is adopted, as in 9, and 'H and *C NMR spectroscopy

<z
|

M—L

9

for the titanium adducts are in accord with these sym-
metric structures. For the titanium complexes, rever-
siblity of complex formation has been demonstrated,
and AH values of 17.4 £ 0.8,14.5 £ 0.8,12.9+ 0.5, 114
= 0.9, 10.6 £ 0.6, and 10.0 £ 0.1 kcal/mol have been
found for the dissociation of PF3, PMe;, PMe,CgHg,
P(OMe);, P(OEt);, and PEt,, respectively (the AS
values range from 27.4-34.1 eu).®* The AH values have
been correlated entirely with steric effects (not sur-
prising in view of the fact that the open metallocenes
are crowded even without supplemental ligand coor-
dination), once a correction for the cone angle of
phosphite ligands had been made to account for the fact
that conformations such as the previously assumed form
10 are not feasible sterically, and the smallest accessible
form is actually more like 11. An alternative route to

11

some of these species, and to a number of complexes
for which the open metallocenes are not available, in-
volves the direct reaction of pentadienyl anions with
“MCl,” in the presence of phosphine (eq 9-11, M = Tj,
V).848  Subsequently, the PEt; may be replaced by CO

“MCl,” + 2CH,” + PEt; — M(C;H,)o(PEty) (9)
“MCI2” + 2(3'CsH9_) + PEt3 - M(3'CsH9)2(PEt3)
(10)

“VCI2” + 2(1'CsH9_) + PEt3 - V(1'06H9)2(PEt3)
(11)
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Figure 14. Approximate space-filling model of Cr(CyMeg)(CsHy).
The cone angle of C;H; (above) may be seen to be larger than
that of CsMeg due to the closer approach of the metal atom to
the Cz;H; plane.

Figure 15. Perspective view of the syn-eclipsed Ti(2,4-
C7H11)2(PM83).68

or else by a phosphine or phosphite ligand having a
smaller cone angle than PEt;. Interestingly, the PEt,
coordination in Ti(C;H;),(PEts) and Ti(3-CgHg)o(PEt;)
is much stronger than that in Ti(2,4-C,H,;),(PEts). The
value of AH for the 3-methylpentadienyl complex is 14.6
% 0.7 kcal /mol, while that for the pentadienyl complex
could not be measured directly as decomposition oc-
curred prior to detectable dissociation.% These data
indicate that ligand coordination to the methylated
open titanocenes is hindered by the ensuing CHy-CHj4
repulsions in the syn-eclipsed structures, and hence,
these repulsions may also contribute somewhat to the
isolability of 14-electron open titanocenes. It should
be noted that while chromocene will (reversibly) form
a mono(carbonyl) adduct,®” the open chromocenes have
not yet been observed to undergo simple adduct for-
mation; prolonged exposure to CO, t-C;HyNC,* or dmpe
leads instead to Cr(CO)g, Cr(CN(¢-C4Hg))g, or Cr-
(dmpe); (vide infra).42 ‘
Structural data have been obtained for a number of
the above complexes, including Ti(2,4-C;H,,),(L) (L =
PF3, PMeS! P(OEt):}), V(2,4'C7H11)2(L) (L = CO! PF3),
V(3-CgHg)4(CO), and V(1-CgH,),(CO), and in each case
the expected syn-elipsed configuration has been found
(Figures 15 and 16).8% Not surprisingly, the Ti-P bond
distance in the PF; adduct is much shorter than that
in the PMe; adduct, 2.325 (1) vs 2.550 (2) A, while the
V-PF; distance is still shorter at 2.250 (1) A. The V-CO
distances are reasonably similar at ca. 1.92 (1) A. For
V(1-CgHg),(CO), only one of the expected isomers could
be isolated as a solid at room temperature (Figure 16),
which interestingly possesses eclipsed methyl groups.
Spectroscopic (IR) data suggested that another isomer
of this formula was also present, presumably 12, but as
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Figure 16. Molecular structure of one isomer of V(1-C¢Hy),(C0).%

TABLE III. C-O Stretching Frequencies for the
Monocarbonyl Adducts of Open Titanocenes and Open
Vanadocenes (Hexane Solution)?

methylated
positions Ti \Y%

(none) 1964.2 1961.9

1 1943.8

2 1958.0

3 19574 1952.0

2,3 1945.9

2,4 1951.7 1948.3

2 Reference 66.

it appeared to be an oil at room temperature, structural
characterization was not feasible.

<
|
12

Kinetic studies on the exchange of coordinated with
free CO have been carried out for carbonyl adducts of
various vanadocenes, open vanadocenes, and half-open
vanadocenes.? The CO exchange reactions for V(Cs-
H;),(CO) and V(C;Me;5)5(CO) are reasonably facile and
first order in both CO and metal complex concentra-
tions. The activation parameters for these reactions are
consistent with an associative process, having AH* =
ca. 6 and 8.9 kcal/mol and AS* = ca. -30 and 21 eu,
respectively. While one would expect that associative
processes would be further promoted for a pentadienyl
complex, due to more facile #°—7° transformations, the
exchange processes for V(CsH7)5(CO), V(2,4-C,H,,)4(C-
0), V(CsH;) (C;H,)(CO), and V(CsH;)(2,4-C,H,,)(CO)
were in fact found to occur about 10°-10* times more
slowly, involving only a slight dependence on CO con-
centration. Activation parameters for the CO-inde-
pendent process were fairly similar for each of these
species, with AH* ranging from 27 to 29 kcal /mol and
AS* ranging from 2 to 11 eu. The corresponding values
for the CO-dependent pathway for V(CzH;)o(CO) are
22.7 kcal/mol and -2 eu.

With a reasonable variety of methylated open vana-
docene carbonyl complexes available, it appeared
worthwhile to probe relative positional effects on C-O
stretching frequencies.?® Pertinent data are summa-
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Figure 17. Structural configurations for the M(2,4-C;H;,),(PEts)
complexes (M = Zr, Nb, and (by NMR) Hf.
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Figure 18. Alternative structural pattern adopted by M(2,4-
C-H,))o(PEtg) complexes (M = Mo, W).# Similar °-8-pentadienyl
coordination has also been structurally demonstrated for Cr-
(CsH;)(CsH7)(CNR) (R = 2,6-(CHj),CeHj).

rized in Table III. It can be seen that 1-methylation
brings about the largest effect, perhaps due to the
ability of this substituent to bend furthest out of the
pentadienyl plane, thereby improving overlap with the
metal center. The next largest effect is brought about
by the other charged (3) position, even though, or
perhaps in part because, substituents in the 3-position
tend to bend least out of the pentadienyl plane. The
smallest effect is brought about hy placement of sub-
stituents in the 2- and 4-positions. Quite parallel results
have been obtained for carbonyl adducts of the half-
open vanadocenes (vide infra).®® For comparison, the
C-0 stretching frequencies for V(CsH;),(CO), V(CH3-
C5H4)2(CO), and V(C5Me5)2(CO) are 1893, 1889, and
1850 cm™, respectively, in hydrocarbon solution.®
Related open metallocene adducts for zirconium,
hafnium, niobium, molybdenum, and tungsten may be
prepared by the routes of eq 12 and 13.%° Except for

MCI,(PEt3); + 4(2,4-C;H))7) — M(2,4-C7H,y)5(PEty)
(12)

M = Zr, Nb, Mo, W

“HfCly(PEts),” + 3(2,4-C.H;) —
Hf(2,4-C;H,1)2(PEty) (13)

the niobium compound, all species are diamagnetic.
Spectroscopic (NMR) data for the zirconium and haf-
nium complexes are in accord with the expected syn-
eclipsed conformations, which has in fact been subse-
quently confirmed structurally for zirconium as well as
the paramagnetic (17-electron) niobium complex (Fig-
ure 17). In contrast, however, the 'H and 1*C NMR
spectra for MO(2,4'C7H11)2(PE1§3) and W(2,4'C7H11)2'
(PEt;) indicated quite unsymmetric structures. Solid-
state structural determinations for these complexes
revealed in each case one normal (U-shaped) n°-2,4-
C.H,, ligand with the other °-2,4-C;H;, ligand present
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Figure 19. Views of the ligand arrangements in Fe(n®-CgH,),-

(PMe;), (repririted from ref 75a; copyright 1984 American
Chemical Society) and Mo(n*-C;;H,,),CO); (reprinted from ref
75b; copyright 1974 Munksgaard).

in the unusual sickle shape (Figure 18). Notably, a
structurally characterized complex of the type W (»°-S-
dienyl) (Br)(CO); was reported at about the same time.™
Other complexes with open n°-S-pentadienyl ligands
had been generated earlier, but either would readily
rearrange to the usual U conformation or, as for Fe-
(1,1,5-(CH3)3CsH,)(CO)s™ would exist in an equilibrium
with the U conformation.”? A partially closed Mo-
(CsH;) (n°-S-dienyl)(CO) complex had alsc been re-
ported, for which the U form was inaccessible,’”? and
subsequently a related open complex was also found to
contain an 7°-S-dienyl ligand.”’® An example of n*-W
coordination (through one sulfur and four carbon at-
oms) glas been observed in an unusual tungsten com-
plex.”

Despite steric crowding in the M(2,4-C;H,,),(PEt;)
(M = Zr, Nb) complexes, addition of smaller phosphine
or phosphlte ligands leads to almost immediate re-
placement of the PEt;. Presumably this comes about
as a result of partial phosphine dissociation, yielding
small quantities of the 14- or 15-electron open metal-
locenes in solution. With CO, however, much different
results are obtained. For zirconium, a facile equilibrium
is established, involving Zr(2,4-C;H,,),(PEt,), Zr(2,4-
C;H,;)5(CO),, and a monocarbonyl adduct.™ In general,
the dicarbonyl adduct is only isolable once the freed
PEt; is removed. The dicarbonyl adduct may subse-
quently be converted to Zr(2,4-C,H,,),(CO) under static
vacuum. While the !H and 3C NMR spectra of Zr-
(2,4-C7H,,)2(CO) are typical of the highly symmetric
syn-eclipsed conformation, spectra for Zr(2,4-C,-
H,,)5(CO), reveal a completely unsymmetric structure.
Actually, on the basis of M(allyl);L; and M(diene),L,
structures such as in Figure 1975 one could well have
expected a related configuration, 13, for Zr(2,4-C,-
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Figure 20. Structure of Zr(2,4-C;H,,),(C0),.™

H,,),(C0),.® However, variable-temperature 'H and
13C NMR spectra demonstrate an unsymmetric
ground-state incompatible with 13. A solid-state
structural determination revealed quite an unusual
structure (Figure 20). An angle of 140.7° exists be-
tween the two pentadienyl ligand planes (cf. 143.4° in
Zr(CsH;)5(CO),™) and the value of x = 106°. Thus, the
ligand orientation is closest to the unexpected gauche-
eclipsed form 5 (120°), although the large angle between
pentadienyl ligand planes probably renders this pa-
rameter less meaningful. One of the carbonyl ligands
is situated by an open edge of a pentadienyl ligand (as
in the allyl and diene analogues above), while the other
carbonyl ligand is situated by the back end of the other
pentadienyl ligand. The average Zr-C(pentadienyl)
bond distances average 2.531 (1) and 2.502 (1) A for the
two ligands, while the Zr-CO distances are 2.208 (4) and
2.236 (3) A, respectively (ordered according to number).
The barner to the ligand oscillation process was found
to be 11.6 kcal/mol. Notably, Zr(CsH,),(dmpe) has
been found to adopt a structure like 13, suggesting that
a methyl substituent in the dicarbonyl may be blocking
one of the sites by an open pentadienyl edge.”® In
contrast to the results for zirconium, the reaction of
Nb(2,4-C;H;,)2(PR;) complexes (PR = PEt; or
PM6206H5) with CO leads to Nb(2 4- C7Hu) (CO)3(PR3)
complexes, which will be discussed subsequently.™

A very interesting series of pseudo-metallocenes (to
follow the nomenclature proposed previously) has also
been reported.?®” While the cyclohexadienyl anion is
unstable toward loss of benzene,” the 6,6-dimethyl-
cyclohexadienyl anion is quite stable and was found to
react readily with metal halides to yield the respective
M(6,6-(CHy),CgH;), complexes (M = Ti, V, Cr, Fe, and
possibly Mn). As with the open metallocenes, the
pseudo-titanocene and pseudo-vanadocene possess
low-spin states. In many respects these species behave
in ways intermediate between the metallocenes and
open mietallocenes. Thus, a smaller barrier to ligand
oscillation is observed for their titanium complex (10.8
keal/mol) relative to Ti(2,4-C;H;,); (15.3 keal/mol, vide
supra), while a barrier for their iron complex was not
detectable. The colors of their chromium (crimson) and
vanadium (scarlet) complexes much more closely re-
semble those of chromocene (crimson) and vanadocene
(purple) than those of the respective open metallocenes,
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Figure 21. Molecular structure of Ti[6,6-Me,CegH;1,(CO) (re-
printed from ref 33; copyright 1987 American Chemical Society).

which are each green. Both their titanium and vana-
dium complexes readily form monocarbonyl adducts as
well as related PMe; and PF; complexes, and once again
spectral parameters are intermediate between those of
the metallocene carbonyls and the open metallocene
carbonyls. Thus, the C-O stretching frequency for
V(6,6-(CH3),C¢Hg)o(CO) is 1912 em™, compared to 1881
cm™ for V(C3Hg)4(CO) and 1942 em™ for V(2,4-C,-
H;,)2(CO). A structural determination for Ti(6,6-(C-
H3),CgH;)4(CO) was carried out (Figure 21), revealing
a syn-eclipsed structure similar to those often seen for
ligand adducts of the open metallocenes (vide infra).
Even though the cyclohexadienyl anion itself is subject
to decomposition, it was possible for the authors to use
it to prepare the parent pseudo-ferrocene, Fe(CgHs)q,
although this was found to be thermally unstable, de-
composing to Fe(n8-CgHg)(n*-1,3-C¢Hy).

C. Half-Open Metallocenes

Although the open metallocenes have provided for
some very interesting comparisons with the metalloc-
enes, it is very clear that a number of difficulties arise
in attempting to gain an understanding regarding the
origin of these differences. While one might expect that
differences in size and orbital energies for pentadienyl
and cyclopentadienyl would be especially important, it
is clear that other complications exist as well. For ex-
ample, pentadienyl ligands are far bulkier than CsHj;
or even CgMe; ligands, and as they are also situated
closer to the metal center (1.51 A for Fe(2,4-C;H,,), with
d(Fe-C) = 2.089 (3) A vs 1.66 A for Fe(CzH;), with
d(Fe-C) = 2.064 (3) A), significantly greater interligand
repulsions are expected, which would lead to lengthened
M-pentadienyl bonding parameters. Secondly, the
symmetries of the metallocenes are quite high (eclipsed,
Dyg,;,; staggered, Dgq; otherwise Dj for parallel planes),
whereas the open metallocenes generally only possess
C, symmetry. Conceivably, the higher symmetry for the
metallocenes could retard metal-ligand orbital mixing.
Finally, as noted earlier for both titanium and vana-
dium, the open metallocenes may adopt low-spin con-

Ernst

figurations which could give rise to artificially shorter
M-~C bonds. With these three additional complications,
it clearly becomes difficult to make meaningful com-
parisons between the metallocenes and the open me-
tallocenes. One way in which these complications may
be removed would be to prepare a series of half-open
metallocenes, in which one pentadienyl and one cyclo-
pentadienyl ligand are both present. In such complexes,
the steric, symmetry, and spin complications mentioned
above are nicely eliminated, so that only relative ligand
sizes and orbital energies remain as likely differentiating
parameters.

