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a b s t r a c t

This review covers the coordination and general chemistry of the 1,2,3,4,5-penta-arylcyclopentadiene
system, as anion, C5Ar5

−, radical, C5Ar5
•, and cation, C5Ar5

+, as well as the neutral diene, C5Ar5H, and its
derivatives. The structural rigidity and steric saturation offered by the penta-arylcyclopentadienyl ligand
give rise to definite structural and geometric properties in its complexes that distinguish its chemistry
from that of the parent cyclopentadiene.

© 2011 Elsevier B.V. All rights reserved.

. Introduction

The cyclopentadienyl ligand has become one of the most widely
sed ligands in organometallic chemistry, since the discovery and
haracterization of ferrocene were reported in the early 1950s [1].
yclopentadienyl complexes are known for all of the transition
etal and main group metals and metalloids, as well as all of the

anthanoid and the more common actinide metals. The proper-
ies and bonding types of cyclopentadienyl complexes are varied,
ith the ligand found in complexes of metals in low and high for-
al oxidation states. Both � and � coordinations of the ligand are
ell established. In the latter case, the cyclopentadienyl anion can

oordinate in �5, �3, �2 and �1 modes and neutral cyclopentadi-
ne can coordinate in the �4 and �2 modes. The cyclopentadienyl
igand is generally very firmly bound to metals and metalloids,

aking the C5H5M unit a stable synthetic platform for the devel-
pment of a wide range of chemistries for varied applications. The
evelopment of substituted cyclopentadienyl ligands, to combine
he stability of the C5R5M moiety, with the flexibility to mod-
rate the steric and/or electronic properties of the substituents,
, has been a natural extension of this field. In particular, the
xploitation of bulky substituents, which influence the coordi-
ation sphere of the metal, has received considerable attention
2].

Penta-arylcyclopentadienyl ligands, and in particular, the pen-
aphenylcyclopentadienyl anion, form one class of bulky ligands
ormally derived from the cyclopentadienyl ligand. The ligand pre-
ursors were first prepared in 1925 [3], although the first metal
omplexes were not reported until 1964 [4], and the structure of the
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Fig. 1. Number of publications of C5Ar5H chemistry annually.

E, to which penta-arylcyclopentadiene/enyl species are known to
coordinate, are illustrated in Fig. 2.

Given that (i) a previous literature survey was conducted some
20 years ago [2], and this also reviewed other sterically bulky
cyclopentadiene derivatives, and (ii) a more recent review of ruthe-
eutral pentaphenylcyclopentadiene (1) was not determined until
992 [5]. A search of the literature to mid-2010 gives over 250 pub-

ications that feature the chemistry of penta-arylcyclopentadiene
r penta-arylcyclopentadienyl species. The numbers of publica-
ions in this field are listed year by year in Fig. 1, whilst the elements,
nium complexes incorporating pentaphenylcyclopentadienes was
solely in the context of their potential as molecular motors [6],
the chemistry of penta-arylcyclopentadienyl complexes is now suf-
ficiently developed that a review of the chemistry is timely and
warranted.
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Herein the physical and spectroscopic properties of, and syn-
hetic routes to the penta-arylcyclopentadienyl moiety as an
nion, C5Ar5

−, radical, C5Ar5
•, or cation, C5Ar5

+, or as the neutral
olecules, C5Ar5X (X = H, OH, halogen) are described. An attempt

s also made to review the structures and chemistry of metal
omplexes incorporating the penta-arylcyclopentadiene/enyl lig-
nd. Section 1 details the chemistry of the neutral diene itself,
ts physical and structural properties, and also synthetic routes
o its derivatives and congeners, all of which themselves serve
s ligand precursors. Penta-arylcyclopentadienyl derivatives of the
lkali metals, which are formally anionic, appear in this section,
s they are commonly used as transfer reagents by metathesis.
ection 2 examines the chemistry of penta-arylcyclopentadienyl
igands bound to transition- and f-element metal centres, and
lso to main group metals, and proceeds systematically across
he periodic table. In this section, extensive reference is made to
yclic voltammetry experiments, as they make possible a direct
omparison with the voluminous experimental data collected for
egular cyclopentadienyl complexes. Section 3 examines some mis-
ellaneous applications of penta-arylcyclopentadienyl chemistry,
ncluding asymmetric synthesis. Section 4 provides a conclusion,
nd suggests directions for future research.

.1. Ligand chemistry

.1.1. Pentaphenylcyclopentadiene

X

1, X = H; 2, X = OH; 3, X = Br
The penta-arylcyclopentadienyl moiety can exist as an anion,

5Ar5
−, radical, C5Ar5

•, or cation, C5Ar5
+, or as the neutral

olecules, C5Ar5X (X = OH (2), halogen, H (1), R, Ar). The pen-
aphenylcyclopentadienyl radical (C5Ph5

• (4)) and anion (C5Ph5
−)
k Cf Es Fm Md No Lr

r5E species are known.

are stable at room temperature, whereas salts of the cation (C5Ph5
+)

are stable at 0 ◦C as a solid, but only below −40 ◦C in solution.
The most common route to C5Ar5X compounds for use in coor-
dination/organometallic chemistry has been via the appropriate
tetracyclone, C4Ar4C( O) (Scheme 1). This is due to (i) the tetra-
cyclones can usually be prepared in high yields, and (ii) this
route affords two useful synthetic intermediates C5Ar5Br (that may
oxidatively add to low-valent transition metals), and C5Ar5H (from
which alkali metal salts such as C5Ar5Li can be prepared). To date,
the oxidative addition route to organometallic derivatives has been
of relatively greater significance in penta-arylcyclopentadienyl
chemistry, compared to the chemistry of the parent C5H5

−, despite
the ready availability of C5H5Br [7].

1.1.2. Physical properties of pentaphenylcyclopentadiene
Pentaphenylcyclopentadiene (1) is a white crystalline solid,

which melts at 259–260 ◦C [8] and sublimes at 194 ◦C (0.05 mm Hg)
[8,9]; it has often been reported as a yellow solid with a sharp
melting point between 244 and 254 ◦C. The infrared, 1H, and 13C
NMR spectra have been extensively reported in the literature [8,10].
Spectroscopic data are collected in Table 1. Chloroform solutions of
pentaphenylcyclopentadiene fluoresce strongly [11].

The 13C NMR resonance position of the para C on the phenyl
rings is a useful probe of the extent of charge delocalization onto
the phenyl rings [10a]. Electron-withdrawing substituents on the
phenyl rings shift this resonance to low field (higher ppm values).
Thus, for example, the para C’s in the C5Ph5

− anion resonate at ı
119 ppm, upfield of the three corresponding resonances in C5Ph5H
(1) [10a]. For the limited number of �5-C5Ph5 complexes exam-
ined by 13C NMR spectroscopy to date, this resonance is observed
in the range ı 126–128 ppm [10a]. The 13C NMR resonance of the
sp3 hybridized carbon in the cyclopentadiene ring is sensitive to
the mode of coordination of the ligand. The lone sp3 hybridized
carbon is observed at ı 61 ppm in C5Ph5H (1) and this resonance
shifts to ∼ı 142 ppm on formation of the aromatic anion. In �5-
C5Ph5 metal complexes, this resonance is typically observed in the

range ∼ı 90–100 ppm. In {(�6-C6H5)C5Ph4} complexes, where a
formally neutral phenyl ring bound to the cyclopentadienyl ring
coordinates to a metal centre in an �6 interaction [16], the reso-
nance is observed at∼ı 140 ppm, and in �4-C5Ph5R complexes, it is
observed at∼ı 30 ppm [5,17]. The 1H NMR resonance of the proton
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Table 1
Spectroscopic data for pentaphenylcyclopentadiene, C5Ph5H (1).

Infrared (cm−1) 1H NMR (ı, ppm) 13C NMR (ı, ppm) Mass spectrum (m/z) Refs.

– 5.00 (1 H), 6.82–7.30 (25 H, m)
(chloroform-d)

– – [8b]

– 5.06 (s), 7.13–7.50 (m)
(chloroform-d)

– 446, 119.58 [12]

3076w, 3022w, 1490m,
1483m, 1439w, 764s,
710s, 684s (KBr)

6.8–7.85 (m) (dimethyl
sulfoxide-d6)

126.0, 126.4, 126.9, 127.3, 127.5, 128.0,
128.4, 129.1, 129.5 (dimethyl
sulfoxide-d6)

447 (36%), 446 (100%), 291
(14%), 165 (14%), 91 (12%), 55
(10%), 44 (92%), 40 (48%)

[13]

5.06 (s), 7.02–7.42 (m)
(dimethyl sulfoxide-d6)

61.3, 13 peaks in the region 124–132, 6
peaks in the region 134–148 (dimethyl
sulfoxide-d6)

[14]

5.05 (1H), 6.8–7.2 (25 H)
(chloroform-d)

– 446 [9]

2648, 2339, 2286,
2161, 1797, 1680,

5.10 (s, 1H), 6.95–7.25 (m,
25H) (methylene-chloride-d )

62.7, 126.3, 126.5, 126.7, 127.7, 127.9,
128.5, 128.6, 129.0, 130.1, 135.6, 136.1,

4.0, 14
ne-ch

[15]
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molecular structure of pentaphenylcyclopentadiene (1, Fig. 3) [22],
is also observed in some of the structures of metal complexes of
the C5Ph5

− ligand [8a,17b,22,23], and is deduced from the ESR and
ENDOR spectra of the C5Ph5

• radical (4) [24].1 Thus, pentaphenyl-
1640, 1361, 1139,
837, 358

2

138.1, 14
(methyle

lectronic absorption and emission spectra of (1) appear in Ref. [11].

n the sp3 hybridized carbon is observed at ı 5.06 ppm in the spec-
rum of C5Ph5H (1) [10a]. This resonance disappears on formation
f the anion, and is observed at ∼ı 5.15 ppm in �4-C5Ph5H com-
lexes [5,17a,18]. The major electronic spectroscopic absorptions
f C5Ph5H (1) and of C5(p-tol)5H in methylene chloride are at �max

40 nm (ε log 4.1) and 346 nm (ε log 4.4), respectively [5,18]. In con-
entrated H2SO4 the major electronic spectroscopic absorptions of
5Ph5H (1) are at �max 520 nm (ε log 4.3) and 376 nm (ε log 4.1) [19].

.1.2.1. Acidity of pentaphenylcyclopentadienyl derivatives.
,2,3,4,5-Pentaphenylcyclopentadiene (1) (pKHA 12.5) is a
ignificantly stronger acid in dimethylsulfoxide than either

yclopentadiene (pKHA 18.0) or pentamethylcyclopentadiene
pKHA 26.1) [20]. There is an increase in the acidity of the ring
roton as the cyclopentadienyl ring is substituted with phenyl
roups (e.g., (i) 2,5-diphenylcyclopentadiene, pKHA14.3) and (ii)
,3,4,5-tetraphenylcyclopentadiene, pKHA 13.2) [21]. However, the
1.5
loride-d2)

increase in acidity is not proportional to the number of phenyl
substituents. This effect has been attributed to steric crowding of
the phenyl rings in the tetra- and pentaphenyl derivatives such
that the phenyl rings are unable to attain coplanarity with the
central Cp ring and therefore restricting orbital overlap. The lack
of effective �-overlap between the phenyl substituents and the
cyclopentadienyl ring in the acid, C5Ph5H (1), is confirmed in the
1 The earlier study [24b] suggested that the phenyl rings were nearly orthogonal
to the C5 ring, but the later studies concluded that the phenyl rings were at approx-
imately 60◦ to the C5 ring, [24c,d] consistent with the subsequently reported crystal
structure [23aa].
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was close to Cs molecular symmetry in the solid state. The C5Ph5H
molecule consists of a planar C5 ring, bisected by an approxi-
mate mirror plane which contains the CHPh fragment, with the
unique proton and phenyl ring above and below the C5 ring
Fig. 3. Structure of C5Ph5H (1, hydrogen atoms omitted) [5].

yclopentadiene (1) is not as acidic as simple substituent additions
ight suggest. The relatively low acidity of C5Me5H (pKHA 26.1)

as been attributed to a combination of methyl hyperconjugative
tabilization in undissociated C5Me5H and steric inhibition of sol-
ation of the C5Me5

− anion [20,21]. These effects are proposed to
ead to a significantly greater electron–donor ability of the C5Me5

−

igand in comparison to the C5H5
− ligand in metal complexes

20,25]. Since the steric inhibition of solvation should be at least
s great for the C5Ph5

− anion as for the C5Me5
− anion, the major

ifference in the acidities of C5Ph5H (1) and C5Me5H is likely due
o the methyl hyperconjugative stabilization that operates in the
atter.

The acidity of the radical cation, C5Ph5H•+, has been estimated
rom electrochemical data according to Eq. (1) [21a]:

K
•+
HA = pKHA + 16.83 [Eox(A−)− Eox(HA)] (1)

.1.2.2. Electrochemistry of pentaphenylcyclopentadienyl derivatives.
t room temperature in methylene chloride, pentaphenylcyclopen-

adiene (1) undergoes a reversible, one-electron oxidation at
.765 V, and an irreversible oxidation at 1.300 V (vs. Fc+/0) [26].
owever, in acetonitrile or dimethylsulfoxide, only irreversible
xidations at 1.68 or 1.58 V (vs. Fc+/0), respectively, are observed
21a]. The reversible oxidation of the C5Ph5

− anion in dimethylsul-
oxide (+0.208 V vs. the aqueous SHE; 0.333 V vs. [Fe(C5H5)2]+/0)
ccurs at more positive potentials than the irreversible oxidations
f the C5H5

− (by 0.236 V) and C5Me5
− (by 0.837 V) anions in the

ame solvent. The C5Ph5
0/− couple has also been attributed to a

eversible electrode process at −0.29 V vs. [Fe(C5H5)2]+/0 in THF
nd methylene chloride [23k,27]. In these cases, the C5Ph5

− ligand
s assumed to be liberated following the irreversible reduction of
Pd-C5Ph5 complex at more negative potentials. After bulk elec-

rochemical oxidation of the THF solution at −0.1 V, the solution
ecomes purple and a sharp ESR signal, assigned to a stable organic
adical, is detected at g = 2.044 [28]. However, a benzene solution of
he C5Ph5

• radical (4) exhibits a multi-line ESR spectrum at room
emperature [29]. Confirmation of the assignment of the electrode
rocess at −0.29 V is desirable. Similarly, the reversible reduction
f the C5Ph5

• radical (4), produced after the irreversible bulk elec-
rolytic oxidation of [Ni(�5-C5Ph5){OP(OMe)2}3Co(�5-C5H5)] (5),
s assigned at −0.35 V vs. SCE in methylene chloride/Bu4NPF6/Pt,
uggesting unusual stability of the radical in halogenated solvents
23m]. The irreversible oxidation of C5Ph5H (1) in acetonitrile or
imethylsulfoxide occurs at a more positive potential than those

f 2,5-Ph2C5H4, 1,2,3,4-Ph4C5H2, or C5Me5H, but at a less positive
otential than that of C5H6 [21b]. These data suggest a greater rad-

cal than anion stabilizing effect for both the C5Ph5
− and C5Me5

−

nions, whereas the C5H5
− anion has a greater anion stabilizing

ffect. The acidic C–H bond dissociation energy of C4Ph4C(Ph)–H
Fig. 4. Structure of C5Ph5OH·H2O (2·H2O) (only oxygen-bound hydrogen atoms are
depicted) [33b].

is estimated to be 326 kJ mol−1, approximately the same as that of
acetonitrile [30].

Cyclic voltammetric data at Pt in 0.1 M Bu4NPF6/methylene
chloride for the bromide derivatives C5Ar4Ar′Br have been reported
[29b]. These data are limited to a single scan rate and tempera-
ture, but have been interpreted in terms of a one-electron reduction
to C5Ar4Ar′Br•−, which dissociates to give C5Ar4Ar′• and Br−. The
radicals undergo a near reversible electron transfer at approx-
imately −0.96 V vs. Fc+/0. Recent cyclovoltammetric studies of
C5Ph5R derivatives in acetonitrile at a platinum electrode report
reduction to a radical anion, which decomposes to the stable C5Ph5

•

radical (4) and the R− anion, with oxidation of C5Ph5R giving a stable
radical cation, C5Ph5R•+ [31].

1.1.2.3. Structures of C5Ph5X (X = H (1), OH (2), Br (3)). The crystal
and molecular structures of C5Ph5X (X = H (1), Fig. 3) [5], OH (2)
[15], Br (3, Fig. 6)) [32] establish that these species exist as dis-
crete molecules in the solid state. C5Ph5OH (2) exists as inclusion
compounds with DMSO, H2O, MeOH and EtOH [33]. The inter-
action of C5Ph5OH (2) with H2O is illustrated in Fig. 4, and the
extended structure is shown in Fig. 5. The C5Ph5H molecule (1)
Fig. 5. Hydrogen-bond network of two molecules of C5Ph5OH·H2O (2·H2O), looking
down the a axis (only oxygen-bound hydrogen atoms are depicted) [33b].
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C5Ar5H, Ar = 3,5-Bu2
tC6H3 (9) [39], 3,5-Me2C6H3 (10) [40], 4-

BunC6H4 (11)) [41] allows for insight into solution structures
and solution dynamics, especially those pertaining to the alkali
metal salts of penta-arylcyclopentadiene [39,42]. C5Ar5H (Ar = 3,5-
Fig. 6. Structure of C5Ph5Br (3) [32].

lane and the unique phenyl ring almost perpendicular to the C5
ing. The remaining phenyl rings are canted with respect to the
5 ring at an average angle of ∼50◦. The ipso carbons of these
henyl rings are slightly (0.04–0.16 Å) out of the C5 plane. The
ond lengths and angles of the conjugated system are similar
o those of the coordinated pentaphenylcyclopentadienyl anion
8a,17b,22,23l–ab,23ad–as,34] and of tetraphenylcyclopentadiene
35]. The canting of the phenyl rings with respect to the plane of
he cyclopentadiene ring, in order to relieve their steric interaction,
s clearly evident in this and other structures.

The structural parameters of C5Ph5X (X = OH (2), Br (3)) are,
n general, similar to those of C5Ph5H (1). However, the C5Ph5OH

olecule (2) is less symmetric in the solid state, as there is no mirror
ymmetry perpendicular to the C5 ring. A water of crystallization
s hydrogen-bound to the OH group, and makes short intermolecu-
ar contacts with the 2- and 5-phenyl rings. These contacts may be
ufficient to lower the symmetry in the solid state.

.1.2.4. Structures of other ligand precursors. The intensely violet
entaphenylcyclopentadienyl radical (4) was first reported in 1925
rom the reaction of pentaphenylcyclopentadienyl bromide (3)
ith silver [3]. Subsequently, it was established that zinc, triethy-

amine, potassium hydroxide and stannous halides react similarly
o produce the radical from the parent halide [13,23aa,36]. The rad-
cal is reasonably stable in air and the intense violet transient colour
bserved in many reactions suggests it may be an intermediate in
he syntheses of many pentaphenylcyclopentadienyl metal com-
lexes. After the penta-isopropylcyclopentadienyl radical [37], the
5Ph5

• radical was only the second cyclopentadienyl radical to be
tructurally characterized, following its high yield (84%) synthesis
y the reaction between SnX2 (X = Cl, Br) and C5Ph5Br (3) (Eq. (2))
23aa]:

5Ph5Br+ SnX2
Et2O/THF−→
RT,5 days

C5Ph
•
5 + SnX2 · 2THF+ SnX4 (2)

he structure of the radical (Fig. 7) is similar to those of the C5Ar5X
eries, except that the ipso carbons of all phenyl groups are in (or
ery close to) the C5 plane. Unfortunately, because of disorder con-
equent upon slight canting of the molecule with respect to a mirror
lane, the structure was of insufficient quality to obtain reliable
etric data, although the central C5 ring appears planar and the
amiliar canting of the phenyl rings is apparent.
Group 1 salts of the pentaphenylcyclopentadienyl anion have

ong been accessible as poorly soluble, non-crystalline solids. The
nion has been structurally characterized as its [Na(DME)3]+ (6,
ig. 8) and [Yb(THF)6]2+ salts (7, Fig. 9) and exhibits a similar pla-
Fig. 7. Structure of the C5Ph5
• radical (4) [23aa].

narity of the central C5 ring and canting of the phenyl groups to the
radical and the ligated anions [38].

The additional alkyl substitution on the penta-(p-tolyl)-
cyclopentadienyl ligand has proven useful in conferring increased
solubility on metal complexes, in simplifying the interpretation
of 1H NMR spectroscopy, and in stabilizing higher metal oxida-
tion states. The structure of the ligand precursor, [C5(p-tol)5Br]
(8, Fig. 10), is similar to that of the analogous C5Ph5Br (3) [32].
More recent chemistry that substitutes the cyclopentadienyl ring
with alkyl-substituted aryl groups that increase solubility (i.e.
Fig. 8. Structure of C5Ph5
− anion as its [Na(DME)3]+ salt (6) [38a].
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Fig. 9. Structure of the C5Ph5
− anion of [Yb(THF)6][C5Ph5]2 (7) [38b].

B
B
f
(

Fig. 10. Structure of C5(p-tol)5Br (8) [32].
u2
tC6H3 (9), 3,5-Me2C6H3 (10)) may be easily deprotonated by

unLi in Et2O or THF, and multinuclear NMR spectroscopy per-
ormed upon the resultant [LiC5Ar5] species (Ar = 3,5-Bu2

tC6H3
12), 3,5-Me2C6H3 (13)) salts suggested free rotation of the aryl

PhPh

PhPh

O

20

PhPh

PhPh

Ar OH

HBr/HOi. ArMgBr

ii. H+

Scheme 2
Fig. 11. Structure of 1-bromo-1,2,3-triphenylcyclopenta[l]phenanthrene (hydro-
gen atoms omitted) (15) [32].

groups in solution. The 7Li NMR spectra of 12/13 suggested an equi-
librium between the monomer, [C5Ar5Li(THF)n], and the metallate,
[(C5Ar5)2Li]Li(THF)n, and provided evidence that the solution struc-
ture was the same as the solid state structures [39]. Likewise,
the bulky, per-arylated C5(4-BunC6H4)5H (11), may be conve-
niently prepared in the one pot by palladium catalyzed reaction
of the aryl bromide with cyclopentadiene (Section 1.1.3.7) [40].
The potassium salt, [{C5(4-BunC6H4)5}K] (14), crystallized as a
solvent-donor free, one-dimensional coordination polymer that
was almost linear in the solid state, and was represented as [{C5(4-
BunC6H4)5}K]∞ [41]. The structure of [{C5(4-BunC6H4)5}K] (14)
was marked by a series of attractive ortho-C–H. . .ortho-aryl-C(�)
interactions between the phenyl substituents on alternate carbocy-
cles; these extended intermolecularly along the metallocene chain.
These non-classical interactions will be discussed in relation to
the alkaline-earth and f-element metal complexes that derive from
C5Ph5H (1), and from C5(4-BunC6H4)5H (11) [43].

Condensation or bridging of the phenyl substituents yields
ligand precursors with extended planar aromatic systems. The
structure of 1-bromo-1,2,3-triphenylcyclopenta[l]phenanthrene
(15, Fig. 11) has the same canting of the non-condensed phenyl
groups as in other C5Ar5Br molecules [32], with the distinctive
phenanthrene residue on one side of the molecule.

1.1.3. Syntheses of ligands and ligand precursors
Photolysis of C5Ph5(OMe) (16) affords CH2O and C5Ph5H (1).

Irradiation of any of the three C5Ph4(p-tol)(OMe) (17) isomers
affords the same mixture of C5Ph4(p-tol)H (18) isomeric products, a
result interpreted in terms of a delocalized free radical intermediate

[44].

1.1.3.1. From tetra-arylcyclopentadienones. 1,2,3,4,5-
Pentaphenylcyclopentadiene (1) was first reported in 1925 [3], as a
result of the reaction of 1-chloro-1,2,3,4,5-pentaphenylcyclopenta-

PhPh

PhPh

Ar Br

+ isomers

PhPh

PhPh

Ar H

+ isomers

Zn/H+Ac

H3PO2/HI or Zn/H+

.
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,4-diene (19) with an excess of zinc dust in glacial acetic acid.
-Halo-1,2,3,4,5-pentaphenylcyclopenta-2,4-diene derivatives
ave been prepared by the reactions of HCl or HBr with 1,2,3,4,5-
entaphenylcyclopenta-2,4-dien-1-ol (2) in glacial acetic acid.
,2,3,4,5-Pentaphenylcyclopenta-2,4-dien-1-ol (2) has in turn
een prepared by the reaction between tetraphenylcyclopenta-
ienone (tetracyclone) (20) with the appropriate phenyl Grignard
eagent (Scheme 2).

