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 Huang, Shih-huang. Synthetic, mechanistic, and structural studies of polynuclear metal 

clusters and hydrazido-substituted tantalum(V) compounds. Doctor of Philosophy (Chemistry-

Organic Chemistry), December 2010, 190 pp., 8 tables, 62 figures, 10 schemes, 194 references.  

A combined experimental and computational study on the reversible ortho-metalation 

exhibited by the triosmium cluster Os3(CO)10(dppm) (dppm = 1,1-

bis(diphenylphosphino)methane is reported. The conversion of nonacarbonyl cluster 

HOs3(CO)9[µ-PhP(C6H4)CH2PPh2] to Os3(CO)10(dppm) is independent of added CO and 

exhibits a significant inverse equilibrium isotope effect (EIE). Reductive coupling of the C-H 

bond in HOs3(CO)9[µ-PhP(C6H4)CH2PPh2] leads to the formation of agostic C-H and two 

distinct aryl-π species prior to the rate-limiting formation of the unsaturated cluster 

Os3(CO)9(dppm).  

Heating the unsaturated dimer H2Re2(CO)8 with Cp*Rh(CO)2 (Cp* = 1,2,3,4,5-

pentamethylcyclopentadiene) at elevated temperature affords the new trimetallic clusters 

H2RhRe2Cp*(CO)9 and HRh2ReCp*2(CO)6, and the spiked-triangular cluster HRhRe3Cp*(CO)14. 

H2Re2(CO)8 reacts with Cp*2Rh2(CO)2 under identical conditions to furnish H2RhRe2Cp*(CO)9 

and HRh2ReCp*2(CO)6 as the principal products, in addition to the tetrahedral cluster 

H2Rh2Re2Cp*2(CO)8.  H2RhRe2Cp*(CO)9 undergoes facile fragmentation in the presence of 

halogenated solvents and the thiols RSH (where R = H, C6H4Me-p) to afford the structurally 

characterized products Cp*Rh(µ-Cl)3Re(CO)3, S2Rh3Cp*(CO)4, Cp*Rh(µ-Cl)(µ-SC6H4Me-

p)2Re(CO)3, and Cp*Rh(µ-SC6H4Me-p)3Re(CO)3.  

The new hydrazido-substituted compounds TaCl(NMe2)3[N(TMS)NMe2] (TMS = 

tetramethylsilyl) and Ta(NMe2)4[N(TMS)NMe2] have been synthesized and their structures 

established by X-ray crystallography. The latter product represents the first structurally 



 

 

characterized octahedral tantalum(V) complex containing a single hydrazido(I) ligand in an all-

nitrogen coordinated environment about the metal center. The fluxional properties of the amido 

and hydrazido ligands in these new compounds have been established by VT 1H NMR 

spectroscopy (VT = variable temperature). Preliminary data using Ta(NMe2)4[N(TMS)NMe2] as 

an ALD (ALD = atomic layer deposition) precursor for the preparation of tantalum nitride and 

tantalum oxide thin films are presented. 
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Chapter I.1 

Introduction 

     Organometallic chemistry involves the field of compounds that contain at least one bond 

between a carbon and a metal.  Early contributions to the field of organometallic chemistry 

include William C. Zeise’s salt of potassium trichloro(ethene)platinate(II), Victor Grignard’s 

organomagnesium compounds, and the discovery of Ni(CO)4 by Ludwig Mond.  These seminal 

studies have led to a large number of interesting reactions, with most of the important 

applications developed in the last several decades.
1
  

     The phrase cluster in chemistry was coined by F.A. Cotton in the early 1960s in order to 

describe those compounds containing two or more metal–metal bonds.
2
  Organometallic cluster 

compounds containing carbonyl ligands are quite common and have been evaluated as catalysts 

for a diverse group of reactions, especially for carbon monoxide utilization.
3
  The polynuclear 

framework is unique because ligands are able to coordinate to more than one metal center. In 

general, metal centers with extended d-orbitals form stable clusters because of the favorable 

overlap of the valence orbitals.  Therefore, metals with a low oxidation state tend to form stable 

clusters.  

     Transition metal clusters have several important properties relative to their mononuclear 

counterparts.  For example, they have been shown to serve as catalyst precursors in the 

hydrogenation of CO by Os3(CO)12 and alkyne hydrogenation by Os3Ni3Cp3(CO)9 under mild 

conditions.
4,5

  The cleavage of metal-metal bonds can provide vacant coordination sites for the 

activation of incoming organic substrates.  Although metal carbonyl clusters are rarely used as 

catalysts in industry, they have been the subject of many studies aimed at demonstrating 

cooperative metal-metal reactivity.  Some of these clusters are known to be efficient catalyst 
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precursors for diverse reactions such as alkene hydroformylation, CO hydrogenation, and alkene 

isomerization.
5
  The efficiency of catalysis by clusters depends on the nature of the metal(s), the 

ligand(s), the structural geometry of the cluster, and the strength of the metal-metal bonds that 

hold the molecular polyhedron together.   

     The study of phosphine-substituted organometallic clusters remains an important area of 

research, with applications in the areas of materials science and catalysis.
6
  Other than CO 

ligands, phosphines are the next most investigated ligand with organotransition-metal complexes.  

Late transition metals tend to coordinate trivalent phosphines with great affinity, and numerous 

reports of late metal clusters containing phosphine ligands have been published.  The phosphine 

ligands utilized in catalysis reactions are often modified in order to achieve the specific catalytic 

activity and selectivity.  Phosphines are important ligands in organometallic chemistry since their 

electronic and steric environment may be readily modified.   Given the utility of asymmetric 

synthesis, a variety of chiral diphosphines have been examined, such as BINAP and DIPAMP, 

and used in organic synthesis and for enantioselective transformations catalyzed by complexes of 

palladium, rhodium, and ruthenium.
7
 

     Tertiary phosphine ligands have been widely used in the field of organometallic chemistry 

because they appear to be extremely versatile in their ability to stabilize a wide variety of 

transition metals in a variety of oxidation states.  By changing the substituent group(s), one can 

alter the phosphine’s ability to influence the rate of the  reaction and product selectivity though 

electronic and/or steric modifications.
8
  The chemistry of a large number of phosphorus-

substituted organotransition-metal compounds has been explored.  Examples of organometallic 

compounds containing monodentate, bidentate, tridentate, and polydentate phosphines are well 

represented in the literature.   Figure 1 exhibits a list of well-known phosphine ligands that 
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possess a wide range of steric and electronic effects.  For example, PMe3 is much smaller 

compared to PCy3, but PF3 and P(CF3)3 have sufficiently strong electron-withdrawing 

substituents to act as strong  acids, and their coordination properties are comparable to that of 

the CO ligand. 

     The coordination modes of bi- and polydentate phosphine ligands with mononuclear 

transition metal complexes provide limited structural chemistry, and little evidence exists 

involving the intramolecular ligand migration of the phosphine ligand.  Transition metal clusters 

offer additional vacant coordination sites for the activation of the ancillary ligands compared to 

mononuclear complexes.  For example, early substitution reactions of triosmium dodecacarbonyl 

have been achieved by thermal or photochemical methods, and accompanying these reactions are 

ligand fragmentation and/or cluster decomposition due to the adverse reaction conditions.
9
  Thus, 

a new synthetic protocol using the activated precursors Os3(CO)11(NCMe), Os3(CO)10(NCMe)2, 

and Os3(CO)10(η
4
-C6H8) was developed to replace the triosmium dodecacarbonyl as a starting 

materials and to eliminate the unwanted cluster fragmentation, which leads to a complicated 

mixture of by-products.  Many new mono- and bis-substituted triosmium carbonyl clusters were 

prepared and thoroughly examined in the late 1970’s using these activated starting materials.
10

 

     The cluster compounds M3(CO)12 (where M = Fe, Ru, Os) have been extensively investigated 

with bidentate phosphine ligands, especially in the case of the diphosphine ligands 

Ph2P(CH2)nPPh2 (where n = 1 to 4).
11

  Several common diphosphine ligands that have been 

employed by different researchers are shown in Table 1.  The reaction of a diphosphine ligand 

with one of the above activated “Os3(CO)10” yields a product that can be represented as 

Os3(CO)10(P-P), where the diphosphine ligand can chelate to a single metal atom or bridge two 

adjacent metal atoms. Examples of chelating and bridging Os3(CO)10(P-P) clusters are shown in  
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Figure 1.  Monodentate and polydentate phosphine ligands. 
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Figure 2. 
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Figure 2.  Examples of chelating and bridging isomers of Os3(CO)10(P-P).  

 

     The trimetallic cluster Os3(CO)10(dppm) is the exception with respect to the two isomeric 

forms for diphosphine coordination since only the bridging isomer exists.  No evidence exists for 

the chelating isomer, and this phenomenon is due to the strain in the four membered ring of the 

chelating isomer and unfavorable contacts with the ancillary CO ligands.  However, the chelation 

of the dppm ligand can be found in the iridium and ruthenium clusters Ir4(CO)10(dppm) and 

Ru5C(CO)13(dppm) , respectively,
12

 the structures of which are show in Figure 3.  The chelating 

or bridging tendency for bidentate phosphine ligands in Os3(CO)10(P-P) clusters was studied by 

comparing the percentage of each isomer obtained from the reaction of different triosmium 

carbonyl clusters with Ph2P(CH2)nPPh2 (where n = 2-5).  The reaction of Os3(CO)10(NCMe)2 

with dppe was studied, and the predominant product found was the chelating isomer.  The 

tendency for diphosphine chelation decreases with increasing chain length of the diphosphine 

ligand.  As a result, the Ph2P(CH2)5PPh2 ligand functions only as a bridging ligand in the case of 

triosmium carbonyl clusters.
13
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Table 1.  Abbreviations and Names of Common Bidentate Phosphine Ligands 

Abbreviation  Name 

dppen  1,1-bis(diphenylphosphino)ethene 

dmpm  1,1-bis(dimethylphosphino)methane 

dmpe  1,2-bis(dimethylphosphino)ethane 

dppm  1,1-bis(diphenylphosphino)methane 

dppe  1,2-bis(diphenylphosphino)ethane 

dppp  1,3-bis(diphenylphosphino)propane 

dppb  1,4-bis(diphenylphosphino)butane 

BINAP  2,2’-bis(diphenylphosphino)-1,1’-binaphthyl 

DIPAMP  2-methoxyphenyl-[-2-[(2-methoxyphenyl-phenylphosphanyl]ethyl]- 

 phenylphosphane 
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Figure 3.  The structures of Ir4(CO)10(dppm) and Ru5C(CO)13(dppm). 

      

     The first C-H bond activation reaction was reported by Joseph Chatt in 1965, and this 

example consisted of the insertion of a ruthenium atom in Ru(dmpe)2 into the C-H bond of 

naphthalene. The next major breakthrough was reported independently by the research groups of 

Bergman and Graham.  Here Bergman confirmed the  C-H bond activation of the saturated 

hydrocarbons cyclohexane and neopentane from the hydrido-alkyl-metal complex 

Cp*Ir(PMe3)H(C6H5) (where Cp* = pentamethylcyclopentadiene); Graham found that the same 

hydrocarbons react with Cp*Ir(CO)2 to give analogous iridium hydrido complexes.
14 

 In the field 

of catalysis, the directed functionalization of relatively unreactive C-H bonds remains a top 

priority.
15

  The complex chemistry associated with the intermolecular C-H bond activation of 

alkane and alkene substrates at mononuclear compounds have been unraveled only recently, and 

the nature and reactivity of agostic metal-alkane and  metal-arene compounds, the species that 

typically precede the formal breaking of a C-H bond, identified.
14a,b,16

  The term agostic, derived 

from the Greek word “to hold close to oneself,” was coined by Maurice Brookhart and Malcolm 

Ir

Ir

Ir Ir

Ph2P PPh2

Ru

Ru Ru

Ru Ru

C Ph2
P

P
Ph2



9 

 

Green to describe the many interactions between a transition metal and a C-H bond before the 

formal cleavage of the C-H bond.  Agostic interactions that involve alkyl or aryl groups that are 

held close to the metal center through an additional σ-bond are now recognized as important 

species in hydrocarbon activation reactions.
17

  The reaction dynamics for the metal-mediated 

activation of common and exotic materials have been elucidated through the use of transient 

spectroscopic and computational methodologies.
18,19

  The use of IR, UV-vis, and NMR 

techniques, especially when utilized in concert, has provided unprecedented and intimate details 

into catalytic processes involving the activation of C-H bonds and the subsequent conversion of 

the resulting intermediates to commodity chemicals. 

     Unsaturated species that are able to activate hydrocarbon substrates exhibit high intrinsic 

reactivity and can lead to the deleterious activation of an auxiliary ligand(s) in the coordination 

sphere of the metal.  In the case of metal-bound phosphine ligands, the cleavage of a C-P and/or 

C-H bond is common, and this activation is undesirable because catalytic activity is generally 

retarded.
20 

 The C-H bond activation of alkyl and aryl groups in coordinated phosphines ligands 

gives rise to cyclometalation and ortho-metalation products, respectively.  While the exact 

mechanism associated with the above phosphine activation paths is far from clear,
21

 one would 

assume that these ligand-based carbon-hydrogen bond activations would follow reactivity paths 

similar to those systems whose intermolecular activation of hydrocarbons is now well understood.  

The mechanistic details of phosphine ligand activation remain, for the most part, largely 

unaddressed.  In an early landmark study, Jones investigated the selectivity of different 

unsaturated Cp*Rh(I) species for their intramolecular metalation reactivity (ortho and cyclo) at 

the ancillary phosphine ligand versus the intermolecular activation of benzene.
22

  The kinetic and 

thermodynamic aspects associated with intra- and intermolecular C-H bond activation were 
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analyzed, and the data revealed a pronounced thermodynamic preference for the intramolecular 

activation of the ancillary P-ligand and a kinetic preference for intermolecular C-H bond 

activation of the benzene solvent. 

     The ligand activation described above is not only limited to mononuclear entities, but has also 

been observed in numerous polynuclear metal clusters.  Unlike their mononuclear counterparts, 

polynuclear metal clusters display an added degree of complexity as adjacent metal centers often 

promote the multisite activation of a cluster-bound ligand, leading to reactivity patterns that have 

no parallel with mononuclear coordination chemistry.
23

  For example, thermolysis of the 

diphosphine-bridged cluster Os3(CO)10(dppm) leads to the initial formation of the hydride-

bridged species HOs3(CO)9[ -PhP(C6H4)CH2PPh2] and then the unsaturated cluster 

HOs3(CO)8[ -PhP(C6H4)CH2PPh2], as depicted in Scheme 1.
24

  Several points are noteworthy as 

it pertains to this particular unsaturated octacarbonyl cluster: 1) it was the first structurally 

characterized unsaturated cluster possessing a formal Os-Os double bond spanned by a metalated 

phenyl group, 2) C-H bond formation is reversible under CO, and 3) it serves as a synthon for the 

construction of triosmium clusters through the unsaturated cluster “Os3(CO)8(dppm).”  The 

synthesis and isolation of a wide variety of known Os3(dppm)-substituted clusters would be 

hampered through the traditional thermal activation of Os3(CO)10(dppm).
25,26

 

     The Richmond group has investigated the reactivity of different polynuclear clusters with a 

series of rigid diphosphine ligands.  A few of the diphosphines examined include 2,3-bis-

(diphenylphosphino)maleic anhydride [bma], 5-methoxy-2(5H)-furanone [bmf], 3,4-

bis(diphenylphosphino)cyclobutenedione [bpcbd], and 4,5-bis(diphenylphosphino)-4-

cyclopenten-1,3-dione [bpcd], whose structures are shown in Figure 4.  Several important studies 

demonstrating ligand fluxionality and reversible C-H bond activation have been published.
27,28
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Scheme 1. Thermolysis of the diphosphine-bridged cluster Os3(CO)10(dppm).       

             

 

 

 

 

 

 

 

 

 

 

 

      

      

 

 

      

 

 

      

 

 

Os

Os Os

Ph2
P

PPh2

Os

Os Os

Ph
P

PPh2

H

Os

Os Os

Ph
P

PPh2

H

heat
-CO

heat
+CO

heat
-CO

heat
+CO

Os

OsOs

Ph
P

PPh2

H

HOs3(CO)8[ -PhP(C6H4)CH2PPh2]

HOs3(CO)9[ -PhP(C6H4)CH2PPh2]Os3(CO)10(dppm)



12 

 

        

 

 

 

 

 

 

 

 

 

 

Figure 4.  Rigid bidentate phosphine ligands. 

      

     A recent study on the ortho metalation of the chelating diphosphine in the cluster compound  

Os3(CO)10(bpcd) has been published.
29

  Both thermolysis and photolysis of Os3(CO)10(bpcd) lead 

to CO loss and ortho metalation of one of the aryl rings to give the hydride cluster HOs3(CO)9[ -

PhP(C6H4)C=C(PPh2)C(O)CH2C(O)].  Treatment of the resulting hydride cluster with CO 

quantitatively furnishes Os3(CO)10(bpcd) by reductive coupling of the C-H bond, and this 

carbonylation establishes the reversible nature of the C-H bond activation.  On the basis of 

detailed kinetic and isotopic substitution studies, it has been confirmed that the reductive 

coupling of the C-H bond exhibits an inverse equilibrium isotope effect (EIE).  These data 

strongly support the intermediacy of a cluster-  complex Os3(CO)9[ -PhP( -

C6H5)C=C(PPh2)C(O)CH2C(O)], whose formation leads to the generation of the transient 
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unsaturated cluster Os3(CO)9(bpcd).  Figure 5 illustrates this particular reaction. 
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Figure 5. The formation of the transient unsaturated cluster Os3(CO)9(bpcd). 

      

     Even though the activation of the dppm ligand in Os3(CO)10(dppm) is known to be reversible 

and has been exploited synthetically, no mechanistic evidence exists for any of the steps 

associated with this transformation.
30

  Before any  generalizations on the ortho metalation in 

Os3(CO)10(dppm) can be made with certainty, unanswered questions concerning the oxidative 

cleavage and reductive coupling steps of the dppm ligand in Os3(CO)10(dppm) and 

HOs3(CO)8[ -PhP(C6H4)CH2PPh2] require resolution.  Moreover, the information on the 

activation of the dppm ligand in Os3(CO)10(dppm) is important and essential if related ligand 

activations in other cluster systems are to be understood and utilized in any catalysis scenario.  In 

this dissertation, kinetic and isotope studies on the ortho metalation of the bridging diphosphine 

ligand in Os3(CO)10(dppm) are reported, along with the synthesis of appropriately labeled 

deuterium-substituted isotopomers of the diphosphine ligand dppm. The results obtained from 

this study are contrasted with the ortho-metalation data previously reported for Os3(CO)10(bpcd).                 



14 

 

Chapter I.2 

Experimental 

2.1 Materials 

2.1.1 Solvents 

     All reaction solvents were distilled from a suitable drying agent under argon or obtained from 

an Innovative Technology (IT) solvent purification system; when not in use, the purified solvents 

were stored under argon in Schlenk storage vessels equipped with high-vacuum Teflon 

stopcocks.
31

  The NMR solvents benzene-d6 and toluene-d8 were purified by bulb-to-bulb 

distillation from sodium/benzophenone under argon, with the CD2Cl2 and CDCl3 solvents 

distilled from P2O5.    

2.1.2 Reagents 

     The Os3(CO)10(dppm) cluster was prepared from the reaction of dppm with either Os3(CO)12 

or Os3(CO)10(MeCN)2, the latter which was synthesized from Os3(CO)12, Me3NO, and MeCN.
32

  

The parent cluster Os3(CO)12 was prepared from OsO4 and CO.
33

  The OsO4 was purchased from 

Engelhard Chemical Co., and the chemicals dppm, 2-bromoaniline, 2,6-dibromoaniline, 

diphenylacetic acid, BuLi (2.5M in hexanes), PCl3, sodium and zinc metal, potassium iodide, 

sodium nitrite, NH4Cl, and Me3NO•xH2O were purchased from Aldrich Chemical Co.  The 

anhydrous Me3NO employed in these studies was obtained from Me3NO•xH2O, after the waters 

of hydration were azeotropically removed under reflux using benzene as a solvent.  The 

deuterated compounds D2O (99.5% D), NaOD (40% in D2O; 99.5% D), benzene-d6 (99.6% D), 

toluene-d8 (99.6% D), CD2Cl2, CDCl3 (99.8% D), and MeOD (99.8% D) were purchased from 

Cambridge Isotope Laboratories. The molarity of the BuLi used in the reported reactions was 

periodically checked by titration against diphenylacetic acid.
34
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2.2 Instrumentation 

     The photochemical studies were conducted with an Oriel universal power supply equipped 

with a 200 W high-pressure Hg lamp.  The quartz NMR tubes used in these studies were 

equipped with a high-vacuum stopcock, and the low-temperature UV photolysis experiments 

were carried out in a homemade Dewar constructed from Suprasil quartz tubing. 

     Routine infrared spectra were recorded on Nicolet 20SXB and 6700 FT-IR spectrometers in 

sealed 0.1 mm NaCl cells, using PC control and OMNIC software.  The quoted 
1
H, 

13
C, and 

31
P 

NMR data were recorded on a Varian VXR-500 spectrometer at 500 MHz, 125 MHz, and 202 

MHz, respectively.  The 
1
H and 

13
C spectral data have been referenced against the residue 

protiated and carbon resonance(s) of the NMR solvent.  The reported 
31

P chemical shift data 

were recorded in the proton-decoupled mode and are referenced to external H3PO4 (85%), whose 

chemical shift was set at δ = 0.  The GC-MS mass spectral data for the samples 2-deuterio-

iodobenzene, 2,6-dideuterio-iodobenzene, PPh3-d6ortho and PPh3-d3ortho were recorded on a 

Finnigan/Thermo-Electron GC-MS system, while the ESI-MS spectra of the dppm isotopomers 

and their corresponding triosmium clusters were recorded on Thermo Finnigan Deca XP Ion 

Trap Mass Spectrometer using 1% AcOH in MeCN or MeCN/KI as the sample matrix. 

2.3 Preparation of Compounds 

2.3.1 2,6-Dideuteroaniline   

     To a 250 mL round-bottom Schlenk flask under argon was added 10.0 g (39.5 mmol) of 2,6-

dibromoaniline-d2 (deuterated at the amino group >98%), which was prepared immediately 

before use through several exchange cycles involving 2,6-dibromoaniline and CH3OD, followed 

by 13.0 g (0.199 mol) of zinc dust and 100 mL of 10% NaOD in D2O.  The vessel was protected 

against the atmosphere by way a mercury bubbler and the slurry refluxed for 3 days.  During this 
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time, a biphasic mixture developed with the desired product, 2,6-dideutero-aniline-d2, formed as 

a yellow liquid in the upper layer.  Upon cooling, the organic layer was collected and the aqueous 

layer extracted with 3 x 150 ml portions of Et2O, after which the combined organic layers were 

dried over anhydrous MgSO4.  No special precautions were taken once the ortho bromines had 

been replaced with deuterium.  The extractive work-up is assumed to take place with loss of 

deuterium at the amino group, but this does not affect the critical deuterium labeling at the 

adjacent ortho sites in the diazotization and subsequent steps.  Filtration, followed by distillation, 

afforded 2,6-dideuteroaniline as a light yellow liquid in 87% yield (3.3 g based on C6H5D2N).  In 

the yield calculation, a complete loss of deuterium at the amino moiety has been assumed.  
1
H 

NMR (CDCl3): δ 3.68 (b, NH2), 6.88 (b, 1H, para), 7.27 (b, 2H, meta).  
13

C{
1
H} NMR (CDCl3): 

δ 114.58 (t, ortho, JDC = 23.8 Hz), 118.24 (para), 128.95 (meta), 146.03 (C-NH2). 

2.3.2  2,6-Dideutero-iodobenzene   

     To 6.00 g (63.1 mmol) of degassed 2,6-dideuteroaniline in a 250 mL Schlenk flask was added 

50 mL of water and 12 mL of 12 M HCl, after which the solution was cooled to ca. 5 C using an 

external ice bath.  To this solution was added 4.50 g (65.2 mmol) of NaNO2 in 12 mL of water 

dropwise, and stirring continued for at least 10 minutes after the NaNO2 addition was completed.  

The resulting diazonium salt was treated with an aqueous solution (12 mL) containing 11.3 g 

(68.1 mmol) of KI, leading to the formation of a brown emulsion that was allowed to stand for 

several minutes before warming to 40 C, at which point vigorous gas evolution was observed.  

The reaction mixture was heated at reflux for 10 min and then the flask was placed in an ice bath 

at 0 C.  Sodium bisulfite was next added to destroy the excess iodine present, and the product 

was extracted from the aqueous phase using 3 x 200 mL portions of Et2O.  The combined organic 

layers were dried over anhydrous MgSO4, followed by filtration and removal of the ether solvent.  
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The crude product was passed across a short column of alumina using hexane as the eluent to 

give 2,6-dideutero-iodobenzene as a colorless liquid in 62% yield (8.1 g).  
1
H NMR (C6D6): δ 

7.11 (d, 2H, meta, J = 7.0 Hz), 7.33 (t, 1H, para, J = 7.0 Hz).  
13

C{
1
H} NMR (CDCl3): δ 94.06 

(C-I), 127.40 (para), 130.06 (meta), 137.05 (t, ortho, JDC = 25.0 Hz).  GC-MS: m/z 206.1 [M]
+
. 

