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ABSTRACT: Metallacyclopentadienes play an important role in transition-metal-
catalyzed cyclotrimerization of alkynes. Isolation and characterization of these unique
five-membered metallacycles could promote further understanding of related catalytic
reactions. In this work, the first metallafulvenallene complexes were synthesized by the
reaction of fused metallacyclopentadiene with terminal alkynes. Single-crystal X-ray
diffraction and NMR spectroscopic studies on the metallafulvenallene complexes
demonstrate that the bicyclic framework consists of a metallacyclopentadiene fused
with a six-membered metallacycle, featuring an η1-vinylidene ligand. Deuterium labeling
experiments were carried out to investigate the mechanism for the transformation of fused metallacyclopentadiene to fused
metallafulvenallene. The UV−vis absorption spectra of these unique structures were measured.

■ INTRODUCTION

The origin of fulvenes can be traced back more than one
century to their discovery in 1900.1 Fulvenes and their
derivatives have been recognized as versatile building blocks
and have broad applications in pharmaceutical research and
materials science.2 Metal-mediated and/or metal-catalyzed
reactions involving metallafulvene intermediates have been
reported by O’Connor and Rheingold in 1987,3 in which the
Csp atoms of fulvenes have been replaced by metal fragments,
providing a series of attractive organometallic molecules
(Figure 1). Although fulvenallenes have been isolated
successfully in 1986,4 their organometallic analogous, metal-
lafulvenallene derivatives have never been observed.5

Metallacyclopentadiene complexes have attracted consid-
erable interest and are regarded as versatile intermediates for

the discovery of new reactions.6 In many cases, metal-
lacyclopentadienes can react with alkynes, followed by
reductive elimination to produce the corresponding benzene
derivatives.7 Besides, the reactions of metallacyclopentadienes
with alkynes can lead to the formation of metallapentadiene−
carbene complexes3,8 or new metallacycles through ring
expansion.9 The reactions of preformed iridiacyclopentadiene
complexes with terminal alkynes have also been shown to
produce fulvene complexes.5 Even though the reaction appears
to involve the formation of metallafulvenallene intermediates,
which have been trapped by nucleophiles7,9a−d or undergo a
reductive coupling with the butadiendiyl ligand,5 isolation of
the metallafulvenallene has not been reported, probably due to
the high reactivity of vinylidene ligands.10

Drawing inspiration from metallacyclic chemistry, we
recently investigated the reactions of metallapentalynes,
which are derived from the reactions of multiyne chains with
metal complexes.11 The bicyclic framework of metallapenta-
lynes can be viewed as fused metallacyclopentadiene
derivatives, which exhibit unique reactivities and provide
access to interesting and attractive molecules, particularly
concerning the isolation of some important intermediates.12

Intrigued by the possibility that the fused metallacyclic system
could facilitate the isolation of metallafulvenallene complexes,
we employed the metallapentalyne as a fused metallacyclo-
pentadiene to react with terminal alkyne substrates. Herein, we
report the first examples of the desired transformation of
metallacyclopentadiene to metallafulvenallene. The resulting
metallafulvenallene complexes have been fully characterized,
and the detailed mechanisms of the reactions have been
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Figure 1. History of fulvene, fulvenallene, metallafulvene, and
metallafulvenallene derivatives.
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investigated with the aid of deuterium labeling experiments
and a computational study.

■ RESULTS AND DISCUSSION
Our previous work showed that the reactions of osmapentalyne
(1) with CO in methanol solution led to the formation of
osmapentalene, which contains two fused osmacyclopenta-
diene rings.13 Thus, we envisage the reaction of osmapentalyne
1 with terminal alkynes in the presence of methanol may lead
to the transformation of osmacyclopentadiene to osmafulve-
nallene. Treatment of the osmapentalyne 1 with methyl
propiolate in methanol solution at room temperature (RT) for
30 min led to the formation of a complex (2a), which could be
isolated as a blue solid in 70% yield (Scheme 1). The structure
of 2a has been characterized by NMR spectroscopy, HRMS
data, elemental analysis, and single-crystal X-ray diffraction.

