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ABSTRACT
The first example of a family of related aromatic metallacycles has
been synthesized, and the physical and chemical properties of its
individual members have been investigated. The metallacyclic rings
in these compounds are, in general, constructed from pentadienyl-
or heteropentadienyliridium precursors via C–H bond activation
processes. The molecules display the structural and spectroscopic
features of aromaticity, including ring planarity, π-bond delocal-
ization, and diamagnetic ring current effects. The reactivity profile
of the molecules is complex, reflecting the simultaneous presence
of an aromatic ring and a reactive metal center.

Introduction
Ever since August Kekulé1 proposed the cyclic structure
of benzene, “aromaticity” has been one of the most vexing
and yet one of the most fascinating topics in chemistry.
For more than 140 years, theorists and synthesists have
struggled with the elusive essence of aromaticity, and the
field has historically provided one of the most fruitful
interplays of theory and experiment in chemistry.2 As
evidenced by the recent thematic issue of Chemical
Reviews,3 interest in aromaticity shows no signs of abating.

One class of aromatic molecules that has received
increasing attention over the past several decades is
aromatic metallacycles, i.e., transition metal-containing
ring systems that exhibit aromatic properties. While much
of this attention has been focused on metallabenzenes,4

which are the archetypical aromatic metallacycles, progress
has also been made in synthesizing and studying the
properties of heteroatom-containing systems, including
metallafurans, metallapyrroles, metallathiophenes, met-
allapyryliums, metallapyridines, and metallathiabenzenes.
Even stable metallabenzynes have recently joined the
menagerie of aromatic metallacycles.5

The history of this field can be traced back to a seminal
paper by Thorn and Hoffmann6 in which five-carbon
delocalized metallacycles (metallabenzenes) were first
examined theoretically. Three hypothetical classes of
compounds were identified as good candidates for exhib-
iting the delocalized bonding characteristics of aromatic
species. Shortly thereafter, in 1982, the first example of a

stable isolable metallabenzene was reported by Roper.7

Roper’s “osmabenzene” was synthesized by a cyclization
reaction involving a thiocarbonyl ligand and two ethyne
molecules. The X-ray structural analysis showed an es-
sentially planar metallacycle and delocalized bonding
within the ring.

Following Roper’s 1982 communication, there was a
hiatus in the field until the late 1980s when we succeeded
in synthesizing a stable iridabenzene,8 using a pentadi-
enide reagent as the source of ring carbon atoms, and C–H
bond activation as the key ring-forming reaction. The
initially formed six-membered ring was an iridacyclohexa-
diene, which was “dehydrogenated” to the iridabenzene
in two steps. One attractive feature of this synthetic
approach was that it allowed for a side-by-side compari-
son of the nonaromatic iridacyclohexadiene with the
aromatic iridabenzene ring system.

In subsequent work, we adapted the iridabenzene
synthetic approach to produce a whole family of related
five- and six-membered iridacycles. In each case, a het-
eropentadienide reagent supplied the ring carbons and
heteroatom, while C–H bond activation closed the ring.
As in the iridabenzene system, nonaromatic precursors
provided important points of comparison for the ultimate
aromatic products.

In this Account, we describe the scientific journey that
led to this fascinating class of molecules, a journey which
has now lasted more than 20 years. While the focus of
this story is on synthesis and reactivity, special attention
is paid to the structure and spectroscopy of these metalla-
cycles, which provide strong evidence of their aromatic
character.

