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INTRODUCTION 

Bidentate ligands have been widely used in transition-metal-catalyzed reactions due 

to their superior electron donation properties. For example, the two phosphorus atoms in 

a diphosphine ligand can coordinate transition metals such as iron, cobalt, ruthenium, and 

osmium. The stabilization and reactivity modification of organometallic compounds with 

diphosphine ligands have been extensivelyinvestigated.1-4 Bidentate diphosphine ligands 

continue to find extended applications with respect to Heck, Suzuki, and Sonogashira 

carbon-carbon bond forming reactions,5-7 asymmetry catalysis and transformation,8-10 and 

in the construction of dimensionally defined supramolecular complexes.11 Scheme 1 

shows the structures of some of the more common bidentate diphosphine ligands: dppm, 

dppe, dppp, and dppb. The reactions of these bidentate phosphines with the activated 

triosmium cluster Os3(CO)10(MeCN)2 have been studied for several years.1-4 Here the 

simple coordination of these diphosphine ligands at the activated triosmium clusters 

produces a bridged or chelated cluster Os3(CO)10(P-P). The coordinated diphosphine is 

not inert, and the ancillary diphosphine ligand has been found to undergo some 

interesting reactions. For example, thermolysis of Os3(CO)10(dppm) affords the 

triosmium cluster HOs3(CO)8[PhP(C6H4)CH2PPh2] through C-H bond activation at one 

of the ortho C-H bonds at the aryl group.4 This octacarbonyl cluster has been identified as 

an unsaturated cluster that is highly reactive, and it has been employed as a starting 

material for the synthesis of a variety of triosmium clusters, which cannot be prepared 

under mild conditions. 12-13 
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Ph2P PPh2 Ph2P PPh2 PPh2 PPh2 PPh2 PPh2

dppm (n=1) dppe (n=2) dppp (n=3) dppb (n=4)  

Scheme 1. Bidentate diphosphine ligands. 

 

The synthesis and reactivity study of Os3 clusters containing rigid unsaturated 

diphosphines have been under active investigation by the Richmond group. For example, 

the reaction of the unsaturated diphosphine ligands bma [2,3-bis(diphenylphoshino) 

maleic anhydride], bpcd [4,5-bis(diphenylphoshino) cyclopenten-13 dione],3 and bmf 

[3,4-bis(diphenylphoshino)-5-methoxy-2(5H)-furanone] with Os3(CO)10(MeCN)2 has 

been found to generate the isomeric clusters Os3(CO)10(P-P). Scheme 2 shows these 

ligands. A common feature of these particular diphosphine ligands is that two phosphorus 

atoms are linked by an alkene C=C bond. The C=C bond stabilizes these rigid ligands by 

fixing the phosphine atoms in a well-defined plane. For instance, in the reaction of 

Os3(CO)10(MeCN)2 with the bpcd ligand, the initial reaction gives the bridged cluster 

1,2-Os3(CO)10(bpcd). This bridged cluster transforms to the chelated cluster 

1,1-Os3(CO)10(bpcd) under thermolysis. The rearrangement of the bridged cluster to the 

chelated cluster has been studied, and the transformation is non-dissociative with respect 

to the diphosphine ligand. These rigid bidentate ligands behave very differently from 

regular bidentate phosphines, where the phosphine atoms are not rigidly fixed and can 

undergo conformational changes upon heating. 
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Scheme 2. Rigid bidentate ligands. 

 

Numerous studies involving the substitution chemistry of the lightly-activated 

triosmium cluster Os3(CO)10(MeCN)2 with bidentate diphosphine ligands have been 

investigated. In order to explore the reactivity of Os3(CO)10(MeCN)2 with 

non-phosphorus-based ligands, the reaction of formamidine ligands has been 

examined.14-16 Although the reactivity of the formamidine ligands have been extensively 

examined at mononuclear compound, few reports exist on their substitution chemistry 

with polynuclear compounds. My studies focus on the reaction of the bidentate ligand 

N,N’–diisopropylformamidine with the osmium cluster Os3(CO)10(MeCN)2. 

Amidine-based ligands are similar to diphosphines; each ligand possesses one lone 

electron pair on each of the pnictogen atoms that is able to bind metal centers in a 

chelating or bridging fashion. Ojjima and his co-workers designed a simple route to the 

parent formamidine ligand based on the hydrosilation of carbodiimides, followed by 

methanolysis of the silyl group (Figure 1).15 By utilizing the Grignard reaction in 

carbodiimide, other functional groups can be introduced into the final product, allowing 

for specific fuctionalization of the central carbon of the final amidine ligand. (Figure 2). 
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Figure 1. Synthetic route to formamidine ligands. 

 

R1 N C N R2
(1) R3MgI

(2) H2O

R1 NH

C

N R2
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Figure 2. Synthetic route to C-functionalized amidine ligands. 

 

In 1980, Demming examined the reaction of N,N’–dibenzylformamidine and 

N,N’–diisopropylformamidine with different triosmium clusters. 

N,N’–dibenzylformamidine was studied for its reaction with the triosmium clusters 

Os3(CO)12 and Os3(CO)10(coe)2. Several different clusters were isolated and charactered 

in solution by infrared ray (IR) and nuclear magnetic resonance (NMR) spectroscopy. 

