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Introduction

The chemistry of metallabenzenes is a field of great current
interest because they can display aromatic properties and
mediate organometallic reactions.[1] Several approaches have
been developed to construct a remarkable number of stable
metallabenzene rings.[2] Common strategies previously em-
ployed are the formation of metallabenzenes from various
unsaturated metallacycles, including four-,[3] five-,[4] and six-
membered metallacycles.[5] Reactivity studies of metallaben-
zenes demonstrated that the converse transformation could
also be feasible.[6–9] However, only the interconversion of
metallacyclopentadienes or metallacyclohexadienes to met-
allabenzenes could be achieved.[7,8] Paneque et al. reported
that iridabenzenes with electron-withdrawing CO2Me
groups could be prepared from iridacyclopentadienes or iri-
dacyclohexadienes; the reactions are reversible in these ex-
amples.[7,8a] Chin and Lee reported the facile interconversion
between iridacyclohexadienes and iridabenzenes through
the elimination or addition of H+ .[8b] Roper, Wright, and co-
workers have demonstrated the first intermolecular nucleo-
philic aromatic substitution of metallabenzenes to give the
isolated metallacyclohexadienes and showed that the subse-

quent oxidation of these compounds could yield the corre-
sponding substituted metallabenzenes.[8c]

We have recently prepared a series of new metallaben-
zenes from unsaturated metallacycles,[10] thus contributing
a valuable addition to previous synthetic methodologies. In
our investigation of the reactivity of metallabenzenes, we
found that they could be easily transformed to the monocy-
clic or polycyclic species.[9] As a part of our recent studies
on metallabenzene chemistry, we have studied the relation-
ship between metallabenzenes and various metallacycles
and found that the former is an excellent material to gener-
ate new metallacycles with different metals and substituents
(Scheme 1). In this paper, we report the interconversion of
metallabenzenes and cyclic h2-allene-coordinated complexes.

Results and Discussion

Reactions of Osmabenzene and 8-Hydroxyquinoline

We have previously reported the first nucleophilic aromatic
substitution (SNAr) reaction of ruthenabenzene [Ru ACHTUNGTRENNUNG{CHCACHTUNGTRENNUNG(PPh3)CHC ACHTUNGTRENNUNG(PPh3)CH}Cl2ACHTUNGTRENNUNG(PPh3)2]Cl, which was attacked by

Abstract: Treatment of the osmaben-
zene [Os ACHTUNGTRENNUNG{CHC ACHTUNGTRENNUNG(PPh3)CHC ACHTUNGTRENNUNG(PPh3)CH}
Cl2ACHTUNGTRENNUNG(PPh3)2]Cl (1) with excess 8-hy-
droxyquinoline produces monosubsti-
tuted osmabenzene [OsACHTUNGTRENNUNG{CH C ACHTUNGTRENNUNG(PPh3)
CHC ACHTUNGTRENNUNG(PPh3)CH} ACHTUNGTRENNUNG(C9H6NO)Cl ACHTUNGTRENNUNG(PPh3)]Cl
(2) or disubstituted osmabenzene
[Os ACHTUNGTRENNUNG{CHC ACHTUNGTRENNUNG(PPh3)CHC ACHTUNGTRENNUNG(PPh3)CH}ACHTUNGTRENNUNG(C9H6NO)2]Cl (3) under different reac-
tion conditions. Osmabenzene 2
evolves into cyclic h2-allene-coordinat-
ed complex [Os ACHTUNGTRENNUNG{CH=C ACHTUNGTRENNUNG(PPh3)CH= (h2-
C=CH2)} ACHTUNGTRENNUNG(C9H6NO) ACHTUNGTRENNUNG(PPh3)2]Cl (4) in

the presence of excess PPh3 and
NaOH, presumably involving a P�C
bond cleavage of the metallacycle. Re-
action of 4 with excess 8-hydroxyquino-
line under air affords the SNAr product
[(C9H6NO)Os ACHTUNGTRENNUNG{CHC ACHTUNGTRENNUNG(PPh3)CHCHC}ACHTUNGTRENNUNG(C9H6NO) ACHTUNGTRENNUNG(PPh3)]Cl (5). Complex 4 is
fairly reactive to a nucleophile in the

presence of acid, which could react
with water to give carbonyl complex
[Os ACHTUNGTRENNUNG{CH=C ACHTUNGTRENNUNG(PPh3)CH=CH2}ACHTUNGTRENNUNG(C9H6NO)
(CO) ACHTUNGTRENNUNG(PPh3)2]Cl (6). Complex 4 also
reacts with PPh3 in the presence of acid
and results in a transformation to [OsACHTUNGTRENNUNG{CHC ACHTUNGTRENNUNG(PPh3)CHCHC} ACHTUNGTRENNUNG(C9H6NO)ClACHTUNGTRENNUNG(PPh3)2]Cl (7) and [Os ACHTUNGTRENNUNG{CH=C ACHTUNGTRENNUNG(PPh3)
CH= (h2-C=CH ACHTUNGTRENNUNG(PPh3))}ACHTUNGTRENNUNG(C9H6NO)
Cl ACHTUNGTRENNUNG(PPh3)]Cl (8). Further investigation
shows that the ratio of 7 and 8 is highly
dependent on the amount of the acid
in the reaction.
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Scheme 1. Transformation of metallabenzenes to other metallacycles.
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8-hydroxyquinoline and generated a multicyclic complex
with highly stability.[9a] Thus, we envisioned that the intro-
duction of 8-hydroxyquinoline to our osmabenzenes might
give new access to the interconversion of metallabenzenes
and related metallacycles.

Treatment of a solution of 1 in dichloromethane with 1.5
equivalents of 8-hydroxyquinoline under reflux for 4 hours
led to the formation of the corresponding monosubstituted
osmabenzene 2 (Scheme 2). As complex 2 has good solubili-

ty in organic solvents, it is difficult to obtain single crystals
of 2 to determine its solid-state structure. Fortunately, the
counter anion Cl� in 2 can be easily replaced with BPh4

� by
treatment of 2 with NaBPh4 to give osmabenzene 2’. The
structure of 2’ was confirmed unambiguously by X-ray dif-
fraction. The crystallographic details are listed in Table 1.
The molecular structure of 2’ (Figure 1) reveals that it is
a metallabenzene complex formed through the replacement
of one Cl and one PPh3 ligand in 1 by one 8-hydroxyquino-
line ligand. The metallacycle of complex 2’ deviates signifi-
cantly from planarity. The osmium center lies 0.5072 (73) �
out of the plane of the metallacyclic carbon atoms (C1–C5).
The dihedral angle between this plane and the C1-Os-C5
plane is 21.98. However, the carbon–carbon bond distances
of the metallacycle are in the range of 1.389(9)–1.422(9) �.
A similar delocalized metallabenzene structure without
a planar metallacycle was observed in our previously report-
ed metallabenzene with a 2,2’-dipyridyl ligand.[10b, 11]

When the reaction was performed in the presence of
excess NaOH and the proportion of 8-hydroxyquinoline in
this reaction was increased, it produced the disubstituted os-

mabenzene 3 instead of the expected SNAr product
(Scheme 2).[9a] The reaction of isolated 2 with excess 8-hy-
droxyquinoline and NaOH under the same conditions gave
the same result.

Complex 3 was characterized by multinuclear NMR spec-
troscopy and elemental analysis. The 1H NMR spectrum (in
CDCl3) shows a downfield signal at 16.8 ppm, which can be
assigned to the OsCH protons. The 13C{1H} NMR spectrum
of 3 (in CDCl3) displays the three signals of the metallaben-
zene ring at 215.5, 142.3, and 111.0 ppm, respectively. The
31P{1H} NMR spectrum (in CDCl3) shows a singlet at
21.9 ppm. The counter anion Cl� in 3 can also be easily re-
placed with BPh4

� to generate osmabenzene 3’, the structure
of which was established by X-ray crystallography. As
shown in Figure 2, complex 3’ contains an essentially planar
metallabenzene unit. The co-planarity is reflected by the
small mean deviation (0.0363 �) from the least-squares
plane through the six atoms Os1, C1, C2, C3, C4, and C5.
The C�C bond lengths of the C1–C5 chain are in the range
of 1.395(10)–1.409(10) �, and the lack of significant varia-
tion in the C�C bond lengths suggests that 3’ has a delocal-
ized structure.

Interconversion of Metallabenzenes and Cyclic h2-Allene-
Coordinated Complexes

When the reaction of osmabenzene 2 with NaOH was per-
formed in a protic solvent under refluxing temperature for
two hours, traces of cyclic h2-allene-coordinated complex 4
were identified by in situ NMR. Conversion of complex 2
into 4 seems to be promoted by the addition of PPh3. When
a solution of 2 and excess NaOH in H2O/CH3OH (1:20) was
heated at 60 8C in the presence of purposely added PPh3,
the reaction could be completed within 5 hours to give 4 as
the dominant product (Scheme 3).

Abstract in Chinese:

Scheme 2. Reactions of osmabenzene 1 with 8-hydroxyquinoline. Condi-
tions: a) 8-hydroxyquinoline (1.5 equiv), CH2Cl2, reflux, 4 h, yield 50 %;
b) 8-hydroxyquinoline (2.5 equiv), NaOH (5 equiv), CH2Cl2, reflux, 4 h,
yield 45%; c) 8-hydroxyquinoline (1.5 equiv), NaOH (5 equiv), CH2Cl2,
reflux, 4 h, yield 53%.

