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Abstract 

The use of transition metal catalysts – either homogenous (discrete well-defined 

metal complexes) or heterogeneous (more poorly-defined metal surfaces) – plays an 

important role in the transformations of small substrates into larger, value-added 

compounds.  Although heterogeneous catalysts have the greater industrial applicability, 

there has been enormous interest in homogenous transition metal systems for effecting 

selective transformations of small substrate molecules. The bulk of these homogenous 

systems are mononuclear.  Perhaps surprisingly, very little research has focused on 

systems with adjacent metal centres. Binuclear systems possess adjacent metals that may 

interact and possibly lead to transformations not observed in monometallic systems. It is 

the opportunity for adjacent metal involvement in substrate activation that is the focus of 

this dissertation.  The goal of this research is to gain an increased understanding of metal-

metal cooperativity and adjacent metal involvement in substrate transformations; how can 

adjacent metal involvement lead to substrate activations not seem in monometallic 

counterparts, and what role does each metal play in these interactions, particularly when 

the two metals are different? 

Throughout this dissertation examples of transformations unique to systems with 

at least two metals are presented and examined with a particular focus on the roles of the 

two metals and any associated binding modes in these transformations.   In addition, by 

comparing the RhOs, RhRu and IrRu systems, the influence of metal substitution is also 

examined.    For example, diazoalkane activation and C-C bond formation promoted by 

the Rh-based systems is investigated, the roles of adjacent metals of the IrRu system in 



the conversion of methylene groups to oxygenates is examined, and the unusual geminal 

C-H bond activation olefinic substrates is explored. 

Overall, the work presented within this thesis adds to the growing understanding 

of adjacent metal cooperatively, leading us towards a more rational approach to the 

design of homogenous homo- and heterobimetallic catalysts, heterogeneous catalysts, and 

nanoparticle catalysts for selective substrate transformations. 
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Chapter 1:  Introduction 

 

1.1 Two Metals are Better Than One 

 

The selective transformation of small molecules into larger more complex 

target molecules is one of the central themes in chemical research, and must 

involve the breaking of existing bonds and the formation of new ones.  Of the 

numerous strategies that have been developed to achieve selective bond cleavage 

and formation, perhaps none has had more success in turning inexpensive and 

readily available chemicals into value-added products, particularly at the 

industrial scale, than the use of transition metals (TM) as catalysts for the targeted 

transformations.  Countless TM catalysts have been developed for a wide range of 

transformations, including for example, olefin metathesis,
1-11

 methanol 

carbonylation for the production of acetic acid,
12-15

 the conversion of inexpensive 

monomers into valuable polymers having a wide range of physical 

properties,
1,6,11,16-19

 and the production of fuels, oils and waxes from syn gas (CO 

and H2) in the Fisher-Tropsch (FT) process.
20-25

   Although a number of industrial 

processes such as the first two examples above utilize well-defined homogenous 

catalysts, the vast majority employ heterogeneous catalysts due to their low-cost 

and ease of separation from the final product.  

In heterogeneous, metal-based catalyst systems the catalyst is either a 

metal surface or a metal adsorbed onto a solid support, over which the substrate 

(either a liquid or gas) is passed (usually at elevated temperatures and 

pressures).
26

 Although heterogeneous catalysts have many successful applications, 

the harsh conditions often required combined with the diversity of active sites on 

the catalyst surface result in a low specificity, leading to undesired byproducts 

that must be separated from the target product.  From a mechanistic perspective 

the poorly defined nature of most heterogeneous systems means that very little is 

understood about the steps involved in substrate transformations on a catalyst 
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surface,
27,28

 making catalyst design more of an empirical approach than one of 

rational design.  

Muetterties articulated the connection between metal complexes and metal 

surfaces stating that “Surface chemistry is coordination chemistry. If the molecule 

or molecules in question are organic, then the surface chemistry is organometallic 

chemistry.”
29

  This connection between surface chemistry and organometalic 

chemistry provides a strategy for mechanistic investigations of heterogeneously 

catalyzed processes: the use of well-defined homogenous complexes as models 

for heterogeneous systems.  These model systems can be more easily studied 

using traditional and well-established spectroscopic methods, such as NMR, and 

the detailed information so obtained can then be used to infer what might be 

happening on the surface of heterogeneous analogues.    

Mononuclear complexes, containing only one metal centre, are the most 

easily manipulated and understood, but are poor models for heterogeneous 

systems as they the lack adjacent metal sites that are present in these latter 

systems.  Clusters are a more representative model for metal surfaces;
29

 the larger 

the cluster, the more closely it can mimic surface behavior.  Unfortunately, 

clusters suffer from a variety of technical problems, ranging from their low 

solubility to the complexity of their characterization and study.  A binuclear 

system, with two adjacent metal centres, is much easier to investigate and 

characterize than large clusters yet still possesses the minimum two adjacent 

metals required to mimic the involvement of adjacent metals in surface reactivity.  

Furthermore, on a metal surface bridged binding modes of substrates often 

spanning two metal centres are commonly observed suggesting that a pair of 

metals, able to mimic this binding, can offer insights into any associated reactivity 

modes.
30

 Of course we must recognize that such a model is a gross over 

simplification of surface reactivity, but nevertheless binuclear models can provide 

an improved understanding of how adjacent metals interact with and transform 

substrate molecules. 
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An area of particular interest to us is the FT process mentioned earlier.  

The FT process converts syn gas, usually generated from either coal or natural 

gas, into a variety of hydrocarbon products as shown in equation 1.  In 1923,  

 

 

 

during their work at the Kaiser Wilhelm Institute for Coal Research Franz Fischer 

and Hans Tropsch first reported the production of liquid hydrocarbons from syn 

gas using either iron or cobalt heterogeneous catalysts.
31

  Initial production of 

liquid petrochemicals derived from FT technology began in 1936 and was used 

on a large scale by Germany for the production of diesel fuel during WWII.  After 

WWII interest in FT technology continued particularly in Germany and South 

Africa, which have large coal reserves, and in 1950 the South African government 

created the South African Coal Oil and Gas Corporation, now Sasol, which 

subsequently became the largest user of FT technology worldwide.  Elsewhere, 

there has been much less interest in FT technology due to the availability of 

cheaper ‘conventional’ oil reserves in the Middle East as well as other regions of 

the globe, making FT-derived hydrocarbons economically less viable.  However, 

increasing oil prices due to depleting conventional deposits and the increasing 

energy needs of emerging economies like China and India, along with North 

Americas’ demand for energy independence, has led many to believe that FT 

technology will play an important economic role in the future, making better use 

of the vast underutilized coal and natural gas deposits.    

With the resurgent interest in FT technology, interest in the mechanistic 

details has also been rekindled.  A number of proposals have been presented for 

carbon-carbon chain growth in FT chemistry,
21,24,31-33

 however the most accepted 

proposals have come from Fischer and Tropsch,
31

 Dry,
21

 Brady and Pettit
32,33

 and 

Maitlis
24

 (see Figure 1.1).  Although each proposal differs, one theme that they all 

have in common is the importance of the bridging methylene unit in the coupling 

process.  Without going into details, the major differences in the four proposals  

CO  +  H2

cat.
CnH2n  +  oxygenates  +  H2O (1)
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relates to the hydrocarbyl group(s) with which the methylene fragment couples in the 

carbon-carbon chain growth.  In the Fischer-Tropsch proposal,31 sequential coupling of 

methylene groups was proposed, yielding polymethylene.  The Dry proposal is closely 

related except the chain-growth step in this proposal involves the coupling of a C2-

bridging (a surface-bound olefin) unit with a methylene unit to yield a C3-bridging 

fragment which rearranges to give another C2-bridging fragment.  In the Brady and Pettit 

proposal chain propogation is mediated by alkyl-group migration to surface-bound 

methylene groups.32,33  Finally, in the Mailtis proposal initiation occurs by coupling of a 

methylene with a methyne group to give a surface bound vinyl (alkenyl) group and chain 

growth occurs by alkenyl group migration to surface-bound methylenes.22-24,34  The 

reader is referred to the original papers (vide supra) for additional data, and in particular 

the papers by Maitlis deal with the mechanistic details most thoroughly. 

Although heterogeneous catalysts have the greater industrial applicability, there 

has been enormous interest in homogenous transition metal systems for effecting 

selective transformations of small substrate molecules.  One of the main attractions to 

homogeneous systems over heterogeneous ones is their tunability, whereby subtle 

changes in the steric and electronic properties of the ligand architecture can have 

profound influences on the system’s reactivity.  Perhaps one of the greatest successes of 

ligand design has been in asymmetric catalysis wherein the introduction of chirality in the 

ligand architecture can influence the chirality of the resulting product(s), providing a 

synthetic route to optically pure targets.35-38   

The bulk of these homogenous systems are mononuclear.  Perhaps surprisingly, 

very little research has focused on systems with adjacent metal centres.  Such multimetal 

systems (clusters) could, in principle, exhibit some of the advantages of both 

heterogeneous and homogeneous systems, having several metal centres for substrate 

activation, while being readily modified, through ligand modification, and studied.  As 

mentioned earlier, the simplest multi-nuclear systems are those that contain only two 

metal centres.  These binuclear systems, while being much easier to manipulate and 

characterize, still possess adjacent metals that may interact and possibly lead to 

transformations not observed in monometallic systems. This metal-metal cooperativity 

may manifest itself in a number of ways, for example, the migration of an ancillary ligand 
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from one metal to the other can open a vacant coordination site for substrate attack, or the 

activation of a substrate that is bound at one metal centre by the adjacent metal.39  In 

addition, adjacent metals have the potential to act as electron reservoirs as well as allow 

for metal-metal bond formation for stabilizing otherwise electronically unsaturated 

complexes.39  Moreover, this ability (to behave as electron reservoirs) facilitates 

transformations that involve redox reactions.39 Some examples of adjacent metal 

cooperativity are discussed later.   

In addition to influencing reactivity through ligand design, binuclear systems offer 

the possibility of further tailoring the selectivity of the system by combining different 

metals.  What reactivity will arise when two different metals, each with their own 

reactivity profiles, work together?  It is this question that has drawn us to heterobimetallic 

systems of the group 8 (Ru, Os) and 9 (Rh, Ir) metals, both of which have a rich history 

in a number of industrial processes.40 In attempting to understand the roles of the 

different metals in mixed-metal systems, we maintain that it is necessary to compare the 

different reactivities of different metal combinations.  Previous studies in our group have 

focused on both the RhOs and RhRu systems, and a portion of the study presented in this 

thesis is a continuation of some of this work.  However, the majority of the work 

presented in this thesis focuses on the much less explored IrRu system and seeks to 

examine both its similarities and differences with the RhOs and RhRu combinations. 

One of the most important features of a binuclear system is the possibility for a 

substrate to bridge both metal centres, a binding mode unavailable to their mononuclear 

counterparts.  Chart 1.1 shows some hydrocarbyl bridging fragments that play important 

 

 

 

 

roles throughout the work presented within this dissertation: the bridging alkylidene unit 

(I-A) (Chapter 2), the unsymmetrically bridging alkyl group (µ-agostic alkyl) (I-B) 

M M

C

RR

M M

C

M M

CR2
H

I-A I-B I-C I-D

Chart 1.1
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C O
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(Chapter 3), the bridging acyl group (I-C) (Chapter 3) and the !"# $1:$2-bridging vinyl 

(I-D) (Chapter 4).  It is expected that the reactivity for a particular fragment bridging two 

metal centres should differ from that observed when bound to only one.  For example, it 

is believed that carbon monoxide activation in processes such as the FT process is 

mediated through the bridging mode by coordination of both the carbon and the oxygen 

atoms to different metal centres.41 Supporting this notion is the observation of a number 

of well-characterized multinuclear systems in which coordination of a CO ligand bridging 

two metals in an $1:$1 fashion results in a significant weakening of the CO bond, 

observed by either reduction of the CO stretching frequency in the IR spectra (to 1780-

1330 cm-1),42-47 or the elongation of the CO bond from 1.13 Å in free CO to as high as 

1.30 Å.47 

An excellent example of binuclear activation leading to enhanced catalytic 

activity was presented by Stanley and coworkers;49  they demonstrated that the dirhodium 

system, [Rh2((Et2PCH2CH2)(Ph)PCH2P(Ph)(CH2CH2PEt2))(nbd)2][BF4]2
 (nbd = 

noraboradiene) is an excellent hydroformylation catalyst and is 40% faster than the 

commercially employed Rh/PPh3 catalyst.  In order to establish that the enhanced activity 

of this binuclear system was a result of metal-metal cooperativity, Stanley et al compared 

its activity to that of four analogous mononuclear Rh systems using the ligands 

Et2PCH2CH2PEt2, Et2PCH2CH2P(Me)Ph, Et2PCH2CH2PPh2, Ph2PCH2CH2PPh2, all of 

which proved to be poor hydroformylation catalysts, converting less than 2% of the 

alkenes to aldehydes after 3 h.  Furthermore, to establish that the two metals were not 

behaving as two isolated metal centres, but were working in concert during substrate 

activation, they prepared the related dirhodium complexes using ligand systems that 

increased the metal-metal separation, thereby minimizing metal-metal interactions.   

Once again they found that these systems were poor catalysts for hydroformylation. 

In another example, reported by our group, a bridging binding mode was found to 

be essential in the cleavage of a C-F bond of 1,1-difluoroethylene (as well as other 

fluoroolefins) in the diiridium complex [Ir2(CH3)(CO)2(C2H2F2)(dppm)2][OTf], shown in 

Scheme 1.1.50 The 1,1-difluoroethylene adduct exists as two isomers, one in which the 

olefin binds terminally to one Ir centre (I-E) and another in which the olefin is bridging 

both metals (I-F). The 1,1-difluoroethylene ligand in I-E is found to be unreactive 
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towards Me3SiOTf , whereas its isomer, I-F, containing the µ"$1:$1"olefin adduct, reacts 

readily with Me3SiOTf at temperatures as low as –40 °C to give the fluorovinyl species I-

G through the cleavage of a C-F bond. 

 

 

 

One particular challenge associated with the use of binuclear complexes to effect 

substrate transformations is ensuring that the integrity of the complex is maintained 

(keeping the metals in close proximity) during the transformations being studied.  This 

can be achieved through the use of a ligand system that bridges the two metal centres 

creating a robust framework.25,50 We have chosen to use the bis(diphenylphosphino)-

methane (dppm) ligand system in which the two metals are bridged by the diphosphine, 

as shown in Chart 1.2.  This ligand system binds effectively to low-valent, late TM’s and 

prefers the bridging mode, yet is flexible enough to provide substrate access while still 
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maintaining an intermetallic distance suitable for metal-metal cooperativity.  In addition 

to the stability of the diphosphine system, the 100% abundant, NMR active 31P nucleus is  

 

 

an important spectroscopic tool, assisting in the observation and characterization of 

labile, transient species.  

Earlier, it was mentioned that we have become interested in mixed-metal systems 

of the group 8 and 9 metals.  Scheme 1.2 below shows the [MM%(CO)4(dppm)2][OTf] (M 

= Rh, Ir; M% = Ru, Os)51-54 system, the archetypical system of study,  and describes the  

 

 

 

synthetic route to preparing RhRu, RhOs, and IrRu compounds of this type.  Reduction of 

the M´3(CO)12 cluster gives the hyper-reduced mononuclear complex [Na]2[M´(CO)4]
55-57 

P

M

P

M'L'y

P P

Lx P P =  Ph2PCH2PPh2

Chart 1.2

1/3 M'3(CO)12   +    2 Na [Na]2[M'(CO)4]

NH3(l)

- 78 oC

MeOH

[PPN][Cl]
[PPN][M'(H)(CO)4]

- NaCl
- Na[MeO]

THF

16 h

[MM'(H)(CO)4(dppm)2]

-[PPN][Cl]

[M(dppm)2Cl]

HOTf
[MM'(H)2(CO)3(dppm)2][OTf]

CO -H2

M

P P

M'

P P

OC

C

C

CO

O

O

+
OTf

Scheme 1.2

M' = Ru, Os

M = Rh, M' = Ru, Os
M = Ir, M' = Ru



!

!

"()"!

and protonation by methanol accompanied by cation exchange yields the metal hydride 

salt [PPN][M´(H)(CO)4] (PPN = bis(triphenylphosporanylidene)ammonium).51  Reaction 

of this carbonylate with the bis-dppm complex [M(dppm)2][Cl] (M = Rh,58 Ir53) yields the 

neutral binuclear hydride, [MM´(H)(CO)3(dppm)2].  Subsequent protonation (with triflic 

acid (HOTf) in this case) yields the cationic dihydride [MM´(H)2(CO)3(dppm)2][OTf].51-

54  Finally, reaction with CO results in the elimination of H2 and the addition of one CO 

ligand to give the tetracarbonyl species [MM´(CO)4(dppm)2][OTf], the precursors in 

much of the chemistry studied in the Cowie group.  As mentioned earlier, the majority of 

the work presented with this dissertation focuses on the reactivity of the IrRu metal 

combination, with the exception of Chapter 2, which focuses on the RhOs and RhRu 

systems. 

 

1.2  Transformations of Interest 

 

1.2.1 Reactions of Bridging Methylene Groups/Generation of Substituted Bridging 

Alkylidenes 

 

As noted earlier, a number of mechanistic proposals have been postulated for the 

formation of hydrocarbons from syn gas in the FT process, outlining the importance of 

surface-bound methylene units in carbon-carbon chain growth.  Previously in our group, 

a series of methylene-bridged complexes were prepared in order to investigate the 

coupling of methylene units.  In the case of the RhOs metal combination, up to four 

diazomethane-generated methylene units can be incorporated and coupled to selectively 

yield different products, depending on reaction conditions, as outlined in Scheme 1.3.  

Addition of diazomethane at –78 °C to the tetracarbonyl compound, 

[RhOs(CO)4(dppm)2][OTf] (1), results in the incorporation of one methylene unit, giving 

the methylene-bridged species [RhOs(CO)4(µ-CH2)(dppm)2][OTf] (2).  Treatment of 

either 1 or 2 with an excess of diazomethane at approximately –40 °C results in the 

coupling of four methylene units to yield the osmacyclic compound, 

[RhOs(C4H8)(CO)3(dppm)2][OTf] (3).  Reaction of 1 or 2 with diazomethane at ambient  
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temperature gives a third product, [RhOs(C3H5)(CH3)(CO)3(dppm)2][OTf] (4), which, 

like compound 3, has formed by the incorporation of four diazomethane-generated 

methylene units.  Interestingly, warming 3 does not result in the formation of 4.  

Furthermore, addition of H2 to compounds 2-4 resulted in the formation of methane (from 

compounds 2 and 4),59,60 propene (from compound 4)59 or butane (from compound 3),59 

modeling the formation of a range of linear hydrocarbons in the FT process. 

Based on a series of 13C and 2H labeling experiments, the mechanism shown in 

Scheme 1.4 was proposed.  This proposal involves the sequential coupling of methylene  

 

 

Rh

P P

Os

P P

CO

C

C

OC

O

O

+

1

Rh

P P

Os

P P

C

C

C

H2

C

O

O

+

4

O

CH3

HC

C

H H

Rh

P P

Os

P P

C

C

CC
O

O

+

2

O
O

H2

C Rh

P P

Os

P P

C

H
C

C

OC

O

+

3

O

CH2

CH2

H2

CH

20 oC

-CO

N2CH2

-80 oC

N2CH2

N2CH2

-40 oC

-CO

20 oC

-CO

N2CH2

N2CH2

-40 oC

-CO

Scheme 1.3

Rh

H2
C

Os

"CH2"
Rh

CH2

Os

H2C
"CH2"

Rh

CH2

Os

H2
C

H2C

Rh Os

H

Rh Os

CH3

H2C

HC

CH2

Rh

CH2

Os

CH2H2C

H2C
Rh Os

C
H2

H2
C

CH2

CH2

"CH2""CH2"-40 oC

20 
o
C

Scheme 1.4



!

!

"(*"!

units to give C2- and C3-bridged intermediates.  At –40 °C coupling of a fourth methylene 

unit gives a C4-bridged intermediate, followed by rearrangement to yield compound 3, 

whereas at higher temperatures, &-H elimination followed by the incorporation of an 

additional methylene unit to give compound 4 becomes competitive and dominates at 20 

°C.  In both cases this proposal is consistent with that of Dry, presented in Figure 1.1.21 

Surprisingly, neither the RhRu nor IrRu system has proven effective at promoting 

carbon-carbon chain growth.52,54  Reaction of the tetracarbonyl species 

[MRu(CO)4(dppm)2][OTf] (M = Rh (5), Ir (6)) with diazomethane (N2CH2) over a range 

of temperatures gives only the methylene-bridged species [MRu(CO)4(µ-

CH2)(dppm)2][OTf] (M = Rh (7), Ir (8)) (see Scheme 1.5).  Unlike the RhOs system, no 

further methylene-group incorporation is observed at ambient and lower temperatures.  

 

 

 

It was proposed that the key difference between the RhOs system, which promotes 

carbon-carbon chain growth, and the RhRu and IrRu systems, which do not, is the nature 

of the carbonyl in the bridging position of the methylene complexes 2, 7, and 8, 

respectively.  Although this carbonyl bridges in all three systems, its interaction with the 

group 9 metal is weakest in the RhOs system.  The resulting lability of this carbonyl in 

compound 2 means that it is more readily displaced by the weak nucleophile 

diazomethane.  This insipient unsaturation allows for the incorporation of additional 

methylene units. 

In order to learn more about the putative C2-, C3- and C4-bridged intermediates in 

the above methylene coupling transformation a number of studies were initiated to 

investigate their reactivity with respect to the carbon-carbon chain growth in the RhOs 

system.  Moreover we wished to solidify our proposal regarding the importance of 
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hydrocarbyl-bridged species in this chemistry.61,62  However, since all of our previous 

work had addressed the reactivity of unsubstituted methylene units, we sought to 

investigate the influence of substituted alkylidenes.  Two strategies were envisioned: first, 

the reaction of substituted diazoalkanes (N2CRR´) with the methylene-bridged 

compounds 2 and 7 in attempts to generate C2- (or higher) bridged species; and second, 

the generation of bridging alkylidene species, [RhM´(CO)4(µ-CRR´)(dppm)2][OTf], via 

the reaction of the carbonyl species 1 and 5 with substituted diazoalkanes, and the 

investigation of the subsequent chemistry of these species.  This work is presented in 

Chapter 2. 

 

1.2.2 Migratory insertion 

 

Carbonyl insertion involving metal alkyls,63,64 is a fundamental organometallic 

reaction and is one of the most important metal-mediated transformations at the industrial 

scale, playing a prominent role in a number of processes such as CO and ethylene 

copolymerzation,65-70 methanol carbonylation,12-15 hydroformylation (the most widely 

used TM-mediated transformation at the industrial level),71-73 and the formation of 

oxygenates in the FT process.74,75 The last example is heterogeneously catalyzed and 

poorly understood, whereas the former three are catalyzed by homogenous, 

monometallic, systems involving the late transition metals, and their mechanistic details 

are generally well understood.  However, there has been increasing interest in bimetallic 

systems for the mediation of CO migratory insertion reactions,14,48,76 seeking to determine 

if the presence of an adjacent metal centre can influence the reactivity.  For example, in 

the case presented earlier, Stanley and coworkers suggested that the adjacent Rh centres 

play a key role in the hydrogenolysis step in the hydroformylation of olefins.48   

There has been significant interest in CO migratory insertion reactions promoted 

by heterobimetallic complexes as well,73 with the hope that metal-metal cooperativity 

will give rise to an increase in the CO migratory insertion rate, generally the rate-limiting 

step in transformations involving CO insertion.  For example, Komiya and coworkers 

reported an 80-fold increase in CO migratory insertion rates of a bimetallic PdCo system 

over an analogous monometallic Pd complex (unfortunately no comparison to an 
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analogous monometallic Co complexes was made).76-78  In a series of DFT studies they 

outlined the roles of the two metals in which alkyl group migration from Pd to Co 

occurred first, followed by CO migratory insertion at Co, and finally, migration of the 

acyl group back to the Pd centre to give the observed product.  This illustrates a key 

feature of heterobimetallic metal-metal cooperativity, the involvement of each metal’s 

specific properties to enhance the overall reactivity.  In this example, migration of the 

alkyl group to the more labile Co metal results in more facile migratory insertion,63 while 

the stronger Pd-C bond in the final product stabilizes the product.  Together this serves to 

give a marked enhancement of the overall process over monometallic Pd (kinetic 

enhancement) or Co (thermodynamic enhancement) complexes. 

It is clearly of interest to gain a better understanding of the roles of the adjacent 

metals in these bimetallic systems, and in the case of heterobimetallic systems, to 

determine at which metal each step occurs.  Moreover, an improved understanding of 

processes occurring in bimetallic complexes may give us clues to the involvement of the 

different metals on bimetallic surfaces during related processes.  For example, it was 

mentioned above that CO migratory insertion may be involved in the formation of 

oxygenates in the FT process and surprisingly, this is still very poorly understood.  We 

aim to gain a more complete picture of oxygenate formation in FT chemistry using 

bimetallic systems.  In two related studies of the RhOs and RhRu combinations the roles 

of the different metals were investigated through the individual steps of the 

transformation, from bridging methylene to bridging acyl groups, much as might occur 

on a metal surface in the formation of oxygenates in the FT reaction.  

To a first approximation, the reactivity of both systems is the same, as shown in 

Scheme 1.6 below.  Protonation of 2 or 5 at –80 °C generates the bridged, agostic methyl 

compounds, [RhM´(CO)4(µ-CH3)(dppm)2][OTf]2 (M´ = Os (9), Ru (10)) in which the 

methyl groups are unsymetrically bridging the two metal centres, like in I-B of Chart 1.1.  

Warming to –40 °C results in the migration of the methyl group from the group 8 metal 

to Rh, where it is terminally bound, to give the intermediates 

[RhM´(CO)4(CH3)(dppm)2][OTf]2 (M´ = Os (11), Ru (12)), and further warming results  
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in migratory insertion to give the acetyl-bridged complexes [RhM´(CO)3(OTf)(µ-

C(CH3)O)(dppm)2][OTf] (M´ = Os (13), Ru (14)).  However, the migratory insertion 

process is more facile for the RhRu combination, occurring at only 0 °C, compared to 

RhOs which requires ambient temperature.  Moreover spontaneous, reversible loss of one 

CO ligand is observed only for the RhRu combination to give the dicarbonyl species 

[RhRu(CO)3(OTf)(µ-C(O)CH3)(dppm)2][OTf] (15).   

An important observation comes from these two parallel studies; in both systems 

the migratory insertion process is occurring at Rh and although not intimately involved in 

this step, the group 8 metal influences the lability of the transformation - the RhRu 

system displays more facile migratory insertion.  Presumably the increased lability of Ru 

over Os results in more facile migration of a carbonyl from the group 8 metal to the Rh 

centre at which migratory insertion occurs.63 

Clearly it was of interest to investigate the IrRu system in this transformation to 

compare and contrast its reactivity with that of both the RhOs and RhRu metal 
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combinations.  With Ir, an obvious question is how the stronger Ir–C bond will influence 

the reactivity.  Will migratory insertion still occur at the group 9 metal, or will it instead 

occur at the more labile Ru?  Moreover, the CATIVA®
 process utilizes an IrRu system for 

the carbonylation of methanol, a process for which migratory insertion is known to be 

pivotal.  Although it has been established that the role of Ru in this process is iodide 

removal from the iridium iodo precursor, making migratory insertion more facile (the 

rate-limiting step in Ir-mediated migratory insertion), the potential that this pair of metals 

may be capable of more extensive metal-metal cooperativity is appealing. The study 

presented in Chapter 3 focuses on the steps in the conversion of a bridging methylene unit 

into a bridging acetyl group and aims to understand the differences that arise from metal 

substitution. 

 

1.2.3 Olefin Activation 

 

The cleavage of the strong C-H bond is an important step in the transformations of 

small organic substrates into larger more complex molecules.79-82  Numerous systems 

have been developed, both heterogeneous and homogenous ones, that are capable of the 

cleavage, or “activation”, of the C-H bond.30,81-86  However, very few systems have been 

reported that are capable of activating multiple C-H bonds on the same carbon atom, i.e. 

geminal C-H activation.  In most cases, these reports involve the activation of geminal C-

H bonds of ancillary ligands, or substrates that have strong binding affinities through the 

presence of heteroatoms.82,85-96  In both cases, precoordination places the carbon atom 

bearing the C-H bonds in a position that is favourable for multiple C-H bond cleavage 

steps.  There have been very few reports of geminal C-H activation of hydrocarbon 

substrates, such as '"olefins, that do not contain heteroatoms.  Only five systems have 

been reported that can effect such a transformation.97-102  The first report by Deeming and 

Underhill in 1972, involved the reaction shown in equation 2 in which treatment of the 

M´3(CO)12 (M´ = Os,97 Ru99) clusters in refluxing octane with an ethylene rich 

atmosphere yields the µ3:$
1:$1:$2-vinylidene complexes, [M´3H2(CCH2)(CO)9] (M´ = Os 

(16), Ru (17)).  
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Ten years later Green and corkers would report that the mononuclear Fe complex 

[Fe($4"C6H6)(tmps)] (tmps = (Me)Si(CH2PMe2)3) reacts with ethylene to give the diiron 

vinylidene-bridged dihydride complex [Fe2(µ-H)2(µ-C2H2)(tmps)2],
101 in which the 

vinylidene bridge has been formed by the cleavage of two geminal C-H bonds of the 

ethylene substrate (see equation 3 below). 

 

 

 

More recently, Perutz and coworkers observed a third example; they reported that 

the “piano-stool” complex, [CpIr(C2H4)2] (18), isolated in an Ar matrix, could undergo 

the photochemically-induced, stepwise activation of one and two geminal C-H bonds of 

an ethylene ligand to give the respective compounds, [CpIr(H)(C2H4)(C2H3)] (19) and 

[CpIr(H)2(C2H2)] (20) (equation 3).102 

 

 

 

In the most recently published example of geminal C-H activation, our group 

reported that the diiridium complex, [Ir2(CH3)(CO)2(dppm)2][OTf] (21) (Scheme 1.7), 

promotes the cleavage of two geminal C-H bonds in butadiene under ambient conditions 

to give the bridging vinylvinylidene complex, [Ir2(H)2(CH3)(CO)2(µ-C=C(H)-

C(H)=CH2)(dppm)2][OTf] (22).103  Low-temperature NMR spectroscopy experiments 

revealed initial binding of the butadiene occurs via an $2 :$2 binding mode to give the 
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compound, [Ir2(CO)2(CH3)(µ"$
2 :$2-C4H6)(dppm)2][OTf] (23), but above this 

temperature and below the temperature at which C-H activation occured only starting 

materials were observed.  Indirect evidence from studies involving substituted 1,3-dienes 

suggested that compound 23 may play a role in the activation mechanism but this still 

remains unclear.  Moreover, in a recent development in our group it has been shown that 

the related compound [Ir2H(CO)3(depm)2][X] (depm = Et2PCH2PEt2) is also capable of 

geminal C-H activation of terminal olefins.103 

Interestingly, of the five systems noted above, three are multinuclear compounds 

with a fourth yielding a multinuclear product.  It would appear that the presence of 

adjacent metal centres can play an important role in geminal C-H bond cleavage.  

However, mechanistic details are lacking.  Nevertheless, one can envision how two 

adjacent metals could operate cooperatively during olefin activation as illustrated in Chart 

1.3.  Olefin coordination at one metal (I-H) places it in a position for C-H activation by 

the adjacent metal to give the bridging (I-I) or terminal (I-J) vinyl group, which can then 
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undergo subsequent activation by the adjacent metal to yield the bridging vinylidene 

group (I-K).!!

 

 

No evidence of such geminal C-H activation had been reported for mixed-metal 

complexes, so it was of interest to establish whether an IrRu system, related to the above 

Ir2 systems, was capable of such reactivity.  If so, we sought to determine the roles of the 

adjacent metals in the multiple activations.  Neither the RhOs (4) nor RhRu (3) systems 

have been observed to react with terminal olefins in this manner.  Our results on geminal 

activation by the IrRu system are presented in Chapter 4. 
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Chapter 2:  Coordination and Activation of Diazoalkanes 

in the Presence of Rh/Ru and Rh/Os Metal Combinations
i
 

 

2.1  Introduction 

 

Diazoalkanes are important reagents in both cyclopropanation reactions
1-5

 

and for the generation of metallacarbene complexes.
2,5-7

  In addition to their role 

as carbene sources, the coordination chemistry of diazoalkanes is equally 

rich,
5,6,8,9

 displaying a variety of coordination modes as shown in Chart 1.
6
  When 

 

 

 

bound to a single metal center two coordination modes have commonly been 

observed, involving either !
1
, end-on coordination (type I),

10-32
 which can assume 

a number of valence-bond formulations and associated geometries, or the !
2
-NN 

side-on coordination (type II).
20,33-39

  In addition, three other coordination modes 

can also be envisioned although they have yet to be observed: an !
2
-NC side-on 

coordination (type III), a four-member “MCNN” metallacycle (type IV), and a 

                                                 
i
 The work presented in this chapter has been previously reported.  See Samant, R. 

G.; Graham, T.W.; Rowsell, B. D.; McDonald, R; Cowie, M. Organometallics 

2008, 27, 3070. 
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!
1
–C-bound coordination (type V).  In binuclear complexes containing two metal 

centers, diazoalkane coordination at either one of the metals, as illustrated above 

in structures I – V, can again occur, however, additional modes are also possible 

in which the diazoalkane bridges the pair of metals. Two bridging modes have 

been observed – one in which the diazoalkane ligand bridges both metals through 

the terminal nitrogen (type VI)
40-43

 and a related mode in which the diazoalkane 

again bridges via the terminal nitrogen while also binding in an !
2
-fashion to one 

metal via the pair of nitrogen atoms (type VII).
44-54

 

Our primary interest in diazoalkanes has stemmed from their utility as 

synthons for the generation of alkylidene-bridged bimetallic compounds, and in 

the subsequent carbon-carbon bond formation involving these alkylidene units.
55-

65
  In a previous study, and also briefly discussed in Chapter 1, we reported facile 

methylene-group incorporation and coupling by reaction of 

[RhOs(CO)4(dppm)2][X] (1) (X = CF3SO3; BF4) with diazomethane to give either 

[RhOs(CO)4(µ-CH2)(dppm)2][X] (2), [RhOs(C4H8)(CO)3(dppm)2][X] (3) or 

[RhOs(C3H5)(CH3)(CO)3(dppm)2][X] (4), depending on reaction temperature.
56, 63

 

On the basis of labeling studies we proposed a reaction sequence in which the 

coupling of methylene groups occurred via C2H4- and C3H6-bridged 

intermediates.  Surprisingly, the analogous Rh/Ru species (5) did not promote the 

coupling of methylene groups, but instead incorporated only a single methylene 

group to give [RhRu(CO)4(µ-CH2)(dppm)2][X] (7).
58

  In order to gain a better 

understanding of the above methylene-coupling sequence, we set out to generate 

stable C2- and C3-bridged analogues of the putative C2H4- and C3H6-bridged 

intermediates noted above, incorporating substituents into the hydrocarbyl 

fragments.  Two strategies were adopted, involving either the reaction of 

substituted diazoalkanes with the methylene-bridged Rh/Os species 2 and the 

related tricarbonyl, [RhOs(CO)3(µ-CH2)(dppm)2][OTf] (24), in attempts to 

generate substituted C2 or higher fragments, or through the generation of the 

alkylidene-bridged products, [RhOs(CO)n(µ-CRR')(dppm)2][X], the chemistry of 

which, with regards to C-C bond formation, could subsequently be pursued.  In 

addition, we also investigated the related chemistry of the Rh/Ru metal 
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combination, in hopes of learning more about the subtle reactivity differences that 

can arise from different metal combinations.  This chemistry is described herein. 