Iridabenzene
In 1986, we discovered that treatment of (Cl)Ir(PEt3)3 with
potassium 2,4-dimethylpentadienide leads to the high-
yield production of the iridacyclohexadiene complex, 1
(Scheme 1), via an iridium-mediated C1–H1 bond activa-
tion process.9 “Dehydrogenation” of compound 1 can
then be carried out in two steps: (a) removal of the iridium
hydride using methyl triflate to generate cationic 2 fol-
lowed by (b) deprotonation of the R-carbon with lithium
diisopropylamide in acetone.8 The resulting iridabenzene
product, 3, is a deep red crystalline solid whose X-ray
crystal structure is presented in Figure 1. The metallacyclic
ring in 3 exhibits a slight puckering, with the iridium atom
lying 0.24 Å out of the plane of the five carbon atoms.
This displacement of the iridium atom from the ring
probably results, at least in part, from steric interactions
involving the ethyl groups of phosphine ligands P1 and
P2 and the ring carbons,10 but subtle electronic factors
may also contribute.11 Bonding within the ring is highly
delocalized, as expected for an aromatic species. The C–C
bonds in 3 range from 1.369(10) Å in length to 1.402(11)
Å, while the Ir–C bond distances [2.024(8) and 1.985(8) Å]
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are intermediate in length between normal Ir–C single and
double bonds, signaling participation of the iridium atom
in ring π-bonding.

The delocalized bonding within the iridabenzene ring
can be ascribed to the contributions from the two
equivalent metal–carbene resonance structures shown in
Chart 1. The iridium center uses several d orbitals to
interact with the p-π system of the carbon framework.12

The aromaticity of 3 is also indicated by the down-
field 1H NMR chemical shifts of the ring protons. The
H1/H5 and H3 protons in 3 resonate at δ 10.91 and 7.18,
respectively, while those in the nonaromatic precursor
1 appear at δ 7.00 (H1) and δ 5.93 (H3). Iridabenzene 3
adopts a square pyramidal coordination geometry in the
solid state (Figure 1), but all of the phosphines appear
to be equivalent as determined by solution-phase NMR,

even at -90 °C, because of a facile intramolecular
exchange process. As a result of this fluxional process,
the 1H NMR signal at δ 10.91 (H1/H5) appears as a
characteristic phosphorus-coupled binomial quartet
(JH–P ) 7.2 Hz).

The reaction chemistry of iridabenzene 3 has been
extensively investigated and is described in detail else-
where.13 Among the most pervasive reactions is 4+2
cycloaddition with a wide variety of unsaturated substrates
(see Scheme 2). These cycloaddition reactions are a
consequence of two important factors: (a) the five-
coordinate geometry of 3 which causes a reactive face of
the iridabenzene ring to be exposed to incoming sub-
strates and (b) the shape of the HOMO, which displays
opposite phases on Ir and C3.12 The symmetry match
between the HOMO of 3 and the LUMO of the unsatur-
ated reactant molecules allows concerted 4+2 cycloaddi-
tions to occur. Interestingly, CO2 cycloadds to iridaben-
zene 3 in a 2+2 fashion, probably because the short CdO
bond cannot “stretch” across the Ir–C3 ring diagonal.14

Compound 3 also engages in several reactions in which
the aromatic ring is retained. For example, treatment of
3 with excess PMe3 produces the tris(PMe3) analogue (4,
Scheme 3), while reaction with I2 or Br2 generates oxidized
iridabenzenes (5, Scheme 3). Treatment with (η6-p-xylene)-
Mo(CO)3 leads to clean arene exchange and formation of
(η6-iridabenzene)Mo(CO)3 (6, Scheme 3).

In recent years, there has been a flurry of activity in
the area of iridabenzene chemistry, involving various
groups worldwide. The first alternative synthetic approach,
developed by Haley in 1999,15 involves treatment of a
suitable iridium precursor with a lithiated 3-vinylcyclo-
propene. With some precursors, an iridabenzvalene iso-
mer is initially formed, and this then rearranges upon
heating to the more stable iridabenzene.16 Paneque has
developed another alternative synthesis that involves
cyclotrimerization of dimethylacetylene dicarboxylate mol-
ecules at an iridium center. The resulting iridacyclohep-
tatriene is then oxidized, causing ring contraction to the
iridabenzene.17 Significantly, the method can be adapted
to produce iridanaphthalene, the first example of a fused
ring metallabenzenoid compound. Finally, both Chin18

Scheme 1

Chart 1

FIGURE 1. ORTEP drawing of iridabenzene, 3. Selected bond
distances in angstroms: Ir1–C1, 2.024(8); Ir1–C5, 1.985(8); C1–C2,
1.369(10); C2–C3, 1.402(11); C2–C6, 1.523(11); C3–C4, 1.370(11); C4–C5,
1.392(10); C4–C7, 1.503(12).
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and Paneque19 have independently produced iridaben-
zenes from iridacyclopentadiene precursors, while Roper
and Wright20 have recently synthesized an iridabenzene
from iridacyclobutadiene precursors. The diversity of these
synthetic approaches not only illustrates the vitality of the
field but also is a testament to the stability of the
iridabenzene structure, providing strong evidence for its
aromaticity.

