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The review discusses the synthesis, structures and properties of transition metal and main-group con-
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1. Introduction

There has been considerable interest in the incorporation of
metal atoms into conjugated, five-membered rings as the proper-

ties of the metallacycles can be tuned through the use of a variety
of ligands and metal oxidation states. Metal complexes of diimines
(a) [1], bipyridines (b) [2] and 2-phenylpyridines (c) [2b,c,3]
have been comprehensively studied due to their importance as
catalysts, as redox active systems and for applications in electrolu-

dx.doi.org/10.1016/j.ccr.2010.03.002
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
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Fig. 1. (a) Metal diimine complex; (b) metal bipyridine complex; (c) metal 2-ph

inescent devices. Whereas related metallacyclopentadienes (d)
re well known as intermediates in catalytic cyclotrimerization
eactions of alkynes and alkyne/nitrile combinations [4], there are
ewer examples of analogous MC4 metal 2,2′-biphenyl (2,2′-bph)
omplexes (e) (Fig. 1).

Structurally related to the above mentioned M(2,2′-bph) com-
lexes and metallacyclopentadienes are main-group EC4 systems
uch as boroles, siloles, phospholes and thiophenes. Interestingly,
n contrast to their transition metal analogues, these classes of com-
ounds have attracted attention mainly due to their optical and
lectron transporting properties, although exploration of M(2,2′-
ph) transition metal complexes in these fields of research has

ncreased recently as well.
This review highlights recent advances in MC4 heterocycle

hemistry with emphasis on 2,2′-biphenyl complexes (diben-
ometallacyclopentadienes), and briefly introduces related EC4
ain-group systems, especially boroles, which have attracted

ecent attention and have not been reviewed elsewhere. The cat-
lytic and optical properties of the compounds will be discussed as
ppropriate to their behavior.

. Transition metal 2,2′-biphenyl (2,2′-bph) complexes

Metal 2,2′-bph complexes are known for a number of transi-
ion metals including Co [5], Ni [6], Pt [7], Pd [8], Ir [9,10] and Rh
11]. There are few synthetic routes to these complexes and the

ethods employed are such that substituted 2,2′-bph complexes
re relatively difficult to prepare.

.1. Synthesis by C–C activation of biphenylene
The main method used for complex formation is direct insertion
f a nucleophilic metal center into the strained, four-membered
ing of biphenylene (Fig. 2). This approach has been utilized for a
ange of transition metals [5,6,8,12].

Fig. 2. Formation of a metal 2,2′-bp
yridine complex; (d) metallacyclopentadiene; (e) metal 2,2′-biphenyl complex.

The thermodynamic driving force for such a reaction is the
cleavage of the strained biphenylene C–C bond through oxidative
addition to the metal giving two new metal-aryl �-bonds. The C–C
bond strength in biphenylene of 65.4 kcal/mol was obtained by cal-
culating the difference of heats of formation of biphenylene and
the 2,2′-biphenyl diradical (Fig. 3), and this strained C–C bond is
53 kcal/mol easier to cleave than the Ph–Ph C–C bond in biphenyl
itself.

The reactivity of weakly nucleophilic metal centers with the
strained C–C bond of biphenylene is much lower than that of
strongly nucleophilic metals, but it has been observed that when
the manganese complex [Mn(�6-biphenylene)(CO)3]+ is used in
place of biphenylene, the reaction with [Pt(�2-C2H4)(PPh3)2] giv-
ing [Pt(2,2′-bph)(PPh3)2] occurs in seconds [7]. On standing, the
product scavenges CO from Mn with loss of phosphine to form
[Pt(2,2′-bph)(PPh3)(CO)], a transformation which has been spec-
ulatively linked to the relief of steric crowding around Pt.

Jones et al. carried out mechanistic studies concerning the C–H
bond activation of biphenylene mediated by an in situ generated
carbene-like {Rh(Cp*)(PMe3)} fragment. The proposed reaction
pathway proceeds through a series of �2 coordination and C–H acti-
vation steps prior to attack on the C–C bond of the biphenylene, as
depicted in Fig. 4 [12].

Reaction of [RhH(Ph)(Cp*)(PMe3)] (1) with 1.5 equivalents
of biphenylene in cyclohexane-d12 at 65 ◦C resulted in the
quantitative formation of [RhH(1-bph)(Cp*)(PMe3)] (2) along
with a small amount of [Rh(2,2′-bph)(Cp*)(PMe3)] (3). [RhH(1-
bph)(Cp*)(PMe3)] (2) reacts slowly upon further heating at 65 ◦C
and is completely converted to [Rh(2,2′-bph)(Cp*)(PMe3)] (3) in 19
days. This reaction can be accelerated considerably by increasing
the temperature to 85 ◦C, allowing complete conversion in only 5

days. Apparently, the cleavage of the �-C–H bond is favored over
that of the less sterically demanding � C–H bond. Electrophilic sub-
stitution of biphenylene occurs at the � (2) position exclusively
and metalation takes place at the � (1) carbon. Thus, the C–H acti-
vation is more consistent with the build-up of negative charge on

h complex from biphenylene.
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Fig. 3. C–C cleavage in biphenylene.
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Fig. 4. Proposed mechanism for biphenyle

he biphenylene than with electrophilic attack by the metal. The

egatively charged biphenylene shows a reduction in its antiaro-
atic character and this may contribute to the stability of the C–H

ctivation product.
Jones and co-workers also found that reaction of [M(Cp*)(�2-

2H4)2] (M = Co, Rh) with biphenylene, when heated for over 2

Fig. 5. Formation of a Rh 2,2′-bph complex fr
ivation based on mechanistic studies [12].

days, produced a bimetallic [M2(Cp*)2(bph)] complex [11]. The first

{M(Cp*)} unit inserted into the strained C–C biphenylene bond, but
the second coordinated to the metallacycle in an �5 fashion. When
the Rh analogue 4 was heated at 120 ◦C under a CO atmosphere,
a 1:1 mixture of two mono-rhodium species, [Rh(Cp*)(CO)2] and
[Rh(Cp*)(2,2′-bph)(CO)] (5) was formed (Fig. 5).

om a bimetallic starting material [11].
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Fig. 6. Formation of fluorenone from a
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′

ig. 7. Proposed mechanism for the catalytic carbonylation of biphenylene [11].

Attempts to form the 2,2′-bph complex directly from
Rh(Cp*)(CO)2] and biphenylene under thermal conditions were
nsuccessful, but photolysis of the starting material and bipheny-

ene resulted in slow conversion to product, with the reaction
eaching completion after 3 days. The Co analogue reacts simi-
arly under these conditions; however, the insertion product is
pparently unstable. Heating of the bimetallic species under a CO
tmosphere gave a 2:1 mixture of [Co(Cp*)(CO)2] and fluorenone,
ith no evidence of any bph complex (Fig. 6), although the authors
roposed it to be an intermediate.

The proposed mechanism for the catalytic carbonylation of
iphenylene to fluorenone mediated by rhodium is depicted in

ig. 7. Dissociation of CO from [Rh(Cp*)(CO)2] is believed to occur
rior to coordination of biphenylene and subsequent insertion
f the {Rh(Cp*)(CO)} fragment into the strained C–C bond. The
–C(bph) �-bond is susceptible to intramolecular carbonyl inser-

Fig. 8. Double regio- and stereoselective Co inser
bimetallic bph Co complex [11].

tion, the 16-electron intermediate being trapped by a new CO
ligand. Reductive elimination of fluorenone, and binding of another
CO regenerates [Rh(Cp*)(CO)2]. It is expected that the analogous Co
complex undergoes the same process [11].

