
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 7

/2
7/

20
25

 7
:1

8:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Reshaping aroma
aState Key Laboratory of Physical Chemistr

and Chemical Engineering, Xiamen Univers
bShenzhen Grubbs Institute, Department of C

and Technology, Shenzhen 518055, China.

sustech.edu.cn

† Electronic supplementary information (
and 2190338. For ESI and crystallographic
see DOI: https://doi.org/10.1039/d3sc0149

Cite this: Chem. Sci., 2023, 14, 5672

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 22nd March 2023
Accepted 22nd April 2023

DOI: 10.1039/d3sc01491f

rsc.li/chemical-science

5672 | Chem. Sci., 2023, 14, 5672–56
tic frameworks: expansion of
aromatic system drives metallabenzenoids to
metallapentalenes†

Qian Li, a Jiawei Fei,a Kaidong Ruan,a Yuhui Hua,b Dafa Chen, b Ming Luo*b

and Haiping Xia *ab

Reshaping an aromatic framework to generate other skeletons is a challenging issue due to the stabilization

energy of aromaticity. Such reconfigurations of aromatics commonly generate non-aromatic products and

hardly ever reshape to a different aromatic framework. Herein, we present the transformation of

metallaindenols to metallapentalenes and metallaindenes in divergent pathways, converting one

aromatic framework to another with an extension of the conjugation framework. The mechanistic study

of this transformation shows that phosphorus ligands play different roles in the divergent processes.

Further theoretical studies indicate that the expansion of the aromatic system is the driving force

promoting this skeletal rearrangement. Our findings offer a new concept and strategy to reshape and

construct aromatic compounds.
Introduction

Aromaticity is a core fundamental concept in chemistry which
has gained great interest from experimental and theoretical
chemists.1 Due to the aromatic stabilization energy, aromatic
molecular structures normally exhibit a higher stability than
other geometric frameworks.2 In general, reconguration of
benzene and heterobenzenes results in non-aromatic products.
For example, the ring contraction of benzene by ultraviolet
light,3 a trinuclear titanium cluster4 or rare-earth metal
complexes5 led to the corresponding cyclopentene derivatives,
and the products of the photoinduced contraction reactions of
heterobenzenes are analogous to the results with benzene.6 On
the other hand, reshaping one aromatic framework to another
skeleton with maintenance of aromaticity has been rarely re-
ported. A prominent example is the rearrangement between
azulene and naphthalene. Azulene can change to the thermo-
dynamically more stable naphthalene at high temperatures.7

Recently, the reverse rearrangement from the naphthalene unit
to an azulene moiety during the synthesis of nanographenes
was reported.8 Collectively, reshaping aromatic frameworks
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regularly results in non-aromatic products and seldom affords
another aromatic framework.

Metallaaromatics represent a uniquemember of an aromatic
family in which a transition metal fragment is involved in an
aromatic ring.9 To date, although various metallaaromatics
including metallabenzenes,10 metallabenzynes,11 metal-
lapentalenes,12 metallapentalynes,13 dianion metalloles,14 het-
erometallaaromatics,15 and spiro metalloles16 have been found,
the novel structures and reactivities of metallaaromatics are still
of interest.17 For recent progress on metallabenzenes, irida-
benzenes and rhodabenzenes have been prepared17c,d,f,h and the
rst structurally characterised Dewar metallabenzenes were
isolated17g aer spectroscopic observation.10d The ring contrac-
tion reactions of metallabenzenes, such as iridabenzene, are
similar to the contraction of benzene and heterobenzenes, and
give the metallacyclopentadienes with loss of the original
aromaticity.18 Inspired by the reshaping of the organic aromatic
fused rings that maintain the aromaticity and the ability of the
transition metals to possess a number of metal–carbon bonds,19

we hypothesised that the fused metallaaromatics could expand
the aromatic system when reshaped into other metallacycles.