Figure 3 illustrates the reaction between Os3(CO)10(coe)2 and the formamidine ligand, 

N,N’–dibenzylformamidine.17 One benzyl group in the product undergoes 

ortho-metalation to afford H2Os3(CO)9[μ-PhCH2NC(H)NCH2C6H4]. In 1983, Lewis and 

Johnson reported the X-ray structure of Os3(μ-H)(CO)9[NPhC(Ph)NH], which was 

obtained from the amidinate-bridged cluster Os3(μ-H)(CO)10[NPhC(Ph)NH] in refluxing 

heptanes. 18 Both research groups found that the decarbonlyation reaction from the 

bridged cluster, Os3(μ-H)(CO)10[NRC(R’)NR’’], releases one CO to form the face-capped 
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cluster, Os3(μ-H)(CO)9[NRC(R’)NR’’]. (Figure 4) 

Os3(CO)10(coe)2

PhCH2NCNHCH2Ph
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Os(CO)3
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N
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PhH2C

H
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H
H
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Figure 3. Reaction of N,N’–dibenzylformamidine with the triosmium cluster 
Os3(CO)10(coe)2. 
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Figure 4. Decarbonylation reaction. 

 

In 2005, Yeh and coworkers reported the synthesis of the formamidinate-bridged 

cluster HOs3(CO)10[μ-MeCNC(H)NMe] from the reaction of 

1,3,5-trimethyl-1,3,5-triazacylohexane [(MeNCH2)3] with Os3(CO)12 in refluxing toluene. 
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Here a similar formamdinate-substituted cluster was isolated, as shown in Figure 5. Loss 

of CO from this initial product gives the face-capped cluster 

HOs3(CO)9[μ-MeCNCHNMe] , along with fragmentation to the binuclear product 

Os2(CO)6(μ-MeNCHNMe)2.
19 

In order to study the details in the reaction of triosmium clusters with the other 

formamidine-based ligands, the reaction of N,N’–diisopropylformamidine, PriNCHNHPri, 

with Os3(CO)10(MeCN)2 has been investigated. Here three principal products have been 

isolated. These products correspond to the CO-insertion cluster 

HOs3(CO)9[μ-OCNPriC(H)NPri], the bridged cluster HOs3(CO)10[μ-NPriC(H)NPri], and 

the face-capped cluster HOs3(CO)9[μ-NPriC(H)NPri]. Kinetic measurements have been 

conducted, and the relationship between the three products has been established. The 

solid-state structures of all three clusters were determined by X-ray crystallography, and 

each new product was characterized in solution by IR and NMR spectroscopy. 

Os3(CO)12 +
N

N N

(OC)4Os
Os(CO)3

(OC)3Os

N
N

Me

Me

H

H

(OC)3Os
Os(CO)3

Os3(CO)3

N
N

Me

Me

H

H

+ +

reflux

(OC)3Os
Os(CO)3

N
N

Me
Me

N
N

Me

Me

H

H  

Figure 5. Reaction of [(MeNCH2)3] with Os3(CO)12. 
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EXPERIMENTAL 

General Method 

 The parent cluster Os3(CO)12 was prepared from OsO4 and CO,20 and this cluster 

was used in preparation of the bis(acetonitrile) cluster 1,2-Os3(CO)10(MeCN)2.21 The 

formamidine ligand PriNHC(H)NPri was synthesized from the silyl-substituted 

formamidine PriNHC(H)N(SiEt3), using the methanolysis procedure of Ojima.15 The 

OsO4 used in these studies was purchased from Engelhard Chemical Co, and the 

chemicals Me3NOxH2O, 1,3-diisopropylcarbodiimide, triethylsilane, and BuLi (2.5M in 

hexanes) were purchased from Aldrich Chem. Co. The anhydrous Me3NO employed in 

these studies was obtained from Me3NOxH2O, after the waters of hydration were 

azeotropically removed under reflux using benzene as a solvent. All reactions solvents 

were obtained from an Innovative Technology (IT) solvent purification System. The 

NMR solvent CDCl3 was used as received, while the toluene-d8 and benzene-d6 solvents 

used in the kinetic studies were purified by bulb-to-bulb distillation from 

Na/benzophenone. Combustion analyses were performed by Atlantic Microlab, Norcross, 

GA. The Electrospray ionization mass spectrum was recorded at University of California 

at San Diego mass spectrometry facility. 

 Routine infrared spectra were recorded on a Nicolet 6700 FT-IR spectrometer in 0.1 

NaCl cells, with PC control and OMNIC software. 1H NMR spectra were recorded at 500 

MHz on VXR-500 spectrometer, while the UV-vis spectral data were collected on a 

Hewlett-Packard 8425A diode array spectrometer in a 1.0 cm quartz cell. 
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Reaction of Os3(CO)10(MeCN)2 with PriNHC(H)NPri to Give the Isomeric Clusters 
HOs3(CO)9[μ-OCNPriC(H)NPri] and HOs3(CO)10[μ-NPriC(H)NPri] 

 
To a Schlenk tube under argon containing 50 mL of CH2Cl2 and 0.10 g (0.11 

mmol) Os3(CO)10(MeCN)2 was added 14 mg (0.11 mmol) PriNHC(H)NPri. The reaction 

mixture was stirred for 1.5 hrs at room temperature, after which time the solvent was 

removed by vacuum. The two major products were isolated by column chromatography 

over silica gel using CH2Cl2/hexanes (1:1) as the eluent (Rf=0.43 for cluster A; Rf=0.71 

for cluster B). Cluster A (HOs3(CO)9[μ-OCNPriC(H)NPri]) was recrystallized from 

benzene/hexane to give a yellow-solid. Yield: 24 mg (24%). IR (hexanes): ν(CO): 

2093(m), 2051(m), 2012(s), 2003(w), 1989(m) 1973(w), 1949(m) cm-1. 1H NMR(CDCl3): 

δ 7.13 (1H, formamidinate), 3.91-4.71 (2H, methine Pri), 1.22-1.48 (12H, methyl), -18.85 

(1H, hydride). Anal. Calcd (found) for C17H16Os3 N2O10·C6H6: C, 26.13 (26.00); H, 

2.10(2.30). 