A very large number of M(C;H;)(cyclo-dienyl) (cy-
clo-dienyl = cyclohexadienyl etc.) complexes had al-
ready been prepared, especially for the iron and cobalt
triads, and not surprisingly their syntheses generally
involved indirect routes, such as nucleophilic addition
to M(C;H;) (arene)* complexes.®* Half-open metalloc-
enes of iron, ruthenium, and osmium could be prepared
by using variations of the routes used to make their
open metallocenes, except that either mixtures of dienyl
anions or of dienes were employed (i.e., eq 14-
16).416%812  For the preparation of Fe(C;H;)(2,4-C-H,,),

4FeCl2 + 4C5H5_ + 4(2,4'C7Hu_) -
2Fe(C5H5)(2,4'C7Hu) + Fe(C5H5)2 + Fe(2,4-C7H11)2
(14)

RuCl;nH,0 + 0.9C;H, + excess diene —
Ru(C;H;)(dienyl) (15)

diene = 2,4'(CH3)2'1,3'C5H6, 2,3,4'(CH3)3'1,3'05H5;
dienyl = 2,4-C;H,,, 2,3,4-CgH, 5, respectively

Na2OSCIG'nH2O + 0905H6 +
excess 2,4'(CH3)2'1,3'C5H6 - OS(C5H5)(2,4'C7H11)
(16)

the reaction proceeded nearly statistically as shown, and
the Fe(2,4-C;H,;), contaminant could readily be re-
moved due to its higher solubility. Careful crystalli-
zation of the remaining solution can lead to readily
separable clumps of ferrocene and Fe(CsHg)(2,4-C;Hy,),
which may then be finally purified by a second re-
crystallization. The ruthenium and osmium prepara-
tions proceed quite selectively, yielding no metallocene
if the CsHg/M ratio is kept to just below one. Appar-
ently the first equivalent of cyclopentadiene is rapidly
picked up by the metal complexes, and should there
only be an acyclic diene (2,4-dimethyl-1,3-pentadiene)
remaining in solution thereafter, it must subsequently
be incorporated.

In the NMR spectra of each of these compounds, the
1H and !3C resonances for the cyclopentadienyl ligand
experience downfield shifts relative to the metallocenes,
while most of the pentadienyl resonances are shifted
upfield relative to the open metallocenes. The struc-
tures for the iron and ruthenium complexes appear to
be predominantly eclipsed (Figure 22), although the
large thermal motion for the C;H; ligands indicates that
there could be a contribution from slightly staggered
forms (cf. Cr(CsMe;)(CsH,), vide infra). For the os-
mium complex, however, there was clear evidence for
the contribution of both eclipsed and staggered forms.
In accord with the notion that steric crowding might
be deleteriously affecting the metal-pentadienyl
bonding, in each of these half-open metallocenes the
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Figure 6822. Structure of the half-open ferrocene Fe(CzH;)(2,4-
C.H,).

TABLE IV. Comparative Physical Data for Fe(CzHj;), (I),
Fe(C;H;)(2,4-C-Hy;) (II), and Fe(2,4-C;H,,), (III)

parameters I I 111
E°(0/+), vs SCE® 0.49 0.29 0.11
g values (ESR)® 1.28 2.0020 2.0165
4.36 2.1033 2.0712
2.2255 2.1793
§("Fe NMR), vs Fe(CO)* 1532 2277 2639
Madssbauer
IS, mm/s 0.542 0.474 0.498
QS mm/s 2.453 1.946 1516
Fe-C, A 2.064 (3) 2.06(1) 2.089 (3)
2.06 (1)

s Reference 41. ®Reference 35b. ¢Reference 37.

bonding to pentadienyl has gained relative to compar-
isons involving the metallocenes and open metallocenes.
Thus, while the average Fe-C distance of 2.089 (3) A
for Fe(2,4-C,H,;), is clearly longer than the value of
2.064 (3) A for ferrocene, the bonding to each ligand in
the half-open ferrocene is essentially equivalent at 2.06
(1) A, while for Ru(CzH;)(2,4-C;H,,) the pentadienyl
ligand appears favored (2.168 (3) vs 2.178 (3) A).

In a subsequent report, a route to Fe(C;H;)(CsH) has
been developed, based on photolytic loss of CO from
Fe(CsH;)(n!-CsH,)(CO),.82 An interesting comparison
may be made to another half-open ferrocene, Fe-
(C5H3)(n>-C(CF4),CHC(CF3) CFC(=C(CFj),)), which
was prepared from the reaction of Fe(C;H;) (CO),~ with
(CF;),C=C=C(CF,),.8 The average Fe~C distance to
the cyclopentadienyl ligand is 2.09 (1) A, while the re-
spective distances to the pentadienylidene ligand are
2.14 (1), 2.04 (1), 2.06 (1), 2.01 (1), and 1.91 (1) A. It
would appear that the electronegative substituents have
significantly strengthened the Fe—pentadienyl bonding
at the apparent expense of the Fe-cyclopentadienyl
bonding.

Some revealing physical and spectroscopic parame-
ters for Fe(CgHs),, Fe(CsH;)(2,4-C,H,,), and Fe(2,4-
C;H;,); may be seen in Table IV. For the most part,
the data for Fe(CsH;)(2,4-C;H;,) fall right between
those for ferrocene and Fe(2,4-C,H;,),, suggesting that
symmetry effects are small. One exception to this in-
volves the ESR data for the radical cations of these
species. As a result of its high symmetry, the ferrocence
radical cation formally possesses a degenerate electronic
ground state, leading to much different behavior than
seen for the other two radical cations, which possess
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nondegenerate electronic ground states.?! Photoelectron
spectra have been obtained for these compounds and
correlated with molecular orbital studies.®!s

It can be noted that both the open ferrocene and the
half-open ferrocene are oxidized more readily than
ferrocene. The products, however, are not isolable, and
the redox process for Fe(2,4-C;H,,), requires low tem-
peratures and rapid scan rates for reversibility.*! These
observations suggested the possibility that pentadie-
nyl-pentadienyl coupling reactions occurred for the
radical cations, probably being intramolecular for Fe-
(2,4-C;H,;);* and intermolecular for Fe(CsHj)(2,4-
C;H;))*. In fact, attempts to prepare the isoelectronic
manganese analogues (Mn(3-C¢Hyg), and Mn(CzHj)-
(2,4-C;H,,) appeared also to lead to such coupling re-
actions (vide infra),® and more recent kinetic studies
have demonstrated that the decomposition of Fe(2,4-
C,H,))," follows first-order kinetics, while that for Fe-
(CsH;5)(2,4-C;H,;)* is second-order.®s In both cases,
pentadienyl dimers are isolated in high yields.

Isoelectronic, cationic complexes of cobalt, rhodium,
and iridium had actually been prepared earlier from the
protonation of M(C;H;) (n*1,3-dien-5-0l) complexes.?
A variety of such species was reported, possessing
substituents on the pentadienyl carbon atoms in the 1-,
2-, and 5-positions. For the case in which the respective
substituents are CH;, H, and H, complexes of all three
metals were described. For rhodium and iridium, the
(CeHs, H, t-C4Hy), (C¢Hs, H, C¢Hp), and (C¢Hg, CHg,
C¢H;) combinations were reported, while for rhodium
alone the (CH3, H, CsH5) and (CsH5, CH3, p'CH3OCSH4)
combinations were described, and for iridium alone, the
(C¢Hg, H, p-CH;0C¢H,) combination was reported.
Interestingly, for the “symmetrical” (C¢Hs, H, CgHjs)
combinations, the expected equivalence of one end of
the pentadienyl ligand to the other was not observed,
and this was attributed to an unsymmetrical orientation
of the C¢H; substituents, one being endo and the other
exo. Related species have also been prepared by the
protonation of n*-hexatriene complexes. Thus, pro-
tonation of Rh(C;H;)(n*1-C¢H;-6-(CgH5C(0))-hexa-
triene) leads to Rh(Cz;H;)(®-1-CgH;-5-C¢H;C(O)-
CH,C;H;)*. In contrast, protonation with HBF, of
Rh(C;H;)(n*1-(CgH;C(0))-6-CgH;-hexatriene) leads to
Rh(C5H5) (1]1,7]3'1'CsH5C(O)CH2'CsH5C5H5)+, in Wthh
both n3-dienyl and acyl lone-pair coordination are
present. In contrast, HCl or HBr yield the n°-dienyl
complexes Rh(Cz;H;)(53-1-CqH;,C(O)CH,-5-
C¢H;C:;H;)(X) (X = Cl, Br). Subsequently, various
related Rh(C5H5) (1]5'1'RC5H6)+ and Rh(C5H5) (1]3'5'
RC;Hg)(X) (X = Cl, Br, I; R = H, m-CH;C¢H,, m-
CH3OCsH4, p'CH3OCSH4, p'FCSH4) species were sim-
ilarly prepared. A structural study of Rh(C;H;)(1-
CgH;CsHg)* revealed very similar Rh—C bonding for the
two ligands, 2.158 vs 2.154 &, respectively.

The related cobalt complex Co(C3H;)(2,4-C,H,,)* has
been prepared by formal hydride abstraction from
Co(C;H;) (n*-2,4-dimethyl-1,3-pentadiene).8” This
species and its rhodium and iridium analogues above
are notable in that metal-pentadienyl complexes tend
to be stable for metal centers in low formal oxidation
states, and few complexes have even trivalent metal
centers. A single-crystal diffraction study revealed the
same eclipsed structural type as observed for the related
iron and ruthenium complexes and apparently similar
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Co—C bonding for the C;Hg and 2,4-C,H,; ligands (2.047
(9) vs 2.056 (7) A, respectively).

Monomerie, 16-electron half-open chromocenes could
be prepared by a number of routes, those given in eq
17 and 19 being reasonably useful.#® A wide variety

CTCI2 + C5H5_ + 2,4'C7H11_ - CT(C5H5) (2,4'C7Hu)
17

Cr(CsHy)Cl, + ;Mg — “Cr(CsH)CI”  (18)
“Cr(C5H5)Cl” + C5H7_ - Cr(C5H5)(C5H7) (19)

of half-open chromocenes has been prepared this way,
including M(C;H;)(pentadienyl) (pentadienyl = C;H,,
3-C¢Hy, 2,3-C;Hy,, 2,4-C;Hy, 1,5-(SiMes),CsH;, 1,5-
(C¢H;),CsH;) and M(CsMe;)(pentadienyl) (pentadienyl
= C5H7, 3'CsH9, 2,3'C7H11, 2,4'C7Hu) SpeCieS. Addi-
tionally, an unusual complex, Cr(CzH;)(1,2,3-(CHj),-
4-(aryl)CsHj), has been prepared indirectly through
coupling reactions involving acetylenes.®® A structural
determination for Cr(C;Mes)(CsH,) revealed a structure
twisted ca. 6° from eclipsed with significantly shorter
bonding to pentadienyl (2.117 (3) vs 2.194 (3) A).%®

An interesting feature of these complexes is that they
have a greater tendency, relative to Cr(C;Hs), or Cr-
(2,4-C;H,;),, to undergo coordination by additional
Lewis bases. As this tendency extends also to their
titanium and vanadium analogues, it appears to reflect
a general property of the half-open metallocenes. It is
recognized that Lewis base coordination to the metal-
locenes requires that the two cyclopentadienyl ligand
tilt from their favored parallel orientation, while coor-
dination to the open metallocenes generally entails a
twist to the unfavored syn-eclipsed orientation. Both
of these processes are unfavorable and can be expected
to impede Lewis base coordination. In contrast, coor-
dination to a half-open metallocene will require very
little distortion, and this could quite easily account for
their greater tendency to undergo Lewis base coordi-
nation. In any event, the half-open chromocenes listed
above react instantly with CO, PF,, P(OCH,);CCHj, or
t-C,HgNC to yield 18-electron mono(ligand) adducts,
although prolonged exposure reversibly yields di-
carbonyl complexes also, e.g., the crystallographically
characterized Cr(C;H;) (n3-CsH7)(CO),. In some cases,
phosphine and phosphite adducts may also be isolated.
Surprisingly, NMR spectroscopy of the monocarbonyl
complexes indicates that the pentadienyl ligands are
present in unsymmetric environments, suggesting the
adoption of the n°-sickle conformation.® This has been
confirmed structurally for the related Cr(Cs;H;)(Cs-
H,)(CN(2,6-(CH3),C¢H,)).58®

A wide variety of half-open vanadocenes may also be
prepared, although the presence of an additional ligand
(carbonyl, phosphine, or isocyanide) appears generally
necessary to allow for stability.5%%2 For most adducts,
the reported [V(CsH;5)CI(PEty),], serves as a convenient
starting material, e.g., eq 20. The coordinated PEt;,

L[V(C5H3) (CD(PEts),], + pentadienyl” —
V(C;H;)(pentadienyl)(PEt;) (20)

pentadienyl = C;H,, 3-C¢H,, 2,4-C;Hy,

may readily be replaced by smaller phosphines or
phosphites, CO, or t-C,HgNC. For larger ligands such

Ernst

Figure 23. Perspective view of V(CsH;)(CsH;)(PEt,).8

as P(CgH;)s, an alternative route employing THF-sol-
vated V(CsH;)I may be used (eq 21). EPR spectros-

V(C;H;)(D(THF) + 2,4-C;H;;” + P(C¢Hg); —
V(CsH;)(2,4-C.H,,)) (P(CgHg)s) (21)

copy has proven particularly useful in characterizing
these species and in probing their electronic natures.
For the phosphine adducts, coupling to both the va-
nadium (I = 7/,) and phosphorus (I = 1/,) nuclei is
observed. The magnitude of the phosphorus coupling
is greatest for w-accepting ligands (e.g., ca. 59 G in
V(CsHs)(2,4-C;H,))(PF3)) and decreases with increasing
donor character (e.g., 40.6 G in V(C;H;)(2,4-C,H,,) (P-
(OMe),), 30.1 G in V(C;H;)(2,4-C-H,;,)(PMe,)). In ad-
dition, the decreases in phosphorus hyperfine couplings
are accompanied by increases in the vanadium hyper-
fine couplings (ca. 59, 66, and 67 G). For the carbonyl
adducts, methylation effects on the IR spectra followed
a pattern quite similar to that observed for the open
vanadocene carbonyls (vide supra). Thus, compared to
V(CsH;)(C5;H,)(CO) (1938.0 cm™ as a Nujol mull), 2,4-
dimethylation and 3-methylation were found to bring
about decreases in the C-O stretching frequency of 3.4
and 2.3 em™, respectively.

It is notable that the additional donor ligands in these
adducts appear to be an integral part of the complexes.
Attempts to prepare related half-open vanadocenes
without such ligands have not proven successful.
Furthermore, these additional ligands appear quite
strongly bound, even though vanadocene is not coor-
dinated by phosphines, and open vanadocenes are co-
ordinated only weakly by them. Nevertheless, even
with the presence of the extra ligand, these half-open
vanadocene complexes have resolved an important
question regarding metal-pentadienyl bonding. As
noted earlier, the average V-C distance in V(2,4-C;H},),
was found to be much shorter than that in V(CsHjs),,
2.211 (2) vs 2.280 (5) A, but the difference could be
attributed to the low-spin configuration of the former
and hence did not necessarily reflect stronger V-pen-
tadienyl bonding. However, the structure of the half-
open vanadocene V(C;H;)(CsH,)(PEty) (Figure 23) re-
vealed a very similar pattern, with the average V-C
distances being 2.207 (4) vs 2.299 (4) A.® Hence, it is
clear that the differences did not arise simply as a result
of spin influences, and the large difference in the
bonding parameters provides a convincing demonstra-
tion that the V-pentadienyl bonding is actually stronger
than the V-cyclopentadienyl bonding.
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Figure 24. Solid-state structure of Ti(CzH;)(2,4-C;H,,)(PEty)
(reprinted from ref 90; copyright VCH (Weinheim)).

While the more common pentadienyl ligands (e.g.,
C;H; and methylated derivatives) do not appear capa-
ble of existing in simple V(Cz;H;)(pentadienyl) com-
plexes, the use of the 1,5-(SiMe;),CsH; ligand seems to
have allowed isolation of V(CzH;)(1,5-(SiMe3),CsHs),
through the reaction of V(CzH;)(I) with the appropriate
anion. However, it has not yet been structurally
characterized, and it appears subject to disproportion-
ation under some conditions. Presumably, its stability
derives from steric retardation of the coordination of
additional ligands, although one can observe some co-
ordination with appropriate ligands such as CO. Quite
possibly, the presence of the SiMe, substituents also
helps to retard any disproportionation reactions.

A related series of half-open titanocenes may also be
prepared, as indicated in eq 22.%° Other phosphines

Ti(CsH;) (Cl)y(THF), + 2PEt; + 2pentadienyl” —
Ti(CsH;)(pentadienyl) (PEt;) (22)

pentadienyl = C5H7, 2,4'C7Hu

such as PMe,; may similarly be employed, or alterna-
tively, complexes with smaller phosphine or phosphite
ligands may be prepared by direct replacement of PEts.
All of these 16 electron complexes are diamagnetic, and
'H and 3C NMR spectroscopy reveal the presence of
symmetric U-shaped pentadienyl ligands, as in their
vanadium (but not chromium) analogues.

