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ABSTRACT: 7*-Iminoketenyl species have often been
postulated as the intermediates in nucleophile-induced
carbyne—isocyanide C—C coupling processes. However,
such species are elusive. Here we report direct formation
of #*-iminoketenyl complexes from reactions of metalla-
pentalyne with isocyanides. Our studies show that steric
effects of N-substituents of the isocyanides play an
important role in the stability of the three-membered
metallacycles of the 7*-iminoketenyl complexes. Sterically
bulky isocyanides, such as tert-butyl or 1-adamantyl
isocyanides, inhibit bending at the isocyanide nitrogen
atoms, a requirement for formation of n*-iminoketenyl
structures. Reactions of metallapentalyne with excess
isocyanide allow the metal-bridged metallaindene deriva-
tivesto be isolated as a result of the isocyanide insertion
into the M—C, o bond of metallapentalyne.

Isocyanides have been recognized as versatile building blocks
in a variety of metal-mediated and metal-catalyzed organic
syntheses, enabling efficient transformation to elaborate organic
structures.' Most examples of metal-mediated and/or metal-
catalyzed reactions of isocyanide species involve the insertion of
an isocyanide molecule into a metal—element bond.” C—C
couplings involving coordinated isocyanide ligands have long
been known,” which are similar to those well-established
reductive C—C couplings involving isoelectronic carbonyls.”
However, couplings involving coordinated isocyanide ligands
are observed much less often, and almost all of the literature
examples date back to the 1970—1990s.” As shown in Scheme
1, the crucial steps for reductive coupling involving carbonyl
ligands are the nucleophile-induced carbyne—carbonyl coupling
process. Even though the resulting 7°-ketenyl-metal inter-
mediates in this process have been heralded for a long time,’
isolation of such intermediates with 7*-iminoketenyl ligands
appears to be unknown so far,’ likely due to the fact that
iminoketenyl ligands exhibit little z-accepting properties and
prefer to be bonded to a metal center only via one carbon atom.
Recently, a related and interesting heterocoupling between a
boryleneligand and a carbonyl ligand was reported,® which is
similar to the carbyne—carbonyl coupling described above.
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Scheme 1. Formation of 7>-Ketenyl-Metal and 7>-
Iminoketenyl-Metal Complexes
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In our efforts to design metalla-aromatic systems that are
metallacycles with aromaticity,” we have been investigating the
chemistry of metallapentalynes, containing metal—carbon triple
bonds within a five-membered ring.'’ While we have found that
a metallapentalyne behaves as an aromatic molecule, we
hypothesized that the carbyne moiety would exhibit unique
reactivities and thereby offer unparalleled scope and versatility,
particularly with respect to the isolation of some important
intermediates. Very recently, we reported the halogenation of
the metallapentalyne, from which we isolated the metalla-
iodirenium and metallabromirenium ions.'’ Herein, we
describe the reactions of metallapentalyne with isocyanides
that lead to the isolation of 7*-iminoketenyl metallapentalene
intermediates as well as the unprecedented metallaindene
derivatives. These complexes are likely to be formed through
the direct attack of a free isocyanide on the carbyne carbon
atom of the metallapentalyne. Our mechanistic studies also
identify conditions under which these C—C coupling and
insertion steps are experimentally observed.

As shown in Scheme 2, treatment of dichloromethane
solutions of the osmapentalyne 1 with 1 equiv of tert-butyl
isocyanide (‘BuNC) or 1-adamantanyl isocyanide leads to the
formation of complex 2a or 2b, both of which were isolated as
brown solids in high yields. The presence of a tert-butyl
isocyanide or l-adamantanyl isocyanide substituent at the a-
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Scheme 2. Reactions of Osmapentalyne with Isocyanides
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carbon in 2 is strongly supported by NMR spectra. The singlets
at 1.13 ppm in the 'H NMR spectrum and at 142.5, 59.2, and
33.5 ppm in the “C{'H} NMR spectrum, respectively, are
characteristic features of the fert-butyl isocyanide structure in
2a. In agreement with the adamantanyl isocyanide structure in
2b, the carbons resonate at 6 58.9, 46.0, 34.9, and 29.2 ppm,
and the adamantanyl protons give signals at 6 1.99—1.41 ppm.
Note that the resonance corresponding to the OsCH proton
appears at very low field, 3446 (2a) and 34.07 (2b) ppm,
different from our previously reported osmapentalenes. '
Similar low-field chemical shifts of OsCH (48.01 ppm) were
observed in our previously reported osmapyridine complex,
which were attributed to partial paramagnetism.'” The
magnetic measurement experiments show temperature-depend-
ent magnetic susceptibilities for 2a and 2b (Supporting
Information (SI), Figure S1-31), comparable to those reported
for the osmapyridine complex.'”

