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Abstract: Aromaticity is one of the most important concepts in
organic chemistry. A variety of metalla-aromatic compounds
have been recently prepared and in most of those examples, the
metal participates only in a monocyclic ring. In contrast, metal-
bridged bicyclic aromatic molecules, in which a metal is shared
between two aromatic rings, have been less developed. Herein,
we report the first metal-bridged tricyclic aromatic system, in
which the metal center is shared by three aromatic five-
membered rings. These metalla-aromatics are formed by
reaction between osmapentalyne and arene nucleophiles.
Experimental results and theoretical calculations reveal that
the three five-membered rings around the osmium center are
aromatic. In addition, the broad absorption bands in the UV/
Vis absorption spectra of these novel aromatic systems cover
almost the entire visible region. This straightforward synthetic
strategy may be extended to the synthesis of other metal-
bridged polycyclic aromatics.

Aromaticity is a fascinating topic in chemistry and continues
to attract attention.[1] Metalla-aromatic molecules, first pro-
posed by Thorn and Hoffmann in 1979, are analogues of
conventional aromatic molecules, in which one carbon seg-
ment is formally replaced by a transition-metal fragment.[2]

Many metalla-aromatics have been synthesized since that
time.[3] Most of the well-characterized metalla-aromatic
systems contain five- or six-membered rings with the charac-
teristic feature that the metal participates only in one ring
system (type I, Scheme 1).[4–7] In contrast, the metal-bridged
bicyclic aromatics, which contain a metal that is shared by two
aromatic rings (type II, Scheme 1), have been less devel-
oped.[7g,8]

Metal-bridged bicyclic aromatics are interesting because
the bridge-head metal can stabilize and influence both rings,
thus creating metalla-aromaticity in an extended, p-electron
conjugated framework.[8g,h] In addition, the coordination
number of a bridge-head transition-metal atom is larger

than that of a bridge-head carbon atom, and bridge-head
transition-metal atoms can form planar, polycyclic aromatic
systems. Herein, we report the synthesis, structural character-
ization, spectroscopic properties, and density functional
theory (DFT) calculations of the metal-bridged tricyclic
aromatic system (type III, Scheme 1), in which the metal
center is shared by three aromatic five-membered rings.

The synthetic routes for tricyclic aromatics 2 and 3 are
shown in Scheme 2. The treatment of osmapentalyne 1[8g] with
aniline at room-temperature (RT) in the presence of Cs2CO3

provided complex 2 in 70% yield. This reaction proceeds by
the nucleophilic addition of osmapentalyne 1 to the carbyne,
followed by C�H bond activation to form complex 2. A
detailed mechanism for the formation of 2 is proposed in
Scheme S1 in the Supporting Information. Complex 2 is
stable in the solid state, even upon heating at 150 8C in air for
3 h. Under the same conditions, osmapentalyne 1 reacted with
phenol to produce complex 3 which was isolated in 72% yield.

The structure of complex 2 was determined by single-
crystal X-ray diffraction.[9] The unit cell contains two inde-
pendent molecules with similar structural features. One
of the molecules is shown in Figure 1. The osmium center in

Scheme 1. Classes of metalla-aromatic molecules: metal non-bridged
aromatics (I), metal-bridged bicyclic aromatics (II), and metal-bridged
tricyclic aromatics (III).

Scheme 2. Syntheses of polycyclic metalla-aromatic compounds 2 and
3.
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complex 2 is seven-coordinate with an approximately pen-
tagonal bipyramidal coordination geometry. The metal center
is shared by three fused five-membered rings. These rings
(composed of Os1, N1, and C1–C9) are almost coplanar, as
reflected by the small mean deviation from the least-squares
plane (0.0422 �). The sums of angles in the three five-
membered rings are 539.98, 539.78, and 539.88, which are in
close agreement with the ideal value of 5408. Interestingly,
four carbon atoms surround the metal center in the equatorial
plane. All Os�C bond lengths in 2 (1.999–2.175 �) are within
the typical range of Os�C single- and double-bond lengths.[10]

Complexes 2 and 3 were further characterized by NMR
spectroscopy and high-resolution mass spectrometry
(HRMS). In the 1H NMR spectrum of complex 2, the
resonance in the upfield region (d =�3.51 ppm) can be
assigned to the OsH, the signal at d = 11.26 ppm to the NH,
and the signal at d = 11.63 ppm to the OsCH, which falls in the
expected range of OsCH proton resonances in osmapenta-
lenes (d = 11.93–12.46 ppm).[8h] The remaining two proton
signals attributable to the fused five-membered rings of 2 lie
in the aromatic region (H3: d = 8.19 ppm, H5: d = 9.06 ppm).
The molecular ion in the HRMS of 2 was observed at
m/z 1216.3214, in agreement with the calculated value
(m/z 1216.3211). The NMR spectra of 3 are similar to those
of 2 (Supporting Information).