Both the Rh and Co bimetallic species 4 and 6 are fluxional, and
low temperature 1H NMR spectroscopy of the complexes showed
two distinct C5Me5 peaks (ı 1.73 and 1.16 ppm) which coalesce
to a singlet at −25 ◦C (�G‡ = 11.4 kcal/mol) for the Co analogue
and at 77 ◦C (�G‡ = 16.8 kcal/mol) for the Rh analogue. The struc-
tures of both the Rh and Co bimetallic species [M2(Cp*)2(bph)]
have been determined by X-ray crystallography and show Rh–Rh
and Co–Co bond distances of 2.683(2) Å and 2.4792(6) Å, respec-
tively. Although the complexes are described as having a single
M–M bond, electron counting suggests that a dative bond from
an 18-electron “M(Cp*)(�2-C6H4)2”, M(I) species to a 16-electron
“M(Cp*)(2,2′-bph)”, M(III) species would provide a localized, formal
description of the bonding. When PMe3 was used in place of CO, the
Co species [Co(2,2′-bph)(Cp*)(PMe3)] (8) analogous to the rhodium
example 3 was formed, and a 1:1 mixture of the compound along
with [Co(Cp*)(PMe3)2] was obtained from the bimetallic compound
6. Neither the Rh nor Co binuclear complexes react with hydrogen,
even at high temperature or H2 pressure.

Vollhardt and co-workers demonstrated the stereo- and regios-
elective double insertion of {CoCp} fragments in the strained C–C
bonds in angular [3]phenylene, resulting in a tetrametallic com-
plex 9 in which the �4-coordinated Co atoms are located anti with
respect to the terphenyl ligand plane (Fig. 8) [13]. The connectivity
has been confirmed by NMR spectroscopic investigations and by
X-ray diffraction studies (Fig. 9). No coalescence of the signals for
the Cp groups was found in the 1H NMR spectrum even upon heat-
ing to 100 ◦C, suggesting that the complex exhibits no fluxionality
around the dinuclear moiety.

Crabtree et al. reported that reaction of [Ir(COD)Cl]2 with
biphenylene gave a dimeric chloride-bridged 2,2′-bph complex
which reacted with PPh3 resulting in the formation of a 16-electron
Ir(III) biphenylene adduct, [IrCl(2,2′-bph)(PPh3)2], whereas reac-
resulted in the 18-electron compound [IrCl(2,2 -bph)(PMe3)3] (10)
[10]. The iridacycle 10 reacted with CO, PhC CPh, PR3 or NaBH4, but
disruption of the Ir(2,2′-bph) metallacycle was only observed upon
addition of NOBF4 and, after treatment with NaBPh4, the unusual

tion in angular [3]phenylene to give 9 [13].
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Fig. 11. Formation of a dibenzoferrole derivative [14].
Fig. 9. Molecular structure of 9 in the solid state [13].

ationic Ir(IV) BF insertion product 11 was isolated (Fig. 10) and
haracterized by single-crystal X-ray diffraction.

Group 8 transition metals have been successfully inserted
nto the strained C–C bond of biphenylene and the related
ompound, benzocyclobutadienoid-[3]-phenylene [14,15]. Voll-
ardt et al. reported the first example of Fe insertion into
enzocyclobutadienoid-[3]-phenylene to give a dibenzoferrole
erivative 12 (Fig. 11) and a second, minor dibenzoferrole-Fe(CO)3-
-complex. This conversion is related to the Rh and Co examples;
owever, in this instance, the authors depict the M–M bond as a
ative interaction.

Reaction of [M3(CO)12], (M = Fe, Ru, Os) directly with bipheny-
ene gives major products of the type [Fe2(CO)5(�-CO)(�-�2-�4-
6H4)2] (13) (Fig. 12), [Ru2(CO)5(�-CO)(�-�2-�4-C6H4)2] (14) and
Os2(CO)6(�-�2-�4-C6H4)2] (15), the Ru and Os analogues 14 and
5 of which have been characterized by X-ray crystallography [15].
he reactions for Fe and Ru can be completed within just a few
ours at elevated temperatures (3 h/98 ◦C and 4 h/126 ◦C, respec-
ively); however, the Os cluster is much less reactive, with 33% of
Os3(CO)12] remaining even after heating to 200 ◦C under nitro-
en in a sealed flask for 15 h. This observation is consistent with
tronger M–M and M–CO bonds found in third row transition metal
omplexes compared to those of first and second row metals.

Garcia et al. have reacted dibenzothiophene with [Ru3(CO)12]
n refluxing heptane resulting in C–S bond activation and

esulfurization under mild conditions to give [Ru2(CO)5(�-CO)(�-
2-�4-C6H4)2] (16) in 10% yield after column chromatography

Fig. 13) [16]. The Ru atoms are linked by a Ru–Ru bond
2.6965(9) Å) and a bridging carbonyl, and the structure has
een confirmed by X-ray diffraction. The compound is readily

Fig. 10. Cleavage of the Ir–C bond in [IrCl(2,2′-bph)(
Fig. 12. Formation of [Fe2(CO)5(�-CO)(�-�2-�4-bph)] (13) [15].

cleaved by H2 to give biphenyl. A similar reaction involving the
[NiH(iPr2PCH2)2]2 dimer has also been used to achieve C–S bond
activation, resulting in Ni(2,2′-bph) complexes in moderate yields,
although bph complexes were not the sole reaction products [17].

2.2. Synthesis by transmetallation

A second method for the synthesis of 2,2′-bph complexes
involves transmetallation, e.g. with the help of dilithio-biphenyl
or with biphenyl Grignard reagents, although this approach
further limits the use of biphenyls substituted with reactive
functional groups. Reaction occurs between a metal dihalide
and 2,2′-dilithiobiphenyl, which can be easily prepared from
2,2′-dibromobiphenyl. Elimination of lithium halide leads to the
metallacycle product. This approach is less common in the lit-
erature, but was used by Rausch and co-workers in 1973 to
synthesize 2,2′-bph complexes of Co (17), Rh (18), Ir (19), Pt (20)
and the first examples of Zr (21) and Hf (22) biphenyl species
(Fig. 14) [18]. King and Hilton were successful in preparing the
mono-, di- and tetraanionic Zr complexes [ZrCp(2,2′-bph)2]− (23),

[Zr(2,2′-bph)3]2− (24) and [Zr(2,2′-bph)4]4− (25) (Fig. 15), by reac-
tion of 2,2′-dilithiobiphenyl with [ZrCl2Cp2] [19]. This method
has also been used for the synthesis of Pd [20,21] and other Pt
[22,23] 2,2′-biphenyl complexes. Romeo et al. and Rillema et al.
have both employed this route to prepare Pt(2,2′-bph) complexes

PMe3)3] (10) by NOBF4 and BF insertion [10].
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Fig. 13. Desulfurization of dibenzothiophene by reaction with [Ru3(CO)12] (left); molecular structure in the solid state of 16 (right) [16].
Fig. 14. Synthesis of transition metal 2,2′-bph c

Fig. 15. Molecular structures in the solid state of [ZrCp(2,2′-bph)2]
omplexes with 2,2′-dilithiobiphenyl [18].

− (23), [Zr(2,2′-bph)3]2− (24) and [Zr(2,2′-bph)4]4− (25) [19].
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Fig. 16. Examples of Pt(2,2′-bph) complexes formed from Pt chloride salt

rom [PtCl2(SEt2)2] and [PtCl2(CO)2], the former group having syn-
hesized a planar Pt2(SEt2)2 bridged species 26 and the latter
roup observing mononuclear [Pt(2,2′-bph)(CO)2] (27) (Fig. 16).
omeo and co-workers also noted that the dinuclear Pt(II) complex
Pt2(�-SEt2)2(Hbph)4] underwent intramolecular C–H activation
o afford the cyclometallated species [Pt2(�-SEt2)2(2,2′-bph)2] (26)
nd biphenyl [22]. The strongly donating PEt3 ligand is useful when
ynthesizing Pd and Pt 2,2′-bph complexes directly via insertion
nto the C–C bond of biphenylene. The use of less basic PPh3, how-
ver, resulted in Pt/Pd complexes which were unreactive to C–C
ond cleavage. Analogues can, however, be prepared by reacting
PtCl2(PPh3)2] with 2,2′-dilithiobiphenyl [24].