Cluster B (Os3(CO)10[μ-NPriC(H)NPri]) was recrystallized from hexane to afford 

the desired product in 67% yield (66mg). IR (hexanes): ν(CO) 2104 (w), 2060(s), 2053(s), 

2019(s), 2006(s), 2000(m), 1989(m), 1989(m), 1982(m), 1971(w) cm-1. 1H NMR (CDCl3): 

δ 7.91 (1H, formamidinate), 3.69 (2H, methine Pri), 1.04-1.14 (12H, methyl), -12.79 (1H, 

hydride). Anal. Calcd (found) for C17H16 N2Os3O10: C, 20.86 (21.23); H, 1.65 (1.56). 

 

Synthesis of HOs3(CO)9[μ-NPriC(H)NPri] from  
HOs3(CO)10[μ-NPriC(H)NPri] 

 
To a Schlenk tube under argon containing 0.10g (0.10 mmol) of 

HOs3(CO)10[μ-NPriC(H)NPri] was added 50 ml toluene via syringe. The reaction solution 
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was refluxed for 12 hr, at which point TLC analysis (Rf=0.55 in 1:1 mixture of 

CH2Cl/hexanes) revealed the consumption of the starting cluster and the presence of the 

desired product. The solvent was removed by vacuum, and cluser C 

(HOs3(CO)9[μ-NPriC(H)NPri]) was isolated by column chromatography over silica gel as 

a yellow solid. Recrystallization using hexane afforded 0.10 g of cluster C (99% yield). 

IR(hexanes): ν(CO) 2083(m), 2053(s), 2025(s), 1998(s), 1988(w), 1978(s), 1963(w), 

1948(m) cm-1. 1H NMR (CDCl3): δ 9.04 (1H, formamidinate), 2.39-3.51 (2H, methine 

Pri), 1.08-1.15 (12H, methyl), -11.34 (1H, hydride). Anal. Calcd (found) for 

C16H16N2Os3O12·1.5C6H14: C, 27.80 (27.95); H, 3.45 (3.13). 

 

Carbonylation of HOs3(CO)9[μ-OCNPriC(H)NPri] to  
HOs3(CO)11[μ-OCNPriC(H)NPri] 

 
To 0.10g (0.010 mmol) of HOs3(CO)9[μ-OCNPriC(H)NPri] in 50 ml of CH2Cl2 was 

charged to an autoclave, after which 250 psi CO was introduced and the vessel sealed. 

The reaction was heated at 313 K for 3 hr, and the progress of the reaction was followed 

by TLC using a 1:1 mixture at hexanes/CH2Cl2 to reveal a new spot at Rf=0.49. The 

solvent was removed under vacuum to furnish the final product. Yield of 

HOs3(CO)11[μ-OCNPriC(H)NPri] 100%. IR (hexanes:): ν(CO) 2120, 2076, 2056, 2046, 

2045, 2024, 2016, 2003, 1986, 1974 cm-1. 1H NMR(CDCl3): δ 7.49 (1H, formamdinate), 

3.87-4.63 (2H, methane Pri), δ 1.40-1.22 (12H, methyl, -9.83 (1H, hydride). ESI-MS: m/z 

(mass): 1036.88 [M + H]+, 1056.78 [M + Na]+, and m/z peaks for the loss of 1-6 CO 

groups. Anal. Calcd (found) for C19H16Os3O10·1/2C6H6 : C, 24.60 (25.25); H, 1.78 (1.67). 
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X-Ray Diffraction Structures of  
HOs3(CO)9[μ-OCNiPriC(H)NPri] (A), HOs3(CO)10[μ-NPriC(H)NPri] (B), and 

[HOs3(CO)9{μ-NPriC(H)NPri}] (C) 
 

 Single crystals of clusters A, B, and C were recrystallized from CH2Cl2 solutions 

containing each compound that were layered hexane. The X-ray crystallography data 

were collected on an APEX II CCD-based diffractometer at 100(2) K. The frames were 

integrated with the available APEX2 software package using narrow-frame algorithm22, 

and the structures were solved and refined using the SHELXTL program package.23 The 

molecular structures were checked using PLATON,24 and all non-hydrogen atoms were 

refined anisotropically. 

 Refinement for A converged at R = 0.0327 and Rw = 0.0821 for 4849 independent 

reflections with I >2 σ (I), with B giving convergence values of R = 0.0156, Rw = 0.0341 

for 9893 independent reflections with I >2 σ (I), and C exhibiting convergence values of 

R = 0.0154, Rw = 0.0364 for 4967 independent reflections with I >2 σ (I).  

 

Kinetic Data 

 The UV-vis kinetics were performed at a cluster concentration of ca. 10-4 M in 

toluene, and these experiments utilized 1.0 cm quartz UV-visible cells that were equipped 

with a stopcock to facilitate handling on the vacuum line. The UV-vis kinetic experiments 

were conducted under argon. The Hewlett-packard 8452A diode array spectrometer 

employed in our studies was configured with a variable-temperature cell holder, which 

was connected to a constant-temperature circulator bath. The reaction temperature was 

maintained within ± 0.5 K. The 1H NMR kinetic studies were conducted in 5mm NMR 
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tubes under vacuum. The NMR studies employed either toluene-d8 or benzene-d6 as a 

solvent, and these studies were performed using a cluster concentration of ca. 10-2 M. The 

NMR samples were heated directly in the Varian VXR-500 spectrometer, and the spectra 

recorded as a function of time through computer control. 