As both the Half-open chromocenes and half-open
vanadocenes possess much shorter M~C distances to the
pentadienyl ligand compared to the cyclopentadienyl
ligand, such a difference would be expected to hold also
for titanium. Indeed, a structural determination for
Ti(CsHs) (2,4-C,H,,)(PEt;) (Figure 24) revealed the ex-
pected trend, with the average Ti-C bond distances
being 2.346 (4) A for the C;H; ligand and 2.240 (3) A
for the pentadienyl ligand, yielding a difference of 0.106
(5) A% Now that half-open metallocenes have been
structurally characterized for titanium, vanadium,
chromium, iron, and the cobalt cation (a manganese
relative will be described later), it should be possible
to reach some general conclusions regarding metal-
pentadienyl and metal-cyclopentadienyl bonding. As
noted earlier, energetic comparisons would suggest that
metal-pentadienyl bonding should generally be favored
(even though such a preference had previously not been
observed?®), due to the fact that the aromatic nature of
the cyclopentadienyl anion leads to significant stabili-
zation, which would tend to decrease its tendency to
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TABLE V. Average Metal-Carbon Bond Distances (4) in
Ti(CsHy) (2,4-C;H,,) (PEty), V(CgHy) (CsH,) (PEty),

Cr(C;Meﬁ) (CEH';), an(05H5)2(2,4'C7H11),

Rh(C;sHj) (1-CH CsHy)*, and M(C;H) (2,4-C;H,;) Complexes
(M = Fe, Co*, Ru)

M M-CgH, M-pentadienyl

Ti¢ 2.346 (4) 2.240 (3)

Ve 2.299 (4) 2.207 (4)
Cre 2.194 (3) 2.117 (3)
Mnd¢ 2.083 (3) 2.093 (3)
Fef 2.06 (1) 2.06 (1)

Cof 2.047 (9) 2.056 (7)
Rh* 2.158 (10) 2.154 (10)
Ru 2.178 (3) 2.168 (3)

3 Reference 90. ®Reference 60. ¢Reference 88b. ¢Reference 84b.
¢ Distances quoted are for the formal Mn(I) center. fReference 68.
¢Reference 87. *Reference 86¢c. ‘ Reference 8la.

engage in further bonding interactions. However, two
factors might be expected to impede metal-pentadienyl
bonding, both of which are direct geometric conse-
quences of its greater girth. As it is recognized that the
CsH; ligand possesses a larger size than optimum for
bonding to iron® (if not to larger metals as well), even
poorer overlap must be expected for metal-pentadienyl
bonding, and the presence of larger substituent tilts
seems to confirm this expectation (vide supra). In ad-
dition, the larger girth of the pentadienyl ligand leads
to a much closer approach to the metal center (and
larger cone angle), even when M—-C distances are com-
parable to those for the C;H; ligand. Thus, steric
crowding will be significantly greater for pentadienyl
ligands compared to CsHs and even C;Mes. Therefore,
despite an expected general energetic favorability for
metal-pentadienyl bonding, there are two complications
which are metal-dependent. Both differences, overlap
and steric, as well as differences in spin configurations,
need to be accounted for when one compares metal-
locenes with open metallocenes, but of these only the
overlap effect should carry over to comparisons within
the half-open metallocene series.

In fact, observed average M-C bond distances for
these systems can readily be rationalized in light of
these considerations. Beginning with the half-open
metallocenes, one does indeed observe (Table V) that
the average M-C bond distances for the pentadienyl
ligands are shorter than those to the cyclopentadienyl
ligands, except for the smaller iron and cobalt com-
plexes (as well as Mn,(C;H;)5(2,4-C;H,,)). That the
metal-pentadienyl bonding is not enhanced relative to
the metal-cyclopentadienyl bonding for these smaller
metal centers may be taken as an indication of a loss
in metal-ligand overlap. In accord with this, it has
already been noted that the pentadienyl ligands tend
to contract themselves for these smaller metals, perhaps
in an attempt to improve overlap.!* If we now turn our
attention to the metallocene/open metallocene com-
parisons, it is most straightforward to begin with the
chromium and iron complexes, for which there are no
differences in spin configurations. It can readily be seen
that while the Fe-pentadienyl and Fe—cyclopentadienyl
bonding are reasonably comparable in Fe(C;H;)(2,4-
C;H,;), the Fe-pentadienyl bonding in Fe(2,4-C;Hy,),
appears weaker (at least, it is longer) than the bonding
in Fe(C;Hg),. Similarly, while the Cr-pentadienyl
bonding in Cr(CsMe;)(CsH,) seems stronger than the
Cr-CsMe; bonding, when one compares Cr(2,4-C;H,,),
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Figure 25. Structure of the acetonitrile-half-open titanocene
coupling product [Ti(C4Hy)(CoH 4 N)], (reprinted from ref 90;
copyright VCH (Weinheim)).

with Cr(CzH;),, the Cr-pentadienyl and Cr-cyclo-
pentadienyl bonding appear comparable. In both cases,
then, the M-pentadienyl bonding appears to become
weaker relative to the M-cyclopentadienyl bonding
when one passes from comparisons for the half-open
metallocenes to comparisons between the metallocenes
and open metallocenes. This may readily be ascribed
to a steric contribution, due to pentadienyl-pentadienyl
repulsions in the open metallocenes. In accord with
this, it can be noted that for both chromium and iron,
the M-pentadienyl bonding in the open metallocene
appears weaker than the pentadienyl bonding in the
half-open metallocene. Finally, as one reaches titanium
and vanadium, one notes that the metal-pentadienyl
bonding appears stronger than the metal-cyclo-
pentadienyl bonding whether one deals with the half-
open metallocene comparisons or the metallocene/open
metallocene comparisons. As we are now dealing with
even larger metal centers, steric and overlap consider-
ations will become even less important and perhaps at
some point overlap may even favor the pentadienyl
ligands over cyclopentadienyl (vide supra). As the
M-C(pentadienyl) bonds in Cr(C;Me;)(C;H;), V-
(C5H5) (C5H7) (PEtg), and TI(C5H5) (2,4'C7Hu) (PEtg) are
all notably shorter than their respective M—-C(CsHj;)
distances, it is clear that metal-pentadienyl bonding
may be favored even without the intervention of spin
differences. To what extent, if any, the low-spin con-
figurations in open vanadocenes, titanocenes, and zir-
concenes may bring about some shortening of their
M-C bond distances remains unclear; possibly a
structural determination on V(C;Hj;)(1,5-(SiMey),C5Hs)
or a related complex might shed further light on this
question. It must be kept in mind, however, that while
a low-spin configuration may bring about shorter (not
necessarily stronger) M-C bonds, it could actually be
that the presence of stronger M—C bonds in the open
metallocenes of titanium, vanadium, and zirconium was
responsible for their adoption of low-spin configura-
tions.

Despite the presence of stronger metal-pentadienyl
bonding in Ti(CsH;)(2,4-C;H;,)(PEty), it is already clear
that the pentadienyl ligand has retained its generally
higher reactivity relative to the CsH; ligand. Thus, the
half-open titanocene complex reacts instantly with
CH,4CN to yield a dimeric complex (Figure 25) in which
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Figure 26. Structure of Mn3(3-C¢Hy), (reprinted from ref 84a;
copyright 1983 American Chemical Society).

coupling between the pentadienyl and CH;CN groups
has taken place®

|~ 2
Ti—.N.

Of particular interest in the complex is the sickle shape
of the former pentadienyl fragments.

D. Open and Half-Open Manganocenes

Of the first-row metallocenes, half-open metallocenes,
and open metallocenes, the complexes of manganese
behave particularly uniquely. Manganocene itself is a
polymer in the solid state, while in the vapor phase
it is monomeric, possessing a high-spin (five unpaired
electrons) configuration and behaves essentially as an
ionic compound.?®® Substitution of methyl groups on the
cyclopentadienyl ligands, however, can stabilize low-spin
configurations, and decamethylmanganocene exists in
fact exclusively in the low-spin (one unpaired electron)
form with short Mn~C distances (2.112 (3) A),% while
1,1’-dimethylmanganocene exists in an equilibrium in-
volving both low- and high-spin monomeric forms in the
gas phase (d(Mn-C) = 2.14 and 2.433 (8) A, respec-
tively).”! Attempts to prepare an analogous open
manganocene, Mn(3-C4Hy),, led instead to an apparent
intramolecular coupling reaction (“naked manganese”
chemistry) and the isolation of Mny(3-CgHy), (Figure
26).24 Detailed magnetic studies of this complex re-
vealed the presence of five unpaired electrons, while
structural results revealed that the bonding involving
the terminal manganese atoms is quite similar to the
bonding in the open ferrocenes, with d(Mn-C) averag-
ing 2.114 (2) A vs 2.089 (3) A in Fe(2,4'C7Hu)2, while
the central manganese atom possesses whay may be
described as an edge-bicapped tetrahedral coordination
environment, in which the central manganese atom in-
teracts weakly with a formally charged, terminal carbon
atom from each of the pentadienyl ligands (d(Mn-C)
averaging 2.331 (4) A) and with the two terminal man-
ganese atoms (d(Mn-Mn) averaging 2.516 (1) A). To-
gether, the above data suggested that the compound
could be best formulated as an associated salt of high-
spin Mn?* and Mn(3-CgHy),, the latter being isoelec-
tronic with the open ferrocenes.

While magnetic studies reveal the presence of five
unpaired electrons (a sextet configuration) for Mn,-
(3-CgHy)y, MO studies indicate that two low-lying states
exist, one a doublet and the other a sextet only 0.8
kJ/mol higher in energy. A quartet state was found to
be 124.8 kJ/mol higher than the doublet state. As
opposed to the Mn?*[Mn(3-CgHy), ], formulation with
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Figure 27. Perspective view of Mny(CgHj)o(2,4-C,H,,). 242

five unpaired electrons on the unique manganese center,
the MO calculations indicate Mn(2)’s spin to be +3/,,
with spins of +!/, being contributed by each of the
other two manganese centers. For the doublet state,
these spins are +°/, and -1/,, respectively, while for the
quartet, they are all +!/,. Furthermore, the calculations
indicate that substantial negative charge resides on the
central manganese atom, with the terminal manganese
atoms being positively charged. Despite the rather large
differences in energy and spins, the Wiberg bond indices
for all three states are rather similar. Thus, in each case
the Mn—Mn indices are ca. 0.03, while the Mn(2)-C(1)
and Mn(2)-C(5) indices (and their equivalents) average
ca. 0.02 and 0.08, respectively. The terminal manganese
center indices average 0.31, 0.21, 0.34, 0.25, and 0.40,
respectively, for the C(1-5) types of atoms. While the
MO formulation differs somewhat from the ionic one
initially proposed, the results may, however, be recon-
ciled in that charge and oxidation state are not iden-
tical, two good cases being the hydride ligand, which
even in the same complex may behave as either a protic
or a hydridic species,? and in fact some lithium com-
pounds, which have been proposed to contain contri-
butions of an Li~ sort.% It could easily be imagined,
however, that coordination of strong Lewis bases to the
central manganese center would lead to stabilization of
the initially proposed formulation. ‘
As the above complex seemed to be formed via an
intramolecular coupling reaction, it appeared that
perhaps a half-open manganocene might be preparable,
as any pentadienyl-pentadienyl coupling would need
to occur intermolecularly. Such a species would then
allow for at least some understanding of manganese-
pentadienyl bonding in a hypothetical open manga-
nocene. The reaction of MnCl, with equimolar amounts
of the cyclopentadienyl and 2,4-dimethylpentadienyl
anions did lead to the clean formation of a single
product, but this species was not a simple half-open
manganocene (Figure 27).8® Ag can be seen, a net loss
of pentadienyl has again occurred, most likely via an
intermolecular coupling reaction, yielding Mny(C;-
H;)4(2,4-C;H,)). In almost every respect, this species
is quite analogous to Mny(3-CgHg)s. Once again, five
unpaired electrons are present, and the bonding in the
Mn(CzH;)(2,4-C;H;,) portion of the molecule is quite
similar to that in the half-open ferrocene Fe(C;H;)-
(2,4-C;H,,) (Figure 22). The other manganese center
possesses quite long bonds to its own cyclopentadienyl
ligand, not unlike those found in high-spin manganoc-
ene complexes (2.351 vs 2.433 (8) A, respectively). In
addition, the other manganese atom also interacts with
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two terminal carbon atoms from the 2,4-C;H,; ligand
(d(Mn-C) = 2.394 A), with the first manganese atom
(d(Mn-Mn) = 2.459 A), and perhaps weakly also with
two carbon atoms of the other cyclopentadienyl ligand.
As for the first manganese complex, this species may
also be formulated as an associated salt of high-spin
Mn(II) with an anionic 18-electron fragment, i.e.,
[Mn(C;Hs)1*[Mn(CgH;)(2,4-C-H,y)]~.

E. Mono(n°-pentadienyl) Complexes

In some sense, the simplest example of a mono(pen-
tadienyl)metal complex is [Ni(C;H;)], (Figure 3).1°
Formally, the nickel coordination spheres appear similar
to that of Ni(C4Hj;),, except that the nickel centers in
the former receive five instead of six electrons from the
organic ligands, and the deficiency might be expected
to be satisfied by formation of a Ni-Ni bond (2.590 (1)
A). Actually, however, MO calculations on [Ni(CzH,)],
reveal a very weak Ni-Ni interaction, with much
stronger Ni~C(1), Ni-C(2), and Ni—C(3) bonds (Wiberg
bond indices = 0.089, 0.248, 0.110, and 0.146, respec-
tively).”” Interestingly, there is far less charge trans-
ferred from nickel to the organic ligands in the dimer
relative to Ni(C3H;),. As a result, the net charge on the
nickel centers is only 0.545 for the dimer, compared to
0.783 in Ni(C3H;)s. The extra metal-centered electron
density leads to significant destabilization of orbitals
possessing high d character, so that the lowest energy
ionization events involve the formal metal orbitals,
whereas for Ni(C4H;), the lowest energy ionizations
involve ligand orbitals.

Ligated mono(pentadienyl)metal complexes, M(pen-
tadienyl) (L), have been described for n = 2, 3, and 4.
Theoretical studies have indicated that the ligand
orientations shown, 14-16, should be favored,?® and

< T S

|
M

M M
\\
R TS A TG I\ T
Oy CoL
14
15 18

subsequent structural data have generally confirmed
such expectations, although in a few cases the presence
of n5-sickle pentadienyl ligands leads to somewhat al-
tered configurations. For the relatively common species
15 and their n-cyclo-dienyl analogues,® one observes
a significant tilting of the unique ligand (L) up toward
the pentadienyl plane, which may lead to significant
electronic differences for the three L sites.*? A few
complexes which may be considered as members of the
M(pentadienyl)(L)s family have also been reported and
may be regarded as pseuedooctahedral complexes (vide
infra), analogous to lanthanide, actinide, and transi-
tion-metal complexes, e.g., U(CsH,CH;)Cl3(THF),,1®
Zr(CsH;)Cl3(DME),'® and Er(C;H;)Cly(THF);.192 The
various mono(pentadienyl) complexes will be considered
sequentially from n = 2 ton = 5.

1. M(n°-pentadienyl)(L),

A variety of M(n%-pentadienyl)(L), complexes has
been reported, as well as cyclohexadienyl, cyclo-
heptadienyl, and cyclooctadienyl analogues. Various
accompanying ligands (L) have been incorporated, in-
cluding CO, halide, phosphines, phosphites, and olefins.
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In general, structural determinations for such complexes
have revealed the expected ligand orientation (above),
although theoretical considerations suggest that place-
ment of electronegative atoms in, or electron-with-
drawing substituents on, the formally charged 1-, 3-,
and/or 5-positions might lead to the adoption of an
alternative orientation, 17.18 In fact, such a structure
has been found for at least one species, a Rh(r*-cyclo-
dienyl) (P(C¢H;)3) (CO) complex.1%
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By far the most common examples of these complexes
involve metals in the cobalt triad. Thus, the reaction
of cobaltous chloride with 2 equiv of the 2,4-di-
methylpentadienyl anion (2,4-C;H,,") leads to a dimeric
complex, 18, in which each cobalt center is bonded to

18

an 1°-2,4-C,H,, ligand and to an n*-diene portion of the
2,4,7,9-tetramethyl-2,4,6,8-decatetraene bridging unit
which was formed from the coupling of two pentadienyl
units.1% An unusual isomerization of the bridging unit
has evidently taken place, and this is described in
greater detail in section II.LH.1. Somewhat related cy-
cloheptadienyl and cyclooctadienyl analogues for cobalt
and iridium have also been reported, containing either
1,3- or 1,5-diene ligands.!® Exposure of Co(n®-
C;Hy)(n*-1,5-CgH,9) (C;Hg = cycloheptadienyl; CgH,; =
cyclooctadiene) to CO was found to lead to Co(n®-
C;Hg)(CO),.

