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derived from the quasi-conformal mapping in
transformation optics to obtain good invisibility-
cloaking performance.

Finally, Fig. 4 depicts data taken in dark-
field mode from 1.5- to 2.6-mm wavelengths
(data over a larger spectral interval are shown
in fig. S4). Here, the same sample as in Fig. 3
is tilted such that the optical axis lies within
the xy plane and includes an angle of 35° with
the y axis. As usual for the dark-field mode,
the collected light results from scattering by the
sample. These data are normalized with respect
to a normal-incidence reflection spectrum taken on
the gold film. The bump without cloak in Fig. 4A
is immediately visible. We assign this finding to
enhanced scattering from the illuminated side of

the bump. The visibility is again drastically re-
duced for the case of bump with cloak in Fig. 4B.
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Dilithioplumbole: A Lead-Bearing
Aromatic Cyclopentadienyl Analog
Masaichi Saito,1* Masafumi Sakaguchi,1 Tomoyuki Tajima,1 Kazuya Ishimura,2
Shigeru Nagase,2 Masahiko Hada3

Although the concept of aromaticity has long played an important role in carbon chemistry, it has
been unclear how applicable the stabilizing framework is to the heaviest elements. Here we
report the synthesis of dilithiotetraphenylplumbole by reduction of hexaphenylplumbole. X-ray
crystallography revealed a planar structure with no alternation of carbon−carbon bond lengths in
the five-membered ring core. Nuclear magnetic resonance spectra and relativistic theoretical
calculations show considerable aromatic character in the molecule, thus extending aromaticity
to carbon’s heaviest congener.

Aromaticity has been a fundamental chem-
ical concept since the discovery of ben-
zene in 1825, and aromatic compounds

have long played important roles in all fields of
chemistry. The skeletons of most aromatic com-
pounds consist of C atoms, and occasionally N,
O, and the third-row elements S and more rarely
P. To determine whether the heavier group-14
elements could sustain aromaticity, Si and Ge

analogs of carbocyclic aromatic compounds such
as benzene, naphthalene (1, 2), cyclopentadienyl
anion (3–7), cyclobutadiene dianion (8), and
cyclopropenyl cation (9–12) have recently been
synthesized, in which one ring C is replaced by
the congener. Most of these have considerable
aromatic character, even though some of them
have been judged nonaromatic because of their
nonplanar structures. Most recently, dilithiostan-

nole (13) and 2-stannanaphthalene (14) have
been synthesized and concluded to be aromatic
compounds. Therefore, the concept of aromatic-
ity has been expanded to Sn-containing carbo-
cyclic systems. However, there has been no
experimental evidence of whether the concept
of aromaticity can be expanded to Pb-containing
C rings, even though theoretical calculations
predicted that dilithioplumbole would have con-
siderable aromatic character (15, 16). We report
here the synthesis of dilithiotetraphenylplumbole,
thus expanding the concept of aromaticity to C
cycles incorporating the heaviest group-14 ele-
ment (17).

The synthesis of dilithiotetraphenylplumbole
1 was accomplished by the reduction of hexa-

Fig. 4. Optical characterization of the 3D structures with unpolarized light as in Fig. 3, but in dark-field
mode. (A) The bump is immediately visible by enhanced scattering. (B) Scattering is largely reduced
with the cloak.
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phenylplumbole 2 (18) with lithium in the pres-
ence of a catalytic amount of naphthalene in ether
at −78°C; a byproduct, phenyllithium, was also
formed (19). After treatment of the reaction
mixture with dimethoxyethane (DME), the
phenyllithium fully decomposed, and dilithio-
plumbole 1 was isolated in 78% yield (Fig. 1A).
The molecular structure of dilithioplumbole 1was
established by x-ray crystallographic analysis
(Fig. 1B). One Li atom is coordinated by the
plumbole ring in an h5 fashion, whereas the
other Li atom is coordinated by three DME
molecules. Because the distance between the Pb
and DME-solvated Li atoms is more than 10 Å,
the solvated Li atom has no interaction with the
plumbole ring. The plumbole ring is planar with a
539.8° sum of the internal angles. The C−C dis-
tances within the ring are almost equal [1.410(6),
1.412(6), and 1.431(6) Å], as was observed in the
aromatic dilithiostannole, suggesting that dilithio-
plumbole 1 has considerable aromatic character. In
contrast, the C−C bonds of the starting plumbole 2
differ [1.345(6), 1.354(5), and 1.522(5) Å] (18).
The Pb−C bonds of 1 lengthen to 2.242(4) and
2.265(5) Å, compared with those of 2 [2.202(4)
and 2.211(4) Å], resulting in a smaller C−Pb−C
angle [75.97(17)°] than in 2 [82.41(14)°].