This method has undergone several modifications [13,23c,e,45],
ut remains a convenient route to pentaphenylcyclopentadiene
1) by way of pentaphenylcyclopentadien-1-ol (2) and 1-
romopentaphenylcyclopentadiene (3) from commercially avail-
ble tetracyclone (20). It also allows the preparation of
-aryl-2,3,4,5-tetraphenylcyclopentadienyl precursors, for exam-
le, (4-alkylphenyl)-2,3,4,5-tetraphenylcyclopentadien-1-ol, by
he selection of an appropriate Grignard reagent. Conversion
f the penta-arylcyclopentadien-1-ols into the correspond-
ng 1-bromopenta-arylcyclopentadienes can be effected with
Br in glacial acetic acid. Isolation of the intermediate 1-
romopenta-arylcyclopentadiene is not necessary, since the
enta-arylcyclopentadiene can be produced from the penta-
rylcyclopentadien-1-ol in a single step by reduction of the alcohol
n glacial acetic acid with H3PO2/HI, zinc/HBr or zinc/HCl, although
he preparation using hypophosphorous acid generally results in
igher yields (Scheme 2).

This route from tetracyclone to the aryl-
etraphenylcyclopentadienol to the bromide or hydride permits
he easy introduction of a single different aryl substituent to form
5Ph4ArX (X = Br, H) from commercially available tetracyclone
20). These materials are routinely obtained as a mixture of
somers, consistent with the formation of delocalized cationic
ntermediates in the reaction of the alcohol with acid. Separa-
ion of the isomers is usually unnecessary, since the presence
f isomers does not affect the subsequent organometallic and
oordination chemistry [13]. The syntheses of less symmet-
ical C5Ar1Ar2Ar3Ar4Ar5X derivatives require the syntheses
f the appropriately substituted tetracyclone analogue (vide

nfra).
At least in the case of 1,2,3,4,5-pentaphenyl-2,4-

yclopentadien-1-ol (2), the yield is independent of the order
f addition of the Grignard reagent to the tetracyclone [13,46]. If
he reaction temperature is less than about 90 ◦C, the 1,2,3,4,5-

entaphenyl-2,4-cyclopentadien-1-ol (2) is obtained as the
ajor product. However, at 173 ◦C, 1,2,3,4,5-pentaphenyl-2,4-

yclopentadien-1-ol (2) isomerizes by a symmetry-allowed
uprafacial [1,5] sigmatropic phenyl shift to produce 2,2,3,4,5-
entaphenyl-3-cyclopenten-1-one (Scheme 3) [46,47]. This

Scheme

Scheme
Scheme 3.

product had earlier been incorrectly formulated as 2,3,3,4,5-
pentaphenyl-1,4-cyclopentadien-1-ol [48].

Alternatively, 2,3,4,5-tetraphenyl-2,4-cyclopentadien-1-ol can
be prepared by LiAlH4 reduction of tetracyclone (20) in 90%
yield and converted to 2,3,4,5-tetraphenyl-2,4-cyclopentadienyl-
1-tosylate in 75% yield by reaction with p-toluenesulfonyl chloride
and pyridine in benzene. The tosylate ester reacts with a methyl
Grignard reagent to produce 5-methyl-1,2,3,4-tetraphenyl-1,3-
cyclopentadiene (21) in 16% yield (Scheme 4) [49].

Higher yielding routes to 5-methyl-1,2,3,4-tetraphenyl-1,3-
cyclopentadiene have been reported, but the method is of potential
interest in the syntheses of derivatives with substituents that react
with H3PO2/HI, zinc/HBr or zinc/HCl or that may have limited sol-
ubility or stability in glacial acetic acid at reflux. The reduction of
1-bromopentaphenylcyclopentadiene (3) by NaBH4 has also been
reported to produce pentaphenylcyclopentadiene (1) [50].

Tetracyclone (20) also reacts with phenyl-lithium in ether
to produce 1,2,3,4,5-pentaphenylcyclopenta-2,4-diene (1) in
70% yield after hydrolysis [51]. Similarly, addition of 20 to
phenyl-lithium followed by acidic hydrolysis produces 1,2,3,4,5-
pentaphenylcyclopenta-2,4-diene (1) in 33% yield (Scheme 5) [8b].

1.1.3.2. From 1,4-dilithio-1,2,3,4-tetraphenylbutadiene. The dimer-

ization of diphenylacetylene by lithium has been investigated in
several laboratories [52]. The reaction proceeds readily at room
temperature to produce 1,4-dilithio-1,2,3,4-tetraphenylbutadiene
as a red solid which reacts with reagents XBr2 to produce C4Ph4X
(Scheme 6).

4.

5.
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Scheme 6.

Thus, for example, reactions with CBr4 or �,�-dichlorotoluene
ield 1,1-dibromo-2,3,4,5-tetraphenylcyclopentadiene (22,
9%, X = CBr2) or pentaphenylcyclopentadiene (1) (51%,
= PhCH), respectively. The reaction is somewhat complicated
y the presumed, slow isomerization of 1,4-dilithio-
,2,3,4-tetraphenylbutadiene to a material that produces
,2,3-triphenylnaphthalene on hydrolysis. Yields of 1,4-dilithio-
,2,3,4-tetraphenylbutadiene are therefore limited to some
6%. In an interesting variation, zirconocene dichloride reacts
ith 1,4-dilithio-1,2,3,4-tetraphenylbutadiene to produce

iscyclopentadienyltetraphenylzirconacyclopentadiene [52g].

.1.3.3. From the pentaphenylcyclopentadienyl radical (4). Hydroly-
is of a toluene solution of the pentaphenylcyclopentadienyl radical
4) yields 1,2,3,4,5-pentaphenylcyclopentadien-1-ol (2) (22%) and
,2,3,4,5-pentaphenylcyclopentadiene (1) (28%) [53].

.1.3.4. From the heptaphenyltropylium cation. Treatment of
eptaphenyltropylium bromide with excess potassium in
imethoxyethane for 4 h, followed by hydrolysis, generated
is-stilbene and pentaphenylcyclopentadiene (1) (94%) (Scheme 7)
49,54]. Heptaphenylcycloheptatriene is produced in 52% yield
rom the Diels–Alder condensation of tetracyclone (20) and
riphenylcyclopropene in the melt (∼200 ◦C) [55] and forms
eptaphenyltropylium bromide on reaction with excess bromine
56].

.1.3.5. From tricyclo-octenone carbonyl compounds. Tricyclo-
ctenone carbonyl derivatives react with ButOK in
imethylsulfoxide at 70 ◦C over 72 h to produce aryl- or alkyl-
ubstituted tetraphenylcyclopentadiene and cinnamic acid
erivatives (Scheme 8). 1,2,3,4,5-pentaphenylcyclopentadiene (1)
as prepared in 78% yield and 5-methyl-1,2,3,4-tetraphenyl-1,3-

yclopentadiene (21) in 75% yield [49].

The endo-1,2,3,4,5,6,7-heptaphenyltricyclo[3.2.1.0]-6-octen-8-

ne precursor to pentaphenylcyclopentadiene (1) in Scheme 8 was
btained in 85% yield from the room temperature Diels–Alder con-
ensation of tetracyclone (20) with triphenylcyclopropene [56,57].

Scheme 7

Scheme 8
Scheme 9.

1.1.3.6. From diazotetraphenylcyclopentadiene. Photolysis of dia-
zotetraphenylcyclopentadiene in benzene at 100 ◦C, followed by
thermolysis of the product tetraphenylspirocaradiene (Scheme 9)
produces a mixture of 1,2,3,4,5-pentaphenylcyclopentadiene (1)
(47%), benzotetraphenylcycloheptatriene (43%) and tetraphenyl-
benzocycloheptatriene (10%) [58]. At lower temperatures, the
yield of 1,2,3,4,5-pentaphenylcyclopentadiene (1) is considerably
reduced [58c].

The thermal reaction of diazotetraphenylcyclopentadiene in
benzene produces spiroindazoles, which may be later photolyzed in
benzene to produce 1H-cyclopenta(1)phenanthrenes (Scheme 10)
[59].

The method can be generalized to the reaction of olefins with
diazotetraphenylcyclopentadiene and so this route is of poten-
tial interest as a means of introducing a single substituent to the
tetraphenylcyclopentadienyl ring. At higher reaction temperatures,
cyclization onto an adjacent phenyl ring can complicate the chem-
istry (Scheme 11) [58a].

Diazotetraphenylcyclopentadiene can be prepared in yields of
60–90% from the reaction of tetraphenylcyclopentadiene with p-
toluenesulfonyl azide or from the reaction of tetracyclone (20) with
p-toluenesulfonyl hydrazine [60].

1.1.3.7. Metal-assisted formation of coordinated penta-

arylcyclopentadienyl ligands. Examples of the metal-assisted
formations of coordinated penta-arylcyclopentadienyl lig-
ands are relatively rare. The reactions often proceed in low
yield and the reactions commonly involve the condensa-
tion of diarylacetylenes in the presence of an organometallic

.

.
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eagent to produce the coordinated penta-arylcyclopentadienyl
igands.

The reaction of approximately 1.5 equivalents of diphenylacety-
ene with [Mo(CO)6] under pressure produced decaphenylmolyb-
enocene (23) in only low yield (3.5%) as an insoluble, relatively
table, red powder, from which C5Ph5H (1) could be liberated in 42%
ield using 1-methylnaphthalene as a solvent at prolonged reflux
4]. A range of other products were also formed (Scheme 12).

The major inorganic products were formulated as green
Mo(�4-C4Ph4)(CO)2]2(�-PhC CPh) (45% yield) and violet

Mo(PhC CPh)2(�4-C4Ph4)(CO)] (40% yield). The structure of
Mo(�4-C4Ph4)2(CO)2] was later confirmed crystallographi-
ally [61], although the major product, originally formulated as
Mo(�4-C4Ph4)(CO)2]2(�-PhC CPh), was structurally character-

Scheme 1
1.

ized as [Mo(CO)2(�4-Ph4C5O)Mo(�4-C4Ph4)(CO)](�-PhC CPh)
[62]. The reaction between [Mo(diglyme)(CO)3] and dipheny-
lacetylene in benzene at reflux forms [Mo(�5-C5Ph5)2] (23) and
[Mo(PhC CPh)2(C4Ph4)(CO)] in 3.5% and 35% yields, respectively
[4].

A similar reaction between five equivalents of dipheny-
lacetylene and [Mo(�6-C5H5Me)(CO)3] produced several
products, including decaphenylmolybdenocene (23) [63].
The reaction between molten diphenylacetylene and
[W(PhC CPh)3(CO)] (or [W(CO)3(N CMe)3]) gives dark-red
crystalline, air-stable [W(CO)(PhC CPh){�5-C3Ph3(C5Ph5)}],
purple [W(CO)(PhC CPh){�6-C3Ph3(C5Ph5)}] and orange-red
[W(�5-C5Ph5)2] (24) in 14%, 6% and 32% yields, respectively
(Scheme 13) [17].

The �4-coordinated C5Ph4R ring differs from the C5 ring
of C5Ph5H (1) inasmuch as the formally sp3 hybridized car-
bon is bent out of the plane of the diene carbon atoms. A
mixture of [W(CO)(PhC CPh){�5-C3Ph3(C5Ph5)}] (70%) and
[W(CO)(PhC CPh){�6-C3Ph3(C5Ph5)}] (22%) was also formed
when a THF solution of [W(PhC CPh)(�8-C8Ph8)] (produced
from the reaction of [W(N CMe)(PhC CPh)2(�4-C4Ph4)] with
diphenylacetylene) was treated with 1 atm CO at 50 ◦C [17b]. The
alkyne coupling is promoted by replacement of the CO ligand of

[W(PhC2Ph)3(CO)] with MeC N, to give [W(PhC CPh)3(N CMe)],
which, when subjected to brief reflux in toluene under nitro-
gen with 5 equivalents of diphenylacetylene, affords a 7%
yield of [W(C5Ph5)2] (24), [W(N CMe)(PhC CPh)(�4-C4Ph4)]

3.
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19%) and [W(PhC CPh)(�8-C8Ph8)] (42%). A mixture of
W(N CMe)(PhC CPh)(�4-C4Ph4)] with diphenylacetylene in
oluene at reflux also produces [W(PhC CPh)(�8-C8Ph8)], which,
fter the same treatment, gives in turn [W(C5Ph5)2] (24) in 87%
ield (Scheme 14) [17b,23ao].

Interestingly, irradiation of a benzene solution of diphenylacety-
ene and [Fe(CO)5] produced a 45% yield of [Fe(�4-C5Ph4O)(CO)3],
rom which tetracyclone (20) can be quantitatively liberated on
eating. Additionally, phenylacetylene reacts with [Fe(CO)5] to pro-
uce [Fe(�4-2,5-Ph2C5H2O)(CO)3] [64]. [C4(p-tol)4C( O)] (25) can
lso be synthesized by this route [36].

The preformed diphenylacetylene complex,
W(CO)(PhC CPh)3], reacts with [W( CR)(CO)2(�5-C5H5)] to
roduce red-brown crystals of binuclear, [W(CO){�5-C5Ph4(p-
ol)}W(�2-PhC CPh)(�5-C5H5)](�-CO)2 (26) in 20% yield
Scheme 15) [65].

The penta-arylcyclopentadienyl complex, [W(CO){�5-C5Ph4(p-

ol)}W(�2-PhC CPh)(�5-C5H5)](�-CO)2 (26), has been struc-
urally characterized (Fig. 12) [65].

In another curious reaction, a mixture of Os3(CO)12 and
5Ph5Br in toluene at reflux produces a range of products all in

ig. 12. Structure of [W(CO{�5-C5Ph4(p-tol)}W(�2-PhC2Ph)(�5-C5H5)](�-CO)2

26) [65].
Fig. 13. Structure of C5Ph5(CH2C6H5) (27) [32].

relatively poor yield. One of these products is 1-benzyl-1,2,3,4,5-
pentaphenylcyclopenta-2,4-diene (27, Fig. 13) [32], which has been
prepared more conveniently by the reaction between [C5Ph5Li]
(28) and benzyl chloride [66]. This material is not obtained from
C5Ph5Br (3) in toluene at reflux, and appears to result from an
osmium-assisted coupling of C5Ph5Br (3) with the toluene solvent.
The corresponding reaction in chlorobenzene produces [Os(�5-
C5Ph5)(CO)2Br] (29) in good yield [23af].

Substituted pentaphenylcyclopentadienes are prepared in good
yield by the copper-mediated reaction of zirconacylopentadienyls
with iodopropenoates in THF at room temperature [67]. Thus the
general reaction of Scheme 16 in which R1 = R2 = R3 = R4 = R5 = Ph,
and R = Me (30) proceeds in 78% isolated yield over 1 h. The struc-
ture of the product has been established unequivocally by X-ray
diffraction.

The authors propose that the reaction involves the production
of an organocuprate intermediate in a trans-metallation step. In
a related reaction, pentaphenylcyclopentadiene (1) has been pre-
pared in 47% yield by the formal coupled deoxygenation of the
product of [2 + 2 + 2] cycloaddition of benzaldehyde to two equiv-
alents of diphenylacetylene, mediated by zirconocene and AlCl3
(Scheme 17) [67b].

When diphenylacetylene is stirred for 24 h in a methanolic
suspension of [Pd(OAc)2]3, [Pd(�5-C5Ph5)]2(�-PhC CPh) (31), is
produced. This compound represents one of the few stable, for-
mally Pd(I) species, and a rare example of an alkyne bridge across
two palladium centres [9,23a,68]. The compound is soluble in ben-
zene and chloroform.

Ph

Ph

PhPh

Ph

Ph

Ph

Ph Ph

Ph

Ph
C

C
Ph

PdPd

31
The following stoichiometry (Eq. (3)) was suggested on the basis

of quantitative product identification (this is complicated by the
concomitant decomposition of [Pd(OAc)2]3 to Pd(0) in alcohols)

[69]:

[Pd(OAc)2]3 + 7PhC ≡ CPh+ 6MeOH→ [Pd(�5 − C5Ph5)]2

(�− PhC ≡ CPh) (31)+ Ph(0)+ 2PhC(OMe)3 + 6HOAc (3)
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C5H5)(CO)2)] (Scheme 15) [65].
In reactions that are metal-assisted, at least those in which

palladium-catalyzed reactions of pre-formed metallocenes are
involved, penta-arylcyclopentadienyls can be produced in 30–80%
he reaction could also be performed with Pd(NO3)2·xH2O,
Pd(O2CCF3)2] or [Pd(O2CCF3)2(acetone)2], or with ethanol as
olvent, although the best yields (70–85%) were obtained with
Pd(OAc)2]3 in methanol.

The reaction involves a remarkable room temperature cleav-
ge of a carbon–carbon triple bond and was proposed to occur
n an analogous fashion to the palladium(II) chloride induced
yclotrimerization of acetylenes to benzenes in organic solvents
Scheme 18) [70].

Thus, diphenylacetylene �-bound to Pd(II) undergoes nucle-
philic attack by MeOH to form a �-vinylic species. The palladium
nd methoxy groups of the intermediate A (Scheme 18) are sug-
ested to be mutually trans because this leads to a structure that
s analogous to the structure of a 4-ethoxytetraphenylbuta-1,3-
ien-1-yl ligand, trapped on a [Pd(acac)PMe2Ph] moiety as an

ntermediate (32) in the synthesis of [Pd(�5-C5Ph5)]2(�-PhC CPh)
31) [68].

O

O

Me

Me
Pd

PMe2Ph

Ph OEt

32
Insertion of a second diphenylacetylene, rearrangement of the

riene, reductive ring closure and oxidative alcoholysis to remove
hC(OMe)3 generates the univalent [Pd(�5-C5Ph5)] intermediate
hat dimerizes and coordinates a bridging alkyne. The steps leading
o intermediate B (Scheme 18) parallel those suggested by Maitlis
or the formation of hexaphenylbenzene from diphenylacetylene
nd “PdCl2” [70,71].

Although [Pd(endo-C4Ph4OMe)Cl]2 does not react directly with
iphenylacetylene [72], it does react in methylene chloride with
OAc (M = Ag, Tl) to generate the incompletely characterized

[Pd(endo-C4Ph4OMe)(OAc)]n”, which in turn reacts with dipheny-
acetylene in methanol to produce [Pd(�5-C5Ph5)]2(�-PhC CPh)
31). Alternatively, [Pd(�5-C5Ph5)]2(�-PhC CPh) (31) is readily
roduced from [Pd(endo-C4Ph4OMe)(OAc)Cl]2 by reaction with
iphenylacetylene and excess sodium acetate in warm methanol.
his sequence, with the intermediacy of “(endo-methoxytetra(p-
olyl)cyclobutenyl)palladium acetate”, is the preferred route to the
enta(p-tolyl)cyclopentadienyl analogue of 31 since it proceeds in

igher yield (50%) compared to the alternative reaction of di(p-
olyl)acetylene with palladium acetate in methanol (yield ∼5%).
6.

C

C Ni

C
Ph Ph

Ph

Ni

Ph Ph

Ph Ph

Ph

Ph

PhPh

Ph33

Complexes with mixed penta-arylcyclopentadienyl ligands can
be produced by treating “[Pd(endo-C4Ph4OMe)(OAc)]n” with other
diarylacetylenes, for example (Cp-X–C6H4)2 (X = OMe, Br, Me) or
PhC C-naphthyl.

The (palladium acetate/palladium chlo-
ride)/diarylacetylene/methanol route to
[Pd(�5-C5Ar5)]2(�-ArC CAr) is apparently general. The
penta-arylcyclopentadiene is liberated by reaction of
[Pd(�5-C5Ar5)]2(�-ArC CAr) with excess HCl in CHCl3.
These reactions have synthetic utility as a route to mixed
penta-arylcyclopentadienes of the type 1-Ar1-2-Ar2-3,4,5-Ar3

3-
cyclopentadienes. However, this is the only substitution pattern
that is accessible by this approach. This substitution pattern is also
readily achieved by the tetracyclone route (Section 1.1.3.1) and
the preferred synthesis would depend on the availability of the
requisite starting materials.

Hexaphenylbenzene is produced from palladium(II) chloride
and diphenylacetylene in alcohol [73]. No hexaphenylbenzene
is detected in the palladium acetate/diphenylacetylene/methanol
reactions so the acetate ligand clearly has a product directing effect
in this chemistry.

Treatment of Al(C4Ph4)Ph with lithium gives [Al(C4Ph4)Ph](Li)2,
which reacts with molar equivalents of Al(C4Ph4)Ph and NiBr2 to
form aluminum-free, deep violet [Ni(�4-C4Ph4)Ni(�5-C5Ph5)](�-
C3Ph3) (33), in 7% yield, along with blue [Ni(�4-C4Ph4)2] in 4% yield
[23b].

The reaction of diphenylacetylene with 1,2,3-
triphenylcyclopropene is catalyzed by Ni(0) species generated
from [Ni(acac)2] and EtMgCl producing C5Ph5H (1) (Scheme 19)
[12,74].

In the presence of [Ni(bipy)(COD)], it is suggested that 1,2,3-
triphenylcyclopropene forms a carbene, which reacts to form
C5Ph5H (1) via the intermediacy of a nickelacyclohexadienyl com-
plex. The nickel-catalyzed reaction of �-lithiobenzylphenyl sulfone
in the presence of diphenylacetylene produces C5Ph5H (1) by way
of the nickel–carbene complex in Scheme 19 [12].

The C5Ph4(p-tol)− ligand has also been generated in the reac-
tion between [W(CO)(PhC CPh)3] and [W( C-(4-MeC6H5))(�5-
yield by the reaction of aryl halides with metallocenes, or met-
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llocene dihalides, in the presence of a [Pd(OAc)2]/PR3/Cs2CO3
atalyst (Scheme 20) [40,75].
Suitable metallocenes include M(�5-C5H5)2 (M = Fe, Co, Ni),
′(�5-C5H5)2Cl2 (M′ = Ti, Zr); Tl(�5-C5H5) or cyclopentadiene itself
ay also be used as a substrate in place of the metallocene. The most

ffective complexes for the synthesis of pentaphenylcyclopenta-

Scheme 19.
8.

diene are the metallocene dihalides; cobaltocene and nickelocene
proved far less effective. Intermediates isolated during the reac-
tion of zirconocene dichloride suggest that the arylation occurs
sequentially, although it was not established that all arylations
occurred on the metallocene. Scrambling of aryl rings was observed
when 4-fluorobromobenzene underwent reaction in the presence
of PPh3. In general, the best yields were obtained with the more
basic and bulkier PBu3

t. A variant on this reaction, in which C5(p-
tol)5H (34) is produced in 65% yield (Scheme 21), is disclosed
in the patent literature [75b]. This multifold, palladium-catalyzed
arylation of cyclopentadiene appears to be the most convenient

and general route to per-arylated cyclopentadienes with increas-
ing steric bulk, which have possible applications in supramolecular
chemistry [39,41,76].

Scheme 20.
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Scheme 21.
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Similarly, palladium-mediated reactions of aryl halides with
errocene derivatives produce iron penta-arylcyclopentadienyl
omplexes in high yield (Scheme 22) [77].

An unusual metal-assisted reaction of the pentaphenyl-
yclopentadienyl ligand is the light-induced reaction of
oordinated C5Ph5

− in the [Fe(�5-C5Ph5)(C6H6)]+ cation,
n the presence of P(OEt)3, to produce C35H26, 4,8-
iphenyltribenzo[b,f,i]tricyclo[6.2.1.0]undecane (35, Fig. 14),
n isomer of pentaphenylcyclopentadiene (1), in low yield [5].

When [Pd(8-methylquinoline)]2(�-Cl)2 is heated with
iphenylacetylene in chlorobenzene at reflux, a 25%
ield of yellow-orange crystals of the cyclopalladated,
Pd{C(Ph) = C(Ph)CH(Ph)C(Ph) = CHC9H6N}Cl] is generated

78]. This complex can be depalladated with PPh3 in boiling

ethanol, to produce yellow crystals of structurally characterized
5Ph4(C9H7N)·HCl (36, Fig. 15) in 72% yield (Scheme 23) [79].

ig. 14. Structure of 4,8-diphenyltribenzo[b,f,i]tricyclo[6.2.1.0]undecane, C35H26

35) (hydrogen atoms omitted) [5].
Fig. 15. Structure of C5Ph4(C9H7N)·HCl (36) (hydrogen atoms omitted) [79].

1.2. The pentaphenylcyclopentadiene cation and related species

The pentaphenylcyclopentadienyl cation, C5Ph5
+, attracted sig-

nificant interest as an early example of an anti-aromatic system
with a thermally accessible triplet state. However, some confusion
has existed over its characterization. The purple product obtained
by dissolution of C5Ph5OH (2) in concentrated H2SO4 at room
temperature was originally formulated as C5Ph5

+ [3,80]. How-
ever, C5Ph5

+ exists for only a few seconds under these conditions

[19,54,66a,81]. The major products identified from this reaction are
C5Ph5H (1) and 1,2,3-triphenyl-1-H-cyclopenta[1]-phenanthrene
(15, Scheme 24).

