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Table 6.1. (Continued). 

Compound 6.4 6.5 6.6 6.7 

Empirical formula Os3GeAuP

O10C49H37 

OsGeAuPO4

C40H30 

Os4GeAuPO1

3C49H30 

Os3GeAuPO8C58

H40
.
 CH2Cl2 

Formula weight 1656.91 1065.37 1888.06 1820.95 

Crystal system Monoclinic Monoclinic Monoclinic Triclinic 

Lattice parameters     

a (Å) 25.6478(7) 12.6744(16) 18.1098(17) 12.1758(17) 

b (Å) 13.3284(4) 10.9674(14) 10.9567(15) 14.985(2) 

c (Å) 31.3682(9) 27.570(4) 25.045(3) 17.474(3) 

�D (deg) 90.00 90.00 90.00 107.190(3) 

�E (deg) 105.2990(10

) 

101.452(3) 94.142(4) 108.865(3) 

�J (deg) 90.00 90.00 90.00 91.232(3) 

V (Å
3
) 10343.0(5) 3756.1(8) 4956.5(10) 2857.9(7) 

Space group C2/c P21/n P21/n P-1 

Z value 8 4 4 2 

�Ucalc (g / cm
3
) 2.128 1.884 2.530 2.116 

�P (Mo K�D) (mm
-1

) 10.829 8.147 13.856 5.228 

Temperature (K) 294(2) 294(2) 294(2) 293(2) 

2�4max (°) 50.06 50.06 50.06 50.06 

No. Obs. ( I > 2�V(I)) 9143 6612 8737 10094 

No. Parameters 572 391 622 649 

Goodness of fit, 

GOF* 

1.072 1.015 1.037 1.054 

Max. shift in cycle 0.001 0.001 0.002 0.001 

Residuals*: R1; 

wR2 

0.0397, 

0.0747 

0.0360, 

0.0799 

0.0452, 

0.0705 

0.0432, 0.0951 

Absor. Corr., 

Max/min 

1.000/ 0.628 1.000/ 0.724 1.000/ 0.576 1.000/0.650 

Largest peak in Final 

Diff. Map (e
-
 / Å

3
) 

1.332 1.573 1.597 1.830 

*R = �6hkl(�~�~Fobs�~-�~Fcalc�~�~)/�6hkl�~Fobs�~; Rw = [�6hklw(�~Fobs�~-�~Fcalc�~)
2
/�6hklwF

2
obs]

1/2
; w = 

1/�V2
(Fobs); GOF = [�6hklw(�~Fobs�~-�~Fcalc�~)

2
/(ndata – nvari)]

1/2
. 
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Table 6.2. Selected intramolecular angles and bond distances for compound 6.1.
a 

Distances Angles 

Atom Atom Distance(Å) Atom Atom Atom Angle(deg) 

Os1 Os2 3.0163(3) Os2 Os1 Os3 58.434(8) 

Os1 Os3 2.8971(3) Os1 Os2 Os3 58.721(8) 

Os2 Os3 2.8883(4) Os1 Os3 Os2 62.846(8) 

Os1 Ge1 2.5301(6) Ge1 Os1 Os2 111.302(17) 

Os2 N1 2.107(5)     

Os1 H1 1.74(6)     

Os2 H1 1.76(6)     
a
 Estimated standard deviations in the least significant figure are given in parentheses. 
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Table 6.3. Selected intramolecular angles and bond distances for compound 6.2.
a 

Distances Angles 

Atom Atom Distance(Å) Atom Atom Atom Angle(deg) 

Os1 Os2 3.0636(4) Ge1 Os1 Os3 98.23(2) 

Os1 Os3 3.0884(4) Os2 Os1 Os3 56.597(10) 

Os2 Os3 2.9165(5) Ge2 Os2 Os1 106.44(2) 

Os1 Ge1 2.5634(8) Os1 Os2 Os3 62.131(10) 

Os2 Ge2 2.5292(8) Os1 Os3 Os2 61.272(10) 

Os1 H1 1.77(6)     

Os3 H1 1.70(6)     

Os1 H2 1.77(6)     

