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Summary of main observation and conclusion  Oxygen atom transfer reactions between alkynes and heteroarene N-oxides are currently mediated by 
transition metal, such as gold, ruthenium or rhodium, but they have never been catalyzed by osmium. Herein, we report stepwise oxidations of terminal 
alkynes mediated by an osmium carbolong complex, using pyridine N-oxide as the oxidant, yielding novel aldehyde- or carboxylic acid-coordinated 
osmapentalyne derivatives selectively. The mechanism was illustrated by density functional theory calculations, providing a new route for oxygen atom 
transfer between heteroarene N-oxides and alkynes. 

 

Background and Originality Content 

Heteroarene N-oxides are powerful reagents for the transition 
metal mediated oxygen atom transfer reactions of alkynes in the 
synthesis of carbonyl compounds.

[1]
 In the case of terminal al-

kynes, generally, there are two reaction patterns (Scheme 1). As 
shown in path a, for gold-catalyzed reactions, they usually initially 
lead to α-oxo gold carbenes followed by nucleophilic attack to 
afford β-carbonyl compounds.

[2]
 In the other pattern, terminal 

alkynes firstly react with metal (mostly Rh or Ru catalyst) to yield 
vinylidenes. After the oxidation by heteroarene N-oxides, metalla-
ketene intermediates are produced, which are further attacked by 
nucleophiles or unsaturates to give α-carbonyl compounds and 
cyclic carbonyl compounds, respectively.

[3]
 On the other hand, the 

conversion of terminal alkynes to aldehydes oxidized by hetero-
arene N-oxides has been rarely reported. In 2011, Gagosz et al. 
discovered a Cu(I) catalyzed transformation from alkynyl oxiranes 
and oxetanes to functionalized five- or six-membered α,β-unsat-
urated lactones or dihydrofuranaldehydes in the presence of pyri-
dine N-oxide, in which an intramolecular annulation occurs via a 
nucleophilic attack (Scheme 2).

[4]
 The other example was reported 

by Liu and coworkers in 2013.
[5]

 They found a distinct chemoselec-
tivity in the gold-catalyzed oxidative cyclization of 3,5-dien-1-ynes 
when using 3,5-dichloropyridine N-oxide as the oxidant, gener-
ating cyclopentadienyl aldehydes as products. In this case, the 
annulation takes place through the attack of the alkenyl group 
that links with R

3
 and R

4
 (Scheme 2). 

The above-mentioned oxygen atom transfer reactions are still 
limited in organic systems. If such transformation could be ex-
panded to organometallics, not only unprecedented structures, 
but also crucial intermediates, might be isolated. As a part of our 
ongoing research interest in carbolong chemistry,

[6]
 we considered 

complex 1 as a suitable candidate, not only because its highly 
reactive Os-C(sp

3
) group might play an analogous role as the oxy-

gen atom in Gagosz’s system and the alkenyl group in Liu’s reac-
tions, but also due to its diversiform reactivities with alkynes.

[7]
 

Thus, the reactions of 1 with terminal alkynes in the presence of 
pyridine N-oxide were tested, and several interesting osmapen-
talynes with an coordinated aldehyde group were achieved 
through an intermolecular annulation process, confirming our 

Scheme 1  Heteroarene N-oxides initiated oxygen atom transfer reactions 

of terminal alkynes mediated by transition metals 

 

Scheme 2  Conversion of terminal alkynes to aldehydes oxidized by het-

eroarene N-oxides 

 

assumption (Scheme 2). Importantly, no additional catalyst is re-
quired in contrast to the traditional organic reactions. Further-
more, density functional theory (DFT) calculations were described 
to illustrate the reaction mechanism, disclosing a new route in 
heteroarene N-oxide initiated oxygen atom transfer reactions. 
Notably, the coordinated aldehydes could be further converted to 
carboxylic complexes conveniently with the addition of excess 
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pyridine N-oxide, accompanied by the oxidation of carbyne bond, 
resulting in the first OCCCO-type pentadentate chelates (Scheme 
2). 

