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The halogenation of metallapentalyne led to the formation of metallapentalenes, which were fully

characterized and studied by DFT calculations. The experimental and computational studies indicate that

four resonance forms contribute to the overall structure of the metallapentalenes, and one resonance

form could be viewed as the first examples of metallaiodirenium and metallabromirenium ions.
The electrophilic addition of halogens is one of the most
characteristic reactions of unsaturated hydrocarbons. In
organic textbooks the cyclic three-membered halonium ions are
postulated as key intermediates to account for the observed
stereochemistry in halogenation reactions of alkenes. Strong
experimental evidence supporting the mechanism comes from
the reactions of hindered alkenes, which can form sufficiently
stable halonium ions for characterization by X-ray crystallog-
raphy.1 In contrast, the nature of the intermediates formed
during halogen addition to alkynes is still open to debate. As
shown in Scheme 1, cyclic (bridged) cations I and vinyl cations II
are generally accepted as key intermediates in the literature.2

We recently isolated the key intermediate of iodine-mediated
electrophilic cyclization, an intimate ion-pair that resembles
a free vinylic cation.3 In addition, Herges et al. reported that the
iates of the electrophilic addition
ynes with halogens.
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tribromide adduct intermediate is formed in the addition of
bromine to strained alkynes, followed by direct rearrangement
to the product (dibromide) without passing through a cationic
intermediate.4

Carbyne complexes, i.e. transition metal complexes with
metal–carbon triple bonds, can be described as analogs of
alkynes wherein a transition metal replaces one of the sp
carbons. They have attracted considerable attention because of
their remarkable features and their signicance as catalysts or
reagents for various types of organic transformations.5 The
“alkyne-like” character of metal–carbon triple bonds has been
demonstrated via the reactions of carbyne complexes with
halogens.6 Very recently, we synthesized the rst examples of
ve-membered rings containing metal–carbon triple bonds,
namely metallapentalynes.7a These unique carbyne complexes
can react with acids, which leads to the formation of metal-
lapentalenes.7b Herein we report the halogenation of a metal-
lapentalyne, from which we isolated the corresponding
metallapentalenes, one resonance form of which could be
viewed as the rst metallaiodirenium and metallabromirenium
ions.

The reaction of the metallapentalyne 1-Cl7a with ICl in
dichloromethane at room temperature (RT) leads to the
formation of the complex 2-(ICl2)2 as an orange solid in excel-
lent yield (Scheme 2). Complex 2-(ICl2)2 was structurally
Scheme 2 Reactions of osmapentalyne 1-Cl with ICl and Br2.
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Scheme 3 Four resonance structures of the cationic moiety 2-(ICl2)2.
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characterized by NMR spectroscopy, elemental analysis, and
single-crystal X-ray diffraction.

As shown in Fig. 1, complex 2-(ICl2)2 contains an essentially
planar polycyclic metallacycle unit. The mean deviation from
the least-squares plane through the nine atoms (Os1, C1–C7, I1)
is 0.0068 Å, and the maximum deviation from the least-squares
plane through all nine atoms is 0.0135 Å for I1. The C–C bond
distances of the osmapentalene ring are in the range of 1.376–
1.395 Å, which is within the range observed for other typical
metallaaromatics.8 A notable structural feature is the three-
membered osmacycle. The I1–C7–Os1 bond angle at the car-
bene carbon atom is only 94.2�. This is considerably below the
smallest value of reported halocarbene complexes8 (the smallest
angle is 113.8� in the chlorocarbene complex of chromium,9 to
the best of our knowledge), which indicates an interaction
between the iodine atom and metal center. The Os1–I1 bond
(2.9448 Å) is much longer than the reported longest Os–I sigma
bond (2.870 Å),9 suggesting a dative I / Os bond character. In
addition, the Os1–C7 bond (1.945 Å) is shorter than the Os1–C1
(2.016 Å) and Os1–C4 (2.133 Å) bonds. The crystallographic data
are of sufficient quality to rene the position of the iodine atom,
which is found to point towards the resonance form 2A (Scheme
3). DFT calculations further support that resonance form 2A is
an important contributor to the overall structure of the cationic
complex 2-(ICl2)2. TheWiberg bond indices (bond orders, which
are a measure of bond strength) calculated for the bonds within
the three-membered osmacycle are 0.52 (Os1–I1), 1.03 (Os1–
C7), and 1.06 (I1–C7).10 These values are in agreement with the
expected trend in resonance form 2A.