As depicted in Figure 2, complex 2a contains an essentially
planar bicyclic metallacycle framework, as indicated by the

mean deviation of 0.024 Å from the least-squares plane
through Os1, O1, and C1−C7. The bond lengths of Os1−C1
and Os1−C4 are 2.039 and 2.127 Å, respectively, which are
close to those found in other osmacyclopentadienes.14 The
Os1−O1 bond (2.166(5) Å) is much longer than the reported
Os−O σ bond,15 suggesting a dative O → Os bond character.
The C−C bond distances of the bicyclic ring in 2a are in the
range 1.336−1.478 Å and show considerable bond distance
alternation in comparison to other metallaaromatic systems.16

The η1-vinylidene ligand in 2a has bond lengths of Os1−C8
(1.864 Å) and C8−C9 (1.339 Å) and an angle of Os1−C8−
C9 (177.4°), which is within the range of typical metal
vinylidene structures.17 The 11 atoms (Os1, O1, C1−C9) of
the two rings and the vinylidene ligand are approximately
coplanar, which is reflected by the mean deviation (0.037 Å)
from the least-squares plane. In the 1H NMR spectrum, signals
for the metallafulvenallene unit were observed at δ = 6.41 ppm
(C3H) and δ = 1.76 ppm (C9H). The 13C{1H} NMR
spectrum displayed the signals of the three metal-bonded
carbon atoms of the metallafulvenallene unit at δ = 232.5 (C1),
165.3 (C4), and 302.5 (C8) ppm. The 13C chemical shifts of
the remaining carbon atoms of the metallacycles were located
at δ = 97.6 (C2), 161.4 (C3), and 111.8 (C9) ppm.
In a search for more complexes with a metallafulvenallene

unit, the reactions of complex 1 with other terminal alkynes,
such as 3-butyn-2-one, acetylene, and 2-ethynylpyridine, were
investigated. As shown in Scheme 1, similar reactions took
place and the desired metallafulvenallene complexes (2b, 2c,
and 2d) were isolated in good yield. These complexes were
identified by NMR and elemental analysis, and the structure of
2b was also characterized by X-ray diffraction analysis (details
in section 2 of the Supporting Information). The X-ray
diffraction study confirmed that the complex 2b also contains a
six-membered metallacycle fused osmacyclopentadiene, as well
as a linear vinylidene ligand (Figure 3). The Os−C bond
lengths of the metallafulvenallene unit in 2b (Os1−C1 (2.043
Å), Os1−C4 (2.144 Å), and Os1−C8 (1.858 Å)) are close to
those in 2a and the C−C bond distances of the
osmacyclopentadiene ring are 1.404, 1.434, and 1.360 Å,
indicating the π-electron delocalization within the fused
metallacycle. The structural parameters of the linear vinylidene
ligand are all similar to those of 2a.
The crystal data indicate that resonance structure 2′

contributes to the structure of 2 (Scheme 2). In contrast to
high reactivities of metallafulvene,18 these fused metal-
lafulvenallene complexes are thermally stable. For example,
complex 2a in the solid state can be kept under air for at least 3
h at 60 °C. As suggested by in situ NMR spectroscopy,
complex 2a slowly decomposes when heated in solution at 80
°C, to generate a mixture of compounds with triphenylphos-
phine oxide as the dominant product. Coupling of the
vinylidene ligand and the metallacyclopentadiene ring has
been demonstrated in the metal-mediated [2 + 2 + 1] cyclo-
trimerizations of alkynes, which leads to the reductive
cyclization giving the fulvene products.5 We reasoned that
the exceptional thermal stability of fused metallafulvenallene
(2) can be attributed to the rigid chelating properties of fused
bicyclic frameworks.
DFT calculations were conducted to examine the effect of

the newly generated six-membered metallacycle on the relative
stability of the metallafulvenallene structure. For the fused
metallafulvenallene complex (2a), in which the carbonyl is
coordinated to the metal center, the fused metallafulvenallene