Examples of titanium species synthesized via this route are
nown from as early as the 1960s, with Massey and Cohen report-
ng the synthesis of [TiCp2(perfluorobiphenyl)] (28) from the
,2′-octafluorobiphenyl dilithium salt [25]. Shortly after, Rausch
nd Klemann reported the related non-fluorinated analogue
9, isolated as bright red crystals in 12% yield [26]. Buchal-
ki and co-workers observed the formation of a Ni(2,2′-bph)
omplex 30, upon addition of [NiCp2] to 2,2′-dilithiobiphenyl,
ith a Li cation coordinated to the Ni and the C2 atom of the

iphenyl ligand. The coordination of DME to the Li cation gen-
rates the free anionic [NiCp(2,2′-bph)]− complex (31) (Fig. 17)
27].

Dibenzostannoles have also been employed as transmetallation
gents for the preparation of transition metal 2,2′-bph complexes

y Vicente and co-workers, who not only prepared the dibenzo-
latinole [Pt(2,2′-bph)(COD)] (32), but also reported a series of
u(III) 2,2′-bph complexes [28] (Fig. 18). Brune et al. explored this
pproach further to access Pt(2,2′-bph) complexes with different
ubstitution patterns at the bph ligand [28b].

Fig. 17. Synthesis of the anionic [NiCp
2,2′-dilithiobiphenyl; molecular structure of 27 in the solid state [22,23].

Bercaw and Labinger were investigating the trimerization reac-
tion of ethylene at chromium, and during the course of their work
they prepared [CrBr(2,2′-bph)(PNPOMe)] (37) (PNPOMe = (2-MeO-
C6H4)2PN(Me)P(2-MeO-C6H4)2) by reaction of [CrCl3(PNPOMe)]
with the Grignard reagent 2,2′-(MgBr)2-bph [29].

2.3. Other routes to metal 2,2′-biphenyl complexes

Jones et al. have demonstrated the formation of Pt 2,2′-biphenyl
complexes directly from CF3-substituted biphenyls [30]. Reac-
tion of 10 equivalents of 4,4′-bis(trifluoromethyl)biphenyl with
[PtH(CH2CMe3)(dtbpm)] (dtbpm = tBu2PCH2PtBu2) gives a tran-
sient �2-arene complex which undergoes C–H activation to form
two isomeric [PtH(Hbph)(dtbpm)] complexes 38 and 39, resulting
from C–H bond cleavage at the 2 or 3 position in a 5:1 ratio, respec-
tively. Upon heating to 85 ◦C, a second C–H activation occurred with
loss of H2 giving [Pt(2,2′-(4,4′-(CF3)2bph))(dtbpm)] (40) (Fig. 19).

A seemingly unique method for preparing metal 2,2′-bph com-
plexes has been used in the synthesis of Ir metallacycles. Wakatsuki
and co-workers found that reaction of four equivalents of sodium
fluorenone ketyl with [Ir(Cp*)Cl(�-Cl)]2 in THF resulted in the for-
mation of the decarbonylation product 41 in 70% yield along with
free fluorenone (Fig. 20) [9]. Presumably, this involves reduction of
the Ir(III) complex to “IrCp*” followed by insertion into one of the
C–C(O) bonds of fluorenone and subsequent migratory de-insertion
of CO.
A rather limited route to access Ni(2,2′-bph) complexes has been
discovered by Bennett et al., who reduced [NiCl(2-ClC6H4)(PEt3)2]
with 1% sodium amalgam to give a nickel �2-benzyne complex
and the trinuclear compound 42, which features a 2,2′-biphenylyl
ligand, as a second product in up to 30% yield (Fig. 21) [31].

(2,2′-bph)]− complex (31) [27].
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Fig. 18. Synthesis of Pt and Au 2,2′-bph complexes by transmetallation with

A compound structurally similar to 42 was synthesized by
ohnson et al. during their investigations on aromatic C–H bond
ctivation mediated by nickel. They observed the formation of
he trinuclear cluster [{Ni(PEt3)}3(�3-4,5-F2C6H2)(�3-4,5-F2C6H2-
′,5′-F2C6H2)] (43) by C–C coupling of two 4,5-F2C6H2 aryne units
Fig. 22) [32]. The cluster 43 exhibits one uncoupled aryne and a
iarylyl unit, which forms an MC4-Ni(bph) ring system (Fig. 23).

.4. Catalysis by metal 2,2′-biphenyl complexes

There are a number of examples whereby metal 2,2′-bph com-
lexes catalyze reactions that form C–C bonds or act as catalysts for
he reduction of biphenylene.

Eisch [6] and Vollhardt [33] have both identified Ni(2,2′-bph)
oieties as intermediates in the formation of tetrapheny-

ene from biphenylene. Vollhardt and co-workers found that
Ni(COD)(PMe3)2] reacted stoichiometrically with biphenylene to
orm tetraphenylene at 25 ◦C, and that the reaction proceeded
atalytically (10 mol% catalyst) at 100 ◦C. Jones and co-workers
ave studied the dimerization of biphenylene to tetraphenylene
t 120 ◦C using Pt and Pd catalysts [20]. The group has studied
he mechanistic pathway and proposed that catalysis proceeds
rst via [M(2,2′-bph)(PEt3)2] (M = Pt (44), Pd), a compound that
hey have synthesized independently and characterized by X-ray
rystallographic analysis, and then via a transient six coordi-
ate, [M(IV)(2,2′-bph)2(PEt3)2] intermediate (Figs. 24 and 25). The
d analogue of [Pt(IV)(2,2′-bph)2(PEt3)2] (46) was not observed,
lthough this may be due to faster reductive elimination from
d(IV) than from Pt(IV). The rate of the Pd catalysis was 100 times
hat for Pt, and decreased as the ratio of free phosphine to bipheny-
ene increased. This observation is consistent with the formation of
[M(2,2′-bph)(PEt3)] intermediate (M = Pt 45) prior to coordination

f the second equivalent of biphenylene. At this point, rear-
angement can occur, and [M(2,2′′ ′-tetraphenylene)(PEt3)2] may be
ormed before tetraphenylene is reductively eliminated, forming an
ctive, coordinatively unsaturated “M(PEt3)n” species. The group
as isolated and characterized [Pt(2,2′′ ′-tetraphenylene)(PEt3)2]
ostannoles (py = pyridine, phen = phenanthroline, bpy = 2,2′-bipyridine) [28].

(47), with the molecular structure showing a highly distorted
square-planar geometry around the metal (Fig. 25). When catal-
ysis was attempted under an atmosphere of H2, the formation
of tetraphenylene was low, as biphenyl was the major product
formed, the rate of which was much faster for Pd than Pt.

The room temperature addition of H2 to 44 to give trans-[PtH(�-
bph)(PEt3)2] was not inhibited by added phosphine. This implies
that prior phosphine dissociation from [Pt(2,2′-bph)(PEt3)2] (44)
is not a prerequisite for H2 addition. The reductive elimination of
biphenyl from trans-[PtH(�-bph)(PEt3)2] was inhibited by added
phosphine. This is probably due to the fact that phosphine loss is
required to achieve a cis geometry, from which reductive elimina-
tion can occur [20].

Jones and co-workers have studied the catalytic hydrogenol-
ysis of biphenylene to biphenyl via a M(2,2′-bph) complex using
Ni, Pt and Pd with a range of phosphines [34]. The metal used
had the greatest overall effect on the rate of hydrogenolysis, with
[NiH(dippe)]2 proving to be the most active, giving 16 turnovers
per day at 50 ◦C, considerably higher than that for Pd or Pt.

Crabtree et al. reported that iridium 2,2′-bph complexes are
active catalysts in the dimerization of terminal alkynes to E,Z-
enynes (Fig. 26) [35]. [IrCl(2,2′-bph)(PMe3)3] (10), in the presence
of AgBF4, is effective in head-to-head coupling, the main isomer
being the thermodynamically less stable E-isomer, unless PMe3
is present which can block the isomerization of the intermediate
vinyl complex. AgBF4 is necessary to remove PMe3 and Cl− to gen-
erate the active catalyst [Ir(2,2′-bph)(C CR)(�2-HC CR)(PMe3)2]
(48) from the initial Ir complex. The authors attribute the prefer-
ence for head-to-head dimerization to the exceptionally low steric
bulk of the catalyst in the plane of the insertion reaction.