Figure 1. Molecular structure of complex 2’ (ellipsoids at the 50% proba-
bility level). The counter anion and most of the hydrogen atoms are
omitted for clarity. Selected bond lengths (�) and angles (8): Os1–Cl1:
2.4661(14), Os1–P1: 2.3082(15), Os1–N1: 2.182(5), Os1–O1: 2.130(4),
Os1–C1: 1.922(6), Os1–C5: 1.944(6), C1–C2: 1.413(9), C2–C3: 1.389(9),
C3–C4: 1.422(9), C4–C5: 1.393(8), P2–C2: 1.789(6), P3–C4: 1.793(6);
Cl1-Os1-P1: 173.13(6), N1-Os1-O1: 76.70(18), C1-Os1-C5: 91.0(3), Os1-
C1-C2: 125.1(5), C1-C2-C3: 124.5(6), C2-C3-C4: 123.7(6), C3-C4-C5:
123.2(6), C4-C5-Os1: 125.5(5).
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Complex 4 was isolated as an orange solid. It has been
characterized by elemental analysis, multinuclear NMR
spectroscopy as well as single-crystal X-ray diffraction anal-

ysis. The crystallographic details are given in Table 1. A
view of the cation is shown in Figure 3. The X-ray diffrac-
tion data indicate that 4 contains a conjugated osmacycle
with a terminal double bond of an allene coordinated to the
metal atom. As a consequence of its coordination to the
metal center, the allene unit is strongly bent with a C3-C4-
C5 angle of 161.28. In agreement with this structure, the
31P{1H} NMR spectrum displays signals at d=�12.5 (s,
OsPPh3) and 9.7 (s, CPPh3) ppm, respectively. In the 13C{1H}
NMR spectrum, the signals of OsCH and CPPh3 appear at
d= 205.2 and 118.6 ppm, while the three carbon signals of
the coordinated allene backbone are observed at d= 117.8
(CHCCH2), 193.1 (CHCCH2), and 15.7 (CHCCH2) ppm, re-
spectively. The 1H NMR spectrum shows the OsCH signal at
d= 11.7 ppm and the CHCCH2 signal at d=4.2 ppm. On the
basis of the 1H–13C HMQC spectrum, the signal of

Table 1. Crystal Data and Structure Refinement for 2’, 3’, 4, 5, 6’, 7, and 8.

2’ ·2CH2Cl2 3’ ·0.25CH2Cl2 4·2H2O 5 6’ ·CH2Cl2 7·C2H4Cl2·0.5CH2Cl2·
1.5H2O

8·CH2Cl2·0.25CHCl3

formula C94H78BCl5NOP3Os C83.25H65.50BCl0.50N2O2P2Os C68H59ClNO3P3Os C59H45ClN2O2P2Os C69H57Cl2F6NO2P4Os C70.50H62Cl5NO2.5P3Os C69.25H56.25Cl4.75NOP3Os
Mr 1708.74 1406.55 1256.72 1101.56 1431.14 1423.57 1369.90
wavelength [�] 0.71073 0.71073 1.54178 0.71073 0.71073 0.71073 0.71073
crystal system triclinic triclinic monoclinic monoclinic monoclinic triclinic monoclinic
space group P�1 P�1 C2/c P2/c P21/c P�1 P21/n
a [�] 10.63560(10) 9.9993(3) 34.9194(4) 25.9776(11) 12.9376(6) 12.687(3) 17.0256(7)
b [�] 17.0231(3) 18.3447(5) 15.2141(2) 8.6114(3) 38.1212(14) 16.761(3) 20.1970(6)
c [�] 23.4742(4) 20.2956(5) 24.6165(3) 22.6944(8) 14.5517(10) 18.381(4) 19.8694(8)
a [8] 87.392(2) 84.148(2) 90 90 90 112.48(3) 90
b [8] 82.0750(10) 87.366(2) 102.4340(10) 113.414(5) 121.941(4) 101.78(3) 113.091(5)
g [8] 81.9680(10) 75.235(2) 90 90 90 103.32(3) 90
V [�3] 4166.65(11) 3580.44(17) 12 771.2(3) 4658.8(3) 6090.2(6) 3323.7(18) 6285.0(4)
Z 2 2 8 4 4 2 4
1calcd [gcm�3] 1.362 1.305 1.307 1.571 1.561 1.422 1.448
m [mm�1] 1.796 1.892 5.207 2.911 2.353 2.237 2.351
FACHTUNGTRENNUNG(000) 1736 1429 5088 2208 2872 1436 2754
crystal
size [mm3]

0.50�0.40� 0.40 0.30 �0.30�0.15 0.28 �0.15�0.15 0.25�0.15� 0.15 0.28 �0.25�0.20 0.25�0.20�0.15 0.40 �0.30�0.30

q range [8] 2.42-25.00 2.29-25.00 3.18-60.13 2.85-25.00 2.74-25.00 3.07-25.00 2.79-25.00
reflns collect-
ed/unique

52686/14 647 24 848/12161 26 429/9433 20431/8190 29 597/10721 41056/11 639 30 041/11058

data/restraints/
params

14647/51/992 12 161/102/856 9433/54/721 8190/66/606 10 721/0/766 11639/63/794 11 058/60/766

GOF on F2 1.000 0.998 1.000 0.809 0.997 1.000 0.999
R1/wR2

[I�2s(I)]
0.0519/0.1505 0.0509/0.1393 0.0422/0.1613 0.0309/0.0410 0.0555/0.0959 0.0368/0.1401 0.0489/0.1243

R1/wR2 (all
data)

0.0669/0.1563 0.0832/0.1465 0.0467/0.1708 0.0554/0.0428 0.0870/0.1015 0.0402/0.1565 0.0783/0.1302

largest peak/
hole [e��3]

2.358/�1.915 1.354/�0.603 1.673/�0.863 1.010/�1.378 1.439/�3.543 2.108/�1.079 2.150/�1.071

Figure 2. Molecular structure of complex 3’ (ellipsoids at the 50% proba-
bility level). Counter anion and most of the hydrogen atoms are omitted
for clarity. Selected bond lengths (�) and angles (8): Os1–O1: 2.026(5),
Os1–O2: 2.030(6), Os1–N2: 2.184(6), Os1–N1: 2.184(6), Os1–C1:
1.919(8), Os1–C5: 1.927(7), C1–C2: 1.401(11), C2–C3: 1.409(10), C3–C4:
1.395(10), C4–C5: 1.397(10), P1–C2: 1.783(7), P2–C4: 1.771(7); O1-Os1-
O2: 157.7(2), N1-Os1-N2: 92.5(2), C1-Os1-C5: 89.9(3), Os1-C1-C2:
129.0(6), C1-C2-C3: 124.6(7), C2-C3-C4: 121.8(7), C3-C4-C5: 124.0(6),
C4-C5-Os1: 129.5(5).

Scheme 3. Interconversion of osmabenzenes and h2-allene-coordinated
complex. Conditions: a) PPh3 (5 equiv), NaOH (15 equiv), H2O/CH3OH
(v :v=1:20), 60 8C, 5 h, yield 76 %; b) 8-hydroxyquinoline (5 equiv),
CHCl3, 100 8C, sealed tube, under air, 12 h, yield 60 %.
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CHCCH2, which is covered by the phenyl signals in the
1H NMR spectrum, can be distinguished at d=7.9 ppm.

Allene-coordinated complexes are important intermedi-
ates that have been widely used in transition metal-cata-
lyzed organic synthesis and mechanistic studies.[12,13] Com-
plex 4 is a new example of metallacycles bearing an intra-
molecularly coordinated allene group.[9b, 10c,d, 14,15] A rationale
that accounts for the observed result is shown in Scheme 4.
The formation of 4 may involve a P�C bond cleavage of the
metallacycle, followed by electron transfer to give D and
proton capture from the solvent. A similar mechanism for
the hydrolysis reaction of metallabenzene phosphonium salt
has been described in our previous report.[9a] Consistent
with this mechanism, the formation of 4 could not be ob-
served when the reaction was performed with very pure
sample of 2 in absence of PPh3.

We have demonstrated that a similar cyclic h2-allene com-
plex, [Os ACHTUNGTRENNUNG{CH=C ACHTUNGTRENNUNG(PPh3)C ACHTUNGTRENNUNG(CH3)= (h2-C=CH2)} ACHTUNGTRENNUNG(PhCN)2ACHTUNGTRENNUNG(PPh3)2]Cl2, could isomerize to metallabenzene when CHCl3

was employed as solvent in the reaction.[10c] By contrast,
complex 4 is very stable in CHCl3 under refluxing condition.
When the solution of 4 in CHCl3 was heated in sealed tube
at 100 8C (oil bath temperature), it decomposed to form
a mixture of species with triphenylphosphine oxide as the
major decomposition product. We presumed that the con-
version of complex 4 to metallabenzene might occur and
that the product was not stable under the reaction condi-
tions. When the reaction was performed with additional 8-
hydroxyquinoline (5 equiv) in CHCl3 in a sealed tube under
air for 12 hours at 100 8C (oil bath temperature), metalla-
benzene 5 was isolated as a brownish solid in 60 % yield
(Scheme 3).

The structure of 5 has been determined by X-ray diffrac-
tion, and a view of the cation of 5 is shown in Figure 4. The
X-ray structure clearly shows that complex 5 contains an es-

sentially planar metallabenzene unit. The mean deviation
from the least-squares plane through Os1 and C1–C5 is
0.0475 �, and the sum of the angles in the six-membered
ring is 718.68, which is very close to the ideal value of 7208.
It is interesting that even the seventeen atoms of the metal-
lacycle (Os1, C1–C5) and the 8-hydroxyquinoline ring (N1,
O1, and C11–C19) are approximately coplanar, which is re-
flected by the mean deviation (0.0721 �) from the least-
squares plane. The Os1-C5 bond (1.900(4) �) is appreciably
shorter than the Os1-C1 bond (1.959(4) �). The lengths of
the carbon–carbon bonds in the metallacycle (1.365(5)–
1.427(5) �) are between those of normal single and double
bonds and close to the length of the C�C bonds in benzene
(1.400 �). The structural feature associated with the metal-
lacycle of 5 is very similar to that of the ruthenabenzene

Figure 3. Molecular structure of complex 4 (ellipsoids at the 50 % proba-
bility level). The counter anion and most of the hydrogen atoms are
omitted for clarity. Selected bond lengths (�) and angles (8): Os1-P1:
2.4081(13), Os1-P2: 2.3903(13), Os1–N1: 2.184(4), Os1–O1: 2.105(3),
Os1–C1: 2.031(5), Os1–C4: 2.058(14), Os1–C5: 2.162(5), C1–C2: 1.385(8),
C2–C3: 1.465(8), C3–C4: 1.312(7), C4–C5: 1.386(7), P3–C2: 1.761(5); P1-
Os1-P2: 173.04(4), N1-Os1-O1: 76.87(14), C1-Os1-C4: 72.92(19), C1-Os1-
C5: 111.16(19), Os1-C1-C2: 121.3(4), C1-C2-C3: 111.3(5), C2-C3-C4:
110.6(5), C3-C4-C5: 161.2(5), C3-C4-Os1: 123.8(4), C4-C5-Os1: 66.8(3),
C5-C4-Os1: 74.89(3).