2.3.3 PPh3-d6ortho   

     To a 250 mL round-bottom Schlenk flask was charged 4.00 g (19.4 mmol) of 2,6-dideutero-

iodobenzene and 40 mL of hexane.  The solution was cooled to ca. 0 °C in an ice bath and then 

treated with 7.77 mL (19.4 mmol) of 2.5 M BuLi in hexanes dropwise to furnish a white 

precipitate.  Stirring was continued with warming to room temperature, and then the reaction was 

allowed to sit for 30 min, at which time the precipitate was allowed to settle.  The solvent was 

cannulated away from the aryllithium product and the solid washed with 2 x 10 mL portions of 

hexane.  The solid was next dissolved in 40 mL of Et2O and the solution was then cooled to 0 °C, 

at which time 0.45 mL (5.2 mmol) of PCl3 was added dropwise and stirring continued, with 

warming to room temperature, for a period of 2 hr.  The excess aryllithium was quenched with 

100 mL of degassed water, and the aqueous phase separated and extracted with 3 x 100 mL of 

Et2O.  The ether phases were combined, dried over MgSO4, filtered, and the Et2O removed under 

vacuum to afford crude PPh3-d6ortho.  The desired ligand was purified by flash-column 

chromatography over silica gel using a 1:9 mixture of CH2Cl2/hexane under argon to give PPh3-

d6ortho as a colorless solid in 56% yield (0.78 g).  
1
H NMR (C6D6): δ 7.04 (b, 9H, meta and para).  

31
P NMR (CDCl3): δ -6.66.  GC-MS: m/z 268.1 [M]

+
. 

2.3.4 dppm-d8ortho   

     To 50 mL of liquid ammonia in a 100 mL Schlenk flask under argon at -78 °C was added 0.69 

g (30 mmol) of sodium.  The solution was stirred for several minutes prior to the addition of 4.03 
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g (15.0 mmol) of PPh3-d6ortho, at which time the initially blue solution slowly turned dark orange.  

After stirring for 0.5 hr at -78 °C, 0.80 g (0.015 mol) of NH4Cl was added in one portion to 

quench the generated phenyl sodium from the reduction reaction.  Stirring was continued for 1 hr 

at -78 °C, and the orange solution was then treated with 0.48 mL (7.5 mmol) of CH2Cl2 in 2 mL 

of Et2O to give a pale yellow solution that signaled the consumption of the sodium 

diphenylphosphide.  The ammonia was allowed to evaporate and 50 mL of degassed water was 

added to the residue, followed by extraction of the aqueous layer with Et2O (3 x 50 mL).  The 

combined organic layers were dried over MgSO4, after which the solution was filtered and then 

concentrated to dryness to afford the crude dppm-d8ortho.  The product was purified by flash-

column chromatography over silica gel using a CH2Cl2/hexane (3:7) to give dppm-d8ortho as a 

colorless solid in 70% yield (2.1 g).  
1
H NMR (C6D6): δ 2.78 (t, 2H, methylene, JPH = 2.0 Hz), 

7.04 (s, 12H, meta and para).  
31

P NMR (C6D6): δ -23.21.
35

  ESI-MS: m/z 393.47 [M+H]
+
. 

2.3.5 Os3(CO)10(dppm-d8ortho)   

     To a large Schlenk tube containing 0.46 g (0.49 mmol) of Os3(CO)10(MeCN)2 was added 100 

mL of CH2Cl2 via cannula, followed by 0.20 g (0.51 mmol) of dppm-d8ortho.  The solution was 

stirred for 12 hr at room temperature and then examined by TLC, which confirmed the presence 

of the desired product.  Os3(CO)10(dppm-d8ortho) was subsequently purified by column 

chromatography over silica gel using a 3:7 mixture of CH2Cl2/hexane as the mobile phase.  

Recrystallization of the isolated product using benzene furnished 0.42 g (68%) of orange 

Os3(CO)10(dppm-d8ortho).  
1
H NMR (C6D6): δ 4.85 (t, 2H, methylene, JPH = 10.5 Hz), 6.89 (s, 

12H, meta and para).  
31

P NMR (C6D6): δ -28.14.  ESI-MS: m/z 1286.73 [M+K]
+
 and 1258.92 

[M-CO+K]
+
. 

2.3.6 DOs3(CO)8[ -(Ph-d2ortho)P(C6H3D)CH2PPh2-d4ortho] from Os3(CO)10(dppm-d8ortho)   
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     To a 100 mL Schlenk tube under argon flush was charged 0.20 g (0.16 mmol) of 

Os3(CO)10(dppm-d8ortho) and 50 ml of toluene.  The solution was heated at reflux for 8 hr, during 

which time the solution color gradually changed from orange to green as the octacarbonyl 

product formed.  The solution was allowed to cool and the product isolated by column 

chromatography to give 0.13 g (68%) of DOs3(CO)8[ -(Ph-d2ortho)P(C6H3D)CH2PPh2-d4ortho].  
1
H 

NMR (C6D6): δ 3.96 (ddd, 1H, methylene, 
2
JHH = 14.1 Hz, 

3
JPH = 11.0, 6.3 Hz), 4.65 (ddd, 1H, 

methylene, 
2
JHH = 14.1 Hz, 

3
JPH = 11.1, 8.4 Hz), 6.24 (dt, Hb, 

3
JHH = 7.2 Hz from coupling with 

Ha and Hc, 
5
JPH = 2.2 Hz), 6.73-6.81 (m, 2H), 6.95-7.06 (m, 2H), 7.08-7.15 (m, Hc and 5H), 9.02 

(ddd, Ha, 
3
JHH = 7.2 Hz from coupling with Hb, 

4
JHH = 1.3 Hz from coupling with Hc, 

4
JPH = 2.0 

Hz).
36

  
31

P NMR (C6D6): δ -19.82 (d, JPP = 69 Hz), -18.67 (d, JPP = 69 Hz).  ESI-MS: m/z 1190.9 

[M]
+
 and m/z peaks for the loss of 1-7 CO groups. 

2.3.7 DOs3(CO)9[ -(Ph-d2ortho)P(C6H3D)CH2PPh2-d4ortho] from DOs3(CO)8[ -(Ph-

d2ortho)P(C6H3D)CH2PPh2-d4ortho] and CO  

     To 0.10 g (0.084 mmol) of DOs3(CO)8[ -(Ph-d2ortho)P(C6H3D)CH2PPh2-d4ortho] in a medium 

Schlenk tube was added 40 mL of toluene via syringe, after which the solution was cooled to ca. 

5 C.  CO was slowly bubbled into the toluene solution for a period of 1 hr, at which time TLC 

analysis revealed the complete consumption of the starting cluster and the presence of the 

nonacarbonyl product DOs3(CO)9[ -(Ph-d2ortho)P(C6H3D)CH2PPh2-d4ortho].  The solvent was 

removed under vacuum and the residue purified by flash-column chromatography over silica gel 

using a 7:3 mixture of CH2Cl2/hexane as the eluent.  Yield: 97 mg (95%).  
1
H NMR (C6D6): δ 

3.39 (ddd, 1H, methylene, 
2
JHH = 12.4 Hz, 

3
JPH = 10.2, 9.2 Hz), 4.91 (ddd, 1H, methylene, 

2
JHH = 

12.4 Hz, 
3
JPH = 12.7, 9.2 Hz), 6.02 (ddd, Hc, 

3
JHH = 7.3 Hz from coupling with Hb, 

3
JHH = 2.9 Hz 

from coupling with Ha, 
4
JPH = 1.0 Hz), 6.42 (dt, Hb, 

3
JHH = 7.3 Hz from coupling with Ha and Hc, 
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5
JPH = 2.5 Hz), 6.65 (m, 2H), 6.74 (m, 1H), 6.83-7.09 (m, 6H), 8.20 (ddd, Ha, 

3
JHH = 7.3 Hz from 

coupling with Hb, 
4
JHH = 2.9 Hz from coupling with Hc, 

4
JPH = 1.2 Hz).  

31
P NMR (C6D6): δ -

23.23 (d, JPP = 71 Hz), -14.21 (d, JPP = 71 Hz).  ESI-MS: m/z 1223.9 [M-CO+2H2O]
+
. 

2.3.8 2-Deuteroaniline  

     Since the procedure here is identical to that described for 2,6-dideuteroaniline, only the 

pertinent reaction details will be reported.  5.00 g (29.1 mmol) of 2-bromoaniline was treated 

with several portions of MeOD to give 2-bromoaniline-d2 (amino group exchange).  The 2-

bromoaniline-d2 was then added to 10.0 g (0.153 mol) of zinc dust in 100 mL of 10% NaOD in 

D2O, and the slurry heated under reflux for 72 hr, after which time the 2-deuteroaniline was 

isolated after filtration, extraction, and drying.  Bulb-to-bulb distillation under reduced pressure 

afforded 2.1 g (85% based on C6H4DNH2) of 2-deuteroaniline as a colorless liquid.  
1
H NMR 

(C6D6): δ 2.83 (b, NH2), 6.36 (d, 1H, J = 8.5 Hz), 6.72 (t, 1H, J = 7.0 Hz), 7.07 (m, 2H).  
13

C{
1
H} 

NMR (CDCl3): δ 114.71 (t, ortho, JDC = 23.8 Hz), 115.00 (CH), 118.28 (CH), 129.30 (CH), 

129.40 (CH), 146.98 (C-NH2). 

2.3.9 2-Deutero-iodobenzene  

     Here 5.00 g (58.9 mmol) of 2-deuteroaniline was diazotized using 4.06 g (58.9 mmol) of 

NaNO2 in aqueous HCl at 5 C, and then the solution was treated with 9.77 g (58.9 mmol) of KI.  

The desired product, 2-deutero-iodobenzene, was isolated in 80% yield (9.7 g) as a colorless 

liquid after flash-column chromatography and distillation.   
1
H NMR (C6D6): δ 6.65 (m, 2H), 

6.91 (dt, 1H, J = 7.5, 1.0 Hz), 7.45 (dd, 1H, J = 8.3, 1.0 Hz).  
13

C{
1
H} NMR (C6D6): δ 95.06 (C-

I), 127.83 (CH), 130.58 (CH), 130.71 (CH), 137.68 (t, CD, JDC = 25.0 Hz), 138.10 (CH).  GC-

MS: m/z 204.8 [M]
+
. 

2.3.10 PPh3-d3ortho 
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     Here 3.00 g (14.6 mmol) of 2-deutero-iodobenzene was lithiated using 5.85 mL (14.6 mmol) 

of 2.5 M BuLi in hexanes, followed by treatment of the aryllithium with 0.43 mL (4.88 mmol) of 

PCl3.  The PPh3-d3ortho was isolated as described above for the PPh3-d6ortho isotopomer.  Yield: 1.1 

g (82%).  
1
H NMR (C6D6): δ 7.03 (b, 9H, meta and para), 7.39 (m, 3H, ortho).  

31
P NMR 

(CDCl3): δ -6.32.  GC-MS: m/z 265.2 [M]
+
. 

2.3.11 dppm-d4ortho 

     To 50 mL of liquid ammonia in a 100 mL Schlenk flask under argon at -78 °C was added 0.60 

g (26 mmol) of sodium, and stirring continued for 0.5 hr before the addition of 3.46 g (13.0 

mmol) of PPh3-d3ortho .  The solution was stirred for an additional 0.5 hr at -78 °C and then 

treated with 0.69 g (0.013 mol) of NH4Cl.  At this point, 0.42 mL (6.5 mmol) of CH2Cl2 in 3 mL 

of Et2O was added to the ammonia solution dropwise, and the solution was allowed to warm to 

room temperature with slow warming.  The ammonia was allowed to evaporate and the crude 

product isolated upon a preliminary extractive work-up.  The dppm-d4ortho was purified by flash-

column chromatography over silica gel using a CH2Cl2/hexane (3:7) as a colorless solid in 75% 

yield (1.9 g).  
1
H NMR (C6D6): δ 2.79 (t, 2H, methylene, JPH = 2.0 Hz), 7.05 (bs, 12H, meta and 

para), 7.44 (b, 4H, ortho).  
31

P NMR (C6D6): δ -23.13.  ESI-MS: m/z 389.40 [M+H]
+
. 

2.3.12 Os3(CO)10(dppm-d4ortho)   

     To 0.25 g (0.27 mmol) of Os3(CO)10(MeCN)2 in 60 mL of CH2Cl2 in a Schlenk flask was 

added 0.10 g (0.26 mmol) of dppm-d4ortho.  The solution was stirred overnight, after which time 

the solvent was removed and the residue purified by flash-column chromatography.  

Recrystallization of the crude product using benzene afforded furnished 0.23 g (72%) of orange 

Os3(CO)10(dppm-d4ortho).  
1
H NMR (C6D6): δ 4.86 (t, 2H, methylene, JPH = 10.8 Hz), 6.90 (bs, 

12H, meta and para), 7.26 (bs, 4H, ortho).  
31

P NMR (C6D6): δ -27.10.  ESI-MS: m/z 1282.93 
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[M+K]
+
 and 1255.97 [M-CO+K]

+
. 

2.4 Carbonylation Kinetics   

     The UV-vis kinetic studies employing HOs3(CO)8,9[ -PhP(C6H4)CH2PPh2] and 

DOs3(CO)8,9[ -(Ph-d2ortho)P(C6H3D)CH2PPh2-d4ortho] were conducted in Suprasil quartz UV-

visible cells (1.0 cm width) that were equipped with a high-vacuum Teflon stopcock to facilitate 

handling on the vacuum line.  The clusters HOs3(CO)8[ -PhP(C6H4)CH2PPh2] and 

DOs3(CO)8[ -(Ph-d2ortho)P(C6H3D)CH2PPh2-d4ortho] are extremely sensitive to added CO, and the 

samples were thermally equilibrated in the UV-vis cell holder prior to the admission of CO.  For 

those reactions involving the octacarbonyl cluster conducted under 1 atm CO, the CO was 

administered directly into the reaction solution via a gas-tight syringe.  In the case of 

HOs3(CO)9[ -PhP(C6H4)CH2PPh2] and DOs3(CO)9[ -(Ph-d2ortho)P(C6H3D)CH2PPh2-d4ortho], the 

reaction solutions were purged with CO at room temperature immediately before the start of each 

kinetic experiment.  The experiments performed under high CO pressure were carried out in a 

carbon-steel 300 mL autoclave, with the internal CO pressure regulated with the aid of a Tescom 

pressure regulator.  The autoclave was equipped with a tip tube that enabled sample removal for 

UV-vis analysis while maintaining constant CO pressure.  The Hewlett-Packard 8452A diode 

array spectrometer employed in our studies was configured with a custom VT cell holder, which 

was connected to a VWR constant temperature circulator.  The quoted reaction temperatures are 

considered to be accurate to within ±0.5 K.  The UV-vis kinetics performed under 1 atm CO 

were monitored by following the optical changes of the 388 or 600 nm band of the octacarbonyl 

cluster (decay) and the 358 or 425 nm band of the nonacarbonyl cluster (growth) as a function of 

time for at least 4-6 half-lives, while those reactions carried out under higher CO pressure were 

examined out to 3 half-lives.  The UV-vis derived rate constants quoted in Tables 1 and 2 were 
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determined by non-linear regression analysis using a single exponential function.  The rate 

calculations were performed by using the equation A(t) = A∞ + ΔA*e
(-kt)

 with the aid of the 

commercially available program Origin6.0.  Here the initial (Ao) and final (A ) absorbance 

values and the rate constant were floated to give the quoted least-squares value for the pseudo-

first-order rate constant kobsd in the octacarbonyl cluster and the first-order rate constant k in the 

nonacarbonyl cluster.  

     The quoted activation parameters for the conversion of HOs3(CO)9[ -PhP(C6H4)CH2PPh2] to 

Os3(CO)10(dppm) were calculated from a plot of ln(k/T) versus T
-1

,
37

 with the error limits 

representing the deviation of the data points about the least-squares line of the Eyring plot. 

2.5 Computational Methodology 

     The potential energy surface (PES) calculations for the carbonylation reactions reported here 

were carried out in collaboration with Professor Michael B. Hall and Dr. Jason M. Keith of the 

Department of Chemistry, Texas A&M University, College Station.  These calculations were 

performed with the hybrid DFT functional B3LYP, as implemented by the Gaussian 03 

programming package.
38

  This functional utilizes the Becke 3-parameter exchange functional 

(B3),
39

 combined with the correlation functional of Lee, Yang and Par (LYP),
40

 and is known to 

produce good descriptions of reaction profiles for transition metal containing compounds.
41,42

  

Further  modeling details may be found in the literature.
43
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Chapter I.3 

Results and Discussion 

3.1 Carbonylation Kinetics for the Conversion of HOs3(CO)8[ -PhP(C6H4)CH2PPh2] to 

HOs3(CO)9[ -PhP(C6H4)CH2PPh2]  

     The reaction between Os3(CO)10(NCMe)2 and dppm ligand proceeds rapidly at room 

temperature to furnish Os3(CO)10(dppm) as the predominate product.  Other preparations involve 

the addition of dppm to Os3(CO)10(η
4
-cis-C4H6) and the reaction between Os3(CO)12 and dppm 

ligand under electron-transfer catalysis.
44,45

  Refluxing Os3(CO)10(dppm) in toluene affords 

HOs3(CO)9[ -PhP(C6H4)CH2PPh2] as a result of CO loss and ortho metalation of the 

diphosphine ligand.  HOs3(CO)9[ -PhP(C6H4)CH2PPh2]  presumably derives from the 

unsaturated cluster Os3(CO)9(dppm), which serves as the platform for the observed ortho-

metalation product.  HOs3(CO)9[ -PhP(C6H4)CH2PPh2] is unstable under the thermolysis 

conditions and rapidly loses one more CO to afford the 46e cluster HOs3(CO)8[ -PhP(C6H4-

2)CH2PPh2].  This 46e cluster is unique since it was one of the earliest structurally characterized 

unsaturated clusters that contains a formal osmium-osmium double bond that is bridged by the 

metalated phenyl group, as depicted in Scheme 1.
24

  The reversible nature of the ortho metalation 

of a phenyl ring in Scheme 1 is very important in the sequential carbonylation and 

decarbonylation steps.  Initial attempts to measure the rate of CO loss from Os3(CO)10(dppm) 

and HOs3(CO)9[ -PhP(C6H4)CH2PPh2] were complicated by the fact that each cluster product 

from decarbonylation is extremely sensitive to the liberated CO in solution. This leads to 

uncertainty in the computed rate constants, since the back reaction between the liberated CO and 

the resulting decarbonylation product will affect the true rate for the disappearance of 

Os3(CO)10(dppm) and HOs3(CO)9[ -PhP(C6H4)CH2PPh2] for these reactions when monitored by 
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IR or UV-vis spectroscopy.  Under these conditions, the determined rate constants serve as a 

lower limit for the true loss of CO from the starting cluster.  Control experiments conducted 

under 1 atm CO confirmed this suspicion regarding the sensitivity of the decarbonylation 

products from Os3(CO)10(dppm) and HOs3(CO)9[ -PhP(C6H4)CH2PPh2] to external CO.  

Thermolysis of Os3(CO)10(dppm) under CO resulted in no perceptible spectral changes when 

monitored by IR spectroscopy, while HOs3(CO)9[ -PhP(C6H4)CH2PPh2] reacted with CO to 

afford Os3(CO)10(dppm) in essentially quantitative yield. 

     Accordingly, the mechanistic details on the ortho-metalation reaction were examined by 

starting from the clusters HOs3(CO)8,9[ -PhP(C6H4)CH2PPh2] and studying the carbonylation 

reaction of each cluster.  The reaction between HOs3(CO)8[ -PhP(C6H4)CH2PPh2] and excess 

CO proceeds rapidly in toluene to give the saturated cluster HOs3(CO)9[ -

PhP(C6H4)CH2PPh2];
46

  no conversion of the initially formed carbonlyation product 

HOs3(CO)9[ -PhP(C6H4)CH2PPh2] to Os3(CO)10(dppm) was observed during the time scale of 

these reactions.  The progress of these reactions was easily monitored by UV-vis spectroscopy by 

following the decrease in the absorbance of the 388 nm band of the starting octacarbonyl cluster.  

The pseudo-first-order rate constants for the first carbonylation step are listed in Table 2.   The 

carbonylation reactions were examined over temperature range of 288-316 K.  An independent 

check of the value of kobsd measured using the 388 nm band of HOs3(CO)8[ -PhP(C6H4)CH2PPh2] 

at 288.1 K (entry 1) was also performed by carrying out one experiment using the weak visible 

band at 600 nm displayed by HOs3(CO)8[ -PhP(C6H4)CH2PPh2] (entry 2).
47

  Here the 

carbonylation product, HOs3(CO)9[ -PhP(C6H4)CH2PPh2], is non-absorbing at this wavelength 

(600 nm), and this ensures that the measured rate of the reaction truly reflects the consumption of 

the HOs3(CO)8[ -PhP(C6H4)CH2PPh2] cluster.  Figure 6 illustrates the UV-vis spectral changes 
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Table 2.  Experimental Rate Constants for the Carbonylation of HOs3(CO)8[ -

PhP(C6H4)CH2PPh2] to HOs3(CO)9[ -PhP(C6H4)CH2PPh2] in Toluene
a 

              

Entry Temp (K) CO pressure (atm) 10
4
kobsd (s

-1
) 

        

1 288.1 1.0 5.30(3) 

2 288.1 1.0 5.23(2)
b 

3 288.1 17.0 39.3(1) 

4 288.1 34.0 64.1(3) 

5 293.2 1.0 7.26(2) 

6 301.5 1.0 13.2(5) 

7 307.9 1.0 23.2(5) 

8 316.2 1.0 40.3(8) 

 

a
The UV-vis kinetic data were collected using a ca. 10

-4
 M solution of HOs3(CO)8[ -

PhP(C6H4)CH2PPh2] by following the decrease in the absorbance of the 388 nm band, unless 

otherwise noted.  
b
Reaction carried out using a ca. 10

-3
 M solution of HOs3(CO)8[ -

PhP(C6H4)CH2PPh2] by following the decrease in the absorbance of the 600 nm band. 
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for the carbonylation reaction under 1 atm CO and 288 K, with the inset depicting the least-

squares fit of the pseudo-first-order rate constant (kobsd) and the absorbance data.   

     The effect of CO on the carbonylation of HOs3(CO)8[ -PhP(C6H4)CH2PPh2] to 

HOs3(CO)9[ -PhP(C6H4)CH2PPh2] was also investigated in more detail at a constant temperature 

(288 K).  The reaction rate was found to be dependent on the concentration of CO, as confirmed 

by entries 3 and 4 in Table 2, which represent reactions carried out at CO pressures of 17 atm and 

34 atm, respectively.  Graphical analysis of the 288 K data in terms of a plot of kobsd versus [CO] 

(Figure 8) confirmed the dependence of the carbonylation rate on the [CO] and afforded a 

second-order rate constant of 23.9(3)e
-3

 M
-1

 s
-1

.  As mentioned earlier, the first carbonylation step 

proceeds readily, and attempts to measure the rate of the reaction at higher temperatures as a 

function of [CO] were judged impracticable using the available UV-vis spectrophotometer.
48

  

The kinetic data suggest a second-order reaction for the first carbonylation step and are 

consistent with a reaction that is first order in cluster and CO.  The rate-determining step was 

initially assumed to involve the direct attack of CO on the cluster, coupled with the concerted 

conversion of the di-metalated aryl moiety to an η
1
-aryl group.  Figure 7 demonstrates this 

transformation, where the rate law obeys the form: 

 

rate = k1[cluster][CO] 
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Figure 6.  UV-vis spectral changes for HOs3(CO)8[ -PhP(C6H4)CH2PPh2] in the presence of CO 

(1 atm) in toluene at 288.1 K.  The inset shows the absorbance data versus time for the 

experimental data (■) and the nonlinear regression fit of the pseudo-first-order rate constant kobsd 

(solid red line). 
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Figure 7. The carbonylation of HOs3(CO)8[ -PhP(C6H4)CH2PPh2] to HOs3(CO)9[ -

PhP(C6H4)CH2PPh2]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.  A plot of kobsd obtained from the first carbonylation at 288.1 K versus [CO]. 
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     The simple association of CO to the osmium center which contains only two carbonyl groups 

shown in Figure 7 is kinetically valid provided the di-metalated phenyl moiety remains 

coordinated to both metals.  However, if the phenyl moiety is fluxional in terms of a reversible 

dissociation/association process with regard to the Os(CO)2 center, this would expose the 

Os(CO)2 center to attack by CO in the “opened” cluster HOs3(CO)8[ -PhP(C6H4-
1
)CH2PPh2].  

The coordinative flexibility on the part of the metalated aryl moiety would be similar to a 

windshield wiper motion, and this type of motion has been observed in non-classical norbornyl 

cations and the migratory behavior of a wide variety of ligands in di- and polynuclear 

compounds.
49,50

  Scheme 2 demonstrates this situation and shows the expected rate law derived 

from the steady-state approximation (d[cluster B]/dt = 0) for the capture of CO by HOs3(CO)8[ -

PhP(C6H4-
1
)CH2PPh2] (cluster B),

51
 which is kinetically indistinguishable from the elementary 

second-order process depicted in Eq 2.  A distinction between the two mechanisms is possible 

based on the effect of [CO], provided saturation kinetics can be observed.  While the mechanism 

in Eq 2 will always show a first-order dependence on [CO], steady-state considerations predict 

that the carbonylation will actually become independent of the attacking ligand at a high enough 

concentration of CO.  In the case of saturation regime (k2[CO] >> k-1), the reaction will reduce to 

a simple first-order reaction (rate = k1[cluster A]).  Given the extremely rapid nature of this 

carbonylation, this concept cannot be experimentally tested in the present case. 

     The two possible carbonylation mechanisms were investigated by DFT calculations.  Several 

important DFT studies have demonstrated the ability to clarify multistep reaction mechanisms 

involving ligand activation at different polynuclear ruthenium and osmium clusters.
52

  The 

geometry-optimized structures for HOs3(CO)8[ -PhP(C6H4)CH2PPh2] (A1) and HOs3(CO)9[ -

PhP(C6H4)CH2PPh2] (B1) were computed by DFT calculations.  These structures are shown in  
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Scheme 2. The coordinative flexibility on the part of the metalated aryl moiety of HOs3(CO)8[ -

PhP(C6H4-
1
)CH2PPh2]. 

 

 Figure 9, with the computed structure of A1 in good agreement with the experimentally 

determined X-ray diffraction structure.
24

  Moreover, the calculated structure of B1, whose X-ray 

structure is unknown, is consistent with the formulated structure, especially with respect to the 

bond distances and angles exhibited by the metalated 
1
-aryl moiety and the capping of the 

triangular Os3 face by the 5e PhP(C6H4)CH2PPh2 donor ligand in the phosphine-substituted 

derivative HOs3(CO)8(PPr
i
3)[μ-PhP(C6H4)CH2PPh2].