A wide variety of bis(phosphine) adducts of mono-
(pentadienyl)cobalt complexes has been reported. The
cycloheptadienyl complex Co(n®-C;Hg) (P(CgHj)s), has
been prepared from CoH(N,)(PC¢H;)s)s and cyclo-
heptatriene, and its reaction with CO to yield Co(n*-
C,Hy)(CO),(P(CgHj)s) has already been mentioned (vide
supra).’® A number of related phosphine and phosphite
complexes employing the 2,4-dimethylpentadienyl lig-
and have subsequently been reported. Thus, the re-
action of CoCly with K(2,4-C;H;;) in the presence of a
reducing agent (Zn or K(2,4-C;H;)) and PEt; or pina-
cop'® leads to Co(2,4-C;H,;)(PEtsy), or Co(2,4-
C;H,,)(pinacop), respectively.2197 A structural deter-
mination revealed essentially the expected geometry,
although a slight distortion (a twist of 3.7°) of one of
the phosphorus centers was observed (P2, Figure 28).
The Co-P(1) and Co-P(2) distances were found to
differ, being 2.149 (1) and 2.180 (1) A, respectively. A
similar structure was found for Co(2,4-C;H,;)(pinacop),
with analogous Co-P(1) and Co-P(2) distances being
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Figure 28. Solid-state structure of Co(2,4-C;H;;)(PEty), (re-
printed from ref 107; copyright 1984 American Chemical Society).

2.078 (2) and 2.105 (2) A, respectively. The Co-pen-
tadienyl bonding appears slightly weaker in the more
crowded PEt; complex.

The complex Co(2,4-C;H,,)(PEt;), may readily be
converted to other 7°-2,4-C;H,, complexes.}?” Exposure
to P(n-Pr); leads to the establishment of an equilibrium
mixture of phosphine complexes, believed to proceed
via dissociative processes, and evacuation leads to
preferential removal of PEt,, allowing isolation of Co-
(2,4-C;H,;)(P(n-Pr)3)s. On the other hand, exposure to
smaller ligands such as P{OMe); or PMe; was found to
lead to Co(r®-2,4-C;H,,)(L); complexes. The L. = PMe;
species could also be isolated from the reaction of
CoCl(PMej); with K(2,4-C;H;;). In both cases, the
complexes were isolated as mixtures of two isomers,
proposed to possess 3-2,4-C;H,, ligands in the U and
W conformations. These species were found to equil-
ibrate rapidly by NMR spectroscopy, and a mechanism
involving an 5!-2,4-C,H,, ligand, bonded through the
central carbon atom, was proposed.

The electron-rich Co(I) complexes may readily be
oxidized to 17-electron Co(II) species.!?”” Thus, reaction
of Co(2,4-C;H,,)(PEty), with H* or Ag* leads to Co-
(2,4-C,H,,)(PEt,),*, while reaction with Agl, CH,l, or
NH4I leads to CO(2,4'C7H11)(I) (PEt3) CO(2,4'
C;H,,)(PEt,),* revealed a larger twist distortion (9.8°)
relative to the neutral species, as well as longer Co-P
distances of 2.204 (1) and 2.292 (1) A, the shorter of the
two again corresponding to the phosphine ligand under
the open pentadienyl edge. The average Co-C bond
distance of 2.155 A may be compared to the analogous
value of 2.099 A in the neutral complex. A structural
study for Co(2,4-C;H;,)(I)(PEts) revealed that the PEt;
ligand is located by the open edge of the pentadienyl
group, leaving the iodide ligand by the pentadienyl
ligand’s C(3) atom. Interestingly, the respective Co-P
and average Co—C bond distances of 2.158 (1) and 2.120

much more clearly resemble those in Co(2,4-
C7H11)(PEt3)2 than those in CO(2,4'C7H11) (PEt3)2+.

Treatment of the 17-electron Co(2,4-C;H,;) (PEt),*
with PMe; was found to lead to Co(n°-2,4-C;H,;)-
(PMe,)st, which could also be isolated from the oxida-
tion of CO("]3'2,4'C7H11)(PM63)3 with AgBF4.1°7 Addi-
tion of phosphites to the various 17-electron Co(II)
complexes led to expulsion of the pentadienyl ligand
and formation of 18-electron cationic complexes. Thus,
reactions of Co(2,4-C,H;,)(I)(PEty), Co(2,4-C;H;;)-
(PEtg),*, and Co(n3-2,4-CsH,;)(PMej);* with 5, 4 and
4 equiv of P(OMe); lead respectively to Co(P(OMe);)st,
Co(PEt3)(P(OMe);),*, and Co(PMej)y(P(OMe)s)s™.
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From reactions of [RhCI(PR;),], complexes (R = Me,
Et, i-Pr, i-Bu) with K(2,4-C,H;,), 16-electron Rh(r*-
2,4-C;H,;)(PR;), complexes may be isolated,'® clearly
differing from their 18-electron Co(n?-2,4-C;H,;)(PRy),
or Rh(phenoxide)(P(CgHs)s), analogues (Figure 4) but
similar to isoelectronic 16-electron Pd(ecyclo-
heptadienyl)(L),* species noted previously.!” In solu-
tion, two isomers were observed for each complex, the
major component being attributed to the U-shaped
2,4-C,H,, ligand, while the minor component was as-
signed as having a W-shaped 2,4-C;H,, ligand (similar
assignments had also been made for Co(n®-2,4-
C-H,,)(PMe;); complexes, vide supra). Analogous to
observations made for various Pd(cycloheptadienyl)-
(L),* species, variable-temperature NMR spectroscopy
indicated that the U-2,4-C;H;, complexes undergo
75—y interconversions such that the ends of the
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pentadienyl ligands become equivalent without an in-
terchange of the two phosphorus atoms. At somewhat
higher temperatures, equilibration of the U and W
isomers was observed to take place, and a sickle- (S-)
shaped intermediate was proposed. More recently, the
16-electron Rh(53-2,4-C;H;;)(pinacop) complex has been
prepared and also found to exist as two isomers in so-
lution.? Notably, however, a solid-state structural
determination (Figure 4) for Rh(53-2,4-C;H,,) (pinacop)
revealed that the 2,4-C;H,, ligand was not present in
either the W or the U conformation but was present in
the syn-81% (sickle) form.

Outside of the above-mentioned examples for the
cobalt triad, relatively few well-characterized M(pen-
tadienyl)(L), complexes involving other groups have
been reported. The 16-electron Pd(n®-cyclo-
heptadienyl)(L),* species have been shown by varia-
ble-temperature NMR spectroscopy to undergo inter-
conversion via a higher energy 18-electron n5-penta-
dienyl intermediate, with the observed values of AG*
being ca. 7-17 keal/mol.'” Anionic complexes of the
formulas Fe(cycloheptadienyl)(CO),” and Fe(2,4-C,-
H,,)(CO), have been generated in situ and character-
ized in part spectroscopically but have not been struc-
turally characterized.!’® However a strong ESR signal
for [Fe(2,4-C;H,,)(CO),], in solution suggests extensive
homolysis to 17-electron Fe(2,4-C;H,;)(CO), species, in
accord with structural data for the dimer,!!! which was
found to be much more crowded than [Fe(Cs;Hg)(CO);),.

2. M(n®-pentadienyi)L),

The M(n5-pentadienyl)(L); families are by far the
most common examples of mono(pentadienyl)metal
complexes. As is generally the case, the examples in-
volving n5-cyclo-dienyl ligands are far more numerous
than those with the pentadienyl ligand itself and for the
chromium triad include such general types as M(n®-
cyclo-dienyl) (L)4(allyl) (L = CO, PR,),112 M(55 cyclo-
d1eny1)(CO)2(NO) U3 M(nP-eyelo- dlenyl) (CO)3"‘ (n=
1)1 [M(n°-cyclo-dienyl)(CO)s],11° M(n -cyclo- d1e-
nyl)(CO)3-M(CsH;)(CO3),11® and M(n®-cyclo-die-
nyl)(n7-C;H;),11” some of which could also be considered
as M(n®-pentadienyl) (L), complexes.
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Figure 29. Partial view of the three-dimensional structure of
K(diglyme)*Mo(2,4-C;H;;)(CO)4™ illustrating the isocarbonyl
coordination,119®

For the open pentadienyl ligands, the carbonyl anions
seem important. Thus, proton abstraction from the
arene complex 19 leads initially to the detectable dienyl
complex 20, which subsequently rearranges to the
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(n5-3-phenylpentadienyl) chromium tricarbonyl anion.18
From the reaction of Mo(diglyme)(CO); with K(2,4-
C;H,,;) a related complex, K(diglyme)*Mo(2,4-
C;H,,)(CO)3, may be isolated.!’® Structural charac-
terization revealed a polymeric network involving iso-
carbonyl coordination to the potassium ions in addition
to a novel bridging coordination exhibited by the di-
glyme ligands (Figure 29). Analogous reactions in-
Volving CT(CH3CN)3(CO)3 and W(C2H5CN)3(CO)3 have
led to their respective anionic complexes, which upon
reaction with Hg(CN), yielded the Hg[M(2,4-C;H,,)-
(CO)3], species (M = Cr, Mo, W), which were readily
isolated and characterized. Mo(2,4-C,H;;)(CO);™ un-
dergoes a wide range of other reactions, such as oxida-
tion with Fe(CsH;)," or I, to yield [Mo(2,4-C,H,,)(C-
0)3], and Mo(2,4-C,H,;,) 1)(CO), respectively, or for-
mation of unsymmetric metal-metal bonded complexes,
e.g., Mo(2,4-C;H,;)(CO)3~-Mo(C;H;)(CO); upon reaction
with Mo(C;H;)(I)(CO)3.12° Other reactions leading to
coupling products or an unusual molybdenabenzene
complex will be discussed later (sections II.H.2 and
II.LH.3). The paramagnetic, 16-electron complex Cr-
(2,4-C,H,))(Cl)(dmpe) has been prepared either by the
reaction of CrCly(dmpe), with 1 equiv of K(2,4-C;H;;)
or in low yield from the reaction of Cr(2,4-C;H,,), with
1 equiv of an amine hydrochloride in the presence of
dmpe. A structural determination revealed an unsym-
metric ligand orientation, with one phosphorus atom
under the pentadienyl open edge. The compound was
found to react with LiCHj, leading to the similar Cr-
(2,4-C;H,,)(CHy)(dmpe) complex.

A variety of (n*-cyclo-dienyl) complexes of manganese
and rhenium has been reported, especially of the types
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M(n5-cyclo-dienyl) (arene) (M = Mn, Re),'2! M(n®-cy-
clo-dienyl)(CO)3,13122 Mn(n5-cyclo-dienyl) (CO),4(P-
(CeHp)3),1% M(n®-cyclo-dienyl)(CO), (P(OCH,);CEt),._,
(M = Mn, Re; x = 1, 2),12 [Mn(5*-cyclo-dienyl) (CO),-
(NO)*]1,125  [Mn(n®-cyclo-dienyl) (CO)(P(C¢Hs),)-
(NO)*1,125 and Mn(n5-cyclo-dienyl)(dppe)(CO)™) (n =
0, 1).9® Often these complexes are prepared by nu-
cleophilic addition to cationic metal arene complexes.
Thus, addition of H™ to Mn(C¢Hg)(CO)s* yields Mn-
(75-CgH7)(CO)3,'® while addition of PR, (R = n-Bu)
yields [Mn(n®-C¢Hg(PR,))(CO),]*, which may be con-
sidered as a phosphonium salt.!??2 Interestingly, for the
M(n®-cyclo-dienyl) (CO),(P(OCH,);CEt) complexes,
mixtures of the two possible isomers 21 and 22 were
observed, whereas for the M(5®-cyclo-dienyl)(CO)(P-
(OCH,)3CEt), species, only the unsymmetric form 23
was observed. Barriers to the ligand oscillation process
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for the latter unsymmetric species were ca. 10 kcal/mol
for either manganese or rhenium, whereas the barriers
to the interconversions of 21 and 22 were ca. 10-11
kcal/mol. These barriers are larger than those for
isoelectronic, cationic iron and ruthenium species, and
they also noted that an increase in the dienyl ring size
would lead to a larger barrier. The 3!P resonances for
phosphorus nuclei residing by the open pentadienyl
edge (as in 21) were found at lower field than those in
the alternate position (e.g., 22). In contrast, the Mn-
(n*-cyclo-dienyl)(dppe)(CO)"* species were found by
structural studies to exist in the symmetric form.%®

An interesting isomerization pathway for the cyclo-
hexadienyl complexes, unavailable to noncyclic penta-
dienyl analogues, involves a hydrogen atom shift from
the 6-position to other locations, as indicated below.
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The conversions were suggested to take place via Mn-
(y*-arene)(H)(CO); intermediates, which would also
explain the observation that in arene solvents, the or-
iginal cyclohexadienyl ligand may be replaced by an-
other cyclohexadienyl ligand, derived from the arene
and a hydride ligand.122b1%

The earliest known pentadienyl analogues of these
species are the tricarbonyls, such as Mn(1-CgHg)(CO)4
and M(C;H,)(CO)3 (M = Mn, Re), which were all pre-
pared from reactions of M(CO);Br with an appropriate
SnR(pentadienyl) compound.?®»127 A larger series of
these complexes, Mn(n°-dienyl)(CO); (dienyl = CzH,,
1-C¢Hy, 2-CgHg, 2,4-C;H,)), has been synthesized,
through the thermolysis of Mn(n%-dienyl)(CO), pre-
cursors, which were prepared by photolysis of Mn,(C-
0),0 with appropriate dienes.!?® Alternatively, the re-
action of NaMn(CO); with trans-1-bromo-2,4-penta-
diene has been found to lead initially to Mn(n!-
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Figure 30. Perspective view of Mn(1-(CyH50,)CsHg)(CO); (re-
printed from ref 131; copyright 1971 Royal Society of Chemistry).

C5sH;)(CO);, which could subsequently be converted to
Mn(53-W-CsH,)(CO), and Mn(C;H;)(CO);.1® Related
oxodienyl complexes, such as Mn[2-(CgH;)-5-(CH,)O-
C4H3](CO)3, Mn[2-(CSH5CH2)-4-(CH3)-5-CSH5004-
H2] (00)3, Mn[2'06H5'5'C2H5OC4H3] (00)3, and Re(O'
CH;)(CO)(P(CgHj)3),, have been reported,!* as has an
unusual complex formed from the reaction of Mn,(C-
0),0 with tropone (Figure 30).13!

Mn(C;H;)(CO); has been found to react readily at
room temperature with strongly basic phosphines
(PMe;, PMey(CgH;) and P(n-C, Hy),) to yield Mn(n®-
C;H;)(CO)3(L) complexes, although under reflux in
cyclohexane, the formal replacement of CO is achieved,
yielding Mn(55-C;H,)(CO),(L) complexes, for L. =
PMe;, PMey(CeHs), P(CgHyy)s, P(CgHg)s, P(OMe)s,
P(OEt);, P(OCgHj);, and As(C¢Hj)s.1% Qualitative ob-
servations indicated that the rates of substitution were
dependent on ligand concentration and on the ligand
itself, with PMe, (fastest) ~ PMey(CgH;) > P(OC¢H;);
o P(CsH5)3 o~ P(CsH11)3 > P(OMe)3 o P(OEt)3. In-
terestingly, pure products could not be isolated if an
excess of ligand were present, possibly an indication of
the formation of n!-pentadienyl products, as have been
found for the analogous rhenium system, for which two
isomers of Re(CsH;)(CO);(PEts), could be isolated (see
section ILF). The C-O stretching frequencies in the
Mn(C;H,)(CO),(L) compounds fell in a reasonable or-
der, with P(OC¢Hj); > P(OMe); > P(OEt); > P(C¢Hj;)4
> PMe3 > PMe2(CsH5) > P(CSH11)3 > AS(CsH5)3. Both
'H and 3C NMR spectral data were reported and in
these the pentadienyl ligands seemed symmetric, one
end being equivalent to the other (cf. 21). However, the
presence of some broad resonances may be an indication
that unsymmetric conformations (cf. 22) are present in
at least some cases, which may be obscured by relatively
low barriers to pentadienyl ligand oscillation. Inter-
estingly, photoelectron spectroscopic data indicate that
little difference exists between the ionization energies
of the metal d levels of the M(C;H;)(CO); and M-
(CsH;)(CO)3 (M = Mn or Re) complexes,'* a situation
entirely different from that observed for the open fer-
rocenes.