 

2.2 Experimental Section 

 

2.2.1 General Comments:   

 

All solvents were dried (using appropriate drying agents), distilled before 

use and stored under nitrogen.  Reactions were performed under an argon 

atmosphere using standard Schlenk techniques.   Triosmium dodecacarbonyl was 

purchased from Colonial Metals Inc., while rhodium trichloride hydrate and 

triruthenium dodecacarbonyl were purchased from Strem Chemicals.   

Diazomethane was generated from Diazald
®

, N2
13

CH2 was generated from 

suitably labelled Diazald
®

 and diazoethane was generated from 1-ethyl-3-nitro-1-

nitrosoguanidine (ENNG), all of which were obtained from Aldrich, as were ethyl 

diazoacetate (EDA) and trimethylsilyl diazomethane (TMSDM; 2M, Et2O 

solution).  The compounds [RhOs(CO)4(dppm)2][CF3SO3] (1),
66

 

[RhRu(CO)4(dppm)2][CF3SO3] (5),
58 

[RhOs(CO)4(µ-CH2)(dppm)2][CF3SO3] 

(2),
56

 [RhRu(CO)4(µ-CH2)(dppm)2][CF3SO3] (7),
58

 [RhOs(CO)3(µ-

CH2)(dppm)2][CF3SO3] (24),
56

 and [RhRu(CO)3(µ-CH2)(dppm)2][CF3SO3] (25)
58 

were prepared by literature procedures.  Diethyl diazomalonate (DEDM) was 

prepared by a standard route.
67

 

The 
1
H NMR, and 

31
P{

1
H} NMR spectra were recorded on a Varian Inova 

400 spectrometer operating at 399.8 MHz and 161.8 MHz, respectively.  
13

C{
1
H} 

NMR and all variable- temperature NMR spectra were recorded on a Varian 

Unity spectrometer operating at 100.6 MHz for 
13

C, 161.9 MHz for 
31

P and 399.8 

MHz for 
1
H.  Infrared spectra were recorded in CH2Cl2 solution on a Nicolet 

Avatar 370 DTGS spectrometer unless otherwise noted.  Elemental analyses were 

performed by the microanalytical services within the department.  Mass 

Spectrometry measurements were performed by the electro-spray ionization 

technique on a Micromass ZabSpec TOF spectrometer in the mass spectrometry 
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facility of the department.  Spectroscopic data for all new compounds are given in 

Table 2.1.  Photolysis experiments were conducted in NMR tubes that were 

irradiated using a Hanovia 450 Watt high pressure mercury lamp placed six 

inches from the reaction vessel, all of which was enclosed in a photolysis 

chamber.
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2.2.2 Preparation of Compounds: 

 

(a) [RhOs(CO)3(!
2
-CH2=C(H)CO2CH2CH3)(dppm)2][CF3SO3] (26).  Method (i): A solution 

of compound 24 (19.2 mg, 0.015 mmol), dissolved in 0.7 mL of CD2Cl2 in an NMR tube and 

cooled to –78 °C, was treated with 1.7 µL (0.016 mmol) of N2C(H)CO2Et via a gas-tight syringe.  

The NMR tube was then transferred to the NMR probe which had been precooled to –80 °C, and 

the reaction monitored by NMR spectroscopy while warming in 10 ºC intervals.  No change was 

observed below –20 ºC.  Holding the sample at –20 °C for 1.7 h resulted in the formation of the 

product (37) in a 3:2 ratio with unreacted compound 24.  After 1.7 h decomposition of 26 into 

numerous unidentified products began to occur.  Method (ii): To a stirring deep red solution of 

compound 24 (30 mg, 0.023 mmol) in 1.5 mL of CH2Cl2 at 20 ºC, was added 2.4 µL of 

N2C(H)CO2Et (0.023 mmol).  The solution instantly turned light brown and was left to stir for 5 

min, then cooled to –80 ºC to prevent rapid decomposition of the product.  A beige solid was 

precipitated by the slow addition of 20 mL of pentane (precooled to –80 ºC), the solvent was 

decanted by canula, the solid rinsed twice with 5 mL of Et2O and finally dried in vacuo (yield 

50% as determined by integration of the 31P NMR spectra relative to residual 

bis(triphenylphosphoranylidene) ammonium chloride; we were unable to separate compound 26 

from the numerous unidentified decomposition products.  HRMS m/z Calcd for C60H52O5P4RhOs 

(M+ – CF3SO3): 1247.1426.  Found: 1247.1437. 

(b) Reaction of compound 2 with diazoalkanes at ambient temperature.  [RhOs(CO)4(µ-

CH2)(dppm)2][CF3SO3] (2) (10 mg, 0.008 mmol) was placed in an NMR tube and dissolved in 

0.7 mL of CD2Cl2 at ambient temperature to produce a yellow solution.  To this was added one 

equiv of diazoalkane either neat (EDA and DEDM), or as a 2 M ethereal solution (TMSDM).  

After 60 h the 31P and 1H NMR spectra were recorded. In all cases the products detected were 

unreacted starting material (ca. 80%), compound 1 (ca. <10%), unidentified decomposition 

products (ca. (10%) and the corresponding olefin (H2C=CRR'; R = H, R' = CO2Et, SiMe3; R = R' 

= CO2Et). 

(c) Reaction of compound 7 with diazoalkanes at ambient temperature.  The reaction of 10 

mg of [RhRu(CO)4(µ-CH2)(dppm)2][CF3SO3] (7) (0.008 mmol) with either EDA, DEDM or  

TMSDM was carried out exactly as described in part (b).  After 60 h 31P and 1H NMR 
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spectroscopy revealed the products to be starting material (ca. 70%), compound 5 (ca. 10%), 

uncharacterized decomposition products (ca. 20%) and the corresponding olefin, as observed in 

part (b). 

(d) Reaction of compound 24 with diazoalkanes at ambient temperature.  One equiv of 

either EDA, DEDM or TMSDM was added to 15 mg (0.011 mmol) of [RhOs(CO)3(µ-

CH2)(dppm)2][CF3SO3] (24) in 0.7 mL of CD2Cl2 in an NMR tube at 22 oC.  After one min the 

solution became lighter in color and after 20 min the complete disappearance of 24 and 

quantitative generation of the substituted olefin accompanied by compound 1 (ca. 10%) and 

numerous decomposition products (ca. 90%) was confirmed by 31P and 1H NMR spectroscopy. 

(e) Reaction of compound 25 with diazoalkanes at ambient temperature.     [RhRu(CO)3(µ-

CH2)(dppm)2][CF3SO3] (25) (15 mg, 0.012 mmol) was dissolved in 0.7 mL of CD2Cl2 in an 

NMR tube at 22 oC.  The resulting yellow solution was treated with one equiv of each of the 

above diazoalkanes causing the solution to lighten in color within seconds.  After 20 min 31P and 
1H NMR spectroscopy indicated the presence of compound 5 (ca. 10%), the corresponding 

substituted olefin, and numerous uncharacterized decomposition products (ca. 90%). 

(f) Reactions (d) and (e) at low temperature.  Procedures (d) and (e) were repeated, but in this 

instance the solutions were cooled to –78 ºC prior to the addition of the diazoalkane.  After 

treatment with the diazoalkane at –78 ºC, the sample was inserted into an NMR probe precooled 

to –80 ºC.   The reaction was monitored by NMR while warming in 10 ºC intervals.  In all cases, 

formation of a short-lived species spectroscopically similar to 26 (ca. 10% by integration) was 

observed at –20 ºC along with numerous unidentified decomposition products.  At temperature 

above –20 ºC, only decomposition products were observed. 

(g) [RhOs(CO)3(µ-!1:!1-N2C(CO2CH2CH3)COH)(dppm)2][CF3SO3] (27).  To a yellow 

solution of 1 (45 mg, 0.034 mmol) in 5 mL of CH2Cl2 at ambient temperature was added 40 µL 

of ethyl diazoacetate (EDA) as a 1 M ethereal solution.  This mixture was allowed to stir for 24 h 

during which time no color change was noted. However, the 31P NMR spectrum indicated the 

complete conversion to the product (27).  Slow addition of 20 mL of Et2O afforded a yellow 

powder which, after decanting the clear supernatant, was rinsed with two 5 mL washings of Et2O 

before being dried under a stream of argon followed by drying in vacuo (yield 88%).  HRMS: 

m/z Calcd for C58H50O6N2P4RhOs (M+ – CF3SO3): 1289.1280.  Found: 1289.1289. 
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(h) [RhRu(CO)3(µ-!1:!1-N2C(CO2CH2CH3)COH)(dppm)2][CF3SO3] (28).  To a stirring 

yellow solution of 25 mg (0.020 mmol) of 5 in 15 mL of CH2Cl2 at ambient temperature, was 

added 55 µL (0.053 mmol) of N2CH(CO2Et).  Over the course of 1 h the yellow solution turned 

bright orange, at which point it was concentrated to 2 mL followed by the slow addition of Et2O 

to afford an orange powder.  After removal of the clear supernatant, the product was 

recrystallized from CH2Cl2/Et2O (1 mL/10 mL) yielding bright orange microcrystals which were 

isolated by filtration and dried in vacuo (yield 75%).  Anal. Calcd for 

C62.1H55.2Cl0.2F3N2O11P4RhRuS: C, 52.33; H 3.73; N, 2.07; Cl, 0.52. Found: C, 52.16; H, 3.74; 

N, 1.98; Cl, 0.54. The presence of 0.1 equiv of CH2Cl2 was confirmed by 1H NMR spectroscopy 

in THF-d8.  HRMS m/z Calcd for C58H50O6N2P4RhRu (M+ – CF3SO3): 1199.0718. Found: 

1199.0718. 

(i) [RhOs(CO)3(µ-!1:!1-N2C(CO2CH2CH3)2)(dppm)2][CF3SO3] (29).  Compound 1 (53 mg, 

0.040 mmol) was dissolved in 5 mL of CH2Cl2 at ambient temperature yielding a yellow 

solution.  To this solution was added 0.05 mL (0.24 mmol) of N2C(CO2CH2CH3)2 causing the 

solution to darken slightly.  The solution was allowed to stir for 24 h at which time the solution 

was dark orange and only the product, compound 29 was observed by 31P NMR spectroscopy.  

The solvent volume was reduced to 2 mL and a bright yellow powder was precipitated by the 

addition of 20 mL of Et2O.  After removing the clear supernatant, the yellow product was rinsed 

twice with 5 mL of Et2O and the product dried under an argon stream and then in vacuo (yield 

85%).  Anal. Calcd for C61.1H54.2N2O10F3SP4Cl0.2RhOs: C, 49.19; H, 3.66; N 1.89.  Found: C, 

48.70; H, 4.02; N, 1.73.  The presence of 0.1 equiv of CH2Cl2 was confirmed by 1H NMR 

spectroscopy in THF-d8.  HRMS m/z Calcd for C60H54O7N2P4RhOs (M+ – CF3SO3): 1333.1542.  

Found: 1333.1526. 

(j) [RhRu(CO)3(µ-!1:!1-N2C(CO2CH2CH3)2)(dppm)2][CF3SO3] (30).  36 mg (0.028 mmol) 

of 5 was dissolved in 20 mL of CH2Cl2 at ambient temperature followed by the addition of 24 µL 

of N2C(CO2Et)2 (0.14 mmol).  The resulting yellow solution darkened slightly within 15 min.  

After 2 h, only compound 30 remained as confirmed by 31P NMR spectroscopy of the deep red 

solution from which a salmon-red product was precipitated by the slow addition of 30 mL of 

Et2O.  After removing the solvent, the precipitate was rinsed with two 5 mL portions of Et2O and 

dried under a stream of argon then in vacuo (yield 82%). Anal. Calcd for 
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C61H54F3N2O10SP4RhRu: C, 52.63; H, 3.91; N, 2.01.  Found: C, 52,26; H, 3.93; N, 1.91. HRMS 

m/z Calcd for C60H54O7N2P4RhRu (M+ – CF3SO3): 1243.0980.  Found: 1243.0980. 

(k) [RhOs(CO)2(PMe3)(µ-!1:!1-N2C(CO2CH2CH3)2)(dppm)2][CF3SO3] (31).  In an NMR 

tube at ambient temperature, 10 mg of compound 29 (0.0068 mmol) was dissolved in 0.7 mL of 

CD2Cl2 to which was added 7 µl of a 1M solution of PMe3 (in toluene) (0.007mmol).  After 2.5 d 

quantitative conversion to the product (31) was confirmed by 31P NMR spectroscopy.  The 

solution was left to stand for a period of 2 weeks, over which time no further transformations 

were observed by 31P NMR spectroscopy. Anal. Calcd for C63H63F3N2O10P5RhOsS: C, 48.97; H 

4.11; N, 1.81; S, 2.08. Found: C, 49.18; H, 4.53; N, 1.74; S, 2.97.  

(l) [RhOs(CO)3(!
1-N2C(H)Si(CH3)3)(dppm)2][CF3SO3] (32).   Method (i):  A yellow solution 

of compound 1 (55 mg, 0.042 mmol) in 5 mL of CH2Cl2 at ambient temperature was treated with 

0.30 mL of a 2 M solution of N2C(H)Si(CH3)3 in Et2O.  After 16 h 31P NMR spectroscopy 

revealed 25 % conversion to compound 32 and after 4 d compound 32 was the only product 

observed.  The solvent was removed in vacuo and the crude brown residuewas redissolved in 

CH2Cl2 and a brown powder was obtained by the slow addition of 10 mL of Et2O.  The solid was 

rinsed several times with Et2O before being dried in vacuo (yield 72%).  Method (ii):  If the same 

procedure noted in method (i) was repeated, except a slow stream of Ar was also passed over the 

solution, the reaction proceeded to completion in 16 h. Anal. Calcd for 

C58H54N2F3O6P4SSiRhOs: C, 49.43; H, 3.86; N, 1.99; S, 2.28  Found: C, 49.59; H, 4.03; N, 1.23; 

S, 2.42.  MS m/z = 1147.  The elemental analysis was performed within one hour of isolation of 

the solid sample to minimize decomposition. 

(m) Photolysis experiments.  Compounds 27, 28, 29, and 30 (ca. 15 mg) were each dissolved in 

0.7 mL of CD2Cl2 in separate NMR tubes.  The samples were irradiated in the photolysis 

chamber described above for 16 h and monitored by 31P NMR spectroscopy.  No changes were 

observed. 

(n) Thermolysis experiments.  Method (i): Compounds 27, 28, 29, and 30 (ca. 25 mg) were 

each dissolved in 2 mL of freshly distilled THF.  The solutions were left to reflux and the 

reactions observed by 31P{1H} NMR spectroscopy.  No new species were noted after 16 h.  

Method (ii): The reaction described in method (i) was repeated using freshly distilled toluene 

instead of THF.  Again, no new species were observed. 
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(o) Attempted reaction of 5 with N2C(H)Si(CH3)3.   Method (i):  Compound 5 (99.5 mg, 0.081 

mmol) was dissolved in 10 mL of CH2Cl2.  To this solution was added 50 µL of 2M 

N2C(H)Si(CH3)3 in Et2O (0.100 mmol).  No reaction was detected by 31P{1H} NMR 

spectroscopy after a period of 24 h.  Method (ii):  To a solution of compound 2 (72 mg, 0.058 

mmol) in 10 mL of CH2Cl2 was added 0.30 mL of N2C(H)Si(CH3)3 (2M in Et2O; 0.60 mmol) 

and left to stir for 24 h under a slow flow of Ar.  After 24 h only a brown residue remained 

which consisted of unidentified decomposition products as determined by 31P{1H} NMR 

spectroscopy.  Method (iii):  To a yellow solution of compound 5 (45 mg, 0.036 mmol) and 125 

µL of N2C(H)Si(CH3)3 (2M in Et2O) in 5 mL of CH2Cl2 was added 3.01 mg of Me3NO (0.04 

mmol) at which point the solution instantly darkened to a reddish brown.  The solution was left 

to stir for 5 min and addition of 40 mL of Et2O followed by 20 mL of pentane afforded a deep 

yellow powder.  After removal of the clear supernatant, the yellow powder was rinsed with two 

10 mL portions of Et2O and dryed in vacuo.  31P and 1H NMR spectroscopy revealed the 

presence of numerous uncharacterized decomposition products.   

(p) Attempted reaction of 1 with N2C(H)CH3.  Method (i): Compound 1 (50 mg, 0.038 mmol) 

was dissolved in 5 mL of CH2Cl2 and the solution was cooled to –78 °C.  Diazoethane, generated 

from ENNG (100 mg, 0.95 mmol) was passed through the solution and the mixture was stirred 

for 2.5 h.  The solution was allowed to warm to room temperature and an aliquot of 0.5 mL was 

removed.  31P{1H} NMR spectroscopy on this sample detected only 1.  Method (ii): 50 mg 

(0.038 mmol) of compound 1 was dissolved in 2 mL of CH2Cl2.  Diazoethane, generated from 

ENNG (50 mg, 0.31 mmol), was slowly passed through the solution over the course of 1 h.  No 

reaction was detected by 31P{1H} NMR spectroscopy after 3 d. Method (iii):  57 mg of 

compound 1 (0.043 mmol) was dissolved in 4 mL of CH2Cl2 and diazoethane (generated from 

ENNG (50 mg, 0.31 mmol)) was passed through the solution for 30 min then cooled to –15 ºC.  

0.7 µL of a 3mg/mL Me3NO in CH2Cl2 solution was added and the solution darkened 

immediately.  The solution was allowed to stir for 1h over which time only compound 1 (50%) 

accompanied by numerous decomposition products was observed by 31P NMR spectroscopy.  

Method (iv): In an NMR tube, 25 mg (0.020 mmol) of compound 1 was dissolved in 0.7 mL of 

CD2Cl2 and cooled to –78 ºC.  Diazoethane (generated from ENNG (50 mg, 0.31 mmol)) was 

passed through the solution and the mixture inserted into the NMR probe that had been 

precooled to –80 ºC.  The reaction was monitored by NMR techniques while warming in 10 ºC 
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intervals.  No reaction was observed over the temperature range tested (–80 ºC to 27 ºC) by 31P 

NMR spectroscopy.  However, 1H NMR spectroscopy revealed the presence of trans- and cis-

butene.  

(q) Attempted reaction of 5 with N2C(H)CH3. Method (i): Compound 2 (50 mg, 0.041 mmol) 

was dissolved in 5 mL of CH2Cl2 and the solution was cooled to –78 °C.  Diazoethane, generated 

from ENNG (100 mg, 0.95 mmol), was passed through the solution and the mixture was stirred 

for 2.5 h.  The solution was allowed to warm to room temperature and an aliquot of 0.5 mL was 

removed.  31P{1H} NMR spectroscopy on this sample detected only compound 5.  After 24 h, 31P 

NMR spectroscopy still detected only starting materials.  Method (ii):  If the above reaction was 

carried out at ambient temperatures, 31P NMR spectroscopy detected only starting material after 

24 h. 

(r) Decomposition of Diazoethane.  Method (i):  Diazoethane, generated from ENNG (50 mg, 

0.041 mmol), was passed through 0.7 mL  of CD2Cl2 in an NMR tube for several min.  1H NMR 

spectroscopy of the clear solution revealed only the presence of trans- and cis-butene.  Method 

(ii): In an NMR tube, 0.7 mL of CD2Cl2 was cooled to –78 ºC.  Diazoethane, generated from 

ENNG (50 mg, 0.041 mmol), was passed through the CD2Cl2 for several minutes.  The sample 

was placed into the NMR probe which had been precooled to –80 ºC.  1H NMR spectroscopy 

revealed the presence of only trans- and cis-butene.  Method (iii): Methods (i) and (ii) were 

repeated using THF-d4.  Again, only trans- and cis-butene were detected by NMR. 

(s) X-ray Data Collection. X-ray data collection and structure solution and refinement was 

performed by Dr. Bob McDonald of the X-ray crystallography laboratory in the Department of 

Chemistry at the University of Alberta.  Yellow-orange crystals of [RhOs(CO)3(!-!1,!1-

N=NC(COH)CO2Et)(dppm)2][CF3SO3]•C2H4Cl2 (27) were obtained by slow evaporation of a 

1,2-dichloroethane solution of the compound.  Data were collected at –80 °C on a Bruker 

PLATFORM/SMART 1000 CCD diffractometer
68

 using Mo K! radiation.  Unit cell parameters 

were obtained from a least-squares refinement of the setting angles of 5554 reflections from the 

data collection.  The space group was determined to be P1 (No. 2). The data were corrected for 

absorption through use of Gaussian integration (involving face-indexing of the crystal).  See 

Table 2.2 for a summary of crystal data and X-ray data collection information.  

Structure Solution and Refinement.  The structure of 27 was solved using the Patterson 

location of heavy atoms and structure expansion routines as implemented in the DIRDIF-9669  
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Table 2.2.  Crystallographic Experimental Details for Compound 27. 

 

A.  Crystal Data 
formula C

61
H

54
Cl

2
F

3
N

2
O

9
OsP

4
RhS 

formula weight 1536.01 
crystal dimensions (mm) 0.63 " 0.37 " 0.28 
crystal system triclinic  

space group P!(No. 2) 
unit cell parametersa 

a (Å) 11.3899 (7) 
b (Å) 15.0631 (9) 
c (Å) 18.4369 (11) 
! (deg) 87.7008 (12) 
" (deg) 76.4194 (11) 
# (deg) 88.4252 (11) 

V (Å3) 3071.7 (3) 
Z  2 

$calcd (g cm-3) 1.661 

! (mm-1) 2.627 

B.  Data Collection and Refinement Conditions 

diffractometer Bruker PLATFORM/SMART 1000 CCD68 
radiation (% [Å]) graphite-monochromated Mo K! (0.71073) 
temperature (°C) –80 
scan type & scans (0.2°) (20 s exposures) 
data collection 2' limit (deg) 52.76 
total data collected 17696 (–14 # h # 14, –17 # k # 18, –23 # l # 23) 
independent reflections 12323 (Rint = 0.0162) 

number of observed reflections (NO) 11411 [Fo2 $ 2((Fo2)] 

structure solution method Patterson search/structure expansion (DIRDIF–9969) 

refinement method full-matrix least-squares on F2 (SHELXL–97b) 
absorption correction method Gaussian integration (face-indexed) 
range of transmission factors 0.5205–0.2696 

data/restraints/parameters 12323 [Fo2 $ –3((Fo2)] / 0 / 761 

goodness-of-fit (S)c 1.038 [Fo2 $ –3(( Fo2)] 

final R indicesd 

R1 [Fo2 $ 2((Fo2)] 0.0281 

wR2 [Fo2 $ –3(( Fo2)] 0.0765 

largest difference peak and hole 1.749 and –1.048 e Å-3 
aObtained from least-squares refinement of 5554 centered reflections.b Obtained from least-squares refinement of 

5554 centered reflections.c S = [%w(Fo2 – Fc2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; 

w = [(2(Fo2) + (0.0454P)2 + 3.7359P]-1 where P = [Max(Fo2, 0) + 2Fc2]/3).d R1 = %||Fo| – |Fc||/%|Fo|; wR2 = 

[%w(Fo2 – Fc2)2/%w(Fo4)]1/2. 
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program system. Refinement was completed using the program SHELXL-93. Hydrogen atoms 

were assigned positions based on the geometries of their attached carbon atoms and were given 

thermal parameters 20% greater than those of the attached carbons, with the exception of 

hydrogen H(40), which was located and freely refined.  The final model for 27 was refined to 

values of R1(F) = 0.0281 (for 11411 data with Fo
2 $ 2&(Fo

2)) and wR2(F
2) = 0.0765 (for all 12323 

independent data) 

 

 2.3 Results and Compound Characterization 

2.3.1 Treatment of Methylene-Bridged Complexes with Diazoalkanes.   

 

Reaction of the methylene-bridged tetracarbonyl species [RhM(CO)4(µ-CH2)(dppm)2][CF3SO3] 

(M = Os (2), Ru (7)) with either ethyl diazoacetate (EDA), trimethylsilyldiazomethane 

(TMSDM) or diethyldiazomalonate (DEDM) results in the generation of the respective free 

olefins over the period of several days, as verified by comparison of their NMR spectra to those 

reported in the literature (H2C=CRR'; R = H, R' = CO2Et, SiMe3; R = R' = CO2Et).70  The 

formation of these olefins corresponds to expected coupling of the diazoalkane-generated 

alkylidene unit and the methylene group.  In all cases, the phosphorus-containing compounds 

remaining were identified by 31P{1H} NMR spectroscopy as unreacted compounds 2 or 7, the 

respective byproducts 1 or 5, and numerous uncharacterized decomposition products all in 

varying proportions depending on the diazoalkane.  In contrast, the tricarbonyl analogues 

[RhM(CO)3(µ-CH2)(dppm)2][CF3SO3] (M = Os (24), Ru (25)), react instantly with these 

diazoalkanes at ambient temperature, resulting in the rapid evolution of the free olefin, together 

with the respective compounds 1 or 5, again accompanied by numerous uncharacterized 

decomposition products as determined by 31P NMR spectroscopy.  This reactivity is summarized 

in Scheme 2.1.  We assume that formation of the tetracarbonyl species 1 and 5, from the 

tricarbonyl precursors 24 and 25, respectively, results from carbonyl scavenging from the 

decomposition products. 
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Quenching the reaction involving compound 25 and EDA by cooling the sample to –20 

ºC allows the isolation of a new species,  [RhOs(!2-H2C=CHCO2Et)(CO)3(dppm)2][CF3SO3] 

(26), (also shown in Scheme 2.1).  In the 31P{1H} NMR spectrum, compound 26 gives rise to 

three complex multiplets at ' 25.3, –4.1, and –10.5 in a 2:1:1 intensity ratio.  The two high-field 

signals appear as the C and D portion of an ABCDX spin system (X = 103Rh) and clearly 

correspond to the inequivalent phosphorus nuclei at the Os-bound ends of the dppm ligands, on 

the basis of the higher-field chemical shifts66 and the absence of Rh coupling. The strong 

coupling between the pair of signals corresponding to the 31P nuclei bound to Os (2JPcPd = 259 Hz) 

indicates a mutually trans phosphine arrangement at this metal. The low-field resonance of 

double intensity corresponds to the two accidentally degenerate A and B resonances for the Rh-

bound ends of the dppm ligand, and appears as an approximate doublet of multiplets with strong 

coupling to Rh (approximately 113 Hz).  

In the 13C{1H} NMR spectrum of 26 three carbonyl resonances appear: two triplets at 

' 182.8 and 185.5, displaying no Rh coupling, correspond to two terminally bound carbonyls on 

Os, and a doublet of triplets at ' 182.5, showing strong Rh coupling (1JRhC = 77.6 Hz), 

corresponds to the carbonyl that is terminally bound to Rh.  If 13CH2-enriched compound 24 is 

used in the above reaction an additional 13C{1H} resonance at ' 3.80 in the 13C{1H} NMR 

spectrum, corresponding to the CH2 end of the coordinated olefin, is observed which shows no 

coupling to any of the 31P nuclei or to Rh.  The 1H NMR spectrum of 26 shows two resonances at 
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' 1.08 and 1.72, both of which display coupling of approximately 8 Hz to an additional proton 

resonance at ' 2.77.  These three protons correspond to the three olefinic protons of the 

coordinated olefin. Although one might expect different cis/trans coupling constants for the 

olefinic protons, rehybridization of the olefin upon coordination presumably results in equivalent 

coupling involving the pseudo-cis and pseudo-trans protons.  In the 13CH2-enriched sample of 

compound 26 the two high-field protons display coupling to the 13C nucleus of 144 Hz and 157 

Hz coupling, respectively, indicating that they correspond to this CH2 group.  These one-bond C-

H coupling constants lie between those typical for an olefin (ca. 160 Hz) and an that of an alkane 

(ca. 130 Hz),71 reflecting some degree of rehybridization, as noted above.  The dppm methylene 

protons appear as four separate broad multiplets at ' 4.47, 4.27, 4.10 and 3.12, indicating a lack 

of front-back and top-bottom symmetry, rendering each proton chemically unique. This suggests 

that olefin rotation is slow on the NMR timescale.  Finally, the ethyl fragment of the ethyl 

acrylate ligand resonates at ' 1.32 (CH3) and ' 4.23 (CH2) similar to that of free ethyl acrylate.70 

We have ruled out an olefin-bridged structure for compound 26 since in such an arrangement the 

olefin could be considered a 1,2-dimetallated ethane unit, with essentially complete 

rehybridization of the olefinic carbons to sp3.  This is inconsistent with the large C-H coupling 

constants noted above.  In addition, the absence of spin-spin coupling involving either end of the 

olefin and the Rh nucleus establishes that the ethyl acrylate ligand is bound solely to Os.  

Compound 26 can be compared to two related mono-ethylene adducts, 

[RhOs(C2H4)(CO)3(dppm)2][BF4] (II-A) and [RhOs(CO)3(C2H4)(dppm)2][BF4] (II-B), shown in 

Chart 2.256b (dppm ligands omitted).  A structure like II-B can be immediately ruled out, since as 

 

 

 

established above, the olefin is bound to Os while one carbonyl is on Rh.  In addition, the 

spectral data do not fit structure II-A.  It has been established that terminal carbonyls that lie 

adjacent to another metal, and therefore having weak interactions with this adjacent metal, 

usually resonate downfield of those that lie remote from the adjacent metal;72 this is clearly seen 
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in compound II-A in which the chemical shift of the two Os-bound carbonyls differ by 10 ppm.  

In contrast, the pair of Os-bound carbonyls in 26 are very similar, having a chemical-shift 

difference of only 2.7 ppm.  Furthermore, the relatively low-field shift for the Os-bound 

carbonyls suggests that they are adjacent to the Rh center, possibly interacting weakly with this 

second metal (generally, terminal carbonyls on 3rd row metals appear significantly upfield from 

those of the 2nd row analogues).  On the basis of the above NMR data, the structure shown in 

Scheme 2.1 and Chart 2.2 is proposed in which an ethyl acrylate ligand is bound to Os in an !2 

fashion opposite the metal-metal bond with both Os-bound carbonyls adjacent to the metal-metal 

bond.  The IR spectrum of 26 shows a  stretch for the CO2Et group at 1683 cm-1 and three 

terminally bound carbonyl ligands (2047 cm-1, 1981 cm-1, and 1942 cm-1).  In addition, a weak 

band at 1558 cm-1 can be assigned to the olefinic C-C stretch shifted significantly from that of 

free ethyl acrylate (1638 cm-1).70 

Compound 26 is labile, decomposing in solution above –20 ºC into free ethyl acrylate, 

compound 1, and numerous unidentified phosphorus-containing products.  Attempts to displace 

the ethyl acrylate ligand in 26 by ethylene, under an ethylene atmosphere, gave no evidence of an 

ethylene adduct over the temperature range from 22 to –80 oC.  Again, only decomposition of 26 

resulted over time or upon warming.  Although we have not been able to isolate analogous olefin 

adducts in the reactions of 24 with the other substituted diazoalkanes we have observed such 

species in small quantities (<10% by integration of all phosphorus-containing species) in the 
31P{1H} NMR spectra at –20 ºC, having very similar 31P{1H} NMR spectral parameters to those 

of 26.  We assume that the greater lability of these intermediates results from destabilizing 

repulsions involving the additional ester substituent in the case of the DEDM reaction or the 

larger trimethylsilyl substituent in the case of TMSDM.  In the case of the Rh/Ru complex 25, no 

olefin adduct analogous to 26 was observed in any of the diazoalkane reactions although the 

same olefins were ultimately obtained. 

 

2.3.2 Diazoalkane Complexes.   

 

In attempts to generate alkylidene-bridged complexes analogous to compounds 2 and 7 

via N2 loss from the parent diazoalkane, the reactions of 1 and 5 with a number of substituted 

diazoalkanes were attempted.  Treatment of both compounds 1 and 5 with EDA yields the 
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unusual products, [RhM(CO)3(µ-!1:!1-N=NC(CO2Et)COH)(dppm)2][CF3SO3], (M = Os (27), 

Ru (28)), diagrammed in Scheme 2.2 (dppm ligands omitted).  High resolution mass  

 

 

spectrometry for both products verifies that dinitrogen loss has not occurred from the 

diazoalkane molecule, and this is confirmed by the X-ray structure of 27 shown in Figure 2.1.  

The X-ray study also demonstrates that although N2 loss has not occurred, the diazoalkane 

molecule has transformed into a new diazoalkane-like moiety via coupling with a carbonyl 

ligand, accompanied by hydrogen migration from the diazoalkane carbon to the carbonyl oxygen 

to give and metalla-enol functionality.  Migratory insertions, involving carbonyl ligands , are 

very common73 and have been observed with diazoalkane-generated74 or metal-bound75 

alkylidene groups, and with imido groups that have resulted from N–N bond cleavage in 

diazoalkanes.76 However, we are unaware of any report involving condensation of a carbonyl 

ligand with an intact diazoalkane group.  The new diazo-containing group in 27 binds in a 

bridging arrangement bound to both metals through the terminal nitrogen (not unlike bonding 

type VI shown in Chart 2.1) while chelating to Os via the enol carbon to give a five-membered 

Os-N-N-C-C metallacycle. Within this metallacycle, the bond lengths and angles, given in Table 

2.3, are consistent with the valence-bond formulation shown in Scheme 2.  Therefore, the N(1)- 
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Figure 2.1: Perspective view of the [RhOs(CO)3{!:!1,!1–N=NC(COH)CO2Et}(dppm)2]+ complex cation of 

compound 27, showing the atom labelling scheme.  Non-hydrogen atoms are represented by Gaussian 
ellipsoids at the 20% probability level.  Hydrogen atoms are shown with arbitrarily small thermal 
parameters except for phenyl hydrogens, which are not shown. 

 
Table 2.3: Selected Distances and Angles for Compound 27. 