24b
   

     While the direct addition of CO to the Os(CO)2 center in A1 seemed a promising route to B1, 

all attempts to find a concerted transition state in this process either failed or collapsed to the 

product.  The direct addition of CO to species A1 does not occur.  The dissociation of the Os-

C(aryl) bond in A1 was next examined.  The conversion of the 2-aryl group in A1 to an 
1
-aryl 

group in A2 leads to the generation of a vacant coordination in one of the osmium atoms. The 

resulting species HOs3(CO)8[ -PhP(C6H4-
1
)CH2PPh2] closely resembles the structure of B1  
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Figure 9.  Optimized B3LYP structures for intermediates A1, A2, and B1 and transition states 

TSA1A2 and TSA2B1. 
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except for the missing CO group. The A1  A2 transformation is endergonic by ca. 13 kcal/mol.   

Figure 10 shows the free-energy profile for the conversion of A1 to B1, accompanied with the 

relevant transition states TSA1A2 and TSA2B1, whose optimized geometries are depicted in 

Figure 9.  TSA1A2 corresponds to the breaking of the Os-C(aryl) bond as the dimetalated aryl 

cluster transforms to the η
1
 isomer and resembles species A2 to a high degree.  The barrier from 

A1 to TSA1A2 is 18.5 kcal/mol. The addition of CO to A2 leads to TSA2B1 with a ΔG
≠
 value of 

21.5 kcal/mol relative to A1.  TSA2B1 is an early transition state and resembles A2 with the 

distant CO moiety approaching the Os(CO)2 center from the exposed polyhedral face of the 

cluster.  TSA2B1 corresponds to the rate-determining step for the overall process and is in full 

agreement with the reaction kinetics and the sequence of events depicted in Scheme 2. 

3.2 Carbonylation Kinetics for the Conversion of HOs3(CO)9[ -PhP(C6H4)CH2PPh2] to 

Os3(CO)10(dppm).   

     The reversible carbonylation reaction leading to Os3(CO)10(dppm) proceeds cleanly and 

without the presence of spectroscopically observable intermediates in toluene over the 

temperature range of 317-340 K.  These data confirm that the important reductive coupling step 

that regenerates the aryl C-H bond in the dppm ligand is reversible.  The kinetics for the 

conversion of HOs3(CO)9[ -PhP(C6H4)CH2PPh2] to Os3(CO)10(dppm) were examined by  

UV-vis spectroscopy under CO (excess) by monitoring the increase in absorbance of the 358 or 

425 nm band belonging to Os3(CO)10(dppm).  The UV-vis spectral changes for the reaction of 

HOs3(CO)9[ -PhP(C6H4)CH2PPh2] with CO at 334 K are illustrated in Figure 11, with the inset 

showing the nonlinear least-squares fit of the first-order rate constant (k) as a function of the 

absorbance data verses time.  The first-order rate constants for these reactions are quoted in Table 

3.  Examination of entries 3-5 confirms that the rate of the carbonylation reaction is independent  



34 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.  Free-energy profile for conversion of A1 to B1 in the presence of added CO.  Energy 

values are ΔG’s in kcal/mol with respect to A1. 
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of added CO, and this supports a process that is first order in starting cluster and in agreement 

with the rate law: 

rate = k1[cluster] 

      

     The Eyring activation parameters calculated for this carbonylation step are H
≠
 = 24.5(6) 

kcal/mol and S
≠
 = -1(2) cal/(mol·K), which are comparable to those data found by Richmond’s 

group in the carbonylation of HOs3(CO)9[ -PhP(C6H4)C=C(PPh2)C(O)CH2C(O)] to 

Os3(CO)10(bpcd),
29,53

 where compelling kinetic evidence was presented for the formation of -

complex as an intermediate before the rate-determining release of the unsaturated cluster 

Os3(CO)9(bpcd) (see Figure 5).  These data are also similar to these values reported by Bergman 

for the reductive coupling of benzene from the dinuclear compound Cp*2Ir2(Ph)( -H)(
1
,

3
-

C3H4), which presumably proceeds via the arene complex Cp*2Ir2(
2
-benzene)(

1
,

3
-C3H4) prior 

to the release of benzene and formation of the 32e species Cp*2Ir2(
1
,

3
-C3H4) in the rate-

limiting step.
54

   

3.3 Synthesis of dppm-d8ortho and Deuterium Isotope Effects in the Carbonylation of 

DOs3(CO)8,9[ -(Ph-d2ortho)P(C6H3D)CH2PPh2-d4ortho].   

     The isotope effect on the reductive coupling step that accompanies the reformation of 

Os3(CO)10(dppm) from HOs3(CO)9[ -PhP(C6H4)CH2PPh2] was investigated by using an 

isotopically labeled dppm ligand where all of the ortho hydrogen atoms were substituted by 

deuterium atoms.  Scheme 3 shows the originally planned (route A) and revised (route B) 

synthetic protocols to the needed 2,6-dideuteroaniline.  The selective introduction of deuteriums 

at the ortho positions on the phenyl rings in the dppm ligand was inspired by the carboxylate- 

directed reductive debromination process reported by Schlosser.
55,56

   After several attempts, it  
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Figure 11.  UV-vis spectral changes for HOs3(CO)9[ -PhP(C6H4)CH2PPh2] in the presence of 

CO (1 atm) in toluene at 334.0 K.  The inset shows the absorbance data versus time for the 

experimental data (■) and the nonlinear regression fit of the first-order rate constant k (solid red 

line).
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Table 3.  Experimental Rate Constants for the Carbonylation of HOs3(CO)9[ -

PhP(C6H4)CH2PPh2] to Os3(CO)10(dppm) in Toluene
a 

              

Entry Temp (K) CO pressure (atm) 10
5
k (s

-1
) 

        

1 317.2 1.0 4.38(7) 

2 323.0 1.0 9.59(9) 

3 328.5 1.0 20.5(3) 

4 328.5 17.0 16.8(3) 

5 328.5 34.0 23.2(6) 

6 334.0 1.0 31.3(4) 

7 339.8 1.0 69(6) 

 

a
The UV-vis kinetic data were collected using a 8.73 x 10

-3
 M solution of HOs3(CO)8[ -

PhP(C6H4)CH2PPh2] by following the increase in the absorbance of either the 358 or 425 nm 

bands. 
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Scheme 3. The synthetic routes of isotopically labeled dppm ligands. 
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was found that route A will not only take more time due to the extra number of steps, but it will 

also be cost prohibitive since the starting material and the TMP reagent are quite expensive.  The 

required dppm-d8ortho ligand was successfully prepared according to the superior method of the 

route B outlined in Scheme 3, with the introduction of the ortho deuteriums was achieved 

through a modification of Schlosser’s methodology.  The undesirable incorporation of the 

original amine hydrogens into the ortho sites of the desired 2,6-dideuteroaniline during the 

reductive debromination was minimized by using 2,6-dibromoaniline-d2, which was prepared by 

several H/D exchange cycles between MeOD and 2,6-dibromoaniline.  Here the amino group 

could be prepared in >98% isotopic purity as assessed by 
1
H NMR.

57
  This material was 

immediately treated with 10% NaOD/D2O in the presence of powdered zinc metal to afford 2,6-

dideuteroaniline.  The 2,6-dideuteroaniline was diazotized and then converted to 2,6-dideutero-

iodobenzene under Sandmeyer-type reaction conditions using KI.  The mass spectrum of the 

latter compound revealed a molecular ion two mass units greater than iodobenzene, consistent 

with the introduction of two deuterium atoms.  Lithiation of iodobenzene-d2ortho, followed by the 

addition with PCl3, gave PPh3-d6ortho in an overall yield of 30%.  This material was characterized 

by 
1
H and 

31
P NMR spectroscopy, and the solution NMR data was comparable with the spectral 

data recorded for PPh3.  As expected, the small upfield shift found for the 
31

P resonance of the 

d6-isotopomer relative to PPh3-d0 is due to the presence of deuteriums on the phenyl rings of 

PPh3-d6ortho, as shown  in Figure 14.  The synthesis of PPh3-d6ortho has been previously reported 

by Parshall, using the metal-catalyzed deuteration of PPh3 with D2 gas.
58

  The present procedure 

is preferred for the large-scale synthesis of PPh3-d6ortho because it does not promote the 

degradation of the phosphine ligand through P-C bond cleavage and it eliminates the incomplete 

deuteration of the ortho sites found by Parshall.  Finally, the reductive cleavage of one of the 
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P-Ph bonds in PPh3-d6ortho was executed by using Na in liquid NH3, followed by neutralization of  

the NaPh-d2ortho with one equivalent NH4Cl.  Treatment of the remaining NaPPh2-d4ortho with 0.5 

equivalent CH2Cl2  furnished dppm-d8ortho in good yield.  The 
1
H NMR spectrum of dppm-d8ortho 

recorded in C6D6 showed no detectable ortho hydrogens on the aryl rings, and the ESI mass 

spectrum showed a m/z peak at 393.47 for the species [M+H]
+
.   

     Figures 12-15 show selective NMR spectra for some of intermediates used in the synthesis of 

the isotopically labeled phosphines, along with the protiated phosphine ligands PPh3 and dppm.  

The isotopically labeled cluster Os3(CO)10(dppm-d8ortho) was next synthesized from 

Os3(CO)10(MeCN)2 and dppm-d8ortho in 68% yield.  The product was isolated by flash-column 

chromatography and was characterized by NMR spectroscopy, as shown in Figure 16, and by 

mass spectrometry, with the latter data in accord with the formulated structure.  The recorded 
1
H 

NMR spectrum of Os3(CO)10(dppm-d8ortho) showed no ortho hydrogens over the region of 7.2 to 

7.3 ppm, and the 
31

P NMR spectrum of Os3(CO)10(dppm-d8ortho) revealed a singlet at -28.14 ppm 

that is slightly upfield from the recorded 
31

P singlet of Os3(CO)10(dppm) measured under 

identical conditions.  Controlled thermolysis of Os3(CO)10(dppm-d8ortho) in toluene above 110 C 

led to the loss of two CO groups and formation of the deuteride cluster DOs3(CO)8[ -(Ph-

d2ortho)P(C6H3D)CH2PPh2-d4ortho].  This isolated material was judged to be very pure by 
1
H and 

31
P NMR spectroscopy (Figures 17 and 18), with no evidence for the presence of ortho 

hydrogens in the 
1
H NMR spectrum when compared with the protiated isotopomer.  No hydride 

coupling was observed in the gated decoupled 
31

P NMR spectrum of deuterized cluster, again 

confirming the absence of a bridging hydride ligand.
59

  The absence of  latter ligand is important 

as it eliminates a scenario involving the proton/deuteron exchange between the chromatographic 

support and the isotopically labeled cluster,
60,61

 a process that has been observed in the  
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Figure 12.  
1
H NMR spectra of 2,6-dideuteroaniline, 2,6-dideutero-iodobenzene, PPh3-d6ortho, and 

dppm-d8ortho in C6D6.   All spectra were recorded under comparable conditions. 
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Figure 13.  
13

C NMR spectra of 2,6-dideutero-iodobenzene and 2,6-dideuteroaniline in C6D6. 
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Figure 14. 
31

P NMR spectra of triphenylphosphine and PPh3-d6ortho in C6D6. 
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Figure 15.  
31

P NMR spectra of dppm and dppm-d8ortho in C6D6. 
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Figure 16.  
1
H and 

31
P NMR spectra of Os3(CO)10(dppm) and Os3(CO)10(dppm-d8ortho) in C6D6. 
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Figure 17.  
1
H NMR spectra of HOs3(CO)8[ -PhP(C6H4)CH2PPh2] and  

DOs3(CO)8[ -(Ph-d2ortho)P(C6H3D)CH2PPh2-d4ortho] in C6D6. 
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Figure 18.  
31

P NMR spectra of HOs3(CO)8[ -PhP(C6H4)CH2PPh2] and  

DOs3(CO)8[ -(Ph-d2ortho)P(C6H3D)CH2PPh2-d4ortho] in C6D6. 
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purification of some metal cluster compounds. 

     Treatment of DOs3(CO)8[ -(Ph-d2ortho)P(C6H3D)CH2PPh2-d4ortho] with CO at 5 C furnished 

DOs3(CO)9[ -(Ph-d2ortho)P(C6H3D)CH2PPh2-d4ortho] in quantitative yield, which was 

characterized by 
1
H and 

31
P NMR spectroscopy. The NMR data of the nonacarbonyl cluster is 

consistent with the formulated structure, and selective NMR spectra are shown in Figures 19 and 

20.  The 
1
H NMR confirmed the absence of ortho hydrogens and a bridging hydride ligand 

compared with the protiated isotopomer, and the 
31

P NMR spectrum of DOs3(CO)9[ -(Ph-

d2ortho)P(C6H3D)CH2PPh2-d4ortho] revealed an upfield shift of the 
31

P chemical shifts due to the 

presence of deuterium atoms in the ligand.  

     The carbonylation of DOs3(CO)8[ -(Ph-d2ortho)P(C6H3D)CH2PPh2-d4ortho] to DOs3(CO)9[ -

(Ph-d2ortho)P(C6H3D)CH2PPh2-d4ortho] was investigated in duplicate at 288.1 K under 1 atm CO, 

in a manner identical to that utilized for the protiated isotopomer.  The progress of these 

carbonylation reactions was monitored by following the decrease in the absorbance of the 388nm 

or 600nm absorbance bands of the starting cluster.  Two independent carbonlyation experiments 

were performed, and each displayed well-behaved pseudo-first-order decay curves for the 

starting cluster, from which the average kobsd value of 5.16(2)e
-4

 s
-1

 was computed.
62

  This latter 

value compares well with the kobsd value of 5.23(2)e
-4

 s
-1

 obtained from the d0-isotopomer (Table 

2), and this confirms the absence of any significant isotope effect in the first-carbonylation step. 

The insensitivity of the rate constants to isotopic substitution reinforces a mechanism that does 

not contain significant C-D/ C-H bond making or breaking in the rate-limiting step, as outlined in 

Scheme 2. 

     The carbonylation of DOs3(CO)9[ -(Ph-d2ortho)P(C6H3D)CH2PPh2-d4ortho] to Os3(CO)10(dppm-

d8ortho) was also investigated by UV-vis spectroscopy at 323.0 K and 334.0 K under 1 atm CO.   
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Figure 19.  
1
HNMR spectra of HOs3(CO)9[ -PhP(C6H4)CH2PPh2] and 

DOs3(CO)9[ -(Ph-d2ortho)P(C6H3D)CH2PPh2-d4ortho] in C6D6. 
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Figure 20.  
31

P NMR spectra of HOs3(CO)9[ -PhP(C6H4)CH2PPh2] and 

DOs3(CO)9[ -(Ph-d2ortho)P(C6H3D)CH2PPh2-d4ortho] in C6D6.  

 

 

 

 

 



51 

 

The progress of these reactions was monitored by following the increase in the absorbance of the 

425 nm assigned to Os3(CO)10(dppm-d8ortho).  The first-order rate constants of 19.1(2)e
-5

 s
-1

 (323 

K) and 62.4(5)e
-5

 s
-1

 (334 K) measured for the consumption of DOs3(CO)9[ -(Ph-

d2ortho)P(C6H3D)CH2PPh2-d4ortho] are faster than those reactions that employed the d0-isotopomer 

(Table 3), resulting in an inverse isotope effect of 0.50 at both temperatures.  The observed 

inverse isotope effect may be explained by a reductive coupling sequence that contains a pre-

equilibrium step(s) that exhibits an inverse equilibrium isotope effect (EIE), followed by a rate-

determining release of a -coordinated aryl group that is isotope-insensitive (i.e., K·k).
16b,e,63,64

  

The inverse isotope effect is best described by the reaction coordinate depicted in Figure 21.  

Using the deuterated isotopomer for illustrative purposes, the formation of the aryl C-D bond 

through reductive coupling would yield the pre-equilibrium complex Os3(CO)9[ -(Ph-

d2ortho)P(C6H3D2- )CH2PPh2-d4ortho], whose phenyl ring must remain coordinated to the osmium 

atom at the position responsible for ortho metalation.
65

  Such a multistep scenario is predicted to 

display an inverse EIE when the vibrational frequencies of the participant atoms are taken into 

account.
66

  The transfer of the deuteride ligand from the osmium metal to the ortho carbon atom 

leads to a stronger aryl C-D bond relative to the osmium-deuteride bond in DOs3(CO)9[ -(Ph-

d2ortho)P(C6H3D)CH2PPh2-d4ortho], and the faster reductive coupling experimentally found for the 

deuterated isotopomer stems from its greater pre-equilibrium concentration of Os3(CO)9[ -(Ph-

d2ortho)P(C6H3D2)CH2PPh2-d4ortho] relative to Os3(CO)9[ -PhP(C6H5)CH2PPh2].
67

  Scheme 4 

illustrates the reductive coupling reaction leading to Os3(CO)9(dppm).  The conformational 

change involving the conversion of one of axial phosphine to an equatorial disposed phosphine 

occurs in the rate-determining step, as established by DFT calculations.  The basics of this 

scenario have been shown to be operative in the carbonylation of HOs3(CO)9[ -
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PhP(C6H4)C=C(PPh2)C(O)CH2C(O)] to Os3(CO)10(bpcd),
29

 and those mononuclear compounds 

that display a dissociative loss of an alkane and arene from hydrido(alkyl) and hydrido(aryl) 

precursors.
63,68

  In the latter examples, transient metal-bound -alkane and -arene complexes 

have been unequivocally demonstrated as active participates in the rate-determining step of 

reductive coupling reactions. 

 

 

 

Scheme 4. The reductive coupling reaction leading to Os3(CO)10(dppm) 
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Figure 21. Representative reaction coordinate for the multistep conversion of cluster A to D 

(according to scheme 4) in the presence of CO. 
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3.4 NMR Evidence for Low-Energy H/D Scrambling in Ortho Metalation.   

     In order to establish the existence of a labile -arene (or agostic C-H) compound as an 

intermediate that precedes ortho metalation on the reaction coordinate, additional experiments 

were conducted by employing NMR spectroscopy.  Theoretically, by studying the ortho-

metalation step (i.e., oxidative coupling) with a suitably labeled isotopomer of Os3(CO)10(dppm) 

under kinetically and thermodynamically controlled reaction conditions, the testing of a transient 

/agostic species may be achieved.  Here precious information may be obtained concerning the 

reversibility of C-H versus C-D bond activation at the unsaturated Os3(CO)9(dppm) cluster.  To 

test this point, the isotopically substituted ligand dppm-d4ortho was prepared, whose ortho sites on 

each phenyl ring contain one hydrogen and one deuterium.  Starting from 2-bromoaniline and 

following the same methodology that was outlined in the synthesis of the dppm-d8ortho ligand, the 

desired diphosphine dppm-d4ortho was successfully prepared in an overall yield of 42%.  The 

synthetic details for dppm-d4ortho are depicted in Figure 22, and several NMR spectra of 

intermediates and the final ligand are shown in Figures 23-25.  The mass spectral data recorded 

for dppm-d4ortho are consistent with the formulated structure. 

 

 

 

 

Figure 22. The synthetic route of dppm-d4ortho. 
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     The reaction of Os3(CO)10(MeCN)2 with dppm-d4ortho afforded the deuterated cluster 

Os3(CO)10(dppm-d4ortho) in 72% yield after recrystallization, which was characterized by 
1
H and 

31
P NMR spectroscopy (Figure 26) and mass spectroscopy.  This deuterium-labeled cluster 

serves as an ideal platform for the examination of the kinetic selectivity accompanying the ortho 

metalation, provided the unsaturated cluster Os3(CO)9(dppm-d4ortho), the presumed precursor to 

the /agostic complex, can be generated under mild conditions.  While thermolysis of 

Os3(CO)10(dppm-d4ortho) at temperatures above 110 C is expected to result in the loss of CO and 

the formation of Os3(CO)9(dppm-d4ortho), the harsh conditions will result in a thermodynamic 

mixture of the corresponding hydride and deuteride clusters HOs3(CO)9[ -(Ph-

d1ortho)P(C6H3D)CH2PPh-d2ortho] and DOs3(CO)9[ -(Ph-d1ortho)P(C6H4)CH2PPh-d2ortho].  No 

information concerning the kinetic aspects of the ortho metalation may be obtained under these 

conditions. 

     The photolysis of Os3(CO)10(dppm) to HOs3(CO)9[ -PhP(C6H4)CH2PPh2] was initially 

evaluated as a potential route to the unsaturated Os3(CO)9(dppm) before conducting any 

experiments with the isotopically substituted cluster Os3(CO)10(dppm-d4ortho).  Near-UV 

photolysis of Os3(CO)10(dppm) in benzene-d6 in sealed NMR tubes at room temperature 

produced only trace evidence for ortho metalation.  Purging the reaction solution with nitrogen 

gas assists to remove the liberated CO from solution during photolysis and facilitates the 

formation of the ortho-metalated product.  Near-UV irradiation of a sample of Os3(CO)10(dppm) 

without an active purge of inert gas gave only ca. 5% of product after 24 hours. The low 

conversion and time scale for the reaction were not considered practical.  The requirement of an 

inert purge during photolysis indicates that the unsaturated cluster Os3(CO)9(dppm) effectively 

scavenges the liberated CO.  Accompanying the formation of the expected ortho-metalation  
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Figure 23. 
1
H NMR spectra of 2-deuteroaniline, 2-deutero-iodobenzene, PPh3-d3ortho, and dppm-

d4ortho in C6D6. 
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Figure 24.  
13

C NMR spectra of 2-deuteroaniline and 2-deutero-iodobenzene in C6D6. 

 

 

 

 

 

 

NH2

DH

I

DH



58 

 

 

 

 

 

 

Figure 25.  
31

P NMR spectra of PPh3-d3ortho, and dppm-d4ortho in C6D6. 
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Figure 26. 
1
H (top) and 

31
P NMR (bottom) spectra of Os3(CO)10(dppm-d4ortho) in C6D6. 
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product HOs3(CO)9[ -PhP(C6H4)CH2PPh2] is the cluster HOs3(CO)8[ -PhP(C6H4)CH2PPh2], 

which presumably derives from the photochemically promoted loss of CO in the corresponding 

nonacarbonyl cluster. This assumption was subsequently confirmed by a control experiment 

where HOs3(CO)9[ -PhP(C6H4)CH2PPh2] was irradiated under similar conditions and found to 

give the octacarbonyl cluster.  Although no quantum limits have been determined for these 

reactions, qualitatively HOs3(CO)9[ -PhP(C6H4)CH2PPh2] appears to be more photosensitive 

than Os3(CO)10(dppm) regarding CO loss.  The cluster Os3(CO)10(dppm) is extremely 

photosensitive to 254 nm light, and the cluster compounds HOs3(CO)8,9[ -PhP(C6H4)CH2PPh2] 

were observed as the major products under controlled photolysis (i.e., short irradiation times and 

active CO purge).  

     One more experimental aspect had to be established before the ortho-metalation study using 

Os3(CO)10(dppm-d4ortho) could be conducted. The unequivocal characterization of the hydride 

and deuteride clusters HOs3(CO)8,9[ -(Ph-d1ortho)P(C6H3D)CH2PPh-d2ortho] and DOs3(CO)8,9[ -

(Ph-d1ortho)P(C6H4)CH2PPh-d2ortho] needed to be established by 
1
H NMR spectroscopy.  In theory, 

NMR analysis using the hydrogens on the metalated aryl ring or the bridging hydride would 

permit a direct assessment of the isotopic composition of the ortho-metalation products 

HOs3(CO)9[ -(Ph-d1ortho)P(C6H3D)CH2PPh-d2ortho] and DOs3(CO)9[ -(Ph-

d1ortho)P(C6H4)CH2PPh-d2ortho] and the corresponding octacarbonyl hydride/deuteride clusters.  

The generation of the latter clusters is not expected to exhibit any significant change in the 

isotope ratio from the nonacarbonyl hydride/deuteride clusters since the conversion only 

involves a loss of CO.  Unfortunately, the chemical shift data for the aryl hydrogens on the 

metalated ring of the nonacarbonyl and octacarbonyl clusters have not been reported prior to this 

study.  This problem was overcome through a 
1
H COSY analysis of HOs3(CO)9[ -
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PhP(C6H4)CH2PPh2] and HOs3(CO)8[ -PhP(C6H4)CH2PPh2] recorded in toluene-d8, as exhibited 

in Figures 27 and 28, with the spectral assignments receiving additional validation from the 

NMR data of the dppm-d8 isotopomers of these clusters already recorded.  The structures 

accompanying Figures 27 and 28 report the 
1
H chemical shift data for the hydrogens on the 

activated aryl ring.  Both metalated clusters exhibit an ABKM-type spin system for the 

hydrogens on the metalated ring, where the lowest field resonance is confidently assigned to Ha.  

With the exception of Hc in HOs3(CO)8[ -PhP(C6H4)CH2PPh2], whose resonance is obscured by 

other aryl hydrogens, all of the metalated hydrogens appear as distinct resonances, and this 

allows these hydrogens to be used as internal markers in the determination the hydride/deutride 

isomer ratio of the ortho-metalation products generated from Os3(CO)10(dppm-d4ortho) during the 

irradiation. 