Results and Discussion 

Initially, we tested the reactions of carbolong complex 1 with 
alkynes in the presence of pyridine N-oxide. Optimization of the 
conditions showed complexes 2 could be obtained when 1 and 
alkynes were performed with 2 equivalents of pyridine N-oxide in 
dichloromethane (DCM) at room temperature (RT) for 2 h 
(Scheme 3). Various alkynes were tested, but only those bearing 
an electron-donating group performed well. The yields of com-
plexes 2-1, 2-2 and 2-3 were 75%, 52% and 71%, respectively, 
after the purification by column chromatography on silica gel. The 
results further confirmed that the alkynes with stronger elec-
tron-donating groups performed better. All the products were 
characterized by multinuclear NMR spectroscopy and elemental 
analysis (Supporting Information). The signals of the substituent 
group R in alkynes are found at δ 0.91—1.51 in the 

1
H NMR spec-

trum and at δ 13.87, 22.82, 30.10, 33.75 in the 
13

C NMR spectrum 
for complex 2-1 (

n
Bu); δ 3.23, 3.26 in the 

1
H NMR spectrum and δ 

59.38, 72.21 in the 
13

C NMR spectrum for complex 2-2 (CH2OMe), 
and δ 0.69—1.72 in the 

1
H NMR spectrum and δ 25.73, 26.47, 

32.13, 42.30 in the 
13

C NMR spectrum for complex 2-3 (Cy). The 
signals at δ 9.08 (2-1), 9.03 (2-2), 9.20 (2-3) in the 

1
H NMR spectra 

and δ 203.70 (2-1), 202.40 (2-2), 204.12 (2-3) in the 
13

C NMR 
spectra can be assigned to the aldehyde groups (C

10
H and C

10
). 

The signals of C
8
 and C

9
 groups locate at the range of typical dou-

ble bonds. For example, for complex 2-1, the C
8
H is observed at δ 

6.70 in its 
1
H NMR spectrum, and the C

8
 and C

9
 signals display at δ 

150.53 and 133.72 in its 
13

C NMR spectrum. The characteristic 
features of metal carbyne signals were observed at δ 329.62, 
329.42 and 329.99 in the 

13
C NMR spectra for complexes 2-1, 2-2 

and 2-3, respectively, at a very down-shifted field. The carbyne 
signals along with other signals in the metallacycle are similar as 
those in our previously reported metallapentalynes.

[6d,8]
 

Scheme 3  Reactions of carbolong complex 1 with terminal alkynes in the 

presence of pyridine N-oxide 

 

The structure of complex 2-1 was further confirmed by single- 
crystal X-ray diffraction. As shown in Figure 1, C1—C10 along with 
Os1 and O1 make up the tricyclic framework. The nearly coplanar 
tricyclic rings are indicated by the small mean deviation from the 
least-squares plane (0.072 Å). The bond lengths of C8—C9 (1.368 
Å), C9—C10 (1.459 Å) and C10—O1 (1.237 Å) suggest its typical 
α,β-unsaturated aldehyde structure. The aldehyde oxygen is coor-
dinated to Os1 (Os1—O1: 2.111 Å), forming a six-member 

 
Figure 1  X-ray molecular structure of complex 2-1. Thermal ellipsoids are 

set at 50% probability level. The counter ions and phenyl groups in PPh3 

moieties are omitted for clarity. 

metallacycle. The C—C bond lengths of the fused five-membered 
rings (C1—C2 1.382, C2—C3 1.413, C3—C4 1.392, C4—C5 1.384, 
C5—C6 1.402 and C6—C7 1.410 Å) are almost equal and interme-
diate between those of typical C=C and C—C bonds, indicating its 
aromatic structure. All these data along with Os1—C1 distance 
(1.857 Å) and Os1—C1—C2 angle (129.8°), are comparable to 
those in the known aromatic osmapentalyne complexes.

[6d,8]
 

DFT calculations were used to illustrate the mechanism for the 
generation of 2-1. Initially, we tried a path akin to path a shown in 
Scheme 1. However, a β-H elimination transition state (TS) could 
not be located, which might be attributed to the rigid four-mem-
bered metallacycle fragment of the intermediate (see S18 for 
details). We then turned our attention to the new pathway. As 
shown in Scheme 4, the chlorine in complex 1 is grabbed by Ag

+
 

firstly, and meanwhile the alkyne binds to the osmium to form 
intermediate 1A. Next, an insertion of the triple bond to the 
C—Os bond occurs via the transition state TS1A‐1B to form inter-
mediate 1B by overcoming a barrier of 12.2 kcal·mol

–1
. Such inser-

tion has also been reported before.
[7]

 Then a pyridine N-oxide is 
coordinated to osmium to form intermediate 1C in order to meet 
the 18-electron rule. At the same time, another pyridine N-oxide 
binds to the molecular through hydrogen bond to form interme-
diate 1D. Subsequently, the only sp

3
 carbon in the metallacycle is 

oxidized by the pyridine N-oxide to generate 1E, pyridine and H2O 
through TS1D‐1E with an activation energy of 10.2 kcal·mol

−1
. The 

carbene bond next to the phosphonium group is prone to be 
converted into carbyne bond in such a system by releasing a pro-
ton when the osmium bears a positive charge referring to our 
previous reports.

