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Metalla-analogs of polycyclic arynes represent an interesting class of metallaaromatics with a formal M^C

bond within the ring. The first examples of a bicyclic b-metallaaryne and tricyclic metallaarynes, including

a metallaanthracyne and a metallaphenanthryne, were obtained in good yields by reactions of OsCl2(PPh3)3
with alkyne-functionalized phosphorus ylides.
Introduction

There has been much interest in the development of the
chemistry of aromatic metallacycles of transition metals.1

Monocyclic six-membered metallacycles such as metal-
labenzenes and metallabenzynes are among the most well-
studied aromatic metallacycles.2 More recently, aromatic met-
allacycles with a more extended structure have been attracting
considerable attention.3

Polycyclic arenes and arynes are an important class of
aromatic organic compounds with an extended conjugation
system. Thus, it is naturally desirable to develop the chemistry
of metalla-analogs of such compounds. These compounds are
attractive considering the interesting material properties of
polycyclic aromatic hydrocarbons and hetero-arenes containing
a main group element.4 However, limited progress has been
made in this direction. Well-characterized polycyclic metal-
laarenes are conned to a few bicyclic metallanaphthalenes (of
iridium5 and osmium6) and a tricyclic iridaanthracene.7 Re-
ported polycyclic metallaarynes are even more rare and are
limited to two bicyclic a-osmanaphthalynes6,8 (derivatives of a-
metallanaphthalyne I, Scheme 1).
ted examples of polycyclic
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is work.
In this work, we report a versatile synthetic method for the
synthesis of polycyclic metallaarynes, which enabled us to
prepare the rst examples of a bicyclic b-metallanaphthalyne
(II) and tricyclic metallaarynes including a metallaanthracyne
(III) and a metallaphenanthryne (IV) (Scheme 1).

The development of the chemistry of polycyclic metal-
laarynes has been hindered by the lack of efficient routes to
synthesize such compounds. Although two a-osmanaph-
thalynes have been prepared by cyclometallation of a phenyl
ring in the vinylcarbyne complexes (PPh3)2Cl3Os{^CCH]C(o-
C6H4Cl)2} (induced by Zn)8 and (PPh3)2Cl2HOs{^CC(PPh3)]
CHPh}BF4 (induced by oxygen),6a this cyclometallation strategy
could not be easily extended to prepare polycyclic metallaarynes
with a metal in the b-position or with a more extended structure
due to the lack of generality of the cyclometallation reactions, or
the difficulty in obtaining the necessary precursor complexes.
We have therefore searched for alternative and more general
routes to prepare polycyclic metallaarynes, and explored the
possibility of synthesizing polycyclic metallaarynes from alkyne-
functionalized phosphorus ylides.

Results and discussion

The strategy was devised on the basis of the retrosynthetic
analysis shown in Scheme 2. It is known that phosphorus ylides
Scheme 2 Retrosynthesis of polycyclic metallaarynes.

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 X-ray crystal structure of 3 (ellipsoids at the 30% probability
level). Hydrogen atoms are omitted for clarity. Selected bond lengths
(Å) and angles (deg): Os1–C1, 1.826(6); Os1–C5, 1.963(6); C1–Os1–C5,
79.5(2); Os1–C1–C2, 153.1(5).
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can act as genuine carbene transfer agents9 and that alkyne
complexes LnM(R0C^CR) (R ¼ H,10 SiMe3 (ref. 11)) can rear-
range to give vinylidene complexes LnM{]C]C(R0)(R)} via
a 1,2-R shi. We therefore envisioned that polycyclic metal-
laaryne complex VII might be obtained from rearrangement of
carbene intermediate VI which was generated from the reaction
of alkyne-functionalized phosphorus ylide V with a coor-
dinatively unsaturated complex LnM.