     Irradiation of Os3(CO)10(dppm-d4ortho) at 254 nm UV light in toluene-d8 for one hour at 275 K 

gave HOs3(CO)9[ -(Ph-d1ortho)P(C6H3D)CH2PPh-d2ortho] and DOs3(CO)9 [ -(Ph-d1ortho) 

P(C6H4)CH2PPh-d2ortho] in 8.8% combined yield and HOs3(CO)8[ -(Ph-

d1ortho)P(C6H3D)CH2PPh-d2ortho] and DOs3(CO)8[ -(Ph-d1ortho)P(C6H4)CH2PPh-d2ortho] in 12% 

combined yield based on the internal standard 1,4-di-t-butylbenzene.  No significant material 

loss was noted in this experiment.  The uncertainty in the reported percent yields and the 

hydride:deuteride ratios are conservatively estimated as  5%.  Integration of the upfield hydride 

resonance belonging to the clusters HOs3(CO)8,9[ -(Ph-d1ortho)P(C6H3D)CH2PPh-d2ortho] relative 

to any of the hydrogens on the metalated aryl ring also provides an independent check of the 

hydride:deuteride ratios in these two clusters.  Accurate integration information may be obtained 

only after waiting the customary delay period of five T1 between acquisitions.  The T1 values for 

the different hydrogens were determined by performing a standard inversion-recovery 
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Figure 27. 
1
H COSY spectrum of  HOs3(CO)9[ -PhP(C6H4)CH2PPh2] in toluene-d8. 
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Figure 28.  
1
H COSY spectrum of HOs3(CO)8[ -PhP(C6H4)CH2PPh2] in toluene-d8. 
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to any of the hydrogens on the metalated aryl ring also provides an independent check of the 

hydride:deuteride ratios in these two clusters.  Accurate integration information may be obtained 

only after waiting the customary delay period of five T1 between acquisitions.  The T1 values for 

the different hydrogens were determined by performing a standard inversion-recovery 

experiment on HOs3(CO)9[ -PhP(C6H4)CH2PPh2] and HOs3(CO)8[ -PhP(C6H4)CH2PPh2] in 

toluene-d8.  The T1 value measured from the bridging hydride group in these clusters is ca. 1.5 s 

and ca. 4.7 s, respectively.  The hydride:deuteride isomer ratio for both sets of products was 

found to be 67:33 in favor of the hydride cluster.  This ratio is identical to that value determined 

earlier by Richmond’s group in the thermally equilibrated ortho-metalated clusters obtained from 

Os3(CO)10(bpcd-d4ortho).
29

  Continued irradiation for an additional 1 h afforded the above 

products in ca. 15% and 38% yield, respectively, with an isomeric ratio of 70:30.  Moreover, no 

significant change in the hydride:deuteride ratio was observed in the cluster products after the 

sample was next briefly heated at 323 K.  The only noticeable reaction involved the conversion 

of some of the nonacarbonyl to the octacarbonyl cluster during thermolysis.  After heating, the 

NMR tube was charged with CO and allowed to sit overnight at room temperature in the dark.  

NMR analysis the following day revealed the presence of unreacted Os3(CO)10(dppm-d4ortho) and 

HOs3(CO)9[ -(Ph-d1ortho)P(C6H3D)CH2PPh-d2ortho] and DOs3(CO)9[ -(Ph-

d1ortho)P(C6H4)CH2PPh-d2ortho], as the octacarbonyl products were completely consumed.  The 

hydride:deuteride isotope ratio for the nonacarbonyl clusters was determined to be 72:28.  The 

photolysis reaction was also performed at 243 K with the expectation of kinetically stabilizing 

the initially formed ortho-metalation products before they could undergo equilibration. 

Irradiation of Os3(CO)10(dppm-d4ortho) for 3h, followed by NMR investigation at the same 

temperature, revealed the presence of HOs3(CO)8[ -(Ph-d1ortho)P(C6H3D)CH2PPh-d2ortho] and 
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DOs3(CO)8[ -(Ph-d1ortho)P(C6H4)CH2PPh-d2ortho] in ca. 5 % yield and an isotopic ratio of 70:30 

for the hydride:deuteride clusters.  The absence of nonacarbonyl products is attributed to their 

greater photochemical sensitivity, which in turn lose CO rapidly to afford the observed 

octacarbonyl clusters.  Finally, the photolysis was investigated at 201 K, however no ortho- 

metalation products were observed even after the sample was irradiated for an extended period of 

time.  The absence of ortho-metalation products at the lowest temperature may reflect an 

enhanced recombination of the released CO and Os3(CO)9(dppm-d4ortho).
69

 

     The conclusion that must be made from the above NMR experiments is the fact that the ortho-

metalation products have undergone thermal equilibration during the time scale of these 

reactions, and the initially formed products from C-H(D) bond activation must undergo a rapid 

and reversible equilibration via a labile cluster intermediate(s).  Scheme 5 outlines a reasonable 

scenario for the photolysis experiments.  Optical excitation of Os3(CO)10(dppm-d4ortho) is 

expected to lead to CO loss and formation of the unsaturated cluster Os3(CO)9(dppm-d4ortho).  

Because the ortho metalation requires the capping of one of the triangular Os3 faces by the 

diphosphine ligand, the ancillary diphosphine in the Os3(CO)10(dppm-d4ortho), which is initially 

equatorially disposed, must undergo an conformational change.  Therefore, a stereochemical 

change of both phosphorus atoms from equatorial to axial positions must occur prior to ortho 

metalation, a feature that is addressed by the DFT calculations presented in the next section. 
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Scheme 5. A reasonable scenario for the photolysis experiments. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Os

Os Os

Ph-d1
P

PPh2-d2

H

k(H)rc

k(H)oc

Os

Os Os

Ph-d1
P

PPh2-d2

H

Os

Os Os

Ph2-d2
P

PPh2-d2

D
D

Os

Os Os

Ph-d1
P

PPh2-d2

D

H

k(D)oc

k(D)rc

labile agostic complex
bifurcation junction

hv, -CO
several steps

Os3(CO)10(dppm-d4ortho)

Os

Os Os

PPh2-d2

PPh2-d2

unsaturated cluster
Os3(CO)9(dppm-d4ortho)

kdiss

RDS

-CO

Os

Os Os

Ph-d1
P

PPh2-d2

H

D

-CO

Os

Os Os

Ph-d1
P

PPh2-d2

D

H



67 

 

3.5 Calculation of the Mechanism for Ortho Metalation.   

     In collaboration with Professor Hall’s group at TAMU, computational calculations were 

performed in an effort to understand the carbonylation reaction of HOs3(CO)9[ -

PhP(C6H4)CH2PPh2] (species B1) with CO to give Os3(CO)10(dppm) (species C1).  The 

formation of B1 to C1 was found to occur in three distinct phases: 1) reductive coupling, 2) 

ligand rearrangement, and 3) CO capture.  Figure 29 shows the free-energy profile for this 

transformation leading to C1, with Figure 30 showing the DFT optimized geometric structures.  

The order of these steps is critical.  The labeling scheme for B1 that is shown in Scheme 6 will 

serve to aid the forthcoming DFT discussions. 

 

 

 

 

 

   

             Scheme 6.  B1 structure with the number labeling system in the aryl ring.  

 

     Reductive coupling of the C-H bond in B1 gives the agostic compound B2 by the way of the 

transition state TSB1B2.   Accompanying the formation of the C-H bond is the counterclockwise 

rotation of the Ph1 ring regarding the metallic plane, and this facilitates the reductive coupling 

step and allows the agostic bond to adopt a favorable orientation relative to the Os1 center.
70 

 The 

free-energy barrier for this first step is 20.5 kcal/mol.  A calculation performed on TSB1B2 

revealed an Os1-H1 distance of 2.093 Å and an Os1-H1-C1 bond angle of 109.0° in compound B2  
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Figure 29.  Potential energy surface for conversion of B1 to C1 in the presence of added CO.  Energy values are ΔG’s in kcal/mol with 

respect to A1 (B1).
73
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Figure 30.  Optimized B3LYP structures for the intermediates B2-B6 and C1 and the 

corresponding transition states. 
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that are in good agreement with the published criteria for an agostic M-C-H linkage.
71

  Although 

agostically bound substrates at mononuclear compounds are well-established, their observation 

in metal clusters is rare.  Species B2 is similar to TSB1B2 except for further tilting of the Ph1 

ring to 142° and an elongation of the Os1-C1 distance to 2.67 Å.  The C1-H1 bond distance of 

1.12 Å is only slightly longer than the C-H bond distance of 1.084(6) Å found in benzene.
72

  

Continued tilting of the Ph1 ring in B2 gives an aryl group that is nearly parallel to the triangular 

metallic plane and leads to the two distinct 
2
-  complexes B3 and B4.  The major difference 

between B3 and B4 involves the tripodal rotation of the ancillary CO groups at Os1 in the latter 

isomer that helps to assist the following CO migration about the Os1-Os3 vector leading to B5.  

The transition states TSB2B3 and TSB3B4 are slightly lower in energy than that of TSB1B2.  

The species from B1 to B4 and their transition states are all coordinatively saturated since they 

contain 48 valence electrons. 

     The second phase of the carbonylation reaction involves the conversion of B4 to B5.  Here the 

rearrangement of one of the phosphines in the dppm ligand takes place.  The TSB4B5 transition 

state between B4 and B5 represents the highest barrier in the overall process to C1.  TSB4B5 lies 

in energy above B1 by 21.6 kcal/mol and its computed value is in good agreement with the 

experimental G
≠

298 value of 25 kcal/mol, determined from the carbonylation of HOs3(CO)9[ -

PhP(C6H4)CH2PPh2] to Os3(CO)10(dppm).  The transformation from B4 to TSB4B5 is 

accompanied by significant ligand redistribution around the cluster polyhedron.  Here an in-

plane migration of two CO groups about the Os1-Os3 vector, coupled with the release of the -

bound arene moiety and an axial to equatorial change of the phosphine ligand at Os3, is revealed 

in the optimized structure of TSB4B5.  The exchange of CO groups about the Os1-Os3 vector is 

not surprising and, in fact, is a well-documented phenomenon based on 
13

C NMR studies 
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involving the fluxional behavior of CO ligands in numerous clusters.
74

  The existing axial 

phosphine moiety at Os2 relaxes to an equatorial position by an analogous process of CO 

exchange about the Os1-Os2 vector to afford species B6, which lies in energy above B1 by 5.2 

kcal/mol.  Capture of CO at the Os(1) center in B6 furnishes the final product C1. 

     The transition state TSB6C1 from B6 to C1 occurs early and is endergonic by ca. 10 kcal/mol 

compared to B6.  The optimized structure computed for C1 shows an excellent correspondence 

with the solid-state structure for Os3(CO)10(dppm).
75

  As discussed earlier, the rate-determining 

step for the conversion of B1 to C1 is TSB4B5, which displays an overall G
≠
 = 21.64 kcal/mol.  

The mechanistic pathway reveals a first-order dependence on B1 and is independent of CO, 

features that are in accord with the experimental data.  Moreover, isotopic replacement of H1 

with deuterium gives rise to an inverse isotope effect of 0.30 consistent with the experimentally 

measured isotope effect of 0.50.
76

  The nature of the agostic species in the pre-equilibrium, 

which was originally thought to involve only a single  intermediate, may now be thoroughly 

addressed.  The equilibria between species B1to B4 result in the observed and computed EIE, 

and the processes shown in Figure 29 satisfactorily account for the thermodynamic 

hydride/deuterium equilibration found in the photolysis of Os3(CO)10(dppm-d4ortho).  The 

transformation of B4 to B5 shows no significant isotope effect ( G
≠
 = 0.01 kcal/mol), as 

expected for a process that does not involve the breaking of isotopically sensitive bonds. 

     The direct addition of CO to B4 and the dynamics for the CO-promoted displacement of the 

-bound aryl moiety from the Os1 center were also considered.  Figures 31 and 32 illustrate 

aspects of these processes.  The CO addition to the Os1 center in B4 furnishes the transition state 

TSB4C2, which lies in energy above B1 by 25.9 kcal/mol and resembles those transition states 

computed for the addition of CO to A2 and B6.  This situation is similar to an associative 
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pathway where the rate-determining step involves the attack of CO on B4.
77

  Sequential in-plane 

migrations of axial CO groups across the Os1-Os2 and Os1-Os3 vectors afford C3 and C1, 

respectively, and these processes serve as the lowest energy pathway for the permutation of the 

two Ph2P moieties.  Since the computed G
≠
 value of 25.9 kcal/mol (TSB4C2) is close to that 

computed for the dissociative pathway involving B4 TSB4B5 ( G
≠
 = 21.6), the computed 

reaction profiles are mechanistically indistinguishable in the absence of kinetic data from the 

carbonylation reaction.
78

  Fortunately, the carbonylation kinetics confirmed the independence of 

CO on the reaction, allowing for the elimination of the associative path depicted in Figure 32. 
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Figure 31.  Fully optimized B3LYP structures for intermediates C2 and C3 and the 

corresponding transition states along the alternate pathway from B4 to C1. 
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Figure 32.  Potential energy surface for the alternative pathway involving the attack of CO on B4 

to give C1, including the lower energy in-plane migration and alternate tripodal rotation 

isomerization sequences. Energy values are ΔG’s in kcal/mol with respect to A1 (B1). 
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Chapter I.4 

Conclusion 

     The kinetics for the reaction of HOs3(CO)8[ -PhP(C6H4)CH2PPh2] with CO to furnish 

HOs3(CO)9[ -PhP(C6H4)CH2PPh2] have been investigated, and the reaction was found to be 

first-order in the starting cluster and CO, and the carbonylation does not show any noticeable 

isotope effect.  DFT calculations have proven to be very useful in terms of unraveling the 

carbonylation mechanism associated with the two kinetically indistinguishable processes 

supported by the carbonylation kinetics.  The dimetalated aryl moiety in HOs3(CO)8[ -

PhP(C6H4)CH2PPh2] is in equilibrium with the isomer containing an 
1
 metalated aryl group, and 

it is this transient species that is attacked by CO.  The carbonylation of HOs3(CO)9[ -

PhP(C6H4)CH2PPh2] to Os3(CO)10(dppm) has been shown to be independent of CO, and the 

reaction exhibits an equilibrium isotope effect of 0.50.  These data support a reductive coupling 

step involving a pre-equilibrium species prior to the rate-determining formation of unsaturated 

Os3(CO)9(dppm).  DFT calculations reveal that C-H bond reformation results in an agostic 

intermediate, accompanied by two discrete -aryl cluster species before the generation of the 

unsaturated cluster Os3(CO)9(dppm).  The energy barrier between the different agostic and  

intermediates is less than 5 kcal/mol, and this accounts for the kinetic instability displayed by 

these species.  The consistency between the experimental and computational data is remarkable.  

The marriage of experiment and DFT calculations gives extraordinary insight into a complex 

reaction involving bond-forming and/or bond-breaking at polynuclear metal clusters. 
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Chapter II.1 

Introduction 

     Acetic acid, CH3COOH, whose formal name is ethanoic acid, is an organic acid, that is also 

known as vinegar.  Because it is an important chemical reagent with diverse uses, there exists a 

huge demand for acetic acid as a starting material for a number of important commodity 

chemicals.  Prior to the commercialization of the Monsanto process in 1970, acetic acid was 

primarily produced by oxidation of acetaldehyde, the latter which is prepared from ethylene via 

the Wacker process.  Here the oxidation of ethylene to acetaldehyde by oxygen in water is 

accomplished in the presence of a tetrachloropalladate catalyst.
1
  The reaction works well but it 

uses expensive ethylene as a starting material.  In the Monsanto process, methanol and carbon 

monoxide react to produce acetic acid in the presence of the rhodium-based catalyst 

cis−[Rh(CO)2I2]
−
.  The Monsanto process is the preferred route to acetic acid since it employs 

methanol, which is less expensive relative to ethylene.  In the late 1990s, the iridium-based 

catalyst [Ir(CO)2I2]
−
 was developed by Cativa to produce acetic acid.  This iridium-catalyzed 

Cativa process is more efficient and has largely supplanted the Monsanto process as the primary 

route for the production of acetic acid.  Due to the development of the Monsanto
2
 and Cativa

3
 

processes for the synthesis of acetic acid, the Wacker process is much less important today then it 

was in the 1960s.  At present, most of the acetic acid industrially produced in the United States is 

based on methanol carbonylation technology. 

     It would be ideal if the synthesis of complex target molecules could be achieved quickly, 

quantitatively, and selectively by a simple operation(s) from available starting materials.  As a 

result, transition metal compounds are currently under intense investigation, largely due to their 

potential applications in catalysis.  The development of practical and effective cyclization 
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reactions for the syntheses of carbocycles and heterocycles of medicinal interest or intermediates 

useful for functional materials remains the subject of extensive research.  Among the numerous 

annulations reactions available for the synthesis of cyclic compounds, the power and efficiency 

of transition metal-promoted carbocyclization processes have been demonstrated in a number of 

syntheses yielding complex molecules and natural products.
4
  One such system utilizes the 

rhodium-based catalyst [Rh(COD)Cl]2, which has been shown to be an effective catalyst in the 

rapid construction of complex polycyclic systems.
5
  Figure 1 illustrates this concept in the 

synthesis of tricyclic compounds from enediynes and CO in the presence of the Rh(І) catalyst.
5d

 

 

 

 

 

 

 

      

 

 

 

Figure 1. The synthesis of tricyclic compounds by the Rh(І) catalyst. 
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production capacity more than 6.6×10
6
 tons of product produced per year.

7
  The mild and direct 

synthesis of aldehydes is important because the resulting aldehydes are very sensitive and easily 

converted into unwanted secondary products under autogeneous catalysis.  For example, the 

resulting aldehydes are known to undergo deleterious aldol and polymerization reacions at 

elevated temperature.  Typically, cobalt and rhodium are the principal metals employed as 

catalysts in industrial hydroformylations.  The original catalyst used in hydroformylation was 

HCo(CO)4, which is produced from Co(OAc)2 or Co2(CO)8.  Since the 1970’s, it is widely 

accepted that rhodium is by far the most active metal for the transformation of alkenes to 

aldehydes in the presence of syngas.
8
  Subsequent research has led to the development of water-

soluble catalysts that facilitate the separation of the organic products from the catalyst under 

environmentally friendly conditions.
9
  Bimetallic catalysts, in which the metal type and 

concentration can be used to tune catalytic performance, offer considerably more promise and 

remain under active investigation. 

     At present, numerous industrial processes utilize bimetallic alloy or nanoparticle catalysts for 

the production of commodity chemicals because of the superior catalytic activity with respect to 

the corresponding reactions conducted with the individual monometallic components.
10

  The 

addition of a second dissimilar metal to a metal catalyst can alter the catalytic performance to an 

extent not explained by a simple superposition of monometallic properties.  A possible 

interpretation of this behavior is an alteration in the electronic properties of each component due 

to bimetallic or alloy formation.
11

   

     Transition-metal clusters may serve as storehouses for the release and uptake of catalytically 

active fragments.  The breaking of metal-metal bonds can offer coordination sites for the 

activation of incoming substrates.  The ability to activate more than one substrate at a metal 
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cluster would be useful in developing novel catalysts with site specific properties for 

complicated organic reactions.  One important factor in the design of a robust multi-component 

catalyst employing two or more metals is the relative reactivity rates of both participant metals 

with different substrates.  Typically, the enhanced catalysis exhibited by such mixed-metal 

systems is defined in terms of reaction rates and/or altered product distributions.  The 

mechanistic study of heterogeneous catalysts is extremely difficult, and researchers continue to 

employ homogeneous mixed-metal compounds as models that can, at least in theory, provide 

crucial insight into the origins of cooperative metal reactivity in heterogeneous systems.
12

  The 

synergistic effect displayed by certain solution-soluble hetero-bimetallic and hetero-

multimetallic compounds in hydrogenation,
13

 hydroformylation,
14

 silaformylation,
15

 and C-C 

bond coupling reactions
16

 provides unambiguous proof for cooperative catalytic activity between 

the different metals.  Numerours studies have shown synergistic mixed-metal effects in 

homogenous catalysis.  Two recent and undisputed examples involving bimetallic synergism 

have been reported.  Adams’ platinum promoted insertion of an alkyne into the metal-hydride 

bond in HPtOs(CO)4(SnPh3)(PBu
t
3), which is generated from HOs(CO)4SnPh3 with Pt(PBu

t
3)2, 

represents the important role played by the platinum and osmium centers in directing the course 

of alkyne insertion into the metal-hydride bond.
17

  Figure 2 depicts this regiospecific alkyne 

insertion reaction.  Another example is Garland’s kinetic and spectroscopic demonstration of the 

hetero-bimetallic system composed of HRe(CO)5 with Rh(acyl)(CO)4 that catalytically gives 

aldehydes and RhRe(CO)9 upon activation of molecular hydrogen.
14a,b 

  

     Several reports describing the fluxional behavior of unsaturated diphosphines at homometallic 

triosmium clusters and the dynamics for reversible ortho metalation that can accompany 

diphosphine isomerization at elevated temperatures have been published by Richmond’s group.
18
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Scheme 1 illustrates the sequence of events displayed by the triosmium cluster Os3(CO)10(bmi) 

[where bmi = 2,3-bis(diphenylphosphino)-N-p-tolylmaleimide]. The hydride cluster produced by 

ortho metalation, namely HOs3(CO)9[μ-(PPh2)C=C{PPh(C6H4)}C(O)N(tolyl-p)C(O)], readily 

regenerates the chelated cluster 1,1-Os3(CO)10(bmi) by reductive C-H coupling when heated 

under CO.  These results parallel that work on the osmium cluster Os3(CO)10(bpcd), whose 

reaction was shown in Part І of this dissertation.  In the latter case, the reductive coupling 

process was thoroughly investigated, and C-H bond formation was shown to exhibit an inverse 

equilibrium isotope effect (EIE) through a combination of kinetic and equilibrium measurements. 

  

Figure 2. The insertion of an alkyne into the metal-hydride bond in HPtOs(CO)4(SnPh3)(PBu
t
3). 
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Scheme 1. The sequence of events displayed by the triosmium cluster Os3(CO)10(bmi). 

 

Os

Os Os

PPh2

PPh2

N CH3

O

O

Os

Os Os

PPh2

PPh2 N

CH3

O

O

Os

Os Os

PPh

PPh2

N

CH3

O

O

H

1,2-Os3(CO)10(bmi) 1,1-Os3(CO)10(bmi)

HOs3(CO)9[ -(PPh2)C=C{PPh(C6H4)}C(O)N(tolyl-p)C(O)]

CO/       h or 
CO

 

 

 



95 

be observed in a heterometallic cluster, and this could be studied as a function of the different 

metals present in the cluster.  The resulting data could be contrasted with appropriate metalation 

reactions observed in mononuclear compounds, and the effect of the cluster template on the 

ortho-metalation reaction readily assessed.  In fact, the cluster template concept has been 

demonstrated in site-selective oxidative-addition reactions of allyl bromide and Ph3SiH at the 

octanuclear carbide cluster [Re7C(CO)21Ir(coe)(CO)]
2-

 (where coe = cyclooctene).  Here 

regiospecific substrate activation occurs at the iridium center to provide exclusively the clusters 

[Re7C(CO)21Ir(η
3
-allyl)(CO)]

-
 and [Re7C(CO)21IrH(SiPh3)(CO)]

2-
, as depicted in Figure 3.  

While control experiments revealed a reactivity parallel with the mononuclear compound Ir(η
5
-

ind)(cod)(CO), the corresponding CpIr(coe)(CO) derivative was found to be inert under 

analogous conditions.
19

 

 

 

Figure 3. The regiospecific substrate activation occurs at the clusters [Re7C(CO)21Ir(η
3
-

allyl)(CO)]
-
 and [Re7C(CO)21IrH(SiPh3)(CO)]

2-
. 
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     The directed synthesis of mixed-metal clusters is far from trivial when compared with their 

homometallic counterparts.
20

  Usually, it is common for such reactions to be accompanied by low 

yields and/or product mixtures requiring time-consuming and tedious chromatographic 

separations.  The circumstance is further exacerbated if the desired heterometallic cluster is 

unstable and irreversibly bound to the stationary phase during chromatographic separation.  In 

any mechanistic study dealing with ligand activation at a heterometallic cluster, a major 

requirement involves the ready availability of the starting cluster in amounts that will facilitate 

the required spectroscopic, physical, and kinetic analyses.  Interest in the title heterometallic 

cluster stems from the earlier report by Shapley and co-workers on the indenyl-substituted 

cluster H2Re2Ir(η
5
-ind)(CO)9, which may be prepared in 80% yield from H2Re2(CO)8 and 

Ir(CO)(η
2
-coe)(η

5
-ind), as shown in Figure 4.

21
  One general approach for the preparation of 

mixed-metal trinuclear clusters involves the addition of mononuclear metal fragments to 

unsaturated M=M species.
22

  The dinuclear compound H2Re2(CO)8 is unsaturated and a suitable 

precursor for the directed synthesis of MRe2 type clusters because it is easily prepared in 0.2-0.4 

g amounts from the photolysis of Re2(CO)10 with H2, and it is reactive in cluster aggregation 

scenarios due to its intrinsic unsaturation, features utilized by others for the construction of 

triangular mixed metal PtRe2 and IrRe2 clusters.
23,24

  Instead of using H2Re2Ir(η
5
-ind)(CO)9 in 

the ligand activation studies, I wished to synthesize the cluster H2RhRe2Cp*(CO)9 and use the 

presence of the 
103

Rh nucleus (100% natural abundance and I = 1/2) as this would assist with the 

NMR interpretation of the reaction products.  The choice of the RhRe metallic composition was 

also influenced by reports of bifunctional hydroformylation, hydrogenation, and oxidation 

catalysis based on RhRe systems,
14a,b,25

 which would allow the targeted H2RhRe2Cp*(CO)9 

cluster to be utilized as a nanoparticle precursor in future catalysis studies. 
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Chapter II.2 

Experimental 

2.1 Materials 

2.1.1 Solvents 

     All reaction solvents were distilled from a suitable drying agent under argon or obtained from 

an Innovative Technology (IT) solvent purification system; when not in use, the purified solvents 

were stored under argon in Schlenk storage vessels equipped with high-vacuum Teflon 

stopcocks.
27

  The NMR solvents benzene-d6 and toluene-d8 were purified by bulb-to-bulb 

distillation from sodium/benzophenone under argon, with the CD2Cl2 and CDCl3 solvents 

distilled from P2O5.    