 The UV-vis kinetics for the conversion of cluster A to clusters B and C were 

monitored by following the optical change of the 430nm absorbance band as a function of 

time for a minimum 4-6 half-lives. The rate constants (k1 and k2) were calculated by 

nonlinear regression analysis using the bi-exponential function, A(t) = A∞ + αe(-k1t) + 

βe(-k2t), where the first-order rate constants k1 and k2 were obtained from the 

five-parameter (Abs∞, α, β, k1 and k2) nonlinear, least-squares fit of the experimental data 

to the bi-exponential function. The 1H NMR kinetic studies were monitored by following 

the concentration changes in the formamidinate hydrogens at δ 7.096 (A), 7.971 (B), and 

9.004 (C) as a function of time for a minimum of three half-lives. Here the concentration 

profile for the consumption of A (CA
0e-k1t) and B [(CA

0k1/k2-k1)(e-k1t-e-k2t)] were fit by 

nonlinear regression analysis using Excel. 

 The kinetics for the conversion of cluster B to cluster C were investigated by UV-vis 

spectroscopy. Here each reaction was monitored by following the absorbance changes at 

428 nm as a function of time for a minimum of 4-6 half-lives. The rate constants (k2) 

were computed by nonlinear regression analysis using the single-exponential function: 

A(t) = A∞ + ΔA*e(-k2t). 
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RESULTS AND DISCUSSION 

Synthesis and Spectroscopic Data 

The reaction between PriNC(H)NHPri and Os3(CO)10(MeCN)2, as depicted in Figure 

6, proceeds rapidly and without complications at room temperature to give the 

CO-insertion product HOs3(CO)9[μ-OCNPriC(H)NPri] (A) and the ligand-bridged cluster 

HOs3(CO)10[μ-NPriC(H)NPri] (B). The latter cluster was isolated as the major product of 

this reaction. The relationship between A and B was subsequently established by 

independent control experiments. Heating compound A furnished cluster B, along with 

the formamidinate cluster C. Cluster C forms from B upon loss of a CO ligand.25 The 

conversion of A to B is reduced by using short reaction times (<30min) and running the 

reaction at 0°C. Cluster A is photosensitive, and it undergoes CO loss upon optical 

excitation using near-UV light to furnish cluster B. Clusters A and B could be purified by 

column chromatography over silica gel using 1:1 hexane and dichloromethane as the 

solvent system, and these clusters were isolated as relatively air-stable solids. 

The formamidinate-ligated clusters A and B were characterized in solution by IR and 

NMR spectroscopy. The IR spectrum of A (Figure 7) displays carbonyl stretching bands 

at 2093, 2051, 2012, 1989, 1973, and 1949 cm-1, all of which are indicative of terminal 

carbonyl groups. The 1H NMR spectrum recorded in CDCl3 confirmed the inherent 

asymmetry present in the cluster. Here four different methyl doublets were observed for 

the iPr groups at δ 1.441-1.188, along with two different methine hydrogens at δ 4.686 

and 3.878. The presence of a high-field singlet at δ -18.902 is consistent with a bridging 
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hydride group. The singlet resonance recorded at δ 7.096 is assigned to the hydrogen 

group of the formamidinate moiety. 

Os

Os Os

H

N N
Pri Pri

Os

Os Os

N NPri Pri

H

Os

OsOs
O

N

H

N

Pri

Pri

+ +

Os3(CO)10(NCMe)2 N
C
H

H
N+

Figure 6. The reaction of PriNC(H)NHPri with Os3(CO)10(MeCN)2. 

 

The IR spectrum (Figure 8) of B in hexanes displays terminal carbonyl ν(CO) bands 

at 2104, 2060, 2053, 2019, 2006, 2000, 1989, 1989, 1982, and 1971 cm-1. These 

frequencies match the IR data reported by Lewis for the cluster compound 

HOs3(CO)10[μ-NHC(Ph)NPh], which exhibits ν(CO) bands at 2105, 2065, 2051, 2020, 

2003, 1994, 1982, and 1972 cm-1.18 The 1H NMR spectrum of B recorded in CDCl3 

confirmed the presence of a symmetry plane that bisects the bridging formamidinate 

ligand (Figure 10). The observation of methine and methyl isopropyl resonances at δ 

3.619 and 1.115, respectively (Figures 11 and 12), exhibit a 1:6 integral ratio. The 

bridging hydride and formamidine hydrogens at δ -12.782 and 7.971, respectively 

(Figures 13 and 10), are in accord with a cluster containing a bridging formamidinate 

ligand. 
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Figure 7. IR spectrum of HOs3(CO)9[μ-OCNiPriC(H)NPri] recorded in hexanes. 
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Figure 8. IR spectrum of HOs3(CO)10[μ-NPriC(H)NPri] recorded in hexanes. 
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Figure 9. IR spectrum of HOs3(CO)9[μ-NPriC(H)NPri] recorded in hexanes. 
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The IR spectrum (Figure 9) of C displays terminal carbonyl groups with ν(CO) 

bands at 2083, 2053, 2025, 1998, 1988, 1978, 1963, 1948 cm-1, which also match those 

ν(CO) bands reported by Lewis for the face-capped cluster 

HOs3(CO)9[μ-NHC(H)NMe].18 The 1H NMR spectrum recorded in CDCl3 confirmed the 

loss of the symmetry plane present in B based on two different methine resonances at δ 

3.467 and 2.385 (Figure 11). The lone one hydride was observed at δ -11.385, with the 

presence of two doublets for 12 isopropyl hydrogens recorded at δ 1.122-1.050 (Figure 

12). Finally, the formamidinate hydrogen appears as a singlet at δ 9.004 (Figure 10). 