Analogously to the formation of 2-(ICl2)2, we have been able
to isolate the corresponding homologous bridged halonium ion
3-(Br3)2 from the electrophilic addition reaction of 1-Cl with
excess bromine. As shown in Scheme 2, 1-Cl reacts with Br2 in
dichloromethane at RT for ve hours resulting in the formation
of the three-membered ring. Complex 3-(Br3)2 was isolated as
a red solid in 90% yield, and characterized by X-ray diffraction
(Fig. 2). The single-crystal X-ray structural analysis demon-
strates that the structural features associated with the metalla-
cycle 3-(Br3)2 are quite similar to those found in 2-(ICl2)2. The
Fig. 1 X-ray structure of 2 (ellipsoids set at 50% probability). Phenyl
groups in the PPh3 groups are omitted for clarity. Selected bond
distances (Å) and angles (�): Os1–C1 2.016(6), Os1–C4 2.133(6), Os1–
C7 1.945(6), Os1–I1 2.9448(5), C1–C2 1.383(8), C2–C3 1.386(8), C3–
C4 1.376(8), C4–C5 1.395(8), C5–C6 1.392(9), C6–C7 1.382(9), C7–I1
2.072(6); Os1–C1–C2 122.9(4), C1–C2–C3 112.4(5), C2–C3–C4
113.8(5), C3–C4–Os1 118.0(4), C4–Os1–C1 72.9(2), I1–C7–Os1
94.2(3), Os1–C4–C5 119.5(4), C4–C5–C6 113.4(5), C5–C6–C7
105.7(5), C6–C7–Os1 132.3(5), C7–Os1–C4 69.2(2), C7–Os1–I1
44.56(18), C7–I1–Os1 41.21(17).

1816 | Chem. Sci., 2016, 7, 1815–1818
planarity of 3-(Br3)2 is reected by the mean deviation (0.0082 Å)
from the least-squares plane through the nine atoms (Os1, C1–
C7, Br1). The Os–Br bond within the three-membered ring is
remarkably longer (2.8254 Å) than the Os1–Br2 bond (2.5268 Å).
In a similar fashion to complex 2-(ICl2)2, the Br1–C7–Os1 angle
is also small (95.8�). Consistent with the observed bond
distances and bond angles, the Wiberg bond indices of the
three-membered ring of 3-(Br3)2 were calculated as 0.43 (Os1–
Br1), 1.04 (Os1–C7), and 1.10 (Br1–C7).10

Interestingly, the osmapentalene complex is reactive towards
nucleophiles. As shown in Scheme 4, the reaction of 2-(ICl2)2
with excess Bu4NBr in dichloromethane at RT for 4 hours
affords 3-(Br)2 as a major product. This nucleophilic substitu-
tion reaction of 2-(ICl2)2 suggests that the resonance contrib-
utor 2B shown in Scheme 3 should be considered in the
description of this compound. The formation of 3-(Br)2 would
also support resonance forms 2C and 2D where the positive
charge is closely associated with C7.

However, the addition of excess Bu4NCl to a dichloro-
methane solution of 2-(ICl2)2 does not result in the formation of
the expected nucleophilic substitution product. Instead, as
shown in Scheme 4, the osmapentalyne complex 1-Cl was iso-
lated from the reaction. As suggested by in situNMR studies, the
regeneration of 1-Cl was dependent on the amount of Bu4NCl.
When the dichloromethane solution of 2-(ICl2)2 was treated
with 5 equivalents of Bu4NCl for 3 hours at RT, complex 1-Clwas
regenerated in 95% NMR yield.10 Other ions such as SCN� or I�
Fig. 2 X-ray structure of 3 (ellipsoids set at 50% probability). Phenyl
groups in the PPh3 groups are omitted for clarity. Selected bond
distances (Å) and angles (�): Os1–C1 1.992(10), Os1–C4 2.131(9), Os1–
C7 1.935(11), Os1–Br1 2.8254(12), C1–C2 1.374(13), C2–C3 1.400(13),
C3–C4 1.362(14), C4–C5 1.392(13), C5–C6 1.382(14), C6–C7
1.395(14), C7–Br1 1.872(10), Os1–Br2 2.5268(11); C4–Os1–C1 72.2(4),
Os1–C1–C2 124.7(7), C1–C2–C3 111.1(9), C2–C3–C4 113.3(8), C3–
C4–Os1 118.7(7), Br1–C7–Os1 95.8(5), Os1–C4–C5 118.9(7), C4–C5–
C6 113.9(9), C5–C6–C7 106.0(9), C6–C7–Os1 131.3(8), C7–Os1–Br1
41.2(3), C7–Br1–Os1 43.0(3).