2.1.2 Reagents 

     The starting materials H2Re2(CO)8,
28

 Cp*Rh(CO)2,
29

 and Cp*2Rh2(CO)2
30

 employed in these 

studies were synthesized according to established procedures or though appropriate  modification 

of existing procedures.  The Re2(CO)10 and the hydrated RhCl3 were purchased from Pressure 

Chemical Co. and Engelhard Corp., respectively.  [Cp*RhCl2]2 was prepared from hydrated 

RhCl3,
31

 with the pentamethylcyclopentadiene ligand synthesized from 2-bromo-2-butenes 

(isomeric mixture),
32

 the latter which was purchased from Aldrich Chemical Co.  The chemicals 

H2S, p-methylbenzenethiol, and Me3NO•xH2O were also purchased from Aldrich; the latter 

chemical was used in the anhydrous form after the waters of hydration were removed by 

azeotropic distillation using benzene.  The 
13

CO (>99% 
13

C) used in the preparation of the 
13

CO-

enriched H2Re2(CO)8 and Cp*Rh(CO)2 was purchased from Isotec, Inc, and the D2 (>99.7%) that 

was used in the synthesis of D2Re2(CO)8 was obtained from Matheson Tri-Gas.  D2Re2(CO)8 was 

prepared by photolysis of Re2(CO)10 under D2 and was employed in the synthesis of 1-d2 after 
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recrystallization from hexane (-30 C).
33

   

2.2 Instrumentation 

     The photochemical studies were conducted with GE Blacklight bulbs having a maximum 

output at 366 ± 20 nm.  Combustion analyses were performed by Atlantic Microlab, Norcross, 

GA.  All IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer, using amalgamated 

NaCl cells capable of handling air-sensitive samples.  The quoted 
1
H NMR spectral data were 

recorded at either 200MHz or 500 MHz on Varian Gemini and Varian VXR-500 spectrometers, 

while the 
13

C NMR spectra were recorded at 125 MHz on the latter spectrometer.  The ESI-APCI 

mass spectra were recorded at the UC San Diego mass spectrometry facility in the positive 

ionization mode.  Table 1 reports the IR and 
1
H NMR spectral data for the new compounds 1-8. 

2.3 Preparation of Compounds 

2.3.1 Synthesis of H2RhRe2Cp*(CO)9 (1), HRh2ReCp*2(CO)6 (2), and HRhRe3Cp*(CO)14 (3) 

from H2Re2(CO)8 and Cp*Rh(CO)2. 

     To an argon-filled Schlenk tube was charged 50 mg (0.17 mmol) of Cp*Rh(CO)2 and 20 mL 

of hexane.  The stirred solution was heated to reflux, after which 0.20 g (0.34 mmol) of 

H2Re2(CO)8 in 40 mL of hexane was added dropwise over the course of 30 min, followed by 

heating for one additional hour.  TLC analysis of the cooled solution using CH2Cl2/hexane (3:7) 

as the eluent revealed the presence of one major spot belonging to cluster 1 (Rf = 0.53), along 

with minor spots belonging to clusters 2 (Rf = 0.21) and 3 (Rf = 0.45).  The solvent was removed 

under vacuum and the residue purified by column chromatography over silica gel using the 

aforementioned mobile phase.  Each product was recrystallized from hexane/benzene.  Yield of 1: 

96 mg (65% based on Cp*Rh(CO)2).  
13

C{
1
H} NMR (CD2Cl2, 298 K): δ 181.99 (s, 2CO), 186.19 

(d, JRh-C = 9.8 Hz).  Anal. Calc. (Found) for C19H17O9Re2Rh: C, 26.39 (26.41); H, 1.98 (1.95). 
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Table 1.  IR and NMR Spectroscopic Data for the Compounds 1-8
a,b

                                                                                                                                                 

 

compound  IR, cm
-1

,                                     
1
H NMR, δ 

 

                                                                                                                                                 

 1 2100 (s), 2067 (s), 2032 (w), 1.54 (s, 15H, Cp*), 

  2008 (vs), 1996 (s), 1977 (m), -15.96 (d, 1H, JRh-H = 26 Hz),  

  1963 (s), 1941 (m) -16.04 (s, 1H) 

 

 2 2057 (s), 1968 (vs), 1936 (s), 1.76 (s, 30H, Cp*), 

  1804 (m) -18.22 (d, 1H, JRh-H = 32 Hz) 

 

 3 2145 (w), 2113 (m), 2078 (m), 1.43 (s, 15H, Cp*), -17.40 (s, 1H) 

  2048 (vs), 2016 (vs), 1993 (vs), 

  1977 (s), 1967 (m), 1945 (w), 

  1932 (m), 1804 (w) 

 

 4 2036 (vs), 2005 (vs), 1961 (s), 1.40 (s, 30 H, Cp*), 

  1946 (m), 1933 (vs), 1716 (w), -13.62 (t, 2H, JRh-H = 10 Hz) 

  1686 (w) 

 

 5 2035 (vs), 1917 (vs, b) 1.36 (s, 15H, Cp*) 

 

 6 2060 (s), 2040 (vs), 1997 (vs) 1.76 (s, Cp*) 

 

 7 2019 (vs), 1907 (vs, b) 7.80-7.60 (bm, 4H, aryl), 

   7.06 (d, 4H, JH-H = 8 Hz), 

   2.32 (s, 6H, Me), 1.54 (s, 15H, Cp*)  
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Table 1.  Con’t. 

 8 2012 (vs), 1905 (vs, b) 7.68 (d, 6H, JH-H = 8 Hz),  

   7.05 (d, 6H, JH-H = 8 Hz), 

   2.31 (s, 9H, Me), 1.54 (s, 15H, Cp*) 

                                                                                                                                                 

a
The IR and NMR spectra were recorded at room temperature in heptane and C6D6, respectively, 

for compounds 1-4 and 6.  
b
The IR and NMR spectra were recorded in CH2Cl2 and CDCl3, 

respectively, for compounds 5, 7, and 8. 
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ESI-MS: m/z fragmentation peaks at 558.76 [Cp*RhRe(CO)4Na]
+
, 530.89 [Cp*RhRe(CO)3Na]

+
, 

and 502.97 [Cp*RhRe(CO)2Na]
+
.  Yield of 2: 11 mg (15% based on Cp*Rh(CO)2).  

13
C{

1
H} 

NMR (CD2Cl2, 298 K): δ 186.86 (s, 1CO), 188.01 (s, 1CO), 189.11 (s, 2CO), 233.99 (dd, μ-CO, 

JRh-C = 32.4, 46.6 Hz), 234.01 (dd, μ-CO, JRh-C = 32.4, 46.6 Hz).  ESI-MS: m/z: 832.87 [M+H]
+
.  

Yield of 3: 4.9 mg (2.4% based on Cp*Rh(CO)2).  ESI-MS: m/z fragmentation peaks at 558.76 

[Cp*RhRe(CO)4Na]
+
, 530.89 [Cp*RhRe(CO)3Na]

+
, and 502.97 [Cp*RhRe(CO)2Na]

+
. 

2.3.2  Synthesis of H2RhRe2Cp*(CO)9 (1), HRh2ReCp*2(CO)6 (2), and H2Rh2Re2Cp*2(CO)8 (4) 

from H2Re2(CO)8 and Cp*2Rh2(CO)2. 

     To a small Schlenk flask under argon flush was added 60 mg (0.11 mmol) of Cp*2Rh2(CO)2 

(3) and 73 mg (0.12 mmol) of H2Re2(CO)8, after which 40 mL of hexane was added via syringe.  

The vessel was sealed against the atmosphere and heated at 55 C in a thermostated bath for 2 hr.  

TLC analysis using CH2Cl2/hexane (3:7) confirmed the presence of clusters 1 (major spot) and 2, 

in addition to a new spot assigned to cluster 4 at Rf = 0.15.  The three products were isolated by 

column chromatography and then recrystallized from hexane/benzene.  Yield of 1: 41 mg (39% 

based on H2Re2(CO)8).  Yield of 2: 26 mg (28% based on Cp*2Rh2(CO)2).  Yield of 4: 11 mg 

(10% based on 3).  
13

C{
1
H} NMR (CD2Cl2/2-MeTHF, 183 K): δ 187.56 (s, 6 CO), 232.02 (t, 2 μ-

CO, JRh-C = 35 Hz). ESI-MS: m/z 1096.65 [M+Na]
+
 and 1074.66 [M]

+
. 

2.3.3 Synthesis of Cp*Rh(μ-Cl)3Re(CO)3 (5) from 1. 

2.3.3.1 Photochemical Reaction. 

     30 mg (0.035 mmol) of 1 was dissolved in 5 mL of CHCl3 and the solution was irradiated at 

room temperature at 366 nm until TLC analysis signaled the complete consumption of 1, which 

occurred after 15 hr.  The solution was filtered over a short plug of silica gel to remove the 

insoluble particulate matter present, albeit with some loss of product due to the irreversible 
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binding of 5 to silica gel, and the solvent was then removed under vacuum.  The crude residue 

was then recrystallized from CH2Cl2/hexane (1:1) to afford 5 as an orange solid in 12% yield (2.6 

mg).  Anal. Calc. (Found) for C13H15Cl3O3ReRh: C, 25.40 (25.66); H, 2.46 (2.46). 

2.3.3.2 Independent Thermolysis Reaction. 

     Here 58 mg (0.094 mmol) of [Cp*RhCl2]2 and 68 mg (0.19 mmol) of ClRe(CO)5 were added 

to a medium Schlenk tube containing 50 mL of toluene under argon, after which the vessel was 

heated at 100 C in a thermostated bath for 30 min.  IR examination of the orange-colored 

solution revealed the complete consumption of ClRe(CO)5 and the presence of the desired 

product.  The solvent was removed under reduced pressure and the crude product was 

recrystallized as described above to afford 83 mg of 5 (72% yield). 

2.3.4 Synthesis of S2Rh3Cp*(CO)4 (6) from the Reaction of 1 with H2S. 

     A Schlenk tube was charged with 30 mg (0.035 mmol) of 1 and 5 mL of benzene, after which 

the solution was saturated with H2S for several minutes and the vessel sealed.  The contents of 

the vessel were heated at 55-60 C for 18 hr and then examined by TLC analysis, which revealed 

the presence of a single spot (Rf = 0.31 in 3:7 CH2Cl2/hexane) and extensive decomposition 

based on the large amount of material that remained at the origin of the plate.  The sole spot was 

sequently isolated by column chromatography and recrystallized from a mixture of hexane and 

benzene.  Yield of orange 6: 3.6 mg (50% based on rhodium).  ESI-MS: m/z 642.46 [M+Na]
+
 and 

620.44 [M+H]
+
. 

2.3.5 Thermolysis Behavior of 1 in the Presence of p-Methylbenzenethiol and Synthesis of 

Cp*Rh(μ-SC6H4Me-p)3Re(CO)3 (8). 

     To an argon-filled Schlenk tube was added 30 mg (0.035 mmol) of 1 and 10 mg (0.081 mmol) 

of p-methylbenzenethiol, followed by 5 mL of benzene via syringe.  The vessel was sealed and 
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then heated at 55 C in a thermostated bath for 48 hr, with TLC analysis of the cooled solution 

revealing the presence of only compound 8 as a slow moving orange spot at Rf = 0.28 (2:3 

CH2Cl2/hexane).  8 was isolated by column chromatography over silica gel and then 

recrystallized from a 1:1 mixture of hexane and benzene.  Yield of 8: 5.6 mg (28%).  ESI-MS: 

m/z 900.93 [M+Na]
+
 and 754.95 [M-SC6H4-p-Me]

+
. 

2.3.6 Synthesis of Cp*Rh(μ-Cl)(μ-SC6H4Me-p)2Re(CO)3 (7) and 8 from 5 and  p-

Methylbenzenethiol 

     An alternative synthesis for 8 involves the use of the halo-bridged dimer 5 and excess thiol.  

Here a toluene (50 mL) solution containing 0.10 g (0.16 mmol) of 5 and 0.10 g (0.81 mmol) of  

p-methylbenzenethiol were heated at reflux for 2 hr under argon.  TLC examination of the cooled 

solution using CH2Cl2/hexane (2:3) as the eluent revealed the presence of two spots assigned to 8 

and 7 (Rf = 0.16), both of which were subsequently isolated by column chromatography.  Yield 

of orange-red 7: 58 mg (45%).  ESI-MS: m/z 755.00 [M-Cl]
+
.  Yield of 8: 43 mg (30%). 

2.4 X-ray Structural Analyses 

     Single crystals of compounds 1-8 suitable for X-ray crystallography were grown from CH2Cl2 

and hexane.  The X-ray data for 1, 6, and 8 hexane (TCU) were collected on a a Bruker 

SMART 1000 CCD-based diffractometer at 213(2) K (1) and 233(2) K (6 and 8 hexane), 

while the X-ray data for 2 and 4 (SDSU) were collected on a Bruker X8 APEX CCD 

diffractometer at 220(2) K.  The frames were integrated with the available SAINT
34

 software 

package using a narrow-frame algorithm, and the structures were solved and refined using the 

SHELXTL program package.
35

  The X-ray data for compounds 3, 5, and 7 (UNT) were collected 

on an APEX II CCD-based diffractometer at 100(2) K, with the frames integrated with the 

available APEX2
36

 software package using a narrow-frame algorithm and similarly applied 
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refinement protocols.  The molecular structures were checked by using PLATON,
37

 and the 

nonhydrogen atoms were refined anisotropically.  All hydrogen atoms were assigned calculated 

positions and allowed to ride on the attached carbon atom during refinement.  The bridging 

hydride group in clusters 1-3 and the two hydrides in cluster 4 were not located during 

refinement; the location of these hydrides has been assigned on the basis of differences in the 

metal-metal bond lengths in each particular system, the arrangement of the ancillary CO groups 

about the cluster polyhedron, and the NMR data.  Tables 2 and 3 summarize the pertinent X-ray 

data and processing parameters for these compounds. 

2.5 Kinetics Studies 

     The UV-vis studies employing 1 were conducted with a cluster concentration of ca. 10
-4

 M in 

quartz UV-visible cells (1.0 cm width) that were equipped with a high-vacuum Teflon stopcock 

to facilitate handling on the vacuum line.  For the reactions conducted under 1 atm of CO, CO 

was slowly bubbled through the stock solution containing 1 for several minutes prior to the start 

of the reaction.  The experiment performed under high CO pressure was carried out in a carbon-

steel 300 mL autoclave, with the internal CO pressure regulated with the aid of a Tescom 

pressure regulator.  The autoclave was equipped with a tip tube that enabled sample removal for 

UV-vis analysis while maintaining constant CO pressure.  The Hewlett-Packard 8452A diode 

array spectrophotometer employed in these studies was configured with a variable-temperature 

cell holder and was connected to a VWR constant temperature circulator, allowing for the quoted 

temperatures to be maintained within ±0.5 K.  The UV-vis kinetics were monitored by following 

the decrease of the 508 nm absorbance band of 1 as a function of time for at least 4-6 half-lifes 

for all reactions other than the one reaction conducted at 34 atm CO, which was examined out to 

3 half-lifes.  The UV-vis derived rate constants quoted in Table 4 were determined by non-linear 
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regression analysis using the single exponential function:    

A(t) = A∞ + ΔA*e
(-kt)

 

The rate calculations were performed using the commercially available program Origin6.0.  Here 

the initial (A) and final (A∞) absorbances and the rate constant (k) were floated to give the 

quoted least-squares value for first-order rate constant.      

     The activation parameters for the consumption of cluster 1 in the ligand decomposition study 

under CO were calculated from a plot of ln(k/T) versus T
-1

,
38

 with the error limits representing 

the deviation of the data points about the least-squares line of the Eyring plot. 
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Table 2.  X-ray Crystallographic Data and Processing Parameters for Clusters 1-4 

 

 

compound                               1                                        2                                        3                                        4 

CCDC entry no. 710814 710813 710811 710812 

cryst system monoclinic orthorhombic triclinic triclinic 

Space group P2(1)/n Pna2(1) P-1 P-1 

a, Å 9.138(1) 17.617(3) 9.088(1) 11.2088(9) 

b, Å 16.696(2) 14.817(2) 9.872(2) 16.790(1) 

c, Å 15.210(2) 10.438(2) 16.810(3) 18.833(2) 

α, deg   74.368(2) 115.067(3) 

β, deg 98.965(2)  82.291(3) 105.305(3) 

γ, deg   76.262(2) 90.396(3) 

V, Å
 3

 2292.2(6) 2724.6(8) 1407.0(5) 3067.8(4) 

mol formula C19H17O9Re2Rh C26H31O6ReRh2 C24H16O14Re3Rh C28H32O8Re2Rh2 

fw 864.65 831.52 1189.87 1074.74 

formula units per cell (Z) 4 4 2 2 

Dcalcd (Mg/m
3
) 2.500 2.025 2.806 2.323 

λ (Mo Kα), Å 0.71073 0.71073 0.71073 0.71073 

μ (mm
-1

) 11.292 5.666 13.508 8.968 
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Table 2.  Con’t. 

Absorption correction empirical semi-empirical semi-empirical semi-empirical 

from equivalents from equivalents from equivalents 

 

abs corr factor 1.0000/0.2557 0.180/0.130 0.6566/0.5402 0.068/0.039 

Total reflections 19298 57888 6834 65485 

Independent reflections 5369 8511 6846 16196 

Data/res/parameters 5369/0/286 8511/1/326 6846/10/385 16196/0/721 

R1
a
 [I ≥ 2σ(I)] 0.0298 0.0193 0.0408 0.0651 

wR2
b
 (all data) 0.0511 0.0462 0.1227 0.1912 

GOF on F
2
 0.983 1.021 1.116 1.107 

Δρ(max), Δρ(min) (e/ Å
 3
) 1.035, -1.205 1.621, -0.718 3.182, -2.235 2.974, -2.745 

a
 R1 = Σ∥Fo∣ - ∣Fc∥/Σ∣Fo∣; 

b
 R2 = {Σ[w(F

2
o -F

2
c)

2
/Σ[w(F

2
o)

2
]}½ 
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Table 3.  X-ray Crystallographic Data and Processing Parameters for Compounds 5-8 

                                                                                                                                                                                                         

compound                               5                                        6 7 8 

CCDC entry no. 710809 710815 710810 710816 

cryst system monoclinic monoclinic triclinic triclinic 

Space group P2(1)/n P2(1)/n P-1 P-1 

a, Å 9.5709(6) 8.442(1) 10.0727(4) 10.085(1) 

b, Å 14.737(9) 23.212(3) 11.3045(5) 12.184(1) 

c, Å 12.0776(7) 10.236(1) 13.8148(9) 15.785(2) 

α, deg   105.330(1) 75.129(2) 

β, deg 90.189(1) 103.347(2) 105.702(1) 84.321(2) 

γ, deg   105.900(1) 73.017(2) 

V, Å
 3

 1703.6(2) 1951.7(4) 1355.6(1) 1792.3(3) 

mol formula C13H15Cl3O3ReRh C14H15O4S2Rh3 C27H29ClO3ReRhS2 C34H36O3ReRhS3 

    1/2 hexane 

fw 614.71 620.11 790.18 921.00 

formula units per cell (Z) 4 4 2 2 

Dcalcd (Mg/m
3
) 2.397 2.110 1.936 1.707 

λ (Mo Kα), Å 0.71073 0.71073 0.71073 0.71073 

μ (mm
-1

) 8.542 2.733 5.350 4.043 
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Table 3.  Con’t. 

Absorption correction seimi-empirical empirical semi-empirical empirical 

from equivalents  from equivalents 

 

abs corr factor 0.7600/0.3973 0.6747/0.5268 0.7871/0.4615 0.8701/0.7281 

Total reflections 20239 16833 15961 15736 

Independent reflections 3621 4553 5478 8191 

Data/res/parameters 3621/0/195 4553/0/213 5478/0/323 8191/0/415 

R1
a
 [I ≥ 2σ(I)] 0.0140 0.0510 0.0225 0.0522 

wR2
b
 (all data) 0.0311 0.0649 0.0474 0.1250 

GOF on F
2
 1.024 0.898 1.003 0.844 

Δρ(max), Δρ(min) (e/ Å
 3
) 0.655, -0.353 0.720, -0.775 0.890, -0.472 1.251, -1.035 

a
 R1 = Σ∥Fo∣ - ∣Fc∥/Σ∣Fo∣; 

b
 R2 = {Σ[w(F

2
o -F

2
c)

2
/Σ[w(F

2
o)

2
]}½ 
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Table 4.  Experimental Rate Constants for the Thermolysis of Cluster 1 in the Presence of CO
a
 

 

entry               temp (K)       solvent                   ligand trap                     10
5
k (s

-1
)  

 

1 325.5 toluene CO, 1 atm 2.87(3)  

2 333.0 toluene CO, 1 atm 8.25(1)  

3 333.0 heptane CO, 1 atm 6.73(1) 

4 333.0 2-MeTHF CO, 1 atm 8.51(2) 

5 333.0 CCl4 CO, 1 atm 8.37(5) 

6 333.0 toluene CO, 34 atm 8.1(9)
b
 

7 333.0 toluene CO, 1 atm 8.29(1)
c
  

8 333.0 toluene CO, 1 atm 7.46(4)
d
 

9 333.0 toluene PPh3 8.6(1)
e
  

10 342.5 toluene CO, 1 atm 22.2(1)  

11 348.8 toluene CO, 1 atm 41.3(1)  

12 361.0 toluene CO, 1 atm 150(1)  

 

                                                                                                                                                 

a
The UV-vis kinetic data were collected in the specified solvent using a ca. 10

-4
 M solution of 

cluster 1 by following the decrease in the absorbance of the 508 nm band.  
b
Reaction carried out 

in an autoclave at constant CO pressure.  
c
Reaction carried out in the presence of 5 equivalents of 

9,10-dihydroanthracene.  
d
Reaction carried out in the presence of 10 equivalents of p-

methoxyphenol.  
e
Reaction carried out in the presence of 10 equivalents of phosphine ligand. 
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Chapter II.3 

Results and Discussion 

3.1 Preparation, Spectroscopic Data, and Molecular Structures of Clusters 1-4.   

     The reaction between H2Re2(CO)8 and Cp*Rh(CO)2, which was conducted in a manner 

similar to that reported by Shapley in his synthesis of H2Re2Ir(η
5
-ind)(CO)9, provides the new 

clusters 1-3.
21

  The slow addition of a hexane solution of H2Re2(CO)8 to a refluxing hexane 

solution containing Cp*Rh(CO)2 prevents the premature decomposition of H2Re2(CO)8, which 

has limited stability at elevated temperature,
39

 and leads to a maximum conversion to the desired 

product H2RhRe2Cp*(CO)9.  After 90 min, TLC inspection of the reaction solution revealed the 

presence of 1 as the major product, along with two minor products assigned to clusters 2 and 3.  

These products were isolated by column chromatography over silica gel as slightly air-sensitive 

solids.  The clusters 1-3, isolated from the reaction of H2Re2(CO)8 and Cp*Rh(CO)2, and 4, 

obtained by the reaction of H2Re2(CO)8 and Cp*2Rh2(CO)2, are depicted in Scheme 2. 

     The IR and 
1
H NMR spectroscopic data for 1 are reported in Table 1.  Cluster 1 displays eight 

ν(CO) bands from 2100-1941 cm
-1

 in hexane solution consistent with the number of ν(CO) bands 

reported for H2Re2Ir(η
5
-ind)(CO)9, and in good agreement with a cluster having only terminal 

carbonyl groups.  The 
1
H NMR spectrum recorded in C6D6 at room temperature contained the 

expected methyl singlet for the Cp* ligand at δ 1.54, along with two bridging hydrides centered 

at δ -15.96 and -16.04.  The former hydride appears as a doublet and exhibits coupling to the 

rhodium atom based on the observed value of JRh-H = 26 Hz.  This is consistent with a hydride 

that bridges one of the Rh-Re bonds in 1.  The magnitude of the JRh-H coupling constant matches 

those values reported for different PtRh2 clusters and several mononuclear RhH(PPh3)(SiR3)X 

(X= Cl or Br) derivatives.
40,41

  The remaining singlet at δ -16.04 readily is assigned to the  
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Scheme 2. The clusters 1-3, isolated from the reaction of H2Re2(CO)8 and Cp*Rh(CO)2, and 4, 

obtained from the reaction of H2Re2(CO)8 with Cp*2Rh2(CO)2. 

 

 

      

 

 

 

 

 

 

 

      

 

hydride that bridges the Re-Re bond in the product.  The position of the two hydrides in 1 is 

similar to the location of the hydrides reported in the iridium derivative H2Re2Ir(η
5
-ind)(CO)9.

21
  

Examination of 1 by ESI mass spectrometry failed to give a molecular ion for the cluster.  

Instead, the mass spectrum gave m/z peaks for the sodiated fragmentation products 

[Cp*RhRe(CO)nNa]
+
 (where n = 2-4).  The appearance of a weak m/z peak at 1096.54 in the ESI 

mass spectrum is in agreement with the tetrametallic species [Cp*2Rh2Re2(CO)8Na]
+
, whose 

origin is attributed to the dimerization of Cp*RhRe(CO)4 fragments during residence in the 

electrospray ion source.  The capability of the ESI MS technique to control aggregation states 

and direct chemical syntheses of organometallic compounds is a well-known phenomenon.
42

 

     Cluster 1 contains 48e and is electron precise according to conventional electron counting 
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rules, and the triangular array of metals is consistent with the principles of Polyhedral Skeletal 

Electron Pair (PSEP) theory.
43

 
 
The thermal ellipsoid plot of the molecular structure of 1 is 

exhibited in Figure 5.  The molecule consists of a RhRe2 triangle that contains one Cp*Rh(CO) 

and two Re(CO)4 fragments.  Within the triangular RhRe2 architecture, the metal-metal bond 

distances range from 2.8962(5) Å [Re(2)-Rh(1)] to 3.1202(4) Å [Re(1)-Re(2)].  Few structurally 

characterized RhRe2 clusters exist, but these data are consistent with those Rh-Re and Re-Re 

bond distances reported for RhRe2(μ-PPh2)(CO)10(PPh3).
44,45

    

     While the two hydrides could not be located during structural data refinement, their locations 

are readily assigned to the Rh(1)-Re(1) and Re(1)-Re(2) vectors based on the hydride-induced 

structural trends found in H2Re2Ir(η
5
-ind)(CO)9.

