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In all previously reported metallacycloprop-1-ene or n2-vinyl complexes, the metal center bears only one
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vinyl moiety. We have now successfully synthesized and structurally characterized the first complexes

bearing two nz—vinyl moieties or spiro bi(metallacycloprop-1-ene) complexes from reactions of alkynes
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Introduction

Metallacycloprop-1-enes or n>vinyl complexes (I, Scheme 1) are
compounds with an organic vinyl fragment CR=CR, bound
asymmetrically to a metal center through both carbon atoms."
As the smallest metalla-carbocycles with an M=C and an M-C
bond, these complexes are receiving increasing attention for
their roles in organometallic synthesis*® and catalysis,*™"® as
well as for their aromatic properties.'”*°

Well-defined metallacycloprop-1-ene complexes have been
isolated with metals such as tungsten,” molybdenum,*
rhenium,* ruthenium,> and osmium.>® In all these complexes,
the metal center bears only one vinyl moiety (I, Scheme 1). In
principle, a transition metal fragment may bind two or more 1>
vinyl moieties to give interesting spiro metallacycloprop-1-ene
complexes. However, such a possibility has not been previ-
ously demonstrated. In this work, we report the synthesis and
characterization of the first complexes bearing two m>vinyl
moieties or spiro bi(metallacycloprop-1-ene) complexes (II,
Scheme 1), a unique o-type spiro metallaaromatic system.

Results and discussion

The first spiro bi(metallacycloprop-1-ene) complex was obtained
by the reaction of ReCl;(PPh;),(MeCN) (1) with PhC=CH. Heat-
ing a mixture of 1 and four equivalents of phenylacetylene (2a) in
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with rhenium phosphine complexes. Computational studies indicate that the metallacycloprop-1-ene
rings are aromatic and the complexes represent a rare o-type spirometalla-aromatic system.

dichloromethane at 70 °C for 1 h produced a yellow solution,
from which the complex Re{n*-C(Ph)=CH(PPh,)},Cl; (3a) can be
isolated as an orange solid in 68.1% yield (Scheme 2). The
analogous complexes Re{n*-C(Ar)=CH(PPh;)},Cl; (Ar = p-
CeH,4Ph (3b), 0-CcH,CF; (3¢)) were obtained from the reactions of
1 with the corresponding aryl alkynes HC=CAr under similar
conditions. In situ NMR experiments indicate that 1 is also
reactive with alkyl alkynes such as 1-pentyne and 1-ethynylcy-
clohexene. The reactions gave mixtures of unidentified species,
and the expected bi(metallacycloprop-1-ene) complexes analo-
gous to 3 were not produced.

The structure of 3a has been determined by X-ray diffraction.
As shown in Fig. 1, complex 3a contains three meridionally
bound Cl ligands and two 1>-PhC=CH(PPh;) moieties. The Re-
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Scheme 1 Structures of metallacycloprop-1-ene (l) and spiro bi
[metallacycloprop-1-ene] (ll) complexes.
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Scheme 2 Syntheses of spiro bi(metallacycloprop-1-ene) complexes
3a-c.
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Fig. 1 X-ray crystal structure of 3a (ellipsoids at the 40% probability
level). Selected bond lengths [A] and angles [°]: Re(1)-Cl(1) 2.4837(7),
Re(1)-Cl(2) 2.4079(7), Re(1)-Cl(3) 2.4035(7), Re(1)-C(1) 2.211(3), Re(1)—
C(2) 1.903(3), Re(1)-C(3) 2.205(3), Re(1)-C(4) 1.903(3), C(1)-C(2)
1.467(4), C(3)-C(4) 1.469(4), Cl(1)-Re(1)-Cl(2) 84.62(3), Cl(1)-Re-CLI(3)
82.80(2), Cl(2)-Re(1)-Cl(3) 167.30(2), C(1)-Re(1)-C(3) 172.65(10),
C(1)-Re(1)-C(2) 40.92(11), C(1)-Re(1)-Cl(1), 95.18(8), C(2)-Re-C(4)
93.19(12), C(3)-Re(1)-C(4) 41.07(11), C(3)-Re(1)-Cl(1) 92.14(8).

