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Abstract 

 The formation of carbon–carbon (C–C) bonds is central to the 

transformation of small, readily available hydrocarbons into value-added products 

with useful chemical and physical properties. An important industrial process 

involving C–C bond formation is the Fischer-Tropsch (FT) process which 

converts carbon monoxide and hydrogen into a range of useful hydrocarbons.  

Although this heterogeneous process is not well understood, the importance of 

surface-bound, bridging methylene groups in this process is recognized.  

 This dissertion seeks to gain a further understanding of the chemistry of 

bridging methylene groups.  Chapter 2 of this thesis explores the formation of C–

C bonds by a methylene-bridged Ir/Ru system through the coupling of methylene 

groups with cumulene substrates.  Although C–C bond formation is observed in 

these complexes, we also observe unexpected multiple C–H bond activations, 

including the unusual activation of geminal C–H bonds in olefins.  In Chapter 3, 

we report the C–H activation of cumulenes, conjugated dienes, and monoolefins, 

by the tetracarbonyl Ir/Ru complex and a mechanism is presented for these 

activations. 

 The original goal of C–C bond formation is revisited in Chapters 4 and 5 

as we report the reactivity of the methylene-bridged Ir/Os complex with 

unsaturated substrates towards hydrocarbyl-bridged complexes. This metal 

combination appears to be a better model for FT chemistry, owing to the strong 

metal–carbon bonds.  The reactivity of the tetracarbonyl Ir/Os complex is also 



reported with unsaturated substrates (Chapter 5), as a comparison to the Ir/Ru 

analogue. 

 The reactivity of the Ir/M (M = Ru, Os) systems are compared to the 

analogous Rh/M (M = Ru, Os) systems, describing the effects of changing the 

group 8 metal, the group 9 metal, or both.  Throughout this thesis, we attempt to 

elucidate the roles of the adjacent metals in C–C bond formation and C–H bond 

activation. 
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! 1 

Chapter 1:  Introduction and Background Information 

 

1.1 Carbon–Carbon Bond Formation 

 The formation of carbon-carbon (C–C) bonds is central to the chemistry of 

organic molecules, allowing the transformation of small, readily available 

hydrocarbons into larger, more complex products having important and useful 

chemical or physical properties.  Such processes are used daily on the laboratory 

scale to carry out a wide range of organic transformations as chemists design new, 

more effective routes to important target molecules.  Early C–C bond formation 

processes were dominated by Friedel-Crafts and Grignard reactions which are the 

basis of some important large-scale industrial processes for the production of new 

materials (polymers), important chemical feedstocks, and more specialized 

processes such as pharmaceutical production.  One example of the use of classical 

Friedel-Crafts chemistry in industry, using AlCl3 as the conventional catalyst, is 

the generation of ethylbenzene, and is one of the largest tonnage C–C bond-

forming processes (Eq. 1-1).
1
 This process is an example of a metal-catalyzed 

(albeit not transition metal) process used in industry. 

H2C CH2

AlCl3, HCl

90 °C
+ (Eq. 1-1)

 

In 1899 Barbier reported the first of what is now known as a Grignard 

reaction,
2
 wherein methyl iodide, a methyl ketone, and magnesium metal in 

diethyl ether generated a tertiary alcohol.  His student, Victor Grignard was the 

one who established the mechanism for this reaction,
3
 and devoted his career to 

the Grignard reaction, for which he was awarded the Nobel Prize in Chemistry in 

1912.  Traditionally, the Grignard reaction involved the addition of an 

organomagnesium halide (Grignard reagent) to a ketone or an aldehyde to form a 

tertiary or secondary alcohol, respectively (Eq. 1-2).  However, since its discovery, 

the scope of the Grignard reaction has grown exponentially.  The term Grignard 

reaction actually refers to two separate steps; first is the formation of the Grignard 
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reagent, followed by the reaction of this reagent with an organic or inorganic 

substrate to yield a product by either addition (Eq. 1-2) or substitution.
4
 The

(Eq. 1-2)

O

R1 R2 R3MgX

OMgX

R2

R3

R1

OH

R2

R3

R1
hydrolysis

+

 

versatility of this reaction has made it a frequent choice for laboratory synthesis, 

for the production of value-added products such as specialty catalysts or 

intermediates in the pharmaceutical, flavour, fragrance, and food industries.   