Os2 H2 1.80(5)     
a
 Estimated standard deviations in the least significant figure are given in parentheses. 
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Table 6.4. Selected intramolecular angles and bond distances for compound 6.3.
a 

Distances Angles 

Atom Atom Distance(Å) Atom Atom Atom Angle(deg) 

Os1 Os2 2.8691(7) Os2 Os1 Os4 59.451(18) 

Os1 Os3 2.8713(8) Os1 Os2 Os4 60.004(18) 

Os1 Os4 2.8536(7) Os1 Os3 Os4 59.688(18) 

Os2 Os4 2.8376(8) Os1 Os4 Os2 60.545(18) 

Os2 Os5 2.8531(8) Os2 Os5 Os4 59.327(18) 

Os3 Os4 2.8631(7) Os1 Ge1 Os2 69.39(4) 

Os4 Os5 2.8804(7)     

Os1 Ge1 2.5115(16)     

Os2 Ge1 2.5286(16)     
a
 Estimated standard deviations in the least significant figure are given in parentheses. 
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Table 6.5. Selected intramolecular angles and bond distances for compound 6.4.
a 

Distances Angles 

Atom Atom Distance(Å) Atom Atom Atom Angle(deg) 

Os1 Os2 2.8671(5) Os1 Au1 Ge1 54.77(2) 

Os1 Os3 2.8822(5) Os1 Ge1 Os2 68.18(2) 

Os2 Os3 2.7643(5)     

Os1 Au1 2.6757(5)     

Os1 Ge1 2.5021(9)     

Os2 Ge1 2.6107(9)     

Au1 Ge1 2.7618(10)     

Au1 P1 2.284(2)     

Os2 O1 2.162(5)     

Os3 C1 2.066(8)     

O1 C1 1.293(9)     
a
 Estimated standard deviations in the least significant figure are given in parentheses. 
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Table 6.6. Selected intramolecular angles and bond distances for compound 6.5.
a 

Distances Angles 

Atom Atom Distance(Å) Atom Atom Atom Angle(deg) 

Os1 Au1 2.6574(5) Au1 Os1 Ge1 89.47(2) 

Os1 Ge1 2.5750(8)     

Au1 P1 2.292(2)     

Ge1 Au1 3.6833(8)     
a
 Estimated standard deviations in the least significant figure are given in parentheses.  
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Table 6.7. Selected intramolecular angles and bond distances for compound 6.6.
a 

Distances Angles 

Atom Atom Distance(Å) Atom Atom Atom Angle(deg) 

Os1 Os2 2.8726(6) Os1 Au1 Ge1 55.27(3) 

Os1 Os3 2.9372(7) Os1 Ge1 Os2 68.96(3) 

Os2 Os3 2.9125(7)     

Os3 Os4 3.0224(7)     

Os2 Os4 2.8537(7)     

Os1 Au1 2.6936(6)     

Os1 Ge1 2.5635(12)     

Os2 Ge1 2.5099(12)     

Au1 Ge1 2.8274(12)     

Au1 P1 2.298(3)     

Os4 C44 2.101(11)     
a
 Estimated standard deviations in the least significant figure are given in parentheses. 
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Table 6.8. Selected intramolecular angles and bond distances for compound 6.7.
a 

Distances Angles 

Atom Atom Distance(Å) Atom Atom Atom Angle(deg) 

Os1 Os2 2.8170(6) Os1 Au1 Ge1 54.74(3) 

Os1 Os3 2.7731(6) Os1 Ge1 Os2 66.84(3) 

Os2 Os3 2.7025(7)     

Os1 Au1 2.6803(6)     

Os1 Ge1 2.5143(12)     

Os2 Ge1 2.5992(11)     

Au1 Ge1 2.7846(12)     

Au1 P1 2.305(3)     

Os2 O1 2.108(7)     

Os2 C64 2.046(10)     

Os3 C1 2.260(10)     

Os3 O1 2.217(6)     

Os3 C64 2.277(9)     

Os3 C65 2.292(9)     

O1 C1 1.374(12)     

C1 C65 1.414(13)     

C65 C64 1.451(13)     
a
 Estimated standard deviations in the least significant figure are given in parentheses. 
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CHAPTER 7 

Cleavage of Phenyl Groups from BiPh3. The Reactions of 

Os3(CO)10(NCMe)2 with BiPh3 

Introduction 

The cleavage of phenyl groups from the triphenyl Group 15 compounds PPh3, AsPh3 and 

SbPh3 in their reactions with triosmium carbonyl complexes goes back to some of the 

very first reactions of Os3(CO)12 that were studied
1,2

.
 