Herein, we describe our design and synthesis of the rst
metallaindenol assembled from one nine-atom unsaturated
carbon chain with OsCl2(PR3)3 (R = Ph, p-tolyl). Ring contrac-
tion of the metallaindenols gives metallapentalenes. In contrast
to the transformations of metallabenzynes to metallabenzenes20

and metallapentalynes to metallapentalenes12,13a,21 both of
which retain the same skeletons, this rearrangement represents
the rst skeletal reshaping from one metallaaromatic frame-
work to another (Fig. 1). With the aid of experimental observa-
tions and theoretical calculations, the reactionmechanism, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Reshaping of metallabenzenoids to metallapentalenes driven
by expansion of the aromatic system.
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the aromaticity of these metallaaromatics together with the
photophysical properties during the transformation are
systematically studied.
Results and discussion
Synthesis and characterization of metallaindenols (1 and 2)
and their reactions with acids

We have previously developed a simple strategy to construct the
metal bridgehead polycyclic framework via an unsaturated
carbon chain chelated with a transition metal fragment.13b

Encouraged by these unprecedented ndings, we next wanted
to investigate the assembly behaviours of other novel unsatu-
rated carbon chains with the metal complexes, to construct
novel aromatic organometallic frameworks. We designed and
synthesized a carbon chain (L) embracing two alkynyl groups
and one terminal allene group connected to each other by
a secondary alcohol.

The reaction of OsCl2(PR3)3 (R = Ph, p-tolyl), the carbon
chain L, and HCl$Et2O at room temperature (RT) in
dichloromethane (DCM) gave complexes 1 (R = Ph) and 2 (R =

p-tolyl) (Fig. 2A). The structure of 1 was determined by single-
crystal X-ray diffraction, which shows nine carbon atoms are
Fig. 2 (A) Synthesis of osmaindenols 1 and 2. (B) The solid-state structure
removed for clarity. (C) Selected bond lengths (Å) for 1. (D) Selected NM

© 2023 The Author(s). Published by the Royal Society of Chemistry
chelated with the osmium fragment, to give the osmaindenol
framework (Fig. 2B). The bond lengths in the six-membered
ring (6MR) (C4–C5 1.384 Å, C5–C6 1.380 Å, C6–C7 1.378 Å,
C7–C8 1.362 Å, Os1–C4 2.044 Å, and Os1–C8 2.064 Å) are
similar to those found in osmabenzenes.22 The ve-membered
ring (5 MR) has an sp3 hybridized C3 bearing an hydroxyl
group which is conrmed by the bond distances of three single
bonds (C3–O1 1.460 Å, C2–C3 1.484 Å, and C3–C4 1.552 Å). The
bond length of Os1–C9 is 2.209 Å, which is typical of an Os–C
single bond, together with C8–C9 (1.338 Å), indicating the
three-membered ring (3MR) an osmacyclopropene moiety
(Fig. 2C).22b,23

The structure of the osmaindenol 1 was also veried by
nuclear magnetic resonance (NMR) spectroscopy and high-
resolution mass spectrometry (HRMS). In the 31P{1H} NMR
spectrum, CPPh3 appears at 13.02 ppm (singlet) and OsPPh3

appears as a doublet at −14.18 and −20.22 ppm as a result of
the nonequivalent circumstances caused by the C3-hydroxyl
group. The large coupling constant (JP–P = 284.4 Hz) of the
trans-phosphine ligands is similar to that in a reported alkynol
coordinated osmium complex.22a The protons in the osma-
benzene moiety have peaks at 7.89 (H6) and 7.49 (H7) ppm in
the aromatic region. The signal of H1 appears as a doublet at
11.39 ppm (d, JP–H = 23.3 Hz) because of its coupling to phos-
phorus. The chemical shis of C1 (209.04 ppm), C4 (236.47
ppm), and C8 (234.98 ppm) indicate the covalent bonds
between osmium and carbons, and are consistent with the
crystal structure. The signals from H9 (5.10 and 5.43 ppm) and
C9 (34.37 ppm) agree with those observed in osmacyclopro-
penes (Fig. 2D).22b,23 The crystal and NMR data suggest that 1
can be described by the resonance structures 1A–1D (Scheme
S1, ESI†). Osmaindenol 2 was characterized by NMR and HRMS
as well, which indicate it has a similar structure to complex 1. A
possible mechanism for the formation of osmaindenol involves
the assembly of the fused metallacycle from the carbon chain L
and the osmium fragment accompanied by a nucleophilic
addition of the chloride and PPh3 (Scheme S2, ESI†).
for the cation of 1. The phenyl groups in the PPh3 moieties have been
R chemical shifts (ppm) for 1.