Scheme 4. Plausible mechanism for the transformation of osmabenzene 2
to h2-allene-coordinated complex 4.

Figure 4. Molecular structure of complex 5 (ellipsoids at the 50 % proba-
bility level). The counter anion and most of the hydrogen atoms are
omitted for clarity. Selected bond lengths (�) and angles (8): Os1–P1:
2.3499(13), Os1–N1: 2.177(3), Os1–N2: 2.128(4), Os1–O2: 2.166(2), Os1–
C1: 1.959(4), Os1–C5: 1.900(4), C1–C2: 1.387(5), C2–C3: 1.419(5), C3–
C4: 1.365(5), C4–C5: 1.427(5), P2–C2: 1.768(4); P1-Os1-N2: 168.84(9),
N1-Os1-O2: 89.47(11), C1-Os1-C5: 90.00(16), Os1-C1-C2: 129.5(3), C1-
C2-C3: 121.9(4), C2-C3-C4: 124.2(4), C3-C4-C5: 124.8(4), C4-C5-Os1:
128.2(3).
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[(C9H6NO)Ru ACHTUNGTRENNUNG{CHC ACHTUNGTRENNUNG(PPh3)CHCHC} ACHTUNGTRENNUNG(C9H6NO) ACHTUNGTRENNUNG(PPh3)]Cl
previously reported by us.[9a] Consistent with the solid-state
structure, the 1H and 13C NMR chemical shifts of the ring
atoms appear in the aromatic region. The 1H NMR spec-
trum displays the OsCH signal at d= 15.1 ppm, the OsCHC-ACHTUNGTRENNUNG(PPh3)CH signal at d=7.5 ppm, and the OsCHC-ACHTUNGTRENNUNG(PPh3)CHCH signal at d=7.0 ppm. The 13C{1H} NMR spec-
trum shows the five carbon signals of the metallacycle at d=

232.0 (OsCH), 110.2 (C ACHTUNGTRENNUNG(PPh3)), 144.6 (g-CH), 124.1
(OsCHC ACHTUNGTRENNUNG(PPh3)CHCH), and 246.5 (OsC) ppm.

The above observations led us to propose the mechanism
depicted in Scheme 5. The transient metallabenzene E, re-
sulting from the isomerization of allene complex 4, appears

to be a key intermediate of this rearrangement that involves
a hydrogen-transfer process. Ligand substitution of E with
additional 8-hydroxyquinoline gives F and subsequent inter-
molecular SNAr reaction and oxidation reaction could gener-
ate osmabenzene 5. Although we have failed to observe the
intermediate E, the formation of metallabenzene from
a cyclic h2-allene-coordinated complex has been previously
reported and DFT calculations have also been performed
before to elucidate the mechanism.[10c] In addition, increas-
ing the stability of metallabenzene by introducing 8-hydrox-
yquinoline substitution to the metallabenzene ring has also
been confirmed by our recent study.[9a]

Reactions of Complex 4 with Nucleophiles

As mentioned above, excess NaOH has been regarded as
one of the essential conditions for the formation of complex

4. Thus, complex 4 is stable in solution with alkali. However,
complex 4 is very electrophilic in the presence of a weak
acid and even water can react with it as a nucleophile. A so-
lution containing complex 4 and excess NH4Cl in wet
chloroform in a sealed tube at 100 8C gave complex 6 as the
major product (all reactions of 4 were carried out under
air).

Complex 6 was isolated as a brown solid in 60 % yield
and characterized by elemental analysis and NMR spectros-
copy. In particular, the 1H NMR spectrum (in CDCl3) shows
the signals of OsCH=C ACHTUNGTRENNUNG(PPh3)CH=CH2 at d= 11.3 (OsCH),
7.0 (CHCH2), 6.5 (CHCH2), and 5.0 (CHCH2) ppm. The
13C{1H} NMR spectrum shows the signals of the vinyl ligand
OsCH=C ACHTUNGTRENNUNG(PPh3)CH=CH2 at d= 198.5 (OsCH), 113.8 (C-ACHTUNGTRENNUNG(PPh3)), 140.0 (CH), 115.6 (CH2) ppm and the CO signal at
186.6 ppm. The 31P{1H} NMR spectrum shows two singlets
at d=15.8 (CPPh3) and �5.9 (OsPPh3) ppm. The complex
of the same cation as 6 in association with the counter anion
PF6

� (6’) is obtainable by simple anion metathesis. A view of
the molecular geometry of 6’ is shown in Figure 5.

It has been reported that osmaphenol [Os(=C(OH)CH=

C(Me)CACHTUNGTRENNUNG(SiMe3)=CH) ACHTUNGTRENNUNG(bipy) ACHTUNGTRENNUNG(PPh3)2]OTf could be convert-
ed into the carbonyl osmium complex [Os ACHTUNGTRENNUNG(CH=C-ACHTUNGTRENNUNG(SiMe3)C(Me) =CH2)(CO) ACHTUNGTRENNUNG(bipy) ACHTUNGTRENNUNG(PPh3)2]OTf in the pres-
ence of acid/H2O.[5a] Our previously reported metallaben-
zenes were highly electrophilic at the a-carbon atom.[9]

Thus, in view of the structural similarities of complex 6 and
the carbonyl osmium complex [Os ACHTUNGTRENNUNG(CH=C ACHTUNGTRENNUNG(SiMe3)C(Me) =

CH2)(CO) ACHTUNGTRENNUNG(bipy) ACHTUNGTRENNUNG(PPh3)2]OTf,[5a] we assume that the forma-
tion of 6 proceeds through the isomerization of allene com-
plex 4 to metallabenzene intermediate E, followed by nucle-
ophilic attack of H2O on the a-carbon to generate the met-

Scheme 5. Plausible mechanism for the transformation of h2-allene-coor-
dinated complex 4 to osmabenzene 5.

Figure 5. Molecular structure of complex 6’ (ellipsoids at the 50% proba-
bility level). The counter anion and most of the hydrogen atoms are
omitted for clarity. Selected bond lengths (�) and angles (8): Os1–P1:
2.3991(16), Os1–P2: 2.4071(17), Os1–O1: 2.091(4), Os1–N1: 2.152(5),
Os1–C1: 2.032(6), Os1–C5: 1.810(8), C1–C2: 1.361(9), C2–C3: 1.467(9),
C3–C4: 1.316(9), P3–C2: 1.798(6), O2–C5: 1.177(8); P1-Os1-P2:
176.62(6), O1-Os1-N1: 77.65(18), C1-Os1-C5: 101.4(3), Os1-C1-C2:
142.0(5), C1-C2-C3: 123.8(6), C2-C3-C4: 131.8(7).
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allaphenol intermediate (see Scheme S1 in the Supporting
Information).

To further study the electrophilic nature of 4, we also in-
vestigated the reaction of 4 with PPh3. In contrast to the re-
action of 4 with excess NH4Cl, the reaction of complex 4
with excess PPh3 afforded a 3:2 mixture of 7 and 8
(Scheme 6) under the above experimental conditions (excess

NH4Cl, sealed tube, 100 8C, CHCl3, air atmosphere). At-
tempts to obtain a single product by using hydrochloric acid
in diethyl ether instead of NH4Cl failed and only led to a de-
crease in the amount of 8. Further studies showed that the
ratio of 7 to 8 is highly dependent on the amount of acid in
the reaction. The results are summarized in Scheme 6. In
the presence of excess NaCl, the reaction produced 7 and 8
in the molar ratio of 1:2. When the reaction was carried out
in the absence of acid (the solvent CHCl3 was treated be-
forehand with K2CO3 to remove acid), only a trace amount
of 7 was observed, while complex 8 could be isolated in
75 % yield. According to these results, it is likely that excess
chloride is essential for the formation of 7 and 8. In addi-
tion, the formation of 7 also requires the presence of acid.

Complexes 7 and 8 can be separated by chromatography.
The structure of 7 has been confirmed by X-ray diffraction
analysis. As shown in Figure 6, the structural features of the
six-membered metallacycle are nearly identical to those of
osmabenzene 5. The solid-state structure of 7 is fully consis-
tent with the solution NMR data.

Complex 8 was isolated as a yellow solid. The molecular
structure of 8 has also been unambiguously confirmed by X-
ray diffraction (Figure 7). The X-ray diffraction study proves
that the allene unit of 8 is coordinated to the metal center
as a h2-ligand through the carbon–carbon double bond con-
nected with PPh3 substitution. Similar to complex 4, the

allene unit of 8 also deviates from linearity, as reflected by
the C3-C4-C5 angle of 156.58. In addition, the characteristic
spectroscopic data of 8 are consistent with the structure
shown in Figure 7.

On the basis of the characterized structures of 7 and 8
and the reaction conditions, we propose a plausible mecha-
nism for the reaction of 4 with PPh3 in the presence of acid
(Scheme 7). The intermediate E resulting from the isomeri-
zation of 4 is also suggested in a possible route to complex
7. The addition of acid may facilitate the dissociation of the
bidentate ligand 8-hydroxyquinoline, and then provide the
possibility to undergo nucleophilic attack. The following in-

Scheme 6. Reactions of complex 4 with acids. [*] Reaction performed in
CHCl3 that was stored with K2CO3 in the dark prior use to avoid the
photochemical formation of HCl.