Cleavage of phenyl groups from 

AsPh3 and SbPh3 is also facile
3,4

. Recently, complexes containing transition metal – 

bismuth bonds have attracted attention
5,6

. Transition metal – bismuth catalysts have been 

shown to exhibit high activity and selectivity for the oxidation and ammoxidation of 

hydrocarbons.
7,8,9 

Adams et. al. recently reported the synthesis of dirhenium carbonyl 

complexes containing SbPh2 and BiPh2 ligands by the cleavage of phenyl rings from 

SbPh3 and BiPh3 in their reactions with Re2(CO)8[µ-η
2
-C(H)=C(H)Bu

n
](µ-H), Scheme 

7.1(1)
10

, Scheme 7.1(2)
11

. These products have been shown to be good catalysts for the 

ammoxidation of 3-picoline to 3-cyanopyridine
12

.
 

They have also shown that phenyl groups are readily cleaved from BiPh3 in its 

reaction with Os3(CO)11(NCMe), Scheme 7.2
13

. In fact, only one product Os2(CO)8(µ-

BiPh) contained any  phenyl groups on a Bi atom. Products containing phenyl groups or 

ligands, such as C6H4 and PhCO, derived from them, were abundant. In this chapter, the 

reaction of BiPh3 with Os3(CO)10(NCMe)2 is described. These studies have yielded yet 

another new osmium-bismuth complex as well as some new osmium carbonyl complexes
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containing phenyl, benzoyl and benzyne ligands derived from the phenyl groups that 

were cleaved from the BiPh3. Most interestingly, a high resolution structure analysis of 

one of the new products Os3(CO)10(μ3-CH4), 7.2 which contains a triply-bridging 

benzyne ligand show a distinct pattern of long and short C-C bonds around the ring of the 

benzyne ligand. Molecular orbitals for 7.2 were obtained by density functional theory 

(DFT) calculations and indicate that this bonding pattern can be attributed to a partial 

localization of the π-bonding in the ring which is enhanced at the shorter C-C bonds. 

 

Experimental Section 

General Data.   

Reagent grade solvents were dried by the standard procedures and were freshly 

distilled prior to use.  Unless indicated otherwise, all reactions were performed under an 

atmosphere of nitrogen. Infrared spectra were recorded on a Thermo Nicolet Avatar 360 

FT-IR spectrophotometer. 
1
H NMR spectra were recorded on a Varian Mercury 300 

spectrometer operating at 300.1 MHz.  Mass spectral (MS) measurements were 

performed either by a direct-exposure probe by using electron impact ionization (EI) on a 

VG 70S instrument. Os3(CO)12 was purchased from STREM. BiPh3 was purchased from 

Alfa Aesar and was used without further purification. Os3(CO)10(NCMe)2 was prepared 

according to the previously reported procedure
14

. Product separations were performed by 

TLC in open air on Analtech 0.25 mm or 0.5 mm silica gel 60 Å F254 glass plates. 

 

Reactions of Os3(CO)10(NCMe)2 with BiPh3.  
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A 22.2 mg (0.0238 mmol) amount of Os3(CO)10(NCMe)2, 7.1  was dissolved in 30 

mL of methylene chloride in a 100 mL three neck flask. To this solution was added 10.5 

mg (0.0238 mmol) of BiPh3. The solution was heated to reflux for 2h. After cooling, the 

solvent was removed in vacuo, and the products were isolated by TLC by using a 6/1 

hexane/methylene chloride elution solvent mixture to yield in order of elution: 1.1 mg of 

pale yellow Os3(CO)9(µ-CO)(µ3-C6H4), 7.2 (5% yield); 3.0 mg of orange PhOs3(CO)10(μ-

η
2
-O=CPh), 7.3 (12% yield); 2.2 mg of  orange HOs5(CO)18(μ-η

2
-C6H4)(μ4-Bi),

13
 7.4 

 
(9% 

yield); 2.5 mg of HOs6(CO)20(μ-η
2
-C6H4)(μ4-Bi), 7.5 (11% yield).   