A later report indicated that boiling C5Ph5OH (2) in acetic
acid/1% H2SO4 produced 45% 1,2,3,4,5-pentaphenyl-2,4-

Scheme 23.
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Scheme 24.
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Scheme 26.

yclopentadiene (1) and 35% of a compound believed to be
,2,3,4,5-pentaphenyl-3-hydroxy-4-cyclopenten-1-one [47]. Low
ields of C5Ph5H (1) are also obtained from the thermal reaction of
tilbene with sulfur [82].

The intense purple colour (�max 516 nm, ε log 4.3) which had
een attributed to C5Ph5

+ is actually a composite spectrum of a mix-
ure of C5Ph5H (1) (�max 520 nm, ε log 4.3; 376 nm, ε log 4.1) and the
riphenylcyclopentadienophenanthrene (�max 502 nm, ε log 4.5). In
oncentrated H2SO4, C5Ph5H (1) forms a bright orange solution
ith a strong ESR signal (�max 520 nm, ε log 4.3; 376 nm, ε log 4.1).

5Ph5H (1) can be quantitatively recovered on dilution [19].
However, C5Ph5

+ can be produced at low temperature. The
ntensely blue cation can be generated (along with an uncharac-
erized SbCl5/C5Ph5X adduct) [83] in ∼20% yield by treatment of
5Ph5X (X = Cl (19), Br (3)) with three equivalents of SbCl5 at 0 ◦C

n CCl4 (Scheme 25), or by treatment of C5Ph5OH (2) with BF3 or
lCl3 at−70 ◦C (Scheme 26).2 Crystalline [C5Ph5]+[SbCl6]− (37) has
strong ESR signal (presumably at room temperature) at g∼2,

ttributed to a triplet state, a multiplicity consistent with recent
heoretical calculations [84]. However, the cation generated from
F3 (�max 650 nm, ε log 4.7), presumably [C5Ph5]+[BF3OH]− (38),
lthough quite stable at −70 ◦C, decomposes irreversibly above
40 ◦C [85]. The frozen solution ESR spectrum is that of a triplet
ith some monoradical impurities. A combination of frozen solu-

ion ESR, variable temperature ESR, and NMR spectra established
hat the C5Ph5

+ cation exists in a ground-state singlet state in

quilibrium with a thermally accessible, low-lying triplet excited
tate at∼2 kJ mol−1 higher energy (Scheme 26) [7,85a]. The energy
ifference between the ground and excited states is dependent
pon the presence of substituents on the phenyl rings. The energy

2 The antimony adduct may be produced exclusively if the reaction is performed
t −22 ◦C with only the one equivalent of SbCl5; see [83].
5.

difference is approximately 0.8 kJ mol−1 greater in the C5Ph4(p-
tol)+ cation than in the C5Ph5

+ cation [36,85b]. The substitution of
additional phenyl rings by p-tolyl moieties has little effect on the
relative energies of the singlet and triplet states; the [C5(p-tol)5]+

cation appears to be more stable than C5Ph5
+ [36].

By contrast, the C5Cl5+ and C5H5
+ cations exist as ground state

triplets [7]. The C5Ph5
+ cation does not appear to react with dioxy-

gen [85a].
Other routes to penta-arylcyclopentadienyl cations include

reactions of C5Ar5OH or C5Ar5Br with SbF5, or AlCl3, reaction
of C5Ph5Br with AgBF4, and of p-NMe2-substituted C5Ph5Br and
C5Ph5Br·HBr derivatives with RN3 at −50 ◦C [29a,36]. In addition,
electrolysis of a methylene chloride solution of C5Ph5Br (3) at +0.7 V
(vs. Fc+/0) generates a blue solution (�max 626 nm) of the cation
radical, C5Ph5

•+ [86].

1.3. The pentaphenylcyclopentadienyl anion

The pentaphenylcyclopentadienyl anion, C5Ph5
−, is a very use-

ful synthetic intermediate and can be conveniently prepared in high
(80–95%) yield as its alkali metal salts [14,23e]. Consistent with the
acidity of C5Ph5H (1), the ring proton is readily removed by several
routes (Eqs. (4)–(7)):

C5Ph5H (1)+ BunLi
C7H8−→
100 ◦C

C5Ph5Li (28)+ BunH (4)

C5Ph5H(1)+M
C7H8−→
100◦C

C5Ph5M+ 1
2 H2, M = Na, K, Cs (5)

C5Ph5H (1)+NaH
C7H8−→
110 ◦C

C5Ph5Na (39)+H2 (6)

C5Ph5H (1)+NaNH2
C7H8−→
110 ◦C

C5Ph5Na (39)+NH3 (7)

The sodium salt of the pentaphenylcyclopentadienyl anion is most
satisfactorily produced by the reaction of C5Ph5H (1) with sodium
or sodium amide in toluene at reflux, to give [NaC5Ph5] (39) [23e].
The C5Ph5

− salts are more easily isolated than the correspond-

ing C5H5

− salts and they can even be handled briefly in air. The
enhanced stability of the MC5Ph5 salts is attributed in part to elec-
tron withdrawal by the aryl substituents, although the 13C NMR
spectra are inconsistent with resonance delocalization of partial
negative charge onto the phenyl carbons. The phenyl rings and
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he cyclopentadienyl rings are unable to achieve the coplanarity
equired for efficient resonance stabilization of this type.

The 13C NMR spectra of C5Ph5
− exhibit only five resonances

ı (ppm)∼142 (C5), 131, 126, 121, 120 (ipso-C of C6H5 rings)).
he ı∼142 and 120 ppm resonances were assigned to quater-
ary carbons from the 1H coupled spectra. 13C NMR resonances
t ı∼140 ppm were subsequently assigned to the ring carbons
f the non-bound cyclopentadienyl ring of zwitterionic [Fe(�5-
5Ph5){(�6-C6H5)C5Ph4}] (40) [16]. The observation of only five 13C
MR resonances for C5Ph5

− salts suggests that the C5Ph5
− anion

as D5h symmetry. By contrast, twenty of the twenty-one possible
3C NMR resonances of C5Ph5H (1) can be resolved, consistent with
he local Cs symmetry of the crystal structure, and restricted rota-
ion of three, non-symmetry related phenyl rings [5]. In THF, the
5Ph5

− anion undergoes a reversible one-electron cyclic voltam-
etric oxidation at E1/2 −0.84 V (vs. Fc+/0; −0.28 V vs. SCE) [87].

.4. The pentaphenylcyclopentadienyl radical

Zeigler and Schnell first reported that the pentaphenylcyclopen-
adienyl radical, C5Ph5

• (4), could be produced by treatment of
5Ph5Br (3) with silver in benzene [3]. The radical is relatively
table towards oxygen and also with respect to dimerization, char-
cteristics attributed in an early theoretical study to a resonance
nergy of ∼15.5 kJ mol−1 [88]. Heeg et al. noted that a purple solid
nd a lead mirror were obtained on the attempted sublimation
f [Pb(C5Ph5)2] (41) [23f], a process by which Lamansky subse-
uently generated the C5Ph5

• radical (4) [11]. The radical is highly
oloured (�max 585 nm, 584 nm (CH2Cl2))[86] and like C5Ph5H (1)
uoresces strongly (but at shorter wavelength: �max 390 nm vs.
54 nm for (1)) [11], and can be isolated and recrystallized as an
ir-sensitive powder [29a,36]. An absorption at 463 nm in the elec-
ronic spectrum (�max 350, 463, 575 nm) of the C5Ph5

• radical (4),
istinguishes the radical from neutral C5Ph5H (1) and the C5Ph5

−

nion [11]. The electronic spectrum is sensitive to substituent vari-
tion on the phenyl rings. Thus, for example, �max shifts as phenyl
roups are successively replaced by p-tolyl groups (no p-tolyl, �max

85 nm; 1×p-tolyl, �max 593 nm; 2×p-tolyl, �max 598–601 nm;
×p-tolyl, �max 604–608 nm, 4×p-tolyl, �max 609 nm, 5×p-tolyl,
max 613 nm in benzene) [36].

The g value of the C5Ph5
• radical (4) initially reported as 1.95

n the ESR experiment, was corrected to 2.0025 [89]. At room
emperature in dry toluene, the spectrum has been reported as a

ulti-line (>28) absorption centred at g 2.0030, whilst a broad res-
nance centred at g 2.0028 is observed when the solution is cooled
o 60 K. A broad ESR signal centred at g 2.0028 is observed from
olid samples. At 60 K, the signal from the solid is not significantly
arrower than the room temperature resonance, but some slight
nisotropy is reported [11]. An extensive series of symmetrically

nd non-symmetrically substituted C5Ar5

• radicals has been pre-
ared and examined by ESR, ENDOR, and electronic spectroscopies
24a,d,29a,36,90]. At room temperature, the C5Ar5

• radicals exhibit
ulti-line spectra at g∼2.00 [24a,d,29a]. When a pentane solu-

ion of the radical is cooled to ∼−80 ◦C the observed line-width

Scheme 2
Scheme 27.

is reduced from 150 mG to 50 mG [24d]. The spectroscopic width
is ∼20 G at room temperature and ∼9 G at ∼−80 ◦C [19,24d,29a].
The ESR and ENDOR spectra of the C5Ar5

• radicals indicate a twist
angle between the C5 and phenyl rings of ∼40◦. The symmetrically
(D5) substituted radicals have been assigned a ground-state with
twofold degeneracy, which is lifted as the symmetry is lowered (e.g.
in C5Ph4(p-tol)• (42), C2 symmetry) [24d].

Penta-arylcyclopentadienyl radicals can also be prepared by
reactions of p-NMe2-substituted C5Ph5Br (3) and C5Ph5Br·HBr
derivatives with R3N or KOH at room temperature [29a,36]. The
C5Ph5

• radical (4) was only the second cyclopentadienyl radical to
be structurally characterized [23aa].

1.5. Reactions of C5Ph5X derivatives

Few reactions of coordinated C5Ar5 ligands have been explored
[5,91]. Some of the reactions of C5Ph5X derivatives that may be of
relevance to reactions of the coordinated ligand are collected in the
following sub-sections.

1.5.1. Reactions with dioxygen
C5Ph5H (1) reacts photochemically with dioxygen in the pres-

ence of a sensitizer such as methylene blue to produce an isolable
endo-peroxide, which can be thermally or photochemically rear-
ranged to the bisepoxide in 70% yield. The bisepoxide can be
reduced to C5Ph5H (1) with zinc [92].

1.5.2. Reactions with phosphites
In methylene chloride, C5Ph5Br (3) reacts with

triethylphosphite at room temperature to produce 1-ethyl-
1,2,3,4,5-pentaphenylcyclopenta-2,4-diene (43) in 57% yield
(Scheme 27); triphenylphosphine does not react in this fashion
[15].

1.5.3. Diels–Alder condensations
Hexaphenylbenzene can be produced by Diels–Alder conden-

sation of diphenylacetylene with tetracyclone (20), followed by
elimination of CO [36].
1.6. Syntheses of tetra-arylcyclopentadienones

Cyclopentadienes substituted with different groups at posi-
tions 2, 3, 4 and 5 can be synthesized by initial formation of
the appropriate aryl-substituted tetracyclones. The early liter-

8.
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Scheme 29.

ture detailing the chemistry of cyclopentadienones has been
eviewed [93]. A most convenient route to tetracyclones is by base-
atalyzed condensation of disubstituted benzyl and disubstituted
,3-diphenylacetone in absolute alcohol [90b,c,94]. The requisite
iphenylacetone derivatives can be prepared by chromic acid oxi-
ations of the corresponding alcohols which are available from
he condensation of the appropriately substituted benzyl Grignard
eagent with ethyl formate (Scheme 28) [95]. Substituted tetracy-
lones formed in this way can be converted from the alcohol and
romide to the substituted penta-arylcyclopentadiene.

Although the method works well in general, it can be compli-
ated by a lack of selectivity in the synthesis of the dibenzylketones
rom the Grignard and ethyl formate, and has been reported to give
oor yields in some cases.

The substituted dibenzylketones are more conveniently pre-
ared by the phase-transfer catalyzed reaction between the aryl
alide and [Fe(CO)5] (Scheme 29) [96]. The reaction is performed
etween immiscible aqueous and benzene phases with a tetrabuty-

ammonium salt acting as the phase-transfer catalyst.
High yields of the substituted dibenzylketones are possible by

his route, which can be extended to the syntheses of mixed ketones
96]. The base condensation to the substituted tetracyclone is rou-
ine and can be performed in high yield. This is the route of choice
o penta(p-tolyl)cyclopentadiene derivatives [18,97].

.7. Aryl-substituted pentaphenylcyclopentadiene derivatives

A wide variety of tetracyclone derivatives are available by a
ange of synthetic methods as discussed previously [91,93,98].
hese include derivatives with halo-, carboxylato-, and amino-
ubstituents on the phenyl rings, and with phenyl rings substituted
n ortho, meta and para positions. Bridged bistetracyclones have
lso been reported in reasonable yield, and some of these bridged
erivatives have been converted to the corresponding bromides
nd bridged bispentaphenylcyclopentadienes in acceptable yields,
s in, for example, Scheme 30 [99].

Few of these derivatives have been utilized in the context of
oordination or organometallic chemistry, but the scope of such
pplications is considerable [18,91,97].

. Metal chemistry

.1. Complexes of Group 2

Attempts at alkaline earth penta-arylcyclopentadienyl com-
lexes have been sporadic [100], and the general insolubility
f C5Ph5 complexes has hindered the isolation of species
uch as [M(C5Ph5)2] (M = Mg, Ca, etc.). In an extension to the
tterbium chemistry briefly discussed in Section 1.1.2.4, [Ca(�5-
5Ph5)2] (44) may be isolated from the solvent-separated ion-pair,
Ca(THF)6][C5Ph5]2, by addition of toluene, and the amorphous
olid was characterized by MALDI-TOF mass spectroscopy in an
nert C60/C70 matrix. [Ba(�5-C5Ph5)2] (45) has also been accessed
y this route, and this material has been structurally charac-
erized [38b]. Significantly, the Ba–(C5-ring centroid) distance of

.670 Å was 0.1 Å less than that of comparable Ba sandwich com-
ounds, and the bond shortening was attributed to non-classical
–H. . .C(�) interactions between interplanar ortho-C–H bonds and
he ortho-phenyl carbon atom on the adjoining ring. As with the
lkali-metal derivatives [39,41], problems of solubility may be
Reviews 255 (2011) 1733–1790 1749

overcome by use of penta-arylcyclopentadienes with solubilizing
groups incorporated on the aryl rings. The alkaline-earth series
[M{C5(4-BunC6H4)5}2] (M = Ca (46), Sr (47), Ba (48)) is isolated
in straightforward fashion, by �-bond metathesis between the
appropriate alkaline-earth dibenzyl derivative and varying equiv-
alents of C5Ar5H (Ar = 4-BunC6H4 (11)) [101]. All of these materials
are soluble in the least polar solvents, such as pentane and hex-
anes, and structural characterization has been performed, with
the structure of [Ba{C5(4-BunC6H4)5}2] (48), shown in Fig. 16 as
a representative. The structure of [Sr{C5(4-BunC6H4)5}2] (47), is
isomorphous. Group 2 metallocenes, and likewise sandwich com-
pounds of bivalent f-element metals, in general are known to
present equivocal structures that are hard to rationalize even
with resort to theoretical treatment [102], and the simplest such
metallocene, Be(C5H5)2, has been structurally characterized as
a �5/�1 non-sandwich structure [103]. Heavier Group 2 metal-
locenes show distinctly bent geometries [102a,104], and by way
of example the [M{�5-1,2,4-(Me3Si)3C5H2}2] (M = Ca, Sr, Ba) series
has pronounced bent geometry (∠(C5-ring centroid)–M–(C5-ring
centroid), M = Ba 162.2◦, Sr 159.4◦, Ca 166.7◦), and long M–(C5-ring
centroid) distances (M = Ba 3.01(2) Å, Sr 2.812(9) Å, Ca 2.63(2) Å)
[102b].

In striking contrast, the [M{C5(4-BunC6H4)5}2] (M = Ca (46), Sr
(47), Ba (48)) series displays (i) the perfect S10 molecular sym-
metry of the sandwich structures in the solid state, (ii) relatively
short M–(C5-ring centroid) distances (M–(C5-ring centroid) M = Ba
2.667(1) Å, Sr 2.513(1) Å, Ca 2.3561(4) Å), (iii) the perceptible out
of plane bending of the aryl substituents on alternate ligands
towards or away from each other depending on the transannular
distance, and (iv) short distances between the ortho-aryl hydro-
gen atoms and the ortho-aryl carbons on the alternate ring. Such
structural features, which are also observed in part in transi-
tion metal and main-group metal decaphenylmetallocene species,
[M(�5-C5Ph5)2] (M = Mo (23), W (24), Sn (235)), have been inter-
preted as a result of attractive C–H. . .C(�) interactions, which
operate between the ortho-aryl hydrogen atoms and the ortho-
aryl carbons of the aryl substituents on alternate cyclopentadienyl
planes. That bulky hydrocarbyl substituents on the cyclopentadi-
enyl rings would bend out of plane (i.e. ˛ > 0◦, Fig. 16) is a facile
expectation for such bulky sandwich complexes, and in fact values
of ˛ exceed 5◦ for [Ba(C5Pr5

i)2] (Ba–(C5-ring centroid) = 2.748(2) Å)
[37b], which presents another example of a linear metallocene. In
fact, the aryl substituents of this alkaline-earth series (46–48) bend
in towards each other (−˛ = 5.3(2), 3.4(2), and 1.2(1)◦ for [M{�5-
C5(4-BunC6H4)5}2], M = Ba (48), Sr (47), Ca (46), respectively),
facilitated by the H(ı+)–C(ı−) interaction that propagates through
the interwoven aryl network between the cyclopentadienyl planes;
inward bending is rendered all the more noteworthy in that the
M–(C5-ring centroid) distance is significantly shorter for the penta-
arylcyclopentadienyl derivatives with respect to comparable, bulky
sandwich complexes [101a]. The values of ˛ correlate linearly with
the size of the M–(C5-ring centroid) distance, and the smaller metal
centres exhibit outward bending from the cyclopentadienyl plane
[101a]. For [Ba{�5-C5(4-BunC6H4)5}2] (48), this interaction results
in interplanar ortho-aryl-H-ortho-C(�) distances of 2.74–2.89 Å,
which is smaller than the sum of the van der Waals radii for
carbon and hydrogen (2.90 Å); even smaller interplanar distances
are observed for homologous [Sr{�5-C5(4-BunC6H4)5}2] (47), and
[Ca{�5-C5(4-BunC6H4)5}2] (46), and sandwich complexes of the
transition and main-group metals. Whilst individual C–H. . .C(�)
contacts are energetically trifling (8–21 kJ), the fact that the S10

molecular symmetry allows for ten such contacts strongly argues
that this geometry is preferred on this basis, whereas the alter-
native D5 symmetry for the sandwich structure, in which the
aryl substituents of both cyclopentadienyl planes are canted at
the same angle, and would therefore give rise to a pair of enan-
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iomers, cannot support interaction of the same type [41,43,101a].
his is arguably the reason why all known sandwich complexes
f penta-arylcyclopentadienyl ligands across the periodic table,
ncluding their metallocenium cations, [M(C5Ar5)2]+, adopt S10

olecular symmetry, and that sandwich complexes incorporat-
ng the penta-arylcyclopentadienyl rings are more closely bound
o the cyclopentadienyl core with respect to the metal centre than
n similarly bulky, non-arylated cyclopentadienyl ligands.

.2. Complexes of Group 4

.2.1. Titanium complexes
The synthesis of red-violet [M(C5Ph5)2Cl2] (M = Ti (49), Zr (50))

n 27% (49) or 40% (50) yields (Scheme 31) was reported without
haracterization data in 1983 [45a,105].

The titanium complex was obtainable in 70% yield as
he extremely hygroscopic [Ti(C5Ph5)2Cl2]·3H2O (49·3H2O), the
ynthesis of which was confirmed by the preparation of
he analytically pure yellow crystalline silsesquioxane deriva-
ive, [Ti(�5-C5Ph5){Si7O12(C6H11)7}] (51, Scheme 32) [106].
Ti(C5Ph5)2Cl2]·3H2O (49·3H2O) undergoes a reversible one-
lectron reduction at −0.78 V and a quasi-reversible reduction
t −2.47 V (both vs. Fc+/0), with the one-electron reduction
roduct, [Ti(C5Ph5)2Cl2]− being relatively stable on the cyclic
oltammetric time-scale. The tris-isopropoxide analogue of [Ti(�5-
5Ph5)(Si7O12(C6H11)7)] (51), crystalline [Ti(�5-C5Ph5)(OPri)3]

52), is produced in 67% yield by the reaction of [TiCl(OPri)3] with
aC5Ph5 (39) under nitrogen. Yellow [Ti(�5-C5Ph5)(OPri)3] (52)

s quantitatively converted to air-stable, purple [Ti(�5-C5Ph5)Cl3]
53) by reaction with gaseous HCl in toluene at reflux under nitro-
en (Scheme 33) [107].

Fig. 16. Structure of [Ba{�5-C5(4-BunC6H4)5}2] (48), with Bun groups rem
0.

The mixed-ligand species, pentaphenylcyclopentadienylti-
tanocene dichloride, [Ti(�5-C5Ph5)(�5-C5H5)Cl2] (54), is obtained
as a brown crystalline solid in 60% yield by the reaction of [KC5Ph5]
(55) and [Ti(C5H5)Cl3] at room temperature [23n]. In the solid state,
the planes of the two C5 rings are at 131◦ with respect to each
other, and the phenyl rings are canted at between 41◦ and 65◦ to
the C5 ring (Fig. 17). The C5Ph5

− ring centroid is significantly farther
(2.22 Å) from the titanium atom than is the corresponding centroid
on the C5H5

− ligand (2.07 Å).

2.2.2. Zirconium complexes
In contrast to the 1983 report of red-orange [Zr(C5Ph5)2Cl2]

(50, Scheme 31) [45a,105], the reaction of ZrCl4 with LiC5Ph5
(28) in toluene at reflux produces analytically pure, yellow,
crystalline [Zr(C5Ph5)Cl3] (56) in 88% yield (Scheme 34). The for-
mulation of the solid has been confirmed crystallographically
(Fig. 18). Subsequent reaction with LiC5H5 (28) at room temper-
ature generates pale-yellow crystals of the diamagnetic sandwich,
[Zr(�5-C5Ph5)(�5-C5H5)Cl2] (57) in 95% yield. The “bent” structure
of pentaphenylcyclopentadienyl zirconocenedichloride has been
confirmed crystallographically (Fig. 19) [23ah].

The steric demands of the pentaphenylcyclopentadienyl
ligand may stabilize the monomeric piano-stool structure
of [Zr(C5Ph5)Cl3] (56) against the oligomerization commonly
observed in less bulky [Zr(C5R5)Cl3] derivatives. Perhaps signifi-
cantly, the C5Ph5

− ligand is about 0.1 Å closer to the zirconium in

the 12-electron trichloride (Zr–(C5-ring centroid) = 2.222 Å), than
in the 16-electron pentaphenylzirconocene dichloride (Zr–(C5Ph5-
ring centroid) = 2.302(5); Zr–(C5H5-ring centroid) = 2.211 Å). Nor-
mals from the planes of the two carbocycles bound to the
zirconium centre intersect at 133◦, similar to the correspond-

oved for clarity; legend defines parameters used in the text [101].
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Scheme 31.

Scheme 32.
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ng angle in [Ti(C5Ph5)(C5H5)Cl2] (54). The zirconium complexes
ere prepared because of their potential as stereoselective

atalysts for [4 + 2] cycloadditions. Pentaphenylcyclopentadienyl
irconium trichloride (56) catalyzes the addition of acrolein or
f methyl acrylate to cyclopentadiene with significantly dif-
erent endo:exo selectivities to those of the control reaction
23as].

.3. Complexes of Group 5

No compounds of vanadium, niobium, nor tantalum have been
eported.