The aromaticity of complexes 2 and 3 was suggested by
their planarity, their high stability, and the characteristic
downfield chemical shifts of the peaks in their 1H NMR
spectra. To verify the aromaticity of complexes 2 and 3, we
calculated the isomerization stabilization energy values
(ISE)[11] based on simplified unsubstituted models 2’ and 3’
(by replacement of the PPh3 ligands with PH3 groups). The
ISE values of 2’ and 3’ are �31.5 and �35.1 kcalmol�1

(Scheme 3); these values are close to those of aromatic
osmapentalenes (�25.7 and �30.7 kcal mol�1) evaluated by
the same method.[8h]

To further evaluate the aromatic character of this novel
metal-bridged tricyclic aromatic system, we calculated the
nucleus-independent chemical shift values (NICS)[12] for 2’
and 3’. In general, negative NICS values indicate aromaticity
and positive values suggest anti-aromaticity. The calculated
NICS(1) values are �6.3, �7.5, and �11.2 ppm for the three
five-membered rings of model 2’; when the environments at
the points 1 � above and below the ring centers were not
equivalent, the averaged values were used for NICS(1) and
NICS(1)zz (Table 1). These NICS(1) values are comparable to

those of benzene (�10.2 ppm)[8g] and osmapentalynes (rang-
ing from �11.6 to �8.0 ppm).[8g] The NICS(1) values of the
three five-membered rings of 3’ are also negative (�6.5, �8.4,
and �11.8 ppm). The NICS(1)zz values (the tensor z-compo-
nent of NICS(1)) of each ring in 2’ and 3’ are even more
negative (Table 1). The ISE and NICS calculations suggest
that complexes 2 and 3 have a unique metal-bridged tricyclic
aromatic core in which the metal center is shared by three
aromatic five-membered rings.

To extend the scope of the reaction of arene nucleophiles
with metallapentalyne and to prepare larger metalla-aromatic
systems, we treated osmapentalyne 1 with commercially
available 1-aminopyrene as a proof-of-concept test. Metal-
bridged polycyclic complex 4 was isolated in 60% yield after
the reaction mixture was heated under reflux at 60 8C in the
presence of Cs2CO3 for 2 days (Scheme 4). Complex 5 was
obtained by the reaction of osmapentalyne 1 with 9-phenan-
threnol at room temperature.

Complex 4 was characterized by NMR spectroscopy,
HRMS, and X-ray crystallographic analysis. In the 1H NMR

Figure 1. Molecular structure of the cation of 2 (thermal ellipsoids set
at 50% probability). The phenyl moieties in PPh3 have been omitted
for clarity. Selected bond lengths [�] and angles [8]: Os1-C1 2.175(8),
Os1-C4 2.083(10), Os1-C7 1.999(12), Os1-C9 2.151(9), C1-C2
1.347(14), C2-C3 1.389(15), C3-C4 1.450(12), C4-C5 1.369(14), C5-C6
1.390(13), C6-C7 1.457(15), C7-N1 1.400(12), N1-C8 1.427(14), C8-C9
1.371(15); Os1-C1-C2 116.6(8), C1-C2-C3 118.6(11), C2-C3-C4
110.9(9), C3-C4-Os1 120.0(7), C4-Os1-C1 73.8(4), Os1-C4-C5 122.2(7),
C4-C5-C6 113.0(10), C5-C6-C7 108.8(10), C6-C7-Os1 123.8(7), C7-Os1-
C4 71.9(4), Os1-C7-N1 123.0(9), C7-N1-C8 110.8(10), N1-C8-C9
115.4(10), C8-C9-Os1 116.1(8), C9-Os1-C7 74.5(4).

Scheme 3. The aromaticity of 2’ and 3’ evaluated by the ISE method.
The energies include zero-point energy corrections.

Table 1: NICS(1) and NICS(1)zz values (in ppm) at rings A, B, and C of 2’
and 3’ calculated at the B3LYP/6-311+ + G(d,p) level.

Ring NICS(1) NICS(1)zz

2’; X= NH 3’; X= O 2’; X = NH 3’; X =O

A �6.3 �6.5 �10.7 �9.1
B �7.5 �8.4 �14.1 �16.8
C �11.2 �11.8 �23.9 �25.5
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spectrum, the characteristic signals of OsH and NH appear at
d =�2.90 and 12.49 ppm, whereas the signals of H1, H3, and
H5 appear at d = 11.96, 8.48, and 9.28 ppm, respectively.
Complex 5 was also characterized by NMR spectroscopy and
HRMS (Supporting Information).