Iridaphenol
The synthesis of the first example of an iridaphenol
resulted directly from our reactivity studies of the
tris(PMe3) version of iridabenzene (4). We found that
treatment of 4 with nitrous oxide (N2O) leads cleanly to
the production of an iridacyclohexadienone (7, Scheme
4), probably through the intermediacy of a metallaepoxide
(A, Scheme 4).21 Note that A can also be viewed as an (η2-
aldehyde)metal complex. Activation of the C5–H5 bond
in A by the iridium center leads to the observed product,
7. Treatment of 7 with methyl triflate then removes the
hydride ligand, generating the new iridacyclohexadienone
(8, Scheme 4). Finally, protonation of yellow 8 with triflic
acid occurs at the carbonyl oxygen, producing dark red-
orange iridaphenol 9.21

The aromatization of the ring in 9 is indicated by the
downfield shifting of ring protons H1 and H3 to δ 10.54
and 7.49, respectively, from their positions of δ 9.25 and
6.66, respectively,in precursor 8. The X-ray crystal struc-
ture of 9 (see Figure 2) further supports its aromatic
character. The metallacyclic ring is planar, and the car-
bon–carbon bond lengths have moved toward equaliza-
tion. In addition, the Ir–C bonds have been shortened
from their values in precursor 8, indicating significant
metal participation in ring π-bonding. However, there are
small differences in the ring bond distances (see the
legend of Figure 2), suggesting that of the two resonance
structures shown in Chart 2, structure I contributes more
strongly than II to the overall bonding. This may result,
in part, from the fact that the triflate ligand (trans to C5)
exerts a weaker trans influence than the phosphine ligand
(trans to C1). In addition, resonance structure I may

Scheme 2

Scheme 3
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benefit from heteroatom (oxygen) stabilization of the
metal carbene.

Treatment of iridacyclohexadienone 8 with trifluoro-
acetic acid leads to the production of a second iridaphenol
(10, Scheme 5).21 This reaction is accompanied by ex-
change of the triflate ligand for a trifluoroacetate ligand,
which coordinates cis to C5 (trans to C1), allowing
intramolecular hydrogen bonding to occur between the
phenol oxygen and the carbonyl oxygen of the trifluoro-
acetate group. The bonding within the metallacycle in 10
is more highly delocalized than in 9;21 hence, it appears
that the two structural effects discussed above for 9 offset

one another, leading to almost equal contributions by the
two resonance structures.

Oxygen-Containing Iridacycles
In 1991, bolstered by our successful synthesis of irida-
benzene, we decided to attempt the synthesis of analogous
oxygen-containing ring systems using oxapentadienide
reagents as the source of ring carbon and oxygen. A quick
search of the literature revealed that Kloosterziel had
synthesized potassium oxapentadienide in 1967.22 We
repeated his synthesis and reacted the oxapentadienide
with (Cl)Ir(PEt3)3. As expected, the initial product of this
reaction was the iridapyran (11, Scheme 6), formed from
a 16-e– (η1-oxapentadienyl)Ir intermediate (B) via C1–H1
bond activation.23 However, when the mixture was stirred
in tetrahydrofuran at room temperature, 11 gradually
isomerized to an iridacyclopentenone (12, Scheme 6).23

The mechanism of this transformation, outlined in Scheme
6, involves migration of hydride back to C1 to regenerate
oxygen-bound η1-oxapentadienyl intermediate B. Isomer-
ization to carbon-bound η1-oxapentadienyl species C,
followed by oxidative addition of the aldehydic C–H bond
(C4–H4), yields the observed iridacycle (12).