To verify the hypothesis, we have studied the reactions of
OsCl2(PPh3)3 with the ylides o-C6H4(C^CR)(CH]PPh3) (R ¼ H,
SiMe3), which can be obtained from the phosphonium salt
[o-C6H4(C^CSiMe3)(CH2PPh3)]BPh4 (1) (Scheme 3). The ylide
o-C6H4(C^CH)(CH]PPh3) was obtained by treatment of 1 with
two equiv. of PhCH2K followed by one equiv. of 2,6-lutidinium
tetraphenylborate, and the ylide o-C6H4(C^CSiMe3)(CH]PPh3)
(2) was obtained by the reaction of 1 with one equiv. of potassium
hexamethyldisilazide (KHMDS). The ylide o-C6H4(C^CH)(CH]

PPh3) reacted with OsCl2(PPh3)3 in toluene at room temperature or
110 �C to give amixture of highly sensitive and intractable species.
To our delight, the treatment of OsCl2(PPh3)3 with the ylide o-C6-
H4(C^CTMS)(CH]PPh3) (2) in toluene at 110 �C for 2 h gave the
expected osmanaphthalyne 3, which was isolated as a green solid
in 68% yield (Scheme 3). Apparently, the SiMe3-containing
osmanaphthalyne 3 has higher stability or lower reactivity than
the analogous desiylated osmanaphthalyne. Indeed, early
computational studies have revealed that a silyl group on the
carbon adjacent to the carbyne carbon can increase the conjuga-
tion energy of metallabenzynes12 and increase the stability of the
metallabenzyne with respect to the formation of the correspond-
ing carbene complexes.13 In addition, the silyl group could also
decrease the reactivity of the carbyne carbon with nucleophiles.

The structure of complex 3 was conrmed by X-ray diffrac-
tion analysis (Fig. 1),14 which reveals that complex 3 has an
essentially planar metallacycle. The angle around the carbyne
carbon (153.1(5)�) is similar to those found in reported metal-
labenzynes.15 The Os–C1 (carbyne) bond distance (1.826(6) Å) of
3 is appreciably longer than those of typical Os^C bonds (1.69–
1.79 Å) and at the low end of those observed for LnOs]C]CRR0

complexes (1.786–1.892 �A), while the Os–C5 bond distance
(1.963(6) Å) is within the range of Os–C (vinyl) bonds (1.897–
2.195 �A).15 The structural data indicate that the vinylidene
resonance form 3A makes a signicant contribution to the
overall structure of the osmanaphthalyne.
Scheme 3 Synthesis of the b-metallanaphthalyne complex 3.

This journal is © The Royal Society of Chemistry 2018
The solid state-structure of complex 3 is supported by the
solution NMR spectroscopic data. The 31P{1H} NMR spectrum
showed a singlet at �2.9 ppm for the two equivalent PPh3

ligands. The 13C{1H} NMR spectrum displayed signals of OsC1
(Os^C) and OsC5 (OsCH) at 308.0 and 277.6 ppm, respectively.
In the 1H NMR spectrum, the OsCH signal was observed at
15.76 ppm.

Having succeeded in isolating the b-osmanaphthalyne 3, we
tried to extend the chemistry to larger polycyclic metallaarynes,
starting with tricyclic systems. There are two types of tricyclic
metallaarynes: (i) metallaanthracynes and (ii) metal-
laphenanthrynes, which are derived respectively from anthra-
cene and phenanthrene, the simplest ‘linear’ and ‘bent’
triarenes.

Preparation of a metallaanthracyne was rst pursued. The
required phosphonium salt 5 was obtained by the Sonogashira
coupling reaction of ester 4 with HC^CTMS to give an alkyne
derivative, followed by sequential treatment of the derivative
with DiBAL-H, NBS/PPh3 and NaBPh4 (Scheme 4). Treatment of
5 with KHMDS generated an ylide which reacted smoothly with
OsCl2(PPh3)3 in toluene at 110 �C to give the desired osmaan-
thracyne 6, which was isolated as a yellow solid in 54% yield.
Scheme 4 Synthesis of the metallaanthracyne complex 6.

Chem. Sci., 2018, 9, 5994–5998 | 5995
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Fig. 2 X-ray crystal structure of 6 (ellipsoids at the 30% probability
level). Hydrogen atoms are omitted for clarity. Selected bond lengths
(Å) and angles (deg): Os1–C1, 1.816(6); Os1–C5, 1.964(6); C1–Os1–C5,
79.2(2); Os1–C1–C2, 153.7(5).