Scheme 1. Synthesis of Osmafulvenallene Complexes

Figure 2. X-ray molecular structure for the cation of 2a. Thermal
ellipsoids are set at the 50% probability level. Phenyl groups in the
triphenylphosphine (PPh3) ligands are omitted for clarity. Selected
bond lengths (Å) and angles: Os(1)−C(1) 2.039(7), Os(1)−C(4)
2.127(7), Os(1)−C(8) 1.864(7), Os(1)−O(1) 2.166(5), C(1)−
C(2) 1.413(9), C(2)−C(3) 1.427(9), C(3)−C(4) 1.347(9), C(4)−
C(5) 1.429(9), C(5)−C(6) 1.336(10), C(6)−C(7) 1.478(10),
C(7)−O(1) 1.228(8), C(8)−C(9) 1.339(9); Os(1)−C(1)−C(2)
117.1(5)°, C(1)−C(2)−C(3) 114.0(6)°, C(2)−C(3)−C(4)
116.1(6)°, C(3)−C(4)−Os(1) 115.6(5)°, C(4)−Os(1)−C(1)
77.1(3)°, Os(1)−C(4)−C(5) 126.5(5)°, C(4)−C(5)−C(6)
130.4(7)°, C(5)−C(6)−C(7) 119.8(6)°, C(6)−C(7)−O(1)
126.8(7)°, C(7)−O(1)−Os(1) 133.5(5)°, O(1)−Os(1)−C(4)
82.8(2)°, Os(1)−C(8)−C(9) 177.4(5)°.
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structure is calculated to be more stable than its isomeric
monocyclic structure by 23.4 kcal/mol (section 3 of the
Supporting Information).
To shed light on the mechanism of the metallacyclopenta-

diene → metallafulvenallene transformation, a number of
substituted alkynes were tested under the same reaction
conditions. NMR experiments in situ suggest that compound 1
is unreactive toward internal alkynes, such as dimethyl
acetylenedicarboxylate and diphenylacetylene. On the basis
of experimental observations and computational results, we
propose the following putative mechanism for the reactions of
1 with alkynes (Scheme 3). Initial nucleophilic addition of a
methanol molecule to a carbyne carbon leads to the formation
of the metallapentalene (A), i.e., the fused metallacyclopenta-
diene complex. Similar nucleophilic addition reactions of
carbyne carbon in a metallapentalyne complex have been
shown by a number of nucleophiles.19 Subsequent reaction of
A with a terminal alkyne may generate the π-alkyne complex
(B), which could undergo isomerization to form the vinylidene
η1-complex (C). At this point, another molecule of methanol
attacks the α-carbon within the five-membered metallacycle to

give D, and this is followed by the ring opening and
coordination of the ester group to afford the final fused
metallafulvenallene complex (2).
To understand the mechanistic aspects of the reactions of

complex 1 with methanol, we performed the same experiments
starting from deuterium-labeled MeOH. As shown in Scheme
4, these experiments suggest that the hydrogen atom at the

C10 position in the final metallafulvenallene product comes
from the OH proton of MeOH. When the reaction was
performed with CD3OD/Cs2CO3, CD3O groups (instead of
CH3O) were found at the C12, C13, and C15 positions. The
isotopic-labeling experiments suggest that three molecules of
methanol are involved in this reaction (for more details on the
isotope-labeling experiments, see section 1 of the Supporting
Information). We inferred that the nucleophilic substitution of
the methoxyl group at C7 does not occur, probably due to the
coordination of the ester group with the metal center. In
accordance with isotope labeling experiments, the high-
resolution mass spectrometry shows molecular ion peaks (m/
z) at 1271.3380 (2a), 1272.3446 (2a′), and 1281.4008 (2a″)
respectively.
The UV−vis absorption spectra of these interesting

osmafulvenallenes 2a−2d are summarized in Figure 4. The
absorption maxima of 2a−2d in the visible region are 597 nm
(complex 2a, log ε = 4.00, ε: molar extinction coefficient in L·