At this point, we decided to attempt to block the
formation of the iridacyclopentenone by placing a methyl
group at the C4 position. Synthesis of potassium 4-methyl-
5-oxapentadienide went smoothly, and reaction with
(Cl)Ir(PEt3)3 resulted in production of the desired
4-methyliridapyran (13, Scheme 7).24 Interestingly, this
compound also gradually isomerized in solution to a five-
membered metallacyclic product, iridaoxacyclopentene
(14, Scheme 7).24 As outlined in Scheme 7, the mechanism
of this transformation involves migration of hydride back
to C1, generating the oxygen-bound η1-4-methyl-5-oxa-
pentadienyl species D. Rotation about the C2–C3 bond
then places the C2–H2 bond into a position where it is
activated by the iridium center.

As described in Iridafuran below, iridaoxacyclopentene
14 provides a convenient entry point to the synthesis of

Scheme 4

Chart 2

FIGURE 2. ORTEP drawing of cationic iridaphenol, 9. Selected bond
distances in angstroms: Ir1–C1, 2.031(16); Ir1–C5, 1.916(16); O1–C5,
1.331(20); C1–C2, 1.352(25); C2–C3, 1.406(26); C2–C6, 1.523(28); C3–C4,
1.355(26); C4–C5, 1.464(25); C4–C7, 1.532(28).
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iridafurans. However, our immediate goal was the syn-
thesis of a thermodynamically stable iridapyran that could
be carried on to aromatic iridapyrylium. To prevent C–H
bond activation at both the 4- and 2-positions, we
synthesized potassium 2,4-dimethyl-5-oxapentadienide
and reacted it with (Cl)Ir(PEt3)3. To our great relief (!), the
2,4-dimethyliridapyran (15) was obtained cleanly and no
further rearrangements, even upon refluxing in tetrahy-
drofuran, were observed.24

The observed thermodynamic preference for five-
membered iridacyclic rings over their six-membered
counterparts can be understood by considering the ring
strain in each class of metallacycles. In a planar five-
membered ring, the sum of the internal angles must equal

540°, and this requirement can be met without introduc-
ing any serious ring strain. In a planar six-membered ring,
on the other hand, the sum of the internal angles must
equal 720°, and in octahedral iridapyran complexes such
as 11, 13, and 15 where the C–Ir–O angle is constrained
to be approximately 90°, the other ring angles are forced
to expand well beyond 120°. This, in turn, introduces
substantial ring strain.

Iridapyrylium
With the stable 2,4-dimethyliridapyran (15) in hand, it was
time to attempt conversion to the aromatic iridapyrylium.

Scheme 5

Scheme 6

Scheme 7
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Recalling the synthesis of iridabenzene (cf. Scheme 1), we
reasoned that removal of the metal hydride would allow
an oxygen lone pair to form a π-bond to the iridium
center, aromatizing the ring system. Unfortunately, the
reagent used to remove the hydride ligand in the irida-
benzene synthesis, methyl triflate, did not react with
iridapyran 15 in the same way. Instead, as shown in
Scheme 8, it methylated the iridapyran ring at C3,
generating an iridaoxacyclohexa-1,4-diene product, 16.

Eventually, we discovered that treatment of iridapyran
15 with oxidizing agents such as Ag+BF4

– leads to removal
of the metal hydride and production of the desired
iridapyrylium 17, the first (and, to date, only) example of
a stable metallapyrylium.25 As shown in Scheme 8, this
oxidation reaction actually generates a clean 1:1 mixture
of the iridapyrylium 17 with the C3-protonated ring
compound 18. In this reaction, one-half of the iridapyran
molecules are doubly oxidized and transfer their metal

Scheme 8

Chart 3

Scheme 9
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“hydrides” as protons to the other half of the iridapyran
molecules. The doubly oxidized proton donor molecules
become iridapyryliums (17), while the proton acceptor
molecules become the protonated rings (18). Although the
yield of 17 is only 50%, the situation is not as dire as it
seems because 18 can be cleanly deprotonated with
lithium diisopropylamide and, in this way, converted back
to 15 for re-use.