In the 13C nuclear magnetic resonance (NMR)
spectrum of 1, a signal assignable to the a C was
observed at 228 parts permillion (ppm),which is a
substantial downfield shift as compared with the
corresponding resonance in 2 (154 ppm); whereas
the b C of 1 resonated at 147 ppm, a slight upfield
shift relative to 2 (153 ppm). This trend was also
observed in the cases of other aromatic group-14
dilithiometalloles (13). In contrast, the resonance
of the b C of lithiotriphenylplumbane, which is
not aromatic, shifts downfield relative to the
tetraphenylplumbane precursor (20). This NMR
analysis also suggests that dilithioplumbole 1 has
considerable aromatic character. Although the
upfield resonance in the 7Li NMR spectrum is
diagnostic of the aromatic ring current, the 7Li
NMR signal of 1 was observed at −1.11 ppm,
which is in the range of normal organolithium
compounds, suggesting that rapid exchange of
h5-coordinated and solvent-coordinated Li cations
is occurring in solution. The 207Pb NMR signal
of 1 was observed at 1712.8 ppm, remarkably
downfield of the signal in the spectrum of 2
(−24.5 ppm) (18). The corresponding shifts in
the 207Pb NMR spectra of tetraphenylplumbane
and lithiotriphenylplumbane are −179 and 1060.1
ppm, respectively (20). The downfield 207Pb shift
of 1 relative to lithiotriphenylplumbane is prob-
ably due to greater anionic character of the lead
atom of 1 or some contribution of plumbylene
character. A similar contribution of divalent char-
acter in the dilithiometalloles has already been
proposed (13, 21).

To gain more insight into the structure and
electronic states of dilithioplumbole 1, theoretical
calculations were carried out (22). Because the
x-ray structural analysis of 1 revealed that one of
the Li atoms is coordinated by the plumbole ring

and the other is separated from the ring, geo-
metric optimization of the dilithioplumbole 3
was carried out at the B3LYP (23, 24) level with
the second-order Douglas-Kroll-Hess scalar rela-
tivistic term (25–27) (Fig. 2). The ANO-RCC
basis set (28) was adopted for Pb. The [6s6p5d1f ]
functions were picked out from the original
[11s10p9d8f4g] functions, and each valence-
contracted function was then split into three func-
tions of triple-zeta quality. Furthermore, the
functions for 1s and 2p orbitals were doubly
uncontracted to describe the relativistic correc-
tion of the inner core region. A polarization d
function was not added because the exponent
was close to that of the uncontracted function
described above. The final contraction form was

[9s9p7d3f ]. The 6-311G(2d) basis set (29) was
used for Li atoms and for C and H atoms of the
five-membered ring and those connected to the ring
and the Li atoms, whereas the 6-31G basis set (30)
was used for other C and H atoms. The optimized
geometry of 3was highly consistent with the x-ray
structure of 1. The Pb−C(a), C(a)−C(b), and
C(b)−C(b) bond distances were calculated to be
(2.292, 2.304), (1,411, 1,429), and 1.452Å, respec-
tively. The Pb−C(a) bonds of 1were elongated as
compared with those of 2, even though aroma-
tization usually results in elongation and shorten-
ing of the original double and single bonds,
respectively. To understand this contradiction,
geometric optimization of the model compounds
C4H6M, C4H4M, and C4H4M