Distances (Å) 

Atom 1 Atom 2 Distance  Atom 1 Atom 2 Distance  
Os Rh 3.3206(3)  O(4) H(40) 0.87(6)  
Os N(1) 2.088(2)  O(5) C(6) 1.227(5)  
Os C(1) 1.976(3)  O(5) H(40) 1.85(6)†  

Os C(2) 1.904(3)  O(6) C(6) 1.326(4)  
Os C(4) 2.055(3)  O(6) C(7) 1.464(5)  
Rh N(1) 2.023(3)  N(1) N(2) 1.270(4)  
Rh C(3) 1.842(4)  N(2) C(5) 1.402(4)  
O(1) C(1) 1.139(4)  C(4) C(5) 1.391(4)  
O(2) C(2) 1.145(4)  C(5) C(6) 1.455(5)  
O(3) C(3) 1.143(5)  C(7) C(8) 1.473(7)  
O(4) C(4) 1.328(4)      

Angles (deg) 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 
N(1) Os C(1) 98.9(1) Os C(1) O(1) 173.3(3) 

N(1) Os C(2) 166.8(1) Os C(2) O(2) 174.3(3) 

N(1) Os C(4) 75.6(1) Rh C(3) O(3) 178.9(4) 

C(1) Os C(2) 94.2(1) Os C(4) O(4) 125.0(2) 

C(1) Os C(4) 174.5(1) Os C(4) C(5) 114.1(2) 

C(2) Os C(4) 91.3(1) O(4) C(4) C(5) 120.9(3) 

N(1) Rh C(3) 176.5(1) N(2) C(5) C(4) 117.1(3) 

C(4) O(4) H(4O) 114(4) N(2) C(5) C(6) 121.3(3) 

C(6) O(6) C(7) 115.9(3) C(4) C(5) C(6) 121.6(3) 

Os N(1) Rh 107.8(1) O(5) C(6) O(6) 122.3(3) 

Os N(1) N(2) 119.9(2) O(5) C(6) C(5) 121.8(3) 

Rh N(1) N(2) 132.3(2) O(6) C(6) C(5) 115.9(3) 

N(1) N(2) C(5) 113.3(3) O(6) C(7) C(8) 108.0(4) 

† Non-bonded distance 
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N(2) distance (1.270(4) Å) is that of a typical N=N double bond, while the N(2)-C(5) distance 

(1.402(4) Å) is as expected for a single bond between sp2 hybridized N and C atoms.77  The 

newly formed C(4)-C(5) bond (1.391(4) Å) is typical of an enolic double bond,77 while the C(5)-

C(6) and C(4)-O(4) distances (1.455(5), 1.328(4) Å, respectively) are consistent with single 

bonds within such groups.  Within the N2-containing metallacycle, the angles are all somewhat 

smaller (range 113.3(3)º - 119.9(2)º) than the idealized value for sp2 hybridization, reflecting a 

degree of strain within this group, as a result of the acute N(1)-Os-C(4) bite angle (75.6(1)º).  

The diazo-containing fragment bridges in an unsymmetrical manner in which the Os-N(1) 

distance is significantly shorter than Rh-N(1) (2.088(2) vs. 2.223(3) Å).  The reasons for this 

asymmetry are not clear, although the restrictions resulting from the 5-membered Os 

metallacycle may play a role. 

The X-ray study has also allowed the unambiguous location and successful refinement of 

the enol hydrogen, placing it within obvious bonding distance of the enol oxygen (O(4)-H(40) = 

0.87(6)Å), but also in a position to be hydrogen-bonded to the carbonyl oxygen of the CO2Et 

group (O(5)-H(40) = 1.85(6) Å), with this separation being significantly less than the sum of the 

van der Waals radii of 2.6 Å.  The presence of hydrogen bonding is further substantiated by the 

planar arrangement of the six-membered ring that results (see Figure 2.1), involving the enol and 

carbonyl functionalities; a repulsive interaction between H(40) and O(5) would lead to rotation 

of the OH group out of the enol plane. 

The diazo-containing ligand in compounds 27 and 28 functions as a dianionic 6 e- 

donor, to the Rh(I)/M(II) (M = Os, Ru) centres.  In keeping with these oxidation-state 

formulations, the coordination geometry at Rh is square planar, while that of Os is octahedral. 

This formulation differs from that shown in the compounds displaying structure VI (Chart 2.1) 

owing to the additional enolate functionality, which donates an additional pair of electrons. 

The transformation of compounds 1 and 5 into the products 27 and 28, respectively, is 

irreversible most likely a result of the condensation and hydrogen migration steps.  Moreover 

addition of CO to either of the products gives no further reaction.  For compounds 27 and 28 the 

spectral parameters are closely comparable (see Table 2.1), so compound 28 is assumed to have 

the same structure as that established for 27.  In the 1H NMR spectrum of 27 the dppm 

methylene and the ethyl group resonances are as expected, while the hydroxyl proton appears as 

a singlet at ' 11.04, as is characteristic of a hydrogen-bonded hydroxyl proton.71  13C{1H} NMR 
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data show only three terminal carbonyl resonances; two triplets at ' 177.9 and 179.6 correspond 

to the Os-bound groups, while a doublet of triplets at ' 195.5, with 63.2 Hz coupling to the Rh 

nucleus, corresponds to the Rh-bound CO (surprisingly, in this case the Os-bound carbonyl that 

is adjacent to Rh cannot be differentiated from the one which occupies the remote position).  The 

enol carbon is observed as a triplet at ' 231.6 (2JCP = 8.3 Hz) with coupling to the pair of Os-

bound 31P nuclei.  A solution IR of a sample of 27 shows two terminal carbonyl stretches (2020 

cm-1 (s), 1970 cm-1 (s, br)), a stretch at 1633 cm-1, attributed to the CO2Et group and a stretch at 

3058 cm-1 which is assigned to the OH functionality. 

The corresponding reactions of compounds 1 and 5 with DEDM yield the respective 

diazoalkane-bridged complexes [RhM(CO)3(µ-!1:!1-N=NC(CO2Et)2)(dppm)2][CF3SO3] (M = 

Os (29), Ru (30)) (Scheme 2), in which the DEDM ligand is again proposed to bridge via the 

terminal nitrogen. Although binding of DEDM is accompanied by the loss of one carbonyl, the 

reactions cannot be reversed by addition of CO.  The presence of an N2 moiety within these 

complexes is verified by HRMS and elemental analysis, while the loss of a carbonyl is seen in 

the 13C{1H} NMR spectra of 13CO-enriched samples, in which only three equal intensity 

resonances are observed.  For compound 30, the pair of Ru-bound carbonyls appear at ' 197.0 

and 195.6, whereas the one bound to Rh appears at ' 195.4, with typical coupling (63.7 Hz) to 

Rh.  All resonances display typical patterns consistent with coupling to the adjacent pair of 31P 

nuclei.  The ester carbonyls on the DEDM ligand appear at ' 165.7 and 155.3, demonstrating the 

inequivalence of these two ester groups.  This inequivalence is also evident in the ethyl group 

resonances in the 1H NMR spectrum with one group appearing at ' 1.40 (CH3) and 4.35 (CH2), 

while the other appears at ' 0.62 (CH3) and 1.91 (CH2).  The NMR spectral parameters for the 

Os analogue very much mirror those given above, except that the Os-bound carbonyls appear 

upfield to those bound to Ru, as is typically observed in these cases. 

On the basis of the significant inequivalence of the pair of ester groups in each complex 

and the presence of only two Ru- or Os-bound carbonyls, as was observed in compounds 27 and 

28, we propose that coordination of one of the ester groups to Ru or Os occurs, as diagrammed 

for one valence-bond representation in Scheme 2.2.  Similar binding of DEDM, via both nitrogen 

and an ester carbonyl, has been proposed.36  The valence-bond representation shown in Scheme 

2.2 for compounds 29 and 30 would be expected to give rise to two very different ester carbonyl 

stretches in the IR spectrum – one at a value close to that of free DEDM and another 
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(corresponding to the coordinated ester) at a significantly lower frequency.  In the case of the Ru 

species (30) these stretches are observed at 1725 and 1641 cm-1, in support of the formulation 

given.  This lowering of the ester carbonyl stretches has also been observed by Eisenberg et al.78  

However, for the Os analogue (29) the ester stretches both appear at the intermediate values, 

1699 and 1690 cm-1, suggesting a structure in which there is significant delocalization over the 

pair of ester groups.  Two limiting valence-bond formulations for the coordinated DEDM ligand 

in compounds 29 and 30 are shown in Chart 2.3 (dppm groups omitted).  Structure II-C  

 

 

 

corresponds to the bonding extreme proposed in the Rh/Ru species (30) while the structure 

proposed for the Rh/Os species (29) is presumably a hybrid of II-C and II-D.  In either case, the 

ligand functions as a dianionic 6 e- donor to the Rh(I)/M(II) centers (M = Os, Ru), with the 

square planar and octahedral geometries about the respective metals. Unfortunately, attempts to 

obtain X-Ray quality crystals of 29 and 30 in different solvents and by exchanging the triflate 

anion for  BF4
– and BPh4

– were unsuccessful. 

Addition of PMe3 to compound 29 in attempts to displace the Os-bound ester group, 

instead gives the product, [RhOs(CO)2(PMe3)(µ-!
1
:!

1
-N2C(CO2Et)2)(dppm)2][CF3SO3] (31), the 

structure of which is diagrammed below, via substitution of a carbonyl.  The 31P NMR spectrum 
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of this product exhibits three multiplets of 2:2:1 intensity ratio at " 28.4, " 12.1 and " –18.5.  The 

low-field signal, being the AA' portion of an AA'BB'CX spin system, corresponds to the Rh-

bound phosphorus nuclei of the dppm ligand, clearly evident by its strong coupling to the Rh 

nucleus (1JRhP = 162 Hz) and additional coupling to the other phosphines of the dppm bridge as 

well as to the PMe3 ligand, whereas the signal at " 12.1 (the BB' portion) corresponds to the Os-

bound phosphines of the dppm ligand on the basis of its higher-field chemical shift and absence 

of Rh coupling.  Finally, a doublet of triplets at " –18.5 is assigned to the PMe3 ligand and shows 

strong coupling to both the Rh-bound phosphines of the dppm ligands (2JPP = 42 Hz) and the Rh 

nucleus (1JRhP = 129 Hz) to which it is bound.  This clearly establishes that coordination of PMe3 

to Rh and not to Os has occurred.  A solution of compound 31 was monitored over a period of 

two weeks by 31P NMR spectroscopy and no further transformations were observed.  Again, 

attempts to obtain X-Ray quality crystals of 31 failed. Interestingly, the IR spectrum of 31 shows 

ester stretches at 1752 and 1686 cm–1, more in line with structure II-C and with that of the 

Rh/Ru species 30. 

Treatment of compound 1 with N2CHSiMe3 (TMSDM) also leads to a carbonyl-

substitution product [RhOs(CO)3(N2CHSi(CH3)3)(dppm)2][CF3SO3] (32), again containing the 

intact diazoalkane group,  as confirmed by elemental analysis.  In addition, the mass 

spectrometry fragmentation pattern observed strongly suggests a product in which the intact 

diazoalkane group is present, showing peaks associated with the loss of both the CHSiMe3 and 

N2CHSiMe3 fragments.  The formation of compound 32 is accompanied by the formation of 

numerous unknown silane products, presumably from the decomposition of TMSDM.  

Furthermore, this product is unstable, even in the solid state, decomposing over several hours 

into an oily residue composed of a complex mix of unknown products, limiting our 

characterization of 32.   

In the 13C{1H} NMR spectrum two carbonyl resonances are observed in a 2:1 intensity 

ratio.  The latter appears as a doublet of multiplets at ' 181.2 with coupling to the pair of Rh-

bound 31P nuclei and to 103Rh (1JRhC = 80.3 Hz), establishing that it is terminally bound to this 

metal, while the other resonance, at ' 194.6, appears as a doublet of multiplets of double 

intensity and displays coupling to the Os-bound phosphines, as well as weak coupling to the 
103Rh nucleus of 3.3 Hz.  The lower-field resonance for the Os-bound carbonyls is consistent 

with these groups being bound primarily to Os but having a weak semi-bridging interaction with 
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Rh,66,72 a formulation that is supported by the small Rh-C coupling observed.  However, the IR 

spectrum, which shows two terminal (((CO) = 2059, 1977 cm-1) and one bridging CO stretch 

(1804 cm-1), suggests a slightly different interpretation in which one Os-bound carbonyl is 

terminally bound while the other is semi-bridging, as diagrammed earlier in Scheme 2.2 (a 

classical bridging carbonyl is ruled out on the basis that the averaged 1JRhC would be higher than 

the 3.3 Hz observed).  Facile exchange of these carbonyls between the terminal and semi-

bridging positions is rapid on the NMR time scale and probably involves the movement of only a 

few tenths of an angstrom.  As a consequence, only the average signal is seen in the 13C{1H} 

NMR spectrum, even at –80 ºC, whereas the faster time-scale of the IR experiment allows both 

the bridging and terminal stretches to be observed.  Similar dynamics have been reported 

previously in related species.56b,79   

The four dppm methylene protons are equivalent on the NMR timescale, appearing as a 

single multiplet at ' 4.03, even at –80°C, indicating the same average chemical environment on 

each side of the RhOsP4 plane.  This suggests that the diazoalkane is bound in a linear or close-

to-linear manner in the site opposite the Rh-Os bond; any other site would result in the loss of 

symmetry about the RhOsP4 plane resulting in the chemical inequivalence of the two  pairs of 

dppm methylene protons.  In addition, occupation of any other site on the Os center by the 

TMSDM ligand would not allow the facile carbonyl exchange noted above.  Linearly-bound 

diazoalkane ligands are well documented.10,12  The structure proposed is similar to those reported 

previously, for the symmetric isomer of the mono-ethylene and bis-ethylene compounds 

[RhOs(CO)3(!
2-C2H4)(dppm)2][BF4] and [RhOs(CO)2(!

2-C2H4)2(dppm)2][BF4], respectively, 

which have similar symmetries with respect to the pair of Os-bound carbonyls.  Consistent with 

the proposal of similar structures, the spectral parameters for these ethylene complexes are 

closely comparable to those of 32.56b  In particular, the Os-bound carbonyls for these two 

ethylene adducts appear at  ' 198.0 (1JRhC = 6 Hz) and 195.5 (1JRhC = 6 Hz), respectively in the 

13C{1H} NMR spectra, very close to the low-field resonances of 32. 

Attempts to generate the Rh/Ru analogue of 32, namely [RhRu(CO)3(N2CHSiMe3)-

(dppm)2][CF3SO3], failed giving either no reaction or uncharacterized decomposition products, 

depending on the reaction conditions. 

Having the series of metal-bound diazoalkanes in which these ligands were either 

bridging the pairs of metals (compounds 27-30) or terminally bound to one (compound 32), we 
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were interested in determining whether these coordination modes activated these ligands towards 

N2 loss.  However, photolysis or subjecting compounds 27 – 30 to reflux in a number of solvents, 

even for extended periods, did not induce N2 loss, leaving the complexes unchanged. Compound 

32 decomposed to unidentified products under these conditions, as described earlier. 

 

2.4 Discussion 

 

2.4.1  Methylene and Alkylidene Coupling.   

 

Although the reaction of [RhOs(CO)4(µ-CH2)(dppm)2][X] (2) with diazomethane is facile 

at temperatures above –50 ºC yielding C3 or C4 fragments coordinated to the metals,56.63 the 

analogous reactions of 2 with the substituted diazoalkanes, N2CRR' (R = H, R' = CO2Et, SiMe3; 

R = R' = CO2Et) are extremely slow even at ambient temperature.  Furthermore, in these latter 

reactions no metal-bound hydrocarbyl fragments are observed and after several days only the 

olefins that correspond to coupling of the bridging methylene group and the diazoalkane-

generated alkylidene fragment, together with compound 1 and decomposition products are 

observed.  Carrying out the reactions at low temperature only serves to slow the reactions 

further, without allowing the observation of reaction intermediates.  The Rh/Ru analogue (7) 

reacts similarly.  However, the same reactions using the tricarbonyl complexes [RhM(CO)3(µ-

CH2)(dppm)2][X] (M = Os (24), Ru (25)) are almost immediate at ambient temperature, again 

yielding the free olefins and (where identified) the same metal-containing products.   

If the reaction involving 24 and EDA (N2CHCO2Et) is carried out at –20 ºC, an olefin-

containing species, [RhOs(CO)3(!
2-H2C=C(H)CO2Et)(dppm)2][X] (26), is observed as 

diagrammed in Scheme 2.1.  This product has resulted from coupling of the methylene and 

alkylidene fragments at the adjacent metals.  This olefin complex does not have a targeted olefin-

bridged structure; instead this group appears to be terminally bound to Os.  Furthermore, unlike 

the ethylene analogue prepared by the reaction of 24 with diazomethane, which is stable upon 

warming to ambient temperature,56b compound 26 readily undergoes loss of ethyl acrylate at 

temperatures above –20ºC.  We assume that the greater lability of 26 compared to its ethylene 
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analogue results from unfavorable steric interactions involving the dppm phenyl groups and the 

bulky CO2Et group.   

The olefin adducts, analogous to 26,  involving the larger SiMe3 substituents (from 

TMSDM) and the two CO2Et substituents (from DEDM) are even less stable than 7, appearing in 

only small quantities relative to decomposition products at temperatures below –20 ºC.  In the 

case of the Rh/Ru analogues, no olefin adduct is observed down to –80 ºC, even for ethyl 

acrylate, presumably owing to the weaker olefin binding to Ru compared to Os.80 

 

2.4.2  Diazoalkane and Related Complexes.   

 

Attempts to generate substituted alkylidene-bridged analogues of compounds 2 and 7, by the 

reactions of 1 and 5, respectively, with a series of diazoalkanes also did not yield the targeted 

products.  Instead an interesting series of complexes has been generated in which the “NNC” 

moiety of the diazoalkane precursors has remained intact.  Of the three different diazoalkanes 

investigated the most surprising result involves EDA in which coordination in the bridging site is 

accompanied by condensation of the diazoalkane carbon and an adjacent carbonyl group with 

subsequent hydrogen transfer from this diazoalkane to the carbonyl oxygen yielding an enolate 

moiety.  Formation of a metallacyclic-enol product from a metal-carbonyl precursor suggests the 

involvement of a keto-enol tautomerization81 step.  This proposal is outlined in Scheme 2.3 

(ancillary ligands omitted), in which reaction of ethyl diazoacetate with the “RhM(CO)4” 

fragment is proposed to first yield the diazoalkane-bridged intermediate (II-E), similar to other 

diazoalkane-bridged complexes.40-43 Nucleophilic attack of the diazoalkane carbon at the 

carbonyl ligand would yield the metallacycloketone (II-F) which could then tautomerize to the 

metallacyclic enol (II-G).  This enol product is presumably stabilized by conjugation between 

the olefinic double bond and both the diazo and the ester carbonyl functionalities and also by the 

hydrogen bond between the enol and ester carbonyl group.  Reactions of the very analogous 

homobinuclear complexes [Rh2(CO)2(µ-H)2(dppm)2] and [Ru2(CO)4(µ-CO)(dppm)2] with EDA 

did not yield metallacyclic products like 27 and 28, but instead gave simple diazoalkane-bridged 

products, depicted by bonding type VI of Chart 2.1.43,78  Although, as noted earlier, 

condensations involving diazoalkanes and carbonyl ligands have not been observed on a metal  
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template, the transformations reported for 27 and 28 are reminiscent of the coupling reactions 

involving ethyl diazoacetate and aldehydes, using a variety of catalysts.82 

In an attempt to observe and characterize a species that would model either the 

diazoalkane bridged species II-E or the metallacyclic ketone species II-F, we undertook the 

reactions of  1 and 5, with diethyl diazomalonate (DEDM), which lacks a hydrogen substituent 

on the diazoalkane carbon, ruling out the possibility of keto-enol tautomerism.   This strategy has 

succeeded in generating a diazoalkane-bridged product, with both the Rh/Os and the Rh/Ru 

systems.  However, in both of these cases one of the ester carbonyl groups also displaces a 

carbonyl ligand, and binds to the group 8 metal as a dianionic, 6 e- donor diazoalkane ligand.  

The failure of DEDM to yield a metallacyclic ketone similar to structure II-F (Scheme 2.3), that 

would result from coupling of the bridging diazoalkane ligand and an adjacent carbonyl ligand 

may result from the increased steric crowding in the disubstituted diazoalkane (DEDM) ligand, 

which inhibits approach of the diazoalkane carbon to the carbonyl ligand.  The entropy increase 

that results from the carbonyl displacement in generating compounds 29 and 30 also cannot be 

overlooked as a driving force for the observed transformation. 

The singly-substituted TMSDM group having hydrogen and trimethylsilyl substituents 

on the diazoalkane carbon, has no carbonyl oxygen with which to chelate to the group 8 metal, 

ruling out products analogous to compounds 29 and 30.  However it has the potential to yield a 
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condensation product such as II-E and in principle can also undergo a tautomerization step 

yielding a metallacyclic enol similar to II-G.  In this case however, the absence of an ester 

carbonyl group means that such an enol product would have neither the stabilization of the 

hydrogen bond nor the stabilization resulting from conjugation involving the olefin and carbonyl 

functionalities that exist in 27 and 28.  In this case however, no product containing a bridging 

diazoalkane group is observed.  Instead the unstable product (32) contains a terminally bound 

diazoalkane ligand as shown in Scheme 2.2. 

In order to minimize the steric bulk of the diazoalkane we also investigated reactions 

involving diazoethane (N2C(H)CH3) and compounds 1 and 5.  Surprisingly, no reaction 

involving this diazoalkane and these compounds was observed between –80 ºC and ambient 

temperature.  We certainly observed the formation of both cis- and trans-butene, under the 

conditions investigated, however, these olefins were also obtained under the same conditions in 

the absence of compounds 1 and 5, so their formation was not metal-mediated. 

 

2.4.3 Comparisons of N2CH2  and N2CRR'.   

 

The reactions of the mixed-metal complexes described above with substituted 

diazoalkanes and with diazomethane differ significantly.  In the reactions involving the 

methylene-bridged Rh/Os complexes 2 and 7, all diazoalkanes (including N2CH2) initially 

behave similarly, resulting in coupling of the bridging methylene group with the alkylidene 

fragment of the diazoalkane.  However, whereas diazomethane reacted with 2 to give multiple 

methylene-couplings, the substituted diazoalkanes yield olefins arising from coupling of an 

alkylidene fragment with the metal-bound methylene group.  We suggest that this may be a 

consequence of steric factors which labilize the substituted olefins, first forcing them out of the 

bridging site, where methylene coupling is proposed to occur in this system,56b,63 and 

subsequently leading to olefin loss, whereas with the prototypical diazomethane these steric 

interactions are greatly reduced and so the C2-brigded intermediate is more stable, allowing for 

additional methylene incorporation. 

Whereas the methylene-bridged Rh/Ru complex (4)58 had behaved very differently than 

its Rh/Os analogue56 in failing to react further with diazomethane, this complex did react with 

the substituted diazoalkanes yielding olefins, paralleling the chemistry observed with Rh/Os. In 
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both cases, the methylene-bridged tricarbonyls were much more reactive than the tetracarbonyl 

analogues.   

In the reactions of diazoalkanes with the tetracarbonyl complexes 

[RhM(CO)4(dppm)2][X] (M = Os (1), Ru (5)), the differences between the prototype (N2CH2) 

and the substituted diazoalkanes studied is even more pronounced.  With diazomethane, no 

species was ever observed containing the intact N2CH2 ligand; instead N2 extrusion was 

extremely facile (occurring even at –80ºC) generating methylene groups and other hydrocarbyl 

ligands formed from methylene-group condensations.  In contrast, the substituted diazoalkanes 

(with the exception of diazoethane, which failed to react) formed only diazoalkane complexes or 

related species and could not be induced to undergo N2 loss when heated or photolyzed.  

Milstein, Martin and coworkers have argued convincingly that “...an important requirement for 

the carbene formation is the viability of an !1-C coordinated diazo complex”, and have shown 

that the viability of this key intermediate is largely determined by steric factors;13 the greater the 

steric demand of the diazoalkane substituents, the less favorable will be this pivotal intermediate.  

In support of these ideas, our only observation of carbene formation is with unsubstituted 

diazomethane.  Coordination of the diazoalkane or related moiety through the terminal nitrogen, 

in a bridging (compounds 27-30) or terminal !1-N mode (compound 32) does not lead to carbene 

formation, even under forcing conditions.  Although it may not be surprising that complexes 27-

30 exhibit this stability as they are bound through the bridging nitrogen while chelating to the 

group 8 metal, either through an enolate carbon (compounds 27 and 28) or through a carboxylate 

oxygen (compounds 29 and 30), the stability of 32 with respect to thermolysis, photolysis and 

CO substitution is surprising.  

Finally, it seems puzzling in reaction of 1 and 5 with diazoalkanes results in coordination 

of the intact diazoalkane ligand and no alkylidene formation is observed, yet alkylidene 

formation clearly occurs at some stage in reactions involving the more crowded methylene-

bridged complexes 2, 7, 24 and 25, since the corresponding olefins (CH2=CRR') are obtained, 

through coupling of the methylene fragment with the diazoalkane-generated alkylidene fragment.  

It appears unlikely that in these reactions the requisite !1-C coordinated diazoalkane complex 

can be accessed to allow alkylidene formation for subsequent coupling with the bridging 

methylene group, since such reactivity was not observed for the less crowded complexes 1 and 5.  

For this reason, we propose that coupling of the intact diazoalkane ligand and the methylene 
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group may occur prior to N2 extrusion, instead of the opposite pathway although we have no 

evidence of diazoalkane coordination prior to olefin formation.   

We propose the sequence shown in Scheme 2.4 in which initial binding of the 

diazoalkane occurs at Rh through the terminal nitrogen to give a species like II-H.  Subsequent 

coupling of the diazoalkane and the bridging methylene group leads to the five membered 

Rhodocyclic species, II-I shown in Scheme 2.4.  N2 extrusion and rearrangment of the new 

olefin fragment yields the C2-bridged species II-J, which rapidly rearranges once more to give 

the olefin adduct II-K, compound 26 in the case of the reaction of 2 with EDA. 

 

 

 

2.5 Conclusions 

 

Although our efforts to generate substituted C1- and C2-bridged species through the use of 

substituted diazoalkanes were not successful, we were able to characterize an interesting, 

unstable ethyl acrylate complex, resulting in the coupling of an ethyl diazoacetate-generated 

alkylidene and the metal-bridging methylene group.  It appears that our failure to generate the 

targeted species is largely a result of steric influences of the diazoalkane substituents; generation 

of the !1-C coordinated diazoalkanes as prerequisites to the targeted bridging alkylidene species 

appears to be inhibited by the bulk of the diazoalkane substituents, and the olefin-bridged targets 

appear to be unstable, again for steric reasons.  However, in our unsuccessful attempts to 

generate alkylidene-bridged products we were able to generate three interesting and rather 

different complexes that involve incorporation of the intact "NNC" part of diazoalkane 

molecules, adding further to the interesting coordination chemistry of these species.  Unlike our 

previous studies involving diazomethane, for which the Rh/Ru and Rh/Os metal combinations 
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displayed very different reactivities, both metal combinations reacted quite analogously with the 

substituted diazoalkanes studied. 
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Chapter 3:  Unsymmetrically Bridged Methyl Groups as 

Intermediates in the Transformation of Bridging 

Methylene to Bridging Acetyl Groups:  Ligand 

Migrations and Migratory Insertions in Mixed  

Ir/Ru Complexes
i
 

 

3.1 Introduction 

 

Migratory insertion involving metal-bound alkyl and carbonyl groups
1,2

 is 

a pivotal step in a range of important processes including olefin 

hydroformylation,
3-5

 methanol carbonylation,
6-9

 and the copolymerization of 

carbon monoxide and alkenes,
10,11

 and may also play a role in the formation of 

oxygen-containing products in the Fischer-Tropsch (FT) reaction.
12-17

 In several 

of these processes 
3-9,12-17 

metals of the Co triad play a prominent role.  Whereas 

the FT process is heterogeneously catalyzed, and is not yet well understood, the 

first three processes noted above are homogeneous, have been extensively 

studied, and are consequently reasonably well understood.  Nevertheless, 

migratory insertion and the influences of the metals and the ancillary ligands on 

this transformation continue to be of interest.
18,19 

 A recent development in the above carbonyl-insertion processes has been 

the interest in the cooperative involvement of adjacent metals in both 

homobinuclear
 20,21

 and heterobinuclear 
5, 22-29 

systems.  In such systems it is 

clearly of interest to determine the roles of the adjacent metals in the different 

steps leading to product formation, and in the case of the mixed-metal systems, it 

is of additional interest to determine at which metal each step occurs.  In one 

particularly interesting study, Komiya and coworkers reported the enhancement of 

                                                 
i
 The work presented in this chapter has been accepted for publication elsewhere: 

Samant, R. G.; Trepanier, S. J.; Wigginton, J. R.; Xu, L.; Berenstiel, M.; 

McDonald, M.; Ferguson, M. J.; Cowie, M. Organometallics, 2009, in press. 
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migratory insertion at Pd by an adjacent Co center, and on the basis of DFT 

calculations a mechanism was proposed in which the roles of the different metals 

were outlined.
29

 

In related studies, involving the Rh/Ru
 30

 and Rh/Os
 31,32

 combinations of 

metals, we have investigated the roles of the different metals in the individual 

steps leading from bridging methylene groups to bridging acyl groups, using low 

temperature multinuclear NMR techniques to study intermediates in the 

transformation.  One of the key steps in this conversion is the formation of a 

bridging methyl ligand by protonation of the bridging methylene group (see  

Chart 3.1).  The two most common binding modes for bridging methyl groups are  

 

 

 

the symmetrically bridged geometry (III-A),
33-45

 containing a three-centered M-

C-M interaction, and the unsymmetrically bridged geometry (III-B) 
30-32,46-52

 in 

which the methyl group is !-bound to one metal while engaging in a three-

centered M-H-C agostic interaction with the other. For late-transition metal 

complexes the unsymmetric mode III-B is by far the more common with only a 

few examples reported of species of type III-A.
41-45

 

In this chapter our previous studies on the Rh/Ru 
30

 and Rh/Os 
31,32

 

systems are extended to include the Ir/Ru metal combination.  We are attempting 

to obtain a more complete understanding of the roles of different metals in 

organometallic transformations through studies involving a range of metal 

combinations, in order to compare the effects of changing from one metal to 

another.   

In addition to complementing our previous work, the Ir/Ru system is 

particularly relevant to migratory insertion in methanol carbonylation since the 

M'M

C

M'M

C
H

H

III-A III-B

orM'M

H2

C

H HH

H

H+

Chart 3.1

+ +
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CATIVA™ process
53

 utilizes a mixed Ir/Ru catalyst system.  Although 

mechanistic studies have established that the role of Ru in this system is limited to 

iodide abstraction from Ir, at which all fundamental steps in the process (oxidative 

addition, migratory insertion and reductive elimination) appear to occur,
9
 the 

possibility that adjacent Ir and Ru centers could play greater roles in this and 

related processes is intriguing. 

 

3.2 Experimental 

 

3.2.1 General Comments.  All solvents were dried (using appropriate drying 

agents), distilled before use, and stored under nitrogen.  Reactions were 

performed under an argon atmosphere using standard Schlenk techniques.  

HBF4•Me2O, CF3SO3H, and PMe3 (1M in toluene) were purchased from Aldrich.  

Carbon-13-enriched CO (99.4% enrichment) was purchased from Cambridge 

Isotopes Laboratories, while hydrogen gas was purchased from Praxair.  

[IrRu(CO)4(!-CH2)(dppm)2][X] (X= CF3SO3, BF4) (8) and [IrRu(PMe3)(CO)3(µ-

CH2)(dppm)2] [X] (X= CF3SO3, BF4)  (33) were prepared as previously 

reported.
56

  The triflate salt of 8 was prepared by an analogous route using triflic 

acid instead of tetrafluoroboric acid in the protonation step, and the triflate salt of 

33 was prepared by reaction of 8-CF3SO3 with PMe3.  NMR spectra were 

recorded on a Bruker AM–400 spectrometer operating at 400.1 MHz for 
1
H, 161.9 

MHz for 
31

P, and 100.6 MHz for 
13

C nuclei, or a Varian spectrometer operating at 

399.9, 161.8 and 100.6 MHz for the respective nuclei.  Infrared spectra were 

obtained on a Nicolet Magna 750 FTIR Spectrometer with a NIC-Plan IR 

Microscope.  Spectroscopic data for all new compounds are presented in Table 1. 

The elemental analyses were performed by the micro-analytical service within the 

department.  Electrospray mass spectra were run on a Micromass ZabSpec 

instrument.  In all cases the distribution of isotope peaks for the appropriate parent 

ion matched very closely that calculated for the formulation given. 

In all the complexes in which there is no coordinating anion the complex 

cations involving both the BF4
–
 and CF3SO3

–
 salts have identical spectral 
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properties and are therefore interchangeable.  Spectroscopic data for all new 

compounds prepared is given in Table 3.1. 
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3.2.2 Preparation of Compounds.   

 

(a) [IrRu(CO)4(!-CH3)(dppm)2][CF3SO3]2 (34).  Triflic acid (0.7 !L, 0.0075 

mmol) was added to a CD2Cl2 solution (0.5 mL) of [IrRu(CO)4(!-

CH2)(dppm)2][CF3SO3] (8) (10 mg, 0.008 mmol) in an NMR tube, cooled to –90 

°C using a diethylether/liquid nitrogen bath and monitored with a thermometer.  

The solution remained yellow; nevertheless, NMR spectra at –90 °C clearly 

showed the quantitative conversion to a new species (34).  Compound 34 was 

unstable, transforming to other species at temperatures above –90 °C and was 

therefore characterized by multinuclear NMR techniques at this temperature. 

(b) [IrRu(CH3)(CO)4(dppm)2][CF3SO3]2 (35).  Method (i): An NMR sample of 

compound 34 at –90 °C was warmed to –80 °C over a 30 min period.  Although 

the solution remained yellow, the 
1
H and 

31
P NMR spectra indicated the 

quantitative formation of a new compound (35).  Again, this product was 

unstable, transforming to compounds 36 and 37 as the temperature was raised and 

was therefore characterized by multinuclear NMR techniques at –80 °C.  Method 

(ii):  Triflic acid as an ethereal solution (1.5 !L in 5 mL, 0.15 mmol) was added to 

a yellow solution of 8 (20mg, 0.016 mmol) in 4 mL of CH2Cl2 at –78 °C.   

(c) Mixture of [IrRu(CH3)(CO)5(dppm)2][CF3SO3]2 (36) and 

[IrRu(CH3)(CF3SO3)(CO)3(dppm)2][CF3SO3] (37).  An NMR sample of 

compound 35 at –78 °C was gradually warmed to 25 °C.  The 
1
H and 

31
P NMR 

spectra indicated the presence of compounds 35, 36 and 37 in a 1:1:1 mixture.  

Compound 37 did not persist in solution over a 24 h period, decomposing into 

several unidentified products, so its characterization was based on NMR studies 

of fresh reaction solutions. 

(d) [IrRu(CH3)(CO)5(dppm)2][CF3SO3]2 (36).  Carbon monoxide was passed 

through a solution of compound 35 (40 mg, 0.027 mmol) in CH2Cl2 (5 mL) at –78 

°C for one min, resulting in the change of the solution color to a paler shade of 

yellow.  The solution was stirred for 30 min as it was allowed to warm to ambient 

temperature.  Diethyl ether (20 mL) was then added to precipitate a yellow solid.  

This precipitate was then washed with three 5 mL portions of ether and dried in 
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vacuo (yield 86%).  Anal. Calcd for C57H47O8F3SP4IrRu: C: 45.97, H: 3.13.  

Found: C: 45.54, H: 3.25. HRMS: m/z Calcd for C56H46O5P4IrRu (M
+
 – H

+
 – 

2CF3SO3
–
): 1217.0968.  Found: 1217.0960.  NMR spectra of the redissolved solid 

showed compound 36 as the only detectable product. 