.4. Complexes of Group 6

.4.1. Chromium complexes

Chromium compounds of C5Ph5

− have been isolated in
xidation states 0, I, II and III. A feature of chromium pentaphenyl-
yclopentadienyl chemistry is the number of stable, monomeric
adical species reported. Decaphenylchromocene (58) is prepared
n 12% yield as an insoluble, purple, air-stable solid by the addi-

Scheme 3
3.

tion of C5Ph5Br (3) and zinc dust to [Cr(CO)3(N CMe)3] in THF
[23w]. It is oxidized by either bromine or nitrosonium tetrafluo-
roborate to produce [Cr(C5Ph5)2]X (X = Br3

− (59), BF4
− (60)) as an

air-stable red-brown crystalline solid in high (∼80%) yield [23w,z].
The stability of [Cr(C5Ph5)2] (58) and [Cr(C5Ph5)2]X (59–60) con-
trasts markedly with the high reactivity of chromocene and the
chromocenium cation. Solid [Cr(C5Ph5)2]X has parallel, staggered
C5 rings, and idealized S10 molecular symmetry, with phenyl groups
canted at approximately 50◦ to the C5 core (Fig. 20, Cr–(C5-ring
centroid) = 1.836(8) Å).

Decaphenylchromocene (58) undergoes a reversible, one-
electron oxidation at −0.95 V (vs. Fc+/0). This is almost identical to
the potential of the [Cr(C5H5)2]+/0 couple (Table 2).

Chromium hexacarbonyl reacts with MC5Ph5 (M = Na (39), Li
(28)) in diglyme to give good yields of bright yellow salts of
the [Cr(C5Ph5)(CO)3]− anion [23p,45a,105], which can be oxi-

dized chemically (64% yield) or electrochemically (quasi-reversible,
one-electron, −0.69 V vs. Fc+/0 in methylene chloride) to the para-
magnetic, deep blue-green, thermally stable [Cr(C5Ph5)(CO)3]• (61,
Scheme 35) [23p]. The radical is irreversibly oxidized at ∼0.9 V
(100 mV s−1) [23x].

4.
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Fig. 17. Structure of [Ti(�5-C5Ph5)(�5-C5H5)Cl2] (54) [23n].

Fig. 18. Structure of [Zr(�5-C5Ph5)Cl3] (56) [23ah].

Table 2
Cyclic voltammetric half wave potentials (V vs. Fc+/0 as zero) for +/0 redox couples
of [M(�5-C5Ph5)2]BF4 complexes and their metallocene analogues.

M [M(C5H5)2]a [M(C5Ph5)2]BF4 Refs.b

Cr −0.96 −0.95d [23z]
Mo “−1.57”c −0.46d [23ar]
W −0.583e [23ao]
Fe 0.00 −0.04d [26]
Co −1.25 −0.88d [23z]
Ni −0.50 −0.08d [23w]

a [M(C5H5)2] data from [108].
b References for [M(C5Ph5)2] data.
c Estimated in Ref. [109].
d Measured in methylene chloride, scan rate 100 mV s−1, glassy carbon work-

ing electrode, Ag/AgCl (3 M NaCl) reference electrode, 0.1 M tetrabutylammonium
tetrafluoroborate, 100% iR compensation.

e Measured in methylene chloride, scan rate 100 mV s−1, Pt working electrode,
Ag/AgCl reference electrode, 0.1 M tetrabutylammonium hexafluorophosphate.

Fig. 19. Structure of [Zr(�5-C5Ph5)(�5-C5H5)Cl2] (57) [23ah].

Scheme 3
Fig. 20. Structure of the [Cr(�5-C5Ph5)2]+ cation in [Cr(�5-C5Ph5)2]X (X = Br3
− (59),

BF4
− (60)) [23z].

There is no evidence for any dimerization of the
[Cr(C5Ph5)(CO)3]• (61) radical in the solid state (Fig. 21) or in
solution. This behaviour contrasts markedly with those of other
[Cr(C5R5)(CO)3]2 species, which, although they exhibit long
Cr–Cr distances, are predominantly dimeric. Thus, for example,
the cyclopentadienyl (R = H) and pentamethylcyclopentadienyl
(R = Me) complexes are 10% and 90% dissociated in solution [110],
respectively, although both are dimeric in the solid state. The
behaviour of [Cr(C Ph )(CO) ]• (61) also contrasts with that of
5 5 3
[Mo(C5Ph5)(CO)3]• (62), which, although significantly monomeric
in solution, is dimeric in the solid state [111]. The chromium and
molybdenum complexes illustrate the interplay of the steric bulk
of the ligand and the size of the metal.

5.
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Fig. 21. Structure of [Cr(C5Ph5)(CO)3]• (61) [23p].
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diates in these chain transfer catalytic reactions, in which they
function to add H• to monomers to start a new chain, rather
than acting as hydrogenation catalysts. The light green hydride,
[Cr(C5Ph5)(CO)3H] (69), has been isolated from the reaction of the
Fig. 22. Structure of [Cr(C5Ph5)(CO)3]− (63) as its PPN+ salt [23p].

A comparison between the structures of the anion
Cr(C5Ph5)(CO)3]− (63) (Fig. 22, Cr–(C5-ring centroid) = 1.867(1) Å)
nd the radical (61, Fig. 21, Cr–(C5-ring centroid) = 1.860(3) Å),
how that the significant changes on oxidation are a lengthening
f the Cr–CO (but not the Cr-ring centroid) bond distances and
compression of two of the OC–Cr–CO angles, consistent with

he existence of two near equi-energetic ground-state electronic
onfigurations, a possibility also suggested by the frozen solution
SR spectra, which indicate a low-spin d5 system. The symmetry
owering in these [Cr(C5Ph5)(CO)2L]• piano stool, radical species
as been ascribed to Jahn–Teller effects and gives rise to very

ow energy ligand-field electronic transitions in the near- to
id-IR [112]. The radical (61) undergoes ready carbonyl mono-

ubstitution by small, soft Lewis bases (e.g. PMe3 or P(OMe)3)
o give dark red/magenta, air-sensitive compounds of the type

Cr(C5Ph5)(CO)2L]• (Scheme 36). The yields are near quantitative
or small Lewis bases [23x].

The crystal structure of [Cr(C5Ph5)(CO)2PMe3]• (64, Fig. 23,
r–(C5-ring centroid) = 1.881(3) Å) shows a similar compression

Scheme 36.
Fig. 23. Structure of [Cr(C5Ph5)(CO)2PMe3]• (64) [23x].

of two of the OC–Cr–CO and OC–Cr–P angles to that observed
in the tricarbonyl radical. Like the tricarbonyl radical, the
[Cr(C5Ph5)(CO)2L]• complexes undergo reversible, one-electron
reductions at between −1.26 and −1.56 V (vs. Fc+/0 in methy-
lene chloride), and also undergo an irreversible oxidation near 0 V
(100 mV s−1) [23x].

The radical, [Cr(C5Ph5)(CO)3]• (61), also reacts with halo-
gens to give, initially, [Cr(C5Ph5)(CO)3X] complexes, which
decompose (X = I (65), decomposition within days; X = Br (66),
decomposition within minutes; X = Cl (67) decomposition within
seconds) to the antiferromagnetically coupled, olive-green dimers,
[Cr(C5Ph5)X]2(�-X)2, of which the chloride (68) has been
crystallographically characterized (Fig. 24, Cr–(C5-ring cen-
troid) = 1.911(3) Å). The poorly soluble dimers are cleaved by THF
to give more soluble [Cr(C5Ph5)X2(THF)] derivatives [23an].

[Cr(C5Ph5)(CO)3]• (61) is an effective chain transfer cata-
lyst in the AIBN-initiated polymerization of methyl methacrylate
[113]. Metallo-radical hydrides are believed to be key interme-
Fig. 24. Structure of [Cr(C5Ph5)Cl]2(�-Cl)2 (68) [23an].
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Cr(C5Ph5)(CO)3]− (63) anion with HCl in ether at 0 ◦C [113a], and
he hydride initiates methyl methacrylate polymerization, without
ydrogenation of the monomer. Some competition between poly-
erization and hydrogenation has been observed with styrene as

ubstrate [113]. This is reportedly the first isolable hydride that
atalyzes chain transfer. In the 1H NMR spectrum, the hydride res-
nates at ı 1H −3.94 ppm.

A combination of chromium(III) tris(2-ethylhexanoate), hex-
chloroethane, triethylaluminum, and C5Ph5H (1) catalyzes
he trimerization and oligomerization of ethylene [113b,114].
lthough catalysis occurs in the absence of C5Ph5H (1), the activ-

ty and selectivity with respect to trimers were both higher in the
resence of added diene although it is not clear whether or how
he C5Ph5H (1) was coordinated and/or deprotonated.

Chromium hexacarbonyl also reacts with C5Ph5H (1) in diglyme,
o give zerovalent [Cr{(�6-C6H5)C4Ph4H}(CO)3] (70) [45a,105].

Cr

OC CO
CO

H

Ph

Ph
Ph

Ph

70

.4.2. Molybdenum complexes
Molybdenum pentaphenylcyclopentadienyl complexes have

een isolated in oxidation states 0, I, II and III. Decaphenyl-
olybdenocene (23) is a bright-red, air stable, paramagnetic

olid first isolated in low yield by the reaction of Mo(CO)6,
Mo(diglyme)(CO)3] or [Mo(toluene)(CO)3] with diphenylacety-
ene (Eqs. (8) and (9)) [4,63]:

Mo(CO)6] or [Mo(CO)3diglyme]+ excess Ph− C

C− Ph
16 atm−→

160 ◦C/C6H6

[Mo(C5Ph5)2]
23

(8)

Mo(CO)3(toluene)]+[5Ph− C ≡ C− Ph
1 atm−→

98 ◦C/heptane
[Mo(C5Ph5)2]

23
(9)

he reactions, with the initial product formulations, are depicted
n Scheme 37.

Other products reported from these reactions are
exaphenyl-Dewar-benzene, the trinuclear complex, triangulo-
rimolybdenumdicarbonyl-bis[�-[1,1′-(�2:�2-1,2-ethynediyl)bis-
benzene]]tris[(1,2,3,4,5,6-�6)-methylbenzene] (71) as shown
elow, and a yellow product, initially formulated as bistetra-
henylcyclobutadiene(diphenylacetylene)tetracarbonyldimolyb-
enum, [Mo(CO)2(C4Ph4)]2(�-PhC CPh)2 (Scheme 37), but which
as later structurally characterized as [Mo2(CO)3(�4-C4Ph4)](�-

hC CPh)(�-C4Ph4C( O)) (72), which contains a coordinated,
ridging tetracyclone ligand (Fig. 25) [62].

Mo

Ph

Ph

Ph

Ph

Mo

Mo

H3C CH3

OC CO
71

CH3

The identity of bright yellow [Mo(�4-C4Ph4)2(CO)2] was
ater confirmed by X-ray crystallography [61]. A violet com-
Fig. 25. Structure of [Mo2(�4-C4Ph4)(CO)3](�-PhC CPh)(�-C4Ph4C( O)) (72)
[62,115].

pound, formulated as [Mo(C4Ph4)(PhC CPh)(CO)], was produced
in the reactions of diphenylacetylene with either Mo(CO)6 or
[Mo(C6H5Me)(CO)3] [4,63].

Decaphenylmolybdenocene (23) can also be produced by the
reaction of [Mo(�4-C4Ph4)(�2-PhC CPh)2(N CMe)] with dipheny-
lacetylene (Scheme 38) [116].

Decaphenylmolybdenocene (23) is quantitatively converted to
green, air-stable, crystalline [Mo(C5Ph5)2]+ salts by oxidation with
halogens or NOBF4. The [Mo(C5Ph5)2]+ cation is reduced reversibly
to [Mo(C5Ph5)2] (23) by magnesium turnings or by NaBH4 in a
mixture of methanol and methylene chloride [4,23ao,ar].

Molybdenum hexacarbonyl reacts with LiC5Ph5 (28) in glyme
at reflux or THF under nitrogen to give the yellow-brown
[Mo(C5Ph5)(CO)3]− anion (Scheme 38), which in turn reacts with
CH3I, PCl3, PBr3 or I2 to give [Mo(C5Ph5)(CO)3X] (X = CH3 (73), Cl
(74, 14%), Br (75, 28%), I (76, 46%)), of which [Mo(C5Ph5)(CO)3I] (76)
has been crystallographically characterized as the typical “four-
legged piano stool” derivative (Fig. 26) [23y,45a,105].

Oxidation of the [Mo(C5Ph5)(CO)3]− anion produces purple
[Mo(C5Ph5)(CO)2]2(�-CO)2 (77, 90% yield), which is much less air-
sensitive in the solid state than in solution (Scheme 39) [111,117].
In solution, the dimer (77) exists in equilibrium with the radical
monomer (62) [111,117]. Because of the very low solubility of the
dimer, it cannot be recrystallized, and, although prepared as a rela-
tively pure compound, the product often contains small amounts of
the C5Ph5

• radical (4), which can be detected by ESR spectroscopy
by its characteristic 33-line spectrum [111].

The dimer reacts thermally with chelating bisphosphines, P2, to
produce the 19-electron [Mo(C5Ph5)(CO)2(P2)] (78), which exists
in solution in equilibrium with the 17-electron complex with only
one phosphorus of the P2 species coordinated [111].

OO O

Ph2P PPh2

P2 =

As noted above, the molybdenum chemistry, in which
the dimer, [Mo(C5Ph5)(CO)2]2(�-CO)2 (77), is the predominant

[M(C5Ph5)(CO)3] species, contrasts with the chromium chemistry,
in which the radical, [Cr(C5Ph5)(CO)3]• (61), is the predominant
solution species.

The molybdenum arene complex, [Fe(�5-C5H5){�5-C5Ph4(�6-
C6H5)Mo(CO)3}] (79), has been produced from the reaction of
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acterized, decaphenyltungstenocenium cation (81, Fig. 27), which
can be reduced back to decaphenyltungstenocene (24) by cobal-
tocene. The metallocenium cation exhibits S10 molecular symmetry
as anticipated, and the W–(C5-ring centroid) distance (2.018(2) Å)
correlates linearly with the out of plane bending angle of the
Sch

Fe(C5Ph5)(C5H5)] (80) with [Mo(CO)3(N CMe)3] in DME at reflux
45a,105].

.4.3. Tungsten complexes
Decaphenyltungstenocene (24) can be produced in 87% yield

y thermolysis of the tungstenocyclic carbene, [W(PhC CPh)(�8-
Ph )], or in 30% yield by thermolysis of [W(PhC CPh) (CO)]
8 8 3

Scheme 40) [17,23am,ao,118].
As are most other decaphenylmetallocenes, decaphenyltung-

tenocene is poorly soluble in most solvents. However, it can be
xidized by either I2 or Ag+ to the more soluble, structurally char-

Scheme 38.
7.
Fig. 26. Structure of [Mo(C5Ph5)(CO)3I] (76) (hydrogen atoms omitted); (Mo–(C5-
ring centroid) = 2.042(6) Å) [23y].



1756 L.D. Field et al. / Coordination Chemistry Reviews 255 (2011) 1733–1790

Scheme 39.
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henyl rings (˛ = 6.2◦); even for this third-row transition metal,
he trans-annular distance is too short to enforce inward bending
101a].

Reaction of the decaphenyltungstacenium triiodide (81) with
g+ in water/methylene chloride results in oxidation of the tung-
ten and formation of air-stable, dark green [W( O)(C5Ph5)2] (82)

n 56% yield [17b]. The C5 rings of the C5Ph5 ligands of solid
W( O)(C5Ph5)2] (82) are not parallel, and the W–C bond lengths
re not uniform. The binding of the ligand has accordingly been
escribed as �3-allyl/�2-olefin, rather than the more common,

ig. 27. Structure of the [W(C5Ph5)2]+ cation in [W(C5Ph5)2]I3 (81) [23am].
Scheme 41.

bis(�5)-cyclopentadienyl mode (Fig. 28). The central phenyl sub-
stituent of the allyl portion is eclipsed by the W O bond.

The decaphenyltungstenocenium cation (81) reacts with
CF3SO3H to produce the decaphenyltungstenocenium dication
(Scheme 41), which reacts with LiBEt3H to regenerate decaphenyl-
tungstenocene (24).

Consistent with these reactions, [W(C5Ph5)2]+ (81) in methy-
lene chloride/0.1 M TBHP exhibits a cyclic voltammetric oxidation
at +53 mV,3 a reversible, one-electron reduction at−583 mV, and a
further, quasi-reversible reduction at −1890 mV (all vs. Fc+/0). The
existence of the formally W(IV) � W(III) � W(II) � W(I) electron
transfer series is a reflection of the ability of the C5Ph5

− ligand to
stabilize multiple and unusual oxidation states. Decaphenyltung-
stenocene (24) obeys the Curie Law (Weiss constant 0) between 5
and 300 K, and the magnetic behaviour is interpreted in terms of an
orbitally degenerate 3E2g ground state, similar to those postulated
for the “unknown” tungstenocene [119]. The EPR spectrum of pow-
dered [W(C5Ph5)2] (24) at 77 K contains absorptions assigned as g‖

(1.91, 1.98) and g⊥ (3.85). The reaction of decaphenyltungstenocene
(24) with dihydrogen (5 atm) for 7 days produces slightly air sensi-
tive, orange-yellow crystals of [W(C5Ph5)2H2] (83, 73%), or orange
[W(C5Ph5)2HCl] (84, 84%) in THF or 1,2-dichloroethane, respec-

3 The scan rate, reversibility criteria, and the reversibility of the process at +53 mV
are not reported.
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ture of [W( O)(C5Ph5)2] (82) [17b].
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Fig. 28. Two views of the struc

ively. The hydrochloride (84) is reasonably presumed to result
rom reaction of the dihydride (83) with chlorinated solvents (Eq.
10)) [23ao]:

W(C5Ph5)H2]
83

H2, 5 atm←−
110 ◦C/THF

[W(C5Ph5)2]
24

H2, 5 atm−→
110◦C/C2H4Cl2

[W(C5Ph5)(H)(Cl)]
84

(1

W(C5Ph5)2]
24

CO, 5 atm−→
110 ◦C/C2H4Cl2

[W(C5Ph5)(CO)]
85

(11)

ale yellow [W(C5Ph5)2(CO)] (85) is obtained in 80% yield by
eating decaphenyltungstenocene (24) under 5 atm of CO in 1,2-
ichloroethane (Eq. (11)) [23ao].

Reaction of W(CO)6 with LiC5Ph5 (28) in diglyme at reflux for
h generates the salt, Li[W(C5Ph5)(CO)3] (86). The salt was not iso-

ated, but reacts with PX3 or I2 to give [W(�5-C5Ph5)(CO)3X] in
% (X = Cl, 87), 19% (X = Br, 88) or 37% (X = I, 89) yields. All com-
ounds were characterized by infrared (�CO), 1H NMR and mass
pectroscopy [23y].

The tungsten derivative of the penta-arylcyclopentadienyl
igand, C5Ph4(2,5-(MeO)2C6H3)−, [W{C5Ph4(2,5-
MeO)2C6H3)}(CO)3Br] (90), has been briefly reported [120].
t can be reduced coulometrically to the anion, [W{C5Ph4(2,5-
MeO)2C6H3)}(CO)3]−, which can be quasi-reversibly oxidized to
he radical, [W{C5Ph4(2,5-(MeO)2C6H3)}(CO)3]•, neither of which
as been isolated. The molybdenum analogue, [Mo{C5Ph4(2,5-
MeO)2C6H3)}(CO)3Br] (91) behaved similarly.

.5. Complexes of Group 7
.5.1. Manganese complexes
The only manganese derivatives reported to date are [Mn(�5-

5Ar5)(CO)3] (Ar = Ph (92), p-tol (93)) and [Mn(�5-C5Ph5)(CO)2L]
L = PMe2Ph (94), PBu3 (95), C NBut (96)) [121]. Yellow crystals

Scheme 4
Fig. 29. Structure of [Mn(�5-C5Ph5)(CO)3] (92) [23ai,121].

of [Mn(�5-C5Ar5)(CO)3] are prepared by the reaction of LiC5Ph5
(28) with Mn(I) sources such as any of [Mn(CO)3(N CCH3)3]Br,
[Mn(CO)5Br] or [Mn(CO)3(N CCH3)2Br]/Zn in THF at reflux,
and react with donors such as phosphines or isonitriles, L, in
the presence of Me3NO to produce yellow crystalline [Mn(�5-
C5Ph5)(CO)2L] (Scheme 42).

The compounds, [Mn(�5-C5Ar5)(CO)3], undergo reversible, one-
electron oxidations at +0.98 V and +0.89 V (vs. Fc+/0, Eq. (12)). These
potentials are significantly more positive than those measured in
the oxidation of the analogous [Mn(�5-C5H5)(CO)3] [27a,28]:

5 5 + −
[Mn(� -C5Ar5)(CO)3] � [Mn(� − C5Ar5)(CO)2] + e (12)

The structures of [Mn(�5-C5Ph5)(CO)3] (92) and [Mn(�5-
C5Ph5)(CO)2PMe2Ph] (94) (Figs. 29 and 30) illustrate the typical
paddle wheel orientations of the C5Ph5 phenyl rings.

2.
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Fig. 30. Structure of [Mn(�5-C5Ph5)(CO)2PMe2Ph] (94) [23ai,121].

However, whilst substitution of a carbonyl of [Mn(�5-
5R5)(CO)3] by a phosphine or isonitrile results in a decrease in
he Mn–(C5-ring centroid) distance on average [121], this dis-
ance has increased for [Mn(�5-C5Ph5)(CO)2PMe2Ph] (94) (Fig. 30,

n–(C5-ring centroid) = 1.809 Å) relative to [Mn(�5-C5Ph5)(CO)3]
Mn–(C5-ring centroid) 1.784 Å), and is significantly longer than
n other [Mn(�5-C5R5)(CO)2L] compounds reported to date. This
engthening of the Mn–(C5-ring centroid) bond is probably due to
he minimization of steric interactions between the phenyl groups
f the phosphine and C5Ph5

− ligands, although there appears
o be free rotation in solution. Similarly, the phenyl ipso car-
ons of [Mn(�5-C5Ph5)(CO)3] (92) are on average 0.161 Å (range
.089–0.198 Å) from the C5 plane, on the side opposite to the
anganese atom; those of [Mn(�5-C5Ph5)(CO)2PMe2Ph] (94) are

.202 Å (range 0.162–0.268 Å) from the C5 plane, with the greatest
eviation from the plane observed for the ipso carbon of the ring
hat eclipses the PPh ring (Fig. 31).

.5.2. Rhenium complexes
White, crystalline [Re(�5-C5Ph5)(CO)3] (97) was

btained in 72% yield by the thermolysis of tetracar-

onyl(triphenylpropenetriyl)rhenium in hexanes at reflux
Scheme 43), and was characterized by infrared, 1H and 13C
MR, and mass spectroscopies. Mixed arene cyclopentadienyls
an be produced by incorporating different substituents on the
ropenetriyl ligand and the alkyne [111,122].

Fig. 31. Comparison of structures of [Mn(�5-C5Ph5)(CO
Scheme 43.

An alternative synthesis of [Re(C5Ph5)(CO)3] (97) involves
addition of MC5Ph5 to [Re(CO)5Br] [123]. Irradiation of the
cyclopentadienyl congener in heptane or pentane results in com-
plexes of the type [Re(�5-C5H5)(CO)2(alkane)] [124]. The failure
to isolate similar derivatives of the C5R5 (R = Me, Ph) complexes
was attributed to destabilization due to interactions between the
coordinated alkane and the C5 ring substituents [123].

2.6. Complexes of Group 8

2.6.1. Iron complexes
[Fe(CO)5] reacts directly with C5Ph5H at 175 ◦C to produce

orange-yellow [Fe(�4-C5Ph5H)(CO)3] (98) in 6% yield. The complex
was characterized spectroscopically (�CO 2037, 1972, 1961 cm−1)
and by elemental analysis [4]. Nevertheless, [Fe(�5-C5Ph5)(CO)2Br]
(99), first reported in 1965 [125], and structurally characterized in
1989 (Fe-(C5-ring centroid) = 1.738(5) Å) [23g], remains the cen-
trepiece of iron penta-arylcyclopentadienyl chemistry. It is easily
synthesized from Fe(CO)5 and C5Ph5X in the presence of zinc
(Scheme 44) [13].

The reaction also proceeds in the absence of zinc and has
been exemplified for a series of halopenta-arylcyclopentadienes,
C5Ph4ArBr, and C5(3,5-Me2C6H3)4ArBr (Ar = Ph, 3-MeC6H4, 3,5-
Me2C6H3, 2,3-Me2C6H3, 2,4,6-Me3C6H2, 3-C6H4F, 3,5-C6H3F2,
2,6-C6H3F2) [29b]. In this case, reaction occurs by a two-step
process, which involves firstly, the reaction of the Fe(CO)5 and
C5Ar5X to generate the C5Ar5

• radical, which can be detected in the
intensely purple solution by its characteristic multi-line ESR spec-
trum [29b]; this reaction occurs at 20 ◦C. The second step, which
occurs at higher temperatures, is suggested to involve reaction

•
between a C5Ar5 radical and a bromoironcarbonyl intermediate,
“[Fe(CO)nBr]” identified by means of Fe–Br absorptions in the far IR
spectrum [29b].