[6d,9]
 In this case, the elimination of the proto-

nated pyridine N-oxide through TS1E‐1F with an activation energy 
of 14.6 kcal·mol

−1
 leads to the formation of osmapentalyne 1F. We 

speculate that trace amount acid in the solution might catalyze 
the two C—H bond activation steps. Finally, the metal carbene 
bond is oxidized by another molecule of pyridine N-oxide to form 
the product 2-1 via transition states TS1F‐1G and TS1G-2-1 with acti-
vation energy of 8.4 kcal·mol

−1
 and 6.6 kcal·mol

−1
, respectively. 

The results reveal the detailed oxygen atom transfer processes 
during the reactions. 

It is noteworthy that overoxidation is a constant problem in 
terminal alkyne oxidation reactions since the aldehyde products 
are very reductive. While surprisingly, stepwise oxidations can be 
achieved in our systems by controlling the amount of pyridine 
N-oxide, even if there are extremely active groups toward oxi-
dants, including aldehyde and the strained cyclic metal carbyne 
bond, in complexes 2. As shown in Scheme 3, a series of complex-
es 3 were prepared by the reactions of complexes 2 with 4 equiv-
alents of pyridine N-oxide. Alternatively, complexes 3 could be 
afforded directly from 1, AgBF4, alkynes and 6 equivalents of  
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Scheme 4  Gibbs free-energy profiles for the possible mechanism to the formation of complex 2-1 from 1 calculated by DFT methods 

pyridine N-oxide. Complexes 3 were characterized by multinuclear 
NMR spectroscopy and elemental analysis (Supporting Infor-
mation). The carboxyl (C

10
) signals are observed at δ 168.10 (3-1), 

166.25 (3-2) and 167.77 (3-3) in the 
13

C NMR spectra. Other sig-
nals in the metallapentalene rings are comparable to those in our 
previously reported metallapentalenes, thus details are not going 
to be discussed here.

[10]
 

The solid-state structure of complex 3-2 is shown in Figure 2. 
C1—C10 along with O1, O3 and Os1 make up the tetracyclic 
framework. Similar to 2-1, the tetracyclic ring is almost coplanar 
as well, supported by the small mean deviation from the 
least-squares plane (0.115 Å). The bond lengths of C10—O1 
(1.292 Å) and C10—O2 (1.229 Å) suggest its carboxyl property. 
The osmapentalene cycle is also aromatic, indicated by the delo-
calized C—C bond lengths (C1—C2 1.415, C2—C3 1.396, C3—C4 
1.416, C4—C5 1.392, C5—C6 1.384 and C6—C7 1.384 Å). All these 
bond lengths along with Os1—C1 (1.973 Å) are in the range of 
those in previously reported aromatic osmapentalene complex-
es.

[10]
 There is a metallaoxirene moiety in complex 3-2, in which 

the bond distances of Os1—O3 and C1—O3 are 2.403 Å and 1.238 
Å, respectively, suggesting it can also be presented as the reso-
nance structure 3B (Scheme 5). Anyway, we hold the view that 3A 
contributes more according to the NMR data of C

1
 (δ 225.16, 

224.35 and 225.25 for 3-1, 3-2 and 3-3, respectively), together 
with the requirement for their aromaticity. We previously sug-
gested that the planar tetradentate and pentadentate chelates 
might also be included in the family of pincer complexes,

[6a,11]
 

therefore, 3 can be regarded as the first OCCCO-type pincer com-
plexes. 

 
Figure 2  X-ray molecular structure of complex 3-2. Thermal ellipsoids are 

set at 50% probability level. The counter ions and phenyl groups in PPh3 

moieties are omitted for clarity. 

Scheme 5  Two major resonance structures of 3. 

 

After the success on isolation of a series of novel complexes 
from the reactions of 1 and pyridine N-oxide with terminal al-
kynes, we further tested its reactivity with an internal alkyne, and 
a different pathway was discovered. As shown in Scheme 6, the 
triple bond of dimethyl but-2-ynedioate was broken, oxidized into 
carboxyl, and coordinated to the osmium. Note that C≡C bond 
cleavage couldn’t occur without the osmium carbolong complex, 
which indicated that the osmium played an important role. We 
speculated it might enhance the oxidation ability of the N-oxide, 
but the precise mechanism is required for further investigation. 
Generally, oxidative cleavage of alkynes to carboxylic acids needs 
strong oxidants, such as OsO4 or HIO4. To our knowledge, there 
was only one example reported before using pyridine N-oxide as 
the oxidant, in which the carboxylic acids were by-products.

[12]
 

Complex 4 was fully characterized by multinuclear NMR spec-
troscopy, elemental analysis and single-crystal X-ray diffraction 
(Supporting Information and Figure 3). 