Although early processes of C–C bond formation relied heavily on main 

group metals, the majority of modern industrial processes use transition metal-

based catalysts, a few examples of which are described below. 

1.1.1 Olefin Hydroformylation and Methanol Carbonylation 

 Olefin hydroformylation is the addition of CO and H2 to an olefin to 

generate an aldehyde (Eq. 1-3).  The aldehydes produced can often be easily

R
+ CO + H2

[cat]

R

CHO
+

R

CHO

(Eq. 1-3)

 

converted to secondary products, which then have applications as, for example, 

plasticizers and detergents.
5
 The first example of the hydroformylation of olefins 

to give aldehydes was reported in 1938 by Otto Roelen at Ruhrchemie,
6
 using 

Co2(CO)8 as the catalyst precursor.  Although either 1° or 2° aldehydes are 

formed from the hydroformylation of !-olefins, the linear products are of higher 

commercial value.  It was recognized soon after the discovery of this process that 

the catalytically active species was HCo(CO)4,
7
 generated from the oxidative 

addition of H2 to Co2(CO)8.  The proposed catalytic cycle includes dissociation of 

a CO ligand to allow for the coordination of the olefin, after which olefin insertion 

occurs to generate an alkyl complex,
8
 as shown for the general mechanism in 

Scheme 1-1.  Migratory insertion generates an acyl species, to which H2 probably 

binds to give an H2 complex followed by a heterolytic cleavage of H2 to give the 

product aldehyde and regenerate the active catalyst.   
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Scheme 1-1 

Co2(CO)8 HCo(CO)4

+ H2

- H2

+ CO - CO

HCo(CO)3

(OC)3Co

R

R

(OC)3Co R'

H

(OC)4Co R'

(OC)3Co C

O

R'

H2

O

R' H

R' = RCH2CH2- or RCHMe- 
isomersCO

 

The problems of lack of selectivity of the above cobalt catalyst and the 

harsh reaction conditions necessary
7a

 were solved by Slaugh and Mullineaux who 

discovered that the addition of sterically bulky phosphines, such as P(n-Bu)3, 

favoured the formation of the more desirable, less hindered 1° aldehydes, and 

required only 5–10 atm pressures compare to 100–300 atm for the unmodified 

catalyst.
9
  Later it was discovered that rhodium tris(phosphine) complexes, first 

popularized by Wilkinson,
10

 were more effective hydroformylation catalysts, due 

to the lower temperatures and pressures required and to the increased selectivity.
11

  

Often, the product aldehydes from hydroformylation reactions are further 

reduced by H2 to yield alcohol products.   Walter Reppe studied the use of the 

water-gas shift reaction, catalyzed by Fe(CO)5/base, to generate H2 which could 

subsequently be used, along with an Fe-bound CO, for the hydroformylation of an 

olefin to an aldehyde and its subsequent reduction to an alcohol (Eq. 1-4).
12

  

Reppe’s modification of classical hydroformylation did not significantly change 

R
+ 3CO + 2H2O

KOH, Fe(CO)5

100 °C, 15 atm
RCH2CH2CH2OH + 2CO2 (Eq. 1-4)
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the mechanism of aldehyde production, for which Pettit and coworkers proposed 

reaction of an olefin with (H)2Fe(CO)3
 
to generate the alkyl metal carbonyl 

hydride, followed by migratory insertion of the alkyl group to CO, and reductive 

elimination of the aldehyde.
13

  The catalyst is subsequently regenerated by CO 

addition.  In this reaction, however, it is easier to form the H2Fe(CO)4 from CO 

and H2O, than it is by reacting Fe(CO)5 with H2.  