In the presence of stoichiometric, or in some cases, catalytic
amounts of p-cresol, [Pd(PPh3)4] was a catalyst for the forma-

tion of functionalized biphenyl compounds [36]. The vinylic C–H
bond of alkenes can be added across the strained biphenylene C–C
bond, a reaction promoted by weak acids. Under similar conditions,
ketones and nitriles that possess �-hydrogen atoms can also add
across the biphenylene C–C bond to form biaryl derivatives, and
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Fig. 19. Formation of [Pt(2,2′-bph)(dtbpm)] (40) by

eaction with arylboronic acids gives ortho-terphenyl derivatives
Fig. 27). Although [Pd(2,2′-bph)(PPh3)2] (49) was not observed
n these reactions, its presence was inferred from the products
ormed.
A number of examples whereby Ni complexes catalyze the for-
ation of 9,10-disubstituted phenanthrenes are known. Jones et

l. used [Ni(dippe)(RC CR)] (R = Ph, Me) complexes with bipheny-
ene to form disubstituted phenanthrenes catalytically in moderate

Fig. 20. Synthesis of [Ir(2,2′-bph)(Cp*)(CO)] (41) by d
ctivation of 4,4′-bis(trifluoromethyl)biphenyl [30].

yields [37,38]. Under nitrogen, the reaction proceeded slowly, even
at 120 ◦C. Addition of 6 mol% of oxygen to the reaction vessel led
to an acceleration of the rate at lower temperatures (70–80 ◦C)
(Fig. 28). The oxygen is not involved in oxidation of the metal, but

oxidizes the phosphine ligand, generating a more active, coordina-
tively unsaturated Ni species. N-heterocyclic carbene Ni complexes
have also been used in the synthesis of phenanthrolines by reaction
of alkynes with biphenylene [39]. Two mol% of [Ni2(iPr2Im)4(COD)]

ecarbonylation of sodium fluorenone ketyl [9].
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Fig. 21. Synthesis of the trinuclear Ni cluster 42 by reduction of trans-[NiCl(2-ClC6H4)(PiPr3)2] [31].
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Fig. 22. Synthesis of 43 by C–C coupling of two 4,5

iPr2Im = 1,3-di(iso-propyl)imidazole-2-ylidene) as catalyst pre-
ursor at 80 ◦C gave quantitative conversion of biphenylene and
iphenylacetylene to 9,10-diphenylphenanthrene in 30 min.

[RhCl(2,2′-bph)(dtbpm)] (dtbpm = tBu2PCH2CH2PtBu2) has

een used to form substituted phenanthrenes catalytically in good
ields [40]. Olefins such as norbornene and p-methyl styrene
lso undergo catalytic insertion. The complex is also reactive
owards Lewis bases at room temperature, and has been used in

ig. 23. Molecular structure of 43 in the solid state with the Et groups of the PEt3

igands omitted for clarity [32].
H4 aryne units in [Ni(�2-4,5-F2C6H4)(PEt3)2] [32].

the synthesis of 9-fluorenone and 9-(tert-butylimino)fluorene,
although this was not catalytic.

Jones et al. have shown that the Ni(0) complexes [Ni(�2-
PhC CR)(PN)] (R = Ph, tBu; PN = Me2NCH2CH2PiPr2) are effective
catalysts for C–C bond activation in biphenylene and function-
alization with PhC CPh or tBuC CPh to give 9,10-disubstituted
phenanthrenes [38]. It was found that P,N-substituted Ni(0) had
an enhanced reactivity over the analogous P,P-substituted Ni(0)
complex. This could be due to the hemilabile character of the
P,N ligand. The proposed mechanism for the formation of 9,10-
diphenylphenanthrene is shown in Fig. 29.

Dissociation of the NR2 group from the nickel atom, which
allows for a vacant coordination site, is the first step in the pro-
posed mechanism. The now highly reactive metal center is able to
cleave the C–C bond in biphenylene to generate the Ni(II) interme-
diate 50. The Ni(II) species 51 is then formed upon insertion of the
alkyne into the Ni–C bond. The regeneration of the Ni(0) complex
is attained by reductive elimination of 9,10-diphenylphenanthrene
and complexation of a second alkyne [38].

2.5. Luminescent transition metal 2,2′-biphenyl complexes

Photophysical properties of several Pt [21,23,41,42] and Pd
[21,43] 2,2′-biphenyl complexes have been reported. These are
of interest with regard to possible use in OLEDs and other
luminescent applications which require accessible triplet states,
cf. the now popular 2-phenylpyridine complexes mentioned in
the Introduction [3,4]. Rillema and co-workers have extensively

studied the absorption and emission properties of a number of
Pt(2,2′-bph) complexes with the mono- and bidentate ligands,
pyridine, acetonitrile, ethylenediamine, CO (27) [23,42], dppm
[44,45], and the bridging ligand SEt2 [41]. Absorption spectra
of mono-metallic [Pt(2,2′-bph)(py)2] (52), [Pt(2,2′-bph)(NCMe)2]
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Fig. 24. Proposed mechanism for the catalyti

53), [Pt(2,2′-bph)(en)] (54) and bimetallic [Pt(2,2′-bph)(SEt3)]2
26) complexes showed HOMO–LUMO d�(Pt) → �*(bph) transitions
round 300–400 nm and intra-ligand � → �* transitions at higher
nergy. The compounds exhibit strong luminescence in solution,
ttributable to emission from excited intra-ligand triplet states
3IL) dominated by the biphenyl ligand, as indicated by the vibra-

ional progression in the photoluminescence spectra. The spectra
f all of the compounds were remarkably similar, and lower energy
ands between 490 and 620 nm were observed with little change in
he profile at 77 K. Triplet lifetimes of 3–14 �s were recorded, and
he measured quantum yields for the mono-metallic complexes

Fig. 25. Molecular structures of 44 and 47 (Et grou
rization of biphenylene mediated by Pt [20].

were ca. 0.16, and for the bimetallic species ca. 0.08. The com-
plex [Pt(2,2′-bph)(CO)2] (27) was a weak emitter in solution, with
emission at 562 and 594 nm, and triplet lifetimes between 2 and
3 �s in CH2Cl2 were reported. Except in very dilute solution, the
complex readily self-associated leading to a number of emitting
species such as dimers and higher aggregates in solution. Emis-

sion was also detected from stacked Pt(II) complexes in the solid
state. Thus, the solid showed a non-structured emission band at
726 nm, with a shortened lifetime of 0.84 �s [46]. Time-dependent
density functional theory (TD-DFT) studies of the spectroscopic
properties related to aggregation in the Pt(II) 2,2′-bph dicar-

ps omitted for clarity) in the solid state [20].
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Fig. 26. Formation of E,Z-enynes by head-to-head

onyl complex 27 have been carried out to examine singlet and
riplet excited states, and to compare calculated geometries with
hose from the X-ray crystallographic data previously obtained
42,43].

The heterobimetallic complex [Fe(�5-C5H4PPh2)2Pt(2,2′-bph)]

55) has been synthesized and characterized by X-ray crystallog-
aphy, and the photophysical properties of the compound have
een studied [47]. Upon coordination to Pt, the {Fe(�5-C5H4PPh2)2}
�(Fe) → �*(Cp) MLCT transition was blue shifted from 442 to

Fig. 27. Pd catalyzed formation of function

Fig. 28. Catalytic formation of 9,10-disubstituted ph
ling of alkynes with Ir(2,2′-bph) catalyst 48 [35].

425 nm, and a d�(Pt) → �*(bph) MLCT transition was observed at
337 nm, with a lifetime of 6.7 �s (at 77 K). At room temperature, the
emission lifetime was too short to be recorded using a nanosecond
laser, and the work suggests quenching of the triplet emission by
the ferrocenyl moiety via an electron transfer mechanism.
Luminescent metallopolymers based on Ir(2,2′-bph) complexes
have been prepared and investigated with regard to their pho-
tophysical properties by Matsubara et al. (Fig. 30) [48]. The
non-polymer analogs 56a–f all showed similar 1MLCT absorptions

alized biphenylene derivatives [36].

enanthrenes (R = Me, Ph, CO2Me, TMS) [37,38].