C(1) (2.211(3) A) and Re-C(3) (2.205(3) A) bond distances are
typical of Re-C(sp®) bonds, while those of Re-C(2) and Re-C(4)
(both are 1.903(3) A) are typical of Re=C alkylidene double
bonds. The C(1)-C(2) (1.467(4) A) and C(3)-C(4) (1.469(4) A) are
typical of C-C single bonds with some associated m-character.
The structural features associated with the Re(n*-CH(PPh;)CPh)
fragments are similar to those of reported rhenacycloprop-1-ene
complexes.”® Thus, complex 3a can be described as a spiro
bi(metallacycloprop-1-ene) complex. The two spiro-connected
rhenacycles are nearly co-planar or slightly twisted as evi-
denced by the twist angle between the MCC planes (25°). The
two formal Re=C bonds are orthogonal cis to each other
(93.19(12)°), while the two Re-C(sp?) single bonds are trans to
each other (172.65(10)°). The two PPh; substituents are oriented
trans to each other. The spiro-concept derives from the
conformational requirement of coplanarity of the aryl substit-
uent with the metallacycloprop-1-ene ring, which twists either
the C11 or C21 phenyl to the front. Both conformations are
found in the crystal.

The presence of the Re{n>-C(Ar)=CH(PPh;)}, moieties in 3 is
supported by the NMR data. For example, the "H NMR spectrum
of 3b showed the CH(P) signal at 5.11 ppm. The *'P{"H} NMR
spectrum of 3b showed a singlet at 24.5 ppm. The "*C{'"H} NMR
spectrum of 3b showed the Re=C signal at 251.4 ppm and the
CH(P) signal at 21.3 ppm.

In the solid state, complexes 3 are air-stable and can be
stored at room temperature for at least 6 months without
appreciable decomposition. In solution, they are also air-stable
for at least 3 hours. However, decomposition was noted when
a solution of complexes 3 in a halogenated solvent was exposed
to air for a day.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Complexes 3a-c are interesting as they represent the first
examples of spiro bi(metallacycloprop-1-ene) complexes or
complexes bearing two m*vinyl ligands at the same metal
center. Complexes 3a-c are also unique mononuclear rhenium
complexes with two hydrocarbyl carbene ligands. It is noted that
mononuclear complexes with two hydrocarbyl carbene ligands
(CHR and CR,) are rare and limited to a few of those of
0s,2®* W,?” Mo,?® Nb,? and Ta.*®

Scheme 3 shows a plausible mechanism for the formation of
spiro bi(metallacycloprop-1-ene) complexes 3 from the reac-
tions of 1 with HC=CAr. The MeCN ligand in 1 is labile. Thus,
complex 1 could initially undergo a ligand substitution reaction
with HC=CAr to give an mn>alkyne complex ReCl;(n*
alkyne)(PPhj), (4). Complex 4 could evolve to the
metallacycloprop-1-ene intermediate 5 via the addition of
a PPh; to the terminal carbon of the coordinated aryl alkyne.
Further reaction of intermediate 5 with another molecule of
ArC=CH would give a spiro bi(metallacycloprop-1-ene)
complex 3. Both intramolecular migration of PR; from metal
to a coordinated alkyne®' and intermolecular attack of free PR;
on coordinated alkyne ligand** have been suggested previously
for addition reactions of phosphines with alkynes. Similar
reaction pathways could be proposed for the addition of PPh; to
the ArC=CH in the present case. For example, the intermediate
5 could be formed by intramolecular migration of a PPh; ligand
of rhenium in 4 to the terminal carbon of the coordinated aryl
alkyne (path A), or dissociation of a PPh; to give the complex 6,
followed by intermolecular nucleophilic attack of the dissoci-
ated PPh; at the terminal alkyne carbon in 6 (path B).

Analogous spiro bi(metallacycloprop-1-ene) complexes could
be obtained from reactions of terminal alkynes with other Re()
phosphine complexes. For example, the tris-phosphine complex
ReCl3(PMePh,); (7) reacted with phenylacetylene (2a) and p-
HC=C-CzH,~C=CH in toluene at 100 °C for 2 h to produce the
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Scheme 3 Proposed pathways for the formation of complexes 3.
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Scheme 4 Reactions of complex 7 with alkynes.

corresponding spiro bi(metallacycloprop-1-ene) complexes 8a
and 8b, respectively (Scheme 4). Like complexes 3, complexes 8
are also air-stable in the solid state. Preliminary experiments
showed that 7 might also react with alkyl alkynes to give
metallacycloprop-1-ene complexes. However, further work is
needed to define the structures of the products.