Simple reactions reported for complexes of this type are sum-
marized in Schemes 45 and 47 [16,23l,o,w,ac,aq,34a,97,126]. The

)3] (92)) and [Mn(�5-C5Ph5)(CO)2PMe2Ph] (94)).
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Scheme 44.

Scheme 45.
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tability of the formyl complex, [Fe(�5-C5Ph5)(CO){C( O)H}PMe3]

100) contrasts with the thermal instability of the C5Me5

− con-
ener, [Fe(�5-C5Me5)(CO){C( O)H}PMePh2] [127].

Although [Fe(�5-C5Ph5)(CO)2Br] (99) reacts with PMe3 to form
Fe(�5-C5Ph5)(CO)(Br)PMe3] (101) as illustrated in Scheme 45, the
eaction with P(OMe)3 is more complicated, producing [Fe(�5-

Scheme 4
102

6.

C5Ph5)(CO)2{P( O)(OMe)2}] (102), probably by an Arbusov-type

dealkylation, resulting from attack of liberated Br− on initially
formed {[Fe(�5-C5Ph5)(CO)2P(OMe)3]}+ (Scheme 46) [23r].

A radical-promoted Arbusov reaction has been postulated in the
case of phosphite reactions with [Fe(�5-C5Ar5)(CO)2]2 (vide infra)
[128].

7.
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Scheme 48.
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out the use of enzymes [130a]; enantioselective rearrangement of
O-acylated enolates [130b,c], and kinetic resolution of allylic alco-
hols [131], are also feasible. Likewise, the N-oxide derivative (109),
which has been structurally characterized (Fig. 33) [23ap], may
Fig. 32. Structure of the [Fe(�5-C5Ph5)(CO)2]− anion (104) [23aq].

The pivotal complexes [Fe(�5-C5Ar5)(CO)2Br] (Ar = Ph (99), p-tol
103)) undergo reversible 1-electron cyclic voltammetric oxi-
ations, and the resultant [Fe(�5-C5Ar5)(CO)2Br]+ cations react
elatively rapidly on the cyclic voltammetric time-scale [129]. They
lso undergo an apparent 2-electron cyclic voltammetric reduction.
he reductive behaviour is interpreted as a reversible 1-electron
eduction to the anion radical, which rapidly loses Br−, producing
he [Fe(�5-C5Ar5)(CO)2]• radical at a potential at which it is imme-
iately and reversibly reduced to the anion, [Fe(�5-C5Ar5)(CO)2]−

104) (Scheme 48) [129].
Subsequent reactions of the radical and anion, which generate

pecies such as the dimer, [Fe(�5-C5Ph5)(CO)]2(�-CO)2 (105), and
etramer, [Fe(�5-C5Ar5)]4(�-CO)4, are evident in the cyclic voltam-

etry. Red crystals of salts of the anion, [Fe(�5-C5Ph5)(CO)2]−

104), can be produced chemically in 53% yield by sodium
eduction of [Fe(�5-C5Ph5)(CO)2Br] (99), or of the dimer, [Fe(�5-
5Ph5)(CO)]2(�-CO)2 (105), and this complex is sufficiently stable
o be isolated and structurally characterized (Fig. 32) [23aq]. The
ompound has the usual “paddle-wheel” orientation of the phenyl
ings and has dimensions similar to those of the isoelectronic
Co(�5-C5Ph5)(CO)2] (106); the Fe-(C5-ring centroid) distance is
.75(3) Å [23e].

The Li+, but not the Na+ nor the K+, salt of [Fe(�5-C5Ph5)(CO)2]−

eacts with CO2 at low temperature to form a metallocarboxylate
on (Scheme 49), which appears to owe its stability to tight ion
inding with the Li+ (solvent) cation. This contrasts to the chemistry
f the analogous cyclopentadienyl complexes.

The metallocarboxylate anion is thermally unstable and it and

he alkali metal salts of [Fe(�5-C5Ph5)(CO)2]− are converted to the
ydride, [Fe(�5-C5Ph5)(CO)2H] (107), upon warming [23aq].

The formyl complex, [Fe(�5-C5Ph5)(CO){C( O)H}PMe3] (100),
f Scheme 46 was the first, neutral, first row transition metal formyl
omplex that was stable at room temperature [126b]. The enhanced
Scheme 49.

stability of 100 (at least with respect to the C5H5
− and C5Me5

−

analogues) was attributed to both steric protection of the formyl
group by the C5Ph5

− ligand, and the decreased electron density on
the formyl carbon as a consequence of electron withdrawal by the
C5Ph5

− phenyl rings. The compound exists as a mixture of diastere-
omers resulting from the chirality of the C5Ph5

− ligand and the
metal centre. Thus, the �CO stretching absorptions are doubled up
in the solid state IR spectrum and the single 13C NMR resonance
of the C5 ring observed at room temperature is split into a 1:2:1:1
multiplet at low temperatures, consistent with slow rotation of the
[Fe(�5-C5Ph5)(CO){C( O)H}PMe3] tripod on the NMR timescale
[23r]. Similarly, a 1:1:2:1:1:1:1:2 multiplet, observed for the C5
ring carbon atoms in the solid state 13C NMR spectrum of [Fe(�5-
C5Ph5)(CO)(C2H5)PMe3] (108), was attributed to the presence of
two diastereomers in the solid state [126b].

In addition to the synthetic pathway depicted in Scheme 44, an
alternative route to iron-arene pentaphenylcyclopentadienyl com-
plexes is by way of the reaction of Li[C5Ph5] (28), iron chloride,
and the lithium salt of 2,3-cyclopenteno-4-dimethylaminopyridine
(Scheme 50) [130].

When the heterocycle is �5-bound to the iron centre, coordi-
nation to the other face by either C5Ph5

− or C5Me5
− results in a

planar, chiral iron species whose pendant NMe2 nucleophile, in an
enantiopure form achieved by resolution of the metal complex, can
catalyze the enantioselective acylation of racemic alcohols with-
Scheme 50.
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Fig. 33. Structure of [Fe(�5-C5Ph5)(�5-C8H6NO)] (109) [23ap].
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Fig. 35. Structure of the [Fe(�5-C5Ph5){�5-4-NMe2C8H5N(OAc)}]+ cation (111)
[23al].
Fig. 34. Structure of [Fe{�5 C5(3,5-Me2C6H3)5}(�5-C8H6NO)] (110) [23ap].

e derived by dimethyldioxirane oxidation of [Fe(�5-C5Ph5)(�5-
8H6N)] [23ap].

Planar, chiral complexes of these types have proven to be very
ffective stereoselective catalysts [23aj–al,ap,130a,132]. These
pecies are effective in a variety of catalytic enantioselective acy-
ations involving acylation at the indenyl nitrogen or N-oxide. The
unction of the [Fe(�5-C5Ph5)] unit is firstly to induce planar chi-
ality to the indenyl ligand, which carries the nucleophilic catalytic
ite, and, secondly, to provide steric bulk in the vicinity of the
atalytic site [23ap]. Even greater bulk (and improved catalytic
ffectiveness) is provided by the deployment of [Fe{�5-C5(3,5-
e2C6H3)5}(�5-C8H6NO)] (110), which provides a structurally

haracterized example of a complex incorporating the bulky C5(3,5-
e2C6H3)5

− ligand, and illustrates the steric demands of this
ryl group (Fig. 34) [23ap]. The steric loading on the penta-
rylcyclopentadienyl group has the result here that the carbocycle
nd the heterocycle are distinctly non-parallel. Complex 110
chieves catalytic desymmetrization of meso-epoxides with SiCl4
ith excellent enantioselectivity [23ap].

[Fe(�5-C5Ph5){�5-4-NMe2C8H4N(OAc)}] (111) provides a
tructurally characterized example of the acylated indenyl
s its SbF6

− salt (Fig. 35), and illustrates a key step in these
yntheses, the addition of an acyl group to the planar, chiral
Fe(�5-C Ph )(�5-4-Me NC H N)] species [23ap].
5 5 2 8 5

A poorly resolved (R = 0.25) structure has been reported for
nother postulated catalytic intermediate: the ion pair formed
etween a deacylated substrate and the N-acylated [Fe(�5-
5Ph5){�5-C8H5N(R)}] (R = pyrrolidino) catalyst (Fig. 36) [132a].
Fig. 36. Structure of the [Fe(�5-C5Ph5){�5-4-(NC4H8)C8H5N(C( O)OCMe2CCl3)}]+

cation [132a].

Decaphenylferrocene (112) is a lilac-coloured, insoluble solid,
which was first reported in 1983 [10b,45a,105,133]. The com-
plex can be prepared by reaction of Fe(CO)5 with C5Ph5Br (3) and
zinc, or by thermolysis of [Fe(�5-C5Ph5)(CO)2Br] (99). Although
the crystal structure has been reported [23s], the data are of
insufficient quality (R∼17%) to provide useful metric details. The
compounds [M(C5Ph5)2] (M = Fe (112), Ni (113)) are isostructural.
Mössbauer and photoelectron spectroscopies are consistent with
the anticipated Fe(II) oxidation state [126d]. Decaphenylferrocene
(112) is slightly easier to oxidize than ferrocene, and undergoes
a reversible, one-electron oxidation at −0.040 V (vs. Fc+/0) to the
decaphenylferrocenium cation [26], which undergoes a further,
electrochemically reversible, one-electron oxidation to the unsta-
ble dication at +0.745 V (vs. Fc+/0, Eq. (13)):

[Fe(�5-C5Ph5)2]
112

−40 mV
� [Fe(�5-C5Ph5)2]

+

114

+745 mV
� [Fe(�5-C5Ph5)2]

2+

(13)
Reaction of decaphenylferrocene (112) with a slight excess
of dilute triflic acid produces the formally Fe(IV) hydride,
[Fe(C5Ph5)2H]+, detectable by its 1H NMR resonance at ı
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Fig. 38. Structure of [Fe(�5-C5Ph5){(�6-C6H5)C5Ph4}] (40) [23ar].
Fig. 37. Structure of the [Fe(�5-C5Ph5)2]+ (114) cation [23s,23w,126d].

0.77 ppm. The hydride, [Fe(C5Ph5)2H]+, isomerizes to the pro-
onated linkage isomer, [Fe(�5-C5Ph5){(�6-C6H5)C5Ph4H}]+, and
ndergoes an electrochemically reversible, one-electron reduction
t−0.220 V (vs. Fc+/0) to what is presumed to be the formally Fe(III)
ydride.

The decaphenylferrocenium cation, [Fe(C5Ph5)2]+ (114), can
e produced chemically in high yield (> 80%), by oxidation of
ecaphenylferrocene (112) with, e.g., NOBF4, X2, or excess triflic
cid [23s,w,26,126d]. It exists in the solid state with the familiar S10
olecular configuration with parallel C5 rings and canted phenyl

roups (Fig. 37); the Fe-(C5-ring centroid) distance is 1.807(5) Å
23s,w,126d]. Its highly anisotropic solid state ESR spectrum at 4 K
s characteristic of low-spin Fe(III) d5 sandwich complexes [26].

[Fe(�5-C5Ph5)2] (112) exists in equilibrium with its more
oluble linkage isomer, [Fe(�5-C5Ph5){(�6-C6H5)C5Ph4}] (40),
btainable as one of the products from the reaction of Fe(CO)5
ith C5Ph5Br (3) in the presence of zinc (Scheme 44) [16]. In the

olid state (Fig. 38), one C5Ph5 ligand is �5-coordinated (Fe-(C5-
ing centroid) = 1.6933(10) Å), whilst the other has a phenyl group
6-bound to the iron centre (Fe-(C6-ring centroid) = 1.6988(10) Å)

23ar]. The NMR spectra indicate that this structure is preserved in
olution [16]. Whereas [Fe(C5Ph5)2] (112) is slightly easier to oxi-
ize than ferrocene, the zwitterionic, linkage isomer (40) is much
asier to oxidize than either [Fe(C Ph ) ] (112) or [Fe(C H ) ],
5 5 2 5 5 2
nd undergoes a reversible, one-electron oxidation at−0.170 V (vs.
c+/0) [16,26]. Furthermore, the oxidations of [Fe(C5Ph5)2] (112)
nd [Fe(C5H5)2] are metal-based, whilst ESR spectroscopy suggests
hat oxidation of the linkage isomer is ligand-based [26].

Scheme 5
Scheme 51.

Sym-pentaphenylferrocene, [Fe(�5-C5Ph5)(�5-C5H5)] (80), is
much more soluble than decaphenylferrocene (112). It is pre-
pared by thermolysis of the product of the reaction between
Na(C5H5) and [Fe(�5-C5Ph5)(CO)2Br] (99) [125]. Since [Fe{C5(p-
tol)5}(�1-C5H5)(CO)2] (115) can be isolated as a deep red air-stable
solid from the reaction between [Fe{C5(p-tol)5}(CO)2Br] (103) and
Na(C5H5), and is thermally converted to [Fe{C5(p-tol)5}(�5-C5H5)]
(116) (Scheme 51), the synthesis of [Fe(�5-C5Ph5)(�5-C5H5)] (80)
probably proceeds in an analogous fashion, although [Fe(�5-
C5Ph5)(�1-C5H5)(CO)2] (117) was not isolated [23o,97].

[Fe(C5Ph5)(C5H5)] (80) undergoes a reversible oxidation at
E0 = +0.240 V (vs. Fc+/0) and a quasi-reversible reduction at
E1/2 =−1.491 V. The stabilization of [Fe(C5Ph5)(C5H5)]− is unusual
for ferrocene and its substituted derivatives (reduction of [Fe(�5-
C5H5)2] complexes typically occurs at ca. −3 V) [134], and the ease
of reduction has been ascribed to a square scheme, involving rapid
equilibria favouring the parent complex, [Fe(C5Ph5)(C5H5)] (80), in
the Fe(II) oxidation state and the linkage isomer, [Fe(C5H5){(�6-
C6H5)(C5Ph4)}]− in the Fe(I) oxidation state (Scheme 52) [23o].

The bulky C5Ph5
− ligand has proven useful in protecting the
metal–C link in the formation of coordinated “carbyne” chains with
redox-active end groups, in which the [Fe(�5-C5Ph5)(CO)2] moiety
functions as an electron-withdrawing acceptor group (Scheme 53)
[135].

2.
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Thus, [Fe(�5-C5Ph5)(CO)2Br] (99) reacts with one equiva-
ent of Li-(C C)2SiMe3 in THF at −80 ◦C to produce [Fe(�5-
5Ph5)(CO)2{(C C)2SiMe3}] (118) as a yellow powder in 70–75%
ield. [Fe(�5-C5Ph5)(CO)2{(C C)2H}] (119) is obtained as a brown
olid from the trimethylsilyl precursor in 85% yield by reac-
ion with fluoride ion in methanol/THF. The compounds were
haracterized by infrared, Mössbauer, 1H, 13C and 31P NMR spec-
roscopies, and cyclic voltammetry. Both butadiyne compounds,
Fe(�5-C5Ph5)(CO)2{(C C)2X}] (X = SiMe3 (118), H (119)), undergo
rreversible reductions (at−1.43 and−1.33 V vs. Fc+/0, respectively)
136]. The redox potentials and those of the C5Me5

− analogues are
nterpreted to argue that the C5Ph5

− and C5Me5
− ligands stabilize

ow and high oxidations states, respectively.
The grey-green binuclear complex, [Fe(�5-C5Ph5)(CO)2Fe(�5-

5Me5)(dppe)]{�-(C C)2} (120), was prepared in 59% yield by
reatment of either of the mononuclear butadiynes with [Fe(�5-
5Me5)(�2-dppe)Cl] with strong base. Chemical oxidation of the
roduct with ferrocenium, [Fe(�5-C5H5)2]PF6, produces [Fe(�5-
5Ph5)(CO)2Fe(�5-C5Me5)(dppe)]{�-(C C)2}PF6] (121) as a green
olid in 86% yield. Accordingly, the neutral binuclear species

120) undergoes one reversible (−0.74 V vs. Fc+/0) and one quasi-
eversible oxidation (+0.47 V vs. Fc+/0) to the mono- and dication,
espectively. The contrast with the behaviour of the mononuclear
recursors indicates effective electronic communication between

Scheme 5
3.

the two iron centres, presumably through the intermediacy of the
conjugated (C C)2 spacer. The Mössbauer spectrum argues that
121 exists as a trapped Fe(II)–Fe(III) mixed-valence species.

Dimeric [Fe(�5-C5Ph5)(CO)]2(�-CO)2 (105) can also be iso-
lated as a reactive green solid during the preparation of
sym-pentaphenylcyclopentadienylferrocene (80) [23o], and the
analogous [Fe{�5-C5(p-tol)5}(CO)]2(�-CO)2 (122) by the reduc-
tion of [Fe{�5-C5(p-tol)5}(CO)2Br] (103) with zinc (Scheme 45).
The exclusively trans-configuration assigned to both dimers
on the basis of their infrared spectra [137], is presum-
ably a consequence of the steric constraints exerted by the
penta-arylcyclopentadienyl ligands. An alternative route to [Fe(�5-
C5Ar5)(CO)]2(�-CO)2 is by means of hydrogen abstraction from
[Fe(�5-C5Ar5)(CO)2H] by long-lived triarylmethyl radicals, such
as the trityl radical (Scheme 54) [138]. The more soluble [Fe{�5-
C5Ph4(p-tol)}(CO)]2(�-CO)2 (123) is prepared in a similar fashion.

Infrared spectroscopic data argued that the dimers, [Fe(�5-
C5Ar5)(CO)]2(�-CO)2, existed in solution in equilibrium with the
monomeric 17-electron radicals, which react with RX (R = Me,
Et, Pri, allyl, But, Bz, X = Br, I) to generate [Fe(�5-C5Ar5)(CO)2R]

and [Fe(�5-C5Ar5)(CO)2X] (Scheme 54). The C5Ar5

− ligand is
(unusually) displaced on reaction with PMe3 with the slow
formation of small amounts of [Fe(CO)3PMe3] and [Fe(�5-
C5Ar5)(CO)2H], whilst tert-butyl isocyanide reacts to give the salt,

4.
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trans to the C5Ph5
− in the catalyst resting state (Fig. 39) resulting

in a slower addition to ethylene.
In related work, a patent describes the synthesis of the

penta-aryl-aza-ferrocenyl derivative, Fe(�5-C5Ar5){�5-2-

Fe
PhPh

Ph

Ph

Ph

N
N

Fe
Me H2C

CH2
Pd

R

+

Scheme 55.

Fe(�5-C5Ar5)(C NBut)3][Fe(�5-C5Ar5)(CO)2]. 13CO labels can be
ncorporated into the dimer as bridging and terminal ligands by

eans of the dimer–monomer equilibrium. The equilibrium con-
tant for dimer dissociation was estimated as 10−3 [128b,138].
he bulky C5Ar5

− ligands obviously play an important role in
tabilizing the radicals, since recombination of photogenerated
Fe(C5H5)(CO)2]• to form the dimer is extremely rapid at room
emperature (k20 ◦C∼109 mol L−1 s−1) [139]. The reactivity of the
imers, [Fe(�5-C5Ar5)(CO)]2(�-CO)2, is exemplified by the reac-
ion of [Fe{�5-C5(p-tol)5}(CO)]2(�-CO)2 (122) with KBr in the solid
tate, which generates [Fe{�5-C5(p-tol)5}(CO)2Br] (103) [97].

Dimeric [Fe{�5-C5Ph4(p-tol)}(CO)]2(�-CO)2 (123) reacts slowly
ith the bulky phosphites, P(OPri)3 or P(OPh)3, to produce

he expected carbonyl/phosphite 17-electron radicals, [Fe{�5-
5Ph4(p-tol)}(CO)P(OR)3]•. However, smaller phosphites, P(OR)3
R = Me, Et), react faster, presumably with the radical intermediate,
Fe{�5-C5Ph4(p-tol)}(CO)}P(OR)3]•. The coordinated phosphite
s also attacked by excess dicarbonyl radical, [Fe{�5-C5Ph4(p-
ol)}(CO)2]• (124), to generate [Fe{�5-C5Ph4(p-tol)}(CO)2Me]
125) and Arbusov rearrangement products, which react with CO or
xcess P(OR)3, to give phosphonate complexes that were identified
pectroscopically, but not isolated (Scheme 55) [128].

Preparation of the dimer (105) from [Fe(�5-C5Ph5)(CO)2H]
107) can be followed by infrared spectroscopy. The hydride
arbonyl absorptions at 2009 and 1954 cm−1, were replaced by

−1
bsorptions at 1956 and 1781 cm , as expected for the terminal
nd bridging carbonyl absorptions of trans-[Fe(�5-C5Ph5)(CO)]2(�-
O)2 (105). Rapid replacement of the absorption at 1781 cm−1

y one at 1788 cm−1 was attributed to the interconversion of
iastereomers of the dimer arising from the chirality of the pen-

Scheme 5
Reviews 255 (2011) 1733–1790 1765

taphenylcyclopentadienyl ligands, because of the helical canting
of the phenyl rings [128b,138]. Interestingly, two forms of trans-
[Fe{�5-C5Ph4(p-tol)}(CO)]2(�-CO)2 (123) are isolable. One of these
compounds is more soluble in benzene than the other (the less
soluble form is generally the major product in the synthesis). The
differing solubilities are ascribed to the presence of diastereomers,
in which the relative canting of the phenyl substituents of the
{C5Ph4(p-tol)}− ligands differentiates the product, however, this
has not yet been established unequivocally.

Photochemical reaction of [Fe{�5-C5Ph4(p-tol)}(CO)2H] (126)
with phosphines, L = PMe3, PMe2Ph, PMePh2, or PPh3, generates
orange [Fe{�5-C5Ph4(p-tol)}(CO)(H)L] in 18–53% yields. Two �CO
stretches are observed at 1920 and 1890 cm−1, consistent with the
existence of diastereomers as a consequence of the chirality engen-
dered by the canting of the C5Ar5

− ligand and the chirality at iron
[140].

Several aza-ferrocenyl and aza-bisferrocenyl ligands incorporat-
ing the C5Ph5

−moiety (Scheme 56) have been prepared and bound
to palladium centres through the nitrogen donors [141]. When
activated by methylaluminoxane, the cationic palladium complex
of the trans-aza-bisferrocenyl ligand, catalyzes ethylene oligomer-
ization, with turnover frequencies of between 13 and 54 mol of
ethylene per mole of catalyst per hour [141].

The bulky ferrocenyl groups were introduced with the aim
of blocking associative chain transfer of ethylene from the
axial faces of the metal at the catalytic site. A target aza-
bis(pentaphenylferrocenyl) ligand could not be prepared. The low
reactivity of the complex derived from the trans-aza-bisferrocenyl
ligand was attributed to the lower nucleophilicity of the alkyl group
Me

Me

Me

Fig. 39. Proposed catalyst resting state for ethylene oligomerization by Pd coordi-
nated to an aza-bisferrocenyl ligand [141].

6.
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C( O)H)C4H3N} (127) (Ar = Ph (127a), Ar = 4-FC6H4 (127b),
r = 4-MeOC6H4 (127c)), as orange solids prepared in 87% yield

rom the reaction of LiC5Ar5 with FeCl2, followed by potassium
yrrolide [142]. The bidentate, nitrogen ligands (128) (R = H (128a),
e (128b), Pri (128c)), were prepared as red solids in ∼70% yield

y condensation with the appropriate amine.

Coordination of 128 to NiBr2 or [Pd(COD)MeCl] produced the
d(II) and Ni(II) complexes (129) as illustrated (Ar = Ph; n = 0;
1 = L2 = Br, M = Ni, R = H (129a); R = Me (129b); Pri (129c); M = Pd,
1 = Cl, L2 = Me, R = Pri (129d); n = +1, M = Pd, L1 = OEt2, L2 = Me,
= Pri (129e)) in 80–90% yield as orange to red solids. These materi-
ls were characterized only by 1H NMR spectroscopy in the original
atent [142]; a fuller description was made available in the litera-
ure [143].

Fe
ArAr

Ar

Ar

Ar

N

N
R

M

H

L1

L2

n+

n = 0
M = Ni, R = H, L1 = L2 = Br, 129a

R = Me, 129b
R = Pri, 129c

M = Pd, R = Pri, L1 = Cl, L2 = Me, 129d
n = +1

M = Pd, R = Pri, L1 = OEt2, L
2 = Me, 129e

When treated with methylaluminoxane, this series (129a–e)
as active as ethylene polymerization catalysts and as ethy-

ene/methylmethacrylate copolymerization catalysts.
A simple synthesis of novel, enantiopure aza-ferrocenyl and

za-ruthenocenyl derivatives, via the addition of a removable chi-
al auxiliary to the pyrrolide ring and separation of the resulting
iastereomers has also been reported [144].