 Spectral data for 7.2: IR vCO (cm
-1

 in hexane): 2099 (vw), 2082 (w), 2077 (w), 

2060 (vs), 2024 (s), 2012 (s), 1998 (w), 1983 (vw), 1844 (w). 
1
H NMR (CD2Cl2, δ in 

ppm) at 25°C: δ = 7.65 (m, 2H, C6H4), δ = 6.72 (m, 2H, C6H4). Mass Spec. EI/MS m/z. 

928 (M
+
).   

Spectral data for 7.3. IR vCO (cm
-1

 in methylene chloride): 2111(m), 2096(w), 

2059 (vs), 2027 (s), 2003 (m), 1986 (m), 1942 (w). 
1
H NMR (CD2Cl2, δ in ppm) at 25°C: 

δ = 7.22-7.84 (m, 10H, Ph). EI/MS m/z. 1034 (M
+
).    

Spectral data for 7.5. IR vCO (cm
-1

 in hexane): 2126 (w), 2089 (m), 2082 (m), 

2073 (s), 2056 (w), 2044 (vs), 2020 (m), 2015 (m), 2009 (m), 2850 (w). 
1
H NMR 

(CD2Cl2, δ in ppm) at 25°C: δ = 6.59-7.08 (m, 4H, C6H4), δ = -14.54, -14.59 (s, hydride). 

EI/MS m/z. 1988 (M
+
).    

 

Thermal transformations of 7.3. 

A 7.4mg (0.0072mmol) amount of 7.3 was dissolved in 10mL of hexane in a 

50mL three neck flask. The solution was heated to reflux for 5 h. After cooling, the 
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solvent was then removed in vacuo, and the product was isolated by TLC by using a 6/1 

hexane/methylene chloride elution solvent mixture to yield in order of elution: 0.7 mg of 

7.2 (10.5% yield); 3.2 mg of Os3(CO)10(μ-η
2
-O=CPh)2, 7.6

15
 (42% yield).  

Spectral data for 7.6: IR vCO (cm
-1

 in hexane): 2099 (w), 2068 (vs), 2048 (m), 

2016 (vs), 2005 (s), 1998 (m), 1989 (w), 1983 (m), 1975 (w), 1954 (vw). Mass Spec. 

EI/MS m/z. 1062 (M
+
).   

 

Crystallographic Analyses:  

Yellow single crystals of 7.2 and orange single crystals of 7.3 suitable for x-ray 

diffraction analyses were obtained by slow evaporation of solvent from solutions in 

hexane/methylene chloride solvent mixtures at -30
o
C. Dark green single crystals of 7.5 

suitable for x-ray diffraction analyses was obtained by slow evaporation of solvent from 

solutions in hexane/methylene chloride solvent mixtures at room temperature. Yellow 

single crystals of 7.6 suitable for x-ray diffraction analyses were obtained by slow 

evaporation of solvent from solutions in hexane solvent mixtures at -30
o
C. Each data 

crystal was glued onto the end of a thin glass fiber.  X-ray diffraction intensity data were 

measured by using a Bruker SMART APEX CCD-based diffractometer by using Mo K 

radiation ( = 0.71073 Å).  The raw data frames were integrated with the SAINT+ 

program by using a narrow-frame integration algorithm
16

.
 
Corrections for Lorentz and 

polarization effects were also applied with SAINT+. An empirical absorption correction 

based on the multiple measurement of equivalent reflections was applied by using the 

program SADABS
16

.
 
All structures were solved by a combination of direct methods and 

difference Fourier syntheses, and refined by full-matrix least-squares on F
2
 by using the 
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SHELXTL software package
17

. All non-hydrogen atoms were refined with anisotropic 

thermal parameters. The hydride ligand in compound 7.5 was also refined with 

anisotropic thermal parameters.  

