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es of irida-polycyclic aromatic
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Metalla-analogues of polycyclic aromatic hydrocarbons (PAHs) have captivated chemists with their

fascinating structures and unique electronic properties. To date, metallabenzene, metallanaphthalene

and metallaanthracene have been reported. Metalla-analogues with more complicated fused rings have

rarely been reported. Herein, we have successfully synthesized a series of new iridafluoranthenes and

fused-ring iridafluoranthenes ranging from pentacyclic to heptacyclic metallaaromatic hydrocarbons in

high yields under mild reaction conditions for the first time. Their photophysical and redox properties

were also explored using UV-vis spectroscopy and electrochemistry combined with TD-DFT

calculations. The present work may offer an important guideline for the design and construction of new

polycyclic metallaaromatic hydrocarbons and metalla-nanographenes.
Introduction

Polycyclic aromatic hydrocarbons (PAHs), as important compo-
nents in the eld of organic chemistry, have attracted a signi-
cant amount of attention due to their wide range of applications
in organic light-emitting diodes,1 eld-effect transistors2 and
organic photovoltaic cells.3 Since the rst metallabenzene
(Scheme 1) was reported by Roper et al. in 1982,4 scientists have
devoted enormous efforts to developing transition metal-con-
taining metalla-aromatics.5 However, only very limited systems,
including metallanaphthalene,6 metallaanthracene,7 metal-
laphenanthrenes,8 metallabenzynes,9 metallanaphthalynes,10

metallaanthracynes, metallaphenanthrynes11 and metal-
lapentalenes,12 have been reported over the past few decades.
Moreover, metalla-analogues of PAHs containing multiple fused
rings have rarely been reported until now. Among these devel-
oped systems, only a handful of examples involve irida-PAHs.

In 2017, Wright et al. successfully synthesized the rst iri-
daanthracene complex.7 In another recent breakthrough,
Bolaño et al. reported a novel iridanaphthalene compound in
a high yield of 74% from its corresponding methoxy(alkenyl)
iology, Ministry of Education, College of

ty, Wuhan 430079, P. R. China. E-mail:

edu.cn

s Institute, Southern University of Science

ina

(ESI) available: Crystallographic details
940387, 1940396, 1940398, 1940533,
1940397 and 1940400. For ESI and
ther electronic format see DOI:

is work.

0899
carbeneiridium compound by using an intramolecular C–H
activation reaction.6b In 2018, they further developed irida-
phenanthrene, iridanaphthalene and iridaanthracene from
their corresponding methoxy(alkenyl)carbeneiridium inter-
mediates via reactions of [IrCp*Cl(NCMe) (PMe3)]PF6 with
diarylpropargyl alcohols.8 In the present work, we have
proposed a one-pot synthetic route to obtain a series of pure
iridauoranthenes in high yields (70–87%) by using
IrCp*Cl2(PMe3) and 9-ethynyl-9-uorenol derivatives as
reagents (Scheme 2), all of which were successfully embedded
Scheme 1 Organic PAHs and metalla-analogues.

This journal is © The Royal Society of Chemistry 2019
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Scheme 2 Synthesis of target complexes 1–9.
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into a fused ve-membered ring to achieve higher conjuga-
tion. In the solid state all the new compounds are stable in air
and can be stored in contact with the atmosphere for half
a year without any signs of decomposition. To the best of our
knowledge, the present work is the rst case involving
synthesis of metallauoranthenes to date. Specically,
compounds L5–L9 were used to produce complexes 5–9 with
the most abundant fused rings and high conjugation, which
did not involve any isomerization and thus maintained high
yield and high purity. In addition, diverse polycyclic metal-
laarenes, including four tetracyclic complexes (1–4) and pen-
tacyclic (7), hexacyclic (5, 6 and 8) and heptacyclic (9)
complexes, have been presented in this work. Although there
are several reports on nitrogen- or oxygen-containing poly-
cyclic metallaaromatics,13 this series of new structures that
contain more than four fused rings in the polycyclic skeletons
consisting of a metal atom and carbon atoms only, is
unprecedented.
Results and discussion