Figure 3. X-ray molecular structure for the cation of complex 2b.
Phenyl groups in the PPh3 groups have been omitted. Thermal
ellipsoids of the remaining non-hydrogen atoms are drawn with 50%
probability. Selected bond distances (Å) and angles: Os(1)−C(1)
2.043(6), Os(1)−C(4) 2.144(6), Os(1)−C(8) 1.858(6), Os(1)−
O(1) 2.162(4), C(1)−C(2) 1.404(8), C(2)−C(3) 1.434(8), C(3)−
C(4) 1.360(8), C(4)−C(5) 1.405(8), C(5)−C(6) 1.357(8), C(6)−
C(7) 1.412(8), C(7)−O(1) 1.255(7), C(8)−C(9) 1.339(8); Os(1)−
C(1)−C(2) 118.6(4)°, C(1)−C(2)−C(3) 112.5(5)°, C(2)−C(3)−
C(4) 117.8(5)°, C(3)−C(4)−Os(1) 114.0(4)°, C(4)−Os(1)−C(1)
77.0(2)°, Os(1)−C(4)−C(5) 125.6(5)°, C(4)−C(5)−C(6)
128.7(6)°, C(5)−C(6)−C(7) 121.5(6)°, C(6)−C(7)−O(1)
127.7(6)°, C(7)−O(1)−Os(1) 131.3(4)°, O(1)−Os(1)−C(4)
82.6(2)°, Os(1)−C(8)−C(9) 176.9(5)°.

Scheme 2. Resonance Structures of Complexes 2

Scheme 3. Proposed Reaction Mechanism for the
Formation of 2

Scheme 4. Reactions of Osmapenalyne 1 with Methyl
Propiolate in CH3OD or CD3OD Solutions
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mol−1·cm−1), 598 nm (complex 2b, log ε = 4.06), 618 nm
(complex 2c, log ε = 4.03), and 627 nm (complex 2d, log ε =
4.17), respectively. Compared with the absorption spectra of
2c and 2d, those of complex 2a and 2b show a slight blue shift,
which might be attributed to the electron withdrawing groups
of vinylidene ligands.

■ CONCLUSIONS
In conclusion, the first metallafulvenallenes have been
identified by the use of osmapentalyne as fused metal-
lacyclopentadiene to react with terminal alkynes. To account
for the formation of metallafulvenallenes, we propose a
mechanism with the aid of DFT calculations and suggest
that the incorporation of metallacyclopentadiene and η1-
vinylidene ligand might be stabilized by the newly formed six-
membered metallacycle fused system.

■ EXPERIMENTAL SECTION
General Procedures. All syntheses were carried out under an

inert atmosphere (N2) employing standard Schlenk techniques unless
otherwise stated. Solvents were distilled from sodium/benzophenone
(hexane) or calcium hydride (dichloromethane and chloroform)
under N2 prior to use. The metallapentalyne was synthesized
according to the previously published procedure.19a Other reagents
were used as received from commercial sources without further
purification. NMR spectroscopic experiments were performed on a
Bruker AVII-400 (1H 400.1 MHz; 31P 162.0 MHz; 13C 100.6 MHz)
or a Bruker AVII-600 (1H 600.1 MHz; 31P 242.9 MHz; 13C 150.9
MHz) spectrometer at room temperature. 1H and 13C NMR chemical
shifts (δ) are relative to tetramethylsilane, and 31P NMR chemical
shifts are relative to 85% H3PO4. Two-dimensional and one-
dimensional NMR are abbreviated as heteronuclear single quantum
coherence (HSQC), heteronuclear multiple bond correlation
(HMBC), and distortionless enhancement by polarization transfer
(DEPT). The absolute values of the coupling constants are given in
Hertz (Hz). Multiplicities are abbreviated as singlet (s), doublet (d),
and broad (br). Elemental analyses were performed on a Vario EL III
elemental analyzer. The high-resolution mass spectra (HRMS)
experiments were recorded on a Bruker En Apex Ultra 7.0T FT-MS.
General Procedure for Synthesis of Complex 2. A solution of

1.5 equiv of alkynes was added to a solution of complex 1 (286 mg,
0.24 mmol) and Cs2CO3 (235 mg, 0.72 mmol) in MeOH (10 mL).
The reaction mixture was stirred for 30 min at RT to give a blue
solution. The solution was evaporated under a vacuum and then
purified by column chromatography (neutral alumina, eluent:
DCM:MeOH = 20:1) to give a dark blue solution. Compound 2

was collected as a blue solid after the solvent was evaporated to
dryness under a vacuum.