More recently, a series of phosphine analogues has
been reported. While the reaction of MnBr, with 2
equiv of K(2,4-C;H,;) in the presence of PMe, leads to
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Figure 31. Structure of Re(2,4-C;H;;)(PMe,(C¢Hjs));3 (reprinted
from ref 136a; copyright 1986 American Chemical Society).

an intramolecular coupling reaction (vide infra), the use
of chelating polyphosphine ligands leads instead to
compounds of the type Mn(C;H,)L; and Mn(2,4-C,-
H,;)L;, for which L3 = (Me,PCH,);CMe or
(Et2PCH2CH2)2PCsH5-134 For Mn(C5H7)'
[(Et,PCH,CH,),PC¢H;] an unsymmetric structure was
adopted, such that a terminal phosphorus atom was
located by the open pentadienyl edge. As a result,
variable-temperature NMR studies could be utilized to
determine the barrier to pentadienyl ligand oscillation,
which is 18.3 £ 0.5 kcal/mol compared to 17.3 £ 0.2
kcal/mol for Mn(2,4-C,Hy,)[(Et,PCH,CHy),PC¢Hj].
For Mn(C;H;)[(Me,PCH,);CMe] and Mn(2,4-C,H,,)-
[(Me,PCH,);CMe], analogous barriers of 11.4 & 0.6 and
10.9 £ 0.2 kcal/mol were found. However, a simple
oscillation or rotation of the pentadienyl ligand was not
favored by the authors. Rather, they preferred a pro-
cess involving an initial n%-»® conversion for the pen-
tadienyl ligand, followed by its oscillation or rotation.!®
Structural studies for Mn(CzH,)[(Et,PCH,CH,),PCsH;]
and Mn(2,4-C;H,,)((Me,PCH,);CMe) were undertaken
and revealed the expected #°-dienyl coordination en-
vironments (cf. 21-23). For both compounds, the Mn-P
distances were fairly similar, ranging from 2.197 (2) to
2.229 (2) A. For the former compound, the Mn-C
(pentadienyl) distances to the 2- and 4-positions were
shortest, averaging 2.102 (5) A, while those to the 1- and
5-positions were longest, averaging 2.181 (5) &, and the
Mn-C(3) distance was intermediate at 2.140 (7) A.

From the reaction of ReCly(PMey(CeH;)); with 3
equiv of KCsH, or K(2,4-C;H,,), the respective com-
plexes Re(CzH,)(PMey(CgHy)); and Re(2,4-C.H;)-
(PMe,(C¢H;))s have been isolated.!3 Variable-tem-
perature NMR spectroscopy indicated barriers to pen-
tadienyl ligand rotation of 16.4 £ 0.2 and 13.6 £ 0.3
kcal/mol for these complexes, respectively. As in the
case of the related manganese complexes, the exchange
processes were proposed to involve an #°-7° conversion
of the pentadienyl ligand prior to rotation rather than
simple rotation of the n®-bound ligand. A solid-state
structural determination (Figure 31) revealed all Re-P
distances to be essentially identical at 2.352 (4) A, while
the Re—C distances averaged 2.28 (1) A. As with other
n°-cyclo-dienyl and pentadienyl complexes, the ligand
residing by the open pentadienyl edge lies substantially
closer to the pentadienyl plane, in this case the sepa-
rations being 2.24 vs 3.22 A.

The iron triad contributes by far the most members
to the M(pentadienyl)L, class of compounds, and most
of these involve the 7°-cyclo-dienyl ligands. An over-
whelming number of such compounds is known, im-
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portant examples of which include the general types
[M(n5-cyclo-dienyl) (CO);*],1%12 [M(n5-cyclo-dienyl)-
(phosphine);*],'¥” M(n®-cyclo-dienyl)(CO),(L)* (L =
P(C¢Hj)s, As(CgHj)s, Sb(CgHs)s, CsHyN, CHZCN,
NHj;),1% M(n5-cyclo-dienyl)(CO),(P(OCHy);CEt)s_, (x
= 1, 2),'% [M(n’-cyclo-dienyl) (CO)(P(OMe)3),*],'* [M-
(n-cyclo-dienyl)(arene)*],°p55140 [M(n®-cyclo-dienyl)-
(diene)(CO)*],14! M(n®-cyclo-dienyl)(phosphine)(Lg)*
(L, = 2,2-bipyridine, 1,10-phenanthroline),!*> M(5®-cy-
clo-dienyl) (H)(phosphine),,!4? M(55-cyclo-dienyl) (X)-
(CO); (X = Cl, Br, I, CN, SR, alkyl, SiR;, GeRg, acyl,
C(0)I, C(O)CN),13914 [M(n®-cyclo-dienyl) (CO),]o, 1314
M(n®-cyclo-dienyl) (CH;) (CO)(P(OCgHj)5),#* and M-
(nP-cyclo-dienyl)(X) (phosphine), (X = I, Br, CH,,
CgH,).145

A number of observations from the above #*-cyclo-
dienyl reports deserve mention. Of course, Fe(n5-cy-
clo-dienyl)(CO);* complexes have found many useful
applications in organic synthesis.!® It is also notable
that a number of the M(r®-cyclo-dienyl) (Lj) complexes
contain potentially versatile hydride (e.g., Ru(n5-
C¢H;0)(H)(P(C¢Hj)s),-2C¢HsOH, Fe(n®-cyclo-
hexadienyl)(H)(P(OMe),),),*® alkyl (e.g., Ru(n®-6-
methylcycloheptadienyl) (CH3) (PMej);, Ru(n®-6-
phenylcyclohexadienyl)(CgHjs) (PMe;),,14% unusual (n°-
cyclo-dienyl) (R)(CO), complexes,!44ebm and Fe(n’-
cycloheptadienyl) (CHj)(CO) (P(OCgHj)3)), 4 silyl or
germyl!¥14¢ (g0, Os(n®-cycloheptadienyl) (SiR;)(CO),
for SiR; = SiMe; or SiMe,(C¢Hj;), a ruthenium ana-
logue, and Os(n®-cycloheptadienyl)(GeMes) (CO),), or
acyl ligands.1442

Most of these complexes demonstrate quite clear
conformational preferences. In the M(n°-CgH,)(CO),-
(P(OCH,);CEt);_,* and M(n5-C,Hg)(CO),(P-
(OCHy)3CEt);,* (M = Fe, Ru; x = 1, 2) complexes,!4
mixtures were observed which always favored the un-
symmetric isomer. Thus, 99% of the Fe(n®-cyclo-die-
nyl)(CO),(P(OCH,);CEt)* complexes existed in the
unsymmetric form, analogous to 22, while for the ru-
thenium analogues, the unsymmetric population drop-
ped to ca. 60%. For the Fe(n°-cyclo-dienyl)(CO)(P-
(OCH,),CEt),* complexes, the symmetric form reached
respective populations of 13% and 28% for the six- and
seven-membered rings, while for ruthenium, these
values were only 5%. The barriers to dienyl ligand
oscillation in these complexes were reported for the
interconversion of the two unsymmetric forms, as well
as for the interconversion of the symmetric and un-
symmetric forms, yet all fall in the relatively narrow
range of 9.8-13.4 kcal/mol, similar to values for Fe-
(n®-cyclo-dienyl)(CO)s* species.1*8

The unusual acyl complex 24 has been found by a
structural study to exist in the unsymmetric form
shown; however, this orientation is required by geo-
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metric constraints.1*4* The cycloheptadienyl complexes
Fe(C;Hg)(CH3)(CO)(L) (L = CO, P(OCgH;)3) each exist
in unsymmetric conformations having a carbonyl group
located by the open dienyl edge, and the methyl group
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Figure 32. Structure of Fe(C,Hy)(CH3)(CO)(P(OCgHg)s) (re-
printed from ref 144f; copyright 1986 American Chemical Society).

located under a formally uncharged pentadienyl carbon
atom, as in Figure 32.1% Similarly, a diffraction study
on the cycloheptadienyl complex Ru(n®-6-SiMeg-1-
CgH;C;H,)(SiMe3) (CO), also revealed an unsymmetric
structure.!# In contrast, related osmium silyl and
germyl complexes Os(C;Hg)(MR3)(CO), (MRy = SiMe;,,
SiMe,(C¢H;), GeMe;) seem to exist in an equilibrium
involving both the symmetric and unsymmetric forms,
with the former appearing to dominate.!*48 However,
Os(n*-C;H,;)(CO)(P(OMe),),* appeared to exist prima-
rily in the unsymmetric form,!%® as do various Ru(cy-
clohexadienyl) (PMe,),(L)* (L = P(CgHj)s, P(NMey)s,
or CH,CN)1¥7 and Os(cyclohexadienyl) (I)(PMe;), com-
plexes.'¥® In contrast, Fe(CgH,) (H)(P(OMe)), and the
structurally characterized Ru(C¢H;0)(H)(P(CgHjg)s)o
2C¢H;OH appear to prefer symmetric orientations.43

The species Fe(C;H,)(CO);* and Fe(1-CHzCzHg)-
(CO);*, prepared by protonation of n*-bound penta-
dienyl alcohols, were actually the first metal pentadienyl
complexes to be reported.!! While these species are
generally isolated with U-shaped pentadienyl ligands,
a number of studies have demonstrated that it is pos-
sible to prepare S-shaped analogues, which generally
rearrange to the more stable U forms on warming.”
However, for the 1,1,5-trimethylpentadienyl ligand,
significant CHgy-H repulsions destabilize the U form,
so that an equilibrium between #°-U- and 7°-S-bound
pentadienyl complexes results. Structural studies on
the U complex forms, e.g., Fe(2,4-C;H,;)(CO);*BF ",
reveal the expected coordination geometries.!!%

A series of Fe(2,4-C;H,;)(X) (L), complexes has been
prepared from Fe(2,4-C,H,,)(CO);*. Thus, reaction
with KI in acetone leads to the crystallographically
characterized, unsymmetric (AG* = 11.45 kcal/mol)
Fe(2,4-C;H;,)(1)(CO)4.11%  Interestingly, similar at-
tempts to prepare analogous species for other penta-
dienyl ligands do not succeed; apparently, the success
for the 2,4-C;H;, ligand is due to its inherent preference
for the U conformation.!*” Reduction of Fe(2,4-C,-
H,,)(I)(CO), with sodium amalgam leads either to
[Fe(2,4-C;H;;)(CO)y); or Fe(2,4-C;H;;)(CO)s", depend-
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ing on stoichiometry. The dimer has been found to
exist in the solid state in a form very similar to that of
the cis isomer of [Fe(C;Hg)(CO),],, except that it is a
much more crowded molecule.!!! Probably for this
reason, [Fe(2,4-C;H,,)(CO),], exhibits a strong ESR
signal, presumably due to Fe-Fe bond homolysis.!1%
An unsymmetric analogue, Fe(2,4-C;H;;)(CO),Fe(Cs-
H;)(CO),, prepared from the reaction of Fe(2,4-C,-
H,;)I)(CO), with Fe(CsH;)(CO),, also seems to possess
a weak Fe-Fe bond, as on prolonged standing in solu-
tion, significant disproportionation occurs. Treatment
of Fe(2,4-C;H,,)(CO),~ with CH,l leads to the unsym-
metric (AG* = 12.75 kcal/mol), thermally unstable
liquid, Fe(2,4-C;H,;)(CH,)(CO),. However, the methyl
complex reacts readily with PMe,(CgHj;) to yield a solid
compound, which has been spectroscopically identified
as an acyl complex, Fe(2,4-C;H,;;)(C(O)CH,)(CO)-
(PMe,(CgHj)). It is noteworthy that acyl formation
here and for n5-cyclo-dienyl analogues is much more
facile than for the related CzH; analogues. However,
1P NMR spectroscopy indicates that on standing this
material slowly converts to two other species (85:15
ratio), which appear to involve acyl-pentadienyl cou-
pling.

Electron-rich analogues of the above, such as Fe-
(2,4-C;H;,)(PMe;);* and Fe(CzH,)(PMe;)st, have also
been reported. Thus, reaction of FeCly(PMe;), with 2
equiv of K(2,4-C;H,,) leads to Fe(r%-2,4-C;H,,) (n*-2,4-
C;H,,)(PMe;,), for which the 5*-2,4-C;H,, ligand was
proposed to adopt the W conformation.¥® Protonation
of this compound leads to Fe(2,4-C;H,,)(PMes)s*, which
could also be isolated from the reaction of K(2,4-C;H;;)
with 2 equiv of FeCl,(PMe;);. The pentadienyl ligand
in solution was found to undergo hindered rotation,
with AG* = 11.5 * 0.5 kecal/mol. The solid-state
structure of Fe(2,4-C;H;,)(PMe;),* was determined as
the FeCly(PMe,)™ salt and was found to be quite similar
to that of Re(2,4-C,H;;) (PMey(CgH;)); (Figure 31). The
Fe-P distance for the unique phosphine ligand was
found to be shorter than those for the other two (2.232
(1) vs 2.274 (1) A), while the Fe—C bonds to the formally
uncharged 2,4-positions, 2.187 (3) A, were found to be
longer than those to the formally charged 1,5- (2.175 (3)
A) or 3- (2.161 (4) A) positions. The similar complex
Fe(C;H,)(PMes);* could be prepared by the reaction
of Fe(n*-CsH;)o(PMe;), with HPMeg* (vide infra). An
unusual result was obtained from the reaction of
FeCly(PMes), with 1 equiv of K(2,4-C;H;,). In this case,
an (n*-isopropenyltrimethylenemethane)Fe(PMe;),
complex was isolated, whose formation was postulated
to occur by disproportionation of an intermediate such
as Fe(2,4-C;H,;)(Cl)(PMey),, and in support of this
claim it was noted that 2,4-dimethyl-1,3-pentadiene was
a product of the reaction and that never more than a
50% yield of product (based on iron) was obtained.

Related ruthenium complexes have been isolated
from the treatment of the protonated open ruthenocene
Ru(2,4-C;H;,);(H)* (vide infra) with CO and/or phos-
phine ligands.®! Thus, exposure to CO or P(OMe);
leads to rapid incorporation of one ligand and addition
of the hydride ligand to one of the 2,4-C,H;, ligands,
vielding an 7*-2,4-dimethyl-1,3-pentadiene ligand, as in
Ru(2,4-C;H,,)(n*-2,4-C,H,,)(CO)*, which has been
crystallographically characterized (Figure 33). As can
be seen, the CO ligand resides by the open edges of both



Transition-Metai-Pentadienyl Chemistry

C4

Figure 33. Solid-state structure of the cation in Ru(2,4-
C7Hu)(174'2,4'M62'1,3'05H5)(CO)+BF4-.81b

acyclic organic ligands. Subsequent ligand additions
proceed more slowly allowing the selective preparations
of unsymmetric Ru(2,4-C;H,,)(CO)(phosphine),* and
symmetric Ru(2,4-C;H,;)(CO),(phosphine)* complexes,
examples of which have been crystallographically
characterized. An Ir(n®-cyclo-dienyl) (H)(phosphine),*
complex has also been reported.!4?

3. M(n°-pentadienyi)L), and M(n°-pentadienyl)L)s

The compounds in this category tend to fit the ex-
pected structural patterns. Exceptions, however, seem
to include the reported compounds “Cr(n%-cyclo-
hexadienyl)(H)(PF3);” and the structurally character-
ized “Cr(n5-cyclooctadienyl) (H)(PF4)5”, both of which
were prepared by metal atom reactions, utilizing PF,
and cyclo-dienes.!® While these compounds were for-
mulated originally as hydrides, recent reports have
suggested that they actually are “agostic” complex-
es, 1818151 iy which the “hydride” ligands serve to bridge
their metal centers and a terminal pentadienyl carbon
atom. In fact, the orientation of the three PF, ligands
in the cyclooctadienyl structure does not match that
expected for a M(n®-pentadienyl)(L), complex®® but
rather seems to match the orientation of the additional
ligands in the known agostic complex Cr(2,4-C;H,,)-
(CO),(P(OMe)3),1%2 in which the Ly unit twists some-
what away from the “agostically” bound hydrogen atom.
Mo(n®-cyclo-dienyl)(CO)3Cl and Mo(n®-cyclo-dienyl)-
(CO)y(phosphine)] complexes have also been report-
od 114,153

The complex Re(CgH;)(H)o(P(CgHj)s); has been
prepared from the reaction of ReH;(P(C¢Hj)s); with
benzene and 3,3-dimethylbutene.l®* A structural study
was undertaken, but the hydride ligands could not be
located directly. However, based on the placement of
the P(CgHs)4 ligands, one of the hydride ligands must
be located at the open edge of the pentadienyl fragment,
and the other opposite to it, under the central carbon

atom

|
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Notably, an open analogue, Re(2,4-C,H,;;)(H)o(P(Cq-
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Figure 34. Structure of the Re(2,4-C;H;,) (H)(PMey(CgHs))g* ion
(reprinted from ref 136b; copyright 1987 American Chemical
Society).