Figure 10. 1H NMR spectra of clusters A, B, and C recorded from δ 7.13-9.04, showing 
the formamidinate hydrogen. The * denotes the presence of residual protiated solvent in 
CDCl3. All spectra were recorded in CDCl3 at room temperature.   
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Figure 11. 1H NMR spectra of clusters A, B, and C recorded from δ 2.37- 4.69, showing 
the Pri methine resonance(s). All spectra were recorded in CDCl3 at room temperature. 
 

 
Figure 12. 1H NMR spectra of clusters A, B, and C recorded from δ 1.07-1.50, showing 
the Pri methyl resonances. All spectra were recorded in CDCl3 at room temperature. 
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Figure 13. 1H NMR spectra of clusters A, B, and C recorded from δ -18.85– -11.34, 
showing the hydride resonance. All spectra were recorded in CDCl3 at room temperature. 
 
 
 

X-ray Diffractions Structures 
 

The molecular structures of the clusters A-C were established by X-ray 

crystallography. Figures 14-16 show the structures of A, B, and C respectively.   
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Figure 14. Thermal ellipsoid drawing of A showing the thermal ellipsoids at the 35% 
probability level. 
 
 

 
Figure 15. Thermal ellipsoid drawing of B showing the thermal ellipsoids at the 35% 
probability level. 
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Figure 16. Thermal ellipsoid drawing of C showing the thermal ellipsoids at the 35% 
probability level. 

 

Single crystals of A, B, and C were found to exist as discrete molecular entities in the unit 

cell with no unusually short inter- or intramolecular contacts. The growth of X-ray quality 

crystals of B required more care since photochemical promoted loss of CO furnished 

product C. Suitable X-ray quality crystals of B were grown at 5 °C in the dark. Table 1 

contains the X-ray data collection and processing parameters, and selected bond distances 

and angles for compounds A, B, and C listed in Tables 2, 3 and 4. 
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Table 1.  X-ray crystallographic data and processing parameters for cluster A-C. 

 

 

Compound A B C 

cryst system Monoclinic Monoclinic Orthorhombic 

space group P 2(1)/c P 2(1)/c P2(1)2(1)2(1) 

a, Å 9.3055(1) 9.4606(5) 9.4035(1) 

b, Å 17.822(2) 12.4931(7) 13.8927(2) 

c, Å 13.8091(2) 20.4971(1) 34.408(4) 

a, deg 
   

b, deg 100.771(2) 10 1.0330(1) 
 

c, deg 
   

V, Å3 2249.8(5) 2377.8(2) 4495.0(9) 

Molecular formula C17H16N2O10Os3 C17H16N2O10Os3 C16H16N2O9Os3 

fw 978.92 978.92 950.91 

Formula units per cell (Z) 4 4 8 

Dcalcd (Mg/m3) 2.89 2.734 2.81 

λ(Mo Kα), Å 0.71073 0.71073 0.71073 

μ(mm-1) 16.956 16.043 16.966 
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Table 1 con’t 
   

 
   

Compound A B C 

Absorption correction Semi-empirical from 

equivalents 

Semi-empirical from 

equivalents 

Semi-empirical from 

equivalents 

Abs corr factor 0.2097/0.0921 0.3459/0.0996 0.4292/0.0864 

Total reflections 27456 26942 56094 

Indepent reflections 9893 4849 9893 

Data/res/parameters 4967/0/297 4849 /0/ 297 9893 /4/ 557 

R1a[I≧2σ(I)] 0.0154 0.0327 0.0156 

wR2b (all data) 0.0364 0.0821 0.0341 

GOF on F2 1.028 1.005 1.012 

Δρ(max),Δρ(min)(e/Å3) 1.006, -0.732 7.378, -1.691 1.273, -0.799 
aR1=Σ||Fo| - |Fc||/Σ|Fo|;bR2={Σ[w(F2

o-F2
c)2/Σ[W(F2

o)2]}1/2 
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Table 2. Selected bond distances (Å) and angles (deg) for cluster A. 

Bond distances 

Os(1)-C(2)  1.912(4) Os(1)-Os(3)  2.8479(3) 

Os(1)-C(4)  1.920(4) Os(1)-Os(2)  2.9203(3) 

Os(2)-N(2)  2.126(3) Os(2)-Os(3)  2.8963(3) 

Os(2)-H(1)  1.75(5) Os(3)-O(10)  2.189(2) 

Os(2)-C(10)  2.023(3) Os(3)-H(1)  1.86(5) 

O(10)-C(10)  1.273(4) O(9)-C(9)  1.131(4) 

N(1)-C(11)  1.365(4) N(1)-C(10)  1.384(4) 

Bond angles 

C(2)-Os(1)-C(4) 96.71(2) Os(3)-Os(1)-Os(2) 60.264(7) 

C(2)-Os(1)-C(3) 90.27(2) C(10)-Os(2)-N(2) 76.35(1) 