Scheme 6  Reaction of carbolong complex 1 with dimethyl but-2-yne-

dioate in the presence of pyridine N-oxide 

 

Conclusions 

In summary, several oxygen atom transfer reactions between 
terminal alkynes, osmium carbolong 1 and pyridine N-oxide were 
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Figure 3  X-ray molecular structure of complex 4. Thermal ellipsoids are 

set at 50% probability level. The counter ions and phenyl groups in PPh3 

moieties are omitted for clarity. 

investigated. Stepwise oxidations of alkynes were achieved, which 
yielded aldehyde- and carboxylic acid-coordinated osmium com-
plexes 2 and 3, respectively. Such processes were discovered in 
organometallic systems for the first time, and complexes 3 are 
unprecedented OCCCO-type pentadentate chelates. Furthermore, 
DFT calculations were performed to illustrate the mechanism for 
the generation of complex 2-1, disclosing a new route in oxygen 
atom transfer reactions between heteroarene N-oxides and ter-
minal alkynes. These results might provide an inspiration for new 
catalytic reactions involving such oxygen atom transfer processes. 

Experimental 

All syntheses were carried out under an inert atmosphere (N2) 
using standard Schlenk techniques, unless otherwise stated. Sol-
vents were distilled under N2 from sodium/benzophenone (diethyl 
ether) or calcium hydride (dichloromethane). Complex 1 was syn-
thesized according to published literatures.

[13]
 Other reagents 

were used as received from commercial sources without further 
purification. Column chromatography was performed on alumina 
gel (200—300 mesh) or silica gel (200—300 mesh) in air. Nuclear 
magnetic resonance (NMR) spectroscopic experiments were per-
formed on a Bruker AVIII-600 spectrometer at room temperature. 
1
H NMR and 

13
C NMR chemical shifts are relative to tetrame-

thylsilane, and 
31

P NMR chemical shifts are relative to 85% H3PO4. 
The absolute values of the coupling constants are given in Hertz 
(Hz). Multiplicities are abbreviated as singlet (s), doublet (d), tri-
plet (t), multiplet (m) and broad (br). Elemental analyses were 
performed on a Vario EL III elemental analyzer.  

Synthesis and characterization of complex 2-1. A mixture of 1 
(300 mg, 0.261 mmol), AgBF4 (152 mg, 0.783 mmol), pyridine-N- 
oxide (49.6 mg, 0.522 mmol) and 1-hexyne (64.3 mg, 0.783 mmol) 
was stirred at RT in dichloromethane (10 mL) for 2 h to yield a 
blue suspension. The solid precipitate was removed by filtration, 
and the solvent was reduced to approximately 5 mL under vacu-
um and purified by column chromatography on silica gel (eluent: 
dichloromethane/acetone = 4

 
:
 
1) to afford complex 2-1 as a blue 

solid. Yield: 227 mg, 75%. 
1
H NMR (600.1 MHz, CD2Cl2) δ: 9.56 (d, 

3
J(HH) = 3.66 Hz, 1H, C

5
H), 9.08 (s, 1H, C

10
H), 8.87 (d, 

3
J(HP) = 1.02 

Hz, 1H, C
3
H), 8.41 (dt, 

3
J(HH) = 3.66 Hz, 

4
J(HP) = 3.66 Hz, 1H, C

6
H), 

7.01—7.87 (45H, Ph), 6.70 (s, 1H, C
8
H), 0.91—1.51 (9H, 

n
Bu). 

31
P NMR (242.9 MHz, CD2Cl2) δ: 8.83 (t, 

4
J(PP) = 5.68 Hz, CPPh3), 

–1.20 (d, 
4
J(PP) = 5.68 Hz, OsPPh3). 

13
C NMR (150.9 MHz, CD2Cl2, 

plus 
13

C DEPT-135, 
1
H-

13
C HSQC and 

1
H-

13
C HMBC) δ: 329.62 (dt, 

2
J(CP) = 14.22 Hz,

 2
J(CP) = 14.22 Hz, C

1
), 215.98 (t, 

2
J(CP) = 9.33 Hz, 

C
7
), 203.70 (s, C

10
), 180.21 (d, 

3
J(CP) = 23.33 Hz, C

4
), 162.95 (t, 

3
J(CP) = 5.40 Hz, C

6
), 161.62 (d, 

2
J(CP) = 14.53 Hz, C

3
), 159.31 (s, 

C
5
), 150.53 (s, C

8
), 118.12—136.04 (Ph), 133.72 (s, C

9
), 133.38 (dt, 

1
J(CP) = 92.30 Hz, 

3
J(CP) = 5.47 Hz, C

2
), 33.75, 30.10, 22.82, 13.87 

(s, 
n
Bu). Anal. Calcd (%) for C68H59B2F8OOsP3: C, 70.49; H, 5.13. 