The structure of the cationic part of 2a was determined by X-
ray diffraction analysis of complex 2a’, i.e., the derivative of 2a
featuring a different counteranion (details in section 2 of the
SI). The X-ray diffraction study confirmed the nucleophilic
addition of tert-butyl isocyanide and the formation of the
substituted osmapentalene complex (Figure 1). The C8—N1

Figure 1. Solid-state structure of the cationic part of 2a’. Thermal
ellipsoids are set at the 50% probability level. Phenyl groups in PPh;
ligands are omitted for clarity.

distance was determined to be 1.150(4) A, which is short and
agrees with the standard value for a triple bond. The C1-C8—
NI angle of 169.9(3)° is consistent with the nearly linear
nature at C8 of the tert-butyl isocyanide substituent.

Using other substituted isocyanides under the same reaction
conditions, we observed different products (Scheme 2).
Treatment of 1 with equivalent tosylmethyl isocyanide in
dichloromethane for 1 h provided 3a in 90% yield. The reaction
was also effective to generate analogue 3b in 90% yield by
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adding p-nitrophenyl isocyanide to the solution of 1. The
identity of these products was characterized on the basis of
NMR spectral data and elemental analysis. In comparison to
'BuNC, these two isocyanides form the interesting 1’
iminoketenyl complexes, as confirmed by the crystal structure
of 3a. As shown in Figure 2, the structure of the fused

Figure 2. Solid-state structure of the cationic part of 3a. Thermal
ellipsoids are set at the 50% probability level. Phenyl groups in the
PPh; ligands are omitted for clarity.

osmapentalene complex 3a indicates that the iminoketenyl
ligand coordinates to the osmium center in an 7> manner
(0Os1—C8 = 2.155(7) A and Os1-C1 = 1.997(7) A), thus
forming a three-membered metallacycle. The C8—N1 distance
of 3a (1.264(8) A) is obviously longer than that of 2, indicating
double bond character. The C1—C8—NT1 angle in 3a is 120.6°,
which deviates remarkably from linearity. The metal center of
3a serves as a common vertex for three metallacycles (the
bicyclic metallapentalene unit and the fused three-membered
metallacyclopropenimine unit). A comparable fused metalla-
pentalene has been recently reported, which also contains a
three-membered metallacyclopropene unit with an sp?
carbon.'”® Notably, the nine ring atoms (Osl and C1-C8)
of the fused osmapentalene ring in 3a are coplanar, reflected by
their very small mean deviation (0.0149 A) from the least-
squares plane. The metal—carbon bond distances are close to
each other, except for the appreciably long Os1—C8 bond
(2.155(7) A). The carbon—carbon bond lengths (1.369(9)—
1.413(9) A) in the tricyclic skeleton are between typical single
and double carbon—carbon bond lengths, which suggests the 7-
electron delocalization within the fused metallacycle.

In the search for more complexes with a metallacyclopropen-
imine unit, we also treated complex 1 with other isocyanides,
such as cyclohexyl isocyanide, 2-naphthyl isocyanide, and p-
anisyl isocyanide. As shown in Scheme 2, similar reactions took
place, and the desired metallacyclopropenimine complexes 3c,
3d, and 3e were isolated in high yields, respectively. These
complexes were identified by NMR and elemental analysis
(details in section 2 of the SI), and the #*iminoketenyl
structure 3¢ was also characterized by X-ray diffraction analysis
(Figure 3). It is interesting to note that the cyclohexyl group in
3¢, in a syn-arrangement, points toward the phosphonium
group on the metallacycle, which is different from the anti-
arrangement in 3a. The isocyanide group in 3c gives a Bc
NMR signal at 6 143.1 ppm, significantly upfield-shifted when
compared to the signals for the isocyanide groups on other
metallacyclopropenimine complexes 3 (159.6—175.2 ppm) but
very close to the values (142.4 and 142.6 ppm) observed for
complexes 2. The NMR results suggest that the isomeric
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Figure 3. Solid-state structure of the cationic part of 3c. Thermal
ellipsoids are set at the 50% probability level. Phenyl groups in the
PPhsligands are omitted for clarity.

isocyanide-substituted carbene structure might be a dominant
species for the complex in solution.