(e) [IrRu(PMe3)(CO)3(µ-CH3)(dppm)2][CF3SO3]2 (38).  A slight excess of 

triflic acid (1.4 µL, 0.016 mmol) was added to a CD2Cl2 solution (0.7 mL) of 

[IrRu(PMe3)(CO)3(µ-CH2)(dppm)2][CF3SO3] (33) (20 mg, 0.014 mmol) in an 

NMR tube.  NMR spectroscopy showed quantitative conversion to a new species 

(38).  Precipitation with diethyl ether afforded a yellow solid which was rinsed 

with three 5 mL portions of ether before being dried in vacuo.  Anal. Calcd for 

C59H56F6O9P5S2IrRu: C 46.09, H: 3.67.  Found: C: 46.37, H: 3.57.  HRMS: m/z 

Calcd for C57H55O3P5IrRu (M
+
 – H

+
 – 2CF3SO3

–
): 1237.1507.  Found: 1237.1511. 

(f) [IrRu(CO)4(!-C(CH3)O)(dppm)2][CF3SO3]2 (39).  A solution of compound 

36 (40 mg, 0.026 mmol) in 10 mL of CH2Cl2 was stirred for two days, followed 

by concentration of the solution to 5 mL under an argon stream.  Diethyl ether (20 

mL) was added to precipitate a yellow solid, which was collected, washed with 

three 5 mL portions of ether and dried in vacuo (yield 91%).  Spectral 

characterization of this product showed it to be the only species present. HRMS: 

m/z Calcd for C55H47O4P4IrRu (M
2+

 – CO – 2CF3SO3
–
): 595.0543.  Found: 

595.0543. 

(g) [IrRu(CO)3(!-C(CH3)O)(dppm)2][BF4]2 (40).  Compound 39-BF4 (280 mg, 

0.200 mmol) was prepared as described for the preparation of 39-CF3SO3, except 

using HBF4•OEt2 to protonate the BF4
–
 salt of 1.  A suspension of 39-BF4 in 

CH2Cl2 (30 mL) was refluxed for 5 h under an Ar atmosphere.  The resulting 

suspension was filtered and the red-orange solid was washed with 30 mL of 

CH2Cl2 and 30 mL of pentane and then dried in vacuo (yield 70%).  Anal. Calcd 

for C55H47B2F8O4P4IrRu:  C: 48.48, H: 3.45.  Found:  C: 47.96, H: 3.52.  MS: m/z 

595 (M
+
 – 2BF4

–
). 

(h) [IrRu(OSO2CF3)(CO)3(!-C(CH3)O)(dppm)2][CF3SO3] (41).  A solution of 

100 mg (0.067 mmol) of compound 39, as the triflate salt, in 6 mL of CH2Cl2 was 

refluxed for 2 h with a continuous slow stream of argon.  The color of the solution 
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changed from yellow to orange.  After allowing the solution to cool, diethyl ether 

(20 mL) and pentane (20 mL) were added to precipitate a pale orange solid, which 

was washed with three 5 mL portions of ether and dried in vacuo (yield 90%).  

Anal. Calcd for C57H47F6O10P4S2IrRu:  C: 46.03, H: 3.19.  Found:  C: 45.64, H: 

3.17.  MS: m/z 595 (M
2+

 – 2CF3SO3
–
). 

(i) [IrRu(OSO2CF3)(CO)2(!-C(CH3)O)(dppm)2][CF3SO3] (42).  A slurry of 

100 mg (0.067 mmol) of compound 39, as the triflate salt, in 30 mL of THF was 

refluxed for 6 h while purging with argon.  The color of the solution changed 

from yellow to red-orange and a red precipitate formed.  After cooling to ambient 

temperature, diethyl ether (20 mL) was added to fully precipitate the pale red 

solid.  This solid was washed with three 5 mL portions of ether and dried in vacuo 

(yield 88%).  Anal. Calcd for C56H47F6O9P4S2IrRu:  C, 46.09; H, 3.25.  Found:  C, 

45.68; H, 3.28.  MS: m/z 581 (M
2+

 – 2CF3SO3
–
). 

(j) [IrRu(H)(CO)3(!-C(CH3)O)(dppm)2][BF4] (43).  Method (i): Compound 40 

(100 mg, 0.073 mmol) was suspended in 10 mL of CH2Cl2 and H2 was passed 

through the mixture for 30 min at a rate of approximately 0.05 mL/sec, turning the 

solution from orange to clear yellow.  Ether (50 mL) was added to the solution 

affording a yellow precipitate which was subsequently washed with pentane (2 x 

15 mL) and dried in vacuo (yield 100%).  Anal. Calcd for C55H48BF4O4P4IrRu:  

C, 51.74; H, 3.76.  Found:  C, 51.19; H, 3.79.  MS: m/z 1191 (M
+
 – BF4

–
).  The 

triflate salt of compound 43 was prepared by an analogous procedure, but starting 

from compound 41 rather than 40.  Method (ii):  Compound 43-CF3SO3 was also 

prepared through addition of super-hydride (LiBEt3H) (1M in THF) (2 µL, 0.015 

mmol) to a THF solution (10 mL) of 41 (20 mg, 0.015 mmol) at ambient 

temperature.  After 10 min diethyl ether (30 mL) was slowly added to precipitate 

a pale yellow solid.  
31

P NMR spectroscopy showed quantitative conversion to 43. 

 (k) [IrRu(H2)(CO)2(!-C(CH3)O)(dppm)2][CF3SO3]2 (44).  A CD2Cl2/CD3NO 

solution (0.65 mL/0.05 mL) of compound 42 (10 mg, 0.007 mmol) was cooled to 

–90 ºC and then saturated with H2.  Approximately 50% of compound 42 was 

converted to 44, along with numerous other decomposition products.  Compound 

44 was characterized by NMR spectroscopy at –90 °C since it converted back to 
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42 at higher temperatures and formed compound 45 above –60 °C.  Removal of 

H2 by vacuum or an Ar stream at –90 ºC also resulted in the conversion of 44 into 

42.   

(l) [IrRu(H)2(OSO2CF3)(CO)2(!-C(CH3)O)(dppm)2][CF3SO3] (45). Compound 

42 (20 mg, 0.014 mmol) was dissolved in 10 mL of CH2Cl2 at ambient 

temperature and H2 was passed through the yellow solution for 5 min at a rate of 

0.05 ml/s.  The solution was stirred for a further 30 min, after which diethyl ether 

(20 mL) and pentane (20 mL) were added to precipitate a pale yellow solid.  The 

solid was washed with three 5 mL aliquots of ether and dried in vacuo (yield 

90%).  Anal. Calcd for: C56H55O9F6P4S2IrRu: C: 45.77, H: 3.78.  Found: C: 46.05, 

H: 4.26. 

(m) [IrRu(H)2(CO)3(µ-C(CH3)O)(dppm)2][CF3SO3]2 (46).  Carbon monoxide 

was passed through a solution of 45 (20 mg, 0.014 mmol) in 2 mL of CH2Cl2 at a 

rate of 0.1 mL/sec for 2 min.  
31

P NMR confirmed complete conversion of 45 to 

46.  The solution volume was reduced to 50% in vacuo and the addition of 5 mL 

of ether afforded a yellow powder, which was rinsed three times with 1 mL 

portions of ether before being dried in vacuo (yield 85%).  HRMS: m/z Calcd 

596.0627 (M
2+

–2(CF3SO3)), found 596.0635. 

(n) Reaction of 43 with CO.  Carbon monoxide was passed through a solution of 

43 (15 mg, 0.010 mmol) in 0.7 mL of CD2Cl2 at a rate of 0.1 mL/sec for 2 min.  

31
P NMR of the sample revealed the formation of previously known species 

[IrRu(CO)4(dppm)2][CF3SO3] accompanied by numerous unknown 

decomposition products (approximately 50% of all phosphorus-containing 

products based on integration of the 
31

P{
1
H} NMR spectra), whereas 

1
H NMR of 

the sample showed approximately 0.2 equiv of acetylaldehyde. 

 (o) X-ray Data Collection and Structure Solution.  Dr. Bob McDonald and Dr. 

Michael Ferguson of the X-ray crystallography laboratory in the Department of 

Chemistry at the University of Alberta carried out all X-ray studies.  (a) Pale 

yellow crystals of [IrRu(CH3)(CO)5(dppm)2][CF3SO3]2•3CH2Cl2 (36) were 

obtained via slow diffusion of diethyl ether into a dichloromethane solution of the 

compound.  Data were collected on a Bruker PLATFORM/SMART 1000 CCD 
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diffractometer
57

 using Mo K! radiation at –80 °C.  Unit cell parameters were 

obtained from a least-squares refinement of the setting angles of 4551 reflections 

from the data collection.  The space group was determined to be Cc (No. 9).  Data 

were corrected for absorption through use of the SADABS procedure.  See Table 2 

for a summary of crystal data and X-ray data collection information. 

The structure of 36 was solved using the Patterson search and structure 

expansion routines as implemented in the DIRDIF-99
58

 program system.  

Refinement was completed using the program SHELXL-93.
59

  Hydrogen atoms 

were assigned positions based on the geometries of their attached carbon atoms, 

and were given thermal parameters 20% greater than those of the attached 

carbons.  The metal atom sites were found to be disordered; the atom labeled Ir in 

Figure 1 was refined as a combination of 60% Ir and 40% Ru, while the Ru atom 

was refined at 60% Ru and 40% Ir.  The iridium-bound methyl group and the 

carbonyl group attached to ruthenium trans to iridium (C(6)O(6) in Figure 3.1) 

were likewise disordered, with O(6) and the hydrogens attached to C(3) refined 

with an occupancy factor of 60% (the oxygen attached to C(3) and the hydrogens 

on the minor-occupancy species, attached to C(6), were refined at 40% 

occupancy).  One of the triflate counterions was also disordered, resulting in the 

splitting of its fluorine, oxygen, and carbon atoms into two sets of equally 

abundant positions sharing the same sulfur atom.  The final model for 36 was 

refined to values of R1(F) = 0.0413 (for 11689 data with Fo
2
 " 2"(Fo

2
)) and 

wR2(F
2
) = 0.0913 (for all 13742 independent data). 

(b) Colorless crystals of [IrRu(CO)4(!-C(CH3)O)(dppm)2][BF4]2•3CH2Cl2 (39-

BF4) were obtained via slow evaporation of a dichloromethane solution of the 

compound.  Data were collected and corrected for absorption as for 36 above (see 

Table 2).  Unit cell parameters were obtained from a least-squares refinement of 

the setting angles of 5570 reflections from the data collection, and the space group 

was determined to be C2/c (No. 15).  The structure of 39-BF4 was solved using 

the direct-methods program SHELXS-86,
60

 and refinement was completed using 

the program SHELXL-93, during which the hydrogen atoms were treated as for 
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36.  For 39-BF4 the Cl–C distances within one of the solvent dichloromethane 

molecules (containing a carbon atom that was disordered over two positions) were 

given a fixed idealized value (1.80Å).  The final model was refined to values of 

R1(F) = 0.0516 (for 8788 data with Fo
2 ! 2!(Fo

2)) and wR2(F
2) = 0.1159 (for all 

13011 independent data). 

(c) Red-orange crystals of [IrRu(CO)3("-C(CH3)O)(dppm)2][BF4]2•3CH2Cl2 (40) 

were obtained via slow evaporation of a dichloromethane solution of the 

compound.  Data were collected on a Bruker P4/RA/SMART 1000 CCD 

diffractometer using Mo K" radiation at –80 °C and corrected for absorption as 

for 36 above (see Table 2.2).  Unit cell parameters were obtained from a least-

squares refinement of the setting angles of 5177 reflections from the data 

collection, and the space group was determined to be P21/c (No. 14).  The 

structure of 40 was solved as for 36 (DIRDIF-99), and refinement was completed 

using the program SHELXL-93, during which the hydrogen atoms were treated as 

for 36.  The final model was refined to values of R1(F) = 0.0560 (for 7896 data 

with Fo
2 ! 2!(Fo

2)) and wR2(F
2) = 0.1499 (for all 13001 independent data). 

(d) Crystals of [IrRu(O3SCF3)(CO)2("-C(CH3)O)(dppm)2][CF3SO3]•2CH2Cl2 (42) 

were obtained as orange plates from a dichloromethane solution of the compound.  

Data were collected and corrected for absorption as for 36.  Unit cell parameters 

were obtained from a least-squares refinement of the setting angles of 4777 

reflections from the data collection, and the space group determined to be P212121 

(No. 19).  The structure of 42 was solved as for 36 (DIRDIF-99), and refinement 

was completed using the program SHELXL-93, during which the hydrogen atoms 

were treated as for 36.  The final model was refined to values of R1(F) = 0.0418 

(for 10244 data with Fo
2 ! 2!(Fo

2)) and wR2(F
2) = 0.0943 (for all 12557 

independent data). 
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3.3 Results and Discussion 

 
3.3.1 Methyl Complexes 

 

In our previous studies on the Rh/Os31 and Rh/Ru30 systems, protonation 

of the methylene-bridged complexes [RhM(CO)4(µ-CH2)(dppm)2]
+ (M=Ru, Os) 

at temperatures below –40 oC yielded methyl-bridged products [RhM(CO)4(µ-

CH3)(dppm)2]
2+, in which the methyl group in each case was carbon-bound to the 

group 8 metal while being involved in an agostic interaction with Rh.  Even at 

temperatures down to –90 oC no metal hydride species was observed in these 

protonation reactions, suggesting direct protonation of the methylene group.  We 

undertook the present study, in part, to determine whether a metal-hydride species 

could be observed.  The greater Ir-C and Ir-H bond strengths61 suggested that the 

methylene/hydride species may be favored in this system over the bridged, agostic 

methyl product. 

Protonation of the methylene-bridged compound [IrRu(CO)3("-CH2)("-

CO)(dppm)2][CF3SO3] (8) at –90 °C using triflic acid yields the dicationic 

methyl-bridged product, [IrRu(CO)4("-CH3)(dppm)2][CF3SO3]2 (34) as outlined 

in Scheme 3.1.  The 31P{1H} NMR spectrum of 34 displays a pattern that is  
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typical of this IrRu dppm system, in which the Ru-bound 31P nuclei appear as a 

multiplet downfield (# 25.8) than those bound to Ir (# –13.7).  The 1H resonances 

for the methyl group at –90 ºC appear as two broad unresolved signals; the 

resonance at # –10.88, integrates as one proton, while that at # 3.79 integrates as 

two.  Although the chemical shifts of these resonances are suggestive of a metal-

bound hydride and a methylene group, respectively, a bridged agostic methyl 

interaction has been established on the basis of the 1JCH values observed in the 

sample prepared using 13CH2-enriched compound 8.  In this experiment the 

upfield proton signal shows a coupling of 65 Hz to carbon while the resonance for 

the other pair of protons displays a coupling of 146 Hz.  The former coupling is 

far too large to correspond to coupling between separate hydride and methylene 

groups, while the latter coupling is somewhat larger than the normal range 

observed for terminal methyls (120 – 135 Hz).  This latter coupling is in line with 

what has been observed for the terminal C-H moieties in agostic alkyl groups,46,47 

and has been attributed to the increase in s-character in these non-bridging 

bonds.46  It should also be noted that values of 1JCH, close to what we observe for 

the downfield methyl protons in 34, have also been reported for some terminally-

bound methyl groups.8,54 

The observation of separate signals for the hydrogen involved in the 

agostic interaction and the two terminal hydrogens, and therefore the direct 

observation of both C-H coupling constants, is highly unusual.  In general, 

exchange of the three methyl hydrogens is facile on the NMR time scale, even at 

low temperature, giving rise to only a single 1H resonance which display a 

splitting pattern that corresponds to the weighted average of the two coupling 

constants.30-32,46,47  We are aware of only one previous example, in which both the 

agostic and terminal C-H resonances for a bridging methyl group have been 

resolved,55 for which the agostic interaction displays a C-H coupling constant of 

88 Hz.  The very low value of 1JCH observed in 34 suggests a very strong agostic 

interaction in this case and a concomitant substantially weakened C–H bond.  In 

addition, this value lies in the range of 50 to 100 Hz that has been reported for 

agostic interactions involving bridging, substituted alkyl groups.46,47 No spin-spin 
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coupling between the chemically inequivalent protons could be resolved, owing to 

the breadth of both signals (35 Hz and 25 Hz peak widths at half height, 

respectively), even upon broad-band 31P decoupling.  The bridging methyl group 

in 34 is proposed, on the basis of selective 31P-decoupling experiments, to have 

the connectivity shown in Scheme 2.1, in which it is carbon-bound to Ir with the 

agostic interaction with Ru.  Although both methyl signals in the 1H-NMR 

spectrum are broad and unresolved, decoupling the phosphorus resonances 

corresponding to the Ru-bound ends of the dppm ligands results in a slight 

sharpening of the upfield methyl resonance (# –10.88) while decoupling of the Ir-

bound ends of the diphosphine has no effect on this signal.  Conversely, the 1H 

methyl signal at # 3.79 sharpens slightly on decoupling the Ir-bound phosphine 

signal but is unaffected by decoupling of the Ru-bound phosphine signal.  In a 
13CH3-enriched sample of 34 the broad signal in the 13C{1H} NMR spectrum at # 

18.7 for this methyl group sharpens on 31P decoupling of the Ir-bound phosphorus 

nuclei, but remains unaffected when the Ru-bound phosphorus resonances are 

decoupled.  This again supports the structure shown in Scheme 3.1. 

Unfortunately, the connectivity involving the carbonyl ligands could not 

be unambiguously established through selective 31P-decoupling experiments 

owing to the breadth of the carbonyl signals in the 13C{1H} NMR spectra, which 

remained unaffected during all 31P-decoupling experiments.  Nevertheless, the 

connectivity could be established with some confidence on the basis of the 

chemical shifts of these carbonyls.  Two carbonyl resonances appear relatively 

upfield (# 161.2, 170.0) and are assumed to be bound to Ir, while the two 

downfield resonances (# 186.0, 195.6) are assumed to be Ru-bound; such upfield 

and downfield signals for carbonyls bound to 3rd- and 2nd-row metals, 

respectively, have previously been observed in IrRu complexes56 and in related 

mixed-metal complexes involving other combinations of 2nd- and 3rd-row 

transition metals.31,32,62  Although all chemical shifts appear to be consistent with 

terminally bound carbonyls, the furthest downfield resonance may correspond to a 

carbonyl having some weak semi-bridging interaction with the adjacent metal.  
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Warming a solution of 34 only slightly to –80 °C for 30 min results in 

complete conversion to a new product, [IrRu(CH3)(CO)4(dppm)2][CF3SO3]2 (4), 

in which the bridging methyl group of 34 has migrated to a terminal site on Ir.  

Although, as noted above, in previous work, 56 and in some of what follows, the 

Ir-bound 31P nuclei usually appear at significantly higher-field in the 31P{1H} 

NMR spectra than those bound to Ru, aiding significantly in the spectroscopic 

characterization of the compounds, this is not the case for 35 (and for some other 

compounds in this chapter), for which the pair of 31P resonances appear at very 

similar chemical shifts (# 20.8 and 18.3).  The close proximity of these two 

resonances leads to some equivocation in structural assignment since the Ir- and 

Ru-bound 31P resonances cannot be unambiguously distinguished.  However, if it 

is assumed that the 31P signal slightly upfield corresponds to the Ir-bound ends of 

the diphosphines, the resulting structural assignment for this species is more 

consistent with those of the subsequent products and with the geometries 

established for the analogous Rh/Os31 and Rh/Ru30 compounds.  In the 1H NMR 

spectrum of 35 a resonance corresponding to a methyl group appears as a triplet at 

# 2.10 and selective 31P decoupling confirms that its multiplicity results from 

coupling to the 31P nuclei appearing upfield.  On the basis of our assumption 

above, this suggests that the methyl group is also Ir-bound.  This assignment is 

consistent with that of the subsequent product 36, for which the methyl group is 

clearly bound to Ir (vide infra).  In a 13CH3–enriched sample of 35 the value of 
1JCH = 135 Hz is to be as expected for a terminally bound methyl group.  Also in 

the 1H NMR spectrum all four dppm methylene protons appear as a single 

resonance at # 3.79, suggesting front–back symmetry of the complex on either 

side of the IrRuP4 plane.  Two carbonyl resonances appear in the 13C{1H} NMR 

spectrum; one at # 187.0 corresponds to the pair that are terminally bound to Ru 

while the downfield signal at # 215.8 represents a pair of semi-bridging carbonyls.  

These assignments are based on a series of 13C{1H, selective 31P} decoupling 

experiments in which the downfield carbonyl signal shows coupling to all 31P 

nuclei while the upfield signal couples only to the 31P nucleus resonating 

downfield.  These 13CO resonances also closely resemble those of the RhRu 
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analogue.30  The methyl group of compound 35 appears as a broad signal at 

# 39.8 in the 13C{1H} $%R spectrum and 31P decoupling experiments result in 

sharpening of this signal only on decoupling the Ir-bound phosphorous nuclei.   

The proposed connectivity for 35 is similar to those reported for the 

Rh/Os31 and Rh/Ru 30 analogues, the spectral characterization of which was 

unambiguous owing to the presence of spin-spin coupling involving the 103Rh 

nuclei in these cases.  Although we describe the connectivity with some 

confidence on the basis of the spectral data, the oxidation states of the metals and 

the resulting nature of the Ir-Ru bond remains unclear; such a situation is common 

in binuclear complexes.  In our structural assignment for 35, shown in Scheme 

3.1, we assume Ir(I)/Ru(II) oxidation states, necessitating a dative Ru&Ir bond. 

The bonding of the bridging methyl group in 34 is subtly different from 

that observed in the Rh/Os and Rh/Ru analogues.  Whereas the methyl group in 

34 is carbon-bound to Ir and binds to Ru via an agostic interaction, the reverse is 

true in the Rh systems30-32 in which the methyl group is bound to the group 8 

metal while having an agostic interaction with Rh.  We assume that this difference 

reflects the stronger Ir–CH3 vs. Ru–CH3 bond61 in 34.  Our proposal that the 

primary metal-carbon interaction in 34 is to Ir is also consistent with the 

significantly more facile bridging methyl–to–terminal methyl transformation (34 

& 35) which occurs upon warming only slightly to –80 oC; the analogous 

transformation for both the Rh/Os and Rh/Ru systems required warming to –40 
oC.  The higher barrier for the latter two cases is consistent with the necessity of 

the methyl group to migrate from metal–to–metal, breaking both the agostic 

interaction and the Os–CH3 or Ru–CH3 sigma bonds, before the partial “merry-

go-round” motion takes it to its favored terminal site on the group 9 metal.  By 

contrast, migration of the methyl group in the conversion of 34 to 35 requires only 

breaking of the weaker agostic interaction while maintaining the strong Ir–CH3 

bond. 

Warming a solution of 35 (as the triflate salt) to –60 °C results in the 

gradual appearance of two new species (36 and 37) in equal proportions, and 

warming to –20 °C for 30 min gives rise to an equilibrium mixture of compounds 
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35, 36 and 37 in an approximate 1:1:1 ratio.  However, species 37 is unstable and 

begins decomposing into unidentified products within hours, ultimately leaving 

only [IrRu(CH3)(CO)5(dppm)2][CF3SO3]2 (36) and unidentified decomposition 

products.  This latter species can be obtained as the sole product upon reaction of 

either 35 or a mixture of 35, 3 6 and 37 with carbon monoxide, and is the only 

product obtained upon ambient temerature protonation of 8 under a carbon 

monoxide rich atmosphere.  The 31P{1H} NMR spectrum of 36 displays the 

conventional AA'BB' pattern in which the Ir-bound 31P nuclei appear upfield (# –

19.5) while those bound to Ru are at characteristically downfield (# 20.9).  In the 

1H NMR spectrum a methyl signal appears at # 1.11, and its coupling to the 

upfield 31P nuclei was confirmed by 31P-decoupling experiments.  In the 13CH3-

enriched sample a value for 1JCH = 140 Hz was observed.  Three carbonyl 

resonances, in a 2:2:1 ratio, appear in the 13C{1H} NMR spectrum and their 

connectivity was also established by decoupling experiments; a triplet at # 181.6 

corresponds to two equivalent Ir-bound carbonyls, a triplet at # 202.0 represents 

two equivalent Ru-bound carbonyls, and a triplet at # 185.7 corresponds to a 

single unique carbonyl on Ru.  In addition, the methyl resonance in the 13CH3-

enriched sample appears as a partially resolved triplet (2JPC = 3.2 Hz) at #  –18.5 

and selective 31P decoupling establishes that this group is bound to Ir.  

The structure proposed for 36 is analogous to that proposed for the 

isoelectronic diruthenium species [Ru2(CH3)(CO)5(dmpm)2][CF3SO3] (dmpm = 

Me2PCH2PMe2)
63 and has been confirmed by an X-ray structure determination.  A 

representation of the complex cation is shown in Figure 3.1 with relavent bond 

lengths and angles given in Table 3.3.  Although the structure has a disordered 

“H3C–Ir–Ru–CO” fragment as explained in the Experimental section, the location 

of the methyl group on Ir and the unique carbonyl on Ru was established on the 

basis of the different occupancy factors for the disordered atoms.  Both metals 

have a relatively undistorted octahedral geometry, in which one coordination site 

on each is occupied by the bond to the adjacent metal.  The resulting Ir–Ru 

separation (2.9143(5) Å) is long for a single bond, reflecting the repulsions 

between the two pairs of carbonyls on the adjacent metals that lie cis to the Ir–Ru  
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Figure 3.1. Perspective view of the complex cation of [IrRu(CH3)(CO)5(dppm)2]
2+ (36) 

showing the atom numbering scheme.  Non-hydrogen atoms are represented by 
Gaussian ellipsoids at the 20% probability level.  Hydrogen atoms are shown 
with arbitrarily small thermal parameters except for phenyl hydrogens which 
are omitted.  Ir–Ru = 2.9143(5) Å. 

bond, and is certainly longer than those observed for compounds 39, 40 and 42 

(vide infra).  Nevertheless, this metal–metal separation is less than the intra-ligand 

P….P separations (3.092(2), 3.097(3) Å) consistent with a mutual attraction of the 

metals and the presence of a metal–metal bond.  The repulsions between adjacent 

ligands on both metals are further manifest in a staggering of the two adjoining 

octahedra by approximately 26.8° as can be seen in Figure 3.1.  All bond lengths 

and angles within the complex cation appear to be normal, although the disorder, 

noted above, means that the precise location of the methyl group and the axial 

carbonyl on Ru can not be determined, so the metrical parameters involving these 

groups must be viewed with caution. 

The 31P{1H} NMR spectrum of the other product in the transformation of 

35, namely [IrRu(CH3)(OSO2CF3)(CO)3(dppm)2][CF3SO3] (37), shows that, like 

35, it is atypical, having two closely spaced resonances at # 19.8 and 18.0.  In this 

case it also appears that the slightly higher-field chemical shift corresponds to the 

phosphorus nuclei bound to Ru.  The similarity in the chemical shifts of these 
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Table 3.3: Selected Distances and Angles for Compound 36. 

Distances (Å) 

Atom 1 Atom 2 Distance  Atom 1 Atom 2 Distance  

Ir(1) Ru(1) 2.9143(5)  P(1) C(7) 1.835(7)  

Ir(1) P(1) 2.3902(17)  P(2) C(7) 1.838(7)  

Ir(1) P(3) 2.3778(17)  P(3)  P(4) 3.097(3)†  

Ir(1) C(1) 1.949(7)  P(3)  C(8) 1.825(7)  

Ir(1)   C(2) 1.905(8)  P(4)  C(8) 1.835(7)  

Ir(1)   C(3) 2.056(8)  C(1) O(1) 1.129(8)  

Ru(1)  P(2) 2.3699(18)  C(2) O(2) 1.136(8)  

Ru(1) P(4) 2.3879(18)  C(3) O(3) 1.046(16)  

Ru(1) C(4) 1.963(8)  C(4) O(4) 1.128(8)  

Ru(1) C(5) 1.899(7)  C(5) O(5) 1.151(8)  

Ru(1)  C(6) 2.015(8)  C(6)  O(6) 1.049(10)  

P(1)  P(2) 3.092(2)†      

† Non-bonded distance   

Angles (deg) 
Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

P(1)  Ir(1) P(3) 175.37(6) P(2)  Ru(1) C(6) 88.8(2) 

P(1)  Ir(1) C(1) 94.3(2) P(4)  Ru(1) C(4) 93.4(2) 

P(1)  Ir(1) C(2) 87.4(2) P(4)  Ru(1) C(5) 88.9(2) 

P(1)  Ir(1) C(3) 91.0(2) P(4)  Ru(1) C(6) 91.3(2) 

P(3)  Ir(1) C(1) 90.2(2) C(4)  Ru(1) C(5) 171.9(3) 

P(3)  Ir(1) C(2) 88.0(2) C(4)  Ru(1) C(6) 93.7(3) 

P(3)  Ir(1) C(3) 89.5(2) C(5)  Ru(1) C(6) 94.0(3) 

C(1)  Ir(1) C(2) 177.5(3) Ir(1)  P(1) C(7) 108.6(2) 

C(1)  Ir(1) C(3) 92.9(3) Ru(1)  P(2) C(7) 113.8(2) 

C(2)  Ir(1) C(3) 88.8(3) Ir(1)  P(3) C(8)  113.6(2) 

P(2)    Ru(1) P(4) 176.21(6) Ru(1)  P(4) C(8) 108.6(2) 

P(2)  Ru(1) C(4) 90.4(2)     

P(2)  Ru(1) C(5) 87.3(2)     

 

resonances to those of 35 suggests that the two may have similar structures.  

Compound 37 is shown, by its 13C{1H} NMR spectrum, to be a tricarbonyl 

species with three equal intensity carbonyl resonances at # 188.4, 212.4 and 

222.6, corresponding to a terminal and two semi-bridging carbonyls, respectively.  

Selective 31P-decoupling experiments show that the three carbonyl 

resonances sharpen upon decoupling the upfield phosphorus resonance, but show 
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little effect upon decoupling of the downfield resonance, suggesting that all three 

carbonyls are primarily bound to the same metal.  Furthermore, the greater 

propensity of Ru to retain carbonyls and to adopt an 18-electron configuration,64 

as demonstrated for subsequent compounds in this report, leads us to make the 

structural assignment shown for 37 in Scheme 3.1.  This, of course, leads to the 

assignment of the upfield 31P resonance as due to the Ru-bound 31P nuclei.  In a 

sample of 37 that is 13CO enriched, the upfield 13C resonance and the one at # 

212.4 show mutual coupling of 21 Hz, suggesting that these carbonyls are 

mutually trans, and in the 13CH3-enriched sample the methyl signal appears as a 

triplet (2JPC = 8 Hz), with coupling to the Ir-bound phosphine.  The 19F NMR 

spectrum of 37 displays two resonances: one for the free triflate anion at # –78.9 

and one for a coordinated triflate anion at # –77.5 , indicating that a triflate anion 

has replaced one of the carbonyl groups originally bound to Ru, maintaining the 

18-electron configuration at this metal.  The methyl resonance appears as a triplet 

at # 1.58 showing coupling to only the Ir-bound 31P nuclei.  In Scheme 3.1 we 

show an Ir(I)/Ru(II) formulation, similar to that described for complex 35. 

The transformations involving the BF4
– salt of 34, as the temperature was 

warmed above –90 oC, were not followed in the absence of CO.  In the presence 

of CO, warming generated the BF4
– salt of 36. 

In attempts to learn more about the methyl-bridged species, 34, we also 

investigated the protonation of the PMe3 analogue of 8, namely, 

[IrRu(PMe3)(CO)3(µ-CH2)(dppm)2][CF3SO3] (33),56 as shown in Scheme 3.2. By 
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the other ligands in the Ir–Ru–CH3 plane.  This approach had been successful in 

the analogous Rh/Os system in which the methyl-bridged tetracarbonyl species 

was only stable below –40 oC31 whereas the phosphine-substituted products 

[RhOs(PR3)(CO)3(µ-CH3)(dppm)2][CF3SO3]2 were isolable at ambient 

temperature.32  We also reasoned that the greater basicity of the metals, resulting 

from substitution of CO by PMe3, could lead to protonation directly at the metals 

and might favor a methylene/hydride product. 

Protonation of 33 at ambient temperature generates [IrRu(PMe3)(CO)3- 

(µ-CH3)(dppm)2][CF3SO3]2 (38), in which an unsymmetrically bridged methyl 

group again results, apparently via direct protonation at the methylene group.  At 

temperatures below –60 °C two separate signals, in a 2:1 ratio, are observed in the 
1H NMR spectrum as broad singlets at # 2.93 and –9.09, respectively, much as 

was observed for 34 at –90 °C.  Compound 38 can also be obtained by 

protonation at  –90 oC with no other species being observed again supporting 

direct protonation at the methylene carbon rather than formation of a methylene 

hydride.  With broadband phosphorus decoupling, these signals resolve into a 

broad doublet and a triplet, having mutual coupling of 13 Hz.  A bridging agostic 

methyl group is again proposed for 38, on the basis of the mutual 13 Hz coupling 

between the hydrogens, as noted above, which is too large for a 

methylene/hydride structure, and also on the basis of the individual C–H coupling 

constants for the agostic and terminal hydrogens, as described in what follows.  In 

a sample of 38, prepared from the 13CH2-enriched 33, the downfield proton signal 

displays additional 140 Hz coupling to carbon while the upfield signal displays 72 

Hz coupling.  As noted for 34, the former coupling is typical for the terminal 

protons of a CH3 moiety8,54 while the latter represents an agostic interaction.46,47 

Although the C–H coupling constant for the agostic interaction is greater than that 

for 34, it is nevertheless still very small.  As noted earlier, the observation of two 

resonances for the methyl protons is unusual.  Exchange of these agostic and 

terminal C–H groups is usually too rapid, even at low temperatures, giving rise to 

only one average signal for the CH3 group; certainly this was the case for the 
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analogous Rh/Os31,32and Rh/Ru30 species for which only a single 1H resonance for 

the methyl group was observed in each case. 

A spin-saturation-transfer experiment at –60 oC indicates that exchange of 

the methyl protons is occurring at this temperature and a 'G‡ of 51.5 kJ mol–1 has 

been calculated for this exchange based on an EXSY experiment (the spectra is 

shown in Figure AI.1 of Appendix I).65  This rotation barrier is slightly higher 

than that of 41.0 kJ mol–1 (acquired at –40 oC and at 90 MHz), reported by Grubbs 

and coworkers,55 for proton exchange in a mixed Ti/Rh complex containing an 

unsymmetrically bridged methyl group. 

Selective 31P-decoupling of the 1H signals of 38 at temperatures below –60 
oC indicates that the pair of downfield methyl protons are coupled to the Ir-bound 
31P nuclei appearing upfield while, the upfield methyl proton, assigned to that 

involved in the agostic interaction, is coupled to the Ru-bound 31P nuclei.  This 

defines the methyl group as being carbon-bound to Ir while bridging to Ru 

through the agostic interaction.  The 13C{1H} NMR spectra, with selective 31P 

decoupling indicate that the carbonyl resonances at # 203.5 and 184.6 are Ru-

bound while the third at # 177.4 is Ir-bound, and in the isotopomer that is enriched 

in both 13CH3 and 13CO, the methyl group and the Ir-bound carbonyl show a 

mutual coupling of 20 Hz, suggesting a mutually trans arrangement of these 

groups.  In the 31P{1H} NMR spectrum at –80 °C, the PMe3 resonance appears as 

a broad, partially resolved quintet, displaying coupling to all dppm phosphorus 

nuclei, whereas the Ir- and Ru-bound 31P resonances of the dppm groups display 8 

and 6 Hz coupling, respectively, to the PMe3 group.  On this basis, the location of 

the PMe3 group is not clearly defined.  This is not the first time that we have 

observed approximately equal coupling of a terminally bound ligand to both the 

adjacent and remote dppm phosphorus nuclei,56,66-68 and in fact this was also 

observed for the precursor, 33, the structure of which was unambiguously 

established by X-ray crystallography.56 However, it can be established with some 

confidence that the PMe3 group is bound to Ru on the basis that this phosphine 

displays 6 and 18 Hz coupling to the Ru-bound carbonyls, suggesting an 

arrangement in which it is cis to both carbonyls with the smaller coupling constant 
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being to the one that is adjacent the Ir metal center; no coupling to the Ir-bound 

carbonyl is observed.   