21
  On the basis of the metal-metal bond 

distances, the two hydrides are assumed to span the two longest metal-metal bonds, namely the 

Rh(1)-Re(1) and Re(1)-Re(2) vectors.  In triangular clusters, expanded M-M-CO angles 

significantly greater than the idealized value of ca. 90  also serve as indicators for the location or 

proximity of an edge-bridging hydride.
46

  Therefore, the proposed sites for the two hydrides are 

further confirmed by the disposition of the ancillary CO groups about the cluster polyhedron.  

The bond angles of 100.2(2) C(14)-Re(1)-Rh(1)], 114.1(2) C(13)-Re(1)-Re(2)], and 

116.6(2)  [C(19)-Re(2)-Re(1) ] support the assumption concerning the existence of bridging 

hydrides at the Rh(1)-Re(1) and Re(1)-Re(2) vectors in 1.  The observed angle of 60.5  that is 

formed from the planes containing the carbons in the Cp* ring and the triangular array of metal 

atoms confirms that the Cp* ligand is tilted significantly out of the metallic plane.  The ancillary 

CO ligands are best viewed as terminal groups based on bond angles that range from 169.9(5)  

[O(1)-C(11)-Rh(1)] to178.6(5) O(7)-C(17)-Re(2)] which are close to the idealized valve of 

180°.  
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     The effect of the Cp*Rh fragment on the fluxional properties of the CO groups in 1 was 

investigated by VT 
13

C NMR spectroscopy.  In the case of H2Re2Ir(η
5
-ind)(CO)9, the ancillary 

CO groups on the Re(CO)4 moieties do not show any intrametallic migration, and the dynamic 

1
H and 

13
C behavior exhibited by the indenyl and CO groups, respectively, was best explained by 

a hydride “jump” process involving the Ir-Re bound hydride.
21

  Here the “jump” of the hydride 

between the two heterometallic bonds in H2Re2Ir(η
5
-ind)(CO)9 is similar to the windshield wiper 

motion proposed for the equilibration of norbornyl cations.
47

  The rapid migration of the 

rhodium-anchored hydride between the two rhenium centers generates an effective mirror plane 

orthogonal to the metallic core and that bisects the Re-Re bond and polyene ligand in 1.
48

 

     The 
13

C NMR behavior of the CO ligands in 1 was investigated using 
13

CO-enriched samples 

of 1 (ca. 10-15% statistically enriched in 
13

CO), which were prepared from enriched samples of 

H2Re2(CO)8 and Cp*Rh(CO)2.  At room temperature, the 
13

C NMR spectrum of 1 exhibits two 

carbonyl resonances at δ 186.19 and 181.99 in a 7:2 integral ratio, with the former peak 

appearing as a doublet due to coupling with the rhodium atom (JRh-C = 9.8 Hz).  A VT 
13

C NMR 

study verified the fluxionality of the low-field resonance, which gradually broadened and 

coalescenced into the baseline by 183 K.  Figure 6 illustrates selected VT 
13

C NMR spectra for 1, 

and these data provide evidence for a pairwise terminal-bridge-terminal carbonyl exchange 

involving four CO groups through a plane coincident with the non-hydride bridged Rh-Re vector, 

as outlined in Scheme 3.  Here the rapid averaging of seven CO groups across the two vertical 

Rh-Re planes (red and blue paths) accounts for the observed doublet at δ 186.19 at room 

temperature.  The magnitude of the weighted-average 
1
JRh-C value measured for the doublet is in 

excellent agreement with the coupling constant of ca. 70 Hz reported for terminally bound CO 

groups in a diverse group of di- and polynuclear rhodium carbonyl compounds.
49

  The two CO 
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Figure 5.  Thermal ellipsoid plot of the molecular structure of 1 showing the thermal ellipsoids at 

the 35% probability level.  Selected bond distances (Å) and angles (°) are: Re(1)-Rh(1) = 

3.0140(5), Re(1)-Re(2) = 3.1202(4), Re(2)-Rh(1) = 2.8962(5), Cp*(centroid)-Rh(1) = 1.896(2), 

Rh(1)-Re(1)-C(13) = 169.8(2), Rh(1)-Re(1)-C(14) = 100.2(2), Rh(1)-Re(2)-C(17) = 91.8(2), 

Rh(1)-Re(2)-C(19) = 170.9(2), Re(1)-Re(2)-C(19) = 116.6(2), Re(2)-Re(1)-C(13) = 114.1(2). 
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Figure 6.  VT 
13

C NMR spectra of 
13

CO-enriched 1 in CD2Cl2-d2/2-MeTHF from 298 to 183 K. 
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groups in Scheme 3 labeled as e and e  are orthogonal to the RhRe exchange planes and do not 

participate in the exchange sequence.  In addition, the e and e  CO groups should appear as 

separate one carbon resonances in the absence of accidental degeneracy, especially if the hydride 

associated with the Rh-Re vector is static.  However, if a rapid hydride jump is operational, as in 

the case of H2Re2Ir(η
5
-ind)(CO)9, these two distinct CO groups would become equivalent by a 

time-averaging motion of the hydride about both Rh-Re bonds.  That this particular hydride is 

fluxional is supported by its relative temperature invariance, as verified by the VT 
1
H NMR in 

Figure 7.   

     The 
13

C NMR characteristics exhibited by 1 closely parallel those data reported by Takats for 

the mixed-metal clusters RhOs2(η
5
-C5R5)(CO)9 (where R = H; Me).

50,51
  Takats has shown that 

the more electron rich Cp* ligand, relative to the Cp moiety, actually reduces the energy barrier 

for the in-plane CO exchange about the Rh-Os vectors, and this established effect likely serves as 

the basis for the change in the dynamic CO behavior in 1 compared to H2Re2Ir(η
5
-ind)(CO)9. 

     Cluster compounds 2 and 3 accompany the formation of 1 in the reaction of H2Re2(CO)8 with 

Cp*Rh(CO)2.  These minor products were readily isolated by careful column chromatography 

over silica gel in yields of 15% (2) and ca. 3% (3), and each product was fully characterized by 

traditional spectroscopic and crystallographic methods.  Figure 8 shows the thermal ellipsoid plot 

of the molecular structure of 2, where the presence of a triangular Rh2Re core is confirmed.  The 

bridging hydride was not located during structural refinement but its presence was established by 

1
H NMR spectroscopy.  Cluster 2 contains 48e and is isolobal with 1.  The Rh(1)-Rh(2) bond 

distance in 2 is 2.6675(4) Å, which is in good agreement with those Rh-Rh bond lengths reported 

for the mixed-metal clusters MoRh2Cp*2(CO)7, Rh4PtCp*4(CO)4, and Rh2PtCp*2(CO)3(PPh3).
52

  

The Rh(2)-Re(1) bond distance of 2.9513(4) Å is ca. 0.06 Å longer than the Rh(1)-Re(1) vector  
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Scheme 3.  A pairwise terminal-bridge-terminal carbonyl exchange. 
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Figure 7.  VT 
1
H NMR spectra of 1 in CD2Cl2 from 293 to 183 K. 
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Figure 8.  Thermal ellipsoid plot of the molecular structure of 2 showing the thermal ellipsoids at 

the 50% probability level.  Selected bond distances (Å) and angles (°) are: Re(1)-Rh(1) = 

2.8817(4), Re(1)-Rh(2) = 2.9513(4), Rh(1)-Rh(2) = 2.6675(4), Cp*(centroid)-Rh(1) = 1.894(1), 

Cp*(centroid)-Rh(2) = 1.869(1), Rh(1)-C(26) = 1.974(3), Rh(1)-C(25) = 1.926(3), Rh(2)-C(25) 

= 2.107(3), Rh(2)-C(26) = 2.005(3), Rh(1)-Re(1)-C(21) = 92.3(1), Rh(2)-Re(1)-C(23) = 122.8(1). 
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[2.8817(4) Å].  This slight elongation is attributed by the hydride ligand that spans the Rh(2)-

Re(1) bond.  The observed 122.8(1)° bond angle for the C(23)-Re(1)-Rh(2) atoms is consistent 

with the proposed location of the hydride ligand.  The terminal CO groups on the Re(1) center 

are slightly staggered relative to the plane defined by the three metals and display an orientation 

with respect to the Cp*Rh(μ-CO)2RhCp* moiety much like the disposition displayed by the 

Mo(CO)5 fragment in MoRh2Cp*2(CO)7,
52c

 although less pronounced in the case of 2.   

     The IR spectrum of 2 exhibits three terminal carbonyl stretching bands at 2057 (s), 1968 (vs), 

and 1936 (s) cm
-1

, along with a lower energy bridging ν(CO) band at 1804 (m) cm
-1

, consistent 

with the presence of bridging CO groups and the existence of the Cp*Rh(μ-CO)2RhCp* moiety.  

The 
1
H NMR spectrum of 2 exhibits a methyl singlet at δ 1.76 for the Cp* groups and a high-

field doublet at δ -18.22 in a 30:1 integral ratio.  The hydride resonance appears as a doublet (
1
J 

= 32 Hz) due to its coupling to a single rhodium atom.  The splitting of hydride is important 

because it indicates that the observed singlet for the inequivalent Cp* groups does not derive 

from a fluxional process that time averages both Cp*Rh moieties about the Re-H bond, as 

reported by Stone for the cationic cluster [HRh2PtCp*2(CO)4]
+
 and its phosphine-substituted 

derivatives.
52a,b

  Since the rapid rotation of the Cp*Rh(μ-CO)2RhCp* moiety about the Rh-H 

bond or the hydride “jump” in 2 would afford a triplet pattern for the hydride, it may be 

concluded that the two Cp* moieties are accidentally degenerate in C6D6.  The 
13

C NMR 

spectrum of 
13

CO-enriched 2 in CD2Cl2 at room temperature displays three terminal carbonyl 

groups at δ 188.28, 189.33, and 190.51 in an integral ratio of 1:1:2, respectively, for the Re(CO)4 

moiety, with the two bridging CO groups associated with the Cp*Rh moieties appearing as two 

closely spaced sets of doublet of doublets centered at δ 233.74 and 233.99.  Figure 9 shows the 

13
C NMR spectrum of 2 in the carbonyl region, along with the 

1
H NMR spectrum in the hydride 
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region.  Finally, the ESI mass spectrum of 2 revealed a prominent m/z peak at 832.87 attributed 

to the molecular ion for [2+H]
+
. 

     The separation of 3 proved to be problematic because it easily decomposed during 

chromatography.  Moreover, 3 was also found to be light- and temperature-sensitive, with 

evident decomposition to 1 when solutions of 3 were monitored by TLC, IR, and NMR analyses.  

The 
1
H NMR spectrum of 3 exhibits two singlets at δ 1.43 and -17.40 in a 15:1 integral ratio that 

are assigned to Cp* and hydride groups, respectively.  The observed hydride resonance appears 

as a singlet, and this indicates that hydride does not bridge one of the Rh-Re vectors in 3. 

 

 

Figure 9.  
13

C NMR spectra of 2 (lower) recorded in CD2Cl2 in the carbonyl region.  The upper 

spectrum shows the 
1
H NMR spectrum of the same sample in C6D6 in the hydride region 

      

The ESI mass spectrum obtained from 3 matched that of 1 with m/z peaks at 558.80, 530.89, and 

503.06 for the formation of the sodiated fragmentation products [Cp*RhRe(CO)nNa]
+
 (where n = 

2-4).  Unlike 1, 3 did not show higher order dimer-based fragmentation peaks in its mass 



124 

spectrum.  The molecular structure of 3, which was determined by X-ray diffraction analysis, 

consists of a spiked triangular array of metals.  Figure 10 shows the thermal ellipsoid plot of the 

molecular structure of 3, where the pendant or spiked Re(CO)5 moiety is confirmed.  While the 

hydride ligand was not located during crystallographic refinement, its existence was established 

by 
1
H NMR spectroscopy.   

     Cluster 3 contains 64e in good agreement with PSEP theory and its geometry is analogous to 

other spiked triangular motifs.
53

  One of the fourteen carbonyl groups in 3 is bridging, and the 

remaining thirteen are terminal.  The bond distances and angles exhibited by these ligands fall 

within acceptable ranges reported for such CO groups.
54

  The bond distances of the Rh(1)-Re(2) 

and Rh(1)-Re(3) vectors are 2.913(1) Å and 2.861(1) Å, respectively, with the former bond 

bridged by the C(14)O(14) moiety.  The bond length of Re(1)-Re(2) vector is 3.0480(8) Å, and 

this vector is associated with the spiked Re(CO)5 moiety.  This particular vector is similar to the 

Re-Re bond distance of 3.041(1) Å reported for Re2(CO)10, and this characteristic suggests that 

this spiked Re(1)-Re(2) bond does not serve as locus for the hydride ligand.
55

  The location of 

the bridging hydride in 3 can be confidently assigned to the Re(2)-Re(3) vector based on its 

elongated bond distance compared with other the Re-Re vectors and the disposition of the 

ancillary CO groups about the Re(2) and Re(3) centers.  The Re(2)-Re(3) bond length of 

3.1142(7) Å and bond angles of 118.4(3)  and 100.1(2)  for the C(9)-Re(3)-Re(2) and Re(1)-

Re(2)-Re(3) linkages, respectively, agree with this supposition.
46

  Since the hydride in 3 appears 

as singlet in 
1
H NMR spectrum, it is cannot be associated with the Rh(1)-Re(2) and Rh(1)-Re(3) 

vectors. 

     An alternative preparation for 1 using the unsaturated dimers H2Re2(CO)8 and Cp*2Rh2(CO)2 

was also investigated.  The latter rhodium dimer, which serves as a source of the Cp*Rh(CO) 



125 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.  Thermal ellipsoid plot of the molecular structure of 3 showing the thermal ellipsoids 

at the 50% probability level.  Selected bond distances (Å) and angles (°) are: Re(1)-Re(2) = 

3.0480(8), Re(2)-Re(3) = 3.1142(7), Re(2)-Rh(1) = 2.913(1), Re(3)-Rh(1) = 2.861(1), Re(2)-

C(14) = 2.00(1), Rh(1)-C(14) = 2.18(1), Cp*(centroid)-Rh(1) = 1.917(1), Re(1)-Re(2)-Re(3) = 

100.11(2), C(9)-Re(3)-Re(2) = 118.4(3), C(11)-Re(3)-Rh(1) = 96.4(3). 
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fragment in synthesis of 1, has been utilized as a starting material for the construction of 

rhodium-containing mixed-metal clusters.
56

  The reaction between an equimolar mixture of 

H2Re2(CO)8 and Cp*2Rh2(CO)2 in hexane furnished clusters 1 and 2 in yields of 39% and 28%, 

respectively, as well as a new species identified as 4 in 10% yield.  The IR spectrum of 4 exhibits 

five terminal carbonyl groups from 2036 to 1933 cm
-1

, in addition to two lower energy ν(CO) 

bands at 1716 and 1686 cm
-1

 consistent with the presence of face-capping CO groups.  The 

presence of two hydride ligands in 4 are required by conventional electron-counting rules, and 

this feature is supported by ESI mass spectrometry, which furnished a mass spectrum having 

peaks at m/z 1074.66 and 1096.65 for [M]
+
 and the sodiated pseudo-molecular ion [M+Na]

+
, 

respectively. 

     The 
1
H NMR spectrum of 4 recorded in C6D6 at room temperature displays resonances at  δ 

1.40 (30 H) and -13.62 (2H) for the Cp* and hydride groups, respectively, with the latter 

resonance appearing as a triplet (JRh-H = 10 Hz) due to coupling to both rhodium atoms.  The 

fluxional behavior of these hydrides was subsequently confirmed by VT NMR spectroscopy in 

CD2Cl2.  The 
1
H NMR spectrum of 4 in CD2Cl2 at room temperature exhibits singlet and triplet 

resonances at δ 1.55 (30H, Cp* groups) and -13.88 (2H, JRh-H = 10 Hz).  Cooling the sample 

from room temperature to -70 °C resulted in a transformation of the triplet into a doublet 

centered at δ -14.16 (JRh-H = 20 Hz), as illustrated in Figure 11.  The low-temperature NMR data 

are consistent with the presence of either bridging (Rh-Re edge) or face-capping (RhRe2 plane) 

hydrides.  As the temperature is raised from 233 K to room temperature, the transformation of 

the doublet into a triplet is consistent with a rapid exchange of the hydrides about the cluster 

polyhedron to afford hydrides that bridge a RhRe vector or cap the two Rh2Re faces in 4.  As 

consequence, the magnitude of the rhodium-hydride coupling at room temperature is half of that 
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observed at low temperature, and this strongly supports a rapid hydride migration about the 

cluster polyhedron and hydride association with both rhodium atoms.
57

 

     The dynamic behavior exhibited by the hydrides in 4 correlates nicely with the fluxional 

properties of the rhodium-bound CO groups in the cluster.  Figure 11 shows selected VT 
13

C 

NMR spectra of 4.  The broad resonance at ca. δ 188 at room temperature is readily ascribed to 

the terminal CO groups of the Re(CO)3 moieties, while the two CO groups associated with the 

rhodium atoms are not discernible.  Cooling the sample from 298 to 203 K leads to a sharpening 

of the high-field terminal carbonyl resonance and the appearance of a triplet at ca. δ 232 (
1
JRh-C =  

35 Hz) assigned to the bridging CO groups that span the Rh-Rh vector.   At 243 K, the broaden 

peak observed at ca. δ 232 signals coalescence of the two Rh-bound CO groups, and the triplet 

splitting exhibited by this resonance below 243 K supports the approach of 4 to the slow-

exchange limit.  At 203 K the carbonyl resonances at δ 232.02 and 187.56 reveal an integral ratio 

of 1:3, respectively, in excellent agreement with the formulated structure.  The singlet resonance 

exhibited by the Re(CO)3 moieties is consistent with a rapid and localized carbonyl exchange at 

each Re(CO)3 unit similar to that behavior reported for many clusters with M(CO)3 

vertices.
58,59,60

  The chemical shifts of the terminal and face-capping CO groups are unaffected 

by temperature, and this rules out an exchange of CO groups between the different metals in 4.  

The observed temperature-dependent broadening of the CO resonance at δ 187.56 is consistent 

with the scalar coupling of the CO groups with the 
185,187 

Re (I = 5/2) isotopomers.
61

  Moreover, 

the approximate coalescence temperatures for both the hydride and μ-CO fluxional exchanges 

provide strong support for a dynamic process involving hydride scrambling that is facilitated by 

a change in the coordination mode of the rhodium-bound CO groups.  A μ3-CO to μ2-CO 

conversion would open up the four polyhedral faces in 4 and afford an intermediate containing 
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Figure 11.  
1
H (right) and 

13
C (left) VT NMR of 4 in CD2Cl2.  The pertinent terminal and 

bridging carbonyl regions are depicted separately and the 
13

C NMR spectra have been recorded 

using 
13

CO-enriched 4. 
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edge-bridging CO and H groups.  The two rhodium-bound CO groups remain associated with the 

two rhodium centers and simply oscillate about the Rh-Rh hinge.  The shuttling of the rhodium-

bound CO groups between edge-bridging and face-capping coordination modes allows the 

migration of two hydrides about the cluster polyhedron.  The dynamical edge-bridging and face-

capping behavior displayed by the CO groups in 4 bears resemblance to the CO fluxional process 

reported by Casey for Cp*3Co3(μ2-H)2(μ3-CO)(μ2-CO).
62

   There the Co-bound CO groups 

exhibit a hinge-based oscillation about one of the Co-Co vectors that effectively equilibrates one 

of the two CO groups between the two metallic faces of the tricobalt cluster.  The CO scrambling 

about the two Co3 faces is coupled with a flipping motion of the bridging hydrides to the metallic 

face opposite of the μ3-CO group. 

     The two independent molecules of 4 found in the unit cell showed no significant structural 

differences.  Figure 12 shows the thermal ellipsoid plot of the molecular structure of one of the 

molecules of 4 and confirms the presence of a Rh2Re2 tetrahedral core.  As stated earlier, the 

ancillary hydrides were not located during the structural refinement, but their existence is 

essential to achieve an electron count of 60e consistent with PSEP theory and the 
1
H NMR data.  

Cluster 4 represents the first structurally characterized Rh2Re2 cluster.  The bond distance 

exhibited by the Rh(1)-Rh(2) vector is 2.717(1) Å and is similar to the Rh-Rh distance reported 

in literature for the tetranuclear clusters Rh2Ir2Cp*2(CO)7, Rh2Os2Cp*2(CO)8, Rh2Ru2Cp*2(CO)8, 

and Rh2Mo2Cp*2Cp2(CO)4 that contain Cp*Rh moieties.
56b,d,e,63

  The four Rh-Re bond distances 

range from 2.884(1) Å [Rh(1)-Re(1)] to 2.935(1) Å [Rh(2)-Re(1)] and exhibit an average 

distance is 2.908 Å.  These distances compare well to the non-hydride bridged Rh-Re bond 

length in both 1 and 2 and the non-carbonyl bridged Rh-Re vector in 3.  The Re(1)-Re(2) bond 

distance of 2.8482(8) Å is significantly shorter than the Re-Re bond distance of 3.041(1) Å 
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reported in Re2(CO)10.
 
 In fact, the Re(1)-Re(2) bond distance in 4 agrees highly with those Re-

Re distances found in the face-capped clusters [H3Re3(CO)9(μ3-AuPPh3)]
-
 and HRe3(CO)6(μ3-

Cl)(μ-PPh2)3.
64

  The Rh(1)Rh(2)Re(1) and Rh(1)Rh(2)Re(2) faces are each capped by a single 

carbonyl group in a highly asymmetric fashion.  The Rh-C bond distances associated with the 

face-capping C(27)O(7) and C(28)O(8) groups range from 1.99(1) Å [Rh(1)-C(28)] to 2.17(1) Å 

[Rh(2)-C(28)], and they are significantly shorter than their counterpart Re-C bond distances of 

2.40(2) Å [Re(1)-C(27)] and 2.35(2) Å [Re(2)-C(28)].  The asymmetric Rh-C and Re-C bond 

distances exhibited by the face-capping CO groups in 4 resemble those face-capping CO groups 

in the unsaturated trimetallic cluster Cp*3Rh3(μ3-CO)2 reported by Stone.
65

  The bond-length 

distortions in the two μ3-CO groups in 4 show the same similarity with those face-capping CO 

ligands in the bis(Cp*Rh)-substituted clusters Rh2Ru2Cp*2(CO)8 and 

Rh2Mo2Cp*2Cp2(CO)4.
56e,63,65

 

3.2 Decomposition Kinetics of 1 in the Presence of CO.   

     Based on the reports of PPh3-induced decomposition of H2Re2Ir(η
5
-ind)(CO)9 and the limited 

stability of the related trinuclear clusters Ir3-xRhx(η
5
-ind)3(CO)3 (where x = 0-3) under CO,

21,66
 

the reactivity of 1 with CO was investigated.  The latter clusters react rapidly with added CO at 

room temperature to give the corresponding mononuclear compounds M(η
5
-ind)(CO)2.  Initially, 

the stability of 1 was examined by stirring a heptane solution of 1 with 
13

CO (1 atm).  After a 

period of 24 hr, the IR spectroscopy established the absence of 
13

CO incorporation into cluster 1, 

and this evidence excludes the formation of a significant concentration of an unsaturated cluster 

resulting from a loss of CO or H2 at room temperature.  Cluster 1 is thermally sensitive and 

easily decomposes under CO (1 atm) at 65 °C in heptane to give the known compounds 

Re2(CO)10 (>93%) and Cp*Rh(CO)2 (>98%), as judged by IR spectroscopy.  In addition, no  
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Figure 12.  Molecular structure of one of the two independent molecules of 4 in the unit cell  

showing the thermal ellipsoids at the 50% probability level.  Selected bond distances (Å) and 

angles (°) are: Rh(1)-Rh(2) = 2.717(1), Rh(1)-Re(1) = 2.884(1), Rh(1)-Re(2) = 2.888(1), Rh(2)-

Re(2) = 2.924(1), Rh(2)-Re(1) = 2.935(1), Re(2)-Re(1) = 2.8482(8), Cp*(centroid)-Rh(1) = 

1.898(1), Cp*(centroid)-Rh(2) = 1.879(1), Rh(1)-C(28) = 1.99(1), Rh(1)-C(27) = 2.00(1), Rh(2)-

C(27) = 2.08(1), Rh(2)-C(28) = 2.17(1), Re(1)-C(27) = 2.40(2), Re(2)-C(28) = 2.35(2), C(22)-

Re(1)-Re(2) = 96.1(6), C(21)-Re(1)-Re(2) = 124.8(6), C(23)-Re(1)-Re(2) = 146.6(6), C(24)-

Re(2)-Re(1) = 94.4(6), C(25)-Re(2)-Re(1) = 144.4(5), C(26)-Re(2)-Re(1) = 127.3(5). 
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evidence for the existence of HRe(CO)5 or H3Re3(CO)12 was observed in those reactions that 

were monitored by IR spectroscopy.  Thermolysis of 1 without CO is accompanied by 

decomposition to Re2(CO)10 (<10%) and trace amounts of Cp*Rh(CO)2. 

    The decomposition kinetics of 1 were studied in order to determine the role played by CO in 

this reaction.  Here UV-vis spectroscopy was utilized, and the progress of each experiment was 

monitored by following the decrease in the absorbance of the 508 nm band of 1 in the presence 

of CO over the temperature range of 326 to 361 K.  The carbonylation studies were conducted 

under pseudo-first order conditions using an excess of CO relative to cluster 1.  The UV-vis  

spectral changes for the reaction of 1 in toluene at 333 K in the presence of 1 atm CO (excess) is 

illustrated in Figure 13, with the inset showing the least-squares fit for the first-order decay of 

1.
67

  The first-order rate constants for these reactions are reported in Table 4.  The effect of CO 

pressure, free-radical inhibitors (9,10-dihydroanthrancene and p-methoxyphenol), and PPh3 on 

the reaction (at 333 K) was also explored (entries 6-9).  Based on the negligible changes in these 

rate constants with respect to entry 2, a rate-limiting step involving an associative attack of 

ligand on 1 may be ruled out, in addition to a decomposition sequence proceeding by a free-

radical chain process.
68

  Figure 14 exhibits the Eyring plot for the decomposition of 1, which 

afforded the activation parameters ΔH
≠
 = 25.0(8) kcal/mol and ΔS

≠
 = -2.6(3) cal/(mol·K).  The 

zero-order dependence of CO and the Eyring activation parameters further rule out a rate-

determining step involving a dissociative loss of CO from 1.   