2a, 1H NMR plus 1H−13C HSQC (400.1 MHz, CDCl3): δ = 6.76
(s, 1H, H5), 6.41 (s, 1H, H3), 3.56 (s, 2H, C10H2), 3.63 (s, 3H,
C15H3), 3.45 (s, 3H, C14H3), 3.10 (s, 3H, C13H3), 1.76 (s, 1H, C9H),
1.67 (s, 3H, C12H3), 7.66−7.05 ppm (m, 45H, other aromatic
protons). 31P NMR (162.0 MHz, CDCl3): δ = 7.80 (s, CPPh3), 1.63
ppm (s, OsPPh3).

13C NMR, DEPT-135, 1H−13C HMBC (100.6
MHz, CDCl3) and

1H−13C HSQC (100.6 MHz, CDCl3): δ = 302.5
(br, C8), 232.5 (s, C1), 169.8 (s, C7, confirmed by 1H−13C HMBC),
165.3 (br, C4), 164.5 (s, C5), 161.7 (s, C11, confirmed by 1H−13C
HMBC), 161.4 (d, JP−C = 17.3 Hz, C3), 111.8 (s, C9), 110.7 (s, C6),
97.6 (d, JP−C = 87.1 Hz, C2), 71.7 (s, C10), 60.3, 57.8, 54.3, 51.1 (s,
CH3), 135.2−127.0 ppm (m, other aromatic carbon atoms).
Elemental analysis calcd (%) for C69H62ClO6OsP3: C, 63.47; H,
4.79. Found: C, 63.54; H, 5.05. HRMS (ESI): m/z calcd for
[C69H62O6OsP3]

+, 1271.3376; found, 1271.3380.
2a′, 1H NMR plus 1H−13C HSQC (400.1 MHz, CDCl3): δ = 6.76

(s, 1H, H5), 6.41 (s, 1H, H3), 3.54 (s, 1H, C10H), 1.71 (s, 1H, C9H),
3.63, 3.45, 3.10, 1.63 (s, 3H, CH3), 7.66−7.06 ppm (m, 45H, other
aromatic protons). 2H NMR (400.1 MHz, CDCl3): δ = 3.56 ppm (s,
1D, C10D). Elemental analysis calcd (%) for C69H61DClO6OsP3: C,
63.42; H, 4.86; Found: C, 63.69; H, 4.75. HRMS (ESI): m/z calcd for
[C69H61DO6OsP3]

+, 1272.3438; found, 1272.3446.
2a″, 1H NMR plus 1H−13C HSQC (400.1 MHz, CDCl3): δ = 6.77

(s, 1H, H5), 6.41 (s, 1H, H3), 3.55 (s, 1H, C10H), 3.45 (s, 3H,
C14H3), 1.74 (s, 1H, C9H), 7.7−7.0 ppm (m, 45H, other aromatic
protons). 2H NMR (400.1 MHz, CDCl3): δ = 3.51 (br, 4D, C15D3
and C10D), 2.93 (s, 3D, C13D3), 1.67 ppm (s, 3D, C12D3). Elemental
analysis calcd (%) for C69H61DClO6OsP3: C, 62.98; H, 5.51. Found:
C, 62.87; H, 5.66. HRMS (ESI): m/z calcd for [C69H52D10O6OsP3]

+,
1281.4003; found, 1281.4008.

2b, 1H NMR plus 1H−13C HSQC (400.1 MHz, CDCl3): δ = 6.85
(s, 1H, H5), 6.47 (s, 1H, H3), 3.62 (s, 2H, C10H2), 2.50 (s, 1H, C

9H),
3.48, 3.14, 1.92, 1.76 (s, 3H, CH3), 7.66−7.00 ppm (m, 45H, other
aromatic protons). 31P NMR (162.0 MHz, CDCl3): δ = 7.04 (s,
CPPh3), 2.21 ppm (s, OsPPh3).

13C NMR plus DEPT-135 and
1H−13C HSQC (100.6 MHz, CDCl3): δ = 303.9 (br, C8), 232.2 (s,
C1), 190.5 (s, C7), 169.7 (s, C11, confirmed by 1H−13C HMBC),
164.8 (br, C4), 164.3 (s, C5), 161.2 (d, JP−C = 15.4 Hz, C3), 119.9 (s,
C9), 112.0 (s, C6), 97.9 (d, JP−C = 88.4 Hz, C2), 72.9 (s, C10), 60.7,
57.6, 54.3, 30.3 (s, CH3), 135.0−127.2 ppm (m, other aromatic
carbon atoms). Elemental analysis calcd (%) for C69H62ClO5OsP3: C,
64.25; H, 4.84. Found: C, 64.17; H, 4.98.