Chem. Sci., 2023, 14, 5672–5680 | 5673
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Up to now, the synthesis and reactivity of the metal-bridged
indene derivatives were rarely surveyed.24 Because the addition
of acid could remove the hydroxyl group on C3 and produce
a conjugated metallacycle, we further investigated the reactiv-
ities of osmaindenols (1 and 2) with acid. When excess
HCl$Et2O and PPh3 were added into the solution of 1, elimi-
nation of the hydroxyl group occurred. Surprisingly, products 3
and 4 were isolated with 52% and 25% yields, respectively
(Fig. 3A). The X-ray analysis reveals that 3 has a structural
osmapentalene fused with an osmacyclopropenylidene unit. An
osmaindenol has thus been reshaped to an osmapentalene by
a ring contraction reaction (Fig. 3B). The coplanar structure of
Os1 and C1–C7 is supported by their small mean deviation of
0.030 Å from the least-squares plane. The bond lengths of Os1–
C1 (2.054 Å), Os1–C4 (2.077 Å), Os1–C7 (2.009 Å), and Os1–C8
(2.156 Å) are comparable to those of the osmapentalene deriv-
ative fused with an osmacyclopropenylidene moiety.13b The
delocalized fused metallacycles are conrmed by C–C bond
lengths of 1.352–1.417 Å which are within the range of C–C
single and double bonds (Fig. 3D). The NMR spectra are
consistent with the crystal structure. Three phosphorus signals
are observed at 17.53 (CPPh3), 12.07 (CPPh3), and −24.17 ppm
(OsPPh3). The signals for H1 (14.18 ppm) and H3 (8.81 ppm) are
more downeld than those of 1, indicating an aromatic
Fig. 3 Acid-mediated transformation of metallaindenols to metallapenta
state structures for cations of 3 (B) and 4 (C). The phenyl groups in the PPh
for 3 and 4. (E) Selected NMR chemical shifts (ppm) for 3 and 4.

5674 | Chem. Sci., 2023, 14, 5672–5680
osmapentadiene moiety25 (Fig. 3E). The observed carbon signals
in the fused metallacycles agree with those of the similar
structural osmapentalenes.13b It is worth mentioning that the
transformation of 1 to 3 represents a new approach to the
preparation of metallapentalene derivatives.

The osmaindene (4) was formed by an electrophilic addition
reaction and its structure is similar to that of 1 (Fig. 3C). The
bond lengths of Os1–C1 (2.098 Å), Os1–C4 (2.041 Å), Os1–C8
(2.046 Å), Os1–C9 (2.198 Å), and the C–C bonds in the fused
rings of 4 are similar to those observed in 1. The C2–C3 (1.493 Å)
and C3–C4 (1.510 Å) bonds are typical C–C single bonds, indi-
cating that C3 retains its sp3 hybridization. The signals for
CPPh3 and OsPPh3 are assigned to 12.75 and −15.32 ppm,
respectively. The chemical shis observed in the 3MR and 6MR
are comparable to those in 1. The signals of H1 (11.22 ppm) and
C1 (208.57 ppm) in 4 are analogous to those observed in 1 as
well. The upeld signals of H3 (2.06 ppm) and C3 (68.77 ppm) of
4 indicate that C3 maintains its sp3 hybridized state (Fig. 3D
and E). Compared with the reported metallaindenes which are
comprised of conjugated frameworks,24 complex 4 contains
a sp3 hybridized carbon in 5MR and is more closely related to
the classical 1H-indene. Furthermore, the transformation of
osmaindenol 2 to osmapentalene 5 and osmaindene 6 was
realized under the same conditions.
lenes and metallaindenes. (A) Synthesis of 3 to 6. (B and C). The solid-

3 moieties have been removed for clarity. (D) Selected bond lengths (Å)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Mechanistic study

To further understand the mechanism of this reaction, density
functional theory (DFT) calculations were employed for the
formation of 3 (Fig. 4A). The initial protonation of the OH group
with acid, and subsequent elimination of the OH group gave the
intermediate (A) which has an exergonic energy of
13.8 kcal mol−1. Then excess PPh3 as a nucleophile, attacked at
the C9 of A and the ring opening of osmacyclopropene occurred
to form the intermediate (B) with an exergonic energy of
16.8 kcal mol−1.26 The elimination of a proton from C9 together
with the ring opening of osmacyclohexadiene results in an
intermediate (C) which contains a negatively charged metal
centre and a coordinated allene group. Next, the reaction of the
negatively charged metal centre with acid produces the inter-
mediate (D) with a metal hydride and nally, the metal-hydride
complex D gives the product 3 and H2 with a large exothermicity
(38.5 kcal mol−1).27 The whole exothermicity for formation of 3
is 37.9 kcal mol−1. The in situ NMR spectra were also employed
to monitor the reaction process in which 1 gradually trans-
formed 3 in 12 h (Fig. S1 and S2, ESI†). In addition, gas chro-
matography (GC) was employed to examine the H2 product in
this process in which H2 gas from an in situ reaction was
detected at 0.58 min (Fig. 4B).