As shown in Scheme 3.2, protonation has resulted in PMe3 migration from 

Ir to Ru.  As such, the structure of 38 resembles the Rh/Ru30 and Rh/Os31
 

analogues more than it does compound 34, having a more coordinatively saturated 

environment at the group 8 metal instead of the more symmetric arrangement of 

34.  Nevertheless, the bridging methyl group is C-bonded to Ir in both 34 and 38. 

Warming 38 to ambient temperature results in no significant change in 

most of the 31P{1H}, 13C{1H} and 1H NMR spectral parameters, suggesting no 

significant structural changes occur over this temperature range.  However, a 

somewhat different picture emerges upon monitoring the spectral parameters for 

the methyl group.  Warming 38 above –60 oC results in a broadening of both 

methyl signals in the 1H NMR spectrum and by –40 oC both have disappeared into 

the baseline.  Surprisingly, no coalesced signal appears until near ambient 

temperature, at which point a signal at # 0.2 appears.  This chemical shift is more 

in line with a terminal methyl group than the value expected for the weighted 

average of the two low-temperature signals (ca. # –1.1).  Furthermore, in the 

13CH3 isotopomer the C-H coupling constant at ambient temperatures is 133 Hz, 

again corresponding to a terminally bound methyl group.   

Our failure to observe a coalesced signal at lower temperature and the 

discrepancies between the ambient and low-temperature spectra suggest a more 

complicated fluxional process than merely exchange of agostic and terminal 

methyl protons.  Fortunately, the 13C NMR spectrum gives additional spectral 

information about the transformation of the methyl ligand.  At –80 oC the 13C 

NMR spectrum appears as a triplet of doublets having the appropriate coupling to 

the inequivalent protons (1JCH = 140, 72 Hz).  Warming results in broadening and 

coalescence of the signal and by –20 oC it appears as a quartet having the 117 Hz 

coupling to the three methyl protons.  This coupling is exactly the weighted 

average of the two values obtained at lower temperature, consistent with rapid 

exchange of the agostic and terminal protons at –20 oC.  Further warming again 

results in broadening of this signal, but by ambient temperature this resonance has 
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sharpened into a quartet with 133 Hz C–H coupling.  This significantly larger 

coupling is characteristic of a terminal methyl group indicating that at this 

temperature the agostic interaction with Ru no longer persists.  On the basis that 

all other spectral parameters are close to those at –80 oC, we propose that at 

ambient temperature the structure of 38 is much as it appears in Scheme 3.2, 

except without the agostic interaction.   

Surprisingly, the chemical shift of the methyl carbon varies very little 

shifting from # 12.8 to 13.0 between –80 oC and ambient temperature, 

respectively.  It is significant to note that as observed in the Rh/Os and Rh/Ru 

analogues, substitution of a carbonyl by a monophosphine ligand inhibits the 

“merry-go-round” motion of the equatorial ligands, so that monophosphine 

analogues of 35 are not observed. 

 

3.3.2 Acetyl-bridged Complexes 

 

As was the case for the PR3 adducts of the methyl-bridged Rh/Os compounds,32 

compound 38 does not undergo subsequent migratory insertion, even at ambient 

temperature, although this species does begin to decompose to a complex mixture 

of uncharacterized products after several hours at this temperature.  In contrast, 

the pentacarbonyl methyl complex 36 slowly transforms in solution over several 

days into a single acetyl-bridged product [IrRu(CO)4- 

("-C(CH3)O)(dppm)2][CF3SO3]2 (39) as shown in Scheme 3.3.  Unlike the three 

methyl complexes (35 – 37) for which the methyl resonances in the 1H NMR 

spectrum appear as triplets, displaying coupling to two adjacent, metal-bound 31P 

nuclei, the methyl resonance of 39 shows no 31P coupling, appearing instead as a 

singlet at # 2.43, suggesting that it is not directly bound to either metal.  Five 

carbonyl resonances are observed in the 13C{1H} NMR spectrum; two at # 204.6 

and 187.5 are Ru-bound while two at # 172.4 and 157.7 are Ir-bound as 

established by 31P-decoupling experiments.  The fifth downfield resonance at # 

251.2 is typical of an acyl group. 63,69-71  We were unable to obtain suitable  
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crystals of 39 as the triflate salt; however, crystals of the BF4
– salt (39-BF4) were 

obtained.  

Spectroscopically, the parameters for the complex cations of both salts 

are indistinguishable.  The structure of 39-BF4, shown in Figure 3.2 (selected 

bond distances and angles for 30-BF4 are given in Table 3.4) confirms the acetyl-

group formulation and establishes that it is carbon-bound to Ir and oxygen-bound 

to Ru.  A similar bridging arrangement of acetyl groups was observed in the 

related Rh/Os31 and Rh/Ru 30 chemistry, and again the acyl carbon was bound to 

the group 9 metal with the oxygen bound to the group 8 metal.  Bridging acetyl 

groups were also observed in closely related Rh2
71 and Ru2

63,70 complexes.  Each 

metal in 39 displays a distorted octahedral environment in which one site on each 

is occupied by the metal–metal bond.  In each case the distortion results from the 

constraints arising from the bridging acetyl group, in which the acute Ru–Ir–C(5) 

and Ir–Ru–O(5) angles of 65.7(2)° and 69.0(1)°, respectively, differ substantially 

from the idealized value of 90°.  The short Ir–C(5) distance (2.060(6) Å) and the 

long C(5)–O(5) distance (1.250(8) Å) suggest some degree of oxycarbene  
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Figure 3.2. Perspective view of the complex cation of [IrRu(CO)4(!-C(CH3)O)(dppm)2][BF4]2 
(39-BF4) showing the atom-labeling scheme.  Thermal parameters as described for 
Figure 3.1.  Only the ipso carbons of the dppm phenyl groups are shown.  

 

character, but this appears to be much less pronounced than was observed for the 

related metal-metal bonded Rh/Os31 and Rh/Ru30 systems in which Rh–C 

distances were near 1.91 Å and C–O distances were near 1.27 Å.  The lower 

degree of carbene character in the present case is consistent with a more upfield 
13C signal for the acyl group of 39 than those previously reported. 

Refluxing a solution of the BF4
– salt of 39 in dichloromethane results in the 

loss of an iridium-bound carbonyl yielding [IrRu(CO)3("-

C(CH3)O)(dppm)2][BF4]2 (40).  The methyl group appears in the 1H NMR 

spectrum as a singlet at # 2.02, suggesting that the acetyl group has remained 

intact upon carbonyl loss, and this is supported by the very downfield resonance 

(# 287.0) for the acyl carbonyl in the 13C{1H} NMR spectrum.  Three other 

carbonyl resonances are observed at # 179.8, 189.0 and 206.0, with the upfield 

and downfield signals corresponding to the pair of Ru-bound carbonyls while the 

intermediate signal corresponds to the Ir-bound carbonyl, as determined by 

selective 31P-decoupling experiments.  As we have previously noted, the lower-

field carbonyl resonance on a given metal usually corresponds to the group that is 

in the immediate vicinity of an adjacent metal.62  It appears that for terminal  
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Table 3.4: Selected Distances and Angles for Compound 39-BF4. 

Distances (Å) 

Atom 1 Atom 2 Distance  Atom 1 Atom 2 Distance  

Ir Ru 2.8599(6)  Ru C(4) 1.928(7)  

Ir P(1) 2.3707(17)  P(1) C(7) 1.827(7)  

Ir P(3) 2.3628(16)  P(3)  C(8) 1.822(6)  

Ir C(1) 1.978(7)  P(4)  C(8) 1.827(6)  

Ir C(2) 1.954(6)  C(1) O(1) 1.138(8)  

Ir C(5) 2.060(6)  C(2)  O(2) 1.132(7)  

Ru  P(2) 2.4005(18)  C(3) O(3) 1.143(7)  

Ru P(4) 2.3973(18)  C(4)  O(4) 1.126(8)  

Ru O(5) 2.137(4)  C(5)  O(5) 1.250(8)  

Ru C(3) 1.860(7)  C(5)  C(6) 1.509(9)  

† Non-bonded distance   

Angles (deg) 
Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

Ru Ir C(5) 65.68(19) Ir Ru C(3) 95.6(2) 

P(1)  Ir P(3) 177.14(6) P(2)  Ru C(3) 98.7(2) 

P(1) Ir C(1) 91.48(19) P(2)  Ru C(4) 86.6(2) 

P(1) Ir C(2) 90.39(19) P(4)  Ru O(5) 86.26(12) 

P(1) Ir C(5) 90.53(18) P(4)  Ru C(3) 95.1(2) 

P(3) Ir C(1) 91.36(19) P(4)  Ru C(4) 83.3(2) 

P(3) Ir C(2) 89.66(19) O(5)  Ru C(3) 164.5(2) 

P(3) Ir C(5) 89.05(18) O(5)  Ru C(4) 100.6(2) 

C(1) Ir C(2) 96.1(3) O(5)  C(5) C(6) 114.4(6) 

C(1) Ir C(5) 91.1(3) C(3)  Ru C(4) 94.9(3) 

C(2) Ir C(5) 172.6(3) Ru  O(5) C(5) 105.6(4) 

Ir  Ru O(5) 68.97(11) Ir C(5) O(5) 119.7(5) 

Ir  Ru C(4) 169.4(2) Ir C(5) C(6) 125.9(5) 

P(2) Ru P(4) 163.50(6) P(1) C(7) P(2) 108.4(3) 

P(2) Ru O(5) 82.88(12) P(3) C(8) P(4) 110.6(3) 

 
carbonyls bound in a site near to the adjacent metal, weak interactions with this 

metal (even though not structurally obvious) can lead to a downfield shift of this 

resonance.  The IR spectrum displays three bands corresponding to the terminal 

carbonyls, but no stretch is seen for the bridging acetyl group.  We have been 

unable to unambiguously identify the carbonyl stretch for the bridging acyl group 

in any of the compounds in this chapter, or in our previous reports.30,31  The X-ray  
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Figure 3.3. Perspective view of the complex cation of [IrRu(CO)3(!-C(CH3)O)(dppm)2]-
[BF4]2 (40) showing the atom-labeling scheme.  Thermal parameters are as 
described for Figure 3.1.  

 

structure determination of 40 confirms the proposed structure, as shown in Figure 

3.3 with relavent bond angles and distances given in Table 3.5.  Apart from a few 

minor differences, the structure of 40 appears very similar to that of 39 in which 

the Ir-bound carbonyl opposite the metal–metal bond has been removed.  

Removal of the carbonyl has resulted in a significant shortening of the Ir–acyl 

bond (from 2.060(6) to 2.028(8) Å) and a corresponding lengthening of the acyl 

C–O bond (from 1.250(8) to 1.285(8) Å), indicating a shift from the conventional 

acyl extreme towards the oxycarbene formulation (structures III-C and III-D, 

respectively, in Chart 3.2 below).  This proposed transformation is also consistent 

with the significant downfield shift of the 13C resonance of this group, as noted 

earlier. 
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Table 3.5: Selected Distances and Angles for Compound 40. 
Distances (Å) 

Atom 1 Atom 2 Distance  Atom 1 Atom 2 Distance  

Ir Ru 2.7949(7)  Ru C(2) 1.874(8)  

Ir P(1) 2.3318(18)  Ru C(3) 1.884(7)  

Ir P(3) 2.3356(18)  O(1) C(1) 1.128(9)  

Ir C(1) 1.943(8)  O(2) C(2) 1.135(9)  

Ir C(4) 2.028(8)  O(3) C(3) 1.148(8)  

Ru P(2) 2.4125(19)  O(4) C(4) 1.285(8)  

Ru P(4) 2.4175(19)  C(4)  C(5) 1.486(9)  

Ru O(4) 2.132(5)      

 

Angles (deg) 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

P(1) Ir P(3) 173.74(7) P(2) Ru C(3) 85.3(2) 

P(1) Ir C(1) 90.6(2) P(4) Ru O(4) 85.17(13) 

P(1) Ir C(4) 88.35(18) P(4) Ru C(2) 95.4(2) 

P(3) Ir C(1) 91.6(2) P(4) Ru C(3) 87.6(2) 

P(3) Ir C(4) 89.22(18) O(4) Ru C(2) 163.6(3) 

C(1) Ir C(4) 177.4(3) O(4) Ru C(3) 102.5(2) 

Ir Ru O(4) 70.43(13) C(2) Ru C(3) 93.9(3) 

P(2) Ru P(4) 167.74(7) Ir C(4) O(4) 119.9(4) 

P(2) Ru O(4) 86.60(13) Ir C(4) C(5) 123.0(6) 

P(2) Ru C(2) 95.1(2) O(4) C(4) C(5) 117.1(7) 

 

  

 

If the triflate salt of 39 (instead of the BF4
– salt) is refluxed in CH2Cl2, the 

carbonyl loss noted above is accompanied by triflate coordination at Ir yielding 

[IrRu(OSO2CF3)(CO)3("-C(CH3)O)(dppm)2][CF3SO3] (41), as demonstrated by 

two resonances in the 19F NMR spectrum corresponding to free (# –78.9) and 

coordinated (# –77.8) triflate ion. The formulation shown for 41 in Scheme 3.3 is 

based upon selective 31P-decoupling experiments through which it was established 

that the upfield carbonyl resonance in the 13C{1H} NMR spectrum corresponds to 

the one bound to Ir, while the other two carbonyls are Ru-bound.  Furthermore, 

RuIr

C O

H3C

RuIr

C O

H3C

III-C III-D

Chart 3.2
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the upfield chemical shift for the Ir-bound carbonyl (# 168.6), suggests that it is in 

a position remote from the adjacent metal.62  Similarly, the downfield Ru-bound 

carbonyl (# 205.6) is assigned to the one that occupies the site adjacent to Ir, 

while the intermediate signal corresponds to the Ru-bound CO opposite the 

metal–metal bond.  Upon triflate ion coordination, the acyl-carbonyl resonance 

has moved to significantly upfield (from 287.0 to # 231.4), suggesting that this 

group is a normal bridging acyl group having little carbene character. 

Refluxing the triflate salt of compound 39 in THF results in the loss of two 

carbonyls yielding the acetyl-bridged dicarbonyl product, 

[IrRu(OSO2CF3)(CO)2("-C(CH3)O)(dppm)2][CF3SO3] (42).  In the 1H NMR 

spectrum the acetyl methyl group appears as a singlet at # 1.57.  The acyl 

carbonyl appears at # 231.4 in the 13C{1H} NMR spectrum, displaying coupling to 

the Ir-bound phosphorus nuclei, while the carbonyl ligands appear at # 186.7 and 

# 205.6 and both show coupling to the pair of Ru-bound phosphorus nuclei.  The 

downfield carbonyl signal corresponds to the one that approaches the bridging site 

between the metals.  19F NMR spectroscopy displays two signals of equal 

intensity and these are assigned to a coordinated and free triflate ion (# –78.1 and 

–78.9, respectively).  It is assumed that the coordinated triflate ion is bound to Ir, 

completing its coordination geometry. 

An X-ray structural determination of 42, shown in Figure 3.4 (see Table 

3.6 for relevant bond distances and angles), confirms the above structural 

assignment.  This structure closely resembles that of 40, in which the Ir-bound 

carbonyl has been replaced by a triflate anion.  Although most differences 

between the two compounds are minor, the Ir–Ru bond (2.7037(6) Å) in 42 is the 

shortest in this series of acetyl-bridged species.  In addition, the Ir–C(3) bond 

(1.919(7) Å) involving the acyl group is extremely short and is comparable to the 

Rh–acyl distances in a series of related Rh/Os and Rh/Ru compounds, and the 

C(3)–O(3) bond (1.292(8) Å) is longer than those previously noted.  Both 

parameters suggest a tendency towards the oxycarbene formulation III-D, 

although the 13C resonance for this group, as noted above, is not unusual for an 

acyl group and does not by itself suggest the carbene formulation. 
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Figure 3.4. Perspective view of the complex cation of [IrRu(OSO2CF3)(CO)2(!-C(CH3)O)-
(dppm)2][CF3SO3] (42) showing the atom-labeling scheme.  Thermal 
parameters as described for Figure 3.1.  Only the ipso carbons of the dppm 
phenyl rings are shown.  

Table 3.6: Selected Distances and Angles for Compound 42. 

Distances (Å) 

Atom 1 Atom 2 Distance  Atom 1 Atom 2 Distance  

Ir Ru 2.7037(6)  Ru C(1) 1.887(7)  

Ir P(1) 2.3196(19)  Ru C(2) 1.858(7)  

Ir P(3) 2.3185(17)  P(1) P(2) 2.985(3)†  

Ir O(4) 2.224(4)  P(3)  P(4) 2.989(3)†  

Ir C(3) 1.919(7)  C(1) O(1) 1.139(8)  

Ru P(2) 2.4073(19)  C(2) O(2) 1.156(8)  

Ru P(4) 2.411(2)  C(3) O(3) 1.292(8)  

Ru O(3) 2.123(4)  C(3) C(4) 1.507(9)  

† Non-bonded distance
 

Angles (deg) 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

Ru  Ir O(4) 109.32(12) P(2)  Ru C(2) 97.1(3) 

Ru Ir C(3) 68.7(2) P(4) Ru O(3) 85.43(14) 

P(1) Ir P(3) 167.64(6) P(4) Ru C(1) 86.9(2) 

P(1) Ir O(4) 93.68(14) P(4) Ru C(2) 96.1(3) 

P(1) Ir C(3) 87.3(2) O(3) Ru C(1) 106.7(2) 

P(3) Ir O(4) 92.75(14) O(3) Ru C(2) 159.2(2) 

P(3) Ir C(3) 86.6(2) C(1) Ru C(2) 94.1(3) 

O(4) Ir C(3) 177.9(2) C(4) C(3) O(3) 114.6(6) 

P(2) Ru P(4) 165.58(7) Ir C(3) C(4) 125.0(5) 

P(2) Ru O(3) 84.20(14) Ir C(3) O(3) 120.4(5) 

P(2) Ru C(1) 86.5(2)     
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3.3.4 Reactions with H2  

 

 In our previous studies on the Rh/Ru30 and Rh/Os31 systems we had 

attempted the reactions of the acetyl-bridged complexes with H2.  Although we 

anticipated acetaldehyde as the probable product, we had wondered whether the 

oxycarbene-like nature of these groups (at least in their structural and 

spectroscopic characteristics) might give rise to unexpected reactivity, generating, 

for example, a hydroxycarbene group by hydrogen transfer to oxygen instead of to 

the acyl carbon.  Unfortunately, the Rh-containing systems showed no reactivity 

with H2 over the short term.  After several days small amounts of methane were 

detected – presumably by slow reversion to a methyl species, which then reacted 

with H2.  One reason for investigating the Ir/Ru system was the anticipation that 

oxidative addition of H2 at Ir would be more favorable, and this has proven to be 

the case for at least three of the acetyl-bridged products. 

 Reaction of either [IrRu(CO)3(µ-C(CH3)O)(dppm)2][BF4]2 (40) or 

[IrRu(OSO2CF3)(CO)3(µ-C(CH3)O)(dppm)2][CF3SO3] (41) with H2 at ambient 

temperature yields the monohydride products [IrRuH(CO)3(µ-

C(CH3)O)(dppm)2][X] (43; X = CF3SO3, BF4) as outlined in Scheme 3.4.  The 1H  
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NMR spectrum of 43 (reported as the triflate salt) displays a hydride signal at # –

10.35 with coupling to only the iridium-bound phosphorus nuclei, suggesting that 

it is terminally bound to this metal.  The acetyl protons appear as a singlet at # 

1.22, while the dppm methylene protons appear at # 3.95 (all with the appropriate 

integrations).  When a 13CO-enriched sample of 43 is prepared, starting from 

40(
13

CO) or 41(
13

CO) the 13C NMR spectrum shows the acyl carbonyl at typically 

downfield (# 260.2).  Through a series of 13C{31P} NMR experiments, two 

carbonyls at # 212.0 and 188.0 are assigned as being terminally bound to Ru while 

the third, at # 183.4, is terminally bound to Ir.  A mutual coupling of 30 Hz 

between the acyl carbonyl and the most upfield carbonyl suggests that they are 

mutually trans.   

By performing the reaction of 41 with dihydrogen at lower temperatures we 

hoped to observe intermediates in the formation of 43.  However, this was not the 

case.  Compound 43 was the only species observed at –40° C; below this 

temperature, no reaction was observed with either 40 or 41.  This mono-hydride 

product can also be formed more directly through addition of one equiv of super-

hydride (LiBEt3H) to 41 at ambient temperature, further supporting its formulation.   

The formation of the monohydride (43) from either 40 or 41 appears to 

result from heterolytic cleavage of H2 in which a hydride is delivered to the 

complex.  Presumably, facile deprotonation of an unobserved dihydrogen complex 

by the counter ion (triflate or fluoroborate) occurs, although no evidence of the 

corresponding acids were observed in the 1H NMR spectra down to –80 oC.  The 

acidity of dihydrogen complexes is well documented.72 

Although reactions of 40 or 41 with H2 did not yield acetaldehyde, the 

subsequent reaction of 43 with CO does generate this product together with the 

previously characterized [IrRu(CO)4(dppm)2][OTf]56 and small amounts of 

uncharacterized dppm-containing products.  The 0.2 equiv of acetaldehyde 

observed is significantly lower than anticipated, presumably through its loss due 

to displacement under the stream of CO gas. 
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The dicarbonyl species 42 also reacts with hydrogen gas, even at –90 °C 

yielding what we propose to be the dihydrogen adduct [IrRu(H2)(CO)2(µ-

C(CH3)O)(dppm)2][CF3SO3]2 (44) as shown in Scheme 3.5.  We assume that in  

 

 

 

this product, the dihydrogen ligand replaces the triflate ion of the precursor since 

no coordinated triflate is observed in the 19F NMR spectra.  In the 31P{1H} NMR 

spectra compound 44 appears as one broad signal centred at # 16.0 , furthermore 

the 31P{1H} NMR spectroscopy shows that compound 42 is in equilibrium with 

44, with the 31P integrals showing a 1:1 ratio of these compounds at a H2 pressure 

of approximately 1 atm.  The resonance for the H2 ligand is observed in the 1H 

NMR as a broad signal at # –0.03.  This H2 ligand is extremely labile, so warming 

a mixture of 42 and 44 above –90 oC results in a decrease in the concentration of 

44 and by –80 oC none of 44 remains. 

In attempts to obtain the H–D coupling constant for the HD isotopomer of 

44, the H2 ligand was displaced by passing HD through a sample at –90 oC.  

Although the substitution appeared to succeed, as witnessed by the 50% reduction 

in the intensity of the peak attributed to the H2 ligand while the ratio of 42 and 44 

did not change appreciably in the 31P NMR spectrum, we were unable to observe 

the expected coupling (ca. 30 Hz)72 owing to the breadth of this signal (ca. 120 

Hz at half-height).  Unfortunately, T1 measurements, although supportive of a 

dihydrogen complex, are also inconclusive owing to the instability of 44 at 

temperatures above –90 oC.  One indication of an H2 complex is a short (T1)min – 

generally below 100ms (at 200 MHz).72  For compound 44 the relaxation time (at 

200 MHz) is found to be 112 ms at –90 oC (the spectral array to calculate T1 is 

shown in Figure AI.2 of Appendix I) .  However, we suggest that the true (T1)min 

is probably significantly less than this.  In general, T1 and T2 are comparable and 
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both decrease with decreasing temperature in what is referred to as the “extreme 

narrowing” region.73  However, T1 reaches a minimum ((T1)min) after which it 

begins to increase with decreasing temperature while T2 continues to decrease.  

The large discrepancy in T1 and T2 values for compound 44, for which T2 = 2.7 

ms, suggests that we are at too low a temperature, so increasing the temperature 

(which is not possible for 44) would be required to obtain (T1)min. 

 Upon warming above –60 ºC homolytic cleavage of H2 occurs yielding the 

dihydride species, [IrRu(OSO2CF3)(H)2(CO)2(µ-C(CH3)O)(dppm)2][CF3SO3] 

(45).  The 1H NMR spectrum of 45 shows two hydride signals: one at # –12.28, 

which shows coupling to the Ir-bound phosphorus nuclei, and the other at # –9.95, 

which shows coupling to the Ru-bound phosphorus nuclei suggesting that both 

hydrides are terminally bound to different metals.  In addition, both hydrides 

display mutual coupling of 5 Hz, which is presumably transmitted via the metal-

metal bond.  The hydride at # –9.95 shows additional coupling of 15 Hz to the 

Ru-bound carbonyl trans to it when a 13CO-enriched sample is used; furthermore, 

in this isotopomer, the Ir-bound hydride at # –12.28 displays no coupling to the 

acyl carbon suggesting that they are mutually cis.  The acetyl methyl signal 

appears at # 0.94 in the 1H NMR spectrum.  The 13C{1H} NMR spectrum displays 

a triplet at # 235.6 with 5 Hz coupling to the Ir-bound phosphorus nuclei.  The 

relatively upfield shift of this acyl group is very similar to that of the starting 

dicarbonyl compound, 42, suggesting an acyl structure closer to representation 

III-C shown earlier in Chart 3.2.  The two carbonyl ligands are shown to be 

terminally bound to ruthenium and appear at # 192.8 and 191.8; the lack of 

coupling between them suggests that they are mutually cis.  19F NMR 

spectroscopy shows two signals; one at # –78.9 is assigned to the free triflate 

counter-ion and another at # –79.5 is attributed to the bound triflate anion.  It is 

assumed that this anion is coordinated to Ir since Ru is coordinatively saturated. 

The instability of compound 44 above –90 oC casts some doubt on whether 

this species is the immediate precursor to the dihydride 45 (Scheme 3.5) or 

whether another, unobserved H2 complex is involved. 
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Surprisingly, compound 45 does not give rise to detectable amounts of 

acetaldehyde, either when left in solution or when reacted with CO.  Under an 

atmosphere of CO, triflate-ion displacement by CO occurs yielding 

[IrRu(H)2(CO)3(µ-C(CH3)O)(dppm)2][CF3SO3]2 (46), which is stable for 

extended periods of time and does not yield detectable quantities of acetaldehyde.  

NMR spectroscopy (with appropriate heteronuclear decoupling experiments) 

supports the structure for 46 in which the coordinated triflate ion in 45 has been 

replaced by CO. 

 

3.4 Conclusions 

 
 The present study was initiated to determine how an Ir/Ru–based system 

might differ from analogous Rh/Ru30 and Rh/Os31 systems, with a view to 

establishing the roles of the different metals in substrate activation and subsequent 

transformations. 

 As is outlined in this chapter, some reactivity differences between the Ir 

and Rh–based systems were predictable on the basis of well-established 

differences in these metals, although others were unexpected.  In the overall 

conversion of a bridging methylene group to a bridging acetyl group, through 

protonation followed by ligand migration and migratory insertion, the three 

systems behaved quite similarly.  In all cases (Rh/Ru,30 Rh/Os31 and Ir/Ru) 

protonation of the µ-CH2 moiety gave an unsymmetrically bridged methyl group 

at low temperature, which migrated to a terminal site on the group 9 metal, 

followed by migratory insertion at that metal to give the bridging acetyl group.  

The low-temperature NMR studies on the three metal combinations, in which 

only the methyl-bridged products are observed, suggest direct protonation at the 

methylene group, rather than prior protonation at the metals followed by 

migration to the methylene carbon.  Although we cannot rule out that the latter 

process is extremely facile and not observed, the failure to observe the 

methyl/hydride intermediate at –90 °C for all of the three metal combinations 

(Rh/Ru, Rh/Os and Ir/Ru) suggests to us that a metal hydride is not involved. 
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 Notably, there are some subtle, although significant differences between 

the Rh– and Ir–based systems.  First, the unsymmetrically bridged methyl group 

is !-bound to Ir while involved in an agostic interaction with Ru in the current 

study, whereas for the Rh-based systems, the reverse is true, with the !-bond 

being to the group 8 metal.  Certainly, in this study the greater strength of the Ir-C 

bond compared to Ru-C or Rh-C61 must be a dominant factor in this observation.  

In addition, the two compounds containing bridging methyl groups in this study 

were highly unusual in having very slow exchange (on the NMR time-scale) 

between the “terminal” and “agostic” methyl hydrogens at low temperature, 

allowing the two different C-H coupling constants to be measured.  As a 

consequence, these coupling constants for the agostic interactions in both species 

(65 and 72 Hz) are believed to be the lowest yet observed for unsymmetrically 

bridged methyl groups.  Stronger interactions (lower 1JCH values) have been 

observed in mononuclear, electron-poor systems and in substituted bridging alkyl 

fragments.47   

 A further (predictable) difference between the Ir– and Rh–based systems 

is the rate of migratory insertion, which is orders of magnitude slower at Ir than at 

Rh, again in keeping with the stronger bonds involving the former.  It may seem 

unusual that migratory insertion did not occur at the (presumed) more labile Ru 

center in the current study.  However, in this system the methyl group is primarily 

bound to Ir and is involved with Ru only through a labile agostic interaction at 

very low temperature. 

 Although acetyl-bridged complexes are well precedented, an aspect of 

note is the irreversibility of their formation.  In mononuclear chemistry, 

conversion of an alkyl/carbonyl species to the corresponding acyl product upon 

addition of CO or another Lewis base is generally reversed upon removal of a 

ligand.  This did not occur in the chemistry described herein, or in our previous 

studies.30,31  Removal of up to two carbonyl ligands in this Ir/Ru system left the 

bridging acetyl group intact.  One major difference between terminal and bridging 

acetyl groups is that in the former, this group functions as a 1-electron donor.  

Removal of a carbonyl (or other ligand) from the complex leads to deinsertion in 
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order to satisfy the electronic requirements of the metal regenerating a methyl and 

a carbonyl ligand which together supply 3 electrons to the metal, thereby 

compensating for the lost ligand.  In the bridging mode, the acetyl group functions 

as a 3-electron donor, so from the perspective of electron counting, nothing is 

gained upon deinsertion.  In the binuclear system stabilization of an unsaturated 

species cannot be achieved through deinsertion and must be accommodated for in 

other ways by interactions with the adjacent metal or its ligands.  Of course, anion 

coordination can also serve this function. 

In investigating the Ir/Ru system we had hoped to exploit one major 

difference between Rh and Ir, namely the greater tendency of the latter to undergo 

oxidative addition.  This was certainly observed in the reaction with H2; whereas 

both Rh systems were unreactive to H2, the three Ir/Ru compounds investigated 

reacted readily with H2.  Both heterolytic and homolytic cleavage of H2 were 

observed.  In reactions with the cationic tricarbonyl precursors 

[IrRu(OSO2CF3)(CO)3(µ-C(CH3)O)(dppm)2][CF3SO3] (41) and [IrRu(CO)3(µ-

C(CH3)O)(dppm)2][BF4]2 (40), the only products observed were the monohydrides, 

[IrRu(H)(CO)3(µ-C(CH3)O)(dppm)2][X] (X = BF4, CF3SO3), whereas reaction of 

the dicarbonyl analogue, [IrRu(OSO2CF3)(CO)2(µ-C(CH3)O)(dppm)2][CF3SO3] 

(42) at –90 oC yielded a dihydrogen complex, which underwent homolytic H2 

cleavage to yield a dihydride at somewhat higher temperatures.  The tendency of 

the first two species to undergo heterolytic cleavage is consistent with these 

species being more electron poor (one additional (-acceptor CO ligand) than 42, 

therefore more Lewis acidic.72 
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Chapter 4: Geminal C-H Activation of !-Olefins 

Promoted by IrRu Systems: Mechanistic Insights 

 

4.1 Introduction 

The late transition metal-mediated activation of C-H bonds is an active 

area of research in organometallic chemistry,
1-4

 due primarily to the importance of 

this transformation in the selective conversion of inexpensive and generally 

unreactive hydrocarbon feedstocks into more complex and value-added targets.  

For the most part, these efforts have focused on monometallic systems, many of 

which have proven adept at the cleavage of a single C-H bond.   

There have been a few reports of geminal C-H bond activation (in which 

two geminal C-H bonds are activated), the majority of which involve alkyl C-H 

bonds of non-innocent ancillary ligands or substrates that coordinate through a 

heteroatom prior to C-H bond cleavage.
5-17

 In these cases, the C-H bonds are pre-

oriented to facilitate facile geminal C-H bond cleavage. The cleavage of two 

geminal C-H bonds of substrates without heteroatoms, such as !-olefins, is more 

challenging, and to our knowledge only five systems have been reported that are 

capable of olefin geminal C-H activation.
18-21

   The first two examples reported by 

Deeming et al. showed that a refluxing octane solution of the trinuclear 

complexes M3(CO)12 (M = Ru, Os) in an ethylene-rich atmosphere yields the 

vinylidene-bridged dihydrides M3H2(CO)9(µ-C=CH2).
18a-d

  A decade later Green 

and associates demonstrated the ability of the mononuclear iron 

tris(dimethylphosphinomethyl)methylsilane complex, [Fe((Me2PCH2)3(SiMe))-

("4#C6H6)], to react with ethylene under elevated temperature (50 °C) and 

pressure (7 atm) to generate the diiron vinylidene-bridged dihydrido species 

[Fe2(µ-H)2((Me2PCH2)3(SiMe))2(µ-CCH2)].
18e,f  

Shortly after, Perutz and 

coworkers reported a mononuclear Ir piano stool complex which, under 

photochemical conditions, facilitates geminal C-H activation of an ethylene 

ligand.
20

  Finally, in the most recent report, our group has reported that the 
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diiridium complex [Ir2(CH3)(CO)2(dppm)2][OTf] (dppm = µ-Ph2PCH2PPh2; OTf 

= CF3SO3] reacts slowly with 1,3-butadiene at ambient temperature to give the 

vinyl vinylidene-bridged dihydride, [Ir2(H)2(CH3)(CO)2(µ-C=C(H)C(H)=CH2)-

(dppm)2][OTf],19 via geminal C-H activation at one end of the butadiene 

molecule.  It is important to note that of these four cases only one, the diiridium 

system, exhibits geminal C-H activation under ambient conditions, without the 

need for prior ligand loss from the activating complex.  A report by Suzuki and 

associates should also be noted in which the authors reported an overall, step-

wise, geminal C-H activation by reaction of the diruthenium complex [("
5
-

C5Me5)Ru(µ-H)4Ru("
5
-C5Me5)] with ethylene to give the ethylene divinyl 

product  [("
5
-C5Me5)Ru(C2H4)(CH=CH2)2Ru("

5
-C5Me5)].

21
   Substitution of the 

ethylene ligand by methyl vinyl ketone and heating the resulting adduct in toluene 

yielded a vinylidene-bridged species.  