Compounds 7.2 crystallized in orthorhombic system. The space group Pna21 was 

indicated by the systematic absences in the data and confirmed by the successful solution 

and refinement for the structure. Compounds 7.3, 7.5 and 7.6 crystallized in monoclinic 

system. The space group P21/c in compound 7.3, P21/n in compound 7.5 and 7.6 were 

identified by the systematic absences in the data and confirmed by the successful solution 

and refinement for the structure, respectively. Crystal data, data collection parameters, 

and results of these analyses are listed in Table 7.1. 

 

Computational Details.  

Density functional theory (DFT) calculations were performed with the 

Amsterdam Density Functional (ADF) suite of programs
18

 by using the PBEsol 

functional
19

 with valence quadruple-ζ + 4 polarization function, relativistically optimized 

(QZ4P) basis sets for osmium and valence triple-ζ + 2 polarization function (TZ2P) basis 

sets for carbon, oxygen, and hydrogen atoms with small frozen cores. The molecular 

orbitals for 7.2 and their energies were determined by a single point calculation based on 

the structure found in the crystal. Electron densities at the bond critical points around the 

C6 ring were calculated by using the Bader Quantum Theory of Atoms In a Molecule 

(QTAIM) model and the AIMAll software package. 

 

Results  
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Four products Os3(CO)10(µ3-C6H4), 7.2 (5% yield), Os3(CO)10Ph(μ-η
2
-O=CPh), 

7.3 (12% yield), HOs5(CO)18(μ-η
2
-C6H4)(μ4-Bi),

13
, 7.4 

 
(9% yield) and HOs6(CO)20(μ-η

2
-

C6H4)(μ4-Bi), 7.5 (11% yield) were obtained all in low yields from the reaction of 7.1 

with BiPh3 in a methylene chloride solution at reflux for 2h. Three of the products, 7.2, 

7.3 and 7.5 are new and were characterized by a combination of IR, NMR, mass spec and 

single crystal x-ray diffraction analyses. Compound 7.4 was obtained previously from the 

reaction of Os3(CO)11(NCMe) with BiPh3
13

. 

An ORTEP diagram of the molecular structure of 7.2 is shown in Figure 7.1. 

Compound 7.2 contains three osmium atoms, nine linear terminal carbonyl ligands, one 

bridging carbonyl ligand and a triply bridging C6H4 benzyne ligand. It is related to the 

Os3(CO)9(µ3-C6H3R)(μ-H)2, R = H, CH3, Cl, HC2(H)Ph, family of compounds that was 

reported by Johnson and Lewis many years ago
20

. The primary difference between 7.2 

and the Johnson - Lewis compounds is that 7.2 has ten CO ligands and no hydride 

ligands, while the Johnson - Lewis compounds have nine CO ligands and two hydride 

ligands.  The osmium-osmium bond distances in 7.2 are Os(1) – Os(2) = 2.8526(3) Å, 

Os(1) – Os(3) = 2.7631(4) Å and Os(2) – Os(3) = 2.7506(4) Å, while Os3(CO)9(µ3-

C6H4)(μ-H)2 has two Os – Os bonds that are much longer, 3.026(2) [3.041(2)] Å, 

2.866(2) [2.849(2)] Å and 2.751(2) [2.751(2)] Å
20

. The two long bonds in Os3(CO)9(µ3-

C6H4)(μ-H)2 can be attributed to effects of the hydride ligands that bridge those bonds
21

. 

The coordinated C – C triple bond in 7.2, C(1) – C(6) is 1.406(9) Å in length. Because of 

the high quality of this structure analysis, the alternating pattern of long and short C – C 

bond distances about the C6 ring, C(1) – C(2) = 1.438(9)Å, C(2) – C(3) = 1.375(10)Å, 

C(3) – C(4) = 1.405(10)Å, C(4) – C(5) = 1.361(10)Å, C(5) – C(6) = 1.428(10)Å, seems 
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to be a true result and could be explained by the existence of partial localizations of the 

π–bonding in the ring induced by interruption in the delocalization of the π–bonding at 

the C(1) – C(6) bond due to the coordination of these atoms to the metal atoms. This idea 

was supported by density functional theory (DFT) calculations that were performed on 

the structure as found in the solid state. Two molecular orbitals, the HOMO and the 

HOMO-2, shown in Figure 7.2, show a clear pattern of enhanced π-bonding between the 

two pairs of atoms, C(2) – C(3) and C(4) – C(5), which exhibit the shortest of the C – C 

ring bond distances. 