Figure 6. Molecular structure of complex 7 (ellipsoids at the 50 % proba-
bility level). The counter anion and most of the hydrogen atoms are
omitted for clarity. Selected bond lengths (�) and angles (8): Os1–P1:
2.4128(14), Os1–P2: 2.3972(14), Os1–Cl1: 2.5234(15), Os1–N1: 2.206(5),
Os1–C1: 1.995(6), Os1–C5: 1.910(5), C1–C2: 1.371(8), C2–C3: 1.433(7),
C3–C4: 1.360(7), C4–C5: 1.447(7), P3–C2: 1.785(5); P1-Os1-P2:
169.84(5), Cl1-Os1-N1: 91.60(13), C1-Os1-C5: 89.4(2), Os1-C1-C2:
128.9(4), C1-C2-C3: 122.6(5), C2-C3-C4: 124.7(5), C3-C4-C5: 123.6(4),
C4-C5-Os1: 128.3(4).

Figure 7. Molecular structure of complex 8 (ellipsoids at the 50 % proba-
bility level). The counter anion and most of the hydrogen atoms are
omitted for clarity. Selected bond lengths (�) and angles (8): Os1–N1:
2.117(6), Os1–P1: 2.343(2), Os1–O1: 2.133(5), Os1–Cl1: 2.4268(18), Os1–
C1: 2.040(7), Os1–C4: 1.999(7), Os1–C5: 2.180(7), C1–C2: 1.371(11), C2–
C3: 1.465(9), C3–C4: 1.330(10), C4–C5: 1.400(10), P2–C2: 1.763(7), P3–
C5: 1.766(7); N1-Os1-P1: 173.14(18), O1-Os1-Cl1: 81.38(14), C1-Os1-C4:
72.6(3), C1-Os1-C5: 111.5(3), Os1-C1-C2: 121.2(5), C1-C2-C3: 110.9(7),
C2-C3-C4: 109.2(7), C3-C4-C5: 156.5(7), C4-C5-Os1: 63.6(4), C5-C4-Os1:
77.6(4).
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tramolecular SNAr reaction of 8-hydroxyquinoline to the ar-
omatic metallacycle affords the metallabenzene 7. As shown
in Scheme 7, the formation of complex 8 may be initiated by
the electrophilic addition of the coordinated carbon–carbon
double bond of 4 with excess PPh3, which could afford the
osmacyclopentadiene intermediate M. Subsequent dissocia-
tion of the PPh3 ligand from the metal center and b-H elimi-
nation may produce intermediate N. Finally, the oxidation
of N with O2 would yield complex 8. When the reaction is
performed in the absence of acid under air, it is also possible
that the hydrogen anion could dissociate and combine with
NaCl or NH4Cl in solution to give the complex 8 and NaOH
or NH3OH·H2O (see Scheme S2 in the Supporting Informa-
tion).

It is now well established that allene-coordinated com-
plexes show a high reactivity at the allene moiety, which
could undergo several reactions to form saturated and unsa-
turated metallacycles.[15h–j, l,o] The reactions of cyclic h2-
allene-coordinated complex 4 with nucleophiles demonstrat-
ed that this might be another elegant way to construct met-
allacycles.

Conclusions

In this contribution we present the interconversion of metal-
labenzenes and cyclic h2-allene-coordinated complexes. Os-
mabenzene 1 can react with excess 8-hydroxyquinoline to
give monosubstituted osmabenzene 2 or disubstituted osma-
benzene 3 under different reaction conditions. The 8-hy-
droxyquinoline monosubstituted osmabenzene 2 can be con-

verted into h2-allene-coordinated complex 4, presumably in-
volving a P�C bond cleavage of the metallacycle. The con-
version of 4 into osmabenzene 5 could be achieved by intro-
ducing another 8-hydroxyquinoline substitution via
intermolecular SNAr reaction. Allene-coordinated complex
4 is remarkably stable both in the solid state and in solution
under air, and can tolerate alkali in solution. However, com-
plex 4 is very electrophilic in the presence of acid, and even
water can react with it as a nucleophile to produce carbonyl
osmium complex 6. The reaction of complex 4 with excess
PPh3 leads to the formation of osmabenzene 7 and h2-
allene-coordinated complex 8. It gives new access to unsatu-
rated metallacycles with different metals and substituents
starting from allene-coordinated complexes.

Experimental Section

General

All manipulations were carried out at room temperature under a nitrogen
atmosphere using standard Schlenk techniques, unless otherwise stated.
The starting material [Os ACHTUNGTRENNUNG{CHC ACHTUNGTRENNUNG(PPh3)CHC ACHTUNGTRENNUNG(PPh3)CH}Cl2 ACHTUNGTRENNUNG(PPh3)2]Cl (1)
was synthesized by literature procedures.[8] NMR experiments were per-
formed on a Bruker AV-300 spectrometer (1H, 300.1 MHz; 13C,
75.5 MHz; 31P, 121.5 MHz) or a Bruker AV-500 spectrometer (1H,
500.2 MHz; 13C, 125.8 MHz; 31P, 202.5 MHz). 1H and 13C NMR chemical
shifts are relative to TMS, and 31P NMR chemical shifts are relative to
85% H3PO4. Elemental analysis data were obtained on a Vario EL III in-
strument (Elementar Analysensysteme GmbH).

[Os ACHTUNGTRENNUNG{CHC ACHTUNGTRENNUNG(PPh3)CHC ACHTUNGTRENNUNG(PPh3)CH} ACHTUNGTRENNUNG(C9H6NO)Cl ACHTUNGTRENNUNG(PPh3)]Cl (2)

A mixture of [Os ACHTUNGTRENNUNG{CHC ACHTUNGTRENNUNG(PPh3)CHC ACHTUNGTRENNUNG(PPh3)CH}Cl2 ACHTUNGTRENNUNG(PPh3)2]Cl (1, 0.42 g,
0.30 mmol) and 8-hydroxyquinoline (65 mg, 0.45 mmol) in CH2Cl2

(10 mL) was heated to reflux for 4 h to give a brown solution. The
volume of the mixture was reduced to approximately 1 mL under
vacuum. The residue was purified by column chromatography (neutral
alumina, eluent: acetone/methanol, 5:1) to give complex 2 as a brown
solid. Yield: 0.18 g (50 %). 1H NMR (300.1 MHz, CDCl3): d=20.0 (dd,
J(PH) =13.8 Hz, J(PH) = 5.4 Hz, 1 H, OsCH), 19.0 (dd, J(PH) =17.4 Hz,
J(PH) =5.4 Hz, 1H, OsCH), 7.9–6.7 ppm (m, 52H, PPh3, C9H6NO,
OsCHCACHTUNGTRENNUNG(PPh3)CH). 31P{1H} NMR (121.5 MHz, CDCl3): d =20.6 (s,
CPPh3), 20.4 (s, CPPh3), 1.2 ppm (s, OsPPh3). 13C{1H} NMR (75.5 MHz,
CDCl3): d =248.6 (br, OsCH), 150.7 (t, J(PC) =24.0 Hz, OsCHC-ACHTUNGTRENNUNG(PPh3)CH), 145.1–127.7 (m, PPh3, C9H6NO), 120.9 ppm (dd, J(PC) =

76.8 Hz, J(PC) = 12.0 Hz, OsCHC ACHTUNGTRENNUNG(PPh3)); elemental analysis calcd (%)
for C68H54NOP3Cl2Os: C 65.07, H 4.34, N 1.12; found: C 65.08, H 4.63, N
0.99.

[Os ACHTUNGTRENNUNG{CHC ACHTUNGTRENNUNG(PPh3)CHC ACHTUNGTRENNUNG(PPh3)CH} ACHTUNGTRENNUNG(C9H6NO)Cl ACHTUNGTRENNUNG(PPh3)] ACHTUNGTRENNUNG(BPh4) (2’)

A solution of NaBPh4 (34 mg, 0.10 mmol) and CH3OH (0.5 mL) was
added slowly to a solution of complex 2 (0.10 g, 0.08 mmol) in CH3OH
(2 mL). The reaction mixture was stirred at room temperature for 5 min
to give a brown suspension. The brown solid was collected by filtration,
washed with CH3OH (2 � 3 mL), and then dried under vacuum. Yield:
0.11 g (88 %); elemental analysis calcd (%) for C92H74BNOP3ClOs: C
71.80, H 4.85, N 0.91; found: C 71.69, H 4.98, N 1.29.

[Os ACHTUNGTRENNUNG{CHC ACHTUNGTRENNUNG(PPh3)CHC ACHTUNGTRENNUNG(PPh3)CH} ACHTUNGTRENNUNG(C9H6NO)2]Cl (3)

Method A (one-pot reaction). A mixture of complex 1 (0.42 g,
0.30 mmol), 8-hydroxyquinoline (0.10 g, 0.75 mmol), and NaOH (60 mg,
1.5 mmol) in CH2Cl2 (10 mL) was heated to reflux for 4 h to give
a brown–green suspension. Following filtration, the residue was dried
under vacuum, dissolved in CH2Cl2 (1 mL), and purified by column chro-
matography (neutral alumina, eluent: acetone/methanol, 20:1) to give

Scheme 7. Plausible mechanism for the transformation of h2-allene-coor-
dinated complex 4 to osmabenzene 7 and h2-allene-coordinated complex
8 in the presence of acid.
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complex 3 as a brown–green solid. Yield: 0.15 g (45 %).
Method B. A mixture of complex 2 (0.38 g, 0.30 mmol), 8-hydroxyquino-
line (65 mg, 0.45 mmol), and NaOH (60 mg, 1.5 mmol) in CH2Cl2

(10 mL) was heated to reflux for 4 h to give a brown–green suspension.
Following filtration, the residue was dried under vacuum, dissolved in
CH2Cl2 (1 mL), and purified by column chromatography (neutral alumi-
na, eluent: acetone/methanol, 20:1) to give complex 3 as a brow–green
solid. Yield: 0.18 g (53 %). 1H NMR (500.2 MHz, CDCl3): d=16.8 (d,
J(PH) =18.5 Hz, 2 H, OsCH), 8.6–6.8 ppm (m, 43 H, PPh3, C9H6NO,
OsCHCACHTUNGTRENNUNG(PPh3)CH); 31P{1H} NMR (202.5 MHz, CDCl3): d=21.9 ppm (s,
CPPh3); 13C{1H} NMR (75.5 MHz, CDCl3): d=215.5 (s, OsCH), 142.3 (t,
J(PC) =25.2 Hz, OsCHC ACHTUNGTRENNUNG(PPh3)CH), 170.9–113.3 (m, PPh3, C9H6NO),
111.0 ppm (dd, J(PC) =77.7 Hz, J(PC) =15.1 Hz, OsCHCACHTUNGTRENNUNG(PPh3)); ele-
mental analysis calcd (%) for C59H45N2O2P2ClOs: C 64.33, H 4.12, N
2.54; found: C 64.72, H 4.47, N 2.18.