The structure of 8a has also been determined by X-ray
diffraction (Fig. 2). In general, complex 8a has structural
features similar to those of 3a. The twist angle between the two
rhenacycles (30.5°) in 8a is slightly larger than that of 3a (25°).
In agreement with the solid-state structure, the “C{"H} NMR
spectrum of 8a shows the Re=C signal at 254.5 ppm and that of
Re-CH(P) at 11.3 ppm. The NMR data of 8b are similar to those
of 8a (see ESIY}).

In the solid-state structures of both 3a and 8a, the two
phosphonium substituents are oriented trans to each other. In
principle, the two phosphonium substituents could also be

Fig. 2 X-ray crystal structure of 8a (ellipsoids at the 40% probability
level). Selected bond lengths [A] and angles [°]: Re(1)-Cl(2) 2.420(3),
Re(1)-Cl(1) 2.484(3), Re(1)-Cl(3) 2.430(2), Re(1)-C(1) 2.254(7), Re(1)-
C(2) 1.885(9), Re(1)-C(3) 2.242(6), Re(1)-C(4) 1.873(7), C(1)-C(2)
1.455(10), C(3)-C(4) 1.437(14), C(1)-P(1) 1.748(8), C(3)-P(2) 1.765(8),
Cl(2)-Re(1)-Cl(1) 85.29(7), Cl(2)-Re(1)-Cl(3) 170.24(9), C(1)-Re(1)—
C(3) 165.8(3), C(1)-Re(1)-C(2) 39.9(3), C(1)-Re(1)-Cl(1) 97.3(2), C(2)-
Re(1)-C(4) 90.0(3), C(3)-Re(1)-C(4) 39.6(4), C(3)-Re(1)-Cl(1) 96.9(3),
Re(1)-C(1)-C(2) 56.2(4), Re(1)-C(3)-C(4) 56.2(3).
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oriented cis to each other. To understand the experimental
observation, we optimized the structures of 8a (with trans
disposed phosphonium substituents) and 8a’ (with cis disposed
phosphonium substituents), and calculated their relative ener-
gies. As shown in Scheme 5, 8a is thermodynamically more
stable than 8a’ by 4.99 kcal mol ", consistent with the experi-
mental observation that 8a is the only observed isomer.

We have also explored the possibility of the formation of
bis(n*vinyl) complexes by using internal alkynes. Heating
a mixture of 7 and four equivalents of 3-hexyne in toluene at
100 °C for 2 h produced cleanly the alkyne complex Re(n’-
EtC=CELt)Cl3(PMePh,), (9), which can be isolated as a yellow
solid in 89.9% yield (Scheme 4). The complex is diamagnetic
and can be readily characterized by NMR spectroscopy. The *'P
{*H} NMR in CDCI; showed a singlet at —53.4 (s). The "H NMR
showed the Et signal at 0.91 (CH3) and 3.91 (CH,) ppm. The *C
{'H} NMR in CDCIl; showed the C=C signal at 229.9 ppm. The
3C chemical shift of the alkyne signal (at 229.9 ppm) is char-
acteristic of four-electron alkyne ligands.*