In its 1H NMR spectrum, ring protons H1 and H3 of
iridapyrylium 17 are shifted downfield to δ 9.35 and 6.45
from their positions of δ 5.76 and 4.02, respectively, in
iridapyran precursor 15. This downfield shifting indicates
the participation of metal orbital in ring π-bonding and
the establishment of a ring current. As with iridabenzene,
the H1 signal is split into a characteristic binomial quartet
(JH–P ) 6.0 Hz) by the 31P nuclei of the three rapidly
exchanging phosphine ligands.

One can write three reasonable resonance structures
for iridapyrylium 17 (III–V, Chart 3). In structures III and
IV, the iridium center possesses 18 valence electrons while
in V it possesses 16 electrons. Structures IV and V differ
only in the position of an oxygen electron pair. In IV, it
resides between oxygen and iridium, forming the π-bond,
while in V, it resides on the oxygen. Because of the
contribution from 16-e– resonance structure V, compound
17 is reactive toward a variety of 2-e– donor reagents, L,
including hydride, methyllithium, chloride, and trimeth-
ylphosphine.25 The products of these reactions are all
octahedral iridapyran compounds in which L has been
added to the iridium center. As shown in Scheme 9,
compound 17 also undergoes 4+2 cycloaddition reactions
similar to those described previously for iridabenzene.25

Among the reactive unsaturated substrates are terminal
alkynes, including phenylacetylene, trimethylsilylacet-
ylene, and methylpropiolate, which generate novel irida-
oxabarrelene frameworks. We had hoped that these
compounds might be induced to release propyne and
produce new iridapyryliums, but alas, they proved to be
highly stable. Also noteworthy is the reversible reaction
with acetone, which we discovered accidentally while
cooling a sample of 17 in d6-acetone during a variable-
temperature NMR experiment. At low temperatures, the
yellow acetone adduct is stable, but when the mixture is

warmed to room temperature, compound 17 is regener-
ated as evidenced by the reappearance of its deep violet
color.26

Iridafuran27

As mentioned above, iridaoxacyclopentene 14 (see Scheme
7) serves as a convenient precursor for the synthesis of
an iridafuran. Treatment of this species with acids such
as HBF4·OEt2 leads to immediate protonation at the
exocyclic double bond and production of the dimethylated
iridafuran (19, Scheme 10).28 The 1H NMR spectrum of
19 provides strong evidence for its aromatic character. In
particular, the signal for ring proton H3 is shifted down-
field to δ 7.15 from δ 4.80 in precursor 14, consistent with
the presence of a ring current. In the X-ray crystal
structure of the PF6

– salt of 19, the ring is planar and
exhibits the expected delocalized bonding (see Figure 3
and its legend). Ir1–C2 and C4–O1 ring bonds have both
been shortened significantly (with respect to their dis-
tances in 14) to values intermediate between those of

Scheme 10

FIGURE 3. ORTEP drawing of cationic iridafuran, 19. Selected
bond distances in angstroms: Ir1–O1, 2.206(4); Ir1–C2, 2.029(6); O1–C4,
1.258(8); C1–C2, 1.516(9); C2–C3, 1.348(9); C3–C4, 1.408(10); C4–C5,
1.505(12).
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normal single and double bonds. Similarly, the C–C bonds
within the ring have moved toward equalization. The
spectroscopic and structural data suggest that the two
resonance structures shown in Chart 4 both contribute
to the overall bonding picture in 19.