 The cleavage of olefinic C-H bonds by monometallic late transition 

metal systems is well understood.
22-29

  Although it was initially believed that 

precoordination of the olefin to the metal centre was a prerequisite for C-H 

activation, Bergman et al. demonstrated that this is not necessarily the case.
27-29

  

These researchers established two competing pathways – one yielding a vinyl 

hydride (the product of C-H oxidative addition) and another leading to the "
2
-

olefin adduct (Scheme 4.1 below).
28

 The authors proposed, and later supported by  
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computational methods,
29

 that the vinyl hydride and "
2
-olefin do not lie on the 

same reaction pathway.  The pathway leading to the vinyl hydride begins by 

approach of the ethylene molecule along the C-H bond axis (IV-A in Scheme 

4.1).   As the ethylene draws closer to the Ir centre, the transition state IV-B, not 

unlike a C-H agostic interaction, leads to the vinyl hydrido species, the product of 

C-H oxidative addition at Ir. 

However, in the multimetallic systems noted above the roles of the 

adjacent metals remain unclear.  One can envision cooperative involvement of the 

adjacent metals during C-H activation in which the substrate binds to one metal 

centre, and in so doing, orients the olefinic C-H bond with respect to the adjacent 

metal.  For example, in I-H  (see Chart 4.1 below) the olefin is $-bound to one 

metal and as a result one of the C-H bonds is oriented in an arrangement with 

respect to the other, adjacent, metal not unlike IV-A, thereby facilitating the facile 

C-H bond cleavage by this adjacent metal centre.  Once the first C-H activation 

has occurred, orientation of the geminal C-H bond in a position adjacent to the 

second metal can be envisioned to lead to the second activation as shown in Chart 

4.1.  It is this availability of a second metal, capable of subsequent C-H activation, 

which is the subject of this Chapter. 
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In the study presented in this chapter our objectives are: (1) to determine 

whether an IrRu system, somewhat analogous to our original Ir2 system, is also 

capable of facile geminal C-H activation, and if so; (2) to attempt to determine the 

roles of the adjacent metal centres and thereby rationalize the enhanced reactivity 

of multinuclear complexes in such transformations. 

 

4.2 Experimental Section 

 

4.2.1  General Comments:  

 

All solvents were dried (using appropriate drying agents), distilled before 

use and stored under nitrogen.  Reactions were performed under an argon 

atmosphere using standard Schlenk techniques unless otherwise noted.  

Triruthenium dodecacarbonyl and Ammonium hexachloroiridate(IV) were 

purchased from Strem Chemicals.  Allene, propene, propyne and butadiene were 

purchased from Praxair, whereas methylallene was purchased from Organic 

Technologies, 1,1-dimethylallene from Aldrich, and ethylene, acetylene, 2-

methylpropene and cis-butene from Matheson.  Both 
13

C2-ethylene and 1,1-d2 

ethylene were purchased from Cambridge Isotopes.  The fluoroolefins 1,1-

difluoroethylene and cis-difluoroethylene were purchased from Aldrich and 

SynQuest Labs, respectively. [IrRu(CO)4(dppm)2][OTf]
30

 (6), [IrRu(CO)4(µ-

CH2)(dppm)2][OTf]
30

 (8) and diethyl diazomalonate
31

 were prepared by their 

respective literature procedures.
  

 
All 

1
H NMR, and 

31
P{

1
H} NMR spectra were recorded on a Varian 

Inova spectrometer operating at 399.9 MHz and 161.9 MHz, respectively, or a 

Varian DirectDrive spectrometer operating at 499.8 MHz and 202.3 MHz, 

respectively.  
13

C{
1
H} NMR and all variable-temperature NMR spectra were 

recorded on a Varian Inova spectrometer operating at 100.6 Hz for 
13

C, 161.9 

MHz for 
31

P and 400.4 MHz for 
1
H.  Infrared spectra were recorded in CH2Cl2 

solution on a Nicolet Avatar 370 DTGS spectrometer.  Elemental analyses were 

performed by the microanalytical services within the department.  Mass 



 

-113- 

Spectrometry measurements were performed by the electro-spray ionization 

technique on a Micromass ZabSpec TOF spectrometer by the Mass Spectrometry 

facility of the department.  Spectroscopic data for all compounds prepared are 

given in Table 4.1. 
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4.2.2  Preparation of Compounds 

(a) [IrRu(CO)4(µ-!1-C=CH2)(dppm)2][OTf] (47).  Method (i):  In an NMR 

tube, fitted with a J. Young valve, a solution of compound 6 (45 mg, 0.034 mmol) 

in 0.7 mL of CD2Cl2 was cooled to –78 °C and the tube evacuated.  Ethylene gas 

(2.5 mL, ca. 2 atm) was introduced to the evacuated NMR tube by gas-tight 

syringe and the sample was warmed to ambient temperature.  After 16 h complete 

conversion to the product, compound 47, was confirmed by 31P and 1H NMR 

spectroscopy.  Method ( ii): Acetylene gas (5 mL) was passed through a solution 

of compound 6 (100 mg, 0.080 mmol) in 5 mL of CH2Cl2.  After 4 h of stirring 

the bright yellow solution had turned deep orange and 31P{1H} NMR 

spectroscopy revealed compound 47 as the only phosphorus-containing 

compound.  An orange powder was obtained by the addition of 20 mL of Et2O 

followed by 40 mL of pentane.  After removal of the clear supernatant the product 

was rinsed with three portions of 10 mL of Et2O and the residual solvent was 

removed under an Ar stream before being placed under vacuum for 16 h. (Yield: 

90%) Anal. Calcd for C57.5H51ClF3IrO7P4RuS: C 49.48; H 3.68.  Found: C 49.55; 

H 3.43 (incorporation of 0.5 equiv of CH2Cl2 was confirmed by the X-ray crystal 

structure analysis) 

(b) [IrRu(CO)4(µ-!1-C=C(H)CH3)(dppm)2][OTf] (48).  Method (i):  In an 

NMR tube fitted with a J. Young valve, compound 6 (45 mg, 0.034 mmol) was 

dissolved in 0.7 mL of CD2Cl2.  The solution was cooled to –78 °C and the tube 

evacuated.  The evacuated tube was charged with propene gas (2.5 mL, ca. 2 atm) 

and warmed to ambient temperature.  After 16 h 31P{1H} NMR spectroscopy 

revealed complete conversion to the product, compound 48.  Method (ii): A 

solution of compound 6 (125 mg, 0.1 mmol) in 5 mL of CH2Cl2 was saturated 

with propyne gas.  The mixture was left to stir for 16 h at which time 31P{1H} 

NMR spectroscopy revealed compound 48 as the sole phosphorus-containing 

product.  Addition of 20 mL of Et2O followed by 50 mL of pentane afforded a 

yellow powder.  After removal of the clear supernatant the crude yellow product 

was rinsed 2 times with 10 mL portions of Et2O before complete solvent removal 
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under vacuum. Method (iii):  A solution of compound 6 (100 mg, 0.07 mmol) in 5 

mL of CH2Cl2 was saturated with allene gas.  No colour change was noted, but 

after 16 h 31P NMR spectroscopy revealed compound 48 as the sole phosphorus-

containing product.  After reduction of the solvent volume by 50% addition of 20 

mL of Et2O followed by 20 mL of pentane afforded a crude yellow product. The 

crude product was rinsed 3 times with 10 mL portions of Et2O before complete 

solvent removal in vacuo. (Yield: 85%) Anal Calcd for C62.5H59F3P4O8ClSIrRu: 

C, 50.73; H, 4.02. Found C, 50.31; H, 3.73 (the inclusion of one equiv of Et2O 

and 0.5 equiv of CH2Cl2 was confirmed by X-ray crystal structure analysis (see 

part (n) for details).  HRMS m/z Calcd for C57H48 P4O3IrRu (M+
 – CF3SO3, CO) 

1186.16056.  Found: 1186.122689.   

(c) [IrRu(CO)4(µ-!1-C=C(H)CH2CH3)(dppm)2][OTf] (49).  1,2-butadiene 

(methylallene) was passed through a stirring yellow solution of 6 (92 mg, 0.069 

mmol) in CH2Cl2 (8 mL) for 1 min at a rate of 0.1 mL/s.  After 4 h the solution 

had turned light orange and after 24 h the solution was deep orange in colour at 

which time complete conversion to the product, compound 49, was confirmed by 
31P NMR spectroscopy.  Slow addition of 80 mL of pentane afforded a crude 

orange product, which, after removal of the clear supernatant, was rinsed 3 times 

with 10 mL portions of Et2O.   After removal of the clear supernatant the product 

was dried under an Ar stream before being placed under vacuum for 16 h. (Yield 

80 %) Anal. Calcd for C59H50F3O7PSIrRu: C, 51.38; H, 3.63. Found: C, 51.03; H, 

3.98. HRMS m/z Calcd for C58H50O4P4RuIr (M+ – CF3SO3): 1229.13271.  Found: 

1229.13306 (M+ – CF3SO3).  

(d) [IrRu(CO)4(µ-!1-C=C(H)C(CH3)=CH2)(dppm)2][OTf] (50). All glassware 

was dried at 120 ºC for 16 h and assembled while hot.  Compound 6 (73 mg 0.055 

mmol) was dissolved in 4 mL of a 1:1 CH2Cl2/THF mixture to give a yellow 

solution.  To this yellow solution 100 µL of methylallene (0.1 mmol) was added.  

The solution was left to stir under a slight pressure of Ar for 48 h at which time 

complete conversion to the product, compound 50, was confirmed by 31P NMR 

spectroscopy.  Addition of 20 mL of Et2O followed by 40 mL of pentane yielded 
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a yellow powder.  The crude yellow powder was rinsed with three 10 mL portions 

of Et2O.  The clear supernatant was decanted and the remaining solvent was 

removed by placing the product under vacuum for 16 h.  HRMS Calcd for 

C59H50O4P4RuIr (M+ – CF3O3): 1241.13271.  Found: 1241.13270 (M+ – CF3SO3).  

The instability of compound 50 has prevented us from obtaining suitable 

elemental analysis data as well as growing crystals for X-ray structural 

determination.  Structural characterization for compound 50 is based on 

multinuclear NMR spectroscopy. 

(e) [IrRu(CO)3(H)(C(H)=CH2)(dppm)2[OTf] (51).  A yellow solution of 

compound 6 in 0.7 mL of CD2Cl2 in an NMR tube fitted with a J. Young valve 

was cooled to –78 °C before being evacuated.  The NMR tube was filled with 

ethylene gas (7 mL, ca. 7 atm), and inserted into an NMR probe which had been 

precooled to –80 °C.  The sample was warmed in 10 °C intervals indicating that 

no new species was observed below 0 °C.  At 0 °C compound 51 formed in a 1:2 

ratio with compound 6 (based on integration of the 31P{1H} NMR spectrum) and 

over time at this temperature compound 47 begins to form at the expense of 

compound 6 and 51.  The conversion of 51 to 47 occurs at temperatures above     

–20 °C and so 51 could not be isolated and purified; its characterization is based 

on multinuclear NMR spectroscopy at –20 °C. 

(f) [IrRu(CO)3(µ-!1
-C=CH2)(dppm)2][OTf] (52).  Method (i): In an NMR tube, 

a solution of compound 6 (15 mg, 0.01 mmol) in 0.7 mL of CD2Cl2 was cooled to 

–78 °C.  Acetylene gas was passed through the solution for 2 min at a rate of 0.05 

mL/sec.  The sample was inserted into an NMR probe that had been precooled to 

–80 °C and warming to –40 °C resulted in the formation of compound 52 in a 1:1 

ratio with 47 (no other species was observed in the temperature range of –80 °C to 

–40 °C).  Over the course of several minutes all of 52 converted to 47 even at 

temperatures as low as –80 °C. Compound 53 proved to be unstable, even in the 

solid state, rapidly decomposing into numerous unidentified decomposition 

products. Method (ii): Trimethylamine-N-oxide (TMNO) (0.83 mL of a 10 

mg/mL CH2Cl2 solution) was slowly added to a stirring orange solution of 

compound 47 (150 mg, 0.1 mmol) in CH2Cl2 (5 mL).  The solution turned light 
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brown and 31P{1H} NMR spectroscopy showed compound 52 as the major 

phosphorus-containing product, accompanied by numerous unknown 

decomposition products (ca. 20% by integration of the 31P{1H} NMR spectrum) 

that could not be separated from 52.  Addition of 20 mL of Et2O followed by 50 

mL of pentane afforded a rust-coloured product, which was rinsed 5 times with 20 

mL portions of Et2O before complete solvent removal under vacuum.  Compound 

52 decomposed over the course of 30 min in solution and 24 h in the solid state, 

as a result its characterization is based on multinuclear NMR spectroscopy. 

(g) [IrRu(H)(CO)3(C(H)=C(H)CH3)(dppm)2][OTf] (53).  A solution of 

compound 6 (15 mg, 0.01 mmol; 0.7 mL CD2Cl2) in an NMR tube fitted with a J. 

Young valve was cooled to –78 °C and evacuated.  The NMR tube was then 

charged with 7 mL of propylene gas (ca. 7 atm).  The mixture was placed in an 

NMR probe that had been precooled to –80 °C.  Warming in 10 °C increments 

yielded no new species until 0 °C at which temperature compound 53 formed in a 

1:5 ratio with compound 6.  Compound 53 reacted further to form 48 at 

temperatures above –20 °C so its characterization is based on NMR spectroscopy 

at –20 °C.   

 (h) [IrRu(CO)3(µ-!1:!1-C(H)C(CH3))(dppm)2][OTf] (54).  A solution of 

compound 6 (15 mg, 0.01 mmol) in 0.7 mL of CD2Cl2 was cooled to 0 °C and 

saturated with propyne gas.  The mixture was allowed to sit at 0 °C for 16 h 

before being placed in an NMR probe that had been precooled to 0 °C and 
31P{1H} NMR spectroscopy revealed the formation of both compounds 54 and 48 

in a 1:1 ratio.  At temperatures above –20 °C, compound 54 continued to convert 

to compound 48 and, over the course of several hours 48 was the only species 

observed.  As a result, compound 52 has been characterized by multinuclear NMR 

spectroscopy at  –20 °C. 

 (i) [IrRu(CO)3(µ-!1:!1-H2C=C=CH2)(dppm)2][OTf] (55).  A yellow solution 

of compound 6 (20 mg, 0.015 mmol) dissolved in 0.7 mL of CD2Cl2 in an NMR 

tube was cooled to –78 °C.  Allene gas (5 mL) was passed through the sample via 

a gas-tight syringe.  The mixture was placed in an NMR probe which had been 

precooled to –80 °C.  The sample was warmed in 10 °C increments and held at 
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each temperature for 1 h while being monitored by 31P{1H} NMR spectroscopy.  

No new species was observed until warming to –10 °C, at which temperature 

compound 55 formed.  After 40 min at –10 °C, 55 was present in a 1:2:1 ratio 

with compounds 6 and 56, respectively.  Beyond 40 min the concentration of 55 

began to dimish as 49 formed in conjunction with other unidentified 

decomposition products (ca. 20% of all phosphorus-containing products). 

(j) [IrRu(CO)3(H)(µ-!1
:!2

-C(H)=C=CH2)(dppm)2][OTf] (56).  In an NMR 

tube, allene gas (5 mL) was passed through a solution of 6 (20 mg, 0.015 mmol) 

in 0.7 mL of CD2Cl2 at –78 °C.  The sample was inserted into an NMR probe 

which had been pre-cooled to –80 °C.  The sample was warmed to –10 °C (see 

part (h) for details) and after 40 min 31P{1H} NMR spectroscopy revealed 

compound 56 in a 1:2:1 ratio with compounds 6 and 54.  Beyond 40 min the 

relative concentration of both compounds 54 and 55 dimished as compound 49 

and other unknown products begin to form at their expense. 

 (k) Attempted reactions of compound 47 with diazoalkanes.  In an NMR tube, 

15 mg of compound 47 (0.01 mmol) was dissolved in 0.7 mL of CD2Cl2.  A 10-

fold excess of diazoalkane was added either as a gas in the case of N2CH2 

(generated from Diazald) or neat in the case of diethyldiazomalonate (DEDM).  In 

all cases no new products were observed in the 31P{1H} NMR over the period of 5 

days. 

(l) Reaction of compound 52 with diazomethane.  Compound 52 was prepared 

in situ in an NMR tube by the slow addition of a TMNO solution (164 µL, 5 

mg/mL) to a solution of 47 in 0.7 mL of CD2Cl2.  The formation of 52 was 

confirmed by 31P{1H} NMR spectroscopy.  The solution was then transferred to 

an NMR tube fitted with a J. Young valve and the tube evacuated.  The tube was 

filled with diazomethane gas (ca. 1 atm, prepared from 200 mg of Diazald®).  The 
31P{1H} NMR spectrum of the mixture revealed numerous uncharacterized 

decomposition products, whereas 1H NMR spectroscopy showed the presence of 

allene (" 4.21 (s)). 
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(m) Reaction of compound 52 with diethyl diazomalonate (DEDM). 

Compound 52 was prepared in situ in an NMR tube by the slow addition of a 

TMNO solution (164 µL, 5 mg/mL) to a solution of 47 (15 mg, 0.011 mmol) in 

0.7 mL of CD2Cl2.  31P NMR spectroscopy revealed complete conversion to 

compund 52.  To the solution of compound 52 was added an excess  of DEDM 

(ca. 5 eq). The 31P{1H} NMR spectrum of the mixture revealed numerous 

uncharacterized decomposition products, whereas 1H NMR spectroscopy showed 

the presence of diethyl 2-vinylidene malonate (" 5.12 (s, 2H); 4.23 (q, 4H); 1.62 

(t, 6H)).  

(n) X-ray Data Collection.  All X-ray crystallographic data were collected and 

analyzed by Dr. R. McDonald and Dr. M. J. Ferguson of the Departmental X-ray 

Services laboratory. Weighted R-factors wR2 and all goodnesses of fit S (S = 

[#w(Fo2 – Fc2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; 

w = [!2(Fo2) + (0.0645P)2]-1 where P = [Max(Fo2, 0) + 2Fc2]/3)) are based on 

Fo2; conventional R-factors R1 are based on Fo, with Fo set to zero for negative 

Fo2. The observed criterion of Fo2 > 2!(Fo2) is used only for calculating R1 
(R1 = 

#||Fo| – |Fc||/#|Fo|; wR2 = [#w(Fo2 – Fc2)2/#w(Fo4)]1/2), and is not relevant to the 

choice of reflections for refinement.  R-factors based on Fo2 are statistically about 

twice as large as those based on Fo, and R-factors based on ALL data will be even 

larger. 

(a) Bright orange crystals of compound 47 were grown by slow diffusion of Et2O 

into a saturated solution of compound 47 in CH2Cl2. Data were collected on a 

Bruker P4/RA/SMART 1000 CCD diffractometer using Mo K$ radiation at –80 

°C and corrected for absorption through use of the SADABS procedure within the 

software provided by Burker (programs for diffractometer operation, data 

collection, data reduction and absorption correction were those supplied by 

Bruker).32   See Table 4.2 for a summary of crystal data and X-ray data collection 

information.  Unit cell parameters were obtained from a least-squares refinement 

of the setting angles of 7473 reflections, with 4.36° < 2" < 54.86° and the space 
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group was determined to be I2/a (an alternate setting of C2/c [No. 15]).  

The structure of 47 was solved using the Patterson search and structure 

expansion routines as implemented in the DIRDIF-99 program system.  

Refinement was completed using the program SHELXL-93.  Hydrogen atoms 

were assigned positions based on the geometries of their attached carbon atoms, 

and were given thermal parameters 20% greater than those of the attached 

carbons. The triflate ion was determined to be disordered over two different sites.  

At one of these (at approximate crystal coordinates [0.38, 0.46, 0.52]) the triflate 

ion occupied two sets of equally-abundant (25% occupancy) positions ({S(2A), 

F(94A), F(95A), F(96A), O(94A), O(95A), O(96A),  
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Table 4.2.  Crystallographic Experimental Details for Compound 47 
A.  Crystal Data 

 
formula C57.5H47ClF3IrO7P4RuS 

formula weight 1391.61 
crystal dimensions (mm) 0.38 % 0.38 % 0.11 
crystal system monoclinic 
space group I2/a (an alternate setting of C2/c [No. 15]) 
unit cell parameters 
 a (Å) 17.5797 (11) 
 b (Å) 23.6325 (15) 
 c (Å) 26.4280 (17) 
 # (deg) 95.2753 (9) 

 V (Å3) 10933.1 (12) 
 Z 8 

$calcd (g cm-3) 1.691 

! (mm-1) 2.975 
B.  Data Collection and Refinement Conditions 

diffractometer Bruker PLATFORM/SMART 1000 CCD 
radiation (% [Å]) graphite-monochromated Mo K& (0.71073)  
temperature (°C) –80 
scan type ' scans (0.3°) (20 s exposures) 
data collection 2" limit (deg) 54.90 
total data collected  45746 (–22 & h & 22, –30 & k & 30, –34 & 34) 
independent reflections 12470 (Rint = 0.0308) 

number of observed reflections (NO) 10108 [Fo2 ' 2!(Fo2)] 

structure solution method direct methods (SHELXS–9731) 

refinement method full-matrix least-squares on F2 (SHELXL–9731) 
absorption correction method multi-scan (SADABS) 
range of transmission factors 0.7355–0.3977 

data/restraints/parameters 12470 [Fo2 ' –3!(Fo2)] / 29 / 737 

goodness-of-fit (S) 1.122 [Fo2 ' –3!( Fo2)] 

final R indices 

 R1 [Fo2 ' 2!(Fo2)] 0.0303 

 wR2 [Fo2 ' –3!( Fo2)] 0.0911 

largest difference peak and hole 1.478 and –0.864 e Å-3 
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C(92A)} and {S(2B), F(94B), F(95B), F(96B), O(94B), O(95B), O(96B), 

C(92B)}).  Distances within these sets of atoms were restrained during 

refinement: d(S–O) = 1.45(1) Å; d(S–C) = 1.80(1) Å; d(F–C) = 1.35(1) Å; 

d(F…F) = 2.20(1) Å; d(O…O) = 2.37(1) Å.  Also located at this site is a solvent 

dichloromethane molecule, refined with an occupancy factor of 50% and the 

following restraints: d(Cl–C) = 1.80(1) Å; d(Cl…Cl) = 2.95(1) Å. The atoms at 

the other triflate ion site [0.76, 0.42, 0.0], located near the crystallographic 

twofold rotational axis [3/4, y, 0], were refined with an occupancy factor of 50% 

and with no geometric restraints applied. 

(b)  Yellow crystals of compound 48 where obtained by slow diffusion of Et2O 

into a dichloromethane solution.  Data were collected and corrected for absorption 

as for 48 (see Table 4.3). Unit cell parameters were obtained from a least-squares 

refinement of the setting angles of 5502 reflections from the data collection, and 

the space group was determined to be C2/c (No. 15).   

The structure of 48 was solved and refined using the same procedure as for 

47.  Hydrogen atoms were assigned positions based on the geometries of their 

attached carbon atoms, and were given thermal parameters 20% greater than those 

of the attached carbons. Attempts to refine peaks of residual electron density as 

partially occupied/disordered solvent dichloromethane and diethylether molecules 

were unsuccessful. The data were corrected for disordered electron density 

through use of the SQUEEZE procedure as implemented in PLATON.32 A total 

solvent accessible void volume of 1885.2 Å3 and electron count of 685.4 electrons 

were found, consistent with an additional 1 equivalent of diethylether and 0.5 

equivalents of dichloromethane molecules per asymmetric unit. The minor 

orientation of the disordered triflate was restrained to have the same geometry as 

that of the major orientation during refinement by use of the SHELXL SAME 

instruction.32  
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Table 4.3.  Crystallographic Experimental Details for Compound 48 
A.  Crystal Data 

formula C62.50H59ClF3IrO8P4RuS 

formula weight 1461.23 
crystal dimensions (mm) 0.32 % 0.24 % 0.15 
crystal system monoclinic 
space group C2/c (No. 15) 
unit cell parameters 
 a (Å) 34.714 (3) 
 b (Å) 17.3092 (14) 
 c (Å) 20.5712 (17) 
 # (deg) 96.598 (2) 

 V (Å3) 12278.8 (18) 
 Z 8 

$calcd (g cm-3) 1.601 

! (mm-1) 2.656 

B.  Data Collection and Refinement Conditions 
diffractometer Bruker PLATFORM/SMART 1000 CCD  
radiation (% [Å]) graphite-monochromated Mo K& (0.71073)  
temperature (°C) –80 
scan type ' scans (0.3°) (20 s exposures)  
data collection 2" limit (deg) 52.78 
total data collected 46539 (–43 & h & 43, –21 & k & 21, –25 & l & 25) 
independent reflections 12566 (Rint = 0.0531) 

number of observed reflections (NO) 8816 [Fo2 ' 2!(Fo2)] 

structure solution method direct methods (SHELXS–8632a) 

refinement method full-matrix least-squares on F2 (SHELXL–9332) 
absorption correction method multi-scan (SADABS) 
range of transmission factors 0.6915–0.4837 

data/restraints/parameters 12566 [Fo2 ' –3!(Fo2)] / 19 / 704 

goodness-of-fit (S) 1.003 [Fo2 ' –3!( Fo2)] 

final R indices 

 R1 [Fo2 ' 2!(Fo2)] 0.0416 

 wR2 [Fo2 ' –3!( Fo2)] 0.1103 

largest difference peak and hole 1.849 and –1.137 e Å-3 
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4.3    Results and Discussion 

4.3.1 Olefin Activation 

Treatment of compound 6 with ethylene results in the unusual activation of 

two geminal C-H bonds to give H2 and the vinylidene-bridged product, 

[IrRu(CO)4(µ-C=CH2)(dppm)2][OTf] (2), over the course of 16 h (see Scheme 

4.2).   A more conventional route, reaction of 6 with acetylene, also gives the  

 

 

 

vinylidene-bridged compound 47 via a 1,2-hydride shift over the course of 4 h. 

Although not previously observed for the IrRu systems reported in this study, the 

metal-promoted transformation of a terminal alkyne to a vinylidene ligand is well 

precedented.34-38 The 31P{1H} NMR spectrum of compound 47 shows two 

multiplets at " 31.3 and 4.3.  As noted in Chapter 3, it is generally observed for 

dppm-bridged IrRu complexes that the upfield 31P signal arises from the 

phosphorus nuclei bound to Ir whereas the downfield signal is due to the Ru-

bound phosphorus nuclei;30 we have assigned the 31P shifts for compound 47 

accordingly. 

In the 1H NMR spectrum of 47 the methylene protons of the new 

vinylidene ligand appear as two broad singlets at " 6.69 and 5.03, while the 

methylene protons of the dppm bridge appear as two separate multiplets at " 3.99 

and 2.93; the inequivalence of the dppm methylene protons is diagnostic of 

different chemical environments on either side of the approximate IrRuP4 plane, 

as might result if the vinylidene ligand were bridging.  Finally, the 13C{1H} NMR 

spectrum of the 13CO-labeled isotopomer of compound 47 shows four signals for 
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the carbonyl ligands at " 179.3 (triplet), 193.2 (triplet), 196.1 (triplet) and 203.5 

(multiplet).   Based on 13C{1H} NMR spectroscopy with selective 31P decoupling 

we have assigned the upfield resonance to an Ir-bound carbonyl, the downfield 

resonance to that of a bridging-carbonyl and the two remaining signals to two 

carbonyls bound terminally to Ru.  This arrangement of carbonyls, three terminal 

and one bridging, is supported by the IR spectrum of compound 47 with three 

bands characteristic of terminal carbonyls (2048, 1999, 1947 cm-1) and one in the 

bridging carbonyl region (1805 cm-1).   

An X-ray crystal structure determination of compound 47 confirms the 

structure proposed above (see Figure 4.1 for the atom labeling scheme and Table 

4.4 for selected bond distances and angles).  The new vinylidene ligand bridges  

 

Figure 4.1.   Perspective view of the [IrRu(CO)3(!–CO)(!–C=CH2)(dppm)2]+ complex cation 

of compound 47, showing the atom labeling scheme.  Non-hydrogen atoms are 

represented by Gaussian ellipsoids at the 20% probability level.  Hydrogen atoms 

attached to C(6), C(7), and C(8) are shown with arbitrarily small thermal 

parameters; dppm phenyl hydrogens are not shown. 

 

the two metal centres unsymmetrically (Ir-C(5) = 2.050(3) Å, Ru-C(5) = 2.151(3) 

Å).  The longer Ru-C(5) distance is most likely a result of the increased steric 

crowding about the Ru centre due to its greater coordination number.  In 

accordance with the 13C{1H} NMR spectrum one carbonyl is terminally bound to 

Ir (Ir-C(1) = 1.881(4) Å), two are terminally bound to Ru (Ru-C(3) = 1.939(4) Å, 

Ru-C(4) = 1.913(4) Å) and one is bridging both metals (Ir-C(2) = 2.001(3) Å, Ru-  
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Table 4.4.  Selected Distances and Angles for Compound 47 

Distances (Å) 
Atom1 Atom2 Distance  Atom1 Atom2 Distance  
Ir Ru 2.9278(3)  Ru P(4) 2.3906(9)  
Ir P1 2.3372(10)  Ru C(2) 2.194(3)  
Ir P3 2.3314(10)  Ru C(3) 1.939(4)  
Ir C(1) 1.881(4)  Ru C(4) 1.913(4)  
Ir C(2) 2.001(3)  Ru C(5) 2.151(3)  
Ir C(5) 2.050(3)  C5 C(6) 1.309(5)  
Ru P(2) 2.3815(10)  P(1) P(2) 3.0664(13)†  

    P(3) P(4) 3.0445(12)†  

Angles (deg) 
Atom1 Atom2 Atom3 Angle Atom1 Atom2 Atom3 Angle 
P(1) Ir P(3) 152.65(3) P(2) Ru C(4) 88.94(11) 
P(1) Ir C(1) 94.52(12) P(2) Ru C(5) 86.63(10) 
P(1) Ir C(2) 102.54(10) C(2) Ru C(3) 90.25(14) 
P(1) Ir C(5) 83.11(10) C(2) Ru C(4) 175.18(14) 
P(3) Ir C(1) 92.35(12) C(2) Ru C(5) 87.52(13) 
P(3) Ir C(2) 102.79(10) C(3) Ru C(4) 94.48(15) 
P(3) Ir C(5) 84.25(10) C(3) Ru C(5) 177.66(14) 
C(1) Ir C(2) 97.31(15) C(4) Ru C(5) 87.75(14) 
C(1) Ir C(5) 166.92(15) Ir C(2) O(2) 134.1(3) 
C(2) Ir C(5) 95.75(13) Ru C(2) O(2) 137.5(3) 
P(2) Ru P(4) 173.78(3) Ir C(5) Ru 88.32(13) 
P(2) Ru C(2) 89.89(9) Ir C(5) C(6) 138.6(3) 
P(2) Ru C(3) 92.69(12) Ru C(5) C(6) 133.1(3) 

 †Nonbonded distances 

 

C(2) = 2.194(3) Å).  The unsymmetrical binding of this bridging carbonyl is 

presumably a result of the same steric considerations noted above for the 

vinylidene bridge.  Interestingly, despite the asymmetry in metal-C bond lengths 

involving both the bridging vinylidene and carbonyl groups, the angles at both $-

carbons are reasonably symmetric (Ir-C(2)-O(2) = 134.1°; Ru-C(2)-O(2) = 

137.5(3)°; Ir-C(5)-C(6) = 138.6(3)°; Ru-C(5)-C(6) = 133.1(3)°). 

The intermetallic distance of 2.9278(3) Å is long for an Ir-Ru single bond, 

generally observed to be ! ca. 2.8 Å (for example, compounds 39, 40, and 42 of 

Chapter 3).   However, the strained Ir-C(5)-Ru bond angle of 88.32(13)° is much 

smaller than the ideal 120° angle for sp2 hybridized carbon, suggesting a mutual 

attraction between the two metals.  Moreover, the intraligand P….P separations 

within the dppm ligands (3.0445(12) Å and 3.0664(13) Å) are greater than the Ir-

Ru separation suggesting an attractive interaction between the two metals.   The 

inclusion of a metal-metal bond gives both the Ir and Ru centres 18-electron 
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configurations.  If the Ir-Ru bond is omitted in describing the geometries at each 

metal the Ir geometry can be described as a distorted square-based pyramid – with 

a bridging CO at the apical site – while that of Ru appears as a pseudo-octahedral.  

In a similar way, propylene and propyne also react with compound 6 to 

give the methylvinylidene-bridged product, [IrRu(CO)4(µ-C=C(H)CH3)-

(dppm)2][OTf] (48), through either geminal C-H activation and H2 elimination, or 

a 1,2 hydride shift, respectively (see Scheme 4.2); both reactions exhibit similar 

reaction time-scales as observed for the formation of 47 by analogous routes (vide 

supra).  By and large, the spectral characteristics of 48 are similar to those of 47 

and can be found in Table 4.1.  

The X-ray structure determination of 48 again confirms the structure 

proposed (see Figure 4.2 for the atom labeling scheme, and Table 4.5 for relevant  

 

 

Figure 4.2   Perspective view of the [IrRu(CO)3(!–CO)(!–C=CHCH3)(dppm)2]+ cation of 

compound 48, showing the atom labeling scheme.  Non-hydrogen atoms are 

represented by Gaussian ellipsoids at the 20% probability level.  Hydrogen atoms 

attached to C(6), C(7), C(10) and C(20) are shown with arbitrarily small thermal 

parameters.  Hydrogen atoms attached to the phenyl carbons of the dppm ligands are 

not shown. 

 

bond distances and angles), showing that the propylene (or propyne) substrate has 

been transformed into a propenylidene fragment that bridges both metal centres.  
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Table 4.5.  Selected Distances and Angles for Compound 48 

Distances (Å) 
Atom 1 Atom2 Distance  Atom1 Atom2 Distance  
Ir Ru 2.9282(5)  Ru P4 2.3973(13)  
Ir P(1) 2.3259(12)  Ru C(2) 2.178(5)  
Ir P(3) 2.3237(13)  Ru C(3) 1.947(5)  
Ir C(1) 1.886(6)  Ru C(4) 1.907(5)  
Ir C(2) 1.998(5)  Ru C(5) 2.141(5)  
Ir C(5) 2.060(5)  C(5) C(6) 1.337(6)  
Ru P(2) 2.3943(12)  C(6) C(7) 1.471(7)  
P(1) P(2) 3.0437(19)†  P(3) P(4) 3.050(2)†  

    C(6)  C(7) 1.471(7)  
 

Angles (deg) 
Atom1 Atom2 Atom3 Angle Atom1 Atom2 Atom3 Angle 
P(1) Ir P(3) 151.45(5) P(2) Ru C(4) 89.53(14) 
P(1) Ir C(1) 93.72(16) P(2) Ru C(5) 85.26(12) 
P(1) Ir C(2) 102.13(14) C(2) Ru C(3) 89.5(2) 
P(1) Ir C(5) 83.16(12) C(2) Ru C(4) 179.7(2) 
P(3) Ir C(1) 93.25(17) C(2) Ru C(5) 87.70(19) 
P(3) Ir C(2) 104.60(14) C(3) Ru C(4) 90.8(2) 
P(3) Ir C(5) 84.69(12) C(3) Ru C(5) 177.2(2) 
C(1) Ir C(2) 96.1(2) C(4) Ru C(5) 92.07(19) 
C(1) Ir C(5) 168.8(2) Ir C(2) O(2) 134.4(4) 
C(2) Ir C(5) 95.0(2) Ru C(2) O(2) 136.6(4) 
P(2) Ru P(4) 169.58(5) Ir C(5) Ru 88.35(17) 
P(2) Ru C(2) 90.26(13) Ir C(5) C(6) 141.4(4) 
P(2) Ru C(3) 94.63(15) Ru C(5) C(6) 130.2(4) 
†Nonbonded distances 

Again, most structural parameters are in line with those of 47.  The C(5)-C(6) and 

C(6)-C(7) distances (1.309(5) Å and 1.471(7) Å, respectively) are typical of those 

observed for C-C double and single bonds, respectively,38 the latter involving sp2 

and sp3 hybridized carbon.  As observed for 47, the new vinylidene ligand in 48 

bridges the metal centres unsymmetrically, again having a shorter Ir-C(5) bond 

(2.060(5) Å) than Ru-C(5) bond (2.141(5) Å).  In this case however, the Ir-C(5)-

C(6) and Ru-C(5)-C(6) bond angles also differ significantly at 141.4(4)° and  

130.2(4) Å both slightly greater than the idealized value for an sp2 carbon centre.  