Found: C, 69.88; H, 5.142. 
Synthesis and characterization of complex 2-2. A mixture of 1 

(300 mg, 0.261 mmol), AgBF4 (152 mg, 0.783 mmol), pyridine-N- 

oxide (49.6 mg, 0.522 mmol) and dimethyl 3-methoxyprop-1-yne 
(54.9 mg, 0.783 mmol) was stirred at RT in dichloromethane (10 
mL) for 2 h to yield a blue suspension. The solid precipitate was 
removed by filtration, and the solvent was reduced to approxi-
mately 5 mL under vacuum and purified by column chromatog-
raphy on silica gel (eluent: dichloromethane/acetone = 4

 
:
 
1) to 

afford complex 2-2 as a blue solid. Yield: 156 mg, 52%. 
1
H NMR 

(600.1 MHz, CD2Cl2) δ: 9.60 (d, 
3
J(HH) = 3.65 Hz, 1H, C

5
H), 9.03 (s, 

1H, C
10

H), 8.97 (d, 
3
J(HP) = 0.99 Hz, 1H, C

3
H), 8.39 (dt, 

3
J(HH) = 

3.65 Hz, 
4
J(HP) = 3.65 Hz, 1H, C

6
H), 6.96—7.83 (45H, Ph), 6.73 (s, 

1H, C
8
H), 3.26 (s, 3H, CH3), 3.23 (s, 2H, OCH2). 

31
P NMR (242.9 

MHz, CD2Cl2) δ: 8.75 (t, 
4
J(PP) = 5.83 Hz,CPPh3), –0.92 (d, 

4
J(PP) = 

5.83 Hz, OsPPh3). 
13

C NMR (150.9 MHz, CD2Cl2, plus 
13

C DEPT-135, 
1
H-

13
C HSQC and 

1
H-

13
C HMBC) δ: 329.42 (dt, 

2
J(CP) = 14.74 Hz,

 

2
J(CP) = 14.74 Hz, C

1
), 214.23 (t, 

2
J(CP) = 9.23 Hz, C

7
), 202.40 (s, 

C
10

), 181.40 (d, 
3
J(CP) = 23.66 Hz, C

4
), 163.48 (t, 

3
J(CP) = 5.55 Hz, 

C
6
), 162.46 (d, 

2
J(CP) = 14.62 Hz, C

3
), 158.58 (s, C

5
), 150.81 (s, C

8
), 

118.04—136.07 (Ph), 134.30 (d, 
1
J(CP) = 84.50 Hz, C

2
), 129.57 (s, 

C
9
), 72.21 (s, OCH2), 59.38 (s, CH3). Anal. Calcd (%) for 

C66H55B2F8O2OsP3: C, 69.13; H, 4.83. Found: C, 69.00; H, 4.897. 
Synthesis and characterization of complex 2-3. A mixture of 1 

(300 mg, 0.261 mmol), AgBF4 (152 mg, 0.783 mmol), pyridine-N- 
oxide (49.6 mg, 0.522 mmol) and ethynylcyclohexane (84.7 mg, 
0.783 mmol) was stirred at RT in dichloromethane (10 mL) for 2 h 
to yield a blue suspension. The solid precipitate was removed by 
filtration, and the solvent was reduced to approximately 5 mL 
under vacuum and purified by column chromatography on silica 
gel (eluent: dichloromethane/acetone = 4

 
:
 