In addition, a different pathway for forming osmaindene 4
via an intermediate A was proposed, assisted by the DFT
calculations and an isotope labelling experiment (Fig. 5). Excess
PPh3 is initially involved as a reducing agent28 and an 18-
Fig. 4 (A) A DFT calculatedmechanism for the formation of 3. (B) The GC
standard gas of H2 obtained from thermal conductivity detector (TCD). Ca
H2 (0.58 min).

© 2023 The Author(s). Published by the Royal Society of Chemistry
electron intermediate (E) and triphenylphosphine oxide adduct
are produced. The inset box in Fig. 5A illustrates the process in
the conversion of A to E reported in a previous paper where
oxygenation of PPh3 by a metal complex via electron transfer
occurs.28b Electron transfer from A to PPh3 produces E and
PPh3

�þ; and this is followed by the nucleophilic attack of H2O to
give HOPPh�

3 which was then disproportionated to OPPh3, PPh3,
and H2O. The electrophilic addition of acid to E generates
product 4, which has an exergonic energy of 34.1 kcal mol−1. It
should be noted, that the umpolung relay which has been used
in organic synthesis29 was discovered when 1 has an electro-
philic addition on the C3 position in the formation of 4, which
can be attributed to the positively charged osmium centre being
reduced to a negatively charged centre by PPh3. To conrm the
role of PPh3 in this reaction, we reduced the amount of PPh3 to
one equivalent. The in situ NMR results showed that only
complex 4 was formed in 2 h, together with a triphenylphos-
phine oxide adduct whose signal was detected at 38.62 ppm in
the 31P{1H} NMR spectrum (Fig. S4, ESI†). This is because the
dynamic adduct HCl$PPh3 was rst formed when one equiva-
lent of PPh3 was used, and as a result, the nucleophilicity of
PPh3 was diminished and the transformation then tends to
produce 4 (Fig. 5B, le equation). The amounts of acid in this
reaction were also screened, three equivalents of acid promote
the complete conversion and ve equivalents of acid make the
highest yield of 3 (Table S1, ESI†). An isotope labelling experi-
ment was performed to shed light on the mechanism of the
formation of 4 (Fig. 5B, right equation). The NMR results
chromatograms of the in situ atmosphere in the formation of 3, and the
rrier gas: nitrogen. The peak of the in situ atmosphere was identified as

Chem. Sci., 2023, 14, 5672–5680 | 5675
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Fig. 5 (A) A DFT calculated mechanism for the formation of 4 (the inset box illustrates the process in the conversion of A to E according to
previous research28b). (B) Reactions of 1 and 2 with one equivalent of PR3 (R = Ph, p-tolyl) and HCl$Et2O/DCl$D2O.
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showed that deuterium was observed not only on the expected
C3 position but also on C9, indicating a proton exchange of the
C9H2 entity due to their acidity (Fig. S5 and S7, ESI†).30

The intermediates A and E apparently exhibit interesting
conjugated systems, but attempts to isolate them from this
reaction failed. In organic systems, the acid-induced indenol
derivatives can generate 8p-electron antiaromatic indenyl
cation intermediates, which further produce the corresponding
SN1 substitution products.31 In sharp contrast, when metal-
laindenols react with acid, the metallaindenols are transformed
to metallapentalenes driven by the expansion of the aromatic
system, and a skeletal rearrangement is observed in the
organometallic system.
Theoretical studies of aromaticity