The bonding in 7.2 was further analyzed by calculating the electron densities at 

the bond critical points (BCPs) in the optimized structure by using the QTAIM method. 

Selected electron densities at important BCPs are shown in Figure 7.6. The electron 

densities at the BCPs in the C(2) – C(3) and C(4) – C(5) bonds are 0.3182 and 0.3187 

e/bohr3, while that in the C(1) – C(2) and C(5) – C(6) are 0.2972 and 0.2894, 

respectively. Such electron densities indicate that the C(2) – C(3) and C(4) – C(5) bond 

strength is approximately 10% greater of the strength of the C(1) – C(2)and C(5) – C(6) 

bond. These bond indices further confirm enhanced π-bonding at C(2) – C(3) and C(4) – 

C(5) bond. 

An ORTEP diagram of the molecular structure of 7.3 is shown in Figure 7.3. 

Compound 7.3 contains three osmium atoms, ten CO ligands, one of which is a semi-

bridging CO ligand, and two phenyl rings; one of which is σ–bonded to one of the 

osmium atoms and the other is bonded to a CO group in the form of a bridging benzoyl 

ligand. The three metal atoms are arranged in a triangle: Os(1) - Os(2) = 2.8141(7), Os(1) 

- Os(3) = 2.9020(6), Os(2) - Os(3) = 2.8606(7). The short Os(1) – Os(2) bond is the one 
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that contains the semi-bridging CO ligand C(11)-O(11) and the bridging benzoyl ligand: 

Os(2) - C(1) = 2.087(11) Å, Os(1) - O(1) = 2.129(7) Å and C(1) - O(1) = 1.287(12) Å. 

The phenyl ligand is terminally coordinated to Os(1), Os(1) – C(4) = 2.125(10) Å. Two 

other osmium carbonyl cluster complexes containing σ–phenyl ligands, Os4(CO)15Ph(µ4-

Bi) with Os - C = 2.178(7) and Os5(CO)19Ph(µ4-Bi) with Os - C = 2.152(13) Å, were 

obtained from the reaction of BiPh3 with Os3(CO)11(NCMe), see Scheme 7.2 
13

. Leong 

obtained some osmium cluster complexes containing σ–phenyl ligands by cleaving a 

phenyl group from a SbPh3 ligand
4
.  

An ORTEP diagram of the molecular structure of 7.5 is shown in Figure 7.4. 

Compound 7.5 contains six osmium atoms in groups of four and two. The two groups are 

bridged by a spiro-µ4-Bi atom, Os(1) - Bi(1) = 2.7644(12) Å, Os(2) - Bi(1) = 2.7085(13) 

Å, Os(5) - Bi(1) = 2.7203(12) Å and Os(6) - Bi(1) = 2.7235(13) Å.  Four compounds 

containing spiro-µ4-Bi atoms were obtained in the reaction of BiPh3 in its reaction with 

Os3(CO)11(NCMe), Scheme 7.2 
13

. One of those was the compound 7.4 which was also 

obtained in this reaction. The Os – Bi distances in those compounds are similar to those 

found in 7.5. The Os – Os bond distances in 7.5 are not unusual, except for the elongated 

Os(5) – Os(6) bond of 3.0309(13) Å in the Os2 group. This bond is bridged by a hydride 

ligand which was located and refined crystallographically, Os(5) - H(1) = 1.71(19) Å, 

Os(6) - H(1) = 2.01(19) Å which could explain the unusual Os – Os bond length
21

. 