.6.2. Ruthenium complexes

The starting point for much of ruthenium pentaphenylcyclopen-

adienyl chemistry is yellow, crystalline [Ru(�5-C5Ph5)(CO)2Br]
130), which is prepared in 68% yield by the reaction of Ru3(CO)12
ith C5Ph5Br (3) in toluene at reflux under nitrogen (Scheme 57).
s in other syntheses that employ this route, a deep purple colour,
Reviews 255 (2011) 1733–1790

characteristic of the C5Ph5
• radical (4), is observed [45a,145]. In

contrast, the major product obtained from the reaction between
Ru3(CO)12 and C5Ph5Br (3) in the presence of zinc in xylenes at
reflux is the arene cation, [Ru(�5-C5Ph5)(�6-Me2C6H4)]+ (131), iso-
lated as its BPh4

− salt (Scheme 57) [23ae].
Carbonyl substitution in [Ru(�5-C5Ph5)(CO)2Br] (130) occurs

dissociatively [8a]. Limited kinetic studies indicate a significant
reorganization in the transition state, which is stabilized (at least
with respect to other cyclopentadienyl ligands) by the bulk of the
C5Ph5

− ligand. The reaction is reversible (CO will displace PPh3
from [Ru(�5-C5Ph5)(CO)2Br] (130)) and the CO must be removed,
either by oxidation with, e.g., Me3NO, or, if the reaction is induced
thermally, by purging of the CO.

The ruthenium compounds [Ru(�5-C5Ph5)(CO)2Br] (130),
[Ru(�5-C5Ph5)(CO)(Br)PEt3] (132), [Ru(�5-C5Ph5)(CO)(Br)PPh3]
(133), [Ru(�5-C5Ph5)(CO)(Br)P(OMe)3] (134), [Ru(�5-
C5Ph5)(CO)(Br)P(OPh)3] (135), [Ru(�5-C5Ph5)(CO)2Me]
(136), [Ru(�5-C5Ph5)(CO)(PEt3)Me] (137), [Ru(�5-
C5Ph5)(CO)(PEt3)Et] (138), [Ru(�5-C5Ph5)(CO)(PEt3){C( O)Me}]
(139), [Ru(�5-C5Ph5)(CO)(PEt3)(�1-MeC CMe2)] (140),
[Ru(�5-C5Ph5)(CO)(PEt3)2]+ (141), [Ru(�5-C5Ph5)(CO)2PEt3]+

(142), [Ru(�5-C5Ph5)(CO)(H2C CH2)PEt3]+ (143),
[Ru(�5-C5Ph5)(CO)(MeC CMe)PEt3]+ (144), [Ru(�5-
C5Ph5)(CO){P(OMe)3}2]+ (145), [Ru(�5-C5Ph5)(CO)2P(OMe)3]+

(146), and the dimeric [Ru(�5-C5Ph5)(CO)]2(�-CO)2 (147),
have been adequately characterized (Scheme 58) [8a,145,146],
with structural characterization reported for the compounds
[Ru(�5-C5Ph5)(CO)2Br] (130, Ru-(C5-ring centroid) = 1.95(5) Å),
and [Ru(�5-C5Ph5)(CO)(Br)PPh3] (133, Ru-(C5-ring cen-
troid) = 1.93(5) Å) [8a,23j]. The structure of [Ru(�5-C5Ph5)(CO)2Br]
(130) is similar to those of the iron (99) and osmium analogues
(29) [23j], and appears to be maintained in solution. However,
13C and 31P NMR spectroscopies indicate that in solution, the
related [Ru(�5-C5Ph5)(CO)(PEt3)(�1-MeC CMe2)] (140) exists as
two rotamers in a 1:1 ratio [145]. The 31P and 13C NMR spectra
of [Ru(�5-C5Ph5)(CO)(Br)PPh3] (133) also indicate the presence
of two isomers in solution, a phenomenon not observed for the
P(OMe)3 (134) and P(OPh)3 (135) analogues [8a]. In contrast to
most C5Ph5

− compounds, in which the angles between the C5 ring
and the phenyl planes average approximately 56◦, these angles in
[Ru(�5-C5Ph5)(CO)(Br)PPh3] (133) are 56◦, 53◦, 53◦, 66◦ and 26◦,
as a consequence of interference between the phenyl rings of the
C5Ph5

− and PPh3 ligands. The C5 carbocycle and a phenyl ring of
the phosphine ligand are near parallel; the two ligands approach
to within the van der Waals diameter of carbon, and an ortho-H of
the C5Ph5

− ligand is only 2.83 Å from each of two PPh3 carbons;
this is possibly a consequence of C–H· · ·C(�) interactions discussed
earlier [43]. The result is restricted rotation of the phenyl rings
of both ligands and the generation of a mixture of diastereomers
(the phenyl rings of the two ligands form chiral arrays and the
ruthenium itself is a stereogenic centre), at least on the NMR
time-scale [8a] (Figs. 40 and 41).

With the exception of [Ru(�5-C5Ph5)(CO)(PEt3)(�1-
MeC CMe2)] (140), compounds of formula
[Ru(�5-C5Ph5)(CO)(X)PR3] (X = Br, R = Et (132); R = Ph
(133); R = OMe (134)), [Ru(�5-C5Ph5)(CO)(PEt3)Me]
(137), [Ru(�5-C5Ph5)(CO)(PEt3)Et] (138), and [Ru(�5-
C5Ph5)(CO)(PEt3){C( O)Me}] (139) each undergo a reversible
one-electron cyclic voltammetric oxidation in 0.1 M
Bu4NPF6/methylene chloride in the potential range −0.47 to
1.33 V (vs. Fc+/0). The compounds could be oxidized chemically

and studied in solution, but no Ru(III) derivatives were isolated.
However, oxidation of [Ru(�5-C5Ph5)(CO)2P(OMe)3]+ (142) with
cobaltocene generated a mixture of [Ru(�5-C5Ph5)(CO)2Me]
(136), [Ru(�5-C5Ph5)(CO)(Cl)P(OMe)3] (148) and [Ru(�5-
C5Ph5)(CO)2{P( O)(OMe)2}] (149); the postulated route to
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Scheme 5

Fig. 40. Structure of [Ru(�5-C5Ph5)(CO)2Br] (hydrogen atoms omitted) (130) [23j].

Fig. 41. Structure of [Ru(�5-C5Ph5)(CO)(Br)PPh3] (133) [8a].
7.

the dicarbonyls was a Michaelis–Arbusov rearrangement, pos-
sibly through the intermediacy of [Ru(�5-C5Ph5)(CO)P(OMe)3]•

(150), although the original paper favoured a nucleophilic
[Ru(�5-C5Ph5)(CO)2]− anion [145].

The chemistry and electrochemistry of nitrosyl-substitution
products of [Ru(�5-C5Ph5)(CO)2Br] (130), [Ru(�5-C5Ph5)(CO)(Br)L]
(L = PR3 (132, 133), P(OR)3 (134, 135), and [Ru(�5-
C5Ph5)(CO)(C NBut)Br] (151)) are summarized in Scheme 59
[146]. These reactions exemplify four pathways for the interaction
of NO+ with metal carbonyls: (i) one-electron oxidation, (ii)
CO-substitution, (iii) halide displacement, and (iv) NO+-induced
migratory insertion (the migratory insertion to give [Ru(�5-
C5Ph5)(NO){C( O)Me}L]+ from [Ru(�5-C5Ph5)(CO)(Me)L] does
not occur when [Ru(�5-C5Ph5)(CO)(Me)L] is treated with Ag+

under CO). A common intermediate, [Ru(�5-C5Ph5)(CO)(NO)(X)L],
in which the NO ligand can be linear or bent, a one- or a
three-electron donor, was postulated.

Whereas most of the compounds of Scheme 59 undergo
irreversible cyclic voltammetric electron transfers, the cyclic
voltammetric oxidations of [Ru(�5-C5Ph5)(NO)L] and reductions of
[Ru(�5-C5Ph5)(NO){C( O)Me}L]+ are reversible.

Whilst decaphenylcyclopentadienyl ruthenium, the ruthenium
analogue of the iron sandwich 112, has not been reported,
the mixed ligand ruthenocenes, [Ru(�5-C5Ar5)(�5-C5H5)] (Ar = Ph
(152), (p-tol) (153), and Ar5 = Ph4H (154)), and [Ru(�5-C5Ph5)(�5-
C5Me5)] (155), have been prepared and structurally characterized
[23ae]. They are conveniently prepared from the reaction of
[Ru(�5-C5Ar5)(CO)2Br] (Ar = Ph, 130) with MC5R5, to give the �1-
cyclopentadienyl species, [Ru(�5-C5Ar5)(CO)2(�1-C5R5)], which
is thermalized to [Ru(�5-C5R5)(�5-C5H5)] (Scheme 58). Alter-
natively, these complexes are available by the reaction of
[Ru(�5-C5R5)(�4-1,5-COD)Cl] with LiC5Ar5 (Scheme 60).

The mixed ligand metallocenes, [Ru(�5-C5Ar5)(�5-C5R5)]
(Ar = Ph, R = H (152); (p-tol) (153); Ar5 = Ph4H (154); Ar = Ph, R = Me
(155)), in contrast to the apparently irreversible, two-electron
cyclic voltammetric oxidation of ruthenocene, undergo two con-
secutive, one-electron oxidations. The difference in behaviour is
possibly due to the stability of the higher oxidation state when

−
the ruthenium centre is bound to the bulky C5Ar5 ligand, and
the inhibition of formation of bisruthenocene analogues, which
are implicated in the oxidative electrochemistry of ruthenocene
[23ae,129].
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The cyclic voltammetric and non-linear optical properties
f the alkenyl complexes, [Ru(�5-C5Ph5)(CO)2{(Z)-HC CHR}]
R = Ph (156), 4-C6H4NO2 (157)) and [Ru(�5-C5Ph5)(CO){(Z)-
C CH(4-C6H4NO2)}PMe2Ph] (158) have been examined [147].
he yellow-green complexes [Ru(�5-C5Ph5)(CO)2{(Z)-HC CHPh}]
156), and [Ru(�5-C5Ph5)(CO)2{(Z)-HC CH(4-C6H4NO2)}] (157),
ere prepared in 30% yield by treatment of either H2C CHPh

r H2C CH(4-C6H4NO2) with the (unisolated) intermediate
roduct of the reaction between [Ru(�5-C5Ph5)(CO)2Br] (130)
nd NaBH4, which is presumably a metal hydride. Further reac-
ion of [Ru(�5-C5Ph5)(CO)2{(Z)-HC CH(4-C6H4NO2)}] (157)
ith PMe2Ph and Me3NO gives orange [Ru(�5-C5Ph5)(CO){(Z)-
C CH(4-C6H4NO2)}PMe2Ph] (158) in 64% yield. Compounds

Ru(�5-C5Ph5)(CO)2{(Z)-HC CHR}] (R = Ph (156) (Fig. 43),
= 4-C6H4NO2 (157) (Fig. 42)) have typical “piano-stool” struc-
ures; the Ru-(C5-ring centroid) distance is 1.93(5) Å in both
nstances. However, inclusion of an electron-withdrawing
itro group in 157 results in a marked shortening of the
u–CO distance that is approximately normal to the vinyl
roup (1.786(13) Å vs. 1.864(14) Å for the remaining carbonyl).
8.

The reversible oxidation of [Ru(�5-C5Ph5)(CO){(Z)-HC CH(4-
C6H4NO2)}PMe2Ph] (158) contrasts with the irreversible
oxidations at more positive potentials of the dicarbonyls
156 and 157. A large quadratic non-linearity is observed
for [Ru(�5-C5Ph5)(CO){(Z)-HC CH(4-C6H4NO2)}PMe2Ph]
(158), significantly greater than those observed for 156 and
157.

A similar reaction between [Ru(�5-C5Ph5)(CO)2Br] (130),
NaBH4, and phenyl acetylene, gave [Ru(�5-C5Ph5)(CO)2C CPh]
(159), which was structurally characterized (Fig. 44) [148].

The complexes [Ru{�5-C5Ph4(2,5-(MeO)2C6H3)}(CO)2Br] (160)
and [Ru{�5-C5Ph4(2,5-(MeO)2C6H3)}(CO)]2(�-CO)2 (161) have
also been prepared [120].

In contrast to the syntheses of the
pentaphenylcyclopentadienyl-aza-ferrocenes described above,

the ruthenium analogue, [Ru(�5-C5Ph5)(�5-C4H4N)] (162), was
prepared as a tan solid in 45% yield by a variant on the synthesis of
pentaphenylruthenocenes (152–155) (Scheme 61) [144].

Introduction of the sulfoxide by lithiation of the heterocycle
(Scheme 62) gave only one diastereomer. Cleavage of the sulfoxide
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nd trapping of the chiral anion with I2 or paraformaldehyde, pro-

uced the chiral pentaphenylcyclopentadienyl-aza-ruthenocenes,
= I (163), CH2OH (164), with ee values of 99 and 85%, respectively,

he latter attributed to a combination of the steric demands of the
5Ph5

− ligand, and the electrophilicity of the paraformaldehyde
144].

Scheme 6
9.

2.6.3. Osmium complexes

Cyclopentadienyl and substituted cyclopentadienyl complexes

of osmium are relatively rare. Most have been prepared
from Os(II) or Os(IV) precursors, either directly, or prepared
in situ. The first reported osmium pentaphenylcyclopenta-
dienyl complexes were [Os(�5-C5Ph5)(CO)2Br] (29), and the

0.
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ig. 42. Structure of [Ru(�5-C5Ph5)(CO)2{(Z)-HC CH(4-C6H4NO2)}] (157) [147].

elated, [Os{�5-C5Ph4(4-ButC6H4)}(CO)2Br] (165), [Os{�5-C5(p-
ol)5}(CO)2Br] (166) (Scheme 63) and [Os(�5-C5Ph5)(CO)(Br)L]
L = PMe2Ph (167), P(OEt)3 (168), P(OCH2)3CCH3 (169) and C NBut

170)), prepared by Me3NO-mediated CO substitution of the dicar-
onyl (Scheme 64). The archetypal [Os(�5-C5Ph5)(CO)2Br] (29)
as obtained in 65% yield as an air-stable, pale yellow solid

rom the formal oxidative addition of C5Ph5Br (3) to Os3(CO)12
n chlorobenzene at reflux [23af]. The use of chlorobenzene as
olvent is crucial in that the reaction in toluene leads to low
ields and a novel reaction between the ligand (or a radical
enerated in situ) and the solvent, to generate 1-benzyl-1,2,3,4,5-

entaphenylcyclopenta-2,4-diene (27) (vide supra, Section 1.1.3.7).

As does the isostructural [M(�5-C5Ph5)(CO)2Br] (M = Fe (99),
u (130)), [Os(�5-C5Ph5)(CO)2Br] (29) crystallizes as discrete
olecules (Fig. 45) with a planar C5 ring, a “paddle-wheel” configu-

Scheme 6

Scheme 6
Fig. 43. Structure of [Ru(�5-C5Ph5)(CO)2{(Z)–HC CHPh)] (156) [147].

ration of the phenyl groups, and no unusually close intermolecular
contacts; the Os-(C5-ring centroid) distance is 1.90(5) Å.

A small amount of [Os(�5-C5Ph5)(CO)2H] (171) was obtained
from the synthesis of [Os(�5-C5Ph5)(CO)2Br] (29). White crystals
of the hydride were produced in 69% yield from the reaction of
[Os(�5-C5Ph5)(CO)2Br] (29) with NaBH4, or from the synthesis of,
e.g., [Os(�5-C5Ph5)(CO)2Bu] (172). The metal hydride reacts with
CHX3, to give [Os(�5-C5Ph5)(CO)2X] (X = Cl (173), Br (29), I (174),
Scheme 65).

2.7. Complexes of Group 9

2.7.1. Cobalt complexes
By comparison with that of iron, the penta-arylcyclopentadienyl
chemistry of cobalt is relatively unexplored. Diamagnetic, crys-
talline [Co(C5Ph5)(CO)2] (106), the first C5Ph5

− complex of cobalt,
was reported briefly in 1983 [45a,105], and in more detail by sev-
eral groups in 1986 [23e,27b,87a,149]. It is described variously as

1.

2.
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Fig. 44. Structure of [Ru(�5-C5Ph5)(CO)2C CPh] (159) [148].

Scheme 63.
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Fig. 45. Structure of [Os(�5-C5Ph5)(CO)2Br] (29) [23af].
Scheme 64.
urple [23e],4 orange [45a], or brown [87a], and can be prepared
rom C5Ph5H (1) and [Co2(CO)8] in 9% yield [23e] or, in the pres-
nce of zinc dust, 65% yield [28], or from KCo(CO)4 and C5Ph5Br (3)

4 The crystal used for X-ray diffraction is described as “purple”, but the other
eports describe [Co(C5Ph5)(CO)2] (106) as orange or brown.
Fig. 46. Structure of [Co(C5Ph5)(CO)2] (106) [23e].

in 81% yield [45a,149]. Solid [Co(C5Ph5)(CO)2] (106) decomposes
slowly in air. The solid state structure (Fig. 46) illustrates the com-
mon “paddle-wheel” orientation of the phenyl groups, which are
disposed slightly to the opposite side of the C5 ring from the cobalt
atom, and are canted with respect to this ring at an average angle
of 55.8◦; the Co–(C5-ring centroid) distance is 1.686(6) Å [23e].

[Co(C5Ph5)(CO)2] (106) is oxidized by iodine, to produce
black crystalline [Co(C5Ph5)(CO)I2] (175) in 80% yield. This can
be reduced in turn by [Co(C5H5)2] in the presence of phos-
phites, to generate light brown [Co(C5Ph5)(CO)P(OR)3] in moderate
yield (Scheme 66). Green, crystalline [Co(C5Ph5)(NO)P(OR)3]+

is formed in 80% yield by oxidation of [Co(C5Ph5)(CO)P(OR)3]
with NO+. The nitrosyl cation is reduced by [Co(C5H5)2] to the
metal–metal bonded dimer, [Co(C5Ph5)]2(�-NO)2 (176), which
is obtained in 94% yield as a green-brown solid, which can be
oxidized by [p-N2C6H4F]PF6 in 75% yield to the dimeric cation,
{[Co(C5Ph5)]2(�-NO)2}+ (177), obtainable as a dark green solid
(Scheme 66) [150]. The cyclic voltammetric behaviour of these
compounds is consistent with these chemical electron trans-
fers. Thus, [Co(C5Ph5)(NO)P(OR)3]+ is irreversibly reduced and
[Co(C5Ph5)]2(�-NO)2 (176) undergoes two successive, reversible,
one-electron oxidations (and an irreversible one-electron reduc-
tion). In marked contrast to [Co(C5Ph5)2]+/0 (vide infra), the
replacement of H by Ph on the cyclopentadienyl ring has almost no
effect on the potential of the reversible, formally Co(III/II) couple.

The thermal or photochemical reaction of [Co(C5Ph5)(CO)2]
(106) with PR3 was not observed, even in the presence of Me3NO
[27b]. However, [Co(C5Ph5)(CO)2] (106) reacts photochemically

4
with white phosphorus and [Cr(CO)5(THF)] to form [Co(C5Ph5)(� -
P4{Cr(CO)5}3)] (178) (Scheme 66) [23ab]. The crystal structure
establishes the �4-coordination of the cyclo-P4 ligand to the cobalt
atom and the coordination of each Cr(CO)5 unit to a single phospho-
rus centre (Fig. 47). The angle between the P4 and cyclopentadienyl
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crystalline [Co(C5Ph5)2]BF4 (181) in 92% yield [23w]. The crystal
Fig. 47. Structure of [Co(C5Ph5)(�4-P4{Cr(CO)5}3)] (178) [23ab].

5 planes (9◦) is greater than that with less crowded cyclopenta-
ienyl ligands (e.g., 4◦ in the C5H5 analogue), and by contrast with

ess bulky cyclopentadienyl analogues, which form [Co(C5R5)(�4-
4{Cr(CO)5}4)] through the intermediacy of the bicyclotetraphos-
hane complexes, [Co(C5R5)(CO)(�1:1-P4)){Cr(CO)5}4], the C5Ph5

−

ompound loses Cr(CO)5 units in solution, to form [Co(C5Ph5)(�4-
4{Cr(CO)5}2)] (179).

[Co(C5Ph5)(CO)2] (106) undergoes an electrochemically irre-
ersible oxidation, but is reversibly reduced to the anion,
5.

[Co(C5Ph5)(CO)2]−, at −2.04 V (vs. Fc+/0). The anion is rea-
sonably long-lived (slowly liberating C5Ph5

−) and can be
generated electrolytically or chemically with sodium naph-
thalenide [87a]. This behaviour contrasts significantly with that
of [Co(C5H5)(CO)2], which undergoes a one-electron reduction to
{[Co(C5H5)]2(�-CO)2}−, which reacts readily with electrophiles.
The radical anion, [Co(C5H5)(CO)2]•−, is significantly less stable
than [Co(C5Ph5)(CO)2]•−, the former is only isolated in a frozen
matrix [151]. DFT calculations on [Co(C5Ph5)(CO)2]•− have been
discussed briefly in the context of an extensive evaluation of
the differences between the calculated and observed ESR hyper-
fine coupling constants for the [Co(C5H5)(CO)2]•− anion [152].
The complexes [Co(C5Ph5)(CO)P(OR)3] undergo reversible one-
electron oxidations to the cations, [Co(C5Ph5)(CO)P(OR)3]+ [27b].

Solid, air-stable, insoluble, deep-red decaphenylcobaltocene
(180) is obtained in 39% (or 50%) yield by the reaction of anhy-
drous cobalt(II) bromide and two equivalents of Li(C5Ph5) (28) in
THF (or toluene) at reflux under nitrogen [23z,153]. Alternatively,
activated cobalt can be treated with C5Ph5H (1) [153]. The stabil-
ity of [Co(C5Ph5)2] (180) is in marked contrast to [Co(C5RR′4)2]
(R = H, R′ = H, Ph; R = R′ = Me), which are sensitive to air and mois-
ture. In the absence of structural or solution data, the bis(�5)
sandwich structure can be differentiated from the potential “link-
age isomer” structure, by the presence of infrared absorptions
at 1500, 741, 713 and 699 cm−1, observed in the IR spectra of
[M′(C5Ph5)2] (M′ = Fe (112), Ni (113)), but not in that of the linkage
isomer, [Fe(�5-C5Ph5){(�6-C6H5)(C5Ph4)}] (40). Oxidation with
NOBF4 in methylene chloride produces air-stable, dark orange,
structure (Fig. 48) confirms the decaphenylmetallocene conforma-
tion, expected from the infrared spectroscopic absorptions at 1501,
744, 712, and 699 cm−1 (vide supra), and possesses the familiar S10
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Fig. 48. Structure of [Co(C5Ph5)2]+ as its BF4
− salt (181) [23z].

olecular symmetry [23z]. The Co–(C5-ring centroid) distance of
.750(5) Å is significantly longer than the Fe–(C5-ring centroid) dis-
ance of the isoelectronic [Fe(C H ) ] (1.654 Å) [154], possibly a
5 5 2
onsequence of significant inter-ligand phenyl/phenyl interactions
n the former. Confirmation of this effect is found in the 1.664 Å
o–(C5-ring centroid) distance of [Co(�5-C5Ph5)(�5-C9H7)]BF4
182) and the 11◦ angle between the C5Ph5

− and indenyl planes
Fig. 49. Structure of [Co(�5-C5Ph5)(�5-C9H7)]+ as its BF4
− salt (182) [23ai].