     Since the involvement of a rate-limiting loss of hydrogen in 1 cannot be eliminated on the 

basis of the above data, an isotope experiment designed to probe this possibility was conducted.  

The dideutride cluster 1-d2 was prepared from D2Re2(CO)8 and Cp*Rh(CO)2.  The synthesis of 

D2Re2(CO)8 followed the reported procedure for the synthesis of H2Re2(CO)8 in benzene solvent,  
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Figure 13.  UV-vis spectral changes for cluster 1 in the presence of CO (1 atm; ca. 14 equivalents 

per 1) at 333 K in toluene.  The inset shows the absorbance data versus time for the experimental 

data (■) and the non-linear regression fit of the first-order rate constant k ( ). 
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Figure 14.  Eyring plot for the reaction of 1 in presence of CO.      
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except that H2 was replaced by D2.  The desired compound D2Re2(CO)8 was purified by 

recrystallization from hexane and then evaluated by 
1
H NMR spectroscopy employing an 

internal standard, 4,4'-di-tert-butylbiphenyl.  The recorded 
1
H NMR spectrum of D2Re2(CO)8 in 

C6D6 confirmed the presence of ca. 17% of the H2Re2(CO)8 and HDRe2(CO)8 isotopomers in ca. 

a 14:86 ratio, respectively.  These unwanted isotopomers presumably derived from the activation 

of the benzene solvent and have also been observed by Beringhelli et al. during their preparation 

of D2Re2(CO)8.
69

  Changing the reaction solvent from benzene to cyclohexane during photolysis 

reduced the amount of the unwanted isotopomers to ca. 4%, and this material was used in the 

preparation of 1-d2.  These results concerning the activation of the benzene and cyclohexane 

solvents in the preparation of 1-d2 are in accord with earlier studies on the activation preference 

of arenes over alkanes at unsaturated metal compounds.
70

  The reaction between D2Re2(CO)8 and 

Cp*Rh(CO)2 was conducted, furnishing 1-d2 in 25% yield after crystallization from hexane.  

Specifically, the use of column chromatography in the purification stage was skipped in order to 

avoid H/D exchange between the stationary phase and the deuteride ligands in 1-d2.
33

  
1
H NMR 

examination of the isolated 1-d2 in benzene-d6 using the Cp* moiety as an internal reference 

allowed the upper limit on the H2RhRe2Cp*(CO)9 and HDRhRe2Cp*(CO)9 isotopomers to be set 

at no more 4%.  This material was sufficiently pure and was utilized in the carbonylation kinetics.  

     The carbonylation reaction of 1-d2 under 1 atm of CO at 333 K was examined by UV-vis 

spectroscopy in a manner identical to that described previously for 1-d0.  Two independent UV-

vis experiments were performed and each displayed well-behaved first-order decay curves for 1-

d2, yielding an average rate constant of 8.17(0.01) e
-5

 s
-1

.  This value is in good agreement with 

the mean rate constant of 8.04(0.9) e
-5

 s
-1

 determined from the other experiments conducted at 

333 K using 1-d0 (entries 2-9, Table 4).  Based on the absence of a detectable isotope effect 
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during the fragmentation of cluster 1-d2, a rate-limiting loss of H2 (or D2) can be excluded.  The 

elimination of dissociative processes based on CO and H2 loss requires a rate-determining step 

(RDS) based only on cluster 1.  The opening of the cluster polyhedron to afford a diradical 

species appears reasonable based on the totality of the kinetic data and the photochemical 

reactivity of 1 in the presence of chlorinated solvents.  Figure 15 illustrates this unimolecular 

reaction, where the opening of the cluster at the non-hydride-bridged Rh-Re bond would serve as 

a suitable RDS in the decomposition of 1.  The proposed Rh-Re bond cleavage in 1 also is 

supported by published kinetic and dynamic NMR studies on polyhedral rearrangements 

involving metal-metal bond scission in ligand substitution reaction and ligand rearrangements.
71

 

Alternatively, the cleavage of the same Rh-Re bond in a heterolytic fashion would also be in 

accord with a reaction that is first order in starting cluster. 

 

 

 

 

 

 

 

 

Figure 15. The opening of the cluster 1 at the non-hydride-bridged Rh-Re bond. 
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3.3 Thermal and Photochemical Decomposition of 1 in the Presence of Chlorinated Solvents.   

     Scheme 4 displays the reactivity of 1 under different conditions, where the clusters 5-8 are 

produced.  Whereas 1 decomposes in toluene in the presence of CO to give Re2(CO)10 and 

Cp*Rh(CO)2, the thermolysis behavior of 1 in halogenated solvents CH2Cl2, CHCl3, or CCl4 

under comparable conditions displays a different reaction course, with new ν(CO) bands at 2035 

and 1917 cm
-1

 observed in those reactions that were monitored by IR spectroscopy.  The 

signature of the ν(CO) bands in the IR spectrum exhibited by the new product are in agreement 

with the presence of a fac-Re(CO)3 moiety in the product.  The 
1
H NMR spectrum recorded in 

CDCl3 exhibited the presence of a new Cp* singlet at δ 1.36.  Thermolysis of 1 in a solvent 

mixture composed of CH2Cl2/CCl4 (1:1) at ca. 45 C afforded Cp*Rh(μ-Cl)3Re(CO)3 (5) in 82% 

yield, as established by IR and 
1
H NMR spectroscopy.  Since 5 could not be isolated by 

chromatographic techniques due to its irreversible binding to the stationary support, 

recrystallization was employed in the isolation of 5.  Using hexane as the extraction and 

crystallization solvent allowed for the isolation and growth of X-ray quality crystals of 5 suitable  

for diffraction analysis.  The molecular structure of 5 is shown in Figure 16.  The solid-state 

structure of 5 is similar to the reported bromo-bridged derivatives Cp*M(μ-Br)3Re(CO)3 (where 

M = Rh, Ir) and Cp*Ir(μ-Cl)3Re(CO)3.
72,73

  Cluster 5 displays a triply bridged bioctahedral 

geometry, where the chlorine groups serve as the common face-shared ligands.  Since the 

chlorines function as 3e- donating ligands, both metal centers are coordinatively saturated.  The 

internuclear distance between the Rh(1) Re(1) is 3.2953(3) Å, and this is significantly longer 

than those Rh-Re distances found in clusters 1-4 and the covalent radii of the two metal atoms.
74

  

This negates any direct bonding interactions between the two metal centers in 5. 
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Scheme 4. The reactivity of 1 under different conditions 
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Figure 16.  Thermal ellipsoid plot of the molecular structure of 5 showing the thermal ellipsoids 

at the 50% probability level.  Selected bond distances (Å) and angles (°) are: Re(1) Rh(1) = 

3.2953(3), Cp*(centroid)-Rh(1) = 1.752(1), Rh(1)-Cl(1)-Re(1) = 83.64(2), Rh(1)-Cl(2)-Re(1) = 

82.99(2), Rh(1)-Cl(3)-Re(1) = 82.91(2). 
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     Compound 5 presumably forms via the diradical cluster H2RhRe2Cp*(CO)9 shown in Figure 

15, and the structure of 5 is important because it clearly establishes the activation of the 

chlorinated solvent.  5 is also obtained in low yield when solutions of 1 in the same halogenated 

solvents are irradiated overnight at 366 nm.  Even though the mechanism has not been studied, 

the photochemical route that yields 5 likely involves the formation of metal-centered radicals 

that abstract chlorine atoms from the halogenated solvent.  Irradiation of 5 using near-UV light is 

expected to populate σ to σ* transitions involving metal-based orbitals within the cluster, which 

in turn can yield metal-centered radicals upon metal-metal bond homolysis.
75

  The capability of 

such radicals to effectively abstract halogen and hydrogen atoms from suitable substrates is a 

well-documented phenomenon.
76,77

  An alternative preparation of 5 was achieved by heating a 

1:2 mole mixture of [Cp*RhCl2]2 and ClRe(CO)5, as shown in Figure 17.  This independent 

synthesis gave 5 in 72% yield.   

 

 

Figure 17. An alternative preparation of 5. 

 

3.4 Thermolysis Behavior of 1 in the Presence of Thiol Ligands   

     Hydrodesulfurization is a chemical process widely used to remove sulfur from natural gas and 

refined petroleum products.  The purpose for sulfur removal is to reduce the sulfur dioxide 

emissions that result from the consumption of those fuels in aotomotive vehicles and power 
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plants.  Most of the active hydrodesulfurization catalysts are based on middle transition-metal 

compounds.  Ruthenium disulfide appears to be the single most active catalyst, but binary 

combinations of cobalt and molybdenum are also highly active.
78

  Due to current interest in 

cluster-based systems capable of serving as models for industrial hydrodesulfurization catalysts, 

the reaction of 1 with thiols was examined.  Cluster 1 reacts with H2S-saturated benzene 

solutions at ca. 60 C to furnish a single product identified as S2Rh3Cp*(CO)4 (6).  The IR 

spectrum displayed three terminal carbonyl groups at 2060, 2040, and 1997 cm
-1

, and the singlet 

recorded at δ 1.76 in the 
1
H NMR spectrum is assigned to Cp* moiety, all of which are consistent 

with the formulated structure.  The ESI mass spectrum of 6 revealed a strong molecular ion at 

m/z 620.44 for the protonated cluster [6+H]
+
, in addition to a weaker peak at m/z 642.46 

belonging to the sodiated species [6+Na]
+
.  The ORTEP diagram of the molecular structure of 6 

shown in Figure 18 confirms the metallic composition and the presence of the two Rh(CO)2 

moieties.  Cluster 6 consists of a triangular plane of rhodium atoms that is face-capped by two 

sulfido groups, and the cluster is electron precise based on an electron count of 48e.   

     The redistribution of rhodium atoms in this reaction is interesting, and the origin of the CO 

groups in the product must derive from the CO that is liberated from 1 during thermolysis.  The 

Rh-Rh bond distances in 6 are approximately equal, exhibiting a mean distance of 2.9938 Å, and 

the metallic core is best viewed as an equilateral triangle.  In addition, the Cp* ligand is 

orthogonal to the metallic frame based on the angle of 91.3(2)  measured from the planes defined 

by the C(1)-C(5) ring carbons and the Rh3 core.  The Rh-Rh bond distances in 6 are in agreement 

with those distances published for the sulfido-capped clusters [S2Rh3(CO)6]
-
 and S2Rh3(μ-

H)(cod)2(PHBu2
t
)2.

79,80
   The remaining bond distances and angles are unremarkable and require 

no comment.  
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Figure 18.  Thermal ellipsoid plot of the molecular structure of 6 showing the thermal ellipsoids 

at the 35% probability level.  Selected bond distances (Å) and angles (°) are: Rh(1)-Rh(3) = 

2.9522(7), Rh(1)-Rh(2) = 2.9652(7), Rh(2)-Rh(3) = 2.0641(7), Rh(1)-S(1) = 2.310(2), Rh(2)-S(1) 

= 2.338(2), Rh(1)-S(3) = 2.339(2), Rh(2)-S(1) = 2.309(2), Rh(2)-S(2) = 2.337(2), Rh(3)-S(3) = 

2.343(2), Cp*(centroid)-Rh(1) = 1.779(2), C(11)-Rh(2)-C(12) = 96.5(3), C(13)-Rh(3)-C(14) = 

93.1(3). 
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     The reaction between 1 and p-methylbenzenethiol was also investigated.  Thermolysis of 1 in 

the presence of a slight excess of p-methylbenzenethiol at 55 C in benzene led to the formation  

of a single new product 8, as assessed by TLC analysis of the final reaction solution.  

Interestingly, parallel reactivity experiments utilizing 5 and p-methylbenzenethiol afforded 

compounds 7 and 8 as the major reaction products.  These latter two compounds are also 

observed by TLC in those reactions between 1 and p-methylbenzenethiol performed in CH2Cl2.  

7 is easily driven to product 8 in good yield upon further addition of p-methylbenzenethiol to 

crude reaction mixtures containing 7 and 8.  Both compounds 7 and 8 were isolated as air-stable 

solids by column chromatography over silica gel.  The IR spectrum of 7 displayed two terminal 

carbonyl groups at 2019 and 1907 cm
-1

, while one singlet at δ 1.54, assigned to the Cp* moiety, 

was recorded in the 
1
H NMR spectrum.  The remaining proton resonances for the p-

methylbenzenethiol groups of 7 are reported in Table 1.  The 
1
H NMR spectrum of 8 displays a 

resonance at δ 1.54 for the Cp* moiety, with resonances at δ 2.31, 7.05 and 7.68 recorded for the 

tolyl groups.  The IR spectrum recorded for 8 exhibits ν(CO) bands at 2012 and 1905 cm
-1 

for the 

Re(CO)3 moiety.  The terminal carbonyl stretching bands in both of 7 and 8 are shifted to lower 

energy relative to the corresponding chloride-bridged dimer 5 due to the presence of the stronger 

thiolate donor groups.  Although no molecular ion was found in the ESI mass spectrum of 7, the 

peak recorded at m/z 755.00 is consistent with the formation of [7-Cl]
+
.  However, 8 displayed 

two strong peaks in the mass spectrum at m/z 900.93 and 754.95 for the sodiated species [8+Na]
+
 

and [8-SC6H4Me]
+
, respectively.  The formulated structures of 7 and 8 were subsequently 

verified by X-ray diffraction analysis.  The molecular structures of 7 and 8 are shown in Figures 

19 and 20, respectively. 7 and 8 represent the first structurally characterized sulfido-bridged 

heterobimetallic Cp*RhRe compounds possessing a bioctahedral motif.  The overall molecular  
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Figure 19.   Molecular structure of 7 showing the thermal ellipsoids at the 50% probability level.  

Selected bond distances (Å) and angles (°) are: Re(1) Rh(1) = 3.2894(4), Cp*(centroid)-Rh(1) 

= 1.786(2), Rh(1)-Cl(1)-Re(1) = 82.28(3), Rh(1)-S(1)-Re(1) = 84.34(3), Rh(1)-S(2)-Re(1) = 

84.16(3). 
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Figure 20.   Molecular structure of 8 showing the thermal ellipsoids at the 35% probability level.  

The hexane solvent molecule in the structure has been omitted for clarity.  Selected bond 

distances (Å) and angles (°) are: Re(1) Rh(1) = 3.325(1), Cp*(centroid)-Rh(1) = 1.799(5), 

Rh(1)-S(1)-Re(1) = 85.19(8), Rh(1)-S(2)-Re(1) = 85.15(7), Rh(1)-S(3)-Re(1) = 85.04(8). 
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geometry of each compound is similar to that of 5, with the internuclear Rh(1) Re(1) distance 

in 7 [3.2894(4) Å] and 8 [3.325(1) Å] not significantly different compared with that distance in 5. 

The bridging SC6H4-p-Me ligands in 7 and 8 adopt an orientation that is mainly parallel to the 

plane of the Cp* ring carbon and perpendicular to the Rh(1) Re(1) vector. 
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Chapter II.4 

Conclusion 

     H2Re2(CO)8 reacts with Cp*Rh(CO)2 to yield the new cluster compounds H2RhRe2Cp*(CO)9 

(1), HRh2ReCp*2(CO)6 (2), and HRhRe3Cp*(CO)14 (3).  1 and 2 are 48e- clusters and display 

triangular metallic cores, while 3 contains 64 valence electrons and exhibits a spike-triangular 

core having a pendent Re(CO)5 moiety. The nature of the rhodium starting material is important, 

and the substitution of Cp*2Rh2(CO)2 in place of Cp*Rh(CO)2 affords clusters 1, 2, and 

H2Rh2Re2Cp*2(CO)8 (4).  Cluster 4 possesses 60e- and contains a tetrametallic core with two 

face-capping CO and hydride groups. The reactivity of 1 has been explored in detail and 

unexpectedly found to decompose under relatively mild conditions to give fragmentation 

products, whose composition is dependent on the nature of the trapping ligand present and 

reaction solvent.   

     The fragmentation kinetics of 1 under CO have been investigated, and the data support a 

unimolecular rate-determining step that involves the opening of the cluster polyhedron through 

homolytic or heterolytic scission of one of the Rh-Re bonds in 1.  Cluster 1 undergoes 

fragmentation in the presence of the halogenated solvents CH2Cl2, CHCl3, and CCl4 to give the 

heterobimetallic halide-bridged species Cp*Rh(μ-Cl)3Re(CO)3 (5).  In addition, heating 1 and 

H2S in benzene at 60 C furnishes the 48e- triangular cluster S2Rh3Cp*(CO)4 (6), which contains 

two Rh(CO)2 moieties and two face-capping sulfide groups, while the reaction of 1 with p-

methylbenzethiol gives the sulfido-bridged dimers Cp*Rh(μ-Cl)(μ-SC6H4Me-p)2Re(CO)3 (7) and 

Cp*Rh(μ-SC6H4Me-p)3Re(CO)3 (8). 
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Chapter III.1 

Introduction 

      The fabrication of advanced complementary metal-oxide-semiconductor (CMOS) 

architectures for integrated circuit applications beyond the 45 nm mode remains a critical pursuit 

of the microelectronics industry.
1
  An accompanying mandate in the miniaturization of  

electronic devices is the need to replace the traditional silicon-based dielectric barrier with an 

alternative barrier component.  The miniaturization of silicon integrated circuits has pushed 

conventional silicon dioxide (SiO2) and silicon nitride (Si3N4) films to their physical limit in 

terms of reduction of thicknesses and dielectric strengths.  When the barrier layer is downscaled 

to a thickness below a few nanometers, tunneling currents lead to an increase in the leakage of 

the current densities, thus reducing device reliability.   While many different materials have been 

examined as part of this challenge for new barrier layers, early metal-nitride barriers based on Ti, 

Nb, and Ta have received extensive attention,
2
 with atomic layer deposition (ALD) being the 

technique of choice for the manufacture of these alternative barrier layers.  This has led to the 

study of high dielectric materials such as Ta2O5, TiO2, Ni2O5, ZrO2, and HfO2, which have 

enabled an increase of the packing density of integrated circuits without a further reduction of 

the insulator thickness.
3
 

     Tantalum(V) oxide has been utilized extensively as an insulating layer in discrete capacitors, 

in addition to serving as an insulating dielectric in the capacitive element in memory devices 

such as dynamic random access memory (DRAM).
4
    Atomic layer deposition is an ideal method 

for the deposition of  highly conformal films, and the technique offers the benefits of smooth 

films, precise thickness control, and accurate composition control.
5
  Tantalum(V) oxide has been 

prepared using the ALD method from  several sources.  The compounds TaCl5, TaI5, and 
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Ta(OCH2CH3)5 have been employed as precursors to produce ALD films over a temperature 

range of 100-400 °C in the presence of water as an oxygen source.
6,7,8

  The ethoxide  and the 

chloride derivatives have also been used together without water to produce tantalum oxide films 

under ALD conditions in the temperature range of 275-400 °C.
9 
 From a technological aspect, 

Ta2O5 may also be produced using several other methods, including anodic or thermal oxidation 

of Ta, sputtering, sol-gel methods, and various processes based on chemical vapor deposition 

(CVD).
10

   

     Apart from the insulating activities, high dielectric constant, large refractive index value, and 

exceptionally high chemical and thermal stability, Ta2O5 films are also employed in other 

applications as an antireflective layer in optical devices,
11

 photocatalytic activity for the 

degradation of gaseous formaldehyde under UV irradiation,
12

 and dielectric layers in biological 

sensors.
13

  The fabrication of high-quality thin films of Ta2O5 and related oxides is of significant 

importance.  For the construction of Ta2O5 films, metal-alkoxide  precursors are commonly 

employed, such as Ta(OC2H5)5 or Ta(OCH3)6, due to their volatility.
14

  On the other hand, this 

choice of reagents systematically requires postdeposition treatments at high temperature, which 

are assumed to remove the C and H contaminants incorporated during the deposition step.  

Because these residues generally degrade the leakage properties of the resulting films, alternative 

carbon-free sources, such as TaCl5 or TaF5,
15

 have been examined in order to avoid these 

contaminants.  However, the presence of corrosive chloride and fluoride ions introduces other 

fabrication problems.  

      In the past decades, delamination of layered tantalum compounds has received much 

attention, because the resulting colloidal single layers can be taken as a unique class of two-

dimensional nanoscale materials.
16

  The preparation of ultra-large-scale integration (ULSI ) 
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devices that contain TiN, NbN, and TaN barrier layers by ALD are best pursued through 

customized metal-nitrogen precursors that avoid the use of corrosive halide ligands and 

flammable and toxic reducing agents required in the self-limiting growth step.  In the primary 

coordination sphere of an all-nitrogen containing metal precursor, the absence of halide and 

carbon ligands should facilitate the elimination of some of the commonly found contaminants in 

the terminal metal-nitride film.  In addition, the intrinsic reactivity of single-source precursors 

may be “tuned” through ligand modification, leading to metal-nitride barrier layers that possess 

the desirable properties of superior adhesion, low resistivity, and uniform coverage.  Because 

high-quality barriers are able to prevent harmful diffusion of the Cu interconnect into the silicon 

dielectric foundation, the device durability is greatly extended. 

     The interest in metal-nitride films stems from the current industrial need for alternative 

single-source precursors that may be used in the construction of TaN films under mild reaction 

conditions.   An obstacle associated with the manufacturing process of TaN films is the formal 

reduction of the Ta(V) precursor to the Ta(III) oxidation state required by TaN, which has largely 

been achieved using NH3 in a dual capacity as a carrier gas and reducing agent in the ALD 

process.
17

  In an effort to facilitate the Ta(V)→Ta(III) reduction, several groups have synthesized 

new hydrazido-substituted derivatives as precursors for TaN thin films.
2c,g,h,18

  Ligands derived 

from hydrazines have gained recent attention in the precursor field of metal nitrides.  Figure 1 

shows the reaction of dimethylhydrazine with TaCl5 and the formation of 

TaCl2(NNMe2)(NHNMe2)(NH2NMe2), which was recently reported by Winter et al.
19

  Here the 

presence of two electron-rich hydrazido ligands is expected to lower the deposition temperature 

and promote the needed two-electron reduction of the tantalum metal relative to those precursors 

possessing simple amido and imido substituents.  The goal of this work was to synthesize new 
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Figure 1. The formation of TaCl2(NNMe2)(NHNMe2)(NH2NMe2). 

 

mono-hydrazido compounds for use in ALD studies.  Herein the synthesis and isolation of 

TaCl(NMe2)3[N(TMS)NMe2] and Ta(NMe2)4[N(TMS)NMe2] are described.
20

  The VT NMR 

behavior of these compounds and preliminary ALD results employing the latter all-nitrogen 

coordinated compound are also discussed.  
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Chapter III.2 

Experimental 

2.1 Materials 

2.1.1 Solvents 

     All reaction solvents were distilled from a sodium/ benzophenone under argon; when not in 

use, the purified solvents were stored under argon in Schlenk storage vessels equipped with high-

vacuum Teflon stopcocks.
21

  The benzene-d6 and toluene-d8 NMR solvents were >99% in 

deuterium and were distilled from sodium/benzophenone under argon by bulb-to-bulb distillation 

prior to their use.    

2.1.2 Reagents 

     The TaCl(NMe2)4 and (TMS)NHNMe2 utilized in the preparation of the hydrazido-substituted 

compounds reported here were synthesized from Ta(NMe2)5 and Me2NNH2, respectively, 

according to published procedures.
22,23,24

  The tantalum starting material, Ta(NMe2)5, was 

synthesized from TaCl5 and LiNMe2 employing the modification of Rothwell.
25

  The TaCl5 was 

obtained from Pressure Chemical, and the chemicals LiNMe2 (95%), Me2NNH2, and Me3SiCl 

used in this work were purchased from Aldrich Chemical.  The latter two liquids were distilled 

from an appropriate drying agent prior to use, and the LiNMe2 was stored in the drybox (HE 

Series double box) and used without further purification.  All syntheses and sample handling 

were performed in the drybox given the extreme sensitivity of these tantalum compounds to 

moisture and oxygen.  Multiple attempts to secure acceptable combustion analyses on the 

hydrazido(I) compounds were made (Schwarzkopf and Galbraith Laboratories) but the samples 

consistently gave low C and H data. 

2.2 Instrumentation 
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     The reported 
1
H NMR spectra were recorded at 500 MHz on a Varian VXR-500 spectrometer, 

with the reported chemical shifts referenced against the residue protons of the NMR solvent.  

The reported mass spectral data (EI spectra) were collected at the University of British Columbia 

mass spectrometry facility that is equipped to handle highly air- and moisture-sensitive samples.  

The EI mass spectra were recorded on a Kratos MS50 double-focusing mass spectrometer 

configured with a MASPEC data system.  The samples were handled under dry nitrogen and 

introduced via a direct insertion probe, employing a source temperature of 120 C and an 

ionization energy of 70 eV. 

2.3 Preparation of Compounds 

2.3.1 Synthesis of TaCl(NMe2)3[N(TMS)NMe2] from TaCl(NMe2)4 and (TMS)NHNMe2 

     To a medium-walled Carius tube was charged 1.10 g (2.80 mmol) of TaCl(NMe2)4, after 

which 40 mL of toluene was added via syringe.  The solution was next treated with excess 

(TMS)NHNMe2 (2.00 g; 15.1 mmol), and the vessel was sealed and heated at ca. 60 C for 48 hr.  

Upon cooling, the volatiles were removed under vacuum to afford a yellow-brown solid that was 

then taken up in ca. 15 mL of pentane and filtered prior to recrystallization at -30 C.  

TaCl(NMe2)3[N(TMS)NMe2] was isolated by filtration at 0 C as a yellow solid in 73% yield 

(980 mg).  
1
H NMR (toluene-d8, 298 K): δ 0.292 (s, 9H, TMS), 2.60 (s, 6H, Me2NN), 3.39 (bs, 

18H, Me2N).  EI-MS: m/z 479/481 [M]
+
 consistent with chlorine isotopomers and 444 [M-Cl]

+
. 