Fig. 3 X-ray crystal structure of 9 (ellipsoids at the 30% probability
level). Hydrogen atoms are omitted for clarity. Selected bond lengths
(Å) and angles (deg): Os1–C1, 1.791(7); Os1–C5, 2.002(6); C1–Os1–C5,
78.7(3); Os1–C1–C2, 153.7(6).
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Complex 6 was characterized by NMR and elemental anal-
ysis. The 31P{1H} NMR spectrum showed a singlet at �7.0 ppm
for the two equivalent PPh3 ligands. The

13C{1H} NMR spectrum
displayed the signals of Os^C and OsCH at 304.1 and
288.4 ppm, respectively. In the 1H NMR spectrum, the OsCH
signal was observed at 16.51 ppm. The chemical shis of the 1H
and 13C signals of 6 are similar to those of 3.

The structure of complex 6 was also conrmed by X-ray
diffraction analysis (Fig. 2). Complex 6 can be viewed as
a compound formed by annulation of a benzene ring to the
metallanaphthalyne structural unit of 3. The X-ray data indicate
that the annulation does not alter the structural parameters of the
metallanaphthalyne structural unit signicantly. For example,
the Os–C bond distances as well as the bond angle around the
carbyne carbon of 6 are similar to those observed for 3.

The methodology could also be extended to synthesize
metallaphenanthrynes. As shown in Scheme 5, treatment of the
aldehyde derivative 7 with NaBH4 followed by NBS/PPh3 and
NaBPh4 produced the phosphonium salt 8. The ylide generated
from the reaction of phosphonium salt 8 with KHMDS reacted
Scheme 5 Preparation of the osmaphenanthryne 9.

5996 | Chem. Sci., 2018, 9, 5994–5998
smoothly with OsCl2(PPh3)3 in toluene at 110 �C to give the
osmaphenanthryne 9which was isolated as a green solid in 55%
yield.

The identity of complex 9 has been conrmed by the NMR
and analytical data as well as X-ray diffraction analysis (Fig. 3).
The 31P{1H} NMR spectrum of complex 9 showed a singlet at
�0.37 ppm. Characteristic 13C signals of Os^C and OsCH were
observed respectively at 308.1 and 250.9 ppm in the 13C{1H}
NMR spectrum. In the 1H NMR spectra, the OsCH signal was
observed at 16.14 ppm.

The X-ray diffraction analysis of complex 9 conrms that it
has a planar metallacycle. Subtle differences were noted in the
structural parameters of the osmaanthracyne 6 and the osma-
phenanthryne 9, which are structural isomers. The Os–C1
(carbyne) bond distance (1.791(7) Å) of 9 is appreciably shorter
than that (1.826(6) Å) of 6 while the Os–C5 bond distance
(2.002(6)Å) of 9 is appreciably longer than that (1.963(6) Å) of 6.

The structural data indicate that, compared with the case of
6, the vinylidene resonance form 9Amakes a lower contribution
to the overall structure of the osmaphenanthryne 9.
This journal is © The Royal Society of Chemistry 2018
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Complexes 6 and 9 are interesting as they represent the rst
examples of tricyclic metallaarynes. In fact, even well-
characterized tricyclic metallaarenes are rare. Wright and his
co-workers recently reported the isolation and structural char-
acterization of the rst metallaanthracene, an iridaanthracene.7

Jones and his co-workers generated a thermally unstable lithiated
ruthenaphenanthrene oxide that could only be characterized
spectroscopically at low temperature and reacted with Et3OBF4 to
give an h3-benzyl complex.16 In related work, Bettinger and his co-
workers found that thermolysis of 9-azido-9-borauorene
produced a reactive 9,10-BN-phenanthryne which undergoes
a self-trapping reaction to give a cyclic tetramer.17

Our complexes 3, 6 and 9 are metalla-analogs of b-naph-
thalyne, anthracyne and phenanthryne, respectively. Similari-
ties in the structural properties of the metallacycles and their
organic counterparts are noted. In particular, they have the
same bond alternation pattern and similar corresponding C–C
bond distances when the C–Os–C fragment in the metallacycles
and the C–C^C fragment in the organic counterparts are
excluded (see Fig. S28–30 in the ESI†). Naphthalyne, anthracyne
and phenanthryne are aromatic. Our DFT calculations conrm
that all the rings of complexes 3, 6 and 9 have negative NICS(1)
values18 (see Fig. S31 in the ESI†), indicating that the aromatic
character is retained when a carbon atom in a polycyclic aryne is
replaced by an isolobal metal fragment.