[Os ACHTUNGTRENNUNG{CHC ACHTUNGTRENNUNG(PPh3)CHC ACHTUNGTRENNUNG(PPh3)CH} ACHTUNGTRENNUNG(C9H6NO)2] ACHTUNGTRENNUNG(BPh4) (3’)

A solution of NaBPh4 (34 mg, 0.10 mmol) and CH3OH (0.2 mL) was
added slowly to a solution of complex 3 (0.1 g, 0.09 mmol) in CH3OH
(2 mL). The reaction mixture was stirred at room temperature for 5 min
to give a green suspension. The green solid was collected by filtration,
washed with CH3OH (2 � 3 mL), and then dried under vacuum. Yield:
0.10 g (80 %); elemental analysis calcd (%) for C83H65BN2O2P2Os: C
71.96, H 4.73, N 2.02; found: C 71.76, H 4.77, N 2.00.

[Os ACHTUNGTRENNUNG{CH=C ACHTUNGTRENNUNG(PPh3)CH = (h2-C=CH2)} ACHTUNGTRENNUNG(C9H6NO)ACHTUNGTRENNUNG(PPh3)2]Cl (4)

A solution of NaOH (0.18 g, 4.5 mmol) in H2O/CH3OH (5 mL, v :v=

1:20) was added to a solution of complex 2 (0.38 g, 0.30 mmol) and PPh3

(0.39 g, 1.5 mmol) in CH3OH ACHTUNGTRENNUNG(10 mL). The reaction mixture was heated
for 5 h at 60 8C to give a reddish brown solution. The solvent was re-
moved under vacuum and the residue was extracted with CH2Cl2 (3–
5 mL). The solvent was reduced to about 1 mL under vacuum and the
residue was purified by column chromatography (neutral alumina,
eluent: acetone/methanol, 20:1) to give complex 4 as an orange solid.
Yield: 0.28 g (76 %). 1H NMR plus HMQC (400.1 MHz, CDCl3): d =11.7
(d, J(PH) =16.4 Hz, 1 H, OsCH), 8.9–6.1 (m, 52H, PPh3, C9H6NO,
CHCCH2), 7.9 (br, 1H, CHCCH2, obscured by the phenyl signals and
confirmed by 1H–13C HMQC), 4.2 ppm (t, J(PH) =6.8 Hz, 2 H,
CHCCH2); 31P{1H} NMR (202.5 MHz, CDCl3): d=�12.5 (s, OsPPh3),
9.7 ppm (s, CPPh3); 13C{1H} NMR (100.6 MHz, CDCl3): d=205.2 (t,
J(PC) =7.9 Hz, OsCH), 193.1 (d, J(PC) =24.4 Hz, CHCCH2), 167.4–120.9
(m, PPh3, C9H6NO), 118.6 (d, J(PC) =73.5 Hz, C ACHTUNGTRENNUNG(PPh3)), 117.8 (d,
J(PC) =27.5 Hz, CHCCH2), 15.7 ppm (s, CHCCH2); elemental analysis
calcd (%) for C68H55NOP3ClOs: C 66.90, H 4.54, N 1.15; found: C 66.75,
H 4.66, N 0.82.ACHTUNGTRENNUNG[(C9H6NO)Os ACHTUNGTRENNUNG{CHC ACHTUNGTRENNUNG(PPh3)CHCHC} ACHTUNGTRENNUNG(C9H6NO)ACHTUNGTRENNUNG(PPh3)]Cl (5)

A mixture of complex 4 (0.20 g, 0.16 mmol) and 8-hydroxyquinoline
(0.12 g, 0.8 mmol) in CHCl3 (10 mL) was heated in sealed tube under air
for 12 h at 100 8C to give a dark brown solution. The volume of the solu-
tion was reduced to approximately 1 mL under vacuum. Addition of di-
ethyl ether (20 mL) to the solution gave a brownish precipitate which
was collected by filtration. The residue was dissolved in CH2Cl2 (1 mL)
and purified by column chromatography (neutral alumina, eluent: ace-
tone/methanol, 20:1) to give complex 5 as a brownish solid. Yield: 0.11 g
(60 %). 1H NMR plus HMQC (500.2 MHz, CDCl3): d=15.1 (dt, J(PH) =

22.4, 2.25 Hz, 1 H, OsCH), 9.1–6.8 (m, 42H, PPh3, C9H6NO), 7.5 (br, 1 H,
OsCHCACHTUNGTRENNUNG(PPh3)CH, obscured by the phenyl signals and confirmed by
1H–13C HMQC), 7.0 ppm (br, 1 H, OsCHC ACHTUNGTRENNUNG(PPh3)CHCH, obscured by the
phenyl signals and confirmed by 1H–13C HMQC); 31P{1H} NMR
(202.5 MHz, CDCl3): d =18.1 (s, OsPPh3), 10.3 ppm (s, CPPh3); 13C{1H}
NMR (125.8 MHz, CDCl3): d =246.5 (d, J(PC) = 9.0 Hz, OsC), 232.0 (m,
OsCH), 144.6 (d, J(PC) =23.0 Hz, OsCHC ACHTUNGTRENNUNG(PPh3)CH), 167.9–109.6 (m,
PPh3, C9H6NO), 124.1 (d, J(PC) =12.2 Hz, OsCHC ACHTUNGTRENNUNG(PPh3)CHCH),
110.2 ppm (d, J(PC) =77.7 Hz, OsCHC ACHTUNGTRENNUNG(PPh3)); elemental analysis calcd
(%) for C59H45ClN2O2P2Os: C 64.33, H 4.12, N 2.54; found: C 64.33, H
4.43, N, 2.82.

[Os ACHTUNGTRENNUNG{CH=C ACHTUNGTRENNUNG(PPh3)CH=CH2} ACHTUNGTRENNUNG(C9H6NO)(CO) ACHTUNGTRENNUNG(PPh3)2]Cl (6)

A mixture of complex 4 (0.20 g, 0.16 mmol) and NH4Cl (0.18 g.
3.4 mmol) in CHCl3 (10 mL, wet) was heated for 12 h in sealed tube
under air at 100 8C to give a brown solution, which was concentrated to
approximately 1 mL under vacuum. Addition of diethyl ether (20 mL) to
the solution gave a green precipitate, which was collected by filtration.
The residue was dissolved in CH2Cl2 (1 mL) and purified by column
chromatography (neutral alumina, eluent: acetone/methanol, 20:1) to
give complex 6 as a yellow solid. Yield: 0.12 g (60 %). 1H NMR
(300.1 MHz, CDCl3): d =11.3 (d, J(PH) =33.0 Hz, 1H, OsCH), 6.4–7.6
(m, 45 H, PPh3, C9H6NO), 7.0 (br, 1H, CHCH2), 6.5 (br, 1H, CHCH2),
5.0 (d, 1H, J(HH) = 11.4 Hz, CHCH2) ppm; 31P{1H} NMR (121.5 MHz,
CDCl3): d= 15.8 (s, CPPh3), �5.9 (s, OsPPh3) ppm; 13C{1H} NMR
(75.5 MHz, CDCl3): d =198.5 (br, OsCH), 186.6 (s, OsCO), 166.9–111.7
(m, PPh3, C9H6NO), 140.0 (d, J(PC) = 20.0 Hz, CHCH2), 115.6 (d,
J(PC) =12.0 Hz, CHCH2), 113.8 ppm (d, J(PC) =70.1 Hz, C ACHTUNGTRENNUNG(PPh3)); ele-
mental analysis calcd (%) for C68H55NO2P3ClOs: C 66.04, H 4.48, N 1.13;
found: C 65.68, H 4.75, N 1.24.

[Os ACHTUNGTRENNUNG{CH=C ACHTUNGTRENNUNG(PPh3)CH=CH2} ACHTUNGTRENNUNG(C9H6NO)(CO) ACHTUNGTRENNUNG(PPh3)2] ACHTUNGTRENNUNG(PF6) (6’)

A mixture of complex 6 (50 mg, 0.04 mmol) and NaPF6 (68 mg,
0.4 mmol) in CH2Cl2 (2 mL) was stirred for 24 h at room temperature to
give a yellow suspension. Following filtration, the volume of the filtrate
was reduced and dried under vacuum. Yield: 51 mg (95 %). Elemental
analysis calcd (%) for C68H55NO2P4F6Os: C 60.67, H 4.12, N 1.04; found:
C 60.25, H 4.31, N 1.49.