1962 A. Steffen et al. / Coordination Chemistry Reviews 254 (2010) 1950–1976

Fig. 29. Proposed mechanism for the formation of 9,10-diphenylphenanthrene [38].
Fig. 30. Ir(2,2′-bph) complexes 56 employed

Fig. 31. Synthesis of phosphorescent cationic [Ir
in luminescent metallopolymers [48].

(2,2′-bph)(2,2′-bpy)2]+ complexes 58 [49].
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etween 361 and 368 nm and additional 3MLCT absorption around
90 nm. The emission occurred between 577 and 618 nm with a
uantum yield below 0.017 in the solid state, but no lifetimes
ave been reported. The intensity of the photoluminescence in
he polymers increased with increased Ir content; however, a self-
uenching process led to lower quantum yields when the Ir content

n the polymer exceeded a concentration of ca. 0.2 mmol/g.
Hur and co-workers have very recently synthesized Ir com-

lexes 58a and b with both 2,2′-bpy and 2,2′-bph ligands
y successive addition of the bipyridine ligand to [IrCl(2,2′-
ph)(COD)]2 (57) (Figs. 31 and 32) [49]. 1MLCT absorption was
bserved at 375 nm, whereas the 3MLCT excitation occurred red-
hifted at 480 nm. Both complexes, 58a and b, exhibit weak
hosphorescence with quantum yields of 0.007–0.013. DFT stud-

es showed that the HOMO is an admixture of the 2,2′-bph(�) and
r(d) orbitals, while the LUMO is located at the 2,2′-bipyridine lig-
nd. The authors assume the 1MLCT and 3MLCT states to arise from a
OMO → LUMO transition, and thus control of the emitting excited

tates should be possible by proper modification of the biphenylyl
nd bipyridine ligands, respectively.

. Metallacyclopentadienes

.1. Catalytic [2 + 2 + 2] cycloaddition reactions
Research on the mechanism of catalytic alkyne trimerizations
rst highlighted an MC4 transient species as an intermediate in the
atalytic cycle. These intermediates are formed from the reductive
oupling of two equivalents of alkyne with temporary oxidation of
he metal center (Fig. 33). Collman et al. used isotopically labelled

Fig. 33. General catalytic cycle for the cyclo
Fig. 32. Molecular structure of the cation [Ir(2,2′-bph)(2,2′-bpy)2]+ (58b) in the solid
state [49].

substrates with Rh(I) and Ir(I) catalysts to examine the sequen-
tial cyclotrimerization of alkynes, and they proposed a mechanism

from these experiments [50]. The authors highlighted the forma-
tion of metallacycle (b) and alkynyl �-complex (c) as intermediates.
It was found that cyclotrimerization could be suppressed if the reac-
tion proceeded under a 60 psi pressure of CO. By blocking the latent

trimerization of internal alkynes [50].
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oordination site required for alkyne complexation using CO, the
eaction could be stopped. This argues against a Diels–Alder mech-
nism for benzene formation, which should not be inhibited by CO
oordination. They also found that even under forcing conditions,
aleic anhydride did not react with (b). This also argues against

he Diels–Alder mechanism for this system. Formation of a seven
embered metallacycloheptatriene (d) is thus suggested, followed

y reductive elimination of benzene.
Interestingly, it has been found that the use of {RuCp} fragments

an lead to the formation of ruthenacyclopentatrienes, which are
esonance isomers of the metallacyclopentadiene structure (b)
n Fig. 33. Kirch et al. have shown that such metallacyclopen-
atrienes are capable of rearrangements to give allyl carbenes,
utadienyl carbenes and �4-cyclobutadienyl complexes, quench-

ng the catalytic activity in [2 + 2 + 2] cyclotrimerization reactions
51]. However, they are key intermediates in the catalytic head-to-
ead coupling of terminal alkynes and additions of carboxylic acids
52].

Catalytic [2 + 2 + 2] cyclotrimerization of alkynes has been exten-
ively investigated, and catalysts based on many early to late
ransition metals are known [53–56]. Recently, research has been
oncerned with the synthesis and characterization of metallacyclic
ntermediates, which can be isolated with the use of appropriate

etal centers and ligands around the metal and studied as indepen-
ent species [57]. Metallacyclic compounds of this type are known
or a wide range of transition metals, including Ti [58,59], Zr [60],
f [61,62], Pt [63], Pd [64], Ir [50,65], Ru [66], W [67,68], Fe [69],
u [70], Rh [71] and Co [53,72]. There are a vast number of such
omplexes, and their more complex derivatives, and these will not
e reviewed here.

Another area which has been reviewed recently, is the [2 + 2 + 2]
ycloaddition of alkynes with nitriles to form pyridines [4]. The
echanism has been investigated in great detail with Co, but has

een accepted for this type of reaction in general (Fig. 34).

.2. Reductive coupling of buta-1,3-diynes

Reductive coupling of buta-1,3-diynes to form bis-
thynylmetallacyclopentadienes is also known, although
xamples are limited. Nishihara et al. reacted [CoCp(PPh3)2]
ith diphenylbuta-1,3-diynes to form a mixture of diethynyl-

obaltacyclopentadienes [73]. Three regioisomers 59–61 were
ound, as well as an insoluble polymeric product (Fig. 35). The

ajor isomer formed was the asymmetric 2,4-dialkynyl isomer

0, with the symmetrical 2,5-dialkynyl complex 59 only observed
hen the reaction was undertaken at elevated temperature.

nterestingly, the group found that when Me3Si–C C–C C–SiMe3
nd Me–C C–C C–Me diynes were used, only single metallacycle
somers were formed. The 2,4-dialkynyl metallacyclopenta-

Fig. 35. Formation of three stereoisomers 59–61 by redu
Fig. 34. General catalytic cycle for the [2 + 2 + 2] cycloaddition of alkynes with
nitriles at Co [4].

diene was formed from the bulkier Me3Si–C C–C C–SiMe3,
whereas the less bulky 2,4-hexadiyne afforded the 2,5-dialkynyl
metallacyclopentadiene.

These results fit rules proposed by Wakatsuki et al., who previ-
ously studied cobalt metallacycle formation with a wide range of
alkynes and found that regioselectivity of the cyclization reaction

was determined by the steric factors of the alkynes used rather than
their electronic properties [74]. Reaction of diphenylbutadiyne
with [Ru3(CO)10(NCMe)2] in the presence of Me3NO also produced
a mononuclear 2,5-dialkynyl ruthenacyclopentadiene complex, but
the yield was low (1.5–4%) [75]. Marder and co-workers have

ctive coupling of butadiynes at {CoCp(PPh3)} [73].
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eveloped a high yield, one-pot, regiospecific synthesis of a lumi-
escent rhodacyclopentadiene from 1,4-di-p-tolylbuta-1,3-diyne
nd [Rh(C C-TMS)(PMe3)4] [76]. The 2,5-isomer 62 is formed
xclusively in quantitative yield and has been characterized by
-ray crystallography (Figs. 36 and 37).

The reductive coupling of bis-diynes at Rh precursors bearing
ither a TMSA or a dithiocarbamate ligand gave rhodacyclopen-
adienes with a rigid backbone in quantitative yields, which are
tructurally related to 62 (Fig. 38) [77]. Compounds 63 and 64
isplay highly interesting photophysical properties, namely fluo-
escence with lifetimes of a few ns and quantum yields of 0.3–0.7.
lthough singlet oxygen sensitization and ps-time resolved IR spec-

roscopic studies do indicate the formation of a triplet state after
hoto excitation, as would have been expected for transition metal
ompounds due to the “heavy atom effect” of the metal, the inter-
ystem crossing from the excited singlet state S1 to the triplet state

1 occurs with a rate constant two orders of magnitude slower
han expected for an organometallic system containing a second
ow transition metal. Phosphorescence in the 400–1000 nm wave-
ength range has not been observed in these compounds, even at
7 K in a frozen glass.