Interestingly, the 
1
H NMR spectrum of 7.5 exhibits two high-field resonances, δ = -14.54, 

-14.59, for the hydride ligand which suggests the existence of two isomers for the 

compound in solution.  There is μ-η
2
-C6H4 ligand bridging the osmium atoms in the two 

atom group, Os(5) -  C(1) = 2.12(3), Os(6) – C(2) = 2.11(3). μ-η
2
-C6H4 ligands are rare, 
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but one was also found in the compound HOs5(CO)18(µ-C6H4)(µ4-Bi), 7.7, Os(1)-C(2) = 

2.110(11) Å, Os(2)-C(1) = 2.132(12) Å which was obtained from the reaction of 

Os3(CO)11(NCMe) with BiPh3.
13

 Leong also obtained some examples of μ-η
2
-C6H4 

ligands in some osmium carbonyl cluster complexes formed by the cleavage of phenyl 

rings from SbPh3 ligands
22

. The spiro-Bi atom in 7.5 acts as a 5-electron donor and 

formally all of the metal atoms in 7.5 have 18 electron configurations.When compound 

7.3 was heated to reflux in hexane solvent for 5 h, it was transformed into compound 7.2 

in 10.5% yield) and the compound Os3(CO)10(μ-η
2
-O=CPh)2, 7. 6  in 42% yield. 

Compound 7.6 was obtained by Kaesz many years ago by the reaction of Os3(CO)12 with 

phenyl lithium followed by the oxidation with (Me3O)(SbCl6) or CuBr2 
15

, but this 

molecule has never been characterized structurally by X-ray crystallographic methods. 

An ORTEP diagram of the molecular structure of 7.6 is shown in Figure 7.5. Compound 

7.6 contains a triangular cluster of three osmium atoms with ten linear terminal carbonyl 

groups and two benzoyl ligand that bridge the atoms Os(1) and Os(2). The benzoyl 

ligands serve as three electron donors so the metal atoms have a total of 50 valence 

electrons and thus all of the metal atoms achieve 18 electron configurations with the 

existence of only two Os – Os bonds, Os(1) - Os(3) = 2.8720(6) Å and Os(2) - Os(3) = 

2.8810(7) Å. The Os(1) - Os(2) distance of 3.652(1) Å is clearly a nonbonding interaction. 

The two benzoyl ligands are paired antisymmetrically such that the oxygen atom of one is 

bonded to Os(1) and the oxygen atom of the other is bonded to Os(2); Os(1) - O(1) = 

2.112(6) Å, Os(2) - O(2) = 2.100(7) Å. 

 

Discussion 



 

205 
 

A summary of the reactions and products obtained in this study is shown in the 

Scheme 7.3. Four products were formed from the reaction of 7.1 with BiPh3. Compounds 

7.4 and 7.5 contain spiro-μ4-Bi atoms formed by the cleavage of all of the phenyl groups 

from the BiPh3. Products 7.2 and 7.3 contain the phenyl rings that were cleaved from the 

BiPh3, although the ring in 7.2 is actually a triply bridging C6H4 ligand formed by the 

cleavage and elimination of one hydrogen atom from the ring. A high quality structural 

analysis of 7.2 coupled with a DFT computational analysis indicate that there is a 

significant degree of localization of the π-bonding in that ring. Compound 7.2 was also 

obtained in a low yield by heating 7.3. It is anticipated that 7.2 was formed by the 

elimination of benzaldehyde from 7.3, but that was not confirmed experimentally. The 

compound 7.6 was also obtained from the thermal treatment of 7.3. The formation of 7.6 

requires formally the addition of an equivalent of CO, presumably provided by small 

amounts of CO formed by degradation of some 7.3 and then a coupling of the CO to its 

phenyl group to produce the second benzoyl ligand found in 7.6.  

 

Conclusions 

The cleavage of phenyl groups from BiPh3 by activated osmium carbonyl cluster 

complexes is facile and leads to products containing naked bridging bismuth atoms and 

coproducts containing the phenyl rings. Similar results were found in our studies of the 

reactions of BiPh3 with activated rhenium carbonyl complexes
11

. Evidence has been 

presented that shows a pattern of alternating long and short C – C distances in the 

bridging benzyne ligand in 3 that is consistent with a significant amount of localized -
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bonding in the ring that is induced by the coordination of the triple bond of the ring to the 

metal atoms. 
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Figure 7.1. An ORTEP diagram of the molecular structure of Os3(CO)9(-CO)(3-C6H4), 

7.2 showing 40% thermal ellipsoid probability.  
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Figure 7.2. Diagrams of the HOMO and HOMO-2 with their energies for compound 7.2 

showing the -bonding in the C6H4 ring.  