Figure 35. Perspective view of Nb(2,4-C;H;;)(CO)3(PMe,-
(CeHp)).1%

Hj;)s)e, has been prepared, and spectroscopic studies
indicate the opposite orientation of H and P(C¢Hy),
ligands.’% A related complex, Re(2,4-C;H,;)(H)-
(PMey(CgHj;))st, has been prepared by protonation of
Re(2,4-C;H,,) (PMey(CcH;))1.1% Deuteriation studies
suggested that protonation initially takes place by the
open edge of the pentadienyl ligand, as exchange with
the hydrogen atoms on the terminal CH, groups readily
occurs. From variable-temperature 'H NMR spec-
troscopy, the barrier to this process was estimated to
be 17.3 = 0.3 kcal/mol, while variable-temperature 3P
NMR spectroscopy revealed a barrier of 16.9 + 0.3
keal/mol for the interconversion of the two phosphorus
environments. A structural study of the complex was
undertaken. The hydride ligand was located and found
to occupy the position beneath the central pentadienyl
carbon atom (Figure 34). The unique Re-P bond was
found to be longer than the other two (2.502 (3) A vs
an average of 2.422 (6) A), while the Re-C bonds to the
terminal pentadienyl carbon atoms (2.255 (10) A) ap-
?e)ari;i shorter than those to the other three atoms (2.29
1 .

Related niobium compounds may be prepared from
the paramagnetic Nb(2,4-C;H,;)o(L.) complexes (L =
PEts, PMe,y(CgHj;)).1% These compounds react with CO
to yield the diamagnetic Nb(2,4-C;H;,)(CO);(L) com-
plexes, for which 'H NMR spectroscopy and a struc-
tural study of the L. = PMe,(C¢H;) complex demon-
strate that the phosphine ligand is located by the open
edge of the pentadienyl ligand (Figure 35). Addition
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of excess PMe,(CgHj) to this compound results in re-
placement of one CO ligand and isolation of Nb(2,4-
C;H;,)(CO)y(PMe,(CeH;)),. Spectroscopic data and a
structural determination revealed that one of the
phosphine ligands is located at the open edge of the
pentadienyl ligand, while the other one is located op-
posite to it, being underneath the central pentadienyl
carbon atom. The related complex V(C¢H;)(CO), has
been prepared by the reaction of V(CgHg)(CO),* with
NaBH,.1%6

Two examples of M(n®-pentadienyl)(L); complexes
are Zr(C¢H,)(H)(dmpe), and Zr(CgH,;)(H)(dmpe),,
prepared by the Na/Hg reduction of ZrCl,(dmpe), in
the presence of 1,3-cyclohexadiene or 1,3-cyclooctadiene,
respectively.’¥” An X-ray structural study of the cy-
clooctadienyl complex revealed a coordination geometry
which may be regarded as highly distorted octahedral,
with the dienyl and hydride ligands opposite to one
another. The phosphorus atoms are naturally bent
significantly away from the dienyl ligand plane, as can
be seen from the H-Zr-P angles, which range from 58
to 81°, averaging 68.5°. The shortest Zr-P distance
(2.730 (4) A) involves the phosphine ligand by the open
pentadienyl edge while the next shortest (2.758 (4) A)
involves the opposite phosphorus atom, and the longest
involves the two formally (not crystallographically)
equivalent phosphorus atoms (average 2.796 (3) A).
Additionally, a portion of a metallabenzene complex,
Mo,(2,4-C;H,,)(2,4-C;Hg) (CO); (section II.H.3), also
contains a formal M(r®-pentadienyl)(L); complement,
as do Re;(n®-C;Hg) (H)5(CO),p, Osy(n-CgHo) (H)(CO)y,
and Osy(n8-C;H;0) (H)(CO),, the latter two containing
bridging (n%¥'?"- and 5%¥-) dienyl coordination.!®®
However, due to the cluster nature of these compounds,
their geometric arrangements are likely not very
meaningful in this context.

F. Metal Complexes Containing n°- and
n'-Bound Pentadlenyl Ligands

Just as n°-cyclo-dienyl metal complexes often pre-
ceded their acyclic analogues, n*-cyclo-dienyl complexes
have often set the stage for later observations on 7
pentadienyl complexes. As noted earlier, the facile
reaction of Co(n-C;Hg) (P(C¢Hj)3), with CO to produce
Co(r°-C;Hg)(CO)4(P(CgHj),) provided an indication that
n°-n° dienyl transformations should be readily in-
duced,!® and for the 5° complex, variable-temperature
NMR spectroscopic data revealed that an #° — »? in-
terchange process, perhaps involving an n'-bound in-
termediate, could take place (AG* = 17.6 £ 1.5 kcal
mol), making the two sides of the ligand equivalent.!®®
Similarly, variable-temperature NMR spectroscopy of
a variety of 16-electron Pd(3-C;Hg)(L),* complexes (L,
= various acac anions, tmeda, dienes, bipyridine; or L
= AsEt,, PEt,, or P(OMe)s, etc.) demonstrated facile
n® — #° — 5° interconversions.!” Other pertinent ex-
amples of n°-cyclo-dienyl complexes include species of
the general types Cr(CsH;)(n®-cyclo-dienyl)(CO),,1%
Pd(CsH;) (n*-cyclo-dienyl), [Pd(n3-cyclodienyl)X], (X =
acac, Cl, Br), Pd(n®-cyclo-dienyl) (C1) (P(C¢Hs)s),'®! Ru-
(n*-cyclo-dienyl) (H)(cyclohexene) (PCgHj)s)o,14%d Ni-
(n*-cyclo-dienyl),,162 and [Ni(n*-cyclo-dienyl)(Cl)(phos-
phine)],.182 Examples of the latter five complexes, as
well as Pd(n®-CgH,;)(acac) (Figure 2),* have been
structurally characterized.
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Early n°-pentadienyl reports have often dealt with
related species,!* such as Pd(53-dienyl)(acac), Pd(n*-
dienyl)(1,5-COD)*, or [Pd(r*-dienyl)(Br)],, (for »*-dienyl
= 7%1-(C¢H;)-3-(0C(0)CH,)-5-(C¢H;)CsH,) or Ni-
(CsHs)(n-dienyl) for dienyl = 1,1,5,5-CoH,; or 2,4-
C;H;;). For the latter complex, two isomers were ob-
served and assigned as containing the U- and W-pen-
tadienyl conformers.1%® [Ni(5®-C;H,)Br], has also been
reported,!® and its reaction chemistry will be described
in section II.H.2.

By 1983, interest in n°-bound metal pentadienyl
complexes seemed to increase greatly. Thus, treatment
of Rh(CzH;)(n*1-C¢H;C(0)-6-C¢H;-1,3,5-hexatriene)
with HCI or HBr was found to lead to the respective
Rh(C5H5) (1]3- 1-CSH5C(0)CH2-5-CSH5-pentadienyl) (X)
complexes, whereas HBF, led to an analogous but
cationic species in which the halide ion coordination was
replaced by intramolecular coordination of the benzoyl
group.®® Another n®-pentadienyl complex, Mn(n®-
CzH,)(CO),, was isolated from the photochemical re-
action of Mn,(CO),, with 1,3-pentadiene, and subse-
quent work led also to the identification of 2-methyl,
4-methyl, 5-methyl, and 2,4-dimethyl derivatives, as well
as Mn(n°-dienyl)(CO), analogues which were postulated
to arise through n®-n!-n°-° interconversions.128165 An
entirely different route, the reaction of Sn(C,Hg)s(CsH7)
with a metal halide complex, RuCl,(CO)(PMey(CgHs)),
was utilized to prepare Ru(y3-CzH;)(C1)(CO)(PMe,-
(CgHp)),. 168

Numerous other reports of #*-pentadienyl complexes
followed thereafter, including various cobalt and rho-
dium compounds whose preparations have been de-
scribed in sections II.C and IL.E.1. Related carbonyl
complexes have also been obtained, such as Co(n®-W-
C;H;)(CO);, utilizing the reaction of NaCo(CO), with
trans-1-bromo-2,4-pentadiene.'” On treatment of this
oily complex with P(C¢Hj),, the solid product Co(n®-W-
CsH7)(CO),(P(C¢Hs)s) could be isolated. A structural
determination confirmed the presence of the 7°-W-
pentadienyl unit.

Various n°-pentadienyl complexes of iron have also
been reported. Thus, reaction of FeCly(PMe;), with
KC;H, leads to the formation of Fe(n3-W-Cz;H,),-
(PMejy),, which was crystallographically characterized
and found to possess the structure presented in Figure
19.7% Subsequently allyl analogues Fe(2-CH;C3H,)o(L),
(L = PMe;, PMe,(C4H;), P(OMe);) have been report-
ed.168 The reaction of Fe,(CO) with trans-1-bromo-
2,4-pentadiene was found to lead to Fe(n3-C;H;) (Br)-
(CO),, for which spectroscopic data suggested the
presence of the W-shaped pentadienyl ligand.'®® An
alternative route to such species has also been devel-
oped, utilizing the reaction of cationic species such as
Fe(n®-1-CH;-5-CqH;C;H;) (CO)s* with halide ions (X =
Cl, Br, I), through which Fe(5®-W-1-CH;-5-
C¢H;C:H;)(X)(CO); complexes are isolated, in addition
to some n*-diene complexes that arise from the addition
of X~ to the 5-position of the pentadienyl ligand.!*” A
structural study of Fe(»*-1-CH3-5-C¢H;C;H;) (Br)(CO);
confirmed the conformational assighment of the pen-
tadienyl ligand. Other iron carbonyl complexes have
been isolated from the reaction of NaFe(Cs;H;)(CO),
with trans-1-chloro-2,4-pentadiene or with 1-chloro-
2,4-hexadiene, which yielded Fe(CsHs)(n*-CsH;)(CO),
or Fe(n!-5-CH3;C;Hg)(CO),y, and upon photolysis or
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Figure 36. Structure of Mn(4*-CsH)(CO)5(PMey) (reprinted from
ref 132; copyright 1984 American Chemical Society).

treatment with Me;NO, these could be converted to the
respective Fe(Cs;H;) (n°-W-dienyl)(CO) compounds.®2 A
structural study on the n3-hexadienyl complex con-
firmed the conformational assignment and revealed that
the methyl substituent was present on the 5-position,
away from the metal atom. Both the mono- and di-
carbonyl complexes could be selectively protonated.
Thus, reaction of the appropriate monocarbonyls with
HPF; led to Fe(C;H;)(n*-diene)(CO)* complexes, for
diene = 1,3-pentadiene or 2,4-hexadiene. Protonation
of the monocarbonyls, however, led to Fe(C;H;) (n?-di-
ene)(CO),* complexes, containing both 1,3- and 1,4-
dienes. Photolysis of the monocarbonyl complexes leads
to the formation of half-open ferrocenes Fe(CgH;)(C;H,)
and Fe(C;H;)(1-C4Hy).

Additional manganese compounds containing 5%-
pentadienyl ligands have also been obtained through
several different routes. Thus, Mn(C;H;)(CO); has
been found to react at room temperature with good
o-donor phosphine ligands to produce Mn(53-C5H,)-
(CO)3(L) complexes (L. = PMey, PMe,y(CeH;), P(n-
C.Hy);3).132 A structural determination for the PMe;
complex revealed the presence of an 5°-syn-S-penta-
dienyl ligand!® (Figure 36). Various Mn(n*-pentadie-
nyl)(CO)4 complexes (pentadienyl = CsH,, 1-C¢H,, 2-
C¢H,, 2,4-C-H,;) have been prepared through photolysis
of Mny(CO),, with appropriate dienes!? or, for penta-
dienyl = C;H,, from photolysis of Mn(n!-C;H,)(CO);,
prepared from the reaction of NaMn(CO); with trans-
1-bromo-2,4-pentadiene.!® Thermolysis of the n*-bound
complexes leads to loss of CO and the adoption of
n°-pentadienyl bonding modes. In another report, the
reaction of MnBr, with 2 equiv each of KC;H; and
dmpe was found to lead to a reduction to the Mn(I)
complex Mn(n3-W-C;H,)(dmpe),.'™ The conforma-
tional nature of the pentadienyl ligand was revealed by
an X-ray structural study, although it was observed that
at least one other isomer was also present in solution.

A high degree of versatility has also been observed
for NaMo(CzH;)(CO)s. Thus, reaction with trans-1-
chloro-2,4-pentadiene yields Mo(Cs;H;)(n'-CsH7)(CO)s,
which was found to decompose slowly at room tem-
perature. Spectroscopic data were in accord with the
expected W conformation. Photolysis of this compound
led to the formation of Mo(CsH;) (n*-W-C;H,)(CO), and
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Mo(CsH;)(CsH,)(CO).1"! The former compound was
observed to exist as two isomers, analogous to the sit-
uation for related Mo(CsH;)(allyl)(CO), complexes.
The Mo(CzH;)(C5H,)(CO) species exhibited very un-
symmetric NMR spectra, and the complex was there-
fore proposed to contain an unusual #°-S-pentadienyl
ligand by analogy to related chromium and iron com-
pounds. Subsequently, similar results were obtained
for 1-chloro-2,4-hexadiene, and several phosphine-sub-
stituted relatives were isolated, including Mo-
(CsH;)(n*-C5H,;) (CO)4(L) and Mo(CsH;)(n*-CsH)-
(CO) (L) (L = PMe3, PEt3, PMe2(CsH5)).172 Some
Diels—Alder reactions of these species are described in
section II.H.2. For chromium, essentially the reverse
strategy may be employed to isolate some of these
species. Thus, half-open chromocenes react rapidly
with CO to yield monocarbonyl complexes containing
unusual 7%-S-bound pentadienyl ligands (section I1.C),
and prolonged exposure of these to CO leads reversibly
to Cr(Cs;H;) (n*-pentadienyl)(CO), compounds, crystal-
lographically characterized for pentadienyl = W-CzH,.%
An unusual complex of platinum, Pt[#*-B(CHj,),C-
(CH;)CHCHC(CH3)(B(CH;),) ] (PEt3),, has also been
reported.l”

A variety of other 5!-bound pentadienyl complexes
has been reported. The earliest examples of 5! coor-
dination involve main-group complexes, e.g., pentadie-
nylsilanes,?!7* -stannanes, %1% and -boranes,*!7¢ and
various complexes of beryllium, magnesium, and
zinc. 19176177 Qtructural characterizations have been
carried out for both Zn(n!-W-C;H;)(Cl)(tmeda) and
Mg(n!-U-2,4-C;H;;)s(tmeda).!® Subsequently, Cu(n!-
pentadienyl) (P(n-C,Hg)s) complexes have been identi-
fied (pentadienyl = CzH,, 1-MesSiCy;H,, 1,5-
(SiMe,;),CsHg), and spectroscopic data have demon-
strated the presence of the expected W-pentadienyl
conformations, as well as rapid 1,3 rearrangements.!”’
A bis(n!-pentadienyl) complex of zirconium has also
been reported.'”® Thus, reaction of Zr(CzH;),Cl, with
2 equivalents of K(2-C4Hy) leads to the formation of
Zr(CsH;)o(n'-W-4-C¢Hyg),, in which spectroscopic data
indicate that the methyl group is positioned away from
the metal (i.e., in the 4- rather than 2-position).

Recently it has also been reported that Re(C;H,)(C-
0), will react with 2 equiv of phosphine (PMe, or PEt)
to yield fac-Re(n!-syn-S-C;H,)(CO)s(phosphine), com-
plexes,19%17 quite analogous to earlier and surprising
reports of the reaction of Re(C;H;)(CO); with PMes,
which yielded Re(n*-C5H;) (CO)3(PMes),.!® The 5!-S-
Cs;H; compounds have been observed to isomerize
slowly to the respective #'-W-C;H; complexes. Further
exposure of the Re(n!-CsH,;)(CO)3(PMe;), isomers to
PMe; in refluxing THF leads to mer-Re(n!-W-C;Hy)-
(CO)5(PMej)s. Structural determinations have been
carried out for Re(n!-S-CzH;)(CO)3(PEt;), and Re(n!-
W-CsH,)(CO)o(PMejy); and are presented in Figure 37
along with that of Mg(n!-2,4-C,H;,),(tmeda) for com-
parison.