Fig. 37. Molecular structure of

Fig. 38. Synthesis of 63 and 64 by redu
Fig. 36. Regiospecific formation of 62 (Ar = 4-MeC6H4) [76].
Hill and co-workers have explored the regioselective
synthesis of the ruthenacyclopentadiene compound, [Ru{�2-
(PhC C) CPhCPh (C CPh)}(CO)2(PPh3)2] (63) and its structure
has been determined by X-ray crystallography (Fig. 39) [78]. They
observed the exclusive formation of the 2,5-dialkynyl isomer by

62 in the solid state [76].

ctive coupling of bis-diynes [77].
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Fig. 40. Synthesis of the 2,4-diethynyltitanacyclopentadiene 66 [81].

eaction of [Ru(CO)2(PPh3)3] with excess diphenylbuta-1,3-diyne;
owever, optical properties of the ruthenacycle were not reported.

Titanium analogues have also been studied [79–81]. Reac-
ion of [TiCl2Cp2] with two equivalents of Me3Si–C C–C C–SiMe3
fforded the 2,4-diethynylmetallacycle 66 in 65% yield, the struc-

ure of which has also been determined by X-ray crystallography
Figs. 40 and 41). Zr analogues of Ti metallacycles have been pro-
osed as intermediates in the formation of seven-membered cyclic
umulenes, although they have not been isolated [82]. Buchwald

ig. 41. Molecular structure of bis(�5-cyclopentadienyl)-2,4-bis(trimethylsilyl-
thynyl)-3,5-bis(trimethylsilyl)titanacyclopenta-2,4-diene (66) in the solid state
81].
thenacyclopentadiene 65 [78].

and co-workers attribute the larger size of Zr compared to Ti as
an explanation for the fact that the Ti metallacycle can be iso-
lated without cumulene formation whilst the Zr analogue was not
observed. The only other example of this type of compound is an
osmium complex, formed by reaction of [Os(en)2(H2O)(H2)] with
2,4-hexadiyne, producing the 2,5-diethynylmetallacycle exclu-
sively [83].

3.3. Metallacyclopentadiene-containing polymers

�-Conjugated polymers containing MC4 units are currently
under investigation. These heteroaromatic polymers are struc-
turally analogous to organic polymers such as poly(pyrrole)
and poly(thiophene). Examples are known from reactions of
bisalkynes of the type R–C C–Ar–C C–R′ (where Ar = a range of
aromatic units, R/R′ = H, Me, TMS) with transition metal com-
pounds such as [RuBr(nhexCp)(COD)] [84], [CoCp(PPh3)2] [85],
[Co(nhexCp)(PPh3)2] [86,87] and “ZrCp2” [88].

Nishihara and co-workers were the first group to prepare and
characterize polymers of this type, successfully isolating a num-
ber of poly(arylene cobaltacyclopentadienylene)s [87]. They found
that use of Cp as a ligand on Co resulted in insoluble polymers.
The highest molecular weights were achieved when the ratio of
bisalkyne to metal complex was close to unity. Cyclization at the
metal was regiospecific, with the 2,5-isomer forming exclusively to
give linear polymers. However, reaction of 1,4-diethynylbenzene
with hexyl substituted [Co(PPh3)2(nhexCp)] gave an isomeric mix-
ture of soluble polymers, the ratio of 2,5- to 2,4-isomers being 0.6.
Reaction between [Co(PPh3)2(nhexCp)] and 1,4-(MeC C)2C6H4 at
a higher temperature (40 ◦C) gave a greater degree of regiospeci-
ficity in favor of the 2,5-isomer, while also dramatically increasing
Mw and Mn values.

The same group has also prepared the first examples of polymers
containing unusual ruthenium metallacyclopentatrienes, capable
of reversible reduction of the Ru, leading to ferromagnetic interac-
tion between the Ru sites in the reduced state [84]. The polymer can
be formed by reductive coupling of non-conjugated diynes at the
Ru center, with maximum Mw being obtained when the diyne:Ru
ratio is 1:1. NMR spectroscopic studies on the polymers showed
the presence of only one geometrical isomer from which it was
concluded that only a 2,5-diaryl derivative of ruthenacyclopenta-
triene exists, indicating a fully �-conjugated main chain structure
(Fig. 42).

Zirconocene examples can be synthesized by reaction of diynes
with internal silicon substituents (e.g., 1,3-[(MeC C)SiMe2]C6H4)
with “ZrCp2” (formed in situ by reaction of [ZrCp2Cl2] with two
equivalents of BuLi at −78 ◦C) and isolated in 50–90% yields
[88]. The polymers are easily hydrolyzed to give the correspond-

ing butadienediyl polymers and also react with iodine to give
iodine-containing polymers. Polymer degradation in refluxing THF
solution provides a mild and high yielding route to macrocycles,
the structures of which depend on the spacer groups incorporated
into the polymer backbone (Fig. 43).
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ig. 42. Formation of regiospecific poly(phenyl-ruthenacyclopentatriene) [84].

Matsubara and co-workers have prepared polymer-bound
hotoluminescent iridium complexes bearing 2,2′-biphenyl lig-
nds. Reaction of an [IrCl(2,2′-bph)(COD)]2 (57) (COD = 1,5-
yclooctadiene) metal precursor with a copolymer, built by
he radical copolymerization of 4-styryldiphenylphosphine and

ethyl methacrylate, gave polymers that were cross-linked by
–Ir–P bonds (0.06–0.6 mmol/g Ir) (Fig. 31). Solid state lumi-
escence was observed at 597 nm, the intensity of which was
ependent on the molecular weight of the copolymer ligands and
n the polymer Ir content [48].

. Main group EC4 analogues

Although these groups of compounds are outside the central
etallacycle topic of this review, structurally related main group

eterocycles, including siloles and many others, e.g. boroles, phos-
holes and thiophenes (Fig. 44), have been well studied and will be
riefly introduced. As boroles have not been reviewed previously,
ur coverage of these is comprehensive.

.1. Boroles

Reports on boroles are relatively scarce, although this class
f electron-deficient compounds has gained increasing attention
n the last few years. This growing interest stems, on the one
and, from fundamental questions concerning their degree of
ntiaromaticity and reactivity, as the parent borole, BC4H5 (I), is
4� electron system and thus isoelectronic with the antiaro-
atic cyclopentadienyl cation C5H5

+ (II). However, neither I nor II
ave been successfully isolated and characterized because of their
xceptional high reactivity. On the other hand, the empty pz orbital

ocated at the boron atom gives boroles strong acceptor character
nd makes them potentially interesting for the design of lumines-
ent molecules, non-linear optical systems, or for use as charge
ransport layers in OLEDs (cf. siloles, vide infra).

Fig. 44. Borole (a), silole (b), phosphole
Fig. 43. Facile, high yield degradation of zirconocene polymers to form macrocycles
[88].

The first successful synthesis of a borole was reported by Eisch
et al. in 1969 [89]. The transmetallation of 1,1-dimethyl-2,3,4,5-
tetraphenylstannole with PhBCl2 gave pentaphenylborole (67) as
an air- and moisture-sensitive, deep-blue solid. Another approach
used was the lithiation of 1,4-dibromo-tetraphenylbuta-1,3-diene
and subsequent treatment with PhBBr2 (Fig. 45). The predicted
antiaromatic character of pentaphenylborole was realized by the
reactivity towards oxidizing agents such as O2 and H2O2 or alkynes,

the latter leading to the corresponding Diels–Alder product. A more
detailed study by the same group revealed the unusually strong
Lewis-acidity; upon coordination of CH3CN, the C N stretch shifts
significantly from 2300 to 2370 cm−1 in the IR spectrum, exceed-

(c) and thiophene (d) structures.
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Fig. 45. Synthesis of pentaphenylborole (67) [89].
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Fig. 46. Stabilization of the 4� electron system in pentaphenylbo

ng the effect of AlCl3 (2359 cm−1) [90]. According to the authors,
his points to a destabilizing effect of the conjugation between the
� electron system and the empty pz orbital of the boron, which

s decreased if a donor solvent coordinates or reduction occurs to
ive an aromatic 6� electron heterocycle (Fig. 46). An extended
ückel molecular orbital (EHMO) investigation and SINDO1 studies

howed that the ground state of boroles is a singlet state, unlike the
yclopentadienyl cation (II) which exhibits a triplet ground state
90,91].