[Os ACHTUNGTRENNUNG{CHC ACHTUNGTRENNUNG(PPh3)CHCHC} ACHTUNGTRENNUNG(C9H6NO)Cl ACHTUNGTRENNUNG(PPh3)2]Cl (7)

Hydrochloric acid in diethyl ether (1.0 m, 150 mL) was added to a mixture
of complex 4 (0.20 g, 0.16 mmol) and PPh3 (0.42 g, 1.6 mmol) in CHCl3

(10 mL). The reaction mixture was heated for 12 h in sealed tube under
air at 100 8C to give a dark brown solution. Subsequently, the volume of
the solution was reduced to approximately 1 mL in vacuum. Addition of
diethyl ether (20 mL) to the solution gave a yellow precipitate, which
was collected by filtration. The residue was dissolved in CH2Cl2 (1 mL)
and purified by column chromatography (neutral alumina, eluent: ace-
tone/methanol, 20:1) to give complex 7 as a green solid. Yield: 0.11 g
(55 %). 1H NMR plus HMQC (500.2 MHz, CDCl3): d=15.9 (d, J(PH) =

24.1 Hz, 1H, OsCH), 9.1–6.8 (m, 51 H, PPh3, C9H6NO), 7.0 (br, 1H,
OsCHCACHTUNGTRENNUNG(PPh3)CH, obscured by the phenyl signals and confirmed by
1H–13C HMQC), 5.9 ppm (d, J(PH) =10.0 Hz, 1H, OsCHC ACHTUNGTRENNUNG(PPh3)CHCH,
confirmed by 1H–13C HMQC); 31P{1H} NMR (202.5 MHz, CDCl3): d=

17.3 (s, CPPh3), �1.5 ppm (s, OsPPh3). 13C{1H} NMR (125.8 MHz,
CDCl3): d=240.4 (s, OsCO), 223.5 (br, OsCH), 142.9 (d, J(PC) =22.1 Hz,
OsCHCACHTUNGTRENNUNG(PPh3)CH), 167.9–109.6 (m, PPh3, C9H6NO), 124.4 (d, J(PC) =

11.7 Hz, OsCHC ACHTUNGTRENNUNG(PPh3)CHCH), 104.9 ppm (d, J(PC) =78.6 Hz, OsCHC-ACHTUNGTRENNUNG(PPh3)); elemental analysis calcd (%) for C68H54NOCl2P3Os: C 65.07, H
4.34, N 1.12; found: C 65.24, H 4.63, N 1.27.

[Os ACHTUNGTRENNUNG{CH=C ACHTUNGTRENNUNG(PPh3)CH = (h2-C=CH ACHTUNGTRENNUNG(PPh3))} ACHTUNGTRENNUNG(C9H6NO)Cl ACHTUNGTRENNUNG(PPh3)]Cl (8)

A suspension of NaCl (0.19 g, 3.2 mmol), complex 4 (0.20 g, 0.16 mmol),
and PPh3 (0.42 g, 1.6 mmol) in CHCl3 (10 mL) was heated for 12 h in
sealed tube under air at 100 8C to give a dark brown solution. Note that
prior to the reaction CHCl3 should be stored with K2CO3 in the dark to
avoid the photochemical formation of HCl. Next, the volume of the solu-
tion was reduced to approximately 1 mL in vacuum. Addition of diethyl
ether (20 mL) to the solution gave a yellow precipitate, which was col-
lected by filtration. The residue was dissolved in CH2Cl2 (1 mL) and puri-
fied by column chromatography (neutral alumina, eluent: acetone/metha-
nol, 10:1) to give complex 8 as a yellow solid. Yield: 0.15 g (75 %).
1H NMR (500.2 MHz, CDCl3): d =12.1 (d, J(PH) =15.5 Hz, 1H, OsCH),
7.8–6.3 (m, 52H, PPh3, C9H6NO), 4.8 ppm (m, 1 H, CHCCH ACHTUNGTRENNUNG(PPh3));
31P{1H} NMR (202.5 MHz, CDCl3): d =26.7 (CPPh3), 9.5 (CPPh3),
�9.8 ppm (OsPPh3); 13C{1H} NMR (125.8 MHz, CDCl3): d=208.3 (br,
OsCH), 190.8 (d, J(PC) =24.8 Hz, CCCH), 168.6–110.5 (m, PPh3,
C9H6NO), 116.7 (d, J(PC) =76.2 Hz, OsCHC ACHTUNGTRENNUNG(PPh3)), 29.4 (d, J(PC) =

19.8 Hz, OsCHC ACHTUNGTRENNUNG(PPh3)CH), 9.6 ppm (d, J(PC) =72.3 Hz, CHCCH-
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ACHTUNGTRENNUNG(PPh3)); elemental analysis calcd (%) for C68H54NOCl2P3Os: C 65.07, H
4.34, N 1.12; found: C 65.28, H 4.29, N 1.18.

X-ray Crystallography

Crystals of 2’, 3’, 4, 5, 6’, 7, and 8 suitable for X-ray diffraction were
grown from CH2Cl2, CHCl3, or CH2ClCH2Cl solutions layered with n-
hexane. Data collections were performed on an Oxford Gemini S Ultra
CCD Area Detector using graphite-monochromated MoKa radiation (l=

0.71073 �) (2’, 3’, 5, 6’, and 8) or CuKa radiation (l =1.54178 �) (4) at
173 K. Data collection for 7 was collected on a Rigaku R-AXIS SPIDER
IP CCD Area Detector using graphite-monochromated MoKa radiation
(l=0.71073 �) at 173 K. Multi-scan absorption corrections (SADABS)
were applied. All structures were solved by direct methods, expanded by
difference Fourier syntheses, and refined by full-matrix least-squares on
F2 using the Bruker SHELXTL-97 program package. Non-H atoms were
refined anisotropically unless otherwise stated. Hydrogen atoms were in-
troduced at their geometric positions and refined as riding atoms. Further
details on crystal data, data collection, and refinements are summarized
in Table 1.

CCDC 849719 (2’), CCDC 849720 (3’), CCDC 849721 (4), CCDC 849722
(5), CCDC 849723 (6’), CCDC 849724 (7), and CCDC 849725 (8) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Acknowledgements

This work was supported by the National Natural Science Foundation of
China (Nos. 20801046, 20925208 and J1030415) and the Fundamental Re-
search Funds for the Central Universities (Nos. CXB2011039 and
201112G002).

[1] For reviews, see: a) M. Paneque, M. L. Poveda, N. Rend�n, Eur. J.
Inorg. Chem. 2011, 19– 33; b) J. W. Herndon, Coord. Chem. Rev.
2010, 254, 103 – 194; c) J. R. Bleeke, Acc. Chem. Res. 2007, 40, 1035 –
1047; d) G. Jia, Coord. Chem. Rev. 2007, 251, 2167 –2187; e) L. J.
Wright, Dalton Trans. 2006, 1821 – 1827; f) C. W. Landorf, M. M.
Haley, Angew. Chem. 2006, 118, 4018 – 4040; Angew. Chem. Int. Ed.
2006, 45, 3914 –3936; g) G. Jia, Acc. Chem. Res. 2004, 37, 479 – 486;
h) J. R. Bleeke, Chem. Rev. 2001, 101, 1205 –1227.

[2] Recent examples for the synthesis of metallabenzenes: a) W. Y.
Hung, B. Liu, W. Shou, T. B. Wen, C. Shi, H. H. Y. Sung, I. D. Wil-
liams, Z. Lin, G. Jia, J. Am. Chem. Soc. 2011, 133, 18350 –18360;
b) J. Chen, H. H. Y. Sung, I. D. Williams, Z. Lin, G. Jia, Angew.
Chem. 2011, 123, 10863 –10866; Angew. Chem. Int. Ed. 2011, 50,
10675 – 10678; c) J. Chen, C. Shi, H. H. Y. Sung, I. D. Williams, Z.
Lin, G. Jia, Angew. Chem. 2011, 123, 7433 – 7437; Angew. Chem. Int.
Ed. 2011, 50, 7295 –7299; d) M. Baya, M. A. Esteruelas, E. OÇate,
Organometallics 2011, 30, 4404 –4408; e) Q. Zhao, L. Gong, C. Xu,
J. Zhu, X. He, H. Xia, Angew. Chem. 2011, 123, 1390 – 1394; Angew.
Chem. Int. Ed. 2011, 50, 1354 –1358; f) R. Lin, H. Zhang, S. Li, L.
Chen, W. Zhang, T. B. Wen, H. Zhang, H. Xia, Chem. Eur. J. 2011,
17, 2420 –2427; g) G. R. Clark, P. M. Johns, W. R. Roper, T. Sçhnel,
L. J. Wright, Organometallics 2011, 30, 129 – 138; h) K. C. Poon, L.
Liu, T. Guo, J. Li, H. H. Y. Sung, I. D. Williams, Z. Lin, G. Jia,
Angew. Chem. 2010, 122, 2819 –2822; Angew. Chem. Int. Ed. 2010,
49, 2759 – 2762; i) M. A. Esteruelas, I. Fern�ndez, A. Herrera, M.
Mart�n-Ortiz, R. Mart�nez-�lvarez, M. Oliv�n, E. OÇate, M. A.
Sierra, M. Valencia, Organometallics 2010, 29, 976 – 986; j) P. M.
Johns, W. R. Roper, S. D. Woodgate, L. J. Wright, Organometallics
2010, 29, 5358 –5365; k) R. Castro-Rodrigo, M. A. Esteruelas, S.
Fuertes, A. M. L�pez, S. Mozo, E. OÇate, Organometallics 2009, 28,
5941 – 5951; l) A. F. Dalebrook, L. J. Wright, Organometallics 2009,
28, 5536 –5540; m) V. Jacob, C. W. Landorf, L. N. Zakharov, T. J. R.
Weakley, M. M. Haley, Organometallics 2009, 28, 5183 –5190;

n) M. A. Esteruelas, I. Fern�ndez, S. Fuertes, A. M. L�pez, E.
OÇate, M. A. Sierra, Organometallics 2009, 28, 4876 –4879; o) G. R.
Clark, T. R. O	Neale, W. R. Roper, D. M. Tonei, L. J. Wright, Orga-
nometallics 2009, 28, 567 – 572.

[3] a) G. R. Clark, G.-L. Lu, W. R. Roper, L. J. Wright, Organometallics
2007, 26, 2167 –2177; b) M. A. Iron, A. C. B. Lucassen, H. Cohen,
M. E. van der Boom, J. M. L. Martin, J. Am. Chem. Soc. 2004, 126,
11699 – 11710; c) R. D. Gilbertson, T. J. R. Weakley, M. M. Haley,
Chem. Eur. J. 2000, 6, 437 – 441; d) R. D. Gilbertson, T. J. R. Weak-
ley, M. M. Haley, J. Am. Chem. Soc. 1999, 121, 2597 –2598.