Ring halogenation is one of the characteristic reactions
of aromatic compounds. Therefore, we have explored the
reactivity of iridafuran 19 toward I2 and Br2. As shown in
Scheme 10, excess I2 reacts exclusively at the metal center
to produce the neutral dihalide compound 20. This
reaction involves formal loss of PEt3 and H+ from the
iridium center. Excess Br2, on the other hand, adds to 19
at the metal center and at C3 of the ring to form the
electrophilic aromatic substitution product 21. X-ray
crystal structures of both 20 and 21 have been obtained,
confirming that the delocalized iridafuran rings remain
intact.28

Sulfur-Containing Iridacycles
While studying the chemistry of oxygen-containing
iridacycles, we began to concurrently investigate the

analogous sulfur systems with the goal of synthesizing
aromatic iridathiabenzene and iridathiophene. Our
initial experiments explored the reaction of potassium
thiapentadienide, first made by Kloosterziel,29 with
(Cl)Ir(PEt3)3. As shown in Scheme 11, this reaction
produces (1,2,5-η-5-thiapentadienyl)Ir(PEt3)3 (22), which
when stirred in tetrahydrofuran converts to a mixture
of iridathiacyclohexadiene 23 (via C1–H1 bond activa-
tion) and iridathiacyclopentene 24 (via C2–H2 bond
activation). Gradually, all of the six-membered ring
converts to the five-membered ring, and compound 24
can be isolated cleanly.30 It is interesting that in the
sulfur system, unlike the analogous oxygen system
described earlier, C–H bond activation does not occur
at the C4–H4 bond to produce a five-membered ring
with an exocyclic CdS bond, a result that reflects the
relative weakness of C–S double bonds as compared to
C–O double bonds. However, in both systems, five-
membered rings are thermodynamically preferred over
six-membered rings for the reasons outlined earlier.

As described in Iridathiophene below, iridathiacyclo-
pentene 24 provides a good precursor for iridathiophene
synthesis, but to produce a stable six-membered iridathia-
cycle, we synthesized lithium 2,3-dimethyl-5-thiapenta-
dienide and reacted it with (Cl)Ir(PEt3)3. As expected, the
methyl group at C2 blocked the formation of the five-
membered iridathiacyclopentene and afforded stable iri-
dathiacyclohexadiene 25 (Scheme 12).31

Chart 4

Scheme 11

Scheme 12
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Iridathiabenzene32

With stable iridathiacyclohexadiene 25 in hand, we ap-
plied the same synthetic strategy that had worked earlier
for the synthesis of iridapyrylium. To our delight, treat-
ment of yellow-orange 25 with Ag+BF4

– in tetrahydrofuran
led to the immediate production of deep red iridathia-

benzene (26, Scheme 12).31 The 1H NMR spectrum of 26
confirms its aromaticity, with H1 resonating at δ 10.36 (as
compared to δ 7.05 in 25) and H4 resonating at δ 8.61 (vs
δ 5.78 in 25).

The X-ray crystal structure of 26 (Figure 4) shows
delocalized bonding within the metallacycle, consistent
with an aromatic system. The carbon–carbon ring bonds
in 26 have moved toward equalization, while Ir1–C1 and
Ir1–S1 bonds [2.019(10) and 2.249(3) Å, respectively] have
both been shortened substantially from their values in 25
[2.093(10) and 2.433(3) Å, respectively], indicating signifi-
cant metal participation in ring π-bonding. Like the ring
in iridabenzene 3, the ring in 26 is slightly puckered, with
the iridium center lying 0.18 Å out of the plane of the non-
metal ring atoms. The coordination geometry of 26
approximates a trigonal bipyramid with ring C1 and
phosphine P3 occupying the axial sites, and ring S1 and
phosphines P1 and P2 occupying the equatorial sites. This
contrasts with the solid state structure of iridabenzene (3),
which adopts a square pyramidal coordination geometry.
As with iridabenzene and iridapyrylium (17), the phos-
phines in 26 are exchanging rapidly in solution at room
temperature and appear to be equivalent when assessed
by 31P NMR. This phosphine exchange process also causes
the H1 signal to appear as a characteristic binomial
quartet (JH–P ) 8.4 Hz) due to coupling to the equivalent
31P nuclei. However, unlike the case with iridabenzene and
iridapyrylium, cooling to -90 °C causes the 31P NMR
signal to resolve into two resonances with an intensity
ratio of 2 (equatorial) to 1 (axial). From line shape analysis,

FIGURE 4. ORTEP drawing of cationic iridathiabenzene, 26. Selected
bond distances in angstroms: Ir1–S1, 2.249(3); Ir1–C1, 2.019(10); S1–C4,
1.713(12); C1–C2, 1.396(16); C2–C3, 1.415(15); C2–C5, 1.534(15); C3–C4,
1.361(16); C3–C6, 1.552(19).