 The carbonylation studies carried out by Reppe were influential in the 

development of related processes, notably the carbonylation of methanol (Eq. 1-5). 

CH3OH + CO
[cat]

H3C
C

O

OH
(Eq. 1-5)

 

The first commercialized process for the carbonylation of methanol to acetic acid 

was introduced by BASF in the 1960’s.
11a

  Initially, a cobalt/iodide catalyst was 

used, similar to early hydroformylation catalysts however, the applicability of the 

cobalt catalyst diminished rapidly with the introduction of the rhodium/iodide-

catalyzed reaction by Monsanto.
14

  The cobalt catalyst was definitely cheaper than 

the rhodium catalyst, but had lower selectivity and required higher temperatures 

and pressures.
15

  The Monsanto Process produces over two million tons of acetic 

acid per annum by the carbonylation of methanol with greater than 99% 

selectivity using a rhodium/iodide catalyst.
14b,16

   

 The next major modification of the process came in 1995 when BP 

Chemicals commercialized the Cativa™ process, using promoted iridium 

catalysts for methanol carbonylation.
17

 The effectiveness of iodide-promoted 

iridium catalysts had been noted in the original work at Monsanto, but only the 

rhodium process was commercialized.
14a,15,18

 The iridium-based process offers 

several advantages: not only is iridium approximately ! the cost of rhodium, but 

the iridium catalyst is also more robust and functions well under a broad range of 

conditions with higher reaction rates.  Furthermore, less byproducts are produced, 

and the Cativa™ process can be promoted by a variety of compounds.
17b,19
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 The carbonylation of methanol is a rare process, in that all three of the 

group 9 metals have proven to be active catalysts and improvement in the catalyst 

activity has progressed down the group.  The fact that iridium (Cativa™) is the 

best homogeneous industrial catalyst for this reaction is in some ways surprising, 

since the greater metal–ligand bond strengths of third-row metals
20

 generally give 

rise to less labile systems having lower catalytic activity than their lighter 

congeners.  In fact, it is this property that frequently prompts chemists to use Ir-

based systems as stable models for first and second row catalytic systems.  

1.1.2 Olefin Polymerization 

 One of the most important commercially used catalytic processes involves 

the polymerization of olefins (Eq. 1-6), and the development of polymerization 

catalysts is a well-researched field.
21

  Over the last 50 years, the production 

volume of polyolefin materials has increased considerably, to greater than 200 

megatons per annum.
22

  The most recognized of all olefin polymerization 

catalysts are Ziegler-Natta catalysts, the development of which earned Ziegler and 

Natta the Nobel Prize in Chemistry in 1963.
23

  Ziegler-Natta catalysts account for 

the production of more than 15 million tons of polyethylene and polypropylene 

per annum.  Commercial Ziegler Natta catalysts are often high-valent early metal

R

R
n

[cat] (Eq. 1-6)

 

complexes on supports, such as the heterogeneous TiCl3 catalyst, in which the 

active centres are on crystallites of TiCl3 supported on MgCl2.  Soon after the 

discovery of Ziegler Natta catalysts, homogeneous versions were developed.  The 

general form of homogeneous Ziegler-Natta catalysts is [LL’MCl2] (M = Ti, Zr, 

Hf) in which L and L’ were initially cyclopentadienyl (Cp) ligands, and therefore 

early homogeneous polymerization catalysts were termed metallocenes.
21a

  The 

catalysts for this process, however, can be varied such that L and L’ are not 

necessarily Cp, and are therefore more commonly referred to as single-site 
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catalysts.  This tunability allows for the control over the microstructure of the 

polymer as well as its polydispersity. 