To clarify the alteration of aromaticity in the transformation of 1
to 3 and 4, nucleus independent chemical shi (NICS) values32

were calculated based on simplied model compounds 1′, 3′,
and 4′, in which the PPh3 ligands were replaced by PH3 groups
5676 | Chem. Sci., 2023, 14, 5672–5680
(Fig. 6A). In general, the more negative NICS values indicate the
more aromatic rings. The negative NICS(1)zz values of the
conjugated 6MR of 1′ (−11.1 ppm) and 4′ (−7.8 ppm) imply the
aromatic nature of the osmabenzene units in the fused frame-
works. In comparison, the two fused 5MRs of 3′ show that
NICS(1)zz has more negative values (−15.7 and −16.5 ppm),
revealing the aromaticity of 3′. At the same time, the NICS(1)zz
grids demonstrate that the inner cavity area of the osma-
benzene units in 1′ and 4′, and the osmacyclopentadienes in 3′

is shielded (green to red, negative values). All the 3MRs of 1′, 3′,
and 4′ show negative NICS(1)zz values (−24.7 ppm for 1′,
−32.5 ppm for 3′, and −25.2 ppm for 4′) and indicate aromati-
city.22b,33 The anisotropy of the induced current density (ACID)34

analysis which has proved to be a versatile tool to describe
aromaticity also supported the aromaticity changes in these
complexes (Fig. 6B). Distinct clockwise circulations were
observed in the osmabenzene units of 1′ and 4′, the two fused
5MRs of 3′, and the 3MRs of 1′, 3′, and 4′, suggesting they had
aromatic characteristics. Isomerization stabilization energy
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Aromaticity evaluation. (A) NICS(1)zz values and NICS(1)zz grids for model complexes 1′, 3′, and 4′, NICS(1)zz were calculated at 1.0 Å above
the ring centres. Each grid is equal to the fused ring with a 0.01 Å resolution and 40 000 points. A fixed colour scale (−25.0 to +10.0 ppm) gives
a visualized comparison. Projections of the framework are provided on the maps and linked by lines. (B) The ACID plots of 1′ (left), 3′ (middle), and
4′ (right). The isosurface value of the ACID plots is 0.030 a.u. The magnetic field vector is orthogonal in relation to the ring plane (the red arrows
represent the corresponding diatropic ring currents). (C) The isomerization stabilization energy (ISE) for 1-Me, 3-Me, and 4-Me.

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2023, 14, 5672–5680 | 5677
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Fig. 7 The UV-Vis absorption spectra for complexes 1, 3, and 4 in
DCM (1.0 × 10−5 M, RT).
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(ISE) equations were used to evaluate the aromatic stabilization
energies of 1-Me, 3-Me, and 4-Me, indicating that they are all
aromatic frameworks with the ISE of 3-Me being slightly larger
than those of 1-Me and 4-Me (Fig. 6C). Collectively, both
NICS(1)zz values and NICS(1)zz grids indicate that ring A in 3′ is
more aromatic than the corresponding ring in 1′ or 4′. In
particular, ring B in 3′ was converted from a non-aromatic unit
to an aromatic ring. In addition, similar ISE results of 2-Me, 5-
Me, and 6-Me are found as well, indicating their aromatic
nature (Fig. S9, ESI†). Thus, these theoretical studies of
aromaticity indicate that the expansion of aromatic systems
plays a crucial role for driving the rearrangement of two typical
metallaaromatics, i.e., achieving metallapentalenes from
metallabenzenoids.
Photophysical properties of 1, 3, and 4

The electronic absorption spectra converge with the expansion
of the aromatic system (Fig. 7). Compared with the absorption
spectra of complexes 1 and 4, complex 3 displays two peaks at
511 nm (log 3 = 3.91, 3: molar extinction coefficient in L
mol−1 cm−1) and 408 nm (log 3 = 3.67) in the visible region
because of its extended conjugation framework. Time-
dependent density functional theory (TD-DFT) (B3LYP/def2-
TZVP) calculations show that the absorption bands for 3 are
characterized as HOMO−1 / LUMO and HOMO−2 / LUMO
transitions, respectively, (Table S2, ESI†). The absorption
spectra together with calculations of complexes 2, 5, and 6 are
also investigated, and the results were consistent with the
expansion of the aromatic system (Fig. S10 and Table S2, ESI†).
Conclusion

To conclude, this unusual ring contraction reshapes metal-
labenzenoids to metallapentalenes by the expansion of an
aromatic system, and exemplify a skeletal rearrangement from
one aromatic framework to another in an organometallic
system. Combined with new structures and reaction types, our
5678 | Chem. Sci., 2023, 14, 5672–5680
results will support further advances in metallaaromatics and
promote the development of methodology of unsaturated
carbon chains with organometallic reagents. We anticipate that
these ndings could potentially result in a new way for further
studying reshaping and construction of other aromatic
compounds.
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