It is interesting to note that polycyclic arynes and their
metalla-analogs show different thermal stabilities. Naph-
thalynes,19 anthracynes20 and phenanthrynes21 are too reactive
to be isolated in the free-state and have only been detected in
argon matrices at low temperature. In contrast, complexes 3, 6
and 9 are air-stable species which can be stored in the solid
form for months without appreciable decomposition. The
higher stability of 3, 6 and 9 could be related to the fact that the
ring strains of 3, 6 and 9 are smaller than those of their organic
counterparts as signicant bond bending occurs at only one
carbon in 3, 6 and 9 (from 180� to ca. 153�), but at two carbons
Scheme 6 Reactions with maleic anhydride.

This journal is © The Royal Society of Chemistry 2018
in the organic compounds with an even larger bending angle
(from 180� to ca. 127�).

Preliminary reactivity studies reveal that polycyclic metal-
laarynes can also possess chemical properties different from
those of polycyclic arenes and metallaarenes. For example,
anthracene22 and iridaanthracene 12 (ref. 7) have been reported
to undergo [4 + 2] cycloaddition reactions with maleic anhy-
dride at the central ring (in reuxing benzene or 1,2-dichloro-
ethane, respectively) (Scheme 6). In contrast, essentially no
reaction was observed when a mixture of the osmaanthracyne 6
and maleic anhydride (in a 1 : 4 molar ratio) was heated in
benzene at 80 �C for 3.5 h, suggesting that the central ring of the
osmaanthracyne is less reactive than those of anthracene and
the iridaanthracene.

Conclusions

In summary, we have developed a convenient synthetic route to
polycyclic metallaarynes. Through reactions of OsCl2(PPh3)3
with alkyne-functionalized phosphorus ylides, we have success-
fully prepared the rst examples of b-metallanaphthalyne, met-
allaanthracyne and metallaphenanthryne complexes. Reactivity
studies of the new metallacycles as well as the preparation of
polycyclic metallaarynes with other metals or with a more
extended structure utilizing the phosphorus-ylide strategy are
now underway.
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E. Álvarez, Organometallics, 2015, 34, 177–188.

6 (a) B. Liu, H. Xie, H. Wang, L. Wu, Q. Zhao, J. Chen,
T. B. Wen, Z. Cao and H. Xia, Angew. Chem., Int. Ed., 2009,
48, 5461–5464; (b) For theoretical studies, see: J. l. Fan,
X. R. Wang and J. Zhu, Organometallics, 2014, 33, 2336–2340.

7 B. J. Frogley and L. J. Wright, Angew. Chem., Int. Ed., 2017, 56,
143–147.

8 G. He, J. Zhu, W. Y. Hung, T. B. Wen, H. H. Y. Sung,
I. D. Williams, Z. Lin and G. Jia, Angew. Chem., Int. Ed.,
2007, 46, 9065–9068.

9 See for example: (a) J. Vignolle, B. Donnadieu, D. Bourissou,
M. Soleilhavoup and G. Bertrand, J. Am. Chem. Soc., 2006,
128, 14810–14811; (b) L. R. Falvello, R. Llusar,
M. E. Margalejo, R. Navarro and E. P. Urriolabeitia,
Organometallics, 2003, 22, 1132–1144; (c) L. K. Johnson,
M. Frey, T. A. Ulibarri, S. C. Virgil, R. H. Grubbs and
J. W. Ziller, J. Am. Chem. Soc., 1993, 115, 8167–8177.

10 (a) J. A. Varela, C. González-Rodŕıguez and C. Saá, Top.
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