HOMO, -5.48 eV HOMO-2, -6.54 
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Figure 7.3. An ORTEP diagram of the molecular structure of PhOs3(CO)10(μ-η
2
-O=CPh), 

7.3 showing 30% thermal ellipsoid probability.   
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Figure 7.4. An ORTEP diagram of the molecular structure of Os6(CO)20(μ-η
2
-C6H4)(μ4-

Bi)(-H), 7.5 showing 30% thermal ellipsoid probability.   



232 

Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, 

F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, 

R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. 

Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, 

C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. 

Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. 

A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J. B. 

Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2010 

 

Bergner, A.; Dolg, M.; Kuechle, W.; Stoll, H.; Preuss, H. Mol. Phys., 1993, 80, 1431 – 

1441. 

 

Kaupp, M.; Schleyer, P. v. R.; Stoll, H.; Preuss, H. J. Chem. Phys., 1991, 94, 1360 – 

1366. 

 

Hariharan, P.C.; Pople, J.A. Theoret. Chimica Acta, 1973, 28,213 – 222. 

 

te Velde, G.; Bickelhaupt, F.M.; van Gisbergen, S.J.A.; Fonseca Guerra, C.;      Baerends, 

E.J.; Snijders, J.G.; Ziegler, T. Journal of Compututational Chemistry, 2001, 22, 931– 

967. 

 

Fonseca Guerra, C.; Snijders, J.G.; te Velde, G.; Baerends, E.J. Theoretical Chemistry 

Accounts, 1998, 99, 391– 403. 

 

ADF2010, SCM, Theoretical Chemistry, Vrije Universiteit, Amsterdam, The Netherlands, 

http://www.scm.com  E.J. Baerends, T. Ziegler, J. Autschbach, D. Bashford, A. Bérces, 

F.M. Bickelhaupt, C. Bo, P.M. Boerrigter, L. Cavallo, D.P. Chong, L. Deng, R.M. 

Dickson, D.E. Ellis, M. van Faassen, L. Fan, T.H. Fischer, C. Fonseca Guerra, A. 

Ghysels, A. Giammona, S.J.A. van Gisbergen, A.W. Götz, J.A. Groeneveld, O.V. 

Gritsenko, M. Grüning, S. Gusarov, F.E. Harris, P. van den Hoek, C.R. Jacob, H. 

Jacobsen, L. Jensen, J.W. Kaminski, G. van Kessel, F. Kootstra, A. Kovalenko, M.V. 

Krykunov, E. van Lenthe, D.A. McCormack, A. Michalak, M. Mitoraj, J. Neugebauer, 

V.P. Nicu, L. Noodleman, V.P. Osinga, S. Patchkovskii, P.H.T. Philipsen, D. Post, C.C. 

Pye, W. Ravenek, J.I. Rodríguez, P. Ros, P.R.T. Schipper, G. Schreckenbach, J.S. 

Seldenthuis, M. Seth, J.G. Snijders, M. Solà, M. Swart, D. Swerhone, G. te Velde, P. 

Vernooijs, L. Versluis, L. Visscher, O. Visser, F. Wang, T.A. Wesolowski, E.M. van 

Wezenbeek, G. Wiesenekker, S.K. Wolff, T.K. Woo, A.L. Yakovlev 

 

van Lenthe, E.; Baerends, E. J.; Snijders, J. G. J. Chem. Phys. 1993, 99, 4597–4610. 

 

van Lenthe, E.; Baerends, E. J.; Snijders, J. G. J. Chem. Phys. 1994, 101, 9783 – 9792. 

 

van Lenthe, E.; Ehlers, A. E.; Baerends, E. J. J. Chem. Phys. 1999, 110, 8943 – 8953. 

 

Sheldrick, G. M.; Yesinowski, J. P. J. C. S., Dalton Trans. 1975, 873 – 876. 

 