The structure of 9 has been confirmed by X-ray diffraction. As
shown in Fig. 3, it can be described as a distorted octahedral
complex with two trans-disposed PMePh, ligands at the axial
positions, three meridionally bound Cl ligands, and an alkyne
ligand in the equatorial position. Whereas structures 3a and 8a
have 2-fold symmetry, complex 9 has crystallographic 2-fold
symmetry, with the axis passing through Cl1 and Rel and
bisecting the coordinated 4e donor alkyne. The alkyne ligand is
oriented perpendicular to the P(1)-Re-P(2) axis and bonded to
rhenium symmetrically with the Re-C distance of 1.9642(19) A,
and the C=C distance of the 1.325(4) A. The structural
parameters are similar to those of Cp*ReCl,(n*-EtC=CEt) (Re-
C, 1.961(3) and 1.969(3) A; C=C, 1.326(4) A).** The Re-C5 bond
length (1.9642(19) A) is within those reported for typical Re=
CR, (R=H or alkyl) carbene bonds (1.850-2.153 A)"%'* and
shorter than those reported for Re-C bonds of typical rhenium-
n*alkyne (2e donor) complexes (2.118-2.247 A).* The NMR and
the X-ray data suggest that this structure has contributions from
the resonance forms 9 and 9', with 9’ being dominant (Scheme
4). The successful isolation of 9 provides indirect evidence that
complexes 3 and 8 are formed through the n*-alkyne complexes
ReCl;(n-alkyne)(PR;),.

Cyclopropene**®” and fused metallacycloprop-1-ene
complexes'’>*** have been shown to display c-aromaticity. We
expect that complexes 3 and 8 might also show aromatic char-
acter. To verify the hypothesis, we have used a series of theo-
retical methods to probe the aromatic properties of spiro
bi(metallacycloprop-1-ene) complex 8a. We first calculated the

cl
® | y 499(514) g o ®
PhoMeR 2| CI o m— MR o | I PMePh,
Re§ 7/\ VRV
H | PMePh, / H | H
Ar o Cl Ar — Ar Cl Ar
8a 0.00 (0.00) P

Scheme 5 Relative energies of 8a and 8a’ isomers. The relative free
energies and electronic energies (in parentheses) are given
in kcal mol™.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 X-ray crystal structure of 9 (ellipsoids at the 40% probability
level). Selected bond lengths [A] and angles [°]: Re(1)-Cl(1) 2.4687(6),
Re(1)-Cl(2) 2.4590(5), Re(1)-Cl(2Y) 2.4591(5), Re(1)-C(1) 1.9642(19),
Re(1)-C(1Y) 1.9642(19), Re(l)-P(1) 2.4692(5), Re(l)-P(1}) 2.4692(5),
C(D)-C(1Y 1.325(4), C(1)-C(2) 1.483(3), Cl(1)-Re(1)-Cl(2) 80.705(12),
Cl(1)-Re(1)-Cl(2") 80.704(11), Cl(2)-Re(1)-C(1) 79.63(6), C(L)-Re(1)-
C(1%) 39.42(12), Re(1)-C(1)-C(1%) 70.29(6), Re(1)-C(1)-C(2) 142.52(16),
P(1)-Re(1)-P(1") 166.76(2).

values of nucleus-independent chemical shift (NICS),
a common index for aromaticity.* Since 8a has a pseudo 2-fold
symmetric structure, the two three-membered rings are chem-
ically equivalent. As shown in Fig. 4a, the NICS(0),, values and
NICS(1); values are —44.2 and —20.7 ppm, respectively, indi-
cating that the metallacycle is aromatic. Canonical molecular
orbital (CMO) NICS calculations reveal that the NICS(0),,-m
value from 7 molecular orbitals (+16.1 ppm) has a positive sign,
while the NICS(0),,-c value from the key occupied ¢ molecular
orbitals (—60.3 ppm) has a negative sign, suggesting the
possible c-aromaticity. Consistent with the c-aromaticity, the
NICS(1)z-1 value (+14.6 ppm) also has a positive sign, while the

NICS(1)zz-o value orbitals (—35.3 ppm) has a negative sign.

Cl
(a) cl
z Ph,MeP Z H
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H: v/ \_\? ~ PMePh,
X Phol pn
Y 8a Cl
NICS(0); NICS(0)-m NICS(0)z-0 NICS(1);; NICS(1),-m  NICS(1);-0
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20 ! | . L
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Fig. 4 (a) Computed NICS values for complex 8a. (b) NICS-scan
curves for 8a.
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To verify the c-aromaticity, complex 8a was studied by the
NICS-scan® and NICS;, ou** techniques, which can draw
inferences about types of aromaticity based on the shape of the
curves. To avoid the influence of the ligands in the structure, the
NICS values of the metallacycle in 8a were decomposed into
atomic contributions in the framework of the “atoms in mole-
cules (AIM)” theory** using the AIMAII** program. As shown in
Fig. 4b, the NICS out-of-plane curve does not exhibit
a pronounced minimum at non-zero r values. The NICS in-out
curve is not arc-shaped (Fig. S1, ESIY), as expected for typical
aromatic systems.** For comparison, NICS-scan and NICS;,_out
shapes without AIM processing are listed in Fig. S2 and S3.f