C(6)-Os(2)-C(10) 93.22(1) C(5)-Os(2)-C(10) 172.02(1) 

C(10)-Os(2)-Os(3) 64.34(1) N(2)-Os(2)-Os(3) 136.08(7) 

C(10)-Os(2)-Os(1) 82.14(9) N(2)-Os(2)-Os(1) 98.72(7) 

O(10)-Os(3)-Os(2) 69.16(6) Os(1)-Os(3)-Os(2) 61.107(7) 

O(10)-Os(3)-H(1) 92.7(2) Os(1)-Os(3)-H(1) 86.0(2) 

Os(2)-Os(3)-H(1) 35.4(2) C(10)-O(10)-Os(3) 100.3(2) 

C(10)-N(1)-C(12) 121.6(3) O(10)-C(10)-N(1) 118.3(3) 

N(1)-C(10)-Os(2) 116.6(2) N(2)-C(11)-N(1) 120.0(3) 
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Table 3. Selected bond distances (Å) and angles (deg) for cluster B. 
 

Bond Distances 

Os(1)-C(1)           1.889(1)        Os(1)-C(2)             1.900( 9) 

Os(1)-N(1)  2.134(8)        O s(1)-Os(2)            2.89 46(5) 

Os(1)-Os(3)  2.9049(4)       O s(1)-H(1)             1.79 (1) 

Os(2)-Os(3)  2.9050(5)       O s(3)-N(2)             2.13 1(7) 

Os(3)-H(1)  1.73(1)         N(1)-C(14)             1.303( 1) 

N(1)-C(11)  1.501(1)        N(2)-C(14)             1.293( 1) 

N(2)-C(15)  1.528(1) 

Bond angles 

C(1)-Os(1)-C(2) 93.2(4)  C(1)-Os(1)-C(3)   91.3(4) 

C(1)-Os(1)-N(1)   176.5(3) C(2)-Os(1)-N(1) 90.3(4) 

N(1)-Os(1)-Os(2) 94.1(2)  N(1)-Os(1)-Os(3) 82.70(2) 

Os(2)-Os(1)-Os(3) 60.119(1)     N(1)-Os(1)-H(1)   79(3) 

Os(2)-Os(1)-H(1) 94(3)  Os(3)-Os(1)-H(1)  34(3) 

Os(1)-Os(2)-Os(3) 60.117(1)  N(2)-Os(3)-Os(1)  81.41(2) 

N(2)-Os(3)-Os(2) 90.4(2) Os(1)-Os(3)-Os(2) 59.765(1) 

C(8)-Os(3)-H(1) 172(3)   C(10)-Os(3)-H(1) 96(3) 

C(9)-Os(3)-H(1) 84(3)  N(2)-Os(3)-H(1)  79(3) 

Os(1)-Os(3)-H(1) 35(3) Os(2)-Os(3)-H(1)  95(3) 
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Table 4. Selected bond distances (Å) and angles (deg) for cluster C. 

Bond distances 

Os(1)-C(2)  1.891(5) Os(1)-N(1)  2.141(4) 

Os(1)-C(3)  1.906(5) Os(1)-Os(3)  2.7772(3) 

Os(1)-Os(2)  2.7811(4) Os(2)-N(2)  2.205(4) 

Os(2)-Os(3)  2.7801(3) Os(2)-H(1)  1.680(1) 

Os(3)-H(1)  1.677(1) Os(3)-N(2)  2.187(4) 

N(1)-C(13)  1.291(6) N(1)-C(10)  1.488(6) 

N(2)-C(14)  1.516(6)   

Bond angles 

C(2)-Os(1)-C(3) 92.6(2) C(2)-Os(1)-C(1) 92.8(2) 

C(2)-Os(1)-N(1) 173.25(2) C(3)-Os(1)-N(1) 92.47(2) 

N(1)-Os(1)-Os(3) 83.71(1) N(1)-Os(1)-Os(2) 81.94(10) 

Os(3)-Os(1)-Os(2) 60.023(9) N(2)-Os(2)-Os(3) 50.43(9) 

N(2)-Os(2)-Os(1) 76.32(9) Os(3)-Os(2)-Os(1) 59.919(6) 

C(7)-Os(2)-H(1) 90.6(2) Os(3)-Os(2)-H(1) 34.1(4) 

Os(1)-Os(2)-H(1) 84.4(2) C(9)-Os(2)-H(1) 169.0(1) 

N(2)-Os(3)-Os(1) 76.68(1) N(2)-Os(3)-Os(2) 51.03(1) 

Os(1)-Os(3)-H(1) 84.6(2) Os(2)-Os(3)-H(1) 34.1(4) 
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CO insertion into the formamidinate ligand of cluster A was established by the X-ray 

diffraction structure. Figure 14 shows the molecular structure of 

HOs3(CO)9[μ-OCNPriC(H)NPri], where a chelating formamidinate ligand is band at the 

Os(2) center. The inserted C(10)O(10) group also coordinates the Os(3) center through a 

dative bond using a pair of electrons from the O(10) atom. Cluster A contains 48e- and is 

coordinatively saturated. The structural data show there are some new bonds formed 

relative to the starting materials: N(1)-C(10) with distances 1.384 Å, O(10)-Os(3) with 

distances 2.189(2) Å, C(10)-Os(2) with distances 2,023(3) Å, and C(10)-O(10) with the 

distance 1.273 Å. The C(10)-O(10) bond length is longer than the C-O distances in the 

other nine terminal CO groups, consistent with the double-bond character associated with 

the C(10)-O(10) vector. The N(1)-C(10) bond displays a normal N-C bond length 

compared to other N-C single bind distances. 