Complexes 3 represent the first isolated examples of 7*-
iminoketenyl intermediates formed by a carbyne—isocyanide
coupling process. Density functional theory (DFT) calculations
were conducted to study the effect of the N-substituents of
isocyanides on the relative stability of the #*iminoketenyl
structures (3) versus the isocyanide-substituted carbene
structures (2)."?

As discussed above, the N-substituents in 3 can adopt either
an anti-arrangement (3a) or a syn-arrangement (3c) with
respect to the phosphonium group on the metallacycle. Thus,
both the anti- and syn-isomers for 3 were considered in our
DFT calculations.The DFT results show that the syn-isomers
are more stable than the anti-isomers for 3b, 3¢, and 3d. In
contrast, the anti-isomer of 3a is more stable than the syn-
isomer by 19.3 kJ/mol, while the syn- and anti-isomers of 3e are
of similar stability. The syn or anti arrangement can be
attributed to a subtle balance of the non-covalent interactions
between the N-substituent and the phosphonium group on the
metallacycle. However, the complexity of the non-covalent
interaction prevents us from achieving a thorough under-
standing of the balance.

For complexes 2a and 2b, where the N-substituents are bulky
tert-butyl and adamantanyl, the DFT results show that the
carbene structures are indeed more stable than the #*-
iminoketenyl structures (see SI for detailed results). In sharp
contrast, for complexes 3a—3e, their isomeric carbene
structures were calculated to be less stable than the
experimentally observed #*-iminoketenyl structures.'’ These
DFT results are in good agreement with the experimental
observations shown in Scheme 2. We reason that the sterically
bulky N-substituents tert-butyl and 1-adamantyl impede the
bending at the isocyanide nitrogen, preventing the formation of
an 7’-iminoketenyl structure.

Interestingly, addition of excess cyclohexyl isocyanide, 2-
naphthyl isocyanide, and p-anisyl isocyanide led to the insertion
products, metallaindene derivatives 4c—4e, respectively; in each
of which, one isocyanide molecule is added as a ligand and
another one inserts into an Os—C bond, resulting in expansion
of the metalla-ring skeleton (Scheme 3). The molecular
structure of 4¢ is shown in Figure 4. Complexes 4 are the
metallaindene derivatives, which represent a novel type of
metal-bridged polycyclic metallaaromatics.

To further shed light on the aromatic nature of the new
complexes, DFT calculations were carried out on the simplified
unsubstituted model complexes 3’ and 4’, where the PH;
ligands replace the PPh; ligands and the methyl groups replace
N-substituents.”” It has been widely believed that negative
nucleus-independent chemical shift (NICS)"* values indicate
aromaticity. Consistent with previously reported metalla-

1824

Scheme 3. Formation of Metal-Bridged Metallaindene
Derivatives
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Figure 4. Solid-state structure of the cationic part of 4c. Thermal
ellipsoids are set at the 50% probability level. Phenyl groups in PPh,
moieties are omitted for clarity.

aromatics, the calculated NICS(1),, values for the three
metallacyclic rings of 3’ and 4’ are all negative (—10.2,
—20.8, and —30.5 ppm for 3’; —9.5, —3.8, and —30.0 ppm for
4).

In conclusion, we have presented that #*-iminoketenyl
complexes can be synthesized as isolable species through the
reactions of metallapentalyne with isocyanides. NMR spectros-
copy and crystallographic analysis confirmed the metalla-
cyclopropenimine nature of the three-membered metallacycles,
which could be regarded as the first isolated intermediates for
the reductive coupling involving isocyanide ligands. In addition,
we showed that further insertion of the isocyanide would allow
access to the formation of the metallaindene derivatives, as a
rare example of metallaaromatics with photoacoustic properties.
Our combined experimental and computational studies
demonstrated that the steric and electronic properties of the
N-substituents are very important for the formation of the 7>
iminoketenyl complexes and the metallaindene derivatives.
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