The anisotropy of the induced current density (AICD) anal-
ysis* is another commonly used method for the evaluation of
aromaticity. As shown in Fig. S4, the o-system of the three-
membered metallacycles of 8a shows a diatropic ring current,
confirming the c-aromaticity. The c-aromaticity of 8a is further
elucidated by the gauge including magnetically induced
currents (GIMIC).*® The GIMIC maps in the plane of a single
ring of 8a are shown in Fig. S5,7 which vividly display that
significant diatropic currents formed in both the inner and
outer edges of the three-membered metallacycle. To visualize
the induced current of 8a, the induced current modulus
surfaces were built up. The resulting Jmod plot (Fig. S6T) clearly
shows that the diatropic surfaces (blue) around the single
metallacycle are large and closed whereas the paratropic
surfaces (red) inside the rings are significantly smaller. The
static streamline plot of 8a (Fig. S7T) shows strong net currents
circulating the single metallacycle cycle, corresponding to
diamagnetic, i.e., aromatic, current. Thus the GIMIC results,
both Jmod and streamline plots, confirm the aromatic character
of the metallacycle of 8a.

Having confirmed the c-aromaticity of mono-metallacycle,
we have also investigated the global aromaticity of 8a.*” A
global m-aromatic system has diatropic ring current circuiting
along the outmost periphery. The GIMIC map with the
magnetic field direction perpendicular to the plane formed by
the three atoms of Rel, C2, and C4 (Fig. 5) shows induced
currents generated in 8a connecting the two non-coplanar

Fig. 5 The GIMIC map of 8a in-plane formed by the three atoms of
Rel, C2, and C4. The magnetic field vector is orthogonal concerning
the ring plane and points upward (clockwise currents are diatropic).

Chem. Sci., 2023, 14, 96-102 | 99
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three-membered metallacycle rings via the unbound C2 and C4
atoms (the calculated C2-C4 Mayer bond order is only 0.05).
The induced current between C2 and C4 in 8a is further proved
by the current intensity through the integral plane calculated by
the GIMIC program, a method that enables one to quantitatively
check the aromaticity according to the induced current. As
shown in Fig. S8,T the current intensity passing through the
bonds of the three-membered ring is greater than 8.6 nA T ',
while that between C2 and C4 atoms is 7.04 nA T "

The magnetically induced current can be visualized via the
AIMAII program. Fig. S9a and bt show that the magnetically
induced current between the two non-coplanar three-
membered metallacycle rings in 8a is connected to form an
overall diatropic induced current. The current intensity between
C2 and C4 atoms is slightly weaker than that on the ring plane,
but it cannot be ignored. The NICS-grid (Fig. S9ct) and ICSS
plots (Fig. S9dt) based on the NICS method also show that the
two non-coplanar three-membered metallacycles of 8a form an
overall shielded area. These results suggest that the two three-
membered metallacycles in 8a constitute a special 3D global
c-aromaticity, with the induced current flowing via the
unbound C2 and C4 atoms.

There has been much interest in the chemistry of metal-
laaromatics.***® Spiro metalla-aromatics, in which two or more
aromatic rings are fused by sharing a single metal atom (the
spiro atom), are novel metallaaromatic systems introduced
recently. For example, Xi and coworkers have realized 7-type
bis-spirometalla-aromatics with square planar*® and tetrahe-
dral® geometries, and tris-spiroaromatics with a hexalithio
spiro vanadacycle.®® Complexes 3 and 8 represent unique
examples of o-type spiro metallaaromatics.

Conclusions

In summary, we have successfully obtained the first examples of
spiro bi(metallacycloprop-1-ene) complexes from reactions of
alkynes with rhenium phosphine complexes. Computational
studies indicate that the metallacycloprop-1-ene rings are
aromatic and thus the complexes represent a rare o-type spi-
rometallaaromatic system.
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