1) to afford complex 

2-3 as a blue solid. Yield: 220 mg, 71%. 
1
H NMR (600.1 MHz, 

CD2Cl2) δ: 9.37 (d, 
3
J(HH) = 3.84 Hz, 1H, C

5
H), 9.20 (s, 1H, C

10
H), 

8.81 (d, 
3
J(HP) = 0.72 Hz, 1H, C

3
H), 8.34 (dt, 

3
J(HH) = 3.84 Hz, 

4
J(HP) = 3.84 Hz, 1H, C

6
H), 6.98—7.84 (45H, Ph), 6.78 (s, 1H, C

8
H), 

0.69—1.72 (11H, Cy). 
31

P NMR (242.9 MHz, CD2Cl2) δ: 8.71 (t, 
4
J(PP) = 5.83 Hz,CPPh3), –1.13 (d, 

4
J(PP) = 5.83 Hz, OsPPh3). 

13
C NMR (150.9 MHz, CD2Cl2, plus 

13
C DEPT-135, 

1
H-

13
C HSQC 

and 
1
H-

13
C HMBC) δ: 329.99 (dt, 

2
J(CP) = 15.14 Hz, 

2
J(CP) = 15.14 

Hz, C
1
), 215.72 (t, 

2
J(CP) = 9.41 Hz, C

7
), 204.12 (s, C

10
), 179.97 (d, 

3
J(CP) = 21.71 Hz, C

4
), 163.06 (t, 

3
J(CP) = 5.50 Hz, C

6
), 161.18 (d, 

2
J(CP) = 16.10 Hz, C

3
), 158.75 (s, C

5
), 150.03 (s, C

8
), 138.53 (s, C

9
), 

118.15—136.05 (Ph), 133.24 (dt, 
1
J(CP) = 92.70 Hz, 

2
J(CP) = 5.25 

Hz, C
2
), 42.30, 32.13, 26.47, 25.73 (s, Cy). Anal. Calcd (%) for 

C70H61B2F8OOsP3: C, 70.96; H, 5.19. Found: C, 70.65; H, 5.38. 
Synthesis and characterization of complex 3-1. Method a: A 

mixture of 1 (300 mg, 0.261 mmol), AgBF4 (152 mg, 0.783 mmol), 
pyridine-N-oxide (149 mg, 1.57 mmol) and dimethyl 1-hexyne 
(64.3 mg, 0.783 mmol) was stirred at RT in dichloromethane (10 
mL) for 48 h to yield a blue suspension. The solid precipitate was 
removed by filtration, and the solvent was reduced to approxi-
mately 5 mL under vacuum and purified by column chromatog-
raphy on neutral alumina (eluent: dichloromethane/acetone = 
4

 
:

 
1) to afford complex 3-1 as a blue solid. Yield: 277 mg, 82%. 

Method b: A mixture of 2-1 (300 mg, 0.222 mmol) and pyri-
dine-N-oxide (127 mg, 1.33 mmol) was stirred at RT in dichloro-
methane (10 mL) for 12 h to yield a blue solution. The solvent was 
reduced to approximately 3 mL under vacuum, then diethyl ether 
(20 mL) was added to the solution. The blue precipitate was col-
lected by filtration and washed with Et2O (2×15 mL) to give 3-1 as 
a blue solid. Yield: 273 mg, 95%. 

1
H NMR (600.1 MHz, CD2Cl2) δ: 

8.36 (s, 1H, C
5
H), 8.22 (s, 1H, C

3
H), 7.28 (s, 1H, C

6
H), 7.12—7.74 

(45H, Ph), 5.82 (s, 1H, C
8
H), 0.75—1.41 (9H, 

n
Bu). 

31
P NMR (242.9 

MHz, CD2Cl2) δ: 9.02 (s, CPPh3), 1.10 (s, OsPPh3). 
13

C NMR (150.9 
MHz, CD2Cl2, plus 

13
C DEPT-135, 

1
H-

13
C HSQC and 

1
H-

13
C HMBC) δ: 

226.42 (t, 
2
J(CP) = 6.26 Hz, C

7
), 225.16 (dt, 

2
J(CP) = 4.45 Hz, 

2
J(CP) = 4.45 Hz, C

1
), 186.31 (d, 

3
J(CP) = 23.71 Hz, C

4
), 168.10 (s, 

C
10

), 163.98 (d, 
2
J(CP) = 16.06 Hz, C

3
), 162.86 (s, C

5
), 150.21 (s, C

6
), 

141.13 (s, C
9
), 139.55 (s, C

8
), 119.23—135.43 (Ph), 101.53 (d, 

1
J(CP) 

= 88.85 Hz, C
2
), 33.45, 30.17, 23.18, 14.18 (s, 

n
Bu). Anal. Calcd (%) 
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for C68H58BF4O3OsP3: C, 63.16; H, 4.52. Found: C, 62.78; H, 5.152. 
Synthesis and characterization of complex 3-2. Method a: A 

mixture of 1 (300 mg, 0.261 mmol), AgBF4 (152 mg, 0.783 mmol), 
pyridine-N-oxide (149 mg, 1.57 mmol) and 3-methoxyprop-1-yne 
(54.9 mg, 0.783 mmol) was stirred at RT in dichloromethane (10 
mL) for 48 h to yield a blue suspension. The solid precipitate was 
removed by filtration, and the solvent was reduced to approxi-
mately 5 mL under vacuum and purified by column chromatog-
raphy on neutral alumina (eluent: dichloromethane/acetone = 4

 
:
 

1) to afford complex 3-2 as a blue solid. Yield: 257 mg, 77%. 
Method b: A mixture of 2-2 (300 mg, 0.224 mmol) and pyri-
dine-N-oxide (128 mg, 1.57 mmol) was stirred at RT in dichloro-
methane (10 mL) for 12 h to yield a blue solution. The solvent was 
reduced to approximately 3 mL under vacuum, then diethyl ether 
(20 mL) was added to the solution. The blue precipitate was col-
lected by filtration and washed with Et2O (2×15 mL) to give 3-2 as 
a blue solid. Yield: 273 mg, 95%. 