This opening of the Ir-C(5)-C(6) and C(5)-C(6)-C(7) bond angles is most likely 

due to steric repulsions between the methyl substituent and the phenyl rings of the 

dppm ligands. Surprisingly, the two phosphorus atoms on Ir are bent towards the 

vinylidene group (P(1)-Ir-P(3) = 151.45(5)°).  This distortion appears necessary in 

order to accommodate the phenyl groups on the side of the complex remote from 
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the vinylidene fragment, which are aimed into the void between the carbonyls 

C(1)O(1) and C(2)O(2). 

 All carbonyls are normal, in which the metal-carbon distances involving 

the bridging group (C(2)O(2)) are longer than the terminally bound ones.  The 

bonding arrangement of the bridging carbonyl is similar to what was observed for 

47 in which Ir-C(2)-O(2) and Ru-C(2)-O(2) angles are comparable (134.4(4)° and 

136.6(4)°, respectively) and this group is shifted significantly towards Ir (Ir-C(2) 

= 1.998(5) Å, Ru-C(2) = 2.178(5) Å).  Finally, both the geometries about the two 

metal centres and the Ir-Ru distances for 48 (2.9282(5)!Å) are similar to those of 

47. 

Attempts to generate a related vinylvinylidene-bridged species by reaction of 

compound 6 with 1,3-butadiene were unsuccessful; no reaction was detected after 

24 h, and after several days only compound 6 and unidentified decomposition 

products were observed in a 5:1 ratio (6:unidentified decomposition products) as 

determined by integration of the resonances in the 31P{1H} NMR spectrum of the 

mixture. The lack of reactivity of 6 is in contrast to the geminal C-H activation of 

butadiene by the less crowded diiridium system, [Ir2(CH3)(CO)2(dppm)2][OTf].19 

In this latter system, precoordination of both ( bonds of the butadiene substrate – 

one to each metal – was postulated.  No such species is observed in the case of the 

IrRu system, even at temperatures as low as –80 °C.  We speculate that the more 

crowded environment at Ru of compound 6 prevents a similar coordination of 

butadiene in this system. 

 

4.3.2 Cumulene Activation 

 

Compound 6 also facilitates geminal C-H activation of terminal cumulene 

substrates at ambient temperatures, giving vinylidene-bridged products like those 

observed in the activation of ethylene and propylene.  For example, reaction of 6 

with propadiene (allene) gives the methylvinylidene-bridged compound 48 over 

the course of 16 h, as illustrated in Scheme 4.3.  As with propylene, the cleavage  
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of two geminal C-H bonds has occurred.  However, rather than H2 elimination, as 

was observed with propylene, the hydrogen atoms generated in the double C-H 

activation steps in this case have been transferred to the central and terminal 

carbons of the former cumulene fragment, to give the propenylidene moiety. 

Compound 6 also reacts with 1,2-butadiene (methylallene) to give the 

analogous butenylidene-bridged product, [IrRu(CO)4(µ-

C=C(H)CH2CH3)(dppm)2][OTf] (49) as also shown in Scheme 4.3 above.  

Complete conversion to 49 occurs in ca. 24 h.  The spectroscopic parameters for 

compound 49 are similar to those of compounds 47 and 48 and can be found in 

Table 4.1, so this product is assigned an analogous structure. 

Reaction of 6 with the larger 3-methyl-1,2-butadiene (1,1-dimethylallene) 

again proceeds by apparent geminal C-H activation.  However, in addition to both 

geminal C-H bonds being activated, a third C-H bond of a methyl group has also 

been cleaved to give the unexpected product [IrRu(CO)4(µ-C=C(H)C(Me)=CH2) 

(dppm)2][OTf] (50), shown in Scheme 4.4.  In the formation of compound 50 the 

cleavage of three C-H bonds is accompanied by the elimination of H2 and the 

migration of one proton to the central carbon of the former cumulene fragment.  

This reaction involving 1,1-dimethylallene is slow compared to those of both 

allene and methylallene, taking several days for complete conversion. 

Furthermore, compound 50 decomposes readily in solution in the presence of air 

and moisture necessitating their rigorous exclusion.   
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31P{1H} NMR spectroscopy of compound 50 reveals an AA'BB' splitting 

pattern similar to those of 47, 48, and 49 with the Ru-bound end of the 

diphosphines appearing as the downfield signal  (" 27.1) and the Ir-bound ones as 

the upfield signal (" –4.1).  In the 1H NMR spectrum of 50 the dppm methylene 

protons appear as multiplets at " 3.92 and " 3.03 exhibiting coupling to both sets 

of phosphorus nuclei as well as each other.  Four additional signals corresponding 

to the bridging vinylidene ligand, appear in the 1H NMR spectrum (see Figure 4.3 

for proton labeling scheme): two doublets of multiplets at " 4.72 (Ha) and " 4.41  

 

 

Figure 4.3.  Proton labeling scheme for the 3-methyl-1,3-butadienylidene fragment of compound 

50 (dppm ligands omitted). 

 

(Hb), a broad multiplet at " 7.86 (Hc) and one multiplet at " 0.41 (CH3).  A 2D 1H 

correlation experiment clearly shows that Hc is spin-spin coupled to the methyl 
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group (unresolved), which in turn shows additional coupling to both Ha and Hb 

(unresolved).  Protons Ha and Hb display a mutual coupling of 2.4 Hz.  In 

addition, NOE experiments show strong NOEs between Ha and Hb, between Ha 

and the methyl protons and between Hb and Hc.  Based on the chemical shifts, 

integration, spin-spin coupling and NOE experiments the signal at " 0.41 has been 

assigned to the methyl group.  The strong NOE and the weak 2.4 Hz coupling 

between Ha and Hb indicate that these two protons are geminal and have been 

assigned accordingly.  Finally, on the basis of integration, NOE and spin-spin 

coupling to the methyl group the signal at " 7.86 is assigned to Hc.  These 1H 

NMR data support the structure shown in Figure 4.3 for the 3-methyl-1,3-

butadienylidene fragment.   

Four carbonyl resonances at " 211.5, 193.5,  191.6 and  182.2 are evident 

in the 31C{1H} NMR spectrum of compound 50.  The two at " 193.5 and 191.6 

have been assigned to the two carbonyls terminally bound to Ru, on the basis of 

their coupling to the Ru-bound phosphorus nuclei (10 Hz and 13 Hz, respectively) 

and mutual 3 Hz cis coupling.  Moreover, the signal at " 193.5 displays an 

additional 25 Hz trans coupling to the 13C nucleus resonating at " 211.5 and 3 Hz 

cis coupling to the 13C nucleus that resonates at " 191.6  This signal at " 211.5 has 

been assigned to a bridging carbonyl on the basis of its coupling to both the Ru-

bound phosphorus nuclei (13 Hz) and Ir-bound phosphorus nuclei (unresolved) as 

well as its additional spin-spin coupling to the two Ru-bound carbonyls at " 191.6 

and " 193.5, as noted above.  Finally, the upfield resonance at " 182.2 is assigned 

to the carbonyl terminally bound to Ir with the appropriate 12 Hz coupling to the 

Ir-bound phosphorus nuclei; no coupling of this carbonyl is observed to the Ru-

bound phosphorus nuclei or to the bridging carbonyl.  In agreement with the 13C 

NMR data, the carbonyl region of the IR spectrum of compound 50 clearly shows 

three stretches for the terminally bound carbonyls (2051, 2000, 1978 cm-1) and 

one for the bridging carbonyl (1792 cm-1).  Based on the spectroscopic evidence 

presented above, the structure shown in Scheme 4.3 is proposed for compound 50 

in which the new vinylidene fragment bridges the two metal centres.   
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Clearly, activation of both geminal C-H bonds remote to the methyl 

substituent in 2-methyl-1,3-butadiene would also generate compound 50 (see 

Scheme 4.4).  However, as was observed with butadiene, this methyl-substituted 

analogue also failed to react with compound 6. 

The instability of compound 50 in solution did not allow suitable crystals 

to be obtained, precluding an X-ray crystal structure determination.  However, a 

very similar transformation has been observed in the reaction of 1,1-

dimethylallene with [IrRu(CO)4()
1:)1-C(=C(CH3)2)CH2CH2)(dppm)2][OTf] (IV-

C), shown below in Scheme 4.5.39  Treatment of compound IV-C with 1,1- 

dimethylallene  

 

 

yields two species; the major species (95%) is the vinyl acetylide-bridged 

compound [IrRu(CO)3(C(=C(CH3)2)CH2CH3)(µ*!
1:!2*CCC(=CH2)CH3)-

(dppm)2][OTf] (IV-D), and the minor species (5%) is the isopropyl acetylide-

bridged species [IrRu(CO)3(C(=C(CH3)2CH2CH3)(µ*!
1:!2*CCC(H)(CH3)2)-

(dppm)2][OTf] (IV-E). X-ray structural determination of IV-D confirms the 

structure of this product and suggests a process that involves the activation of the 

geminal C-H bonds of the 1,1-dimethylallene, additional activation of a methyl C-
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H bond and the elimination of H2.
39  It is particularly important to note that IV-E 

forms without either C-H activation of a methyl group or H2 loss; both protons 

have been retained by the complex and transferred, one to each Ir-bound 

hydrocarbyl fragment.  Moreover, IV-E does not transform into the major species 

IV-D. 

 

4.3.3 Mechanistic Studies 

 

In attempts to gain a more complete understanding of the roles of the 

adjacent metals in the above geminal C-H activation processes we initiated a 

number of low-temperature NMR studies.  The goal of these studies was to 

observe key intermediates that might help determine how, and at what stage, the 

adjacent metals are involved during these transformations, and thus providing a 

better understanding of their synergy. 

 

(a)  Reactions of 6 with Ethylene and Acetylene 

 

(i) Ethylene 

Addition of ethylene (ca. 7 atm) to a solution of compound 6 at –78 °C and 

warming to 0 °C results in the formation of the tricarbonyl vinyl hydride complex, 

[IrRu(CO)3(H)(C(H)=CH2)(dppm)2][OTf] (51), in a 1:2 ratio with 6 (Scheme 4.6;  
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Figure AI.3 shows the 31P NMR spectra). No reaction is observed at lower 

temperatures.  Compound 51 has formed by the loss of one carbonyl ligand and 

oxidative addition of one ethylene molecule.  Although the reaction of 6 with 

ethylene in a sealed tube to form 47 proceeds by overall retention of all carbonyls, 

it is apparent from this study that CO loss at an early stage is pivotal in the 

formation of the intermediate 51.  No other species was observed in this 

temperature range.   The ratio of 6:51 is dependent on ethylene concentration; 

decreasing the ethylene pressure results in a decrease in the relative concentration 

of 51.  In addition, removal of both ethylene and carbon monoxide results in the 

decomposition of 51 over a 24 h period, leaving only unreacted compound 6 and 

decomposition products.  Moreover, the presence of excess carbon monoxide 

inhibits the production of 51 and similarly if CO is added to a mixture of 51 and 6 

compound 51 reverts back to 6.  The observations that the 51:6 ratio is dependent 

on the concentrations of both ethylene and CO suggest that compounds 51 and 6 

are in equilibrium, as depicted above in Scheme 4.6, in which the formation of 6 

requires the loss of one CO ligand and addition of one ethylene molecule; 

conversely, conversion of 51 to 6 requires the replacement of ethylene by CO.  

Unfortunately, spin-saturation transfer experiments were inconclusive in 

establishing exchange between the vinyl ligand and ethylene substrate; no 

exchange between free ethylene and the vinyl ligand was observed.  At 

temperatures above –20 °C compound 51 slowly converts to compound 47 over a 

period of several hours (except in the absence of CO gas as noted above), so its 

characterization is based on NMR spectroscopy at this temperature.  

Compound 51 gives rise to two signals in the 31P{1H} NMR spectrum at " 

23.6 for the Ru-bound end of the diphosphines and " 6.1 for the Ir-bound ends. 

The methylene protons of the dppm ligand appear as two multiplets at " 4.18 and 

5.08 in the 1H NMR spectrum of 51.  Both of these resonances are spin-spin 

coupled to an upfield signal at " –9.32 (3.5 Hz and 6.2 H, respectively) which in 

turn shows additional spin-spin coupling to the Ir-bound phosphorus nuclei (7.9 
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Hz), but not to those bound to Ru.  This upfield signal has been assigned to a 

hydride that is terminally bound to Ir.  Finally, three additional 1H resonances are 

attributed to the vinyl ligand; the proton bound to C$ resonates at " 6.87 and 

shows unresolved coupling to the phosphorus nuclei bound to Ir as well as trans 

and cis coupling (3JHH(trans) = 12.4 Hz, 3JHH(cis) = 4.0 Hz) to the two protons bound 

to C+, which are coincidentally overlapped at " 4.74.   The small 3JHH(trans) noted 

above may be indicative of a vinyl ligand that is bridging two metal centres in a 

,*( binding mode; it is generally observed that vinyl ligands coordinated in this 

binding mode exhibit 3JHH(trans) - 9-12Hz) whereas those bound terminally exhibit 

3JHH(trans) - 17 Hz.40-43  Moreover, recently in our group a related IrOs ,*( vinyl 

species, [IrOs(CO)4(µ-!1:!2-C(H)=CH2)(dppm)2][OTf], has been prepared, for 

which the ,*(  vinyl binding mode has been established by an X-ray structure 

determination.  This IrOs species exhibits a 3JHH(trans) between the C$- and C+-

bound  protons of 11.8 Hz, comparable to what is observed for compound 51.44  

However, some of the subsequent spectroscopy for 51 is inconsistent with a 

bridging vinyl structure. 

The 13C{1H} NMR spectrum of 51-
13

CO displays three signals of equal 

intensity; a triplet at " 169.08, and two multiplets at " 189.85 and 214.26.  The 

presence of only three carbonyl ligands clearly shows that CO loss has occurred.  

Selective 31P decoupling experiments clearly demonstrate that the signal at 

" 189.85 is coupled to the Ru-bound phosphorus nuclei (11.8 Hz) but not the Ir-

bound ones; an additional coupling (25 Hz) is also observed to the signal at 

" 214.26.  This large 25 Hz coupling suggests that these two carbonyls are 

mutually trans.  The signal at " 214.26 shows additional coupling to the Ru-bound 

ends of the diphosphines but not to the Ir-bound ends, suggesting that it is 

terminally bound to Ru.  However, the relatively downfield chemical shift 

suggests that it may also be involved in a weak, possibly semi-bridging, 

interaction with Ir.  This proposed interaction is sufficient to cause the downfield 

shift of its 13C NMR resonance, but too weak to give rise to any observable 

coupling to the Ir-bound phosphines.  Failure to observe 31P-13C coupling in cases 
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such as this, where subtle interactions between the carbonyl and the adjacent 

metal exists has been previously observed in our group; see for example 

compound 36 (Chapter 3) for which an X-ray structure determination has led to an 

unambiguous structural assignment.  Finally, the upfield resonance at " 169.08 

exhibits coupling to only the Ir-bound phosphorus nuclei (11.1 Hz), indicating it 

is terminally bound to this metal.  Surprisingly, we have been unable to observe 

resonances for the vinyl ligand in the 13C{1H} spectrum of a 13C2H3-enriched 

sample of 51, even at temperatures as low as –20 °C.  However, we have been 

able to locate these resonances by HSQC spectroscopy.  The vinyl proton exhibits 

a correlation with a resonance at " 130.6 (C$), whereas the olefinic protons show a 

correlation to a resonance at " 60.8 (C+); these resonances are suggestive of a 

µ*,*( bound vinyl group, in which the C$ and C+ resonances appear upfield and 

downfield of free ethylene, respectively,40c, 41, 43d
 and, combined with the 3JHH 

coupling noted above, supports a µ*,*(*binding mode.  However, it should be 

noted that such an arrangement of the vinyl ligand would be expected to give rise 

to an ABCD spin system for the 31P nuclei and therefore four resonances, one for 

each phosphorus nucleus, in the 31P{1H} NMR spectrum, yet only two resonances 

are observed for compound 51.  One possibility for the deceptively simple 

appearance of the 31P{1H} NMR spectrum of 51 is a fluxional process in which 

the vinyl ligand rotates about the Ir-C bond, rendering the two sets of phosphorus 

nuclei, PA/PB and PC/PD (see Chart 4.2 for the labeling of the inequivalent 31P 

nuclei), chemically equivalent on the NMR timescale; similar fluxional processes 
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have been observed for µ*,*( bound vinyl ligands.40c,43b,g  To our surprise, 

cooling 51 to –80 °C does not give rise to four separate resonances in the 31P{1H} 

NMR spectrum, suggesting that this proposal fluxionality is not occurring; it 

seems unlikely that such a fluxional process is occurring at this temperature.  

Chart 4.2 shows the proposed ,*( binding mode for the vinyl ligand.  Although 

this arrangement results in top-bottom asymmetry, the ligand is only slightly 

biased toward one orientation and the differences between the two environments 

is small.  It may be that this slight difference in chemical environments results in 

the AB and CD portions of the ABCD spin system, respectively, being 

coincidentally degenerate.  As a result of the spectral inconsistencies the 

coordination mode for the vinyl ligand (terminal versus bridging) remains unclear. 

However, in more detailed discussion later it will be evident that the coordination 

mode of this vinyl group in intermediate 51 is irrelevant in subsequent steps.  

 

(ii)   Acetylene 

Addition of acetylene to a solution of compound 6 at –78 °C and warming 

in 10 °C increments yields no new species until –40 °C at which temperature the 

tricarbonyl vinylidene-bridged complex, [IrRu(CO)3(µ-!1-C=CH2)(dppm)2][OTf] 

(52) (Scheme 4.6), is observed in a 1:1 ratio with compound 47.  In the presence 

of CO all of compound 52 transforms to 47 after several minutes, even at 

temperatures as low as –80 °C and conversely, compound 52 can be prepared 

from 47 by removal of one carbonyl ligand with TMNO (see Scheme 4.6).  

Unfortunately, compound 52 is unstable, even in the solid state, rapidly 

decomposing into unknown decomposition products within 30 min in solution and 

over the course of 24 h in the solid state; its characterization is based on NMR 

spectroscopy at –80 °C.  

Compound 52 appears as two multiplets in the 31P{1H} NMR spectrum at 

" 29.0 (Ru-P) and –10.8 (Ir-P).  In the 1H NMR spectrum, the methylene protons 

of the dppm ligands resonate at " 4.94 and 4.31 while the vinylidene protons 

appear as a two broad singlets at " 6.21 and 7.13 with unresolved coupling to both 
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sets of phosphorus nuclei.  A sample of 52-
13

CO gives rise to three carbonyl 

resonances of equal intensity in the 13C{1H} NMR spectrum (" 176.7 (t), 197.8 (t) 

and 199.7(t)).  On the basis of 13C{1H, selective 31P} experiments the upfield 

resonance has been assigned to a terminal Ir-bound carbonyl, whereas the two 

downfield resonances have been assigned to two terminal Ru-bound carbonyls 

(see Table 4.1 for coupling constants).  Based on these spectroscopic data we have 

proposed a structure for 52 (shown in Scheme 4.6) that is similar to 47. 

 
(b) Reactions of 6 with Propylene and Propyne 

 

 

(i) Propylene 

Initial reaction of compound 6 with propylene (7 atm and 0 °C) leads to 

the propenyl hydride complex [IrRu(H)(CO)3(C(H)=CHMe)(dppm)2][OTf] (53) 

shown in Scheme 4.7, in a 1:5 ratio with 6 over the course of several hours.  

 

 

 

Compound 53 converts to 48 at temperatures above 0 °C, analogous to the 

conversion of 51 into 47.  The spectral parameters for 53 mirror those of 51 and 

are given in Table 4.1.  Unfortunately, we have been unable to unambiguously 

assign 1H resonances for the propenyl ligand; the low concentration of compound 

53 combined with the presence of propylene gas, compound 6, residual solvents 

and unknown decomposition products in the 1H NMR spectrum do not allow the 
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resonances associated with the propenyl ligand to be identified.  As a result we are 

unable to assign the stereochemistry of this ligand as either E or Z; most likely 

both are present.  In a previous report of propylene activation at Ir, Carmona and 

associates noted that both isomers were present with the E isomer being the major 

species.45 The presence of both isomers of 53 would serve to diminish the 

intensities of the peaks associated with this ligand, making meaningful 

assignments even more challenging.  However, we believe that a multiplet in the 
1H NMR spectrum at " 6.18 corresponds to the proton bound to C+ of the E 

isomer.  A tentative match of this resonance to a simulated one is achieved if it is 

described as a doublet of quartets with 16.8 Hz coupling to the proton at C$ and 

3.2 Hz coupling to the methyl group (see Figure 4.4 below).  This resonance  

 

 

Figure 4.4   Selected region of the 1H NMR spectrum showing (a) the experimental and (b) the 

simulated resonance for the olefinic proton of the propenyl ligand of compound 53.  

The simulated spectrum was generated using 3JHH(trans) = 16.8 Hz and 3JHH = 3.2 Hz. 

 

integrates to 0.75 H with respect to the methylene protons of the dppm ligand 

suggesting that the E isomer is in ca. 75 % abundance; the preference for the E 

isomer would be in agreement with Carmona’s observations. 

As with compound 51, the coordination mode of the methyl vinyl ligand is 

ambiguous in the case of 53; the large 16.8 Hz trans coupling between the vinylic 

and olefinic protons is too large for a bridging vinyl ligand and is more in line 

with a terminally bound vinyl group (vide supra).   Unfortunately, we have been 
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unable to collect sufficient 13C{1H} NMR data to assign resonances for the 

carbonyls of 53.  However, based on the similar 13P and 1H NMR parameters for 

51 and 53, we assume that the two have related structures in which there are only 

three carbonyl ligands. 

 

(ii) Propyne 

If a solution of compound 6 at 0 °C is saturated with propyne the 

tricarbonyl methylvinylidene adduct, [IrRu(CO)3(CC(H)Me)(dppm)2][OTf] (54), 

is observed in a 1:1 ratio with compound 48 (shown in Scheme 4.7) and, over the 

course of 24 h at this temperature, only compound 48 remains.  Addition of CO to 

54 regenerates both compounds 6 and 48.  Compound 54 gives rise to two 

resonances in the 31P{1H} NMR spectrum at " 29.2 and –3.13 for the Ru- and Ir-

bound ends of the diphosphines, respectively (see Figure AI.4). The methylene 

protons of the dppm ligands appear as two separate resonances in the 1H NMR 

spectrum (" 3.90, 3.00) reflecting the asymmetry about the MM´P4 plane (vide 

supra), whereas the methylvinylidene bridge appears as two signals at " 5.73 

(CH) and 1.95 (CH3) in a 1:3 intensity ratio.  The signal of the CH proton at 

" 5.73 exhibits coupling to the Ru-bound phosphorus nuclei (4JP(Ru)H = 1.6 Hz) as 

well as the Ir-bound phosphines (4JP(Ir)H = 1.7 Hz) in addition to 6.5 Hz coupling 

to the methyl protons at " 1.95, which display 2.4 Hz coupling to the Ir-bound 

phosphines and unresolved coupling to the Ru-bound phosphines (see Figure AI.5 

for the 1H{selective 31P} NMR spectra).   Compound 54 gives rise to three 

carbonyl resonances at " 176.4, 194.6 and 197.6, very similar to the analogous 

vinylidene-bridged compound 51. The upfield signal is assigned to a terminally 

bound carbonyl on Ir while the two downfield signals are assigned to two 

terminally bound carbonyls on Ru, based on their respective 2JCP couplings and 

chemical shifts.  The structure in Scheme 4.7 has been proposed on the basis of 

the above data in which the methylvinylidene ligand bridges the two metals in an 

arrangement that places the methyl group adjacent to the Ir centre.  The formation 
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of an Ir-Ru bond provides the Ir and Ru metal centres with 16- and 18-electron 

configurations, respectively. 

 

(c) Geminal or Vicinal Activation? 

 

The low temperature NMR studies discussed above suggest the conversion 

of an alkenyl fragment to a bridging-alkylidene ligand; similar transformations 

have been noted previously by Deeming,18 Green43b and Casey,43c although the 

example by Casey involved base-assisted hydrogen abstraction.  In addition Casey 

et al. have also observed the related transformation of a bridging-vinylidene to a 

bridging-alkylidyne.43c  There are two mechanistic possibilities for the second C-

H activation necessary for the transformation of the alkenyl fragment to a 

bridging-alkylidene ligand; both are outlined in Scheme 4.8 below, using ethylene 

as the prototypical example.  Scheme 4.8a illustrates the ‘geminal’ mechanism in 

which rotation of the vinyl group in 51 can lead to an agostic-like interaction, 

much like IV-B proposed by Bergman,27 as shown for the proposed transition 

states IV-F and IV-G.  In the case of IV-F the vinyl group is bound to Ru 

whereas for IV-G it is bound to Ir; most likely these two isomers can interconvert 

by facile vinyl migration from metal to metal.  The interaction of the $-hydrogen 

with either Ir (structure IV-F) or Ru (structure IV-G) could lead to C-H bond 

activation, and followed by H2 elimination would give compound 52.  Subsequent 

CO coordination would lead to compound 47.  The intermediate IV-F may be the 

preferred transition state in this process as activation of the geminal C-H bond 

will lead to both hydrides being bound to Ir, making H2 elimination more facile 

than if the hydrides were bound to separate metal centres. 

In the ‘vicinal’ mechanism outlined in Scheme 4.8b the vinyl ligand is 

oriented such that the agostic-like interaction now involves the C+–H bond 

yielding the transient species IV-H and IV-I for the Ru- and Ir-bound vinyl 

group, respectively.  C-H activation of this bond followed by H2 elimination gives 

the alkyne-bridged species IV-J and isomerization of the terminal alkyne to a  
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bridging-vinylidene group would yield compound 52.  We have not observed an 

alkyne-bridged species analogous to IV-J, however, we have observed the facile  

conversion of alkynes into vinylidene fragments in this IrRu system (vide supra), 

and this transformation is commonly observed.34-38  

Attempts to observe the presumed dihydride intermediates prior to H2 

elimination have been unsuccessful.  Reaction of ethylene with compound 6 in an 

H2-rich environment or addition of H2 to a mixture of 6 and 51 gives the known 

dihydrido species [IrRu(CO)3(µ*H)2(dppm)2][OTf] in both cases,36a  whereas 

addition of H2 gas to a solution of 52 generated in situ or addition of TMNO to 51 

in an H2-rich atmosphere yields only numerous unknown decomposition products. 
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We anticipated that the reactions of 1,1-disubstituted and 1,2-disubstituted 

olefins could shed light on the mechanism of action (geminal versus vicinal) for 

this transformation; if the transformation in question occurred via a geminal 

activation, the 1,2-disubstituted substrate should be unreactive beyond the first C-

H activation process, whereas if the mechanism involves vicinal activation the 

1,1-disubstituted substrate should be unreactive to the second C-H activation.  

Unfortunately neither isobutene nor cis-butene react with compound 6; 

presumably the additional bulk introduced by the second methyl substituent 

prevents sufficient access to the metal centres.  Likewise, both 1,1-

difluoroethylene and cis-difluoroethylene are unreactive towards compound 6. 

However, in this latter regard, it is generally accepted that difluoroethylenes are 

poor ligands, having low binding affinities to transition metals.47f,g  In addition, 

fluorination of hydrocarbyl substrates only serves to strengthen the remaining 

bonds at C$.47a-e  For these reasons, fluorocarbons are substantially more difficult 

to activate than hydrocarbon substrates.40e,f,47 

Reaction of 6 with 1,1-d2 ethylene should also distinguish between the 

geminal and vicinal mechanisms, as each will lead to different isotopomer 

products (Scheme 4.9 below). In the case of the geminal mechanism (Scheme  
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4.9a) both compound 47 and the dideutero isotopomer 47-d2 should be observed, 

whereas the vicinal mechanism (Scheme 4.9b) can be expected to give only the 

isotopically scrambled product 47-d1  in which only one deuterium atom is 

incorporated in the vinylidene fragment. 

In the 1H NMR spectrum of a sample containing the products of the 

reaction between 6 and 1,1-d2-ethylene the resonances associated with the 

vinylidene group appear as two broad resonances at " 6.69 and 5.03.  The 2H 

NMR spectrum of this sample displays two broad resonances at " 6.69 and 5.03, 

paralleling the 1H NMR spectrum.  In the absence of resolvable coupling between 

the geminal protons, the 1H and 2H NMR data cannot distinguish between the 

isotopomer products generated.  Although, reaction of the 13C2H2D2 could provide 

some valuable 13C{1H} data, this isotopomer is rare and expensive.  Alternatively 

detection of H2 gas liberation by MS may allow for determination of the presence 

H2, D2, HD or a combination of the three isotopomers.  However, such an 

experiment requires specialized equipment that is not readily available to us.   

However, an examination of the observed MS isotopic pattern provides some 

valuable insight.  Shown in Figure 4.5 is the observed isotope pattern  together 

with the calculated patterns for three isotopomer ratios.  Figure 4.5a shows the 

observed pattern; Figure 4.5b shows the isotope pattern for a 1:1 mixture of 47 

and 47-d2, the expected pattern for the geminal mechanism; Figure 4.5c shows the 

calculated pattern for 100% 47-d1, the isotopomer product of the vincinal 

mechanism; finally, Figure 4.5d shows the pattern associated with a mixture of 

the isotopomers. Clearly, the calculated patterns associated with the products of 

the exclusively geminal (Figure 4.4b) and vicinal pathways (Figure 4.4c) are poor 

matches to the observed pattern.  A satisfactory pattern match can be achieved 

with an isotopomer distribution of 35% 47, 30% 47-d1, and 35% 47-d2 (Figure 

4d) suggesting that all three isotopomers are present, leading to the conclusion 

that both mechanistic pathways are active, with the geminal pathway being 

dominant, giving rise to 70% of the observed product.  It is noteworthy that in the  



 

 
 
 
 
 
 

-149- 

 

Figure 4.5    Isotope distribution patterns (m/z=1201) for a) the observed product mixture in the 

reaction of compound 6 with 1,1-d2 ethylene, as well as simulated isotopic splitting 

patterns for b) 50/50% 47/47-d2, c) 100% 47-d1 and d) 35%/30%/35% 47/47-d1/47-d2. 

 

examples of unassisted vinyl-to-bridging-vinylidene transformations reported by 

Green et al. activation occurred only by the geminal pathway, as determined by 

deuterium labeling studies.43b In the reports by Deeming and Underhill no 

distinction between the two mechanisms was provided.18 

The observation that the geminal pathway is preferred over the vicinal in 

the IrRu system under investigation in this report can be rationalized by the 

relative acidities of the C$ and C+ protons of bridging vinylidene fragments.  It is 

generally observed that the proton bound to C$ is more acidic than the ones bound 

to C+, based on the 1H NMR chemical shifts (" 6.84 and 4.74 for compound 51, 

respectively).40  In the case of ethylene, the increased acidity of the C$ proton 

leads to more facile activation of this C-H bond over C+-H, hence the geminal 

pathway is kinetically preferred.  Moreover, the increased lability of the C$–H 
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bond is supported by the work of Green discussed above, in which only this bond 

was activated.43b 

 

(c) Reactions of compound 6 with cumulenes 

 

In hopes of uncovering clues about the activation of cumulene substrates, 

we have attempted to detect intermediates by NMR spectroscopy at low 

temperatures, much as outlined above.  Unfortunately, we have been unable to 

acquire sufficient data to confidently propose a mechanism for this 

transformation.  What follows is a proposal based on, admittedly, a very limited 

data set.   

A sample containing a mixture of compound 6 and an approximate 50-fold 

excess of allene at –80 °C was slowly warmed in 10 °C increments.  No new 

species was observed between –80 °C and –10 °C, at which temperature a new 

complex, [IrRu(CO)3(!
2:!2-H2C=C=CH2)(dppm)2][OTf] (55), begins to form (see 

Scheme 4.10). Compound 55 converts directly to compound 48 upon warming  

 

 

 

above –10 °C, and reverts back to 6 in the absence of allene, even at –80 °C, 

precluding its isolation.  Its characterization is based on NMR spectroscopy at –80 
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°C.  The 31P{1H} NMR spectrum of 55 displays two multiplets at " 29.6 and –5.9, 

assigned to the Ru-bound and the Ir-bound phosphorus nuclei, respectively.  The 
1H NMR spectrum of 55 shows an upfield signal at " –2.4 as a broad triplet 

coupled to the Ir-bound phosphines and has been assigned to a proton engaging in 

an agostic interaction with Ir, on the basis of its upfield chemical shift (recall from 

Chapter 3 that agostic protons generally exhibit upfield chemical shifts) and 

unresolved H-P coupling to only the Ir-bound ends of the diphosphines 

(established by 1H{selective 31P} NMR studies).  Unfortunately, obstruction of 

the olefinic region of the 1H NMR spectrum by the large excess of free allene 

present - required to stabilize compound 55 - precludes the unambiguous 

assignment of additional resonances in the 1H NMR spectrum.  The 13C{1H} 

NMR spectrum of compound 55 (13CO enriched) shows three carbonyl 

resonances, again illustrating that carbonyl loss occurs at an early stage; one broad 

triplet at " 192.4 with 12 Hz coupling to the Ru-bound phosphorus nuclei has 

been assigned to a carbonyl terminally bound to Ru, a triplet at " 175.0 with 10 

Hz coupling to the Ir-bound 31P nuclei has been assigned to a carbonyl bound 

terminally to Ir and finally a downfield signal at " 208.9 with unresolved coupling 

to both sets of phosphorus nuclei has been assigned to a bridging carbonyl.  Based 

on the spectral parameters presented above we have tentatively proposed a 

structure for 55, shown in Scheme 4.10, in which the allene ligand is !2-bound to 

Ru while engaged in an $-agostic interaction with Ir.  Three carbonyls, one 

terminally bound to each metal and a third bridging both metals, complete the 

coordination of each metal, and along with the diphosphines and the inclusion of a 

metal-metal bond, give both metals 18-electron configurations. 