From the oxidative additions of 1-halo-2,4-pentadi-
enes to MCI(CO)(L); complexes (M = Rh, Ir; L =
PMey(CeH;), P(CgHg)s), additional n'-pentadienyl com-
plexes have been isolated, including Ir(n!-CzH,)(Cl),-
(CO)(L),, Ir(n'-CsHq)(C1)(Br)(CO)(L);, and Rh(y!-
C;H)(CH(X)(CO)(PMey(CeHs)), (X = Cl, Br).18! The
formations of the iridium complexes are actually re-
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Figure 37. Structures of the representative n’-bound pentadienyl
compounds Re(n'-W-CzH,)(CO),(PMeg); and Re(n!-S-C;H,)-
(CO)3(PMejy), (reprinted from ref 179; copyright 1987 American
Chemical Society) and Mg(y!-U-2,4-C;H,;);(tmeda) (reprinted
from ref 19b; copyright 1980 Nippon Kagakkai).

versible. In each case, structures are proposed in which
the two phosphine ligands are trans to one another, with
the two halides cis to one another. For at least the
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Figure 39. Solid-state structure of Nd(2,4-C;Hy,)4 (reprinted from
ref 183; copyright 1982 American Chemical Society).

mixed halide complex of rhodium, the presence of two
isomers was evident spectroscopically.

A very new mode of n°-pentadienyl bonding has been
revealed in Ta(CsH;),(n%-2,3-C;H,,).1%2 The complex
was prepared by the reaction of Ta(Cz;Hs)Cly with 4
equivalents of K(2,3-C;H,,), suggesting that a dispro-
portionation took place. As can be seen in Figure 38,
the bonding involves localized Ta—-alkyl and Ta-olefin
coordination, through the 1-, 4-, and 5-positions of the
C7H11 ligand

Ta/\

/

Interestingly, for the analogous 2,4-C;H,; complex,
variable-temperature 'H NMR spectroscopy indicated
that the two CsH; ligands could become equivalent, as
could the two ends of the 2,4-C;H;, ligand, with AG*
= 10.4 £ 0.2 and 10.7 £ 0.2 kcal/mol, respectively.

G. Lanthanide and Actinlde Complexes

Reactions of NdCl; or “UCl;:nTHF” with 3 equiv of
K(2,4-C;H,,) have led to the paramagnetic, f complexes
Nd(2,4'C7H11)3]83 and U(2,4'C7H11)3,184 which exhibited
the expected broadening of peaks in their 'TH NMR
spectra. A structural study of Nd(2,4-C;H;,); revealed
that all five dienyl carbon atoms were n°-bound (Figure



Transition-Metal-Pentadienyl Chemistry

39), providing the first structural evidence for the in-
teraction of a highly ionic lanthanide ion with formally
uncharged carbon atoms. Not surprisingly, however,
the Nd-C(2,4) distances were longest, averaging 2.855
(8) A, compared to 2.801 (9) A for the 1- and 5-positions
and 2.749 (10) A for the 3-position, which should bear
the greatest negative charge. Due to its thermal in-
stability, U(2,4-C;H,,); has only recently been subjected
to structural studies.

H. Reactlon Chemistry Involving Pentadlenyl
Ligands

As the neutral pentadienyl fragment may donate five
electrons to a metal center and possesses molecular
orbitals quite similar in nodal properties to the cyclo-
pentadienyl fragment, it is natural that there should be
some relationships between their analogous compounds
with respect to stoichiometry, structure, and bonding.
However, such similarities should not be expected to
carry over to reaction chemistry given the aromatic
nature of the cyclopentadienyl anion and the much
different m-orbital energies of the two dienyl fragments.
In this key respect, the pentadienyl unit is much more
similar to the allyl group, as both are honaromatic, but
have odd alternant delocalized  systems, resulting in
a SOMO (S = singly) for the radical which is non-
bonding. Of course, metal-allyl complexes have found
a tremendous number of applications in catalysis and
organic synthesis, including coupling reactions, “naked
metal” reactions, and catalytic polymerizations.® It can
therefore be expected that while metal-pentadienyl
compounds may resemble metal-cyclopentadienyl
compounds in the aspects of stoichiometry, structure,
and bonding (and even be more strongly bound), the
chemistry of metal-pentadienyl complexes should be
more closely related to that of the versatile metal-allyl
complexes and hence should prove of some value.

1. Pentadienyl Dimerizations and “Naked Metal”
Reactions

In metal-allyl chemistry, the dimerization of two allyl
ligands generally leads to 1,5-hexadiene, which often is
readily removed from the metal center(s). In contrast,
pentadienyl dimerizations would generally give rise to
1,3,7,9-decatetraenes, and as each end of these mole-
cules is a 1,3-butadiene moiety, these dimers should
prove far more potent in their coordinating ability
relative to 1,5-hexadiene and hence should display a
greater tendency to remain attached to the metal cen-
ters rather than coming off completely, as in “naked
metal” reactions.!9

Indeed, such considerations seem to be borne out.
The earliest examples of pentadienyl dimerization re-
actions were brought about by the reduction of Fe-
(pentadienyl)(CO)3* complexes with appropriate reag-
ents such as zinc.!% A typical example of an isolated
product from such a reaction is shown below.

N
N F!
i ey
Fe OC\\\‘ /’Co
c? 2V, g
o) 8 o] o

plus "trans” form

It is notable that the pentadienyl fragments in the
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Figure 40. Structure of the open cobaltocene dimer [Co(2,4-
CHy)lo[pomntm¥-2,4,7,9-Me,-2,4,6,8-C1oH, ] (reprinted from ref
104; copyright 1984 American Chemical Society).

dimer have assumed the sickle shape. This can readily
be understood by considering the likely intermediate
in these reactions, Fe(C;H;)(CO);. In all probability,
this should exist primarily as a 17-electron complex,
Fe(n®-C;H;)(CO); (25), for which rotation of the C-C
single bond would lead to the generally observed sickle
geometry 26. A contribution of the type 27 then may

= —
<> <7 <
| |
Fe Fe

\\\\ ~ W ~
occl % ofd % Ococ o

o)
25 26 27

be considered to bring about the subsequent dimeri-
zation. Of course, the dimerizations observed on re-
duction of Fe(n®-cyclo-dienyl)(CO);* complexes would
not be accompanied by a conversion to the sickle ge-
ometry. One interesting application of such dimeriza-
tions involves the syntheses of polycyclic hydrocarbons,
which may be accomplished through a two-electron
reduction of two linked Fe(n®-cyclo-dienyl)(CO),*
species, leading to further coupling between the two
units.188

A particularly interesting dimerization product was
observed from the reaction of CoCl, with 2 equiv of
K(2,4-C;H,)).1* As the initial product of such a reaction
would likely be an open cobaltocene (having probably
one n3-bound and one 7%-bound 2,4-C;H,; ligand,
thereby leading to a 17-electron complex), a dimeriza-
tion would appear quite reasonable. However, the ac-
tual product (Figure 40), while a dimer, was found to
have undergone an unusual isomerization, which led to
a more conjugated 2,4,6,8-decatetraene complex (28,
ML, = Co(2,4-C;H;,)) rather than to a 1,3,7,9-decate-
traene complex (29, ML, = Co(2,4-C;H,;)). Several

ML ML

2 2
7 L2
“, "

28 29

considerations suggested quite strongly that this isom-
erization must have been brought about by »°—#°
transformations of the unaltered 2,4-C,H,, ligands, as
in Scheme I, which could explain in part why such
isomerizations had not been observed in previous di-
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mers, which did not possess unaltered pentadienyl lig-
ands. However, there is also a geometric barrier to such
a process in most of the other systems. This arises from
the fact that sickle-shaped pentadienyl fragments are
present in most final dimers, and formation of a
2,4,6,8-decatetraene would lead to trans-diene units,
which should not favor #* coordination. The geometric
barrier is avoided in the Co(2,4-C;H;,), dimerization
due to the presence of the 2,4-C;H,, ligands, which
actually prefer the U conformation and hence do not
rearrange to the S form upon reduction. Therefore, to
test the possibility that other systems might also un-
dergo isomerizations (perhaps through 5*-n? transfor-
mations of the coordinated diene fragments) if the
geometric barrier were removed, the reductions of both
Fe(2,4-C;H,,)(CO);* and Co(CsH;)(2,4-C;H;;)* were
carried out, and in each case, dimers of the sort 29 (ML,
= Fe(CO)3'¥ or Co(CsHj;),% respectively) were isolated.
In fact, similar results, i.e., a lack of isomerization, have
been obtained for related dimers formed through the
coupling of two M(n®-cyclo-dienyl) fragments.185%186
Hence, it becomes clear that the observed isomerization
of the open cobaltocene dimer was initiated through an
n°—n3 conversion of the 2,4-C;H,, ligand.

Another unusual pentadienyl dimerization has been
observed in a chromium complex.!® While open tita-
nocenes and open vanadocenes readily undergo Lewis
base coordination by a variety of ligands, this is not the
case for open chromocenes. An attempt to make such
a species was therefore carried out by introducing a
ligand, PEt,, to the metal center prior to the addition
of pentadienyl ligands. The appropriate reaction (eq
23) did lead to a product having the designated stoi-

CI'C].2(PEt3)n + 2K(C5H7) — “CT(C5H7)2(PEt3)” (23)

chiometry; however, the product was paramagnetic and
exhibited a strong ESR signal. An X-ray diffraction
study (Figure 41) revealed that a dimeric complex had
been formed through pentadienyl dimerization, leading
to 17-electron Cr(I) centers (there was no evidence for
butenediyl coordination to Cr(III)). Of course, Cr(I) is
an unusual oxidation state, and the dimerization reac-
tion represents a striking example of a spontaneous
reduction of Cr(II) to Cr(I). Interestingly, Cr(CsH,),
has been reported to react with CO to yield Cr(CO)g and
the diamagnetic [Cr(CsH,),(CO)],, which yields various
pentadienes on hydrolysis.2¢ However, this carbonyl

|
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S
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Figure 41. Molecular structure of the Cr(I) dimer [Cr(CzH;)-
(PEta)lzlﬂz'ﬂ4,ﬂ4'1,3,7,9-C10H“]'.

Figure 42. Structure of Mn(1%-2,4,7,9-Me -1,3,7,9-C;oH,o) (PMe;)
(reprinted from ref 189; copyright 1983 American Chemical So-
ciety).

dimer exhibits a strong ESR signal!® and may therefore
be similar in structure to the related PEt; dimer.

In contrast to the common nature of intermolecular
pentadienyl dimerizations, their intramolecular ana-
logues have been observed only more recently. The
unusual reaction leading to Mny(3-C¢Hy),32 (section
II.D) might involve such a dimerization, but other
possibilities exist as well. A clear-cut example of such
a process was observed, however, in the related reaction
of MnBr, with PMe; and 2 equiv of K(2,4-C,H,,).1®
The isolated product (Figure 42) is a paramagnetic,
17-electron complex, proposed to form via an open
manganocene complex, which becomes coordinated by
PMej, leading to a Mn(53-8-2,4-C;H,,)2(PMe,), inter-
mediate, which then undergoes intramolecular coupling.
Pertinent to these open manganocene systems are some
results obtained for isoelectronic open ferrocene and
half-open ferrocene cations.#! The 17-electron cations
may be generated electrochemically from Fe(2,4-C;H,)),
and Fe(C;H;)(2,4-C;H;;). The oxidation may be re-
versed for Fe(2,4-C;H,;)s* only at low temperatures
(e.g., -45 °C), however, while that for Fe(C;H;)(2,4-
C;H,;,)* may be reversed even at room temperature.
This trend is consistent with the occurrence of an in-
tramolecular coupling reaction for Fe(2,4-C;H,;),* and



Transition-Metai-Pentadienyl Chemistry
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Structure of Nb(CsHjg)(n%-2,4,7,9-Me,-1,3,7,9-

Figure 43.
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an intermolecular coupling reaction for Fe(CsHg)(2,4-
C;H,))*. In fact, recent kinetic studies of the electro-
chemical processes have revealed the loss of Fe(2,4-
C;H,1),* to be a first-order process, while that of Fe-
(CgHg)(2,4-C;H,))* is second-order.?® In both cases,
dipentadienyl units are isolated as products. Crossover
experiments for Fe(2,4-C;H,;); and Fe(2,4-C;Dy;),
mixtures demonstrated that the coupling process is
essentially completely intramolecular.®® These data
clearly point to an intramolecular coupling reaction for
Fe(2,4-C;H,,),*, and perhaps as well for the isoelec-
tronic Mn(3-CgHy),.

A rather unusual intramolecular coupling reaction has
been observed for a Nb(III) complex.1®2 Thus, the re-
action of Nb(C;H;)Cl, with 4 equiv of K(2,4-C;H,;,)
leads to an initial product which spectroscopically ap-
pears to be a Nb(III) complex, Nb(CzH;)(2,4-C,H,;),.
On warming to room temperature, however, this ma-
terial slowly transforms itself to a Nb(C;H;)(n®-
2,4,7,9-tetramethyl-1,3,7,9-decatetraene) complex (Fig-
ure 43). Particularly notable about this molecule is the
fact that one coordinated butadiene unit is present in
the usual cis arrangement, while the other is trans,
unlike other Nb(CgH;)(n*-diene), complexes.®**!% The
coordination of the cis-diene fragment resembles that
of a butenediyl complex, so that the product may still
be considered to be a Nb(III) compound.

In addition to the “naked metal” reactions given
above, several other reports have appeared that con-
stitute potentially useful applications for the open
metallocenes. Thus, Cr(CzH,), and Cr(2,4-C;H,,); have
been observed to react with CO, leading to a high yield
of Cr(C0)¢.24*? Similar reactions involving ¢-C,;HyNC
or dmpe lead respectively to Cr(CN(t-C,Hg))q and Cr-
(dmpe)s, in yields of ca. 60% or better. The result for
Cr(dmpe); is notable in that only relatively mild con-
ditions were required, whereas other methods require
more forcing (even metal atom) conditions, provide
much lower yields, and often waste large amounts of
dmpe.’®! Similarly, Fe(CsH,), has been found to react
with PF; under mild conditions to yield Fe(PF3);.19

2. Coupling Reactions and Nucleophilic Additions

As metal complexes of n'-bound pentadienyl ligands
may be regarded as substituted butadienes, it seems
reasonable that they should be capable of undergoing
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Figure 44. Perspective view of the unusual, dimeric coupling
product formed from the attempted preparation of Mo(2,4-C;-
H;;)(CH;)(CO); (reprinted from ref 119a; copyright 1985 American
Chemical Society).

Diels—Alder reactions with dienophiles. In fact, such
reactions have been observed for pentadienylsilanes,
pentadienylstannanes, Mn(5!-CzH,)(CO);, and Mo-
(CsH;) (n*-CsH,)(CO),. Thus, the reactions of Sn(n!-
CsH7)(CH,); or Mo(CsHj;) (dienyl)(CO); (dienyl = 5!-
CsH;, n'-1-C¢Hy) with maleic anhydride, of Si(n!-
C:;H,)(CH,); with crotonaldehyde or mesityl oxide, 2172
and of Mn(n*-C;H,)(CO); or Mo(CzH;)(dienyl)(CO),
with TCNE2%172 g]] have led to the expected Diels-
Alder adducts, although in the mesityl oxide reaction,
a 1,4-addition product was also observed. Furthermore,
it was noted that the mesityl oxide and crotonaldehyde
reactions might actually be polar, stepwise processes
rather than concerted Diels-Alder reactions. Mn(n!-
C;H;)(CO)5 was also found to undergo an insertion re-
action with SO, yielding an S-bound Mn(n!-S-
(0)4,CsH,)(CO)5 complex.

Coupling reactions have also been observed for 5°-
bound pentadienyl complexes. Thus, [Ni(n*-CzH,)(Br)],
and [Ni(n®1-CgH,)(Br)], have been found to react with
C¢H;l, CGH;CHCHBr, and C;H;CHCHCH,Br, in gen-
eral leading to attachment of the organic group onto a
terminal pentadienyl position (for the 1-C4Hj, ligand,
on the side opposite to the methyl group).!®¢ However,
in the reaction of [Ni(*-C;H,)(Br)], with C¢H,CHCH-
CH,Br, attack at the pentadienyl 3-position was also
noted, and a 1:1 mixture of trienes was obtained.