This journal is © The Royal Society of Chemistry 2016
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Scheme 4 Reactions of osmapentalenes 2-(ICl2)2 and 3-(Br)2 with
Bu4NBr or Bu4NCl.
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can also facilitate the transformation to 1. Similarly, the reac-
tion of 3-(Br)2 with 5 equivalents of Bu4NCl produces the
osmapentalyne complex 1-Cl. The elimination of the halogen
cation from 2-(ICl2)2 or 3-(Br)2 and the regeneration of osma-
pentalyne 1 by the addition of halides may suggest the contri-
bution of the bridged halonium resonance form 2C (Scheme 3).
This corresponds to the natural population analysis11 on the full
model of the cations of complexes 2-(ICl2)2 and 3-(Br)2, which
demonstrates the charges of I1 and Br1 are +0.674 and +0.462,
respectively. Experimentally, the isolation of the analogous
metallachlorirenium ion via the reaction of the osmapentalyne
complex 1-Cl is not feasible. The addition of Cl2, N-chlor-
osuccinimide (NCS) or PhICl2 to a dichloromethane solution of
1-Cl at RT only led to a mixture of unidentied species. The
failure to obtain the analogous metallachlorirenium ion may
stem from the smaller atomic size of the chlorine atom, which
would make it harder to sustain the unsaturated three-
membered ring. Indeed, the orbital overlap is not perfect in
these three-membered ring systems because of the nature of the
orbitals, especially for the orbitals of chlorine. The calculated
Wiberg bond indices of the three-membered ring of 2-(ICl2)2
and 3-(Br3)2 (0.52 (Os1–I1), 0.43 (Os1–Br1)) also reect this.

It has long been known that the osmium–carbon triple bond
of Os(^CR)Cl(CO)(PPh3)2 is “acetylene-like”, and thus more
likely to react with electrophiles.6 Thus, similarly to the chlori-
nation of alkynes with Cl2, the addition reaction of the carbyne
complex Os(^CR)Cl(CO)(PPh3)2 with Cl2 afforded the osmium
chlorocarbene complex Os(]CClR)Cl2(CO)(PPh3)2.6b However,
the reactions of other carbyne complexes with Br2 or I2 resulted
in the preferential formation of the two-electron oxidation
products.12 The osmium–carbon triple bond in the six-
membered osmabenzynes only forms electrophilic substitution
products with Br2.13 To our knowledge, there are as yet no
examples of crystallographically well-characterized bromo-
carbene complexes or iodocarbene complexes.8 We speculate
that the nonlinear distortion of the carbyne carbon angle of the
osmapentalyne 1-Cl (the computed strain energy of 1-Cl is much
larger than that of osmabenzyne7a) facilitates the electrophilic
attack of Br2 or I2. The resulting iodocarbene complex 2-(ICl2)2
and bromocarbene complex 3-(Br)2 can be regarded as the rst
metallaiodirenium ion and metallabromirenium ion, which are
similar to the generally proposed intermediates in the haloge-
nation of alkynes.
This journal is © The Royal Society of Chemistry 2016
These two bridged halonium ions exhibit remarkably high
thermal stability. Complex 2-(ICl2)2 in the solid state can be kept
under air for 3 hours at 50 �C. In addition, 3-(Br3)2 is thermally
more stable than 2-(ICl2)2 in that the solid sample of 3-(Br3)2 can
even persist at 120 �C in air for 3 hours. The notable thermal
stability of 2-(ICl2)2 and 3-(Br3)2 may be rationalized by the
aromaticity of the metallacycles suggested by the resonance
form 2D shown in Scheme 3.

To shed further light on the aromaticity of the complexes,
DFT calculations were performed on the simplied unsub-
stituted model complexes 20 and 30, where the PH3 ligands
replace the PPh3 ligands.10 The nucleus-independent chemical
shi (NICS)14 values were computed for the rings of 20 and 30.10 It
is widely believed that negative NICS values indicate aroma-
ticity, whereas positive values suggest anti-aromaticity. Consis-
tent with our previously reported aromatic osmapentalene
complexes,7 the calculated NICS(1)zz values for the two ve-
membered rings of 20 and 30 are negative (�17.8 and�19.5 ppm
for 20; �17.8 and �19.0 ppm for 30). The NICS(1)zz values for the
three-membered rings of 20 and 30 are �9.6 and �8.8 ppm,
respectively. These values are comparable to those reported for
other metallaaromatics.15 It is worthy mentioning that negative
NICS(1) values have been demonstrated to illustrate electron
delocalization in the aromatic three-membered ring of chalco-
genirenium ions.16

Conclusions

An osmapentalyne with an “alkyne-like” carbyne fragment
reacts with halogens to produce osmapentalenes 2-(ICl2)2 and 3-
(Br3)2. The experimental and computational studies indicate
that four resonance structures contribute to the overall struc-
ture of complexes 2-(ICl2)2 and 3-(Br3)2.
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