2.3.2 Synthesis of Ta(NMe2)4[N(TMS)NMe2] from TaCl(NMe2)3[N(TMS)NMe2] and LiNMe2 

     To 0.60 g (1.3 mmol) of TaCl(NMe2)3[N(TMS)NMe2] in 100 mL of pentane at -30 C was 

added a slight excess of LiNMe2 (0.084 g, 1.6 mmol) in a single portion.  The solution was 

allowed to warm slowly to room temperature and stirred for additional 24 hr, after which the 

solution was filtered and the residue extracted with 3 x 30 mL portions of pentane.  The 
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combined pentane solutions were concentrated to ca. 10 mL and then placed in the freezer at -30  

C to furnish ultimately 0.58 g (95% yield) of Ta(NMe2)4[N(TMS)NMe2] as a pale yellow solid.  

1
H NMR (toluene-d8, 298 K): δ 0.293 (s, 9H, TMS), 2.48 (s, 6H, Me2NN), 3.25 (bs, 24H, Me2N).  

EI-MS: m/z 487 [M]
+
 and 444 [M-NMe2]

+
. 

2.4 X-ray Diffraction Structures 

     Single crystals of TaCl(NMe2)3[N(TMS)NMe2] and Ta(NMe2)4[N(TMS)NMe2] suitable for 

diffraction analysis were grown in the drybox at -30 C from a pentane solution containing  each 

compound.  The X-ray quality crystals were collected from Paratone oil at ca. -20 C using a 

nylon CryoLoop and rapidly transferred under the cold nitrogen stream of the diffractometer to 

the goniometer without excessive deterioration.  The X-ray data for both compounds were 

collected on an APEX II CCD-based diffractometer at 100 K.  The frames were integrated with 

the available APEX2
26

 software package using a narrow-frame algorithm,
27

 and the structures 

were solved and refined using the SHELXTL program package.
28

  The 

Ta(NMe2)4[N(TMS)NMe2] crystal exists as a two-fold rotation twin about the crystallographic b-

axis.  The crystal structure of Ta(NMe2)4[N(TMS)NMe2] was solved initially by using averaged 

intensity data from both domains.  Structure refinement used the unmerged data (HKL5 option in 

SHELXL97) with the twin ratio converging to 0.63:0.37 for the two domains in the final 

structure refinement.  Each molecular structure was solved by direct methods with all 

nonhydrogen atoms refined anisotropically and then checked by using PLATON.
29

  Table 1 

summarizes the X-ray processing and data collection parameters. 
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Table 1.  X-ray Crystallographic Data and Processing Parameters for 

TaCl(NMe2)3[N(TMS)NMe2] and Ta(NMe2)4[N(TMS)NMe2] 

                                                                                                                                                                

compound  TaCl(NMe2)3[N(TMS)NMe2] Ta(NMe2)4[N(TMS)NMe2] 

CCDC entry no. 737251 737252  

cryst system monoclinic Orthorhombic 

Space group P2(1)/n Pbca 

a, Å 10.1898(4) 14.196(1) 

b, Å 12.2418(5) 9.8437(8) 

c, Å 15.6803(6) 29.762(2) 

β,  99.808(1) 

V, Å
3
 1927.4(1) 4159.0(6) 

mol formula C11H33ClN5SiTa C13H39N6SiTa 

fw 479.91 488.54 

formula units per  cell (Z) 4 8 

Dcalcd (Mg/m
3
) 1.654 1.560 

λ (Mo K ), Å 0.71073 0.71073 

μ (mm
-1

) 5.901 5.348 

Absorption correction semi-empirical semi-empirical 

 from equivalents from equivalents 

F(000) 952 1968 

Crystal size (mm
3
) 0.31 x 0.25 x 0.16 0.27 x 0.14 x 0.08 

abs corr factor 0.4445/0.2579 0.6804/0.3241 

Total reflections 22833 10398 

Independent reflections 4090 10341  

Data/res/parameters 4090/0/183 10398/0/204 

R1
a
 (I ≥ 2σ(I)] 0.0105 0.0274 

wR2
b
 0.0268 0.0347 
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Table 1.  Con’t. 

GOF on F
2
 1.065 0.919 

Δρ(max), Δρ(min) (e/Å3
) 0.620/-0.406 1.249/-1.036 

a
 R1 = Σ∥Fo∣ - ∣Fc∥/Σ∣Fo∣; 

b
 R2 = {Σ[w(F

2
o -F

2
c)

2
/Σ[w(F

2
o)

2
]}½ 
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2.5 Atomic Layer Deposition (ALD) Equipment 

     ALD experiments were carried out in a flow-type horizontal hot-wall ALD-reactor (F-120 by 

ASM Microchemistry Ltd., Helsinki, Finland) and the pressure during the deposition was 5-10 

mbar.  The Ta(NMe2)4[N(TMS)NMe2] precursor was evaporated from open crucibles kept at 90 

°C.  Ammonia (AGA Gas Ab, 99.998%) was introduced into the reactor through a mass 

flowmeter, a needle valve, and a solenoid valve, with the flow rate of ammonia maintained at 10 

sccm (standard cubic centimetre per minute).  Nitrogen (>99.999 %, NITROX UHPN 3000 N2-

generator) was used as a carrier and purging gas.  Films were deposited onto as-received Si(100)-

substrates measuring 5  5 cm
2
.  The applied growth temperature range was 275-300 °C.  A few 

oxide films were grown for comparison, and water was employed as the oxygen source.  The 

water was held in an external reservoir at room temperature and introduced into the reactor 

through needle and solenoid valves. The growth temperature for the Ta2O5 films was 200-250 °C.  

      The thickness, roughness, and density of the films were evaluated by X-ray reflectometry 

(XRR) using a Bruker D8 Advance X-ray diffractometer.  The crystallinity of the films was 

studied using a Pananalytical X’pert Pro MPD X-ray diffractometer in grazing incidence mode 

(GIXRD).  
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Chapter III.3 

Results and Discussion 

3.1 Synthesis, Spectroscopic Data, and X-ray Diffraction Structure of 

TaCl(NMe2)3[N(TMS)NMe2] 

     The synthesis of the monochloride TaCl(NMe2)4 from TaCl5 has been reported by Chisholm 

and coworkers using a metathesis reaction between Ta(NMe2)5 and Ta2(μ-Cl)2(NMe2)6Cl2.
22

  

Alternatively, TaCl(NMe2)4 can also be prepared in single step from the reaction of TaCl5 with 

four equivalents of LiNMe2 based on the recent report by Xue.
23

  The reaction between 

TaCl(NMe2)4 and an excess of trimethylsilyl(dimethyl)hydrazine at room temperature in pentane 

gives the hydrazido compound TaCl(NMe2)3[N(TMS)NMe2] in >70% yield after 

recrystallization from pentane at -30 C.  The by-product formed in this reaction is Me2NH, and 

this is readily removed under vacuum during the work-up procedure.  The reaction employed in 

the preparation of TaCl(NMe2)3[N(TMS)NMe2] is illustrated in Figure 2.
30

 

 

 

  

 

      

Figure 2. The preparation of TaCl(NMe2)3[N(TMS)NMe2]. 

 

     The TaCl(NMe2)3[N(TMS)NMe2] product exists as a pale yellow solid that is fairly air- and 

moisture-sensitive and readily soluble in toluene and pentane solvents.  The product was 

characterized by mass spectrometry, 
1
H NMR spectroscopy, and X-ray diffraction analysis.  The 
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EI mass spectrum of TaCl(NMe2)3[N(TMS)NMe2] revealed a weak set of m/z peaks at 479/481 

for the molecular ion corresponding to the two chlorine isotopomers and a m/z peak at 444 for 

the species [M-Cl]
+
.  These data are consistent with the formulated structure.  Figure 3 displays  

the room temperature 
1
H NMR spectrum of TaCl(NMe2)3[N(TMS)NMe2] in C6D6, where three 

singlets at δ 0.29 (9H), 2.60 (6H), and 3.39 (18H) in a 3:2:6 integral ratio for the methyl groups 

are observed and  assigned to the TMS, hydrazido, and amido moieties, respectively. The 

broadened amido resonance (full-width at half maximum = 59 Hz) and the observation of only 

two methyl singlets for the amido and hydrazido ligands signal the rapid rotation of these groups 

about the Ta-N bonds. 

     A VT NMR study of TaCl(NMe2)3[N(TMS)NMe2] was conducted in toluene-d8 in order to 

obtain more thorough information about the fluxional NMR behavior.  Selected 
1
H NMR spectra 

over the temperature range of 293-193 K are shown in Figure 4.  The TMS resonance, whose 

frequency is independent of temperature (Δδ < 0.05), is omitted in these spectral traces.  When 

the sample is cooled to 243 K, the growth of a second amido resonance at δ 3.10 and the 

coalescence of the methyl groups belonging to the hydrazido ligand are observed. Two 

distinctive hydrazido methyl groups become evident as the temperature is further lowered and 

these groups approach the slow-exchange limit. Two hydrazido methyl groups were observed at 

δ 2.84 and 2.07 at 193 K, of which the latter is partially overlapped by the NMR toluene solvent 

(δ 2.09); these two chemical shifts are in agreement with the weighted-average chemical shift 

observed at room temperature.  For the equilibration of the hydrazido methyl groups, the ΔG
≠
 

value may be estimated as 10.5(5) kcal/mol based on the separation frequency of the participant 

resonances and a coalescence temperature of 243 K.
31

  The three distinct NMe2 singlets recorded 

at δ 3.05, 3.49, and 3.60 at 193 K confirm that the rotation of the amido groups about the Ta-N  
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Figure 3. 
1
H NMR spectra of TaCl(NMe2)3[N(TMS)NMe2] in C6D6. 
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Figure 4.  VT 
1
H NMR spectra of TaCl(NMe2)3[N(TMS)NMe2] in toluene-d8 from δ 4.00-1.70 

over the temperature range of 193 to 293 K. 
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bonds is still rapid at lowest temperature accessible, a feature consistent with the earlier 

observations of Chisholm.
22

  The equilibration of the hydrazido methyl groups likely results from 

an η
2
→η

1
 change in the coordination mode of the hydrazido ligand.  The resulting five- 

coordinate intermediate, TaCl(NMe2)3[η
1
-N(TMS)NMe2], could undergo a Berry pseudorotation, 

which would lead to complete scrambling of all of the groups about the tantalum center.  

Evidence for a coordinatively flexible hydrazido ligand is emphasized in the recent report of 

Gade, where low barriers for bridge-to-linear exchanges of hydrazido ligands at Zr(IV) and 

Hf(IV) derivatives have been demonstrated by a combination of experimental and computational 

methodologies.
32

  The transformation of the hydrazido moiety from a η
2
→η

1
 geometry would be 

facilitated by the donation of π electrons from the nitrogen associated with TMS group in the 

hydrazido ligand to the tantalum center, therefore avoiding the formation of a coordinatively 

unsaturated intermediate. 

     The molecular structure of TaCl(NMe2)3[N(TMS)NMe2] was established via X-ray 

crystallography.  Figure 5 displays the molecular structure of TaCl(NMe2)3[N(TMS)NMe2], 

where the six-coordinate geometry about the tantalum center and the presence of an η
2
-hydrazido 

group and three amido ligands, the latter which exhibit a fac disposition about the tantalum 

octahedron, are confirmed.  TaCl(NMe2)3[N(TMS)NMe2] possesses 18e- and is coordinatively 

saturated if the three amido groups are viewed as 3e donor ligands and the hydrazido and 

chlorine groups are counted as 3e and 1e donor groups, respectively.  While this simplistic view 

is certainly valid in the case of a hydrazido ligand that contains two pyramidal nitrogen atoms, 

the N(4) atom adds dimension to the bonding situation.  The three NMe2 groups and the N(4) 

hydrazido atom may donate up to twelve electrons.  The sum of the angles about the N(1), N(2), 

and N(3) centers is ca. 360 , a common characteristic displayed by planar amido ligands where  
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Figure 5.  Thermal ellipsoid plot of the molecular structure of TaCl(NMe2)3[N(TMS)NMe2] at 

the 50% probability level.  Selected bond distances (Å) and angles ( ) are: Ta(1)-N(1) = 2.003(1), 

Ta(1)-N(2) = 1.974(1), Ta(1)-N(3) = 1.992(1), Ta(1)-N(4) = 1.999(1), Ta(1)-N(5) = 2.282(1), 

Ta(1)-Cl(1) = 2.5499(4), N(2)-Ta(1)-N(1) = 116.30(6), N(4)-Ta(1)-N(5) = 38.89(5), N(4)-Ta(1)-

N(1) = 111.14(5), N(2)-Ta(1)-N(5) = 93.39(5), N(3)-Ta(1)-Cl(1) = 176.77(4). 
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both σ and π coordination modes contribute to metal-nitrogen bonding.
33

  The Ta-N(amido) bond 

lengths range from 1.974(2) Å [Ta(1)-N(2)] to 2.003(1) Å [Ta(1)-N(1)] and are similar to those 

distances in [TaCl(NMe2)3]2,
22

 TaCl(NMe2)4,
23

 and TaCl(NMe2)3[(
i
PrN)2CNHPr

i
].

34
  The 

2.5499(4) Å bond length displayed by the Ta(1)-Cl(1) bond is unexceptional with respect to those 

Ta-Cl distances published for the monochloro Ta(V) compounds TaCl(NMe2)4,
23

 

TaCl(NMe2)3[N(TMS)2],
20

 TaCl(NMe2)3(SiPh2Bu
t
).

35
  The 38.89(5)  bond angle exhibited by  

N(4)-Ta(1)-N(5) atoms is consistent with the analogous angle in 

Ta(NMe2)2(N
t
Bu)[N(TMS)NMe2]

2g
 and TaCl3[N(TMS)NMe2]2.

18b
  Structurally characterized 

compounds containing an ancillary trimethylsilyl(dimethyl)hydrazido(I) ligand are few, and a 

check of the Cambridge Structural Database (version 5.31) reveals only eight examples.  Of the 

eight, six are tantalum based and derive from recent work published by the Fischer and 

Sundermeyer groups.
2g,18b

    

    The hydrazido ligand is bound to the tantalum center in an asymmetric side-on or η
2
 fashion in 

TaCl(NMe2)3[N(TMS)NMe2].  The Ta(1)-N(4) bond distance [1.999(1) Å] is 0.283 Å shorter than 

the vector for Ta(1)-N(5) [2.282(1) Å] but consistent with those bond length trends found in 

Ta(N
t
Bu)(NMe2)2[N(TMS)NMe2],

2g
 TaCl3[N(TMS)NMe2]2,

18b
 and 

Ta(N
t
Bu)(NMe2)[N(TMS)NMe2]2.

18b
  The N(4) hydrazido atom is trigonal planar and the sum of 

the angles at N(4) ≈ 357 .  This represents an ideal geometry for the N(4) atom in the crowded 

coordination environment about the Ta(1) center because pyramridalization of this nitrogen will 

lead to unfavorable van der Waals’ contacts between the TMS group and the ligands syn to the 

N(4) moiety. 

3.2 Synthesis, Spectroscopic Data, and X-ray Diffraction Structure of Ta(NMe2)4[N(TMS)NMe2] 

     The replacement of the chloride ligand in TaCl(NMe2)3[N(TMS)NMe2] with LiNMe2 occurs 
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in pentane to yield Ta(NMe2)4[N(TMS)NMe2] as an extremely air- and moisture-sensitive pale 

yellow solid as the only observable product (Figure 6).  In theory, the substitution of the chloride 

group in TaCl(NMe2)4 by the hydrazido anion, [Li][N(TMS)NMe2], should also provide the all-

nitrogen coordinated product Ta(NMe2)4[N(TMS)NMe2].  This alternative method was examined 

 

 

 

 

 

Figure 6. The preparation of Ta(NMe2)4[N(TMS)NMe2] 

 

during the early phases of this work, but the results were disappointing.  The reaction between 

TaCl(NMe2)4 and [Li][N(TMS)NMe2], the latter which was prepared in situ in pentane using 

freshly titrated EtLi, is far from clean and furnishes a mixture of TaCl(NMe2)3[N(TMS)NMe2] 

(22%), Ta(NMe2)4[N(TMS)NMe2] (29%), and Ta(NMe2)5 (27%), as assessed by 
1
H NMR 

spectroscopy using 4,4'-di-tert-butylbiphenyl as an internal standard.  It is likely that small 

amounts of TaCl2(NMe3)3 and [TaCl2(NMe3)3]2 are also formed during the reaction but the 

insolubility of these species hinders a quantitative mass balance of the reaction products.  The 

appearance of Ta(NMe2)5 implies a formal transfer of an amido group during the course of the 

reaction presumably through a ligand redistribution sequence involving a dimeric species.  

Several examples exist for related redistribution reactions.
22,23,36

  Because of  the difficulty 

associated with the work-up of such a ternary mixture, this protocol for the preparation of 

Ta(NMe2)4[N(TMS)NMe2] was not pursued further. 
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     Ta(NMe2)4[N(TMS)NMe2] was characterized by mass spectrometry, 
1
H NMR spectroscopy, 

and X-ray diffraction analysis.  The EI mass spectrum of Ta(NMe2)4[N(TMS)NMe2] displayed a 

weak molecular ion at m/z 487 [M
+
], along with a peak at m/z 444[M-NMe2]

+
 for the loss of a 

single amido group.  Figure 7 exhibits the room temperature 
1
H NMR spectrum of 

Ta(NMe2)4[N(TMS)NMe2] in C6D6, which contains three resonances at δ 0.293, 2.48, and 3.25  

in a 3:2:8 integral ratio for the methyl groups associated with  the TMS, hydrazido, and the 

amido methyl groups, respectively.  Figure 8 shows selected VT 
1
H NMR traces of 

Ta(NMe2)4[N(TMS)NMe2], where the fluxional behavior of the amido groups is readily revealed.  

Not shown in these NMR spectral traces is the TMS resonance, whose chemical shift is not 

affected by temperature.  The NMR study cannot confirm the existence of a rapid η
2
→η

1
 

transformation of the hydrazido moiety in Ta(NMe2)4[N(TMS)NMe2] because the two hydrazido 

methyl groups are identical due to the plane of symmetry defined by nitrogen atoms of the 

hydrazido and equatorial amido ligands.  However, a η
2
→η

1
 transformation is likely occurring in 

Ta(NMe2)4[N(TMS)NMe2], as was observed in the case of TaCl(NMe2)3[N(TMS)NMe2].  

Qualitatively, the VT changes recorded for Ta(NMe2)4[N(TMS)NMe2] parallel the NMR 

behavior already discussed for the corresponding monochloro species.  The NMe2 resonance 

associated with the hydrazido ligand is relatively temperature invariant, but lowering the 

temperature to 193 K leads to the clear separation of the four amido groups, which appear as 

three separate 6H singlets at δ 3.10, 3.30, and 3.58, in addition to two 3H singlets at δ 3.34 and 

3.54.  The observation of two distinct methyl groups in the latter amindo in moiety confirms that 

there is restricted rotation about this Ta-N bond.  Although the identity of this particular amido 

ligand remains unclear, the ΔG
≠
 value for rotation of the methyl groups of this amido moiety 

may be estimated as ca. 11.1(5) kcal/mol based on the separation frequency of the participant 
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Figure 7. 
1
H NMR spectra of Ta(NMe2)4[N(TMS)NMe2] in C6D6. 
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Figure 8.  VT 
1
H NMR spectra of Ta(NMe2)4[N(TMS)NMe2] in toluene-d8 from δ 3.80-2.20 over 

the temperature range of 193 to 293 K. 
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resonances and a coalescence temperature of 253 K.
31

 

     The solid-state structure of Ta(NMe2)4[N(TMS)NMe2] was determined via X-ray 

crystallography.  Figure 9 shows the solid-state structure of Ta(NMe2)4[N(TMS)NMe2] and 

confirms the all-nitrogen coordination geometry about the Ta(1) center.  This represents the first 

structurally characterized example of an octahedral monohydrazido(I) compound that also 

contains four amido ligands in the primary coordination sphere of the central metal.   The N(1) 

and N(2) amido ligands are located trans to each other based on the bond angle of 178.81(9)  

subtended by the metal.  The methyl groups associated with each of the axial amido ligands are 

staggered on the basis of the dihedral angle of 50.9(1)  defined by the planes containing the 

C(1)-N(1)-C(2) and C(3)-N(2)-C(4) atoms.  The mean distance of 2.062 Å for the axial Ta(1)-

N(1) and Ta(1)-N(2) vectors is 0.066 Å longer than the mean bond distance associated with the 

equatorial Ta(1)-N(3) and Ta(1)-N(4) amido groups.  The bond angle of 38.59(7)  for N(6)-

Ta(1)-N(5) atoms is in excellent agreement  with its corresponding monochloro species. 

The idealized structure of Ta(NMe2)4[N(TMS)NMe2] is consistent with the solution NMR 

behavior, where a symmetry plane coincident with the equatorial nitrogen atoms and the 

tantalum metal affords equivalent hydrazido methyl groups.   The Ta(1)-N(5) [2.314(2) Å] and 

Ta(1)-N(6) [ 2.013(2) Å] bond distances are similar to those distances reported for 

TaCl(NMe2)3[N(TMS)NMe2] and the hydrazido derivatives prepared by Fischer and 

Sundermeyer.
2g,18b

 

3.3 Preliminary ALD Results on the Preparation of TaN and Ta2O5 Thin Films Employing 

Ta(NMe2)4[N(TMS)NMe2] 

     For the preliminary ALD study, Ta(NMe2)4[N(TMS)NMe2] was selected because of its high 

volatility.  The capability of Ta(NMe2)4[N(TMS)NMe2] to serve as a single-source precursor for 
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Figure 9.  Thermal ellipsoid plot of the molecular structure of Ta(NMe2)4[N(TMS)NMe2] at the 

50% probability level.  Selected bond distances (Å) and angles ( ) are: Ta(1)-N(1) = 2.064(2), 

Ta(1)-N(2) = 2.060(2), Ta(1)-N(3) = 2.006(2), Ta(1)-N(4) = 1.985(2), Ta(1)-N(5) = 2.314(2), 

Ta(1)-N(6) = 2.013(2), N(4)-Ta(1)-N(3) = 111.16(9), N(3)-Ta(1)-N(6) = 115.18(8), N(4)-Ta(1)-

N(5) = 95.50(8), N(6)-Ta(1)-N(5) = 38.59(7), N(2)-Ta(1)-N(1) = 178.81(9). 
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the deposition of TaN thin films was initially investigated using ammonia as a carry gas and 

reducing agent.  The initial ALD experiments performed at 300 C revealed the unexpected 

decomposition of Ta(NMe2)4[N(TMS)NMe2] and no noticeable TaN film formation.  These  

studies support the fact that Ta(NMe2)4[N(TMS)NMe2] has limited stability at elevated 

temperatures, and this was subsequently established by controlled  sublimations where residues 

on the order of 25-40% (weight basis) were found over the temperature range of 125-200 C and 

ca. 0.1 Torr.  Further ALD experiments conducted at 225 C and 250 C resulted only in the 

decomposition of Ta(NMe2)4[N(TMS)NMe2].  Due to the limited stability of 

Ta(NMe2)4[N(TMS)NMe2] and the fact that ammonia activation requires deposition 

temperatures at or above 300 C,
2j

 additional experiments on the preparation of tantalum nitride 

films were abandoned.  Appropriate modification of Ta(NMe2)4[N(TMS)NMe2] using more 

highly substituted amido and hydrazido ligands may afford more robust Ta(V) derivatives 

capable of surviving the reaction conditions required for ALD deposition. 

     Finally, the deposition of Ta2O5 thin films was also probed at a silicon substrate at 200 C.  

Heating Ta(NMe2)4[N(TMS)NMe2] at 90 C with H2O at 25 C led to the formation of 

amorphous Ta2O5 thin films.  Figure 10 shows a weak X-ray diffraction pattern of the Ta2O5 film 

deposited onto Si wafer.  The ALD parameters employed were: 1.0 s for the tantalum precursor 

with a 1.0 s purge, followed by a 2.0 s exposure to water and a 2.0 s purge.  The film looked 

homogeneous, and the measured growth rate was ca. 0.35 Å/cycle.  The film density and 

roughness were found to 6.2 g/cm
3
 and 1.1 mm, respectively, as ascertained by XRD analyses. 
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Figure 10.  Grazing incidence X-ray diffraction pattern of the Ta2O5 film deposited onto Si at 200 

C employing Ta(NMe2)4[N(TMS)NMe2] and H2O.  
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Chapter III.4 

Conclusion 

     Based on the considerable interest in the formation of thin tantalum nitride films, the reactions 

of tantalum compounds with hydrazine derivatives have been investigated.  The new hydrazido-

substituted compounds TaCl(NMe2)3[N(TMS)NMe2] and Ta(NMe2)4[N(TMS)NMe2] have been 

synthesized through appropriate hydrazinolysis and LiNMe2 metathesis routes.  In accordance 

with literature reports, [Li][N(TMS)NMe2] tends to be a nonselective reagent for the introduction 

of the hydrazido ligand.  The solid-state structures of these new products have been 

unequivocally determined by X-ray crystallography.   Variable-temperature 
1
H NMR 

measurements have confirmed the highly fluxional nature of the amido and hydrazido ligands in 

these compounds, and these data support a reversible equilibrium involving η
2
 and η

1
 

transformations of the ancillary hydrazido ligand, allowing the scrambling of the ancillary 

ligands about the tantalum center. 

     Ta(NMe2)4[N(TMS)NMe2] has been investigated as a precursor for the deposition of TaN and 

Ta2O5 thin films.  In spite of the high expectations concerning Ta(NMe2)4[N(TMS)NMe2] as a 

new precursor for the formation of TaN films under mild conditions, Ta(NMe2)4[N(TMS)NMe2] 

is extremely sensitive to temperature and this property leads to its premature decomposition.  The 

synthesis of new tantalum derivatives based on Ta(NMe2)4[N(TMS)NMe2] is currently under 

consideration, and these new developed precursors will be examined in future ALD studies. 
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