Schleyer et al. compared the parent borole, BC4H5, to other ECH4
nalogues (E = PH, S, O, SiH−, SiH+, CH2, CH+, CH−, AlH, NH) cal-
ulating the magnetic susceptibility, aromatic stabilization energy
nd the alternating bond lengths [92]. Their results confirmed the
ntiaromaticity of BC4H5 and thus the reactivity found for 67.

However, only in 2008 was the structure of pentaphenylbo-
ole (67) in the solid state determined by single-crystal X-ray
iffraction by Braunschweig and co-workers, who also synthe-
ized and structurally characterized the ferrocenyl derivative 68
Fig. 47) [93]. ESR, NMR spectroscopic and SQUID magnetic inves-

igations confirmed that the triplet state is not the ground state.
he expected alternating bonds of 67 were less pronounced than
redicted which was proposed to result from dimer formation in
he solid state through CH· · ·B �-donation. Strong Fe· · ·B interac-
ions in 68 also decreased the antiaromaticity of the borole, which

Fig. 47. Molecular structures of pentaphenylborole (67) (right) an
67) by donor solvent coordination (right) or reduction (left) [90].

can then be seen as an isolated diene system bridged by a boron
atom.

A similar observation was made by Yamaguchi et al. for related
boroles ArB(C4Ph4) (Ar = p-MeC6H4, p-SiMe3C6H4, p-FC6H4), where
the high Lewis-acidity of the boron center and the antiaromaticity
favor stabilizing donor–acceptor � interactions [94]. �-interactions
between N and B to stabilize the electron deficient boron atom are
also operative in (SiMe3)2N-B(C4Ph4), which has been prepared by
Braunschweig et al. [95].

The pentakispentafluorophenyl substituted borole 70 was
very recently reported by Piers et al., its synthesis involv-
ing a zirconacyclopentadiene intermediate (Fig. 48) [96a]. No
B· · ·Ar interactions were observed, but dimer formation occurred
nevertheless by stacking of the fluorinated rings in staggered
conformations as interdigitated propellers. The electron withdraw-
ing substituents increased the Lewis-acidity (70 > B(C6F5)3) and
the HOMO–LUMO gap, leading to a blue-shifted absorption at
�max = 530 nm compared to 67 (�max = 540 nm). The synthetic route
is based in part upon that of Fagan and Nugent [96b], who pre-

pared the crystallographically characterized Diels–Alder dimer of
1-phenyl-2,3,4,5-tetramethylborole via direct reaction of a 2,3,4,5-
tetramethylzirconacyclopentadiene with PhBCl2.

Boron analogs of the discussed transition metal 2,2′-bph com-
plexes, 2,2′-dibenzoboroles or 9-borafluorenes, have been known

d its ferrocenyl derivative (68) (left) in the solid state [93].
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Fig. 48. Synthesis of perfluoropentaphenylborole (70) (ArF = C6F5) [96].

9-bor

s
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Fig. 49. Synthesis of

ince 1963, when Köster and Benedikt reported on the thermoly-
is of 2-BR2-biphenyl giving 9-borafluorenes 71 (Fig. 49) [97]. The

orresponding 9-chloro-9-borafluorene 72 was obtained when the
ame reaction was carried out with alkyldichloroboranes.

Piers et al. were interested in the effects of strong Lewis
cids on the Zr mediated polymerization of ethylene and pre-

Fig. 50. Synthesis of 9-boraperfluorofluoren
afluorenes (71) [97].

pared perfluorinated analogs of 71, (C12F8)B–R [R = Me (73),
C6F5 (74)], by transmetallation with the corresponding stannole

which were structurally characterized by X-ray diffraction stud-
ies (Figs. 50 and 51) [98]. Indeed, 73 and 74 proved to be more
Lewis acidic than their bis-pentafluorophenyl analogs MeB(C6F5)2
and B(C6F5)3, respectively.

es 73 and 74 by transmetallation [98].
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Fig. 51. Molecular structures of the cation 73·ZrMeCp2 (left) and 74 (right) in the solid state [98].
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solid state of the ferrocenyl derivative 77, which was prepared by
reaction of chloromercury ferrocene [Fe(C5H4HgCl)(Cp)] with 72
(Fig. 55) [101]. The formal electron deficiency of the B center is
stabilized by p� conjugation with the Cp ring and by � interactions
with the Fe d orbitals.
Fig. 52. Intramolecular C–H activation in a base-free terphenyl bo

Unsymmetrically substituted 2,2′-dibenzoboroles have been
ynthesized by Wehmschulte and co-workers by intramolecu-
ar C–H bond activation and H2 extrusion in base-free terphenyl
oranes [ArBH2]2 (Fig. 52) [99]. However, the scope of this reaction
ype has not yet been explored.

Gabbai et al. synthesized 1-dimesitylboryl-8-(9-borafluorenyl)-
aphthalene (76), which has been characterized by X-ray
iffraction studies (Figs. 53 and 54) and shows an �1-coordination
f the ipso-carbon of one of the Mes groups to the boron atom of the
ibenzoborole moiety [100]. Electrochemical reduction generated

radical anion with the unpaired electron delocalized over the two
centers.

Wagner and co-workers investigated boroles and 9-
orafluorenes as redox switchable Lewis acids and measured

Fig. 53. Synthesis of 1-BMes2-8-(9-borafluorenyl)-naphthalene (76) [100].
eading to the unsymmetrically substituted dibenzoborole 75 [99].

the redox potentials in FcBR2-Lewis base adducts (Fc = ferrocenyl).
A direct through space interaction between filled Fe(d) orbitals
and the vacant B(p) orbital similar to the one described by Braun-
schweig et al. in 68 was found in the molecular structure in the
Fig. 54. Molecular structure of 1-BMes2-8-(9-borafluorenyl)-naphthalene (76)
[100].
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Fig. 55. Synthesis and molecular structure in the solid state of [Fe(C4H4B(C12H8))(Cp)] (77) [101].

ubseq

t
B
b
f
o
l
p
b
p
t
c
i
b
a
(

Fig. 56. Oxidative addition of 78 to [Pt(PCy3)2] and s

Very recently, the oxidative addition of 1-chloro-2,3,4,5-
etraphenylborole (78) to [Pt(PCy3)2] has been achieved by
raunschweig et al. (Fig. 56), giving the first metal-B-substituted
orole 79 [102]. The reaction was accompanied by a color change
rom blue to dark red, indicating a change in the electronic structure
f the borole moiety. Subsequent treatment of 79 with Na[BArF

4]
ed to the formation of the cationic, 14-electron, T-shaped com-
lex 80. The structures have been confirmed for both products
y single-crystal X-ray analysis (Fig. 57). The BC4 core remains
lanar, but the B–C bonds appear to be elongated compared to
he unperturbed structure in 78. An NBO analysis suggests signifi-

ant 5d(Pt) → 2p(B) back donation, reducing the � delocalization
n the borole unit and thus causing the elongation of the B–C
onds. The electron donation from the platinum to the boron atom
lso leads to a hypsochromic shift in the absorption spectra of 79
�max = 485 nm) and 80 (�max = 524 nm) compared to pentaphenyl-

Fig. 57. Molecular structures in the solid s
uent chloride abstraction from 79 forming 80 [102].

borole (67, �max = 562 nm), as a result of an increase in energy of the
�* orbital of the borole moiety. The �–�* nature of the transition
has been confirmed by TD-DFT calculations.

The first foray to make use of the acceptor properties of boroles
in luminescent molecules was undertaken by Yamaguchi and co-
workers in 2002 [103]. Their 2,2′-bph-type dibenzoboroles 81
shown in Fig. 58 exhibit weak fluorescence (�max = 514–576 nm,
˚f = 0.02–0.09) which is based on p�–�* conjugation. The transi-
tion upon irradiation occurs from the HOMO, which is localized
at the biphenyl moiety, to the LUMO, localized at the dibenzobo-
role unit. Donor solvents, such as DMF, or the addition of fluoride,

gave a new blue-shifted emission (�max = 419–478 nm) with high
quantum yields of ˚f = 0.5–0.9. Apparently, the coordination to the
boron center interrupts the conjugation in such a way that the
LUMO is then mainly localized at the biphenyl rings with very
little contribution of the central borole ring. The anion receptor

tate of 79 (left) and 80 (right) [102].
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Fig. 58. Fluoride coordina

roperties in THF solution as well as in thin films of 9-borafluorene-
ontaining polymers have been evaluated via photoluminescence
uenching measurements by Scherf et al. for future sensing appli-
ations [104].