(Fig. 49) [23ai]; the Fe-(C5-ring centroid) distance observed for
d5 [Fe(�5-C5Ph5)2]Br3 (114) (1.807(5) Å) also illustrates the steric
effect [126d]. Decaphenylcobaltocene (180) undergoes a reversible
one-electron oxidation at −0.88 V (vs. Fc+/0), and is therefore
much harder to oxidize than cobaltocene or decamethylcobatocene
(−1.25 V and −1.88 V, respectively, vs. Fc+/0) [108]. An additional
reversible electrode process, formally the [Co(C5Ph5)2]0/− couple,

is observed at −1.74 V (vs. Fc+/0). This can be compared with the
analogous reversible [Co(C5H5)2]0/− couple at −2.19 V (vs. Fc+/0)
(Eq. (14)) [155]. The following reversible electron transfer series is



1774 L.D. Field et al. / Coordination Chemistry Reviews 255 (2011) 1733–1790

eme 67.

t

[

2

h
(
w
a
C
d
[
T
w
(
b
r
w
r

Sch

herefore observed:

Co(�5-C5Ph5)2]
+

181

−880 mV
� [Co(�5-C5Ph5)2]

180

−1740 mV
� [Co(�5-C5Ph5)2]

−

(14)

.7.2. Rhodium complexes
Although decaphenylcyclopentadienyl complexes of rhodium

ave not been reported, orange crystals of [Rh(�5-C5Ph5)(CO)2]
183) are prepared in 13–30% yields by the reaction of C5Ph5

− salts
ith [Rh(CO)2]2(�-Cl2)2 in THF (Scheme 67) [23d,e]. Alternatively,
30% yield is obtained from the reaction of [Rh(CO)]2(�-Cl2)2 with
5Ph5Br (3) and zinc dust in THF. If this latter reaction is con-
ucted in benzene, brick-red crystals of incompletely characterized
Rh(�5-C5Ph5)(CO)2Br][ZnCl3] (184) are isolated in 50% yield [27b].
his salt is converted to [Rh(�5-C5Ph5)(CO)2] (183) by treatment
ith [N(PPh3)2][Mn(CO)5]. The structure of [Rh(�5-C5Ph5)(CO)2]
183) is a typical “two-legged piano stool” (Fig. 50) [23d]. A second,
lue, material was obtained from the MC5Ph5/[Rh(�5-C5Ph5)(CO)2]
eaction [23e]. This is arguably [Rh(�5-C5Ph5)]2(�-CO)2 (185),
hich is also a side product of the C5Ph5Br/[Rh(�5-C5Ph5)(CO)2]/Zn

eaction, but which is best prepared as an impure dark green solid
Fig. 50. Structure of [Rh(�5-C5Ph5)(CO)2] (hydrogen atoms omitted) (183) [23d].

(in 19% yield) by cobaltocene reduction of [Rh(�5-C5Ph5)(CO)I2]

((186), prepared in 85% yield as a black crystalline solid by the
oxidation of [Rh(�5-C5Ph5)(CO)2] (183) with I2 in hexane/toluene)
[27b].

The complex, [Rh(�5-C5Ph5)(CO)2] (183), undergoes two
irreversible, one-electron oxidations [27b]. In the presence
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Fig. 51. Structure of the [Rh{�5-C5(p-tol)5}(N CMe)3]+ (188) cation [23ai].

f phosphine or phosphite ligands, L, the radical cations,
Rh(�5-C5Ph5)(CO)L]•+, are generated, and undergo reversible,
ne-electron reductions to [Rh(�5-C5Ph5)(CO)L], which can be
repared from the dicarbonyl by an oxidative substitution, cat-
lyzed by the Fc+/0 couple (Scheme 67). The radical cations,
Rh(�5-C5Ph5)(CO)L]•+, were studied in situ, and are significantly

ore stable than their C5R5
− (R = H, Me) analogues. The anal-

gous nitrosyl radical cations, [Rh(�5-C5Ph5)(NO)L]•+, can be
solated in ∼90% yield as their red PF6

− salts (Scheme 67),
hich undergo reversible, one-electron reductions or chemical

eduction to [Rh(�5-C5Ph5)(NO)L] [150]. One-electron reduction,
ither chemically or electrochemically, of the “parent”, [Rh(�5-
5Ph5)(CO)2] (183), yields anion radicals, [Rh(�5-C5Ph5)(CO)2]•−,
hich are also of considerably greater stability than their C5R5

−

R = H, Me) analogues [27b].
Yellow crystals of the useful synthetic intermediates, [Rh(�5-

5Ar5)(N CMe)3]+ (Ar = Ph (187), p-tol (188)) have been prepared
n 80–90% yield by the reactions of Ag+ with [Rh(�5-C5Ar5)(CO)I2]
186) (90% yield) or [Rh(�5-C5Ph5)Br2]2 (189) in acetonitrile
Scheme 68) [23ai].

5 +
Crystalline [Rh(� -C5Ar5)(N CMe)3] has the typical “three-
egged piano stool” structure, with the phenyl rings canted in a
ropeller fashion around the C5 ring (Fig. 51) [23ai].

Reaction of the [Rh(�5-C5Ar5)(N CMe)3]+ complexes with
5R5

− salts generates salts of the metallocenium cations, [Rh(�5-

Scheme 6
Scheme 69.

C5Ar5)(�5-C5R5)]+ (Ar = Ph, p-tol; R = H, Me) in high yield as white
solids [23ai].

The rhodium cyclo-octadiene complexes, orange-yellow
[Rh(�5-C5Ph5)(�4-1,5-C8H12)] (190), and orange [Rh(�5-
C5Ph5)(�4-1,3-C8H12)] (191, a rare example of Rh-ligated 1,3-COD)
were prepared in 71% yield as a 1:4 mixture from the reaction
of [Rh(�5-C5Ph5)Br2]2 (189) with 1,5-C8H12 and base at room
temperature (Scheme 69); they can be separated by fractional
crystallization. Alternatively, the reaction of C5Ph5H (1) with
[Rh(1,5-COD)]2(�-Cl)2 gives [Rh(�5-C5Ph5)(�4-1,5-C8H12)] (190)
exclusively in 8.5% yield [22,87c].

The two compounds exist as discrete molecules with the typ-
ical “propeller” orientation of the phenyl groups (191, Fig. 52,
Rh–(C5-ring centroid) = 1.894(5) Å, and 190, Fig. 53, Rh–(C5-ring
centroid) = 1.928(5) Å) [22]. The series supports oxidation states of
Rh(0), (I), (II) and (III).

[Rh(�5-C5Ph5)(�4-1,5-C8H12)] (190) undergoes two reversible
one-electron oxidations at +0.09 V and +0.72 V (vs. Fc+/0). The iso-
meric [Rh(�5-C5Ph5)(�4-1,3-C8H12)] (191), is easier to oxidize, and
undergoes two reversible one-electron oxidations at −0.01 V and

+0.25 V (vs. Fc+/0). The thermodynamic stabilization of the higher
oxidation state complexes of the1,3-COD isomer is attributed to the
formation of an agostic Rh–(C–H) interaction that is facilitated in
the higher oxidation states both by the depopulation of the metal

8.
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Fig. 52. Structure of [Rh(�5-C5Ph5)(�4-1,3-C8H12)] (191) [22].
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TlC5H5 [149]. The half-sandwich, [Ni(C5Ph5)(CO)Br] (194), is
prepared by the reaction of nickel tetracarbonyl with 5-bromo-
1,2,3,4,5-pentaphenylcyclopenta-1,3-diene (3) [149]. It reacts with
Fig. 53. Structure of [Rh(�5-C5Ph5)(�4-1,5-C8H12)] (190) [22].

cceptor orbital, and by the orientation of the C(5)–H ring hydro-
en at a distance suitable for M–H agostic interaction; there is no
quivalent orientation in the 1,5-COD isomer. Both compounds are
educed (at −3.17 V and −3.08 V, respectively), to unstable anions
hat lose C5Ph5

− upon reduction.
The 17-electron species, purple [Rh(�5-C5Ph5)(�4-1,5-

8H12)]•+, and green [Rh(�5-C5Ph5)(1,3-�4-C8H12)]•+, and the
6-electron dications, green [Rh(�5-C5Ph5)(�4-1,5-C8H12)]2+ and
Rh(�5-C5Ph5)(�4-1,3-C8H12)]2+, were prepared by bulk electrol-
sis or chemical oxidation, and, although sufficiently stable for
V-spectroscopic and ESR experiments, were not isolated. The
ery considerable kinetic stabilization of the oxidized products
y comparison with less highly substituted cyclopentadienyl
nalogues was attributed to the steric influence of the C5Ph5

−

igands.
The coordinated COD ligand isomerizes from the 1,3- to the 1,5-

somer in the higher oxidation states (Scheme 70).

.7.3. Iridium complexes
No iridium penta-arylcyclopentadienyl complexes have been
eported.
Scheme 70.

2.8. Complexes of Group 10

2.8.1. Nickel complexes
Air-stable, brown, decaphenylnickelocene (113) was

first prepared in 85% yield by reaction of the 1,2,3,4,5-
pentaphenylcyclopentadienyl radical (4) with [Ni(COD)2] [156].
It can also be conveniently prepared in 40% yield by treatment of
[Ni(CO)2(PPh3)2] with 5-bromo-1,2,3,4,5-pentaphenylcyclopenta-
1,3-diene (3) in THF in the presence of zinc dust [23w,126d].
The apparent diamagnetism of the nickel complex [156], which
contrasts with the paramagnetism of nickelocene [157], is a
consequence of the large diamagnetic correction of the ligands
[23w]. Black-purple crystals of the decaphenylnickelocenium
cation, [Ni(�5-C5Ph5)2]+ (192), are produced in 87 or 79% yield,
by oxidation of decaphenylnickelocene (113) with bromine or
NOBF4, respectively. The air-stability of salts of the [Ni(C5Ph5)2]+

cation again contrasts markedly with the sensitivity and reactivity
of [Ni(�5-C5H5)2] or [Ni(�5-C5Ph4H)2]. In the solid state, the
[Ni(C5Ph5)2]+ cation displays the typical S10 molecular geometry,
with “paddle-wheel” configuration of the phenyl rings, where the
phenyl rings are canted at an average of 48.6◦ with respect to the
C5 rings (Fig. 54). The Ni–(C5-ring centroid) distance is 1.836(8) Å
[23w].

In THF, [Ni(C5Ph5)2]+ (192) undergoes two electrochemically
near reversible, one-electron transfers at +0.45 and −0.08 V (vs.
Fc+/0), assigned to the [Ni(C5Ph5)2]2+/+ and [Ni(C5Ph5)2]+/0 pro-
cesses, respectively. These values compare with +0.36 and −0.44 V
vs. Fc+/0 for [Ni(C5H5)2] in THF [158], suggesting that the C5Ph5

−

ligand stabilizes lower oxidation states better than does the C5H5
−

ligand. The [Ni(C5Ph5)2]+ cation is readily reduced to decaphenyl-
nickelocene (113) with magnesium [23w].

Pentaphenylcyclopentadienylnickelocene (193) can be pre-
pared in 88% yield by reaction of [Ni(C5Ph5)(CO)Br] (194) with
NaI to give [Ni(C5Ph5)(CO)I] (195) in 83% yield [149], or with
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Scheme 71.

Scheme 72.

Scheme 7

T
[

p
b
[

Na[Co(C5H5){OP(OR)2}3] (R = Me, Et, Pr) in methylene chlo-
Fig. 54. Structure of [Ni(C5Ph5)2]+ (192) cation [23w].

lBF4 in acetonitrile to produce the dark red acetonitrile cation,
Ni(C5Ph5)(N CMe)2]+ (Scheme 71).
In turn, this reacts with thiuram disulfide or monosulfide to
roduce black crystals of the formally 17-electron, Ni(III) dithiocar-
amate complex, [Ni(C5Ph5)(S2CNR2)]+ in 50% yield (Scheme 72)
23i].
3.

The red Ni(II) dithiocarbamate, [Ni(C5Ph5)(S2CNR2)], is pro-
duced by reaction of [Ni(�5-C5Ph5)(CO)Br] (194) with NaS2CNR2
[23i]. The Ni(II) and Ni(III) dithiocarbamate complexes can be
quantitatively interconverted by reaction with [Fe(�5-C5H5)2]+ or
(Me2N)2C C(NMe2)2, respectively, consistent with the observa-
tion of a reversible, formally NiIII/II one-electron transfer process
at +0.265 V vs. SCE. A reversible, one-electron, NiII/I electron trans-
fer is also observed at −1.43 V vs. SCE, although the formally Ni(I)
species has not been isolated.

Reaction of a suspension of [Ni(�5-C5Ph5)(CO)Br] (194) and
AgClO4 in methylene chloride in an ultrasonic bath in an inert atmo-
sphere produces “especially reactive”, red [Ni(�5-C5Ph5)(CO)]ClO4
(196) in 92% yield [23m]. The shift in the �CO absorption of [Ni(�5-
C5Ph5)(CO)Br] (194) from 2070 to 2083 cm−1 provides a convenient
means to monitor the reaction. The infrared absorptions at 1599
and 1443 cm−1, typical of an �5-bound C5Ph5 ligand, are observable
in the product, which is soluble in methylene chloride, insoluble in
hexanes, and reacts with donors such as diethyl ether or THF (Eq.
(15)):

[Ni(C5Ph5)(CO)Br]
194

+ Ag+CH2Cl2/N2−→ [Ni(C5Ph5)(CO)]+
196

+ AgBr ↓ (15)

[Ni(�5-C5Ph5)(CO)]ClO4 (196) reacts with
ride to generate formally 20-electron, paramagnetic, air-stable,
yellow crystals of [Ni(C5Ph5){OP(OR)2}3Co(C5H5)] (5) in ca.
70–80% yield. Solid [Ni(C5Ph5){OP(OMe)2}3Co(C5H5)] (5)
has two unpaired electrons, consistent with the pseudo-
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ctahedral nickel centre established crystallographically
Fig. 55).

The synthesis of [Ni(�4-C4Ph4)Ni(�5-C5Ph5)](�-C3Ph3) (33) by
eaction of [(C4Ph4)AlPh]2−Li2, Al(C4Ph4)Ph, and NiBr2 (Scheme 73)
as discussed earlier [23b].

198

Ph2P O

R

Ni
PhPh

Ph

Ph

Ph
Complexes of the type [Ni(�5-C5Ph5)(�3-allyl)] and [Ni(�5-
5Ph5)(�2-H2C CH2)Me] (197) have been reported [159]. The
lefin complex (197) is more thermally and kinetically stable than
s the C5H5

− analogue.

ig. 55. Structure of one molecule of [Ni(C5Ph5){OP(OMe)2}3Co(C5H5)] (5) [23m].
Reviews 255 (2011) 1733–1790

The dark red/red-purple complexes, 198, 199, 200, and
201, as shown, were prepared in 70–80% yield by the reac-
tions of [Ni(�5-C5Ph5)(CO)Br] (194) with Ph2PCH2C( O)R
in the presence of 1,8-bis(dimethylamino)naphthalene, or
with Na{Ph2PC C(O)N(Ph)N C(Me)}under argon [23q,u].

Fe

Ph2P O

Ni
PhPh

Ph

Ph

Ph PPh2
O

Ni

Ph

Ph
Ph

PhPh

Ph2P

O
Ni

Ph

Ph
Ph

Ph Ph

199 200
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Ph2P O

Ni
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Ph
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N
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When activated with NaBH4, 199 proved to be an effec-
tive olefin polymerization and oligomerization catalyst [160]. At
130 ◦C and 38 bar ethylene pressure, 40% of the olefin conver-
sion was to polyethylene, with the remaining 60% of the substrate
oligomerized with 98% selectivity to linear �-olefins. The aver-
age turnover frequency was 13 mol of ethylene per mole of
catalyst per minute. Under similar conditions, with 201 as the
catalyst precursor, 91% of the ethylene was oligomerized, mainly
to linear olefins, of which 87% were ˛-olefins (turnover fre-
quency 32 mole of ethylene per mole of catalyst per minute)
[23u]. By comparison, the cyclopentadienyl analogue was active
as a polymerization catalyst [23q]. Black-red crystals of the pro-
tonated derivative, [Ni(C5Ph5){Ph2PCH2C( O)}{Fe(�5-C5H4)(�5-
C5H5)}]BF4 (202), were structurally characterized (Fig. 56,
Ni–(C5-ring centroid) = 1.770(1) Å), as were crystals of Ni(�5-
C5Ph5) pyrazololato derivative (201) (Fig. 57) [23u].

In both compounds, the C5Ph5
− and O, Ni, P planes are approxi-

mately perpendicular. Although the typical propeller arrangement
of the five phenyl rings was observed in both cases, one Ni–C dis-
tance is significantly shorter than the others. The shortening of this
bond was attributed to the influence of the chelating oxygen atom,
which is trans to that carbon atom. The bonding of the ligand to
the nickel is described as a �, �4 diene-alkyl bonding mode [23q],
although the authors comment that an allyl-ene mode cannot be
discounted [23u].

The nickel complexes, 198 and 199, both undergo a quasi-
reversible, apparently one-electron reduction at ca. −1.8 V (vs.
Fc+/0) [86]. They also undergo electrochemically quasi-reversible,
one-electron oxidations at +0.02 and +0.18 V, respectively, assigned
to the formation of a cationic Ni(III) radical [23q,86]. An addi-
tional, quasi-reversible, one-electron oxidation at−0.04 V (vs. Fc+/0)

for [Ni(C5Ph5){Ph2PCH C(O)}{Fe(�5-C5H4)(�5-C5H5)}] (199) is
attributed to electron transfer at the ferrocenyl substituent. This
process is followed by an intramolecular electron transfer, to
generate a Ni(III) species. The radical that derives from 198,
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Fig. 56. Structure of the cation of [Ni(�5-C5Ph5){Ph2PCH2C( O)}{Fe(�5-C5H4)(�5-
C5H5)}]BF4 (202) [23q].

[
b
f
r

(
c
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L = Me2CO, L = phen; L = N CMe, L = PPh3) in 40–85%
yield, presumably with the intermediacy of solvato species,

+

Fig. 57. Structure of the Ni(�5-C5Ph5) pyrazololato derivative (201) [23u].

Ni(C5Ph5){Ph2PCH C(O)Ph}]•+, is stable for at least 6 h in solution,
ut both radicals react irreversibly by means of electron transfer
rom the electron-rich enolate oxygen, to generate a cationic Ni(II)
adical. Attempted chemical oxidation of 199 produces 202 [23q].

In a variant of this synthesis, reaction of [Ni(C5Ph5)(CO)X] (X = Br
194), I (195)) with the ylide, Ph3P CHC(O)CH2PPh2, produces red
rystals of [Ni(C5Ph5)(Ph2PCH2C(O)CH PPh3)]X in 71% (X = I (203))
nd 85% (X = Br, (204)) yield [161].

Ph

Ph
Ph

Ph

Ph

O

Ph2
P

Ni

PPh3

+ -X
X = I, 203
X = Br, 204
Fig. 58. Structure of the cation of {[Pd2(C5Ph5)(bipy)P(OPh)3](�–PhC CPh)}(PF6)
(206) (hydrogen atoms omitted) [23k].

2.8.2. Palladium complexes
The first palladium pentaphenylcyclopentadienyl compound

reported was [Pd(C5Ph5)]2(�-PhC CPh) (31), isolated in 33% yield
(from starting palladium) as a dark green, diamagnetic solid from
the reaction of PhC CPh with [Pd(OAc)2]3 in methanol (Section
1.1.3.7) [9,23a,162]. Although the structure has been determined,
the structural parameters are unavailable. The Pd–Pd distance is
2.639 Å and the C–C distance of the bridging acetylene is 1.33 Å,
with the Pd–(C5 carbon) distances in the range, 2.27–2.46 Å. The
complex, an example of the rare Pd(I) oxidation state, under-
goes three reversible, one-electron redox processes in methylene
chloride at −1.55, +0.09 and +0.70 V (vs. Fc+/0) [27a,28,163], corre-
sponding to the electron-transfer series (Eq. (16)):

[Pd2]−
−1550 mV

� [Pd2]
+90 mV

� [Pd2]+
+700 mV

� [Pd2]2+ (16)

The reduction to the monoanion is followed by a slow chemical
reaction, to generate the C5Ph5

− anion which was identified by
ESR experiments and by observation of the reversible C5Ph5

0/−

couple at −0.73 V (vs. Fc+/0). The monocation is more stable in
THF. The dication, although stable on the cyclic voltammetric
time-scale, decomposes on the coulometric time-scale. Chemical
oxidation of neutral [Pd(C5Ph5)]2(�-PhC CPh) (31) by AgPF6
in toluene yields dark green-black, air-stable crystals of para-
magnetic {[Pd(C5Ph5)]2(�-PhC CPh)}PF6 (205) in 54% yield
[27a,28]. The frozen-solution ESR spectrum exhibits a single line
at g = 2.044. Although neutral [Pd(C5Ph5)]2(�-PhC CPh)• is unre-
active, the daughter cation, {[Pd(C5Ph5)]2(�-PhC CPh)}+ (205),
undergoes a series of solvent-dependent reactions. In methylene
chloride it forms green Pd(II) cleavage products, [Pd(C5Ph5)L2]+

(L2 = dppe, �4-COD, �4-COT, �4-dibenzocyclo-octatetraene, �4-
norbornadiene), in 27–90% yield [27a,28,87b,163,164], and,
in donor solvents, purple to dark violet, asymmetric, binu-
clear cations, {[Pd2(C5Ph5)(L1)(L2)](�-PhC CPh)}+ (L1 = Me2CO,
PPh3, P(OPh)3, L2 = bipy; L1 = Me2CO, PPh3, L2 = Me2bipy;

1 2 1 2
{[Pd2(solvent)3(C5Ph5)2](�-PhC CPh)} [23k]. The structures of
{[Pd2(C5Ph5)(bipy)P(OPh)3](�-PhC CPh)}(PF6) ((206), Fig. 58) and
{[Pd2(C5Ph5)bipy](�-PhC CPh)}{[Pd2(C5Ph5)(N CMe)bipy](�-
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ig. 59. Structure of the {[Pd2(C5Ph5)bipy](�-PhC CPh)}+ cation of 207 [23k].

hC CPh)}(PF6)2 ((207), Figs. 59 and 60) have been determined.
he phenyl rings adopt the usual propeller arrangement, and
re unexceptional, other than for the one phenyl ring of the
[Pd2(C5Ph5)bipy](�-PhC CPh)}+ cation that is almost perpendic-
lar to the C5 ring, possibly to avoid a steric clash with the bipy

igand on the other palladium atom. There is some suggestion that
he C5Ph5

− ligand may be bound in an “allyl-ene” fashion in this
ation, and that the Pd–Pd interaction consists of a single bond
oining a 16 valence electron Pd atom to an 18-electron Pd atom.

The cleavage reaction of the cation in poorly coordinating sol-
ents has the following stoichiometry (Eq. (17)), in which half an
quivalent of the starting neutral dimer is regenerated:

{[Pd(C5Ph5)]2(�− PhC ≡ CPh)}+ + 4L→ 2[Pd(C5Ph5)L2]+

+ [Pd(C5Ph5)]2(�− PhC ≡ CPh)+ PhC ≡ CPh (17)
The mononuclear cations, [Pd(C5Ph5)L2]+, undergo electro-
hemically reversible, one-electron oxidations and reductions
ca. −0.8 V vs. Fc+/0), to generate novel Pd(III) and Pd(I) *�-

ig. 60. Structure of the {[Pd2(C5Ph5)(N CMe)bipy](�-PhC CPh)}+ cation of 207
23k].
Reviews 255 (2011) 1733–1790

complexes [27a,163]. The mononuclear Pd(I) species contrast
with the more typical binuclear Pd(I) compounds, and have
been prepared coulometrically. Quantitative, coulometric reduc-
tion of [Pd(C5Ph5)COD]+ generated the neutral, formally univalent,
[Pd(C5Ph5)COD] (208), which was characterized in solution as
a red-orange species with a solution ESR spectroscopic absorp-
tion at g = 2.0706 (〈a〉Pd 25 G) [27a,87b]. Frozen solution spectra
of [Pd(C5Ph5)(�4-C16H12)] (209) allow the assignment of the
anisotropic ESR parameters, and argue that the coordinated diene
has a significant amount of radical character, with the SOMO
assigned 70% metal character [163,164]. Although the complexes,
[Pd(C5Ph5)diene], have significant stability in solution, once gen-
erated, their isolation was difficult as they undergo rapid radical
reactions with H, OH and OR donors, which add to one of the coordi-
nated double bonds, to generate diamagnetic [Pd(C5Ph5)(�, �-L2)]
complexes (e.g., Scheme 74) [87b].

The stability of the Pd(I) �-complexes is in marked con-
trast to the cyclopentadienyl analogues, a reflection of both the
stabilization of lower oxidation states as a consequence of the
electron-withdrawing effects of the phenyl substituents, and the
greater kinetic stability of the �-complexes of the C5Ph5

− ligand;
this effect is also manifest for the Pd(III) species. The cyclo-
octatetraene ligand in the complexes, [Pd(C5Ph5)COT]+/0, was
determined to be in the 1,5-(tub-like) conformation in both oxi-
dation states [163].

Reaction of the cleavage product, [Pd(C5Ph5)COD]BF4 (210),
with tri(1-cyclohepta-2,4,6-trienyl)phosphine, P(C7H7)3, in
methylene chloride at reflux, generates [Pd(C5Ph5){P(C7H7)2(�2-
C7H7)}]BF4 (211) as a diamagnetic, dark-green powder in 74%
yield [165].