1
H NMR (600.1 MHz, CD2Cl2) δ: 

8.31 (d, 
3
J(HH) = 3.38 Hz, 1H, C

5
H), 8.21 (d, 

3
J(HP) = 2.79 Hz, 1H, 

C
3
H), 7.36 (s, 1H, C

6
H), 7.09—7.74 (45H, Ph), 6.05 (s, 1H, C

8
H), 

3.14 (s, 3H, CH3), 3.11 (s, 2H, OCH2).
31

P NMR (242.9 MHz, CD2Cl2) 
δ: 9.09 (s, CPPh3), 1.24 (s, OsPPh3). 

13
C NMR (150.9 MHz, CD2Cl2, 

plus 
13

C DEPT-135, 
1
H-

13
C HSQC and 

1
H-

13
C HMBC) δ: 225.06 (t, 

2
J(CP) = 6.73 Hz, C

7
), 224.35 (dt, 

2
J(CP) = 4.50 Hz, 

2
J(CP) = 4.50 Hz, 

C
1
), 186.46 (dt, 

3
J(CP) = 23.94 Hz, 

2
J(CP) = 3.50 Hz, C

4
), 166.25 (s, 

C
10

), 164.31 (d, 
2
J(CP) = 15.36 Hz, C

3
), 162.49 (s, C

5
), 150.37 (s, C

6
), 

137.86 (s, C
8
), 136.30 (s, C

9
), 118.76—135.10 (Ph), 101.58 (d, 

1
J(CP) = 88.96 Hz, C

2
), 71.55 (s, OCH2), 58.57 (s, CH3). Anal. Calcd 

(%) for C66H54BF4O4OsP3: C, 61.88; H, 4.26. Found: C, 61.63; H, 
4.537. 

Synthesis and characterization of complex 3-3. Method a: A 
mixture of 1 (300 mg, 0.261 mmol), AgBF4 (152 mg, 0.783 mmol), 
pyridine-N-oxide (149 mg, 1.57 mmol) and ethynylcyclohexane 
(84.7 mg, 0.783 mmol) was stirred at RT in dichloromethane (10 
mL) for 48 h to yield a blue suspension. The solid precipitate was 
removed by filtration, and the solvent was reduced to approxi-
mately 5 mL under vacuum and purified by column chromatog-
raphy on neutral alumina (eluent: dichloromethane/ acetone = 4

 
:
 

1) to afford complex 3-3 as a blue solid. Yield: 251 mg, 73%. 
Method b: A mixture of 2-3 (300 mg, 0.218 mmol) and pyri-
dine-N-oxide (124 mg, 1.308 mmol) was stirred at RT in dichloro-
methane (10 mL) for 12 h to yield a blue solution. The solvent was 
reduced to approximately 3 mL under vacuum, then diethyl ether 
(20 mL) was added to the solution. The blue precipitate was col-
lected by filtration and washed with Et2O (2×15 mL) to give 3-3 as 
a blue solid. Yield: 273 mg, 95%. 

1
H NMR (600.1 MHz, CD2Cl2) δ: 

8.30 (d, 
3
J(HH) = 3.82 Hz, 1H, C

5
H), 8.29 (d, 

3
J(HH) = 3.09 Hz, 1H, 

C
3
H), 7.23 (s, 1H, C

6
H), 7.07—7.75 (45H, Ph), 6.00 (s, 1H, C

8
H), 

0.45—1.56 (11H, Cy). 
31

P NMR (242.9 MHz, CD2Cl2) δ: 8.99 (s, 
CPPh3), 0.56 (s, OsPPh3). 

13
C NMR (150.9 MHz, CD2Cl2, plus 

13
C 

DEPT-135, 
1
H-

13
C HSQC and 

1
H-

13
C HMBC) δ: 227.08 (m, C

7
), 

225.25 (m, C
1
), 185.85 (m, C

4
), 167.77 (s, C

10
), 163.13 (d, 

2
J(CP) = 

16.01 Hz, C
3
), 162.93 (s, C

5
), 150.89 (s, C

6
), 146.25 (s, C

9
), 138.97 (s, 

C
8
), 119.30—135.41 (Ph), 101.49 (d, 

1
J(CP) = 90.46 Hz, C

2
), 41.27, 

32.81, 27.07, 26.81 (s, Cy). Anal. Calcd (%) for C70H60BF4O3OsP3: C, 
63.73; H, 4.58. Found: C, 63.96; H, 5.571. 