[4] a) G. R. Clark, P. M. Johns, W. R. Roper, L. J. Wright, Organometal-
lics 2008, 27, 451 – 454; b) C. S. Chin, H. Lee, M.-S. Eum, Organome-
tallics 2005, 24, 4849 –4852.

[5] a) W. Y. Hung, J. Zhu, T. B. Wen, K. P. Yu, H. H. Y. Sung, I. D. Wil-
liams, Z. Lin, G. Jia, J. Am. Chem. Soc. 2006, 128, 13742 –13752;
b) J. R. Bleeke, R. Behm, Y.-F. Xie, M. Y. Chiang, K. D. Robinson,
A. M. Beatty, Organometallics 1997, 16, 606 – 623; c) J. R. Bleeke,
Y.-F. Xie, W.-J. Peng, M. Chiang, J. Am. Chem. Soc. 1989, 111,
4118 – 4120.

[6] J. R. Bleeke, R. Behm, Y.-F. Xie, T. W. Clayton, K. D. Robinson, J.
Am. Chem. Soc. 1994, 116, 4093 – 4094.

[7] Interconversion of metallacyclopentadienes to metallabenzenes:
a) E. �lvarez, M. Paneque, M. L. Poveda, N. Rend�n, Angew.
Chem. 2006, 118, 488 –491; Angew. Chem. Int. Ed. 2006, 45, 474 –
477; b) M. Paneque, M. L. Poveda, N. Rend�n, E. �lvarez, E. Car-
mona, Eur. J. Inorg. Chem. 2007, 2711 – 2720.

[8] Interconversion of metallacyclohexadienes to metallabenzenes:
a) M. Paneque, C. M. Posadas, M. L. Poveda, N. Rend�n, L. L.
Santos, E. �lvarez, V. Salazar, K. Mereiter, E. OÇate, Organometal-
lics 2007, 26, 3403 –3415; b) C. S. Chin, H. Lee, Chem. Eur. J. 2004,
10, 4518 – 4522; c) G. R. Clark, L. A. Ferguson, A. E. Mclntosh, T.
Sçhnel, L. J. Wright, J. Am. Chem. Soc. 2010, 132, 13443 – 13452.

[9] a) R. Lin, H. Zhang, S. Li, J. Wang, H. Xia, Chem. Eur. J. 2011, 17,
4223 – 4231; b) H. Zhang, R. Lin, G. Hong, T. Wang, T. B. Wen, H.
Xia, Chem. Eur. J. 2010, 16, 6999 –7007; c) T. Wang, S. Li, H. Zhang,
R. Lin, F. Han, Y. Lin, T. B. Wen, H. Xia, Angew. Chem. 2009, 121,
6575 – 6578; Angew. Chem. Int. Ed. 2009, 48, 6453 –6456.

[10] a) J. Huang, R. Lin, L. Wu, Q. Zhao, C. Zhu, T. B. Wen, H. Xia, Or-
ganometallics 2010, 29, 2916 –2925; b) H. Zhang, L. Wu, R. Lin, Q.
Zhao, G. He, F. Yang, T. B. Wen, H. Xia, Chem. Eur. J. 2009, 15,
3546 – 3559; c) L. Gong, Z. Chen, Y. Lin, X. He, T. B. Wen, X. Xu,
H. Xia, Chem. Eur. J. 2009, 15, 6258 –6266; d) L. Gong, Y. Lin, T. B.
Wen, H. Zhang, B. Zeng, H. Xia, Organometallics 2008, 27, 2584 –
2589; e) L. Gong, Y. Lin, G. He, H. Zhang, H. Wang, T. B. Wen, H.
Xia, Organometallics 2008, 27, 309 – 311; f) H. Xia, G. He, H. Zhang,
T. B. Wen, H. H. Y. Sung, I. D. Williams, G. Jia, J. Am. Chem. Soc.
2004, 126, 6862 –6863.

[11] a) H. Zhang, L. Feng, L. Gong, L. Wu, G. He, T. Wen, F. Yang, H.
Xia, Organometallics 2007, 26, 2705 – 2713; b) H. Zhang, H. Xia, G.
He, T. B. Wen, L. Gong, G. Jia, Angew. Chem. 2006, 118, 2986 –
2989; Angew. Chem. Int. Ed. 2006, 45, 2920 – 2923.

[12] For recent reviews of transition-metal-catalyzed reactions of allenes:
a) C. Aubert, L. Fensterbank, P. Garcia, M. Malacria, A. Simonneau,
Chem. Rev. 2011, 111, 1954 –1993; b) N. Krause, C. Winter, Chem.
Rev. 2011, 111, 1994 –2009; c) F. L�pez, J. L. MascareÇas, Chem.
Eur. J. 2011, 17, 418 –428; d) S. Yu, S. Ma, Chem. Commun. 2011,
47, 5384 –5418; e) B. Alcaide, P. Almendros, Adv. Synth. Catal. 2011,
353, 2561 – 2576; f) F. D
n�s, A. P
rez-Luna, F. Chemla, Chem. Rev.
2010, 110, 2366 –2447; g) B. Alcaide, P. Almendros, T. M. del Cam-
po, Chem. Eur. J. 2010, 16, 5836 –5842;h) T. Bai, S. Ma, G. Jia,
Coord. Chem. Rev. 2009, 253, 423 –448; i) S. M. Abu Sohel, R.-S.
Liu, Chem. Soc. Rev. 2009, 38, 2269 –2281.

[13] For very recent examples of transition-metal-catalyzed reactions of
allenes: a) B. Wan, G, Jia, S. Ma, Org. Lett. 2012, 14, 46– 49; b) S.
Kim, P. H. Lee, J. Org. Chem. 2012, 77, 215 –220; c) M. Gul�as, A.
Collado, B. Trillo, F. L�pez, E. OÇate, M. A. Esteruelas, J. L. Mas-
careÇas, J. Am. Chem. Soc. 2011, 133, 7660 – 7663; d) P. Koschker, A.
Lumbroso, B. Breit, J. Am. Chem. Soc. 2011, 133, 20746 –20749;
e) F. Cai, X. Pu, X. Qi, V. Lynch, A. Radha, J. M. Ready, J. Am.

Chem. Asian J. 2012, 7, 1915 – 1924 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemasianj.org 1923