The thermal ellipsoid plot of the molecular structure of B (Figure 15) confirms the 

bridging of the Os(1)-Os(3) vector by the formamidinate ligand. The N-H bond of the 

original formamdine ligand has undergone activation. The N-C bond distances to the Pri 

groups range from 1.528(1) Å [N(2)-C(15)] to 1.5011) Å [(N(1)-C(11)], while the 

N(2)-C(14) and N(1)-C(14) bond distances are slightly shorter, ranging from 1.293(1) 

and 1.303(1) Å, respectively. The average Os-Os bond length is 2.9462 Å, and this value 

is similar to those distances in other simple, polynuclear osmium clusters. The ten 

terminal carbonyl groups are best viewed as linear with standard distances. The 

N(1)-Os(1) [2.134(8) Å] and N(2)-Os(3) [2.131(7) Å] distances are in excellent 

agreement with those distances in the previous report of the N-substituted osmium 
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compound HOs3(CO)9[μ-NPhC(Ph)NH].26 The activation of the N-H bond yields the 

bridging hydride moiety associated with the Os(1)-Os(2) vector. The Os(1)-H(1) and 

Os(2)-H(1) distances are 1.79(1) Å and 1.73(10) Å, respectively, with an accompanying 

bond angle of 70°. The N(1)-Os(1)-Os(2) bond angle is 94.1(2)° and the N(2)-Os(3)-Os(2) 

is 90.4(2)°, which indicates that the formamidinate ligand is situated in an axial 

orientation relative to the triosmium frame. 

The thermal ellipsoid plot of the molecular structure of C (Figure 16) confirms the 

loss of CO ligand from cluster B and the capping of one of the triangular faces of cluster 

C. A new N-Os bond is formed with the capping ligand, which effectively functions as a 

5e- donor ligand.25 The new form N(2)-Os(2) bond length is 2.205(4) Å, whose distance is 

in keeping with other N-Os bonds in face-capping ligands.. The bond angle of the 

Os(2)-N(2)-Os(3) atoms is 78.54(12)°. 

 

Kinetic Data 

The kinetics of the conversion of cluster A to cluster B were investigated by both 

UV-vis and 1H NMR spectroscopy, with the latter analytical method providing 

unequivocal evidence for the nonreversible reaction of A to B. A routine thermolysis 

study of A in toluene-d8 provided evidence for the instability of the anticipated product, 

cluster B. While B was observed by 1H NMR spectroscopy, this cluster is also 

accompanied by the formation of C. The presence of clusters B and C during the 

thermolysis of A suggested the existence of consecutive reactions, namely an ABC 

reaction scheme. 1H NMR spectroscopy kinetic studies were conducted in order to 
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investigate the relationship of these clusters. The 1H NMR kinetics were studied in 

toluene-d8 or benzene- d6, by monitoring the changes in the different formamidinate 

hydrogens (Figure 17). The complete consumption of the resonance at δ7.09 (A) was 

accompanied by the growth of formamidinate hydrogens at δ 7.91 and 9.04 for clusters B 

and C, respectively. Long-term heating gave cluster C in near quantitative yield. These 

data strongly suggest an ABC reaction sequence. Analysis of the concentration 

profiles of the NMR data as function of time afforded the first-order rate constants k1 and 

k2 reported in Table 5. Figure 18 is the plot of the change of A, B, and C concentrations 

versus time. 

 
 

Figure 17. 1H NMR spectral changes for ABC recorded at 370 K in toluene-d8 with 
4,4′-Di-tert-butylbiphenyl. 
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Table 5. Experimental rate constants (k1& k2) for the kinetic reaction of ABC. 
 

Temp (K) 105k1(s-1) 105k2(s-1) Method 

343.0 1.32(6) 2.08(3) UV-vis 

348.2 1.4(2) 4.1(1) 1H NMR 

348.2 1.71(6) 4.0(2) UV-vis 

359.1 5.4(1) 12.7(6) 1H NMR 

370.1 23(3) 60(15) 1H NMR 

370.1 22(1) 36(2) UV-vis 

378.1 51(2) 142(56) 1H NMR 

 
 
 

 
Figure 18. Plot of the concentration of clusters A, B, and C versus time from the 
thermolysis starting from A in toluene-d8 at 370 K. The extent of the reaction was 
determined by 1H NMR analysis using the formamdinate hydrogen of each cluster 
species (A■, B●, and C▲) 
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The kinetics for the consumption of cluster A were also examined by UV-vis 

spectroscopy. Starting with cluster A, no isosbestic points were observed, and the 

absorbance at 430 nm showed an initial increase, followed by a decrease (Figure 19). The 

absorbance changes were successfully treated by using a bi-exponential equation to fit the 

absorbance data to the consecution reaction scheme of ABC (Figure 20). The result 

of one experiment at 370 K afforded kintice data in excellent agreement with the rate 

constants offered by NMR. The rate constants are shown in Table 5. The effect of CO on 

the consumption of A was also investigated. Treatment of A under 250 psi CO afforded 

the new cluster D, as a result of carbonylation of cluster A (Figure 21). On the basis of the 

spectroscopic and analytical data, cluster D is proposed to possess an η1-formamidinate 

ligand. Figure 22 shows this reaction when the cluster HOs3(CO)11[μ-OCNPriC(H)NPri] 

forms upon the capture of two molecules of CO. The 1H NMR, IR, and mass 

spectroscopic of cluster D are in accord with the formulated structure. The 1H NMR 

spectrum (Figure 23) recorded in CDCl3 revealed four different doublet isopropyl 

hydrogen resonances for 12 hydrogens at δ 1.403-1.220, and two different methine 

hydrogens at δ 4.639 and 3.872. The formamidinate hydrogen appears at δ 7.492, and the 

hydride appears at δ -9.83. The IR spectrum of D (Figure 22) displays terminal carbonyl 

ν(CO) bands at 2120, 2076, 2056, 2046, 2045, 2024, 2016, 2003, 1986, 1974 cm-1. The 

one band around 1700 cm-1 represents the coordinated C=O moiety of amide-type ligand. 