2− (M = Si, Ge, Sn,

Fig. 1. (A) Preparation of dilithiotetraphenylplumbole 1. (B) ORTEP drawing of dilithiotetraphe-
nylplumbole 1 with thermal ellipsoids plots drawn at 40% probability for non-H atoms. All H
atoms were omitted for clarity. Selected bond lengths (angstroms) and angles (degrees) are as
follows: Pb−C1, 2.242(4); Pb−C4, 2.265(5); C1−C2, 1.410(6); C2−C3, 1.431(6); C3−C4, 1.412(6);
and C1−Pb−C4, 75.99(17)

Fig. 2. Comparison of
the structures of1·4DME
and 3.
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or Pb) was carried out at the B3LYP level using
the LanL2DZ basis set (31, 32) (Fig. 3). In the
transition from C4H6Pb to C4H4Pb, which has a
divalent Pb atom, the Pb−C(a) bond lengthened
from 2.175 to 2.256 Å; whereas in the transition
fromC4H4Pb to C4H4Pb

2−, the corresponding bond
shortened to 2.240 Å [2.242(4) and 2.265(5) Å are
the twoPb−C(a) bond lengths in1]. The elongation
of the Pb−C(a) bond fromC4H6Pb to C4H4Pb can
reasonably be attributed to an increase in the p
character of the Pb−C(a) bond caused by a lone pair
on the Pb atom having more s character than the
Pb−H bonds of C4H6Pb. In contrast, the shorten-
ing of the Pb−C(a) bond fromC4H4Pb toC4H4Pb

2−

can be attributed to aromatic delocalization of the
negative charges. This trend was also observed in
all of the heavier group-14metalloles, even though

the Si−C(a) bond of C4H6Si is comparable to that
of C4H4Si

2− (Fig. 3).
NMR chemical shifts of dilithioplumbole

1 were also calculated on the basis of the x-ray
structure.Relativistic effectswere found to be essen-
tial for accurate calculations. When they were
included, 13C(a) and 207Pb chemical shifts of
220.7 and 1655.9 ppm were calculated, which
were highly consistent with the experimental
values (228.33 and 1712.8 ppm, respectively).
Under nonrelativistic conditions, the calculations
yielded the considerably less accurate shifts 269.0
and 38110.1 ppm. The Li nucleus above the
aromatic plumbole ring was calculated to reso-
nate about 4 ppm higher than the Li nucleus
coordinated by three DME molecules. The ex-
perimental 7Li NMR chemical shift of−1.11 ppm

was therefore suggestive of rapid exchange of the
two inequivalent Li cations in solution. The con-
siderably negative NICS(1) (33) value of a free
plumbole anion was calculated to be−6.28 ppm,
suggesting that dilithioplumbole1 is also aromatic,
as the other group-14 dilithiometalloles are.

Dilithioplumbole 1 reacted with bromomesi-
tylene to give lithiomesityltetraphenylplumbole4 in
25% yield (Fig. 4A) (19). The 207Pb NMR signal
of 4 was observed at 1095.7 ppm, comparable to
that of lithiotriphenylplumbane (1060.1 ppm) (10).
The structure of lithiomesitylplumbole 4 was
established by x-ray diffraction analysis (Fig. 4B)
after crystallization with 12-crown-4. The Li atom
is coordinated by two molecules of crown ether,
and the distance between the Li and the Pb atoms
of more than 6 Å suggests no interaction between
them. The C−C bonds within the plumbole ring
of 4 differ [1.347(8), 1.498(8), and 1.354(8) Å].
The pyramidalization of the Pb center is clearly
evident from the angle between the plumbole
ring and the Pb−C(mesityl) bond of 103.4°.
These geometric features clearly show that lithio-
mesitylplumbole 4 is nonaromatic, even though
the plumbole ring is planar with a sum of internal
angles of 539.8°.