Scheme 13

Scheme 14
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the ∆G‡ value for this intramolecular phosphine exchange
process has been calculated to be 9.5 (0.2) kcal/mol.

As shown in Scheme 13, the reaction chemistry of 26
is similar to that described previously for iridapyrylium
17.31 Two-electron donor ligands L (e.g., Cl– and PMe3)
add to the iridium center to produce iridathiacyclohexa-
1,3-diene rings, while unsaturated substrates (e.g., ni-
trosobenzene) undergo 4+2 cycloaddition. Iridathiaben-
zene 26 can be coordinated to other metal fragments. For
example, treatment with (η6-p-xylene)Mo(CO)3 leads to
formation of [(η6-iridathiabenzene)Mo(CO)3]+(BF4

–), while
treatment with [Cp*Ru(NCMe)3]+(O3SCF3

–) produces the
sandwich compound, [(η6-iridathiabenzene)RuCp*]2+-
(O3SCF3

–)(BF4
–).

While we were studying the reaction of 26 with
chloride, we observed the transient existence of neutral
“(iridathiabenzene)(PEt3)2(Cl)” in polar solvents. We rea-
soned that if the chloride were replaced with a bulkier
anionic ligand, a stable neutral iridathiabenzene should
result. When we treated 26 with sodium tert-butylthiolate,
that is exactly what happened, and iridathiabenzene 27
(Scheme 14) was isolated as an equilibrium mixture of
square pyramidal cis and trans isomers.33 The reactivity
of 27 is similar to that of 26 in many ways, but the reaction
with [Cp*Ru(NCMe)3]+(O3SCF3

–) is unique. As shown in
Scheme 15, a sandwich compound, 28, is formed (as a
mixture of cis and trans isomers), but the X-ray crystal
structure of 28a reveals that the ruthenium atom is not
bonded to iridium! Instead, C1, C2, C3, C4, and S1 of the
metallacycle are bonded to ruthenium in an η5-fashion,
while the Ir atom is pushed up and out of the plane by
0.71 Å. The best description of the bonding in 28a appears

to be the resonance structure shown in Chart 5. By using
two carbon–carbon double bonds and a sulfur lone pair,
the iridacycle serves as a 6-e– neutral ligand for the
ruthenium center. While the Ir–S1(ring) interaction has
lost most of its π-character, some new double bond
character has developed between Ir and S2 (thiolate) to
stabilize the otherwise 16-e– iridium center. This view is
supported by the observation that the Ir–S2 bond in 28a
has been shortened significantly (by 0.074 Å) as compared
to its length in 27a. It is noteworthy that isomers 28a and
28b interconvert readily at room temperature. This inter-
conversion is possible only because the iridium center is
not coordinated to ruthenium and, hence, retains its five-
coordinate (fluxional) character.

Iridathiophene
Recall from Scheme 11 that iridathiacyclopentene 24 is
the final product from the reaction of unmethylated
thiapentadienide with (Cl)Ir(PEt3)3. Treatment of 24 with
H+BF4

–·OEt2 leads cleanly to production of the first

Scheme 15

Scheme 16

Chart 5
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example of a metallathiophene (29, Scheme 16).34,35

Aromatic character is confirmed by the downfield shifting
of the 1H NMR signals for ring protons H3 and H4 to δ
7.58 and 10.08, respectively, versus δ 5.84 and 6.14,
respectively, in precursor 24. Similarly, the X-ray crystal
structure of 29 exhibits the planar ring and delocalized
bonding of an aromatic ring system (see Figure 5 and its
legend).

The reactivity of iridathiophene 29 toward halogens
mirrors that of iridafuran 19. I2 reacts exclusively at the
iridium center, producing the sulfur analogue of 20. Excess
Br2, on the other hand, adds at the metal center and at
ring C3 to form an electrophilic aromatic substitution
product analogous to iridafuran 21.36 The regiochemistry
of the electrophilic substitution reflects the fact that ring
C3 in 29 is a more negative center than C4 due in part to
resonance effects involving the sulfur lone pairs.