Synthesis and characterization of complex 4. A mixture of 1 
(300 mg, 0.261 mmol), AgBF4 (152 mg, 0.783 mmol), pyridine- 
N-oxide (149 mg, 1.57 mmol) and dimethyl but-2-ynedioate (74.2 
mg, 0.522 mmol) was stirred at RT in dichloromethane (10 mL) for 
24 h to yield a yellow suspension. The solid precipitate was re-
moved by filtration, and the filtrate was washed with Na2CO3 
aqueous solution and the organic phase was evaporated under 
vacuum to approximately 3 mL, then diethyl ether (20 mL) was 
added to the solution. The yellow precipitate was collected by 
filtration and washed with Et2O (2×15 mL) to give 4 as a yellow 
solid. Yield: 315 mg, 95%. 

1
H NMR (600.1 MHz, CD2Cl2) δ: 15.52 (d, 

3
J(HP) = 17.08 Hz, 1H, C

1
H), 9.06 (d, 

3
J(HH) = 3.00 Hz, 1H, C

5
H), 

8.58 (t, 
4
J(HP) = 2.63 Hz, 1H, C

3
H), 6.98—7.84 (45H, Ph), 6.65 (m, 

1H, C
6
H), 3.63 (s, 3H, OCH3), 3.06 (s, 2H, C

8
H). 

31
P NMR (242.9 

MHz, CD2Cl2) δ: 11.55 (s, CPPh3), –3.32 (s, OsPPh3). 
13

C NMR 
(150.9 MHz, CD2Cl2, plus 

13
C DEPT-135, 

1
H-

13
C HSQC and 

1
H-

13
C 

HMBC) δ: 242.84 (m, C
7
), 241.66 (m, C

1
), 191.65 (d, 

3
J(CP) = 24.14 

Hz, C
4
), 166.54 (s, C

5
), 165.06 (s, C

9
), 161.99 (s, C

10
), 150.59 (d, 

2
J(CP) = 25.65 Hz, C

3
), 144.92 (s, C

6
), 119.95—135.08 (Ph), 135.72 

(d, 
1
J(CP) = 70.53 Hz, C

2
), 52.34 (s, OCH3), 26.84 (s, C

8
). Anal. Calcd 

(%) for C65H54BF4O4OsP3: C, 61.52; H, 4.29. Found: C, 61.03; H, 
3.947. 

Crystallographic analysis. All single crystals suitable for X-ray 
diffraction were grown from dichloromethane solution layered 
with hexane. Single-crystal X-ray diffraction data were collected 
on a Rigaku XtaLAB Synergy, Dualflex, HyPix diffractometer with 
mirror-monochromated Cu Kα radiation (λ = 1.54184 Å) for 2-1 
and Mo Kα radiation (λ = 0.71073 Å) for 3-2 and 4. The crystal was 
kept at 100.00 K during data collection. With Olex2,

[14]
 the struc-

ture was solved using the ShelXT
[15]

 structure solution program 
and refined with the ShelXL

[16]
 refinement package using least- 

squares minimisation. Non-H atoms were refined anisotropically 
unless otherwise stated. Hydrogen atoms were introduced at their 
geometric positions and refined as riding atoms unless otherwise 
stated. CCDC-1977108 (2-1), CCDC-1977117 (3-2), CCDC-1977118 
(4), contain the supplementary crystallographic data for this paper. 
Some bad reflections of (Iobs-Icalc)/SigmaW > 10 were omitted in 
2-1. The alert level B in the checkCIF report of 2-1 was caused by 
the heavy atom effect of osmiun atom. Absorbtion correction was 
done, but it didn’t works. Beam stop mask of dual source diffrac-
tometer blocked some reflections in 3-2, resulting in the alert 
level B in the checkCIF report, but it doesn’t affect the structure 
analysis. These data can be obtained free of charge from the 
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk 
/data_request/cif. 

Computational details. All of the structures evaluated were 
optimized at the M06-2X/6-31G* level of DFT

[17]
 with an SDD basis 

set
[18] 

to describe P, Cl, Ag and Os atoms; thermal corrections were 
calculated at the same level. Vibrational frequencies were also 
calculated at the same level to confirm that all minima have no 
imaginary frequency and each transition state has only one. 
Single-point energies were calculated at the M06-2X/def2-TZVP 
level,

[19]
 in conjunction with the SMD solvation model using 

dichloroethane as the solvent.
[20]

 Intrinsic reaction coordinate (IRC) 
calculations were performed to ensure that each transition state 
connected two particular minima. All the above calculations were 
performed using the Gaussian 09 software package.

[21]
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