As depicted in Scheme 2, the target complexes (1–9) were
synthesized by a one-pot method in high yield (70–87%) under
mild reaction conditions. Specically, as shown in Scheme
S1,† a solution of Cp*IrCl2(PMe3), NaPF6 and a pro-ligand (L1–
L9, respectively) in methanol was stirred at room temperature
overnight, and thenmethanol was removed under vacuum and
the residue was dissolved in dichloromethane. Subsequently,
AgPF6 was added and the mixture was further stirred for 5
minutes to obtain the corresponding target complex (1–9).
Furthermore, we propose a possible reaction mechanism
according to the previous report of Bolaño et al.14 by taking
complex 1 as an example. As shown in Scheme S3,† initially,
de-coordination of one chloride from Cp*IrCl2(PMe3)
This journal is © The Royal Society of Chemistry 2019
occurred, which is followed by further coordination of alkynol
compound L1 to form an allenylidene intermediate (A).
Subsequently, nucleophilic attack by the oxygen atom of
methanol on the Ca of the allenylidene followed by proton
transfer at Cb gives the (methoxyalkenylcarbene)iridium
intermediate 1a. Intramolecular C–H activation then occurred
aer treatment with AgPF6 to remove another chloride and to
generate the ultimate product complex 1. Fortunately, we
successfully isolated the intermediate 1a and obtained its
single crystal (Fig. S2†) to further verify the reaction mecha-
nism we proposed above. In addition, it is well documented in
the literature that carbene complexes like 1a could easily be
formed from a reaction between allenylidene intermediates
and alkynol pro-ligands.15 Additionally, the structure of the
uorenyl ligand of 1a was symmetric, so pure products could
be obtained in the subsequent ring-closing reaction due to the
equivalent C–H activation sites (Ha and Hb in Scheme S3†) in
1a. Interestingly, when asymmetric compounds (L7–L9) reac-
ted with Cp*IrCl2(PMe3), the corresponding pure complexes 7–
9 were obtained in high yields above 90%. In addition, we also
successfully isolated carbene intermediates 7a and 8a and
obtained their structures by single crystal X-ray crystallog-
raphy (Fig. S3†). The complexes 7–9 were obtained by CH
metalation of the benzene ring that is directly fused to the ve-
membered ring and remote from the fused ring “f”. Metalation
of this benzene ring results in the formation of a six-
memberedmetallacyclic ring. Presumably this is favoured over
CH metalation of the fused benzene ring “f” because metal-
ation of this ring would give a seven-membered metallacycle,
the formation of which is expected to be less favourable. Aer
treating 8a with AgPF6, ring-closed product 8 was successfully
produced in a high yield of 93%.

The structures of complexes 1–9 were veried by using
nuclear magnetic resonance (NMR) spectroscopy and high-
resolution mass spectrometry (HRMS). Typically, for complex 1,
the proton signals corresponding to the pentam-
ethylcyclopentadienyl group can be observed at d ¼ 1.84 ppm
and the 13C (CH3) signals are located at d ¼ 100.0 and 9.7 ppm,
respectively. The characteristic signals of group P(CH3)3 are
located at d¼ 1.21 ppm in the 1H NMR spectrum and at d¼ 13.8
ppm (d, 1JC–P ¼ 41.6 Hz) in the 13C NMR spectrum, respectively.
The 31P NMR spectrum also shows two signals at �35.3 ppm (s,
P(CH3)3) and �144.3 ppm (hept, 1JP–F ¼ 712.3 Hz, PF6),
respectively. Additionally, the downeld signal observed at d ¼
250.5 ppm in the 13C NMR spectrum corresponds to C1, which
is a typical metal-bonded carbon atom. Similar spectra were
obtained for complexes 2–9 and their NMR data were consistent
with those reported in the literature.6b,c,8