2c, 1H NMR plus 1H−13C HSQC (400.1 MHz, CDCl3): δ 6.75 (s,
1H, H5), 6.45 (s, 1H, H3), 3.52 (s, 2H, C10H2), 1.36 (s, 1H, C9H),
3.17, 3.11, 1.83 (s, 3H, CH3), 7.69−6.91 ppm (m, 45H, other
aromatic protons). 31P NMR (162.0 MHz, CDCl3): δ 7.43 (s,
CPPh3), 1.01 ppm (s, OsPPh3).

13C NMR plus DEPT-135 and
1H−13C HSQC (100.6 MHz, CDCl3): δ 307.0 (br, C8), 235.8 (s,
C1), 169.7 (s, C7), 165.8 (br, C4), 164.8 (s, C5), 161.5 (d, JP−C =
15.7 Hz, C3), 110.4 (s, C6), 100.6 (s, C9), 95.7 (d, JP−C = 89.9 Hz,
C2), 72.1 (s, C10), 59.4, 57.5, 53.2 (s, CH3), 135.4−118.6 ppm (m,
other aromatic carbon atoms). Elemental analysis calcd (%) for
C67H60ClO4OsP3: C, 64.49; H, 4.85. Found: C, 64.42; H, 4.64.

2d, 1H NMR plus 1H−13C HSQC (400.1 MHz, CDCl3): δ = 6.54
(s, 1H, H5), 6.39 (s, 1H, H3), 3.79 (s, 2H, C10H2), 2.20 (s, 1H, C

9H),
3.59, 3.22, 1.91 (s, 3H, CH3), 8.92−6.90 ppm (m, 49H, other
aromatic protons). 31P NMR (162.0 MHz, CDCl3): δ = 7.41 (s,
CPPh3), 0.96 ppm (s, OsPPh3).

13C NMR plus DEPT-135 and
1H−13C HSQC (100.6 MHz, CDCl3): δ = 310.0 (br, C8), 234.5 (s,
C1), 169.5 (s, C7), 165.3 (br, C4), 164.5 (s, C5), 161.1 (d, JP−C =
14.7 Hz, C3), 119.8 (s, C9), 118.7 (s, C6), 96.5 (d, JP−C = 86.9 Hz,
C2), 71.7 (s, C10), 60.2, 57.3, 53.6 (s, CH3), 135.4−118.6 ppm (m,
other aromatic carbon atoms). Elemental analysis calcd (%) for
C72H63ClNO4OsP3: C, 65.27; H, 4.79; N, 1.06. Found: C, 65.01; H,
4.92; N, 1.21.

Crystallographic Analysis. Crystals suitable for X-ray diffraction
were grown from chloroform solutions layered with hexane. Single-
crystal X-ray diffraction data were collected on a Rigaku R-AXIS

Figure 4. UV−vis absorption spectra of 2a−2d measured in CH2Cl2
at room temperature.
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SPIDER IP CCD area detector using graphite-monochromated Mo
Kα radiation (λ = 0.71073 Å). Semiempirical or multiscan absorption
corrections (SADABS) were applied.20 All structures were solved by
the Patterson function, completed by subsequent difference Fourier
map calculations, and refined by full matrix least-squares on F2 using
the SHELXTL program package.21 All non-hydrogen atoms were
refined anisotropically unless otherwise stated. Hydrogen atoms were
placed at idealized positions and assumed the riding model.
Computational Details. All of the structures evaluated were

optimized at the B3LYP/6-31G* level of DFT22 with a double-ζ
valence basis set (LanL2DZ) being used to describe P and Os atoms.
Single-point energy calculations were then performed on the
mechanism using the B3LYP/6-311++G** method with the PCM
solvation method in dichloromethane.23 Frequency calculations were
performed to confirm all stationary points as minima. In all of the
calculations, we employed the effective core potentials (ECPs) of Hay
and Wadt with polarization functions being added for P (ζ(d) = 0.34)
and Os (ζ(f) = 0.886).24 All of the calculations were performed using
the Gaussian 09 software package.25
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