Kang et al. attached large, conjugated systems to the borole
nit to obtain a push–pull effect between the donor substituents
nd the electron accepting borole moiety (Fig. 59) [105]. Thio-
hene and amine units led to fully conjugated blue-green emitters
�max = 438/534 nm). Again, the �–�* transition occurs from the
OMO, which is delocalized over the conjugated � system, to the
UMO at the boron.

.2. Bis(arylethynyl) siloles

Siloles are interesting main group analogues of metallacycles
s they show unique photophysical properties due to the unusual
lectron deficient nature of the silole ring. As these compounds
ave been reviewed in detail [106,107], only selected examples will
e addressed here. Siloles have an extremely low lying LUMO due
o �*–�* conjugation involving the SiR2 �* orbitals and the ring C–C
* orbitals. Synthesis is straight forward and allows a wide range
f substituents to be incorporated. Tamao and co-workers reported
route from bis(phenylethynyl)silane which is first treated with

n excess of lithium dihydronapthylide to form 2,5-dilithiosilole.
earrangement via an intramolecular reductive cyclization forms
bis(anion) [108]. This species is the key synthetic building block,

llowing a wide range of derivatives to be prepared. If appropri-
te silane starting materials are used, then substitution directly at
he Si heteroatom is possible. The nature of the synthesis can give
highly tuneable series of emissive materials suitable for use in

ptical applications. For example, 2,5-di(2-pyridyl)silole has been

Fig. 59. Extended �-conjugated lu
dibenzoboroles 81 [103].

used as an electron transporting layer in organic electrolumines-
cent devices, demonstrating the utility of the electron deficient
nature of the siloles [106].

Pagenkopf has used this method in the preparation of lumi-
nescent 2,5-bis(phenylethynyl)siloles related to metallacycles
previously discussed [109,76]. By exploiting the versatility of, and
adapting Tamao’s synthetic route, donor–acceptor siloles 83 were
prepared (yields of 50% and above were obtained) and the lumines-
cent properties studied (Fig. 60).

All of the compounds that were prepared absorbed and emit-
ted light in the visible region of the electromagnetic spectrum,
with the maxima strongly dependent on the push–pull sub-
stituents of the chromophore. A bathochromic shift in both
absorption and emission occurred as the polarity of the molecule
increased, which underlines the charge-transfer in the com-
pounds. The quantum yields for the fluorescence were low to
moderate (˚f = 0.004–0.09), depending on the donor and accep-
tor substituents. These compounds are closely related to the
donor–acceptor bis(phenylethynyl)benzenes prepared and studied
by Marder et al. [110].

4.3. Bis(arylethynyl) phospholes

Phospholes have also been thoroughly studied and have been
reviewed [107,111]. However, 2,5-bis(arylethynyl) substituted
phospholes are rare, although one might expect similar interesting

photophysical properties as found in other EC4 heterocyclic sys-
tems. Mathey and co-workers reported for the first time in 1996 the
synthesis of the 2,5-bis(phenylethynyl)phosphole 84 by reaction of
a 5-lithio-2-phenylethynylphosphole with phenylethynylsulfones
(Fig. 61) [112].

minescent borole 82 [105].



A. Steffen et al. / Coordination Chemistry Reviews 254 (2010) 1950–1976 1973

-bis(p

s
a
w
c
2
o
�
4
e
w
˚
s
d

Fig. 60. Synthetic route to unsymmetrical 2,5

However, no further studies had been undertaken on such
ystems until recently, when Matano et al. used a ring closing
pproach via a titanacyclopentadiene, which was then reacted
ith PhPCl2 to give the phosphole 85. Further Sonogashira

ross-coupling reactions with aryl halides afforded the desired
,5-bis(arylethynyl)phospholes 86 and, after oxidation, 87 was
btained (Fig. 62) [113]. A photophysical investigation showed
→ �* absorption between 398 and 441 nm for 86 and between

18 and 486 nm for 87. Fluorescence was detected with mod-

st quantum yields (�em = 449–518 nm, ˚f = 0.09–0.13) for 86,
hile phospholes 87 were very weak emitters (�em = 502–604 nm,
f = 0.01–0.07). The largest Stokes shift was found for the NMe2

ubstituted compounds, pointing to a charge transfer from the
onor group to the phosphole moiety in the excited state. The

Fig. 61. Synthesis and molecular struct
henylethynyl)-3,4-diphenyl-siloles 83 [109].

general bathochromic shift in the absorption and emission spectra
upon oxidation of 86–87 suggests an enhancement of the charge
transfer.

4.4. Bis(arylethynyl) thiophenes

A number of bis(phenylethynyl)thiophenes (BPETs) have been
reported and are of interest due to their luminescence [114–119]
and non-linear optical [120–122] properties and also, due to

the bent nature of the thiophene moiety, their liquid crystal
phase behavior [123–126]. There are a number of routes for
the synthesis of BPETs. The most straightforward methods uti-
lize catalytic Sonogashira or Kumada-Tamao cross-couplings of
terminal alkynes [114–118] or alkynyl Grignard reagents [127],

ure in the solid state of 84 [112].
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Fig. 62. Synthetic route to unsymmetrical 2,5-bis(phenylethynyl)-3,4-diphenyl-siloles 86 and 87 (X = H, NO2, NMe2) [113].
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Fig. 63. Pd/Cu catalyzed synthesis of bis(phenylethynyl)th

espectively, with dihalothiophenes to give BPETs in good yields
Figs. 63 and 64). Pd-catalyzed cross-coupling has also been used
o produce BPETs in good yields from triorganoindium compounds
nd 2,5-dibromothiophene [128].

Other methods have involved longer reaction sequences
nvolving elimination reactions to give BPETs. A one-pot
ynthesis using benzyl sulfone derivatives and 2-formyl-5-
henylethynylthiophene incorporating two sequential elimina-
ions from the reaction intermediates has been developed, forming
ymmetrical or unsymmetrical BPETs in good yields [129]. The

ompound 1,8-diphenyl-1,7-octadiyne-3,6-dione, synthesized in
ine steps from 1,4-butanediol, can also be converted to BPET by
eaction with bis(triphenyl)tin sulfide in the presence of BCl3 [130].

Fig. 64. Molecular structure in the solid state of 2
es 88 (R = H, Me, OMe, CF3, NMe2, NO2, CN, CO2Me) [118].

Only a few studies on the optical properties of 2,5-
bis(arylethynyl)thiophenes can be found in the literature. Marder
et al. carried out photophysical studies on thiophenes 88 [118].
Absorption maxima for the � → �* transitions were recorded
between 350 and 387 nm, while emission maxima have been
observed between 382 and 435 nm, depending on the substituent
R at the benzene rings. The photoluminescence occurred with
quantum yields of ˚ = 0.19–0.33, and lifetimes of � = 0.21–0.40 ns,
indicative of fluorescence.

Eliasson and Norman et al. investigated the one-photon and

two-photon excitation of 2,5-bis(arylethynyl)thiophenes experi-
mentally and theoretically, with emphasis on the non-linear optical
properties for optical power limiting [131].

,5-bis(phenylethynyl)thiophene (88) [118].
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. Conclusions

Metallacyclopentadienes and their main group analogues such
s boroles, siloles, thiophenes and phospholes display interesting
ptical properties, which have only recently begun to be exploited.
pplications include OLEDs, either as emitting or charge trans-
ort layers, depending on the type of compound, and in non-linear
ptical and two-photon absorbing materials. The metallacyclopen-
adienes are also intermediates in a number of catalytic processes.
outes to metal-biphenyl complexes are still limited, restricting the
evelopment of their chemistry, but those results already reported
re encouraging. The recent resurgence of interest in borole chem-
stry, and the first examples of structurally characterized boroles
uggest that major advances will be made in this area in the coming
ew years.
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