The single-crystal X-ray structure of 4 clearly indicates
that the coordination mode of osmium is similar to that in
complex 2. As shown in Figure 2, the geometry of the metal

center approximates a pentagonal bipyramid and the osmium
is shared between three five-membered rings. The sums of
angles in the three five-membered rings are 540.08, 539.98, and
540.08, which are in good agreement with the ideal value of
5408. The Os1�C1 (2.084 �), Os1�C4 (2.127 �) and Os1�C7
(2.048 �) distances are within the range of the Os�C bond
lengths observed in osmapentalene (1.926–2.139 �), whereas
the Os1�C9 distance (2.156 �) is slightly longer.[8h] The

carbon–carbon bonds (1.362–1.451 �) in the fused five-
membered rings fall within the range of carbon–carbon
single- and double-bonds.

The UV/Vis absorption spectra of these unusual metal-
bridged polycyclic aromatics 2–5 are summarized in Figure 3.
In the visible region, the absorption maximum of 2 is
l = 528 nm (log e = 3.81, e : molar extinction coefficient in
m
�1 cm�1), and the absorption maximum of 3 is l = 461 nm

(log e = 3.75). Upon increasing the size of the aromatic
framework, the absorption maximum of complex 4 in the
visible region (lmax = 557 nm, log e = 4.06) is red-shifted by
29 nm compared with that of 2. Complex 5 also has an
absorption maximum (lmax = 541 nm, log e = 3.56) that is red-
shifted by 80 nm from that of 3. This suggests that the
effective conjugation lengths of both 4 and 5 are longer than
those of their simpler analogues.

To understand the absorption spectra, we performed time-
dependent density functional theory (TD-DFT) calculations
on the simplified model 4’’ (where the PPh3 groups in 4 were
replaced with PH3 groups) at the B3LYP/6-311 ++ G(d,p)
level. We first optimized the geometry of 4’’ (Figure S1 in the
Supporting Information). This was found to be consistent with
the X-ray structure. The HOMO was mainly localized on the
pyrene moiety, whereas the LUMO was mostly localized on
the metal-bridged fused five-membered rings (Figure 4). The
calculated absorption bands of 4’’ at l = 574, 428, 388, and
359 nm are consistent with the bands observed at l = 557, 407,
367, and 353 nm of complex 4, respectively. These computed
absorption bands can be assigned to the electronic transi-
tions HOMO!LUMO, HOMO!LUMO + 1, HOMO�2!
LUMO, and HOMO!LUMO + 2, respectively (Supporting
Information).

In summary, we have prepared and characterized a series
of novel metal-bridged polycyclic aromatic systems derived
from osmapentalyne and arene nucleophiles. The planarity,
high stability, downfield proton chemical shifts, and calculated
ISE and NICS values confirmed the aromaticity of these
complexes. In a preliminary test, this straightforward and

Scheme 4. Preparation of metalla-aromatic compounds 4 and 5.

Figure 2. Molecular structure of the cation of 4 (thermal ellipsoids set
at 50% probability). The phenyl moieties in PPh3 have been omitted
for clarity. Selected bond lengths [�] and angles [8]: Os1-C1 2.084(5),
Os1-C4 2.127(5), Os1-C7 2.048(5), Os1-C9 2.156(5), C1-C2 1.362(6),
C2-C3 1.410(7), C3-C4 1.370(7), C4-C5 1.426(7), C5-C6 1.386(7), C6-C7
1.451(7), C7-N1 1.337(6), N1-C8 1.397(6), C8-C9 1.415(7); Os1-C1-C2
120.3(4), C1-C2-C3 114.5(5), C2-C3-C4 112.8(4), C3-C4-Os1 119.3(4),
C4-Os1-C1 73.05(19), Os1-C4-C5 118.9(4), C4-C5-C6 113.9(5), C5-C6-
C7 111.6(5), C6-C7-Os1 122.0(4), C7-Os1-C4 73.5(2), Os1-C7-N1
120.9(4), C7-N1-C8 116.0(4), N1-C8-C9 113.3(4), C8-C9-Os1 115.3(3),
C9-Os1-C7 74.46(19).

Figure 3. UV/Vis absorption spectra of 2–5 measured in CH2Cl2 at
room temperature.
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versatile synthetic strategy provided planar metalla-aromatic
complexes containing up to seven fused aromatic rings, thus
providing possibilities for the preparation of a novel family of
large polycyclic metalla-aromatics or even metalla-nanogra-
phene.
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