Pd
PhPh

Ph

Ph

Ph

+

(C7H7)2P

211
A range of Pd-allyl monomeric derivatives, [Pd(C5Ph5)(�3-

allyl)], was obtained in∼80% yield, generally reported as red-purple
crystalline solids, by the reaction of [Pd(�3-allyl)]2(�-Cl)2 with
NaC5Ph5 (39) in THF [166]. The proximity of the C5Ph5

− phenyl
groups results in a deshielding and shielding of the 1H NMR
resonances of the allyl anti and syn protons, respectively. In
general, the complexes, [Pd(C5Ph5)(�3-allyl)], react with excess of
the Lewis base, P(OPh)3, to yield coupled products, C5Ph5(allyl),
and PdL4. However, [Pd(C5Ph5)(�3-Me2CCHCH2)] (212) pro-
duces isoprene and C5Ph5H (1) as the organic products, and
[Pd(C5Ph5)(�3-2-ClC3H4)] (213) reacts with P(OPh)3, to pro-
duce allene and [Pd(C5Ph5)(Cl)P(OPh)3] (214). Thermolysis of
[Pd(C5Ph5)(�3-2-ClC3H4)] (213) either in the solid state or in
chloroform at reflux, or reaction of [PdCl2(CNR)2] with NaC5Ph5
(39) in THF afforded the first example of a halo-bridged palladium
cyclopentadienyl complex, [Pd(C5Ph5)]2(�-Cl)2 (215), which
reacts reversibly with �-acid ligands, CO, H2C CH2, and allene
to form kinetically labile green mono-adducts, [Pd(C5Ph5)(�-
acid)Cl], identified spectroscopically in solution. Reduction of the
chloro-bridged dimer in the presence of CO or acetylenes gives the
Pd(I) dimers, [Pd(C5Ph5)]2(�-CO)2 (216) and [Pd(C5Ph5)]2(�-
RC CR), respectively. These reactions are summarized in

Scheme 75.

The reactions of Li[C5Ph5−nHn] with [PdCl2(C NAr)2] (Ar = 2,6-
Me2C6H3; 2,4,6-Me3C6H2, 2,4,6-Bu3

tC6H2) illustrate the effects
of varying the number of phenyl substituents on the cyclopen-
tadienyl ring [23t]. With Li[C9H7] as the reagent, mixed yields
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f dark red syn-[Pd(C NAr)]2(�-�3-C9H7)2 are obtained [167],
nd likewise the use of K[C5Ph3H2] resulted in a 25–55% yield
f [Pd(C NAr)]2(�-�3-C5H3Ph3)2, in which �3-bound cyclopen-
adienyl ligands bridge the palladium–palladium bond in a syn
ashion, similar to the configuration observed in [Pd(PEt3)]2(�-
3-C5H5)2 [168]. Use of the bulkier C5Ph5

− and C5Ph4H− ligands,
5
owever, results in the formation of violet crystals of [Pd(� -

5Ph5−nHn)]2(�-C NRAr)2 in 51 (n = 0) and 21 (n = 1)% yields. The
ower yield of the tetraphenylcyclopentadienyl compound is due
n part to its decomposition to a 22% yield of the ketenimine,
h4C4C C NR (217).

Scheme 7
4.

Ph

Ph
Ph

Ph

C N
Ar

217

Purple [Pd(�5-C5Ph5){�3-CH2C(CH2Cl)CH2}] (218) can be pre-

pared in 77% yield from [Pd{�3-CH2C(CH2Cl)CH2}Cl]2 and LiC5Ph5
(28) [23ag]. It reacts with the sulfinate anion, PhSO2

−, to give
a near quantitative yield of purple crystals of the O-alkylated,
[Pd(�5-C5Ph5){�3-CH2C(CH2OS( O)Ph)CH2}] (219) exclusively,

5.
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hich was structurally characterized (Fig. 61) as a pair of enan-
iomers, which arise as a consequence of the configuration of
he unbound oxygen atom. When this material is warmed in a
olar solvent, or eluted over alumina, partial conversion to purple
rystals of [Pd(�5-C5Ph5){�3-CH2C(CH2C5Ph5)CH2}] (220), and the
-alkylated, [Pd(�5-C5Ph5){�3-CH2C(CH2S( O)2Ph)CH2}] (221)
esults. The latter can also be prepared by treatment of [Pd{�3-
H2C(CH2S( O)2Ph)CH2}]2(�-Cl)2 with C5Ph5

− (Scheme 76).
Univalent palladium C5Ph5

− complexes, such as [Pd(�5-
5Ph5)]2(�-PhC CPh) (31), have also been recognized as important
asoline and diesel fuel additives [169].
.8.3. Platinum complexes
Tetrameric [Pt(�3-allyl)Cl]4, reacts with NaC5Ph5 (39) in THF to

ive [Pt(�5-C5Ph5)(�3-allyl)] as an orange solid in 20% yield [166].

ig. 61. Structure of [Pd(�5-C5Ph5){�3-CH2C(CH2OS( O)Ph)CH2}] (219) [23ag].
6.

2.9. Complexes of Group 11

2.9.1. Copper complexes
Colourless needles of the first copper pentaphenylcyclopentadi-

enyl complex, [Cu(�5-C5Ph5)PPh3] (222) are prepared in 40% yield
(Scheme 77) by the reaction of [CuCl(PPh3)]4 with NaC5Ph5 (39)
[23ad].

[Cu(�5-C5Ph5)PPh3] (222), which is somewhat air sensitive
in solution, but stable in air for several days, is a rare example
of a structurally characterized, �-bound copper cyclopentadienyl
derivative. The molecule is chiral, because of the canted orientation
of the phenyl groups, and has a near linear P–Cu–(C5-ring centroid)
vector (Fig. 62); the Cu–(C5-ring centroid) distance is 1.876(5) Å.
The spectroscopic data are unremarkable, except that the 31P NMR
resonance is unusually far downfield from free PPh3 (28.8 ppm,
rather than the more common∼15 ppm) for a Cu(I)(PPh3) complex,
an effect attributed to the influence of the C5Ph5

− phenyl rings.
White crystals of the triethylphosphine analogue (223) can be pre-
pared similarly from NaC5Ph5 (39) and [CuCl(PEt3)]4 in 44% yield,

and are less thermally and air-stable than the PPh3 complex [170].
The 31P NMR resonance of 226 is observed as a broad singlet at ı
11.8 ppm.

Scheme 77.
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inter- as well as intramolecular [41]. The short distances observed,
which are well within the sum of the van der Waals radii for C
and H (2.90 Å), have been interpreted in terms of a non-classical
ortho-C–H· · ·C(�) interaction [38b,41,43,101], that adds to the sta-
Fig. 62. Structure of [Cu(�5-C5Ph5)PPh3] (222) [23ad].

.9.2. Silver complexes
The only reported silver complex is [Ag(C5Ph5)PR3] (224), which

s prepared as an impure, purple solid from NaC5Ph5 (39) and
AgCl(PR3)]4 in THF under argon at 0 ◦C [170]. The purple coloura-
ion indicates that the presence of the C5Ph5

• radical (4) in the
mpure solid is likely.

.10. Lanthanide and Group 3 metal complexes

Whilst the utility of suitably modified cyclopentadienyl lig-
nds with the chemistry of Group 3 and f-element metals is
ell-established [171], the solubility of complexes incorporat-

ng the C5Ph5
− ligand has left the application of this ligand

o f-element metal chemistry underdeveloped. The reactions of
aC5Ph5 (39) with LuCl3 in the molar ratios 1:1 and 2:1 are claimed

o produce [Lu(C5Ph5)Cl2(THF)n] (225) or [Lu(C5Ph5)2Cl] (226),
espectively [10a]. [Pr(C8H8)(THF)2]2(�-Cl)2 reacts with NaC5Ph5
39) to produce a 27% yield of yellow crystals of the Pr(III) complex,
Pr(C5Ph5)(C8H8)] (227) [172].

The first structurally characterized lanthanoid complex of
5Ph5

− is red, crystalline, binuclear [Yb(�5-C5Ph5)(THF)]2(�-
CPh)2 (228, Fig. 63), which is produced in 70% yield from the

eaction of ytterbium metal with PhHgC CPh and C5Ph5H (1) in
HF [173].

The C5Ph5
− ligand is unremarkable, and presents all cyclopen-

adienyl carbon atoms equidistant from the ytterbium with the
sual propeller orientation of the phenyl substituents. The Yb–(C5-
ing centroid) distance is 2.440(3) Å, and the symmetry-related Yb
entres are separated by 3.606(1) Å.

The reaction of excess ytterbium metal with two equiva-
ents of C5Ph5H (1) and one equivalent of HgPh2 gives a green
olid, which, when recrystallized from THF, yields green crys-
als of “Yb(C5Ph5)2(THF)6”. These were structurally characterized
s [Yb(THF)6][C5Ph5]2 (7), containing isolated C5Ph5

− anions and
Yb(THF)6]2+ cations. The solvent-free, homoleptic, sandwich com-
ound, [Yb(�5-C5Ph5)2] (229), can be accessed in low yield by the
eaction between equimolar amounts of [Yb(C CBut)2] and C5Ph5H

◦
1) in toluene at 60 C (Fig. 64) [38b].
The Yb–(C5-ring centroid) distance of the sandwich compound

29 is 2.371(4) Å. This is slightly shorter than the correspond-
ng distance in half-sandwich 228 (2.440(3) Å), and the decrease
s typical for a sandwich compound in relation to a comparable
Fig. 63. Structure of [Yb(�5-C5Ph5)(THF)]2(�-C CPh)2 (228) [38b].

half-sandwich, which has a greater degree of coordination around
the metal nucleus [23g]. Of particular note in the structure of 229
are the relatively short distances (2.79 Å average) between the
ortho-C–H of the phenyl substituents and the ortho-C of the phenyl
group attached to the adjoining carbocycle [38b]; this resembles
the structure of [{C5(4-BunC6H4)5}K] (14) and the barium ana-
logue, [Ba{C (4-BunC H ) } ] (48), where such interactions were
Fig. 64. Structure of base-free [Yb(�5-C5Ph5)2] (229) [38b].
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ility of the sandwich structure, and predisposes the sandwich to
10 molecular symmetry, which maximizes such interactions. Such
–H(ı+)· · ·(ı−)C(�) interactions are reasonably well-established
43], and manifest in the solid state structure of benzene. Here
gain the steric demand of the penta-arylcyclopentadienyl ligand
istinguishes the geometry of the base-free sandwich compound;
arallel carbocycles are observed, and not the bent geometries as
een in the Ln(II) series, Ln(�5-C5Me5)2 [104a–d].

The problems associated with the insolubility of lanthanoid
andwich complexes bearing the conventional C5Ph5

− ligand can
e greatly alleviated by the use of C5(4-BunC6H4)5H (11), whose
lkaline earth and f-element metal complexes display much greater
olubility in suitable solvents [101]. When C5(4-BunC6H4)5H (11)
s added to the trischelate lanthanoid, [Y(o-CH2C6H4NMe2)3],
he half-sandwich, [Y(C5Ar5)(o-CH2C6H4NMe2)2] (230) (Ar = 4-
unC6H4), is isolated by �-bond metathesis. However, for the
nalogous reaction with [Ln(o-CH2C6H4NMe2)3] (Ln = Yb, Sm, f-
lement metals with an easily accessible bivalent oxidation state)
pontaneous reduction of the Ln(III) ion occurs to give the sand-
ich complexes, [Ln{C5(4-BunC6H4)5}2] (Ln = Yb (231), Sm (232))

Scheme 78) [101a]. The Yb–(C5-ring centroid) distance of the
andwich compound 231 (2.382(1) Å) is quite comparable to the
orresponding distance in 232, and again provides an example
f perfectly parallel �5-coordination to give S10 molecular sym-
etry. The reduction of Ln(III) to Ln(II) is supposed to be driven

y steric congestion of the presumed Ln(III) sandwich interme-
iate, [Ln(C5Ar5)2(o-CH2C6H4NMe2)], which eliminates half an
quivalent of 1,2-(2-(Me2N)C6H4)ethane to supply the electrons
ecessary to reduce the metal centre. This process is touted as an
xample of the so-called sterically induced reduction that is pre-
umed to operate for [Sm(C5Me5)3] complexes [174].

.11. Complexes of Group 12

No complexes of these metals have been reported.
.12. Complexes of Group 13

No complexes of boron, aluminum or gallium have been
eported.
8.

2.12.1. Complexes of Indium and Thallium
The “traditional” methods of syntheses of thallium cyclopen-

tadienyl complexes, reaction with TlX (X = OH, 1/2(SO4)) in the
presence of KOH, or the reaction of a Li cyclopentadienyl with
Tl2SO4, produced only low yields of materials that were difficult
to purify. However, reaction of C5Ph5H (1) with thallium ethoxide
was quantitative (98%), driven by the insolubility of the TlC5Ph5
(233), which can be conveniently prepared as a yellow powder on
the 5–10 g scale. Because of the insolubility, characterization was by
infrared absorptions (3075w, 3052m, 3025m, 2960m to s, 2900w,
2865w, 1950–1660vw, 1597m to s, 1574w, 1520w, 1500s, 1462vw,
1442m, 1394w, 1363w to m, 1325w, 1312vw, 1269w to m, 1200w,
1179w, 1155w, 1143w to m, 1118w, 1110sh, 1073m, 1059sh,
1025m, 1015sh, 1001vw, 978vw(br), 920sh, 912w to m, 840 m
to s, 789m, 780m, 775w, 754w, 745m, 735w, 705sh, 696vs, 678w,
590vw, 568m, 540w, 498w, 455w, 368w to m, 347w, 330w cm−1)
and mass spectroscopy, the electron impact spectrum of the latter
exhibited a molecular ion (205TlC5Ph5, m/z 650)+, in 25% abundance
[175].

A series of indium and thallium complexes of formula M{C5(4-
RC6H4)5} (M = In, Tl) has been prepared by the methodology of
Scheme 79, starting from C5Ph5H (1). The complexes were char-
acterized by 1H and 13C NMR spectroscopy [34a,126c].

2.13. Complexes of Group 14

2.13.1. Complexes of silicon, germanium, and lead
A notable absence from the family of neutral pentaphenylcy-

clopentadienes is the trimethylsilyl derivative, C5Ph5SiMe3. Just as
with C5H5(SiMe3), for which extrusion of trimethylchlorosilane is
an effective strategy for the formation of mono-substituted Ti(�5-
C5H5)X3, or M(�5-C5H5)Cl4 (X = Cl, Br, I; M = Nb, Ta) [176], addition
of C5Ph5SiMe3 or its more soluble derivatives to a metal–halide
precursor, might lead to facile formation of M–C5Ar5 bonds. Whilst
the absence of trimethylsilyl derivatives of pentaphenylcyclopen-

tadiene is surprising, germanium, tin, and lead were amongst the
earliest metals to be coordinated to the ligand, to form a [M(�5-
C5Ph5)2] series (M = Ge (234), Sn (235), Pb (41)) [23f,177]. The
anti-tumour properties of the tin (235) and germanium (234)
derivatives have been briefly reported [178].
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.13.2. Tin complexes
[Sn(�5-C5Ph5)2] (235) was the first decaphenylmetallocene

tructurally characterized and its high symmetry is noteworthy
Fig. 65) [23c], with S10 molecular geometry again featured. The
n–(C5-ring centroid) distance is 2.401(6) Å, and at twice this
istance, the trans-annular separation is sufficient to impose no
ignificant inward or outward bending of the substituent phenyl
roups (−˛average = 1.2◦, Fig. 16) [101a]. The probable existence

˚
f C–H· · ·C(�) interactions (average distance = 2.68 A), combined
ith steric bulk of the ligands, is sufficient to override the stere-

chemically active tin lone pair that generally imposes a bent
tructure on Sn(II) metallocenes, to result in parallel alignment of
he C5 cores. Interestingly, the Sn–(C5-ring centroid) in stannocene,

Fig. 65. Structure of [Sn(�5–C5Ph5)2] (235) [23c].
9.

[Sn(�5-C5H5)2], is at 2.401(1) Å identical to that in [Sn(�5-C5Ph5)2]
(235); whilst stannocene is not isostructural with [Sn(�5-C5Ph5)2]
(235), non-classical C–H· · ·C(�) interactions in the latter are evi-
dently sufficient to overcome significant steric interaction.

The sandwich structure of [Sn(�5-C5Ph5)2] (235) is to be
compared with the conventional bent structure of [Sn(�5-
C5Ph5)(�5-C5H5)] (236, Fig. 66) [23f]. Here the Sn–(C5H5-ring
centroid) distance is 2.3724(4) Å, whereas the Sn–(C5Ph5-ring cen-

troid) distance is 2.4620(3) Å [102a,179]; the lone pair on the tin
centre, however, gives rise to an angle between the metal-centroid
vectors of 151.1(1)◦, similar to the angle of 143(2)◦ observed for
stannocene [23f].

Fig. 66. Structure of [Sn(�5-C5Ph5)(�5-C5H5)] (236) [23f].
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ig. 67. Two molecules in the unit cell of [Fe(�5-C5Ph5)(CO){C( O)H}PMe3] (100)
23r].

Whereas C5Ph5Cl (19) reacts with stannous chloride to give
ntensely dark red Sn(�1-C5Ph5)Cl3 (237) in the expected oxida-
ive addition reaction (Eq. (18)), the corresponding reaction with
nBr2 or SnCl2 and C5Ph5Br (3) afforded the C5Ph5

• radical (4), and
presumably transient “SnX3”, which metathesizes to Sn(II) and

n(IV) products (Eq. (2)) [23h,aa]:

5Ph5Cl+ ECl2
E=Sn, Ge

THF−→E(C5Ph5)Cl3 (18)

The hapticity of the pentaphenylcyclopentadienyl unit of Sn(�1-
5Ph5)Cl3 (237) was confirmed by the X-ray crystal structure
23aa]. Both Sn(�1-C5Ph5)Cl3 (237) and its germanium ana-
ogue, Ge(�1-C5Ph5)Cl3 (238), resisted reduction with potassium
nthracenide, and only C5Ph5H (1) was isolated.

.13.3. Complexes of lead
[Pb(C5Ph5)2] (41), prepared from Pb(OAc)2 and C5Ph5

− in
n ethereal solvent, remains the only lead derivative of penta-
rylcyclopentadiene. It was recrystallized from toluene in 54%
ield, and is air- and water-stable [23f]. The lead sandwich has been
sed as a substrate for the deposition of thin films of the C5Ph5

• (4)
adical [11].

. Applications

.1. Asymmetry

The staggered conformation of the phenyl rings in the solid
tate confers chirality on the pentaphenylcyclopentadienyl ligand.
his chirality can be seen in the structure of the formyl complex,
Fe(�5-C5Ph5)(CO){C( O)H}PMe3] (100) [23r,126a,b]. Fig. 67 illus-
rates two molecules with clockwise and anticlockwise helices
n the unit cell. In these [Fe(�5-C5Ar5)(CO){C( O)R}PR3] deriva-
ives, the combination of the stereogenic iron centre and the
lockwise or anticlockwise canting of the aryl rings generate
diastereomeric mixture, which can be distinguished by NMR

pectroscopy at low temperatures. For the derivative, [Fe(�5-
5Ph5)(CO){C( O)Et}PMe2Ph] (239), the activation energies for the
otations of the [Fe(CO){C( O)Et}PMe2Ph] tripod and the phenyl
ings, have been determined to be 36.4 and 49.0 kJ mol−1, respec-
ively; the difference in the two values suggests that the two
uxional processes occur independently [23r].

A practical application of the asymmetry possessed by half

andwich pentaphenylcyclopentadienyl complexes is provided by
he dynamic kinetic resolution of secondary alcohols achieved
y combination of an enzyme with a catalytic amount of metal
omplex [103], for which the half sandwich Ru complexes, for
nstance [Ru(C5Ph5)(CO)2X] and analogues (X = Br (130)), serve as
lockwise and anticlockwise canting of the phenyl rings (hydrogen atoms omitted)

very efficient catalysts [180]. The proposed mechanism involves
(i) metathesis of the halide ligand with ButOK, followed by (ii)
exchange of the butoxide with a secondary alkoxide from the sub-
strate, and (iii) �-hydride elimination from an unsaturated Ru
species that racemizes the alcohol. Both the first two processes
seem to be assisted by the bound carbonyl ligands, which allow for-
mation of an acyl group that facilitates alkoxide exchange [180g]. As
shown in Scheme 80, which depicts the racemization of homochiral
1-phenylethanol, the acyl intermediate (boxed), which is con-
firmed experimentally for addition of KOBut [180g], and inferred for
the rapid exchange of the alkoxides [180g,h], efficiently mediates
alkoxide metathesis or exchange. The bound secondary alkoxide
undergoes rapid racemization by �-hydride elimination, and in
combination with an added acyl donor and an immoblized lipase
affords excellent yields of enantiopure acetates in dynamic kinetic
resolutions. The �-hydride elimination can occur only with the cre-
ation of a vacant coordination site as shown, which can be achieved
by either loss of a carbonyl ligand or the depicted �5–�3 ring slip-
page [180f].

3.2. Miscellaneous

Compounds such as 240 (pictured), in combination with an
olefinic group have been patented as chargeable, laminated, elec-
trophotographic photoreceptors [181].

The activation barriers for the 3,3-sigmatropic shifts of the acy-
loxy groups in the pictured compounds (241) were estimated to be
26.0–34.8 kJ mol−1[182].

Ph

Ph
Ph

Ph

R

O Me

O

241
The mass spectroscopic fragmentation pathway of C5Ar5OH

species, in which Ar is substituted in the para position of the 1-
or 3- and 4-Ph rings, is determined by the electron-donating or
-withdrawing ability of the substituents [183].
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. Conclusions

Complexes incorporating penta-arylcyclopentadienyl ligands
eature across the periodic table. Aryl loading of the cyclopenta-
ienyl platform confers the advantages of (i) structural rigidity and
teric saturation; and (ii) the chirality engendered by the propeller-
ike array of the phenyl groups canted clockwise or anticlockwise.

ith respect to the structural rigidity, the S10 molecular geome-
ries of all structurally characterized sandwich compounds that
ncorporate a pair of penta-arylcyclopentadienyl ligands exhibit
ignificant ortho-C–H· · ·ortho-C(�) interactions between the aryl
ubstituents of proximate carbocycles, which have been convinc-
ngly argued as a rationale for the observed geometries [43]. With
espect to asymmetry, the archetypal ruthenium half-sandwich
omplex, [Ru(�5-C5Ph5)(CO)2Br] (130), has been used in dynamic
inetic resolution of secondary alcohols [180d,f], and work into the
echanism is ongoing [180h].
The major Achilles’ heel of the C5Ph5H (1) system is undoubt-

dly the insolubility that the phenyl rings confer upon its metal
omplexes. Nevertheless, substitution of at least one of the phenyl
roups by p-tolyl, 4-BunC6H4, 3,5-R2C6H4 (R = Me, But) rings, gives
ise to complexes that can be deployed in apolar media such as
oluene and even pentane and hexanes. Such substitution on the
yclopentadienyl ring can be usually performed as a one pot proce-
ure by the use of a suitable aryl bromide, and palladium catalysis
40,75a,c]. Selection of a suitable aryl group for substitution on the
5 carbocycle have thus lead to complexes with improved solubility

nd spectroscopic simplicity, and much more amenable to solution
pectroscopy.

With respect to the transition metals, penta-
rylcyclopentadienyl chemistry is relatively mature.
enta-arylcyclopentadienyl complexes as half or sandwich
0.

complexes exist for most transition metal centres, and their
chemistry has begun to be utilized in several applications, of
which asymmetric synthesis is the most obvious and impor-
tant example [132]. Greater opportunities for new chemistry
of penta-arylcyclopentadienyl ligands exist with respect to the
f-element metals, which so far have only the eight complexes
that incorporate these bulky ligands. Nevertheless, such f-element
metal sandwich complexes and the equally few such alkaline
earth metal sandwiches have demonstrated: (i) unusual, non-bent
metallocene structures in which the (C5-ring centroid)–M–(C5-
ring centroid) vector is perfectly linear; (ii) the existence of
non-classical C–H· · ·C(�) interactions that have definite structural
consequences; and (iii) two excellent examples of sterically
induced reduction that results in the samarium and ytterbium
sandwich complexes. Given that the problem of insolubility may
be overcome by utilization of solubilizing aryl groups, and that
cyclopentadienyl complexes of the f-element metals are especially
numerous, a wide variety of lanthanide and actinide complexes that
incorporate penta-arylcyclopentadienyl ligands await isolation.
Bivalent chemistry of the f-element (and also of the Group 3) [184]
metals is also an area of active research interest [38b,174,185]. The
steric requirements of penta-arylcyclopentadienyl ligands, and
also their ability to stabilize lower oxidation states, might yet play
an important role in this chemistry.
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