An unusual coupling reaction was observed on the
attempted preparation of Mo(2,4-C,H;;)(CH,)(CO),
from Mo(2,4-C;H,,)(CO);” and CH,l.1% The product
30 (Figure 44) is essentially a [Mo(allyl)(OR)(CO),],

complex which was apparently formed by three suc-
cessive coupling reactions (Scheme II), which led to
trialkylation of CO, converting it to an alkoxide, and
in the process a 5 + 1 ring construction was accom-
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plished. Given the fact that pentadienyl anions may
be prepared with a wide variety of substituents and the
possibility that related (n°-cyclo-dienyl) complexes
might be converted to bicyclic compounds, there would
seem to be a possibility of developing useful applica-
tions from this type of reaction. It must be noted that
methylation of some Cr(n*-cyclo-dienyl)(CO);~ com-
plexes has been observed to produce 5-acetyl-1,3-
cyclohexadienes,!9 and the possibility of highly modi-
fied Cr(n®-cyclo-dienyl)(alkyl)(CO); complexes being
intermediates in other transformations has been men-
tioned,!'% while various (acetyl-1,3-cycloheptadiene)iron
complexes have been isolated from the reaction of Fe-
(75-C7Hg)(CO),~ with acetyl chloride and CO.11% Ace-
tyl-pentadienyl coupling also appeared to take place
for Fe(2,4-C;H,;)(C(O)CH,)(CO)(PMey(CgHj))!1% on
standing, but the oily nature of the product did not
allow complete characterization. Interestingly, cou-
plings involving both the 1- and 5-positions of cyclo-
dienyl anions and cations have been reported.!%

Pentadienyl ligands may also undergo coupling re-
actions with neutral unsaturated molecules such as
nitriles. Thus, an instantaneous reaction occurs on
mixing the half-open titanocene Ti(Cz;H;)(2,4-C,H,;)-
(PEty) with CH3CN, leading to a dimeric product in
which coupling between the pentadienyl and aceto-
nitrile ligands has taken place, as indicated earlier
(Figure 25).% Related coupling reactions have been
observed for Zr(n*-diene) complexes,'® but it is note-
worthy here that the pentadienyl ligand has undergone
a coupling reaction even though it is more strongly
bound than the cyclopentadienyl ligand (vide supra).
Other coupling reactions also seem to take place with
acetylenes and isonitriles, but presently the nature of
the products is not completely clear.5”:88

Cationic pentadienyl and cyclo-dienyl complexes are
very susceptible to nucleophilic attack, and such reac-
tions have developed into a number of useful applica-
tions. Particularly notable have been the applications
involving the Fe(n®-cyclohexadienyl)(CO);* complexes,
for which a wide variety of substituents may initially
be placed in various positions of the n°-dienyl frag-
ment.! In at least some cases, such as the reaction of
Ru(CgH;)(CO)s* with methoxide, attack usually occurs
first on a CO ligand, leading to observable or isolable
intermediates, after which transfer to the dienyl ligand
occurs.!® Attack at the terminal carbon atom positions
is most common, but attack at the 2-position is not
uncommon either, especially as one descends the iron
triad.!®” Various studies have been carried out to un-
derstand the factors determining the favored site of
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Figure 45. Molecular structure of Fe(1,2,3,5-n%-4-
(C;H,,)CsH;)(PMej); (reprinted from ref 201; copyright 1987
American Chemical Society).

attack in some of these systems, and ring size, the na-
ture of metal, and hardness of the attacking nucleo-
philes have all been found to be important.?»1% For
open pentadienyl complexes, similar trends have been
observed, and typical nucleophiles such as hydroxide,
amide, or alkoxide tend to add at a terminal site.l%®
However, NaBH, reduction of Rh(C;H;)(1-C¢Hg)* leads
to addition of H™ to the 3-position, leading to a neutral
1,4-diene complex.?® Similar attack by methoxide is
obser\ied on both Rh(C;H;)(1-CgHg)* and Ir(C;H;)(1-
CcHy)*.

The reaction of Fe(C5H7) (PMe3)3+ with K(2,4'C7Hu)
also involves nucleophilic addition, and leads to C-C
bond formation.?! The product 31 (Figure 45) dem-
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onstrates that the 3-position of the 2,4-C;H,;, anion has
attacked the bound pentadienyl ligand at its 2-position,
leading to an Fe(allyl)(alkyl)(PRg); complex. The
general structural features are similar to those observed
in a compound formed by hydride ion transfer to a
Cr(n®-cyclo-dienyl) (CO),(NO)* complex.?? As noted
before, the 3-position of a pentadienyl anion tends to
bear greater negative charge than either the 1- or 5-
position and for this reason might be expected to be
more reactive than the terminal sites, although it is
possible that initial attack through a terminal position
may have occurred at the metal.!® Interestingly, similar
carbon—carbon bond-forming processes have been ob-
served in reactions of Fe(n%-cyclo-dienyl)(CO)s* com-
plexes with enolate anions and 3-diketones.??

3. Protonations and Other Hydrogen Atom Transfer
Reactions

A number of metal pentadienyl compounds are
known in which formal hydride ligands have been in-
corporated by protonation. Of course, M(pentadie-
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nyl)(hydride) species such as Zr(n®-cyclo-dienyl) (H)-
(dmpe)z,m Re(n5-CsH7) (1'1)2(1)(0(51'15)3)2,154 Rea(ﬂ5'
C7Hg)(H)3(C0),,'% Fe(n°-CeHo)(H) (P(OMe)3),, 4% and
Ru(sP-cyclo-dienyl) (H)(P(CgHj;);), %4 have already
been mentioned, as have protonation reactions in which
n°- or n!-dienyl groups become converted to 7*- or n*
diene ligands®? or in which bound dienyl ligands are
removed as dienes and in the process are replaced by
other ligands.?:14® In a related report, the reaction of
Zr(CsH;),(H)(C1) with various pentadienyl anions has
been found to lead to Zr(CzH;),(n*-diene) compounds,
presumably via Zr(CsH;),(n!-pentadienyl)(H) interme-
diates.!’”® The complex Mny(3-C¢Hy), has also been
mentioned (section I1.D) and had earlier been described
as demonstrating both metal- and ligand-centered
basicities.® In other situations, metal dienyl hydride
compounds may be isolated by protonation reactions.
Thus, Os(n5-cyclo-dienyl) (I)(PMes), complexes undergo
protonation to yield Os(n®-cyclo-dienyl) (H) (I) (PMej),*
species, in which the metal-bound hydride ligands were
found to undergo exchange with hydrogen atoms of the
nP-cyclo-dienyl ligands.2* In the process, alkyl sub-
stituents initially on the 6-position become transferred
to the various cyclo-dienyl positions, analogous to the
exchange mentioned previously for Mn(n®-cyclo-die-
nyl)(CO); complexes (section ILE.2). Similarly, pro-
tonation of Re(n’-cyclooctadienyl) (C¢Hg) was found to
lead to the expected cationic metal hydride complex.1?P
From indirect protonation reactions, the cationic ru-
thenium hydride species Ru(Cs;Mes) (n>-CgH,,) (H)* and
Ru(n®-CgH,,)o(H)* have been prepared.?®

Related complexes incorporating open pentadienyl
ligands may be similarly prepared. Thus protonation
of Re(2,4-C;H,;)(PMey(CcH;)); leads to Re(2,4-
C;H,,)(H)(PMe,(CgH;))s*, whose structure, previously
described, is presented in Figure 34.1%> As noted be-
fore, the protonation initially occurs by the open edge
of the pentadienyl ligand, and exchange occurs between
the hydride ligand and the four hydrogen atoms on the
terminal carbon atoms. Similarly, both Ru(2,4-C;H,;),
and Ru(C;H;)(2,4-C;H,,) are readily protonated by
I'IBF4,81 yleldlng Ru(2,4'C7Hu)2(H)+ and Ru(C5H5)-
(2,4-C;H,;)(H)*. In each case, variable temperature 'H
NMR spectroscopy reveals at low temperatures a
well-defined hydride resonance which is split by the two
or four endo hydrogen atoms on the terminal penta-
dienyl carbon atoms, and hence the resonances appear
as a triplet or quintet. At higher temperatures, ex-
change between the hydride ligands and the hydrogen
atoms on the terminal carbon atoms takes place, and
ultimately a single resonance is observed for the five or
nine exchanging atoms. Ru(2,4-C;H,;)5(H)* has been
found to exist in an unsymmetric conformation by
variable-temperature NMR spectroscopy and by X-ray
diffraction. Although some disorder appeared to com-
plicate the structural study, it was clear that the nearly
gauche-elipsed orientation was retained.?’® Exposure
of Ru(2,4-C;H,;),(H)* to CO leads to rapid incorpora-
tion of one CO ligand, yielding Ru(2,4-C;H,,)(n*2,4-
C;H,5)(CO)*, which has been crystallographically
characterized.®!® Exposure to PR3 (R = Me, Et) then
leads to Ru(2,4-C;H;,)(CO)(PR3),* complexes, which
by NMR spectroscopy and X-ray diffraction are un-
symmetric. An inverse approach has also been applied
to allow isolation of symmetric, structurally charac-
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Figure 46. Perspective view of the “agostic” complex Cr(2,4-
C,H,2)(CO),(P(OMe)s,) (reprinted from ref 152; copyright 1985
VCH (Weinheim)).

Figure 47. Structure of Ir(y2-2,4-C;H,0)(H)(PEt;); (reprinted
from ref 207; copyright 1987 American Chemical Society).

terized Ru(2,4-C;H,,)(CO)(PR,),* complexes. For
first-row transition metals, “agostic” complexes are more
common. Thus, Cr(2,4-C;H,5)(CO),(L)*? (L. = P(OMe),
or PMe;) and Mn(C;Hg)[(PCH,)3;CCH;]* possess
structures in which a #°-pentadienyl metal unit is for-
mally protonated, the proton bridging a terminal carbon
atom and the metal center (Figure 46). Variable-tem-
perature 'H NMR spectroscopy for the pentadienyl
complexes demonstrates two hydride exchange pro-
cesses, one involving rotation of the terminal CH, group,
followed by an exchange of all five terminal hydrogen
atoms.

In a few cases, transformations have been observed
in which hydrogen atoms are abstracted from the ter-
minal carbon atoms of a pentadienyl ligand. In one
example, the reaction of Ir(Cl)(PEt;); with K(2,4-C,H,;)
did not yield a pentadienyl complex, but rather the
iridacyclohexadiene complex Ir(n?-2,4-C,H,0) (H) (PEts)s
(32) (Figure 47), presumably via an #!-2,4-C;H,, inter-
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mediate.?®” Reaction of 32 with CH,l leads to re-
placement of the hydride ligand by iodide, whereas
reaction with CH;0SO,CF}; leads to formal removal of
H~ (the hydride ligand), and this loss is compensated
for by coordination of the internal olefinic bond to the
metal (Figure 48). Interestingly, heating this complex
in solution results in its conversion to a cyclo-
pentadienyl complex, Ir(n*-1,3-(CH;),CsHg) (H) (PEty),*.
Similarly, the reaction of 1,4-pentadiene with Ru(H)-
(CDH(P(CgH;);); vields an intermediate allyl complex
proposed to be Ru(n®-CgHg)(Cl)(P(CgHj)s),, which
transforms on standing to Ru(n®-CzH,)(Cl)(P-
(CgHj5)3)2.2% Upon reflux in methyl ethyl ketone, this
complex is converted in high yield to Ru(CzHz)(Cl) (P-
(CgHg)s)o. This latter conversion was proposed to occur
through a Ru(n®-cyclopentenyl)(C1) (P(C¢Hj;)3), inter-
mediate.

A somewhat different transformation has been ob-
served in a molybdenum carbonyl system. While re-
action of Mo(2,4-C;H,,)(CO);~ with CH,I led to an un-
usual coupling reaction, reaction with 0.5 equiv of
IC,H,I followed an entirely different course, producing
Mo,(2,4-C;H,,)(2,4-C,Hg) (CO);5 (Figure 49).!1?° Exam-
ination of the structural parameters suggested that this
compound is best considered as an (7%-molybdena-
benzene)molybdenum complex, 33. In particular, the

B
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Mo C ©
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33

molybdenabenzene Mo—C bond distances average 2.156
(8) A, vs the single Mo—C bond distance of 2.38 A in
Mo(CsH;)(C.H)(CO)3.2®°  Complex 33 reacts with
phosphine and phosphite ligands, during which simple
replacement of the CO ligands occurs.

4. Catalytic Applications

As many catalytic applications have arisen for met-
al—allyl compounds, related activity should be demon-
strated by metal-pentadienyl analogues. In fact, just
as Fe(Cs;H,), readily participates in “naked iron” reac-
tions,1% yielding Fe(PF;); from PF;, so too will it cat-
alyze the oligomerization of butadiene, producing a
product mixture quite similar to those reported from
other iron-based catalysts.?!?

The early metal open metallocenes will also catalyze
ethylene polymerization, once they are attached to a
silica or aluminophosphate surface.?#?'! The situation
for chromium is most interesting, as supported chro-
mocene has proven very useful, yielding products with
high average molecular weights, whereas other organo-
chromium compounds (e.g., alkyls and allyls) yield
products with much less desirable properties, e.g., high
1-butene and 1-hexene contents and rather broad mo-

Ernst

Figure 48. Perspective view of Ir(n*-2,4-C;H,o) (PEtg)s* (reprinted
from ref 207; copyright 1987 American Chemical Society).

Figure 49. Structure of Moy(2,4-C;H;;)(2,4-C;Hg)(CO); (reprinted
from ref 120; copyright 1987 American Chemical Society).

lecular weight distributions. The vast difference in
behavior between supported chromocene and other
organochromium compounds may readily be related to
the kinetic stability of metal-CzH; linkages. Thus,
exposure of Cr(CsH;), to a silica or aluminophosphate
support leads to the expulsion of 1 equiv of CzHg, as in
eq 24. The surface-bound Cr(CsH;) moiety would ap-

—0 —0
\ .,
—O0—S8i-OH + Cr(CgHglp —= —O—8i-OCr(CsHs)  (24)
—0 —0

pear to be the active catalyst for the polymerization.
The presence of the one relatively unreactive C;H;
ligand thus seems to exert an extremely powerful in-
fluence on subequent polymerizations. To serve as a
test for this model of supported chromocene polymer-
ization and to allow further comparisons of the relative
reactivities of metal-C;H; and metal-pentadienyl
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linkages, the behaviors of supported Cr(2,4-C;H,;), and
of the supported half-open chromocene Cr(CsHj)-
(2,4-C;H,,) as ethylene polymerization catalysts were
examined. Not surprisingly, Cr(2,4-C;H,,), proved to
be very active once supported, but the products were
typical of those from other organochromium complexes
(e.g., low molecular weights etc.). For the half-open
chromocene, one should expect the pentadienyl ligand
to be more reactive than the C;H; ligand, and hence it
should be the former which is removed upon interaction
with a surface hydroxyl unit, leaving Cr(CsH;) attached
to the surface. As this is exactly the species proposed
to result for supported chromocene polymerizations, a
similar polymer should result. Indeed, the observed
polymer is virtually identical with that produced by
supported chromocene and entirely different from those
made from other supported organochromium com-
plexes, including Cr(2,4-C;H,,),.%8

III. Summary

It is now abundantly clear that metal-pentadienyl
chemistry is an area with much to offer. Early pro-
posals that pentadienyl ligands could bond even more
strongly than the ubiquitous, “stabilizing” C;H; ligand,
and yet still impart high chemical and catalytic re-
activities to their metal complexes, have now been
substantiated. Thus, metal-pentadienyl bonds may be
much shorter than metal-cyclopentadienyl bonds, as
in M(CsH;) (pentadienyl) (PEt;) (M = Ti, V) complexes,
yet the open ligand still retains its much higher re-
activity toward coupling reactions, some of which offer
a real possibility of developing into useful applications.
In addition, a wide variety of n°—n°-5! transformations
have been observed, and complexes in each category are
relatively common—obviously much more so than for
cyclopentadienyl ligands. It is also clear that penta-
dienyl ligands exert profound electronic influences, as
can be seen from the conformational natures of bis- and
mono(pentadienyl) complexes, and in the fact that low
oxidation states are greatly favored. Thus, spontaneous
Cr(ID-Cr(I) and Zr(IV)-Zr(II) reductions are brought
about, and it is notable that while neither titanocene
nor any second- or third-row metallocene is known
which violates the 18-electron rule,5®! both open tita-
nocenes and open zirconocenes have already been iso-
lated, and other unusual species will likely follow.
Certainly, many more intriguing developments may be
expected in this field.
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