The mass spectrum (Figure 24) gives the mass for cluster plus one hydrogen ion at 1036 

g/mole, which matches the molecular weight of D cluster, 1035 g/mole.27 
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Figure 19. Thermolysis of HOs3(CO)9[C(O)NPriC(H)NPri] in toluene at 434 k was 
monitored UV-vis spectroscopy at 430 nm (CO-insertion product starting material). 
Black=Abs(exp), Red=Abs(calc). 
 

 
 
Figure 20. UV-vis spectral changes for ABC recorded at 343 K in toluene. 
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Figure 21. The proposed course of carbonylation for the reaction of cluster A under 250 psi of CO. 
 
 

 
Figure 22. IR spectrum of HOs3(CO)11[μ-OCNPriC(H)NPri] recorded in hexanes.   
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Figure 23. 1H NMR spectrum of D recorded in CDCl3.  * and *’ represent residral CHCl3 and CH2Cl2, respectively. 
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Figure 24. ESI mass spectrum of D cluster. 
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The decarbonylation rates for BC were measured by UV-vis spectroscopy over the 

temperature range of 342-383 K, with the rate constants reported in Table 6.  

Table 6. Experimental rate constants (k2) for the kinetic reaction of BC. 
 

Temp (K) 105 k2 (s-1) method 

341.9 1.98(2) UV-vis 
355.5 6.01(4) UV-vis 
362.1 5.0(6). UV-vis* 
362.5 19.0(1) UV-vis 
371.5 24.1(1) UV-vis 
383.1 71.7(4) UV-vis 

*Run conducted under 1 atm CO 
 
 

The UV-vis-derived rates were monitored by following the decrease in the 

absorbance of the 428 nm band of cluster B. Figure 25 shows the UV-vis spectral changes 

for the thermolysis of B in toluene solution at 383 K, where two well-defined isosbestic 

points that are at 354 nm and 394 nm accompany the reaction.  

 
Figure 25. UV-vis spectral changes for BC recorded at 383K in toluene. 
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The rate constant of the consumption of B was analyzed by nonlinear regression analysis 

using a single exponential function, with the initial (A0) and final (A∞) absorbance values 

and rate constant (k) treated as free variables in the calculation.28 These rate constants are 

reported in Table 6. For the reaction involving the conversion of B to C, the UV-vis 

kinetic studies were conducted under argon or CO. The reported kinetic rate constants for 

those reactions run under argon or vacuum are not significantly different. The presence of 

high CO pressure retards the reaction. Heating B under 500 psi greatly reduced the 

amount of cluster C produced, as determind by IR spectroscopy. 1H NMR kinetics studies 

for the consumption of B were also conducted in benzene-d6 by monitoring the decrease 

in the formamidinate moiety of B at δ 7.91. The complete consumption of this 

formamidinate hydrogen was accompanied by the growth of the other formamidinate 

hydrogen at δ 9.04 which belongs to cluster C. In Figure 26, the plot of total B 

concentration versus time reveals a smooth exponential decay curve for the consumption 

of cluster A. 

 Eyring plots of ln(K/T) versus T-1 allowed for determination of the decarbonylation 

reaction p arameters for the f orward reaction d irections in c luster A through C.28 The 

calculated values of ΔH≠=21.8(4) kcal/mol and ΔS≠=-12(8) eu for AB reveal that the 

entropy of activation is moderate and negative, and these data argue against a simple with 

a di ssociative mechanism involving the r elease o f CO moieties f rom cluster B. For the 

reaction BC, involves the conversion of the calculated values of ΔH≠=27.9(8) kcal/mol 

and ΔS≠= 4(5) eu reveal t hat t he en tropy o f a ctivation is s mall and positive t hese d ata 
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support a mechanism that lik ely i nvolves at l east one  pr eequilibium be fore t he 

rate-limiting step. 

 

 
Figure 26. The absorbance versus time curve for the experimental data (■) and the 
least-squares fit (-) of the first-order rate constant k at 383 K in toluene for the reaction of 
B to C. 
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CONCLUSION 

The reaction between 1,2-Os3(CO)10(MeCN)2 and the formamidine ligand 

PriNC(H)NHPri has been investigated. Depending upon the reaction conditions, the three 

products HOs3(CO)10[μ-NPriC(H)NPri], HOs3(CO)9[μ-NPriC(H)NPri], and 

HOs3(CO)9[μ-OCNPriC(H)NPri] have been isolated. Each product has been characterized 

by a combination of IR and NMR spectroscopes, combustion analysis, and X-ray 

crystallography. The relationship between these clusters was investigated kinetically by 

1H NMR and UV-vis spectroscopies. 

Future studies will focus on the effect that functional groups on the formamidine 

ligand have an the course of the reaction with Os3(CO)10(MeCN)2 
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