We successfully obtained single crystals of 1–3, 5, 6, 8 and 9
to further conrm their structures. As shown in Fig. 1a and b,
the tetracyclic skeleton of complex 1 exhibited good planarity.
The sum of the angles in the iridium-containing six-membered
ring was 720.0�, which is consistent with the ideal value of
a planar six-membered ring. The bond lengths of Ir1–C1 and
Ir1–C5 were 1.984 and 2.056 Å, respectively, while the corre-
sponding bond lengths in complexes 2, 3, 5, 6, 8 and 9 were
1.954–1.992 Å and 2.034–2.071 Å, respectively. These bond
Chem. Sci., 2019, 10, 10894–10899 | 10895
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Fig. 1 Molecular structure of 1 (a and b), 2 (c), 3 (d), 5 (e and f), 6 (g), 8
(h) and 9 (i and j) (thermal ellipsoids set at 50% probability). Hydrogen
atoms and the methyl group in Cp* and PMe3 are omitted for clarity.

Fig. 2 UV/vis absorption spectra of complexes 1–9 (2.0 � 10�5 M)
measured in CH2Cl2 at room temperature.
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lengths are also comparable to the values of the previously re-
ported systems including iridanaphthalene,6 iridaphenan-
threne and iridaanthracene.7,8 In addition, as an
iridauoranthene derivative, complex 1 can be considered to be
composed of an iridanaphthalene moiety and a benzene ring
linked by a fused ve-membered ring. In the crystal structure of
2 (Fig. 1c), the sum of the angles in the iridium-containing six-
membered ring was 711.4�, indicative of a slightly lower
planarity compared with 1. This may be due to the steric
hindrance between the methoxy group (bonded to C6 and C13)
and the pentamethylcyclopentadienyl group, which makes the
iridium atom stand slightly out of the plane formed by C1–C2–
10896 | Chem. Sci., 2019, 10, 10894–10899
C3–C4–C5. The iridium-containing polycyclic skeletons
observed in the crystal structures of 3, 6 and 8 also show
excellent planarity (Fig. 1d, g and h), while the polycyclic
frameworks of 5 and 9 exhibit some distortion (Fig. 1e, f, i and
j), which is presumably caused by the intramolecular repulsion
between the hydrogen atoms connected with C12 and C20 in 5
and C14 and C27 in 9.

The UV-vis spectra of complexes 1–9 are illustrated in Fig. 2.
Complexes 1–4 displayed similar absorption proles with the
maximum peak at around 400 nm. Comparatively, the absorp-
tion bands of complexes 5–9 were located at 430–470 nm with
an obvious red shi compared with complex 1. These results
clearly indicate that increasing the conjugation degree of met-
allaaromatic rings can effectively increase their corresponding
absorption wavelength, while introducing different substituent
groups has no signicant inuence on their absorption. In
addition, tails were observed for complexes 1–9 similar to those
observed for pure organic uoranthene derivatives,16 while
these tails were broader and their positions were signicantly
red-shied compared with those for pure uoranthene deriva-
tives due to the presence of iridium atoms. Therefore, TD-DFT
calculations were performed to conrm the above observations
and the pertinent data are collected in Table 1 and Table 2. The
simulated absorption spectra of complexes 1–9 are well
consistent with the experimental data. According to the TD-DFT
results, the absorptions of all complexes are attributed to the
transitions fromHOMO�4 or HOMO�2 (8) to the LUMO, which
were mainly involved in the intra-ligand and metal (Ir) to ligand
transitions, further verifying the signicant role of the metal
atoms.
This journal is © The Royal Society of Chemistry 2019
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Table 1 Detailed photophysical data and calculation results

Compound labs/nm calc. (exp.) Excitation f Percentage 1st Ered vs. Fc+/0 (V) 1st Eoxi vs. Fc
+/0 (V)