After 20 min at –10 °C a new species, tentatively formulated as  

[IrRu(H)(CO)3(µ-!1:!2-HC=C=CH2)(dppm)2][OTf] (56), begins to emerge (see 

Scheme 4.10) and after 40 min it is observed with compounds 6 and 55 in a 1:2:1 

ratio (compounds 56:6:55)  The 31P{1H} NMR spectrum of compound 56 appears 

as an ABCD pattern displaying four separate resonances, one for each phosphorus 

nucleus: a doublet of multiplets at3 " 45.6, and three doublets of doublets of 
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doublets at " 24.4, 5.4 and –11.1.  The two upfield resonances have been assigned 

to the Ir-bound end of the diphosphines and show a strong mutual trans coupling 

of 331 Hz, whereas the two downfield resonances have been assigned to the Ru-

bound ends of the diphosphines and show a mutual trans coupling of 253 Hz. 

Of particular interest is an upfield resonance in the 1H NMR spectrum at 

" –10.0 appearing as a doublet of doublet of multiplets exhibiting strong coupling 

to both the Ir-bound 31P nuclei (2JPH = 17 Hz, 5.1 Hz) and weak unresolved 

coupling to the Ru-bound 31P nuclei.  This upfield chemical shift and strong 

coupling to the Ir-bound phosphorus nuclei suggest a terminal Ir-bound hydride, 

presumably generated by the cleavage of the formerly agostic C–H bond of the 

precursor, compound 55.  Compound 56 converts to 48 over the period of a few 

hours, even at –80 °C.  As a result of this instability, we have been unable to 

acquire 13C{1H} NMR data for compound 56, even in the case of the 13CO 

isotopomer.  However, in line with an earlier discussion the ABCD 31P spin 

system suggests an arrangement not unlike a bridging vinyl group in which the 

allenyl fragment is bound to both metal centres in a ,-( fashion as shown in 

Scheme 4.10.  Such a binding arrangement for allenyl fragments has been 

observed previously by Doherty and coworkers in a Fe2 systems as well as by the 

group of Chiang on Ag surfaces.48  We assume that  like its precursor (55) 

compound 56 is a tricarbonyl.  As noted above, compound 56 continues to react to 

produce compound 48, although we have unfortunately not been able to observe 

any further species in this transformation.   

We propose that the next step involves transfer of the proton bound to the 

$-carbon to the .-carbon by a 1,3-hydrogen shift, giving the bridging propynyl 

species IV-K; such transformations have been previously reported.48  For 

example, in the most recent report, Chiang et al. showed that an allenyl fragment 

can undergo a 1,3-sigmatropic shift on Ag surfaces to give a propynyl fragment 

analogous to IV-K proposed above.48a Subsequent hydride migration to the +-

carbon of the 1-propynyl fragment of IV-K followed by CO coordination gives 

compound 48. Analogous hydride migrations have been observed for alkynyl 
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hydrido complexes both in our group49a as well as in the group of Oro.49 We 

propose that the transformation of methylallene to an ethyl vinylidene fragment 

occurs by the same mechanism.  

The activation of 1,1-dimethylallene clearly differs from that of allene and 

methylallene.  In this case the activation of three C–H bonds occurs together with 

H2 elimination to give the vinylvinylidene-bridged species 50.  We propose that in 

this case initial activation occurs much as proposed for allene and methylallene; 

cleavage of a C-H bond at the terminal end of the cumulene substrate gives the 

cumulenyl species IV-L shown in Scheme 4.11 below. We rule out the possibility 

 

 

 

of a 1,3 hydrogen shift being involved at this stage to give an isopropyl-

substituted alkenyl species on the basis of the earlier observation in the reaction of 

1,1-dimethylallene with IV-C (see Scheme 4.5).  The product of 1,3-hydrogen 

shift in IV-L would be analogous to IV-E discussed earlier, in which it was noted 

that this minor species did not transform with time to the major species IV-D and 

is probably produced by an independent pathway.  Therefore it is unlikely that a 

similar bridging alkyne fragment in our series of reactions would lead to the vinyl 

vinylidene group in 50.  Activation of a methyl group of the cumulenyl fragment 
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followed by H2 elimination gives the alkyne-bridged species IV-M that may 

undergo cleavage of the geminal C-H bond to yield the µ*!1:!2
   alkynyl-bridged 

species IV-N, which is reminiscent of IV-D, the major product of triple C-H 

activation of 1,1-dimethylallene by the related IrRu complex IV-C. Hydride 

migration to the central carbon of the alkyne moiety and coordination of a CO 

ligand could lead to compound 50. 

 

4.3.4  Reactions of the Vinylidene Bridge 

 

Metal-vinylidene species have been shown to be synthetically useful for 

the formation of carbon-carbon bonds.35,50-60  The functionalization of vinylidene 

fragments generated from the geminal activation of olefins could provide another 

useful strategy for the conversion of inexpensive olefins into value-added 

products.  Unfortunately, no further reactivity was reported in the previous 

examples of vinylidene formation via olefin geminal C-H activation.  We were 

interested in determining if the previously successful strategy for carbon-carbon 

bond formation, involving coupling of bridging vinylidenes with diazoalkane-

generated alkylidenes,57-63 could be employed to generate functionalized 

cumulenes from the vinylidene-bridged systems in this study.   

The vinylidene-bridged, tetracarbonyl compounds 47-50 are found to be 

inert towards additional reactions with diazomethane (N2CH2) or diethyl diazo 

malonate (N2C(C(O)OCH2CH3)2), DEDM).  However, as observed in the related 

methylene-bridged RhOs and RhRu systems,61-64 the tricarbonyl species displays 

a marked enhancement of reactivity over the tetracarbonyl analogues.  In line with 

these previous observations, compound 52 reacts readily with diazomethane 

(N2CH2) or diethyl diazo malonate to generate allene (1H NMR: " 4.21 (s)) or 

diethyl 2-vinylidene malonate (1H NMR: " 5.12  (s, 2H), 4.23 (q, 4H), 1.62 (t, 

6H)), respectively (see Scheme 4.12).  
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In Chapter 2 it was shown that treatment of the methylene-bridged 

species [RhM(CO)3(µ-CH2)(dppm)2][OTf] (M = Ru, Os) with diazoalkanes gave 

the corresponding olefin by coupling of the methylene group with the 

diazoalkane-generated alkylidene fragment.62 In that study we proposed that 

olefin formation occurred by coupling of a diazoalkane-generated alkylidene 

fragment and the methylene unit to give a putative C2-bridged intermediate which 

rapidly decomposed to liberate the observed olefin.  We propose a similar process 

for the transformation illustrated in Scheme 4.12 in which insertion of a 

diazoalkane-generated alkylidene unit into the Ir-C bond results in the elimination 

of the observed cumulene.  However, it should be mentioned that in an earlier 

study by Hoel et al it was reported that treatment of the vinylidene-bridged diiron 

complex, [Cp2Fe2(CO)2(µ-C=CH2)], with diazomethane gave allene;50 analogous 

to our observations.  The authors proposed that alkylidene and vinylidene 

coupling occurred across the C=C bond of the vinylidene unit to give a 

cyclopropanyl moiety, which rearranged to give the allene molecule.  A similar 

mechanism may be at work in this reaction.   

It is interesting to note that this transformation requires unsaturation of the 

bimetallic core; compounds 47-50 failed to react while the tricarbonyl species 52 

reacts readily.  In a similar manner in Chapter 2 it was also observed that the 

saturated methylene-bridged tetracarbonyl species were unreactive towards 

diazoalkanes whereas their tricarbonyl analogues reacted.  In that study the 

requirement for unsaturation was rationalized by a mechanism which involved N-

Ir

C

Ru CO

CC

+

O

C
H H

O

52

N2CR2

R = H, CO2Et

* dppm ligands have been omitted for clartiy

H2C C

R

R

+  decomposition products

Scheme 4.12



 

 
 
 
 
 
 

-156- 

bound coordination of the diazoalkane substrate prior to alkylidene insertion (see 

Scheme 2.4).63   We rationalize the requirement for unsaturation in this study in 

the same way. 

 

4.4   Conclusion 

 

The vast majority of research in olefinic C-H bond cleavage has focused 

on the development of monometallic systems capable of facilitating this process 

efficiently and selectively, yet little attention has been given to systems with 

adjacent metals.  This is surprising, considering that of the five systems reported 

capable of geminal C-H bond cleavage of olefinic substrate, three systems were 

multimetallic including the only system to exhibit this reactivity under ambient 

conditions.   

In a previous report by our group in which the Ir2 system promoted 

geminal C-H activation of butadiene, the resulting product was a stable 

vinylidene-bridged, dihydride complex.  Initially we were interested in 

determining if substitution of Ir for Ru would give a system capable of geminal C-

H activation.  This is indeed the case for ethylene and propene as well as three 

cumulenes.  In fact, geminal activation of unhindered olefins occurs more readily 

with the present IrRu system than with the earlier Ir2 system; only 1,3-butadiene 

gave geminal activation in the Ir2 system whereas IrRu resulted in activation of a 

number of olefins.  The failure of the IrRu system to activate butadiene is 

probably associated with the more crowded environment at Ru.  Moreover, the 

current IrRu system also differs from Ir2 (and other previous reports) in its 

tendency to eliminate H2.   

Generation of vinylidene-bridged species from the reaction of 6 with 

allene and methylallene differs from that of monoolefins in that H2 elimination 

does not occur upon geminal C-H bond activation. Rather, migration of both 

hydrogens to the + and . carbons occurred. The disubstituted 1,1-dimethylallene 

reacts somewhat differently with compound 6 giving the 3-methyl-1,3-
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butadienylidene-bridged species, compound 50, through the activation of three C-

H bonds of one cumulene molecule.  In this case the reaction is accompanied by 

H2 elimination and transfer of the third hydrogen to the +-carbon. 

The reactivity of multimetallic systems can be much more complex than 

monometallic ones, due in part to cooperative interaction between adjacent 

metals.  Often, the manner in which the adjacent metals interact to generate such 

unusual reactions is poorly understood and this was certainly the case in the 

activation of geminal C-H bonds of olefinic substrates.  On the basis of our study 

we suggested a proposal for adjacent metal interaction that involves substrate 

precoordination to one metal and subsequent C-H bond cleavage by the adjacent 

metal to yield a vinyl hydride intermediate.  It is unclear whether the vinyl 

hydride species is generated through the cooperativity of both metals by initial 

olefin coordination at Ru followed by bond cleavage at the adjacent Ir (as we 

optimistically suggest), or in the same way as C-H oxidative addition can occur at 

monometallic Ir centres, which has been well documented.30,31 However, it is the 

facile second activation step that is undoubtedly facilitated by the presence of the 

adjacent metal.  Two possible mechanisms, the (more direct) geminal and the 

(less direct) vicinal mechanisms, were proposed.  To our surprise, deuterium 

labeling studies on ethylene activation suggest that vinylidene formation occurs 

by both pathways.  The observation that both the geminal and vicinal C-H bonds 

are cleaved illustrates the importance of interactions between substrate fragments 

bound to one metal whilst engaging with the adjacent metal like I-I and I-J of 

Chart 4.2.   Most importantly, this study establishes the role of the adjacent metal 

in the transformation of $-olefins into bridging vinylidenes promoted by adjacent 

metal centres and further illustrates the utility of such multimetallic systems for 

unique substrate transformations.  However, more work is still required to acquire 

a complete understanding of the mechanistic details.  In particular, the complete 

spectral characterization of labile intermediates observed needs to be completed. 
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Chapter 5:  Conclusions  

 

5.1 Concluding Remarks 

 
In the work presented within this dissertation our goal was to investigate 

substrate transformations promoted by adjacent metal sites, focusing on two key 

areas: (1) understanding the roles of adjacent metals during substrate 

transformations of homogeneous bimetallic systems as well as substrate 

transformations occurring on metal surfaces; (2) determining the influence of 

different metal combinations in heterobimetallic complexes, concentrating in this 

thesis on the IrRu combination and comparing its reactivity to the previously 

studied RhOs, RhRu and Ir2 systems. 

The work of Chapter 2 was a continuation of previous work in which it 

was reported that the RhOs system promoted the selective coupling of methylene 

units, depending on reaction conditions.
1
  In that report, a mechanistic proposal 

was put forth that involved the sequential coupling of methylene units to generate 

sequentially  C2-, C3- and C4-bridged species and we wished to gain further 

insight into this process.  We had initially hoped to use substituted diazoalkanes 

as a synthetic route to both C1- and C2-bridged complexes.  Even though our 

initial goal may not have been realized, we did observe some interesting 

reactivity.   

Attempts to generate C2-bridged species by alkylidene insertion into the 

Rh-CH2 bond resulted instead in the generation of substituted olefins by coupling 

of a diazoalkane-generated alkylidene unit and the bridging methylene group.  

Although the majority of the olefin intermediates were unstable, we were able to 

characterize an interesting, ethyl acrylate complex at low temperatures; 

presumably our inability to observe the putative C2-bridged intermediate was the 

result of destabilizing steric interactions of the bulky substituents of the resulting 

olefin. Furthermore, our unsuccessful attempts to generate alkylidene-bridged 

products from a series of diazoalkanes produced three interesting and rather 

different complexes that involve incorporation of the intact diazoalkane 

functionality.  Interestingly, upon coordination of EDA the diazoalkane carbon 
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undergoes a condensation reaction with an adjacent CO ligand to generate a 

bridging !
1
:!1-diazoenolate ligand.  The diazoalkane, DEDM, binds in a similar 

!
1
:!1"bridging/chelating mode; however in this case the DEDM ligand chelates 

through one of its carboxylate groups which displaces an adjacent carbonyl 

ligand.  Interestingly, TMSDM, which lacks carbonyl functionalities, prefers to 

bind terminally.  It would seem that in the systems investigated in Chapter 2 the 

bridged binding mode for the diazoalkane is only preferred when the formation of 

a 5- (EDA) or 6-membered (DEDM) ring by chelation is possible.  Presumably, 

the stabilizing chelate effect within compounds 27-31 is sufficient enough to 

overcome the destabilizing steric interactions between the bulky diazoalkane 

ligand and the phenyl groups of the dppm framework, whereas in the case of 

TSMDM, these interactions force the ligand into the less encumbered terminal 

site on the group 8 metal.   

Attempts to generate alkylidene fragments from these diazoalkane adducts 

by either thermolytic or photolytic bond cleavage were unsuccessful in the case of 

the diazoalkane adducts in this study. In the case of compounds 27-30 the 

compounds remained unchanged after being subjected to such conditions.  Again, 

it seems that stabilization by chelation in these complexes is significant.  In 

contrast, compound 32, in which the TMSDM ligand is bound terminally, 

decomposes even under ambient conditions.  Our inability to generate alkylidenes 

from N-bound diazoalkanes supports the proposal by Milstein that the #
1
-C bound 

binding mode (coordination mode type V of Chart 2.1) is a prerequisite for the 

generation of metal-bound alkylidene units,
2
 via N2 loss. 

It would seem that our failure to generate the targeted C1- and C2-bridged 

species is also largely due to steric influences of the diazoalkane substituents.  In 

the case of C1-bridge generation, access to the diazoalkane carbon center to 

generate the prerequisite #1-C coordination is impeded by the size of these 

substituents.  Similar steric arguments explain the instability of targeted C2-

bridged species; the bulk of these substituents renders the C2-bridge unstable 

resulting in the dissociation of the corresponding olefin.   
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It is interesting to note that the diazoalkanes investigated in this study are 

commonly used to generate alkylidenes in monometallic systems, whereas with 

the ‘RhM´dppm’ systems studied in Chapter 2 the intact diazoalkane adducts were 

observed.  Although steric interactions between the diazoalkane substituents and 

the phenyl groups of the dppm ligands are likely an important contributing factor, 

the presence of an adjacent metal introduces the bridged binding modes (IV and V 

in Chart 2.1) and surely this plays a significant role in the stability of the products 

observed, at least in the case of EDA and DEDM.  Moreover, EDA and DEDM 

exhibited the ability to chelate, either by condensation with a carbonyl in the case 

of EDA, or through one of the carbonyl groups of the DEDM, adding further to 

the stability of these bridging diazoalkane ligands.  Indeed, their resistance to 

thermolytic and photolytic reactions further illustrates the stability of this 

bridging/chelating binding mode. 

The vast majority of the recent ‘MM´(dppm)2’ chemistry explored in our 

group has focused on the RhOs and RhRu metal combinations, so little was 

known about the Ir-based systems.  Starting with the IrRu combination we have 

begun to explore the influence of descending the group 9 triad (Rh to Ir). 

Our group has been interested in migratory insertion reactions occurring at 

multi-metal sites for some time.  This interest has stemmed from the possibility of 

metal-metal cooperativity in heterobimetallic systems in this process and its 

significance in the formation of oxygenates in FT chemistry.  Previous work in 

our group has focused on the RhOs and RhRu combinations
3
 and we were 

interested in determining the effect on the chemistry of substituting Rh by Ir.  

Many of the differences observed were predictable based on well-established 

periodic trends with the group 9 triad, but others were unexpected.   

Overall, the conversion of a bridging methylene group to a bridging acetyl 

group is similar in all three cases (Rh/Ru, Rh/Os and Ir/Ru); protonation is 

followed by methyl group migration from bridging to terminal, and migratory 

insertion gives the bridging acetyl fragment.  Furthermore, low-temperature NMR 

studies of all three combinations suggest direct protonation at the methylene 

group, rather than protonation at the metal followed by hydride migration to the 
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methylene carbon as proposed to occur under FT conditions in the formation of 

surface-bound methyl groups from surface-bound hydrides and methylene 

groups.
4  

However, there have been some notable differences between the Ir- and 

Rh-based systems.  In the first step of the reaction sequence (protonation of the µ-

CH2 moiety), the resulting unsymmetrically bridging methyl group is $-bound to 

Ir while involved in an agostic interaction with Ru.  For the Rh-based systems, the 

reverse was observed; the methyl group was $"bound to the group 8 metal.  

Furthermore, the two IrRu compounds containing bridging methyl groups in this 

study display slow (on the NMR time-scale) exchange between the “terminal” and 

“agostic” methyl proton at low temperature, allowing both the C-H “agostic” and 

C-H “terminal” coupling constants to be measured.  The coupling constants for 

the agostic interactions in both species (65 and 72 Hz) are believed to be the 

lowest yet observed for unsymmetrically bridged methyl groups.  Stronger 

interactions (lower 
1
JCH values) have been observed in mononuclear, electron-

poor systems and in substituted bridging alkyl fragments.
5
  

Another significant, albeit predictable, difference between the Ir- and Rh-

based systems is the rate of migratory insertion, which is orders of magnitude 

slower for the IrRu system than for the Rh-based ones, consistent with the 

stronger Ir-C bonds.  Although it may seem unusual that migratory insertion did 

not occur at the more labile Ru center in the IrRu system, it must be considered 

that in this system the methyl group is primarily bound to Ir having only a labile 

agostic interaction with Ru at very low temperature.  Recall that in Chapter 1 we 

discussed the work of Komiya and coworkers who had reported a PdCo system 

that promoted migratory insertion reactions.
6
  In that system, migratory insertion 

occurred at the more labile Co centre after alkyl migration from Pd.  Evidently, in 

the IrRu system studied in our work a similar alkyl migration from Ir to Ru is 

unfavorable, perhaps a reflection of the increased M-C bond strength of third row 

TM metals (Ir) over second row ones (Ru, Pd).  

Another anticipated difference between the Ir-based system and the Rh-

based ones is the greater tendency for Ir to undergo oxidative addition reactions.  
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Both Rh-based systems were found to be unreactive to H2, whereas the three Ir/Ru 

acyl compounds investigated in Chapter 3 react readily, either by heterolytic or 

homolytic cleavage of H2.  In reactions with the cationic tricarbonyl precursors 40 

and 41 (BF4
–
 and OTf 

–
 salts, respectively), the only product observed was the 

monohydride 43, resulting from heterolytic H2 cleavage.  In addition, treatment of 

this monohydride complex with CO leads to the formation of acetylaldehyde, 

mimicking the formation of this oxygenate in the FT process.  In contrast, 

reaction of the dicarbonyl analogue (42) at –90 
o
C yielded a dihydrogen complex 

44, which at slightly higher temperature underwent homolytic H2 cleavage to yield 

a dihydride.  To our surprise, compound 45 did not yield acetaldehyde upon 

treatment with CO, instead only CO substitution of the OTf
–
 ligand was observed.  

The reason for the lack of acetaldehyde formation in the latter case, whereas in the 

former it forms readily, is unclear.  It may be that in the case of monocationic 43 

the bridging acyl group can be readily displaced from the bridging site upon CO 

coordination at Ru and concomitant cleavage of the Ru-O bond.  The resulting 

terminally Ir-bound acyl group can readily undergo reductive elimination with the 

adjacent hydride ligand to give 6 and acetaldehyde.  In the case of 45, two factors 

contribute to the lack of acetaldehyde elimination: (1) the Ru centre in this 

complex is more crowded and so CO coordination may not be possible at this 

metal centre and (2) the Ru-O bond is much stronger in this dicationic complex 

and therefore less readily broken.   As a result of these two factors, the acyl group 

remains in the bridging position and thus reductive elimination of acetaldehyde 

does not occur.  

A noteworthy difference between terminal and bridging acetyl groups is 

the latter’s stability against deinsertion.  In mononuclear chemistry, the formation 

of an acyl group by CO migratory insertion is generally reversed by ligand 

removal.  This is not the case in the study presented in Chapter 3, or in our 

previous studies of other metal combinations.  In fact, the Ir/Ru systems allows 

for the removal of up to two carbonyl ligands while the integrity of the acyl group 

is maintained.  It was argued earlier that the number of electrons that the acyl 

ligand may provide to the metal centre is the major contributing factor in the 
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increased stability of the bridging-acyl group over terminal ones (3-electron and 

1-electron donors, respectively) and nothing is gained from this viewpoint upon 

deinsertion of the bridging-acyl.  This stability towards deinsertion may be a 

significant contributor to the formation of oxygenates in FT chemistry, and may 

also be exploited in other transformations requiring CO migratory insertion, for 

example in the copolymerization of CO and ethylene. 

The activation of geminal C-H bonds of olefinic substrates under ambient 

conditions is a transformation that is well suited to multimetallic systems. 

Surprisingly this process has received very little attention and so the roles of the 

adjacent metals in such a process are poorly defined.  In Chapter 1 we proposed a 

sequence of steps through which adjacent metals could sequentially activate a pair 

of geminal C-H bonds in %-olefins.  In this study we had hoped to find support for 

this proposal.  

A previous study in the group had demonstrated the ability of a diiridium 

dppm system to activate geminal C-H bonds in 1,3-butadiene.
7
  We sought to 

investigate the influence of substituting one “IrMe” fragment of the Ir2 systems by 

a “Ru(CO)2” fragment.  At first glance this substitution does not seem promising.  

It has already been established that substitution of Ir with more labile Rh yields a 

system that is apparently incapable of geminal C-H bond activation.
7
  In addition, 

substitution of an “IrMe” fragment by a “Ru(CO)2” fragment introduces 

saturation at one metal centre; it would be expected that such saturation would 

reduce the reactivity of the resulting IrRu system.   Furthermore, the &-acidity of 

the CO ligands of the ”Ru(CO)2” fragment versus the basicity of the Me ligand of 

the “IrMe” fragment does not favour oxidative addition in the case of the former.  

Despite these considerations, the IrRu system is capable of double geminal C-H 

activation of small olefins such as ethylene, propene and allenes, and in this 

regard is more reactive than the Ir2 system, which did not activate these substrates.  

However, the IrRu system failed to react with 1,3-butadiene.  We assume that this 

lack of reactivity of the larger substrate results from the greater number of ligands 

present in the IrRu system, limiting substrate access to the metal centres.  In this 

respect, substituting the bulky dppm groups for much less bulky depm ligands 
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would be worth pursuing.  The reduced steric bulk of depm over the dppm would 

provide greater substrate access to the metals.  In addition, although the increased 

basicity of depm will result in less favourable CO loss, which seems necessary for 

substrate attack, it should favour oxidative addition.   

Another difference between the Ir2 and the IrRu systems is the greater 

tendency of the latter to lose H2.  While the isolated product in the Ir2 system was 

a vinylidene-bridged dihydride complex,
7
 the reaction of monoolefins with the 

IrRu system yielded only the vinylidene-bridged tetracarbonyl species without 

hydride ligands; attempts to generate the presumed dihydride intermediates were 

unsuccessful.  In the case of the diiridium system the strong Ir-H bonds favours 

retention of the hydride groups, whereas it would seem that the substitution of one 

Ir centre for a more labile Ru centre is sufficient to facilitate H2 elimination.  

Additionally, in the few previous reports of geminal C-H bond cleavage, 

no further reactivity was reported for the products.  The vinylidene tetracarbonyl 

complex 47 is also inert towards further reactions with diazomethane and DEDM.  

However, the tricarbonyl analogue 52 reacts readily to generate substituted 

cumulenes.   In principle, this illustrates the potential for bimetallic systems (in 

particular IrRu ones) in the conversion of inexpensive terminal olefins into more 

valuable products, although more work is required in order to develop a system 

capable of such a transformation in an efficient and atom economical manner. 

In an effort to clarify the roles of the metals in the activation steps we 

conducted a series of low temperature NMR studies in hopes of characterizing the 

intermediate species involved.  Based on these studies the possible roles of the 

metal centres were discussed.  It is still unclear whether the initial C-H activation 

is promoted by a single metal site or if both metals are involved.  The second 

activation however, undoubtedly invokes the involvement of the adjacent metal.  

We proposed two possibilities; either the ‘geminal mechanism’, which leads 

directly to the vinylidene moiety, or the ‘vicinal mechanism’ which yields an 

unstable bridging alkyne that immediately transforms to a bridging vinylidene.   

In order to establish the possible involvement of these mechanisms we reacted the 

IrRu tetracarbonyl precusor (6) with 1,1-d2 ethylene and, based upon the isotopic 
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splitting pattern of the mass spectra, we believe that the transformation of a 

terminal olefin into a bridging vinylidene can occur by the both mechanisms, with 

the geminal mechanism in this study being the dominate pathway (at least in the 

case of ethylene).  The observation that the geminal pathway is preferred was 

rationalized by the increased acidity of the proton bound to C% over the protons 

bound to C', rendering the latter C-H bond easier to cleave.  These low 

temperature and deuterium labeling studies have provided some support for our 

initial proposal of adjacent metal involvement in the cleavage of two geminal C-H 

bonds.   These results support the notion that coordination of the vinyl ligand to 

one metal can orientate either the C%–H or the C'–H bonds for facile cleavage, 

depending on the orientation of the vinyl ligand. 

In addition, we have observed the geminal C-H activation of cumulenes to 

generate vinylidene-bridged species.  This process must proceed by a somewhat 

different mechanism than the activation of monoolefins discussed above, since in 

the case of allene and methylallene activation the protons are retained and 

transferred to the former cumulene molecule forming a vinylidene-bridge.   

Interstingly, in the case of 1,1-dimethyl allene three C-H bonds are cleaved and 

only one proton retained (the other two protons are eliminated as H2) to form a 

vinylvinylidene-bridge.  Unfortunately, we were unable to collect sufficient data 

to confidently submit a proposal for the transformation of cumulenes to bridging 

vinylidenes.  However, based on our limited observations, and those of both 

Doherty
8a

 and Chiang,
8b

 we have formulated a proposal that involves C-H 

oxidative addition of the terminal end of the cumulene molecule.  At this stage the 

allenyl and methylallenyl fragments undergo a 1,3-hydrogen shift to give a 

bridging alkenyl hydride species, whereas the 1,1-dimethylallenyl fragment 

undergoes additional C-H bond cleavage of a methyl substituent, H2 elimination, 

and cleavage of the C%–H bond to give an alkenyl fragment like that observed in 

IV-D.  From the alkenyl hydride complexes hydrogen transfer to the alkenyl 

fragment yields the bridging vinylidene species.   

It seems that the initial concern related to substituting a “saturated” 

“Ru(CO)2” fragment for an “unsaturated” “IrMe” fragment has in fact led to 
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enhancement rather than inhibition of reactivity.  It appears that the lability of the 

Ru fragment plays a pivitol role in loss of a CO ligand at an early stage, which 

generates an unfavourable 16-electron Ru centre.  Although the Ir2 system already 

has two unsaturated Ir centres, these configurations are not unfavourable.  Hence, 

the presence of this putative, highly reactive, 16-electron Ru centre results in 

greater reactivity. 

Throughout the work in this thesis we have observed new reactions that 

arise through the interactions of two different metals which, together with 

previous work from our group, demonstrates that exchange of one metal by a 

metal of the same triad (in this case replacing Rh with Ir) can result in both subtle 

and pronounced differences in reactivity.  It appears that in heterobinuclear 

systems, well established reactivity differences within metals of the same triad 

can play as important a role in the chemistry as metal-metal cooperativity between 

the adjacent metals of the complex.  

A particularly noteworthy observation not specifically discussed in the 

previous chapters is the reduced stability of the tetracarbonyl IrRu complex (6) 

compared to the RhRu (5) and RhOs (2) analogues. For example, the 

tetracarbonyl precursors of the Rh-based systems are stable for long periods, these 

compounds have been known persist for over a year and can even be stored in air 

for extended periods of time.  In contrast, the IrRu tetracarbonyl species readily 

decomposes over the course of several months, even when stored under nitrogen 

at sub-zero temperatures.  For this reason, IrRu complexes must be prepared with 

great care and in small batches.   One important difference between the 

tetracarbonyl analogues of these systems is the greater CO lability of compound 6 

versus both the RhOs and RhRu tetracarbonyl compounds (compounds 2 and 5, 

respectively); the carbonyls of 6 exchange rapidly on the NMR timescale at 

temperatures above –60 °C, whereas in the Rh-based analogues, 2 and 5, these 

carbonyls exchange slowly on the NMR timescale at ambient temperatures.  This 

increase in carbonyl lability of the IrRu system is also manifested in our inability 

to prepare a tricarbonyl methylene-bridged IrRu complex, even though the Rh-

based analogous (M = Os (25) and M = Ru (26)) are relatively stable.   The reason 
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for this increased carbonyl lability in the IrRu systems is unclear, especially when 

compared to the RhRu system.  One contributing factor to this inability of the 

IrRu complex to retain its carbonyl ligands may be the strength of the metal-metal 

interaction of this system versus those of the Rh-based ones.  However, the nature 

of these interactions is still poorly understood.  It would appear that the role of the 

group 8 metal in this regard, and how this influence affects the lability of the 

carbonyls as well as subsequent chemistry, in particular those that involve CO 

loss or substitution, is rather complex.  It is hoped that the IrOs combination will 

aid in elucidating the origins of these subtle, yet influential, differences. 

It is clearer than ever that reactivity involving adjacent metal centers is 

inherently more complicated than that of a single metal.  Even for the simplest 

“multi-metal” system – those containing only two metals – the different 

elementary steps in chemical transformations can, in principle, occur at either or 

both metals, and the subtle interactions between these metals can greatly influence 

the resulting reactivity.  Throughout the studies presented in this dissertation we 

have discussed a number of examples in which the synergistic interactions of 

adjacent metals give rise to reactivity not observed by their monometallic 

counterparts.  For example, in Chapter 2 we observed the generation of 

remarkably stable bridging/chelating diazoalkane adducts; in Chapter 3, an 

important aspect of the chemistry presented was the stability of bridging acyl 

groups versus terminal ones with respect to deinsertion; finally, the activation of 

two geminal C-H bonds of unsaturated hydrocarbyl substrates under ambient 

conditions was presented in Chapter 4. 

Overall, the work within this thesis adds to the rich chemistry of 

multinuclear systems and further demonstrates their capacity to promote unique 

and useful transformations of substrate molecules not often observed with 

monometallic complexes.  Together with other work in this field, a more complete 

picture is beginning to emerge and we are gaining a better understanding of the 

subtle interactions between adjacent metals in both homo- and heteronuclear 

systems, yet much work still remains.  It is hoped that as a greater comprehension 

of these interactions is attained we approach a more rational strategy to both 
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multinuclear homogenous and heterogeneous catalyst design.  In addition, it is 

hoped that the greater understanding of metal substitution may lead to the 

development of mixed-metal nanoparticle catalysts with controlled surface 

architecture.  Most importantly, however, we are truly beginning to see that for a 

number of selective substrate transformations, two metals are better than one. 
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Figure AI.1:  1H EXSY (400 MHz) spectroscopy spectrum of compound 38 at –60 °C. 
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Figure AI.2:  1H T1 measurement of compound 44 showing the resonance of the H2 ligand (! -0.03).  

Spectra taken at –90 ºC on a 400 MHz spectrometer. 
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Figure AI.3:  
31P{1H} (162 MHz for 31P )spectra from the variable- temperature NMR studies of the 

reaction of 6 with ethylene showing a) a mixture of 6 and 51 after initial reaction of ethylene 

and 6 at –20 °C (spectra taken at at –20 °C) and b) the final product, 47, after warming to 

ambient temperatures for 16 h. 
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Figure AI.4:  
31P{1H} NMR spectra, operating at 162 MHz for 31P, the reaction mixture of 6 and acetylene 

after 16h at 0 ºC showing a ca. 1:1 ratio of  compounds 49 and 54.
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Figure AI.5:  Selected regions of the 1H{selective 31P} NMR spectra (400 MHz) of compound 54 showing 

a) the C=CH(CH3) resonance and b) the C=CH(CH3) resonances.       
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Figure AI.6: 
31P{1H} NMR spectra of a mixture of compounds 6, 55, and 56 taken at -80 ºC. * unknown 

decomposition products and/or impurities. 
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Figure AI.7:  Selected regions of the 1H NMR spectra of a mixture of 6, 55 and 56 showing the agositc 

proton resonance of 55 (! -2.5) and the hydride resonance of 56 (! -10.0). 
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Figure AI.8: Spectra from the 1H{sel 31P} NMR experiments of 56 showing the hydride resoance with no 
31P decoupling (bottom), selective 31P decoupling of the 31P nucleus that resonates at 5.2 ppm 

(middle) and the 31P nucleus that resonates at -11.1 ppm (top). 
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Solvent Drying Agent 

Nitromethane CaH2 

Acetonitrile CaH2 

THF Na/benzophenone 

Methylene Chloride P2O5 

n-Pentane Na/benzophenone 

Diethylether Na/benzophenone 

Acetone CaCl2 

Methanol MgSO4 

Toluene Na 
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The following outlines the contributions of the author and coauthors in the studies 

presented in Chapters 2 and 3. 
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Todd Graham was the first to prepare compound 27.   Todd obtained crystals of 27 as 

well as completed the majority of the spectroscopic characterization of this compound 

(with the exception of 
13

C{
1
H} NMR and elemental analysis). Bryan Rowsell prepared 

and spectrocopically characterized compound 28.  The author completed the remainder of 

the work discussed in Chapter 2. 
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Steven Trepanier established much of the reaction sequence shown in Scheme 3.1 and 

contributed much of the characterization of compounds 34 – 37.  In addition,  L. Xu 

worked with the BF4 salts of compounds 34 – 37.  The author obtained the NMR 

spectroscopic data associated with the isotopomers 34-
13

CH3, 35-
13

CH3, 36-
13

CH3. 

James Wigginton, prepared compound 38, whereas the author established the structure 

and conducted the NMR spectroscopic studies of this system.  In a similar way, James 

and the author collaborated in the study of compounds 43 – 45.  Steve and Xu established 

the chemistry of Scheme 3.3; L. Xu prepared the compounds 39-BF4,  and 40, whereas 

Steve prepared compounds 39-OTf, 41, and 42.  Steve, Xu, James, Mathias Berenstiel 

and the author contributed equally to the complete characterization of species 39-42.  The 

author established the remaining chemistry of Chapter 3.  