The present findings show decisively that
2p(C) and 6p(Pb) orbitals can overlap sufficient-
ly to create aromatic molecules. We believe that
the present dilithioplumbole highlights the future
possibility of introducing heavy elements includ-
ing Pb into a broader range of C frameworks,
providing compoundswith structures and proper-
ties that are applicable to catalytic and materials
chemistry.
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A Fast Soluble Carbon-Free Molecular
Water Oxidation Catalyst Based on
Abundant Metals
Qiushi Yin,1 Jeffrey Miles Tan,1 Claire Besson,1,2 Yurii V. Geletii,1 Djamaladdin G. Musaev,1
Aleksey E. Kuznetsov,1 Zhen Luo,1 Ken I. Hardcastle,1 Craig L. Hill1*

Traditional homogeneous water oxidation catalysts are plagued by instability under the
reaction conditions. We report that the complex [Co4(H2O)2(PW9O34)2]

10–, comprising a Co4O4
core stabilized by oxidatively resistant polytungstate ligands, is a hydrolytically and oxidatively
stable homogeneous water oxidation catalyst that self-assembles in water from salts of
earth-abundant elements (Co, W, and P). With [Ru(bpy)3]

3+ (bpy is 2,2′-bipyridine) as the oxidant,
we observe catalytic turnover frequencies for O2 production ≥5 s−1 at pH = 8. The rate’s pH
sensitivity reflects the pH dependence of the four-electron O2-H2O couple. Extensive spectroscopic,
electrochemical, and inhibition studies firmly indicate that [Co4(H2O)2(PW9O34)2]

10– is stable
under catalytic turnover conditions: Neither hydrated cobalt ions nor cobalt hydroxide/oxide
particles form in situ.

Producing renewable clean energy has be-
come one of the most profound chal-
lenges of the 21st century (1). Most of the

world’s current energy supplies come from
sunlight converted to chemical energy by plant
photosynthesis. A central thrust of the current
energy research focuses on artificial photo-
synthesis (2, 3). Despite the intense global
efforts to develop viable abiological water
splitting systems, breakthroughs are needed
in selectivity, speed, and stability of all three
operational units: the sensitizer for light ab-
sorption and catalysts for water reduction and
oxidation. Developing a viable water oxida-
tion catalyst (WOC) has proven particularly
challenging (4). An effective WOC must be
fast; capable of water oxidation at a potential

minimally above the thermodynamic value
(H2O → O2 + 4H+ + 4e–; 1.229 – 0.059 × pH
at 25°C); and, critically, stable to air, water,
and heat (oxidative, hydrolytic, and thermal
stability). There are many research groups
working on heterogeneous and homogeneous
WOCs. Heterogeneous WOCs generally have
the advantages of low cost, ease of interface
with electrode systems, and, critically, oxidative
stability; but they are harder to study and thus
optimize than homogeneous catalysts, and
they tend to deactivate by surface poisoning or
aggregation (5–9). Recently, Kanan and Nocera
reported a robust heterogeneous WOC based
on earth-abundant cobalt and phosphate (8),
after earlier work by Creutz and Sutin (10), and
demonstrated self-assembly under turnover
conditions, a key to self-repair (11). More re-
cently, the groups of Mallouk (9) and Frei (12)
reported high catalytic water oxidation rates
by using colloidal IrO2•nH2O particles and
Co3O4 (spinel) particles, respectively. In con-
trast, homogeneous WOCs are more amenable

to spectroscopic, crystallographic, physicochem-
ical, and computational investigation and thus
more readily optimized. In addition, each in-
dividual molecule of a homogeneous catalyst
is, in principle, capable of doing chemistry (a
cost issue when precious metals such as Ru
are involved). However, nearly all homoge-
neous catalysts contain organic ligands that
are thermodynamically unstable with respect
to oxidative degradation. As a result, all ho-
mogenous WOCs with organic ligands reported
to date are oxidatively deactivated (13–23). A

1Department of Chemistry, Emory University, Atlanta, GA
30322, USA. 2Institut Parisien de Chimie Moléculaire, UMR
CNRS 7201, Université Pierre et Marie Curie Univ. Paris 06,
Case 42, 4 place Jussieu, 75005 Paris, France.

*To whom correspondence should be addressed. E-mail:
chill@emory.edu

Fig. 1. X-ray structure of Na10-1 in combined
polyhedral ([PW9O34] ligands) and ball-and-stick
(Co4O16 core) notation. Co atoms are purple;
O/OH2(terminal), red; PO4, orange tetrahedra; and
WO6, gray octahedra. Hydrogen atoms, water
molecules, and sodium cations are omitted for clarity.
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