Interconversion of Metallabenzenes and Cyclic h2-Allene-Coordinated Complexes

http://dx.doi.org/10.1002/ejic.201000809
http://dx.doi.org/10.1002/ejic.201000809
http://dx.doi.org/10.1002/ejic.201000809
http://dx.doi.org/10.1002/ejic.201000809
http://dx.doi.org/10.1016/j.ccr.2009.07.018
http://dx.doi.org/10.1016/j.ccr.2009.07.018
http://dx.doi.org/10.1016/j.ccr.2009.07.018
http://dx.doi.org/10.1016/j.ccr.2009.07.018
http://dx.doi.org/10.1021/ar700071p
http://dx.doi.org/10.1021/ar700071p
http://dx.doi.org/10.1021/ar700071p
http://dx.doi.org/10.1016/j.ccr.2006.11.018
http://dx.doi.org/10.1016/j.ccr.2006.11.018
http://dx.doi.org/10.1016/j.ccr.2006.11.018
http://dx.doi.org/10.1039/b517928a
http://dx.doi.org/10.1039/b517928a
http://dx.doi.org/10.1039/b517928a
http://dx.doi.org/10.1002/ange.200504358
http://dx.doi.org/10.1002/ange.200504358
http://dx.doi.org/10.1002/ange.200504358
http://dx.doi.org/10.1002/anie.200504358
http://dx.doi.org/10.1002/anie.200504358
http://dx.doi.org/10.1002/anie.200504358
http://dx.doi.org/10.1002/anie.200504358
http://dx.doi.org/10.1021/ar0201512
http://dx.doi.org/10.1021/ar0201512
http://dx.doi.org/10.1021/ar0201512
http://dx.doi.org/10.1021/cr990337n
http://dx.doi.org/10.1021/cr990337n
http://dx.doi.org/10.1021/cr990337n
http://dx.doi.org/10.1021/ja207315h
http://dx.doi.org/10.1021/ja207315h
http://dx.doi.org/10.1021/ja207315h
http://dx.doi.org/10.1002/ange.201104587
http://dx.doi.org/10.1002/ange.201104587
http://dx.doi.org/10.1002/ange.201104587
http://dx.doi.org/10.1002/ange.201104587
http://dx.doi.org/10.1002/anie.201104587
http://dx.doi.org/10.1002/anie.201104587
http://dx.doi.org/10.1002/anie.201104587
http://dx.doi.org/10.1002/anie.201104587
http://dx.doi.org/10.1002/ange.201101844
http://dx.doi.org/10.1002/ange.201101844
http://dx.doi.org/10.1002/ange.201101844
http://dx.doi.org/10.1002/anie.201101844
http://dx.doi.org/10.1002/anie.201101844
http://dx.doi.org/10.1002/anie.201101844
http://dx.doi.org/10.1002/anie.201101844
http://dx.doi.org/10.1021/om200491t
http://dx.doi.org/10.1021/om200491t
http://dx.doi.org/10.1021/om200491t
http://dx.doi.org/10.1002/ange.201006442
http://dx.doi.org/10.1002/ange.201006442
http://dx.doi.org/10.1002/ange.201006442
http://dx.doi.org/10.1002/anie.201006442
http://dx.doi.org/10.1002/anie.201006442
http://dx.doi.org/10.1002/anie.201006442
http://dx.doi.org/10.1002/anie.201006442
http://dx.doi.org/10.1021/om100888z
http://dx.doi.org/10.1021/om100888z
http://dx.doi.org/10.1021/om100888z
http://dx.doi.org/10.1002/ange.200907014
http://dx.doi.org/10.1002/ange.200907014
http://dx.doi.org/10.1002/ange.200907014
http://dx.doi.org/10.1002/anie.200907014
http://dx.doi.org/10.1002/anie.200907014
http://dx.doi.org/10.1002/anie.200907014
http://dx.doi.org/10.1002/anie.200907014
http://dx.doi.org/10.1021/om901030q
http://dx.doi.org/10.1021/om901030q
http://dx.doi.org/10.1021/om901030q
http://dx.doi.org/10.1021/om1003754
http://dx.doi.org/10.1021/om1003754
http://dx.doi.org/10.1021/om1003754
http://dx.doi.org/10.1021/om1003754
http://dx.doi.org/10.1021/om900635p
http://dx.doi.org/10.1021/om900635p
http://dx.doi.org/10.1021/om900635p
http://dx.doi.org/10.1021/om900635p
http://dx.doi.org/10.1021/om900581h
http://dx.doi.org/10.1021/om900581h
http://dx.doi.org/10.1021/om900581h
http://dx.doi.org/10.1021/om900581h
http://dx.doi.org/10.1021/om900439z
http://dx.doi.org/10.1021/om900439z
http://dx.doi.org/10.1021/om900439z
http://dx.doi.org/10.1021/om900442m
http://dx.doi.org/10.1021/om900442m
http://dx.doi.org/10.1021/om900442m
http://dx.doi.org/10.1021/om800857k
http://dx.doi.org/10.1021/om800857k
http://dx.doi.org/10.1021/om800857k
http://dx.doi.org/10.1021/om800857k
http://dx.doi.org/10.1021/om061066r
http://dx.doi.org/10.1021/om061066r
http://dx.doi.org/10.1021/om061066r
http://dx.doi.org/10.1021/om061066r
http://dx.doi.org/10.1021/ja047125e
http://dx.doi.org/10.1021/ja047125e
http://dx.doi.org/10.1021/ja047125e
http://dx.doi.org/10.1021/ja047125e
http://dx.doi.org/10.1002/(SICI)1521-3765(20000204)6:3%3C437::AID-CHEM437%3E3.0.CO;2-M
http://dx.doi.org/10.1002/(SICI)1521-3765(20000204)6:3%3C437::AID-CHEM437%3E3.0.CO;2-M
http://dx.doi.org/10.1002/(SICI)1521-3765(20000204)6:3%3C437::AID-CHEM437%3E3.0.CO;2-M
http://dx.doi.org/10.1021/ja984420o
http://dx.doi.org/10.1021/ja984420o
http://dx.doi.org/10.1021/ja984420o
http://dx.doi.org/10.1021/om700951j
http://dx.doi.org/10.1021/om700951j
http://dx.doi.org/10.1021/om700951j
http://dx.doi.org/10.1021/om700951j
http://dx.doi.org/10.1021/om050529a
http://dx.doi.org/10.1021/om050529a
http://dx.doi.org/10.1021/om050529a
http://dx.doi.org/10.1021/om050529a
http://dx.doi.org/10.1021/ja064570w
http://dx.doi.org/10.1021/ja064570w
http://dx.doi.org/10.1021/ja064570w
http://dx.doi.org/10.1021/om961012p
http://dx.doi.org/10.1021/om961012p
http://dx.doi.org/10.1021/om961012p
http://dx.doi.org/10.1021/ja00193a064
http://dx.doi.org/10.1021/ja00193a064
http://dx.doi.org/10.1021/ja00193a064
http://dx.doi.org/10.1021/ja00193a064
http://dx.doi.org/10.1021/ja00088a061
http://dx.doi.org/10.1021/ja00088a061
http://dx.doi.org/10.1021/ja00088a061
http://dx.doi.org/10.1021/ja00088a061
http://dx.doi.org/10.1002/ejic.200601257
http://dx.doi.org/10.1002/ejic.200601257
http://dx.doi.org/10.1002/ejic.200601257
http://dx.doi.org/10.1021/om061036o
http://dx.doi.org/10.1021/om061036o
http://dx.doi.org/10.1021/om061036o
http://dx.doi.org/10.1021/om061036o
http://dx.doi.org/10.1002/chem.200400109
http://dx.doi.org/10.1002/chem.200400109
http://dx.doi.org/10.1002/chem.200400109
http://dx.doi.org/10.1002/chem.200400109
http://dx.doi.org/10.1021/ja105239t
http://dx.doi.org/10.1021/ja105239t
http://dx.doi.org/10.1021/ja105239t
http://dx.doi.org/10.1002/chem.201003566
http://dx.doi.org/10.1002/chem.201003566
http://dx.doi.org/10.1002/chem.201003566
http://dx.doi.org/10.1002/chem.201003566
http://dx.doi.org/10.1002/chem.201000324
http://dx.doi.org/10.1002/chem.201000324
http://dx.doi.org/10.1002/chem.201000324
http://dx.doi.org/10.1002/ange.200902738
http://dx.doi.org/10.1002/ange.200902738
http://dx.doi.org/10.1002/ange.200902738
http://dx.doi.org/10.1002/ange.200902738
http://dx.doi.org/10.1002/anie.200902738
http://dx.doi.org/10.1002/anie.200902738
http://dx.doi.org/10.1002/anie.200902738
http://dx.doi.org/10.1021/om1001155
http://dx.doi.org/10.1021/om1001155
http://dx.doi.org/10.1021/om1001155
http://dx.doi.org/10.1021/om1001155
http://dx.doi.org/10.1002/chem.200801774
http://dx.doi.org/10.1002/chem.200801774
http://dx.doi.org/10.1002/chem.200801774
http://dx.doi.org/10.1002/chem.200801774
http://dx.doi.org/10.1002/chem.200900214
http://dx.doi.org/10.1002/chem.200900214
http://dx.doi.org/10.1002/chem.200900214
http://dx.doi.org/10.1021/om8001558
http://dx.doi.org/10.1021/om8001558
http://dx.doi.org/10.1021/om8001558
http://dx.doi.org/10.1021/om7012265
http://dx.doi.org/10.1021/om7012265
http://dx.doi.org/10.1021/om7012265
http://dx.doi.org/10.1021/ja0486871
http://dx.doi.org/10.1021/ja0486871
http://dx.doi.org/10.1021/ja0486871
http://dx.doi.org/10.1021/ja0486871
http://dx.doi.org/10.1021/om070195k
http://dx.doi.org/10.1021/om070195k
http://dx.doi.org/10.1021/om070195k
http://dx.doi.org/10.1002/ange.200600055
http://dx.doi.org/10.1002/ange.200600055
http://dx.doi.org/10.1002/ange.200600055
http://dx.doi.org/10.1002/anie.200600055
http://dx.doi.org/10.1002/anie.200600055
http://dx.doi.org/10.1002/anie.200600055
http://dx.doi.org/10.1021/cr100376w
http://dx.doi.org/10.1021/cr100376w
http://dx.doi.org/10.1021/cr100376w
http://dx.doi.org/10.1021/cr1004088
http://dx.doi.org/10.1021/cr1004088
http://dx.doi.org/10.1021/cr1004088
http://dx.doi.org/10.1021/cr1004088
http://dx.doi.org/10.1039/c0cc05640e
http://dx.doi.org/10.1039/c0cc05640e
http://dx.doi.org/10.1039/c0cc05640e
http://dx.doi.org/10.1039/c0cc05640e
http://dx.doi.org/10.1002/adsc.201100160
http://dx.doi.org/10.1002/adsc.201100160
http://dx.doi.org/10.1002/adsc.201100160
http://dx.doi.org/10.1002/adsc.201100160
http://dx.doi.org/10.1016/j.ccr.2008.04.003
http://dx.doi.org/10.1016/j.ccr.2008.04.003
http://dx.doi.org/10.1016/j.ccr.2008.04.003
http://dx.doi.org/10.1039/b807499m
http://dx.doi.org/10.1039/b807499m
http://dx.doi.org/10.1039/b807499m
http://dx.doi.org/10.1021/ol202786y
http://dx.doi.org/10.1021/ol202786y
http://dx.doi.org/10.1021/ol202786y
http://dx.doi.org/10.1021/jo2018125
http://dx.doi.org/10.1021/jo2018125
http://dx.doi.org/10.1021/jo2018125
http://dx.doi.org/10.1021/ja210149g
http://dx.doi.org/10.1021/ja210149g
http://dx.doi.org/10.1021/ja210149g
http://dx.doi.org/10.1021/ja207748r


Chem. Soc. 2011, 133, 18066 – 18069; f) A. T. Brusoe, E. J. Alexanian,
Angew. Chem. 2011, 123, 6726 –6730; Angew. Chem. Int. Ed. 2011,
50, 6596 – 6600; g) B. Alcaide, P. Almendros, T. Mart�nez del Campo,
M. C. Redondo, I. Fern�ndez, Chem. Eur. J. 2011, 17, 15005 –15013;
h) W. Shu, Q. Yu, G. Jia, S. Ma, Chem. Eur. J. 2011, 17, 4720 –4723;
i) B. Alcaide, P. Almendros, T. Mart�nez del Campoa, I. Fern�ndez,
Chem. Commun. 2011, 47, 9054 – 9056; j) S. Inuki, A. Iwata, S. Oishi,
N. Fujii, H. Ohno, J. Org. Chem. 2011, 76, 2072 – 2083; k) X. Yu, X.
Lu, J. Org. Chem. 2011, 76, 6350 – 6355; l) R. Dçpp, C. Lothsch�tz,
T. Wurm, M. Pernpointner, S. Keller, F. Rominger, A. S. K. Hashmi,
Organometallics 2011, 30, 5894 – 5903; m) H. Faustino, F. L�pez, L.
Castedo, J. L. MascareÇas, Chem. Sci. 2011, 2, 633 –637; n) G. Wang,
Y. Zou, Z. Li, Q. Wang, A. Goeke, Adv. Synth. Catal. 2011, 353,
550 – 556; o) B. Alcaide, P. Almendros, M. Teresa Quir�s, Adv.
Synth. Catal. 2011, 353, 585 –594; p) J. Cheng, X. Jiang, C. Zhu, S.
Ma, Adv. Synth. Catal. 2011, 353, 1676 – 1682; q) B. Wan, G. Jia, S.
Ma, Adv. Synth. Catal. 2011, 353, 1763 – 1774; r) B. Alcaide, P. Al-
mendros, J. M. Alonso, M. Teresa Quir�s, P. Gadziński, Adv. Synth.
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