Iridapyrrole37 Derivatives
To date, we have not succeeded in using azapentadienide
reagents to construct nitrogen-containing iridacycles. This
lack of success stems from the fact that azapentadienide
reagents generally require bulky N-groups for stability, and
this, in turn, destabilizes Ir–N bonding. For example,
treatment of “(Cl)Ir(PMe3)3” with potassium tert-buty-
lazapentadienide results in the production of (1,2,3-η-5-
azapentadienyl)Ir(PMe3)3, where the carbon end of the
azapentadienyl chain is bound to iridium in an η3-allyl
fashion.38 No N-bound products are observed.

Recently, we have begun to develop an alternative
synthetic strategy for the construction of five-membered
nitrogen-containing iridacycles and have succeeded in
converting them to iridapyrrole derivatives.39 The ap-
proach is illustrated in Scheme 17. Treatment of benzoni-
trile with methyllithium produces the N-lithiated imine
reagent F, which reacts with “(Cl)Ir(PMe3)3” to produce
16-e– intermediate G. Ortho metallation of the phenyl ring
generates stable fused ring system 32, which when pro-

FIGURE 5. ORTEP drawing of cationic iridathiophene, 29. Selected
bond distances in angstroms: Ir1–S1, 2.383(2); Ir1–C2, 2.042(10); S1–C4,
1.647(11); C1–C2, 1.500(15); C2–C3, 1.362(15); C3–C4, 1.399(16).

Scheme 17

FIGURE 6. ORTEP drawing of cationic iridaisoindole, 33. Selected
bond distances in angstroms: Ir1–N1, 2.113(3); Ir1–C1, 2.072(3); N1–C7,
1.285(4); C1–C6, 1.413(5); C6–C7, 1.472(5); C7–C8, 1.496(5); C1–C2,
1.399(5); C2–C3, 1.378(4); C3–C4, 1.388(5); C4–C5, 1.374(5); C5–C6,
1.397(4).
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tonated with H+O3SCF3
–, generates iridaisoindole 33. The

X-ray crystal structure of 33 has been obtained and is
presented in Figure 6. The bonding in this species can be
described by the two resonance structures shown in Chart
6. From the bond distances reported in the legend of
Figure 6, it appears that resonance form VII dominates.
This is expected, because in VI the resonance energy of
the fused six-membered ring is diminished. While this
work is still in its early stages, we are hopeful that it can
be adapted to produce a variety of aromatic five- and
perhaps six-membered ring systems.

Summary
The iridacycles described in this Account represent the
first family of closely related aromatic metallacycles, a
family that currently includes iridabenzene, iridaphenol,
iridapyrylium, iridafuran, iridathiabenzene, iridathiophene,
and iridaisoindole. Like their familiar organic namesakes,
these organometallic molecules exhibit the structural and
spectroscopic hallmarks of aromaticity, including ring
planarity, π-bond delocalization, and diamagnetic ring
current effects. On the other hand, the reactivity of
aromatic metallacycles is quite distinct from that of
organic aromatic molecules. While some reaction types
are shared (e.g., electrophilic substitution and coordina-
tion to metal–ligand fragments), others (e.g., cycloaddition
and ligand addition) are unique to the metallacycles. This
complex reactivity profile is a direct consequence of
having both an aromatic ring and a reactive metal center
in the same molecule.

One hundred forty years after Kekulé’s celebrated
dream, aromatic chemistry continues to be a fascinating
and provocative research topic. Aromatic metallacycles
represent one of the “new frontiers” that promises to keep
aromatic chemistry vibrant well into the 21st century. Our
group is continuing to explore the synthesis of new
aromatic iridacycles with the immediate goals of adding
iridapyridine,40 iridasilabenzene, and a variety of fused
ring systems41 to the family. We hope to be able to report
progress toward these goals in the years to come.
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