1 379 (393) HOMO�4 / LUMO 0.4074 91% �1.21 0.98
2 378 (394) HOMO�4 / LUMO 0.3799 94% �1.24 0.72
3 388 (401) HOMO�4 / LUMO 0.4428 80% �1.27 0.98
4 398 (402) HOMO�4 / LUMO 0.4158 70% �1.05 1.09
5 420 (429) HOMO�4 / LUMO 0.1776 65% �0.99 0.83
6 422 (425) HOMO�4 / LUMO 0.3625 78% �1.20 0.97
7 428 (429) HOMO�4 / LUMO 0.2863 95% �1.07 0.96
8 490 (443) HOMO�2 / LUMO 0.1554 91% �1.06 0.96

377 (394) HOMO�5 / LUMO 0.3277 76%
9 482 (468) HOMO�4 / LUMO 0.2385 64% �0.97 0.94
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To gain insight into the electronic properties of these
complexes, cyclic voltammetry (CV) was performed in
dichloromethane using a platinum disk as the working
Table 2 Selected molecular orbitals and energy levels of complexes 1–

Compound Optimized structure (DEHOMO/LUMO)

1

2

3

4

5

6

7

8

9

This journal is © The Royal Society of Chemistry 2019
electrode, a platinum wire as the counter electrode and an Ag
wire as the reference electrode. All complexes showed multi-
electron redox processes (Fig. 3) and only their rst reduction
9

HOMO LUMO HOMO�4

Chem. Sci., 2019, 10, 10894–10899 | 10897
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Fig. 3 Cyclic voltammograms of complexes 1–9 (2.0 � 10�3 M)
measured in CH2Cl2 at room temperature (0.1 M, n-Bu4NPF6).
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processes were reversible (Fig. S1†). As presented in Table 1, the
introduction of electron-donating –OCH3 and t-Bu groups in
complexes 2 and 3, respectively, caused a cathodic shi in the
reduction potential compared with that in 1, while the electron-
withdrawing bromine atom in complex 4 led to an anodic shi.
For complexes 5–9, the extension of conjugated fused rings
resulted in anode-shied reduction potentials and cathode-
shied oxidation potentials, and especially the rst reversible
reduction potentials of 5 and 9 reached �0.99 V and �0.97 V,
respectively. As presented in Table 2, the calculated HOMO and
LUMO levels also matched well with the changing tendencies of
the rst oxidation and reduction potentials, respectively. Taken
together, introducing electron-donating groups increased both
the HOMO and LUMO levels, while electron-withdrawing units
resulted in an opposite effect; enlarging the p-skeletons
decreased the LUMO level and increased the HOMO level.17
Conclusions

In summary, a series of novel iridauoranthene derivatives as
metalla-analogues of PAHs were synthesized in high yields
under mild conditions by a one-pot synthetic route. In addi-
tion, fused rings ranging from four to seven in number were
successfully obtained for the rst time. Among them, metalla-
PAHs containing seven fused rings is a new record. Mean-
while, a sterically-oriented synthetic strategy was revealed and
this new method may provide a feasible approach to prepare
larger conjugated polycyclic metallaaromatic hydrocarbons or
even multinuclear metalla-analogues of PAHs in high yields.
In addition, introducing different substituent groups and
enlarging the conjugation of the p-skeletons can effectively
10898 | Chem. Sci., 2019, 10, 10894–10899
tune the electronic properties of metallaaromatics. Electron-
donating groups can elevate both the HOMO and LUMO levels,
while electron-withdrawing units will lead to an opposite
effect. Enlarging the p-skeletons will decrease the LUMO level
and increase the HOMO level. Therefore, our present results
open up a new avenue for the design and synthesis of new
polycyclic metallaaromatic hydrocarbons and metalla-
nanographenes.
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E. Oñate and N. Ruiz, Organometallics, 2000, 19, 4–14; (c)
B. Weberndörfer and H. Werner, J. Chem. Soc., Dalton
Trans., 2002, 1479–1486; (d) A. Asensio, M. L. Buil,
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