 The polymerization of olefins occurs via successive migratory insertions 

of metal-bound alkyl groups to a metal-bound olefin.  Most catalysts used for the 

polymerization of olefins are early transition metals, as later metals generally 

favour "-hydride elimination, which terminates chain growth.  The greatest 

proportions of ethylene- and propylene-based polyolefin materials are found in 

packaging, building and construction supplies, transportation (lubricants, seals, 

transport tanks), electronic and electrical devices (cables, electrical home devices), 

agriculture supplies (twines, strings), medical supplies (blister packaging, medical 

devices), and sporting goods.
22

  The wide-spread applicability of polyolefins is 

due to a wide range in polymer characteristics and properties that can be 

generated depending on the catalyst and conditions used. 

 The Shell Higher Olefins Process (SHOP) is an industrial process based on 

homogeneous nickel catalysts discovered by Keim and coworkers.
24

 Shell 

manufactures !-olefins from ethylene by oligomerization using a nickel catalyst 

in a polar solvent such as ethylene glycol, with elevated temperatures and 

pressures (Eq. 1-7).
1
  The oligomerization is the first step in the SHOP 

H2C CH2

[Ni]

HOCH2CH2OH

80-100 °C, 70-140 bar

n H2C CH(CH2CH2)n-2CH2CH3 (Eq. 1-7)

 

process and there are different applications for the different lengths of !-olefins.  

For example, the C10–C14 oligomers are desirable feedstocks for use in detergent 

manufacturing, after hydroformylation to generate C11–C15 alcohols.
25

  The longer 

and shorter chains can then be manipulated by metathesis and isomerization over 

a heterogeneous catalyst to produce more of the C10–C14 fragments.  

1.1.3 Cross Coupling Reactions 

Transition-metal catalyzed C–C bond formation has also demonstrated 

remarkable efficiency in cross coupling reactions, in which two different 

hydrocarbon fragments are coupled over a metal catalyst.  Richard F. Heck, Ei-
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ichi Negishi, and Akira Suzuki were awarded the 2010 Nobel Prize in Chemistry 

“for palladium-catalyzed cross couplings in organic synthesis” and have 

revolutionized fine chemical synthesis with their coupling reactions.
26

  

Specifically, the vinylation of aromatics has important applications in forming key 

precursors to fine chemicals.  For example, the coupling of vinyl groups to 

aromatics can form intermediates to non-steroidal antirheumatic drugs, potent 

herbicides, and monomers for polymerization to electronic resins.
1
   

The classical Heck (Eq. 1-8),
27

 Negishi (Eq. 1-9),
28

 and Suzuki (or Suzuki-

Miyaura) (Eq. 1-10)
29

 couplings all involve Pd catalysts (also some Ni) and an 

alkyl, vinyl, or aryl halide, as shown below.  Heck originally carried out his 

syntheses with arylmercuric compounds; however, Mizoroki soon after 

demonstrated that the reaction could be carried out with aryliodide reagents,
30

 

hence the Heck reaction is often referred to as the Heck-Mizoroki reaction. 

+
R'

Pd(0)

Base R

R'
R X

R X + R' Zn
Pd(0)

X' R R'

R X + R' BY2

Pd(0)

Base
R R'

(Eq. 1-8)

(Eq. 1-9)

(Eq. 1-10)
 

If one looks specifically at the Heck reaction, as an example, the overall 

mechanism of C–C bond formation appears to follow a pathway demonstrating 

fundamental elementary reaction steps, exemplifying some of the transformations 

commonly occurring at transition metal centres.  The schematic mechanism 

shown below in Scheme 1-2 depicts:  a) oxidative addition of the aryl or vinyl 

halide to the Pd centre, increasing the metal oxidation state by two; b) olefin 

insertion (involving an olefin containing an electron-withdrawing group) occurs 

into the Pd–R bond followed by; c) " elimination releasing the coupled fragment; 

and finally d) reductive elimination of the acid byproduct, regenerating the Pd 
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catalyst.
26

  The highlighted transformations are possible due to the availability of 

more than one oxidation state and the ability of the metal centre to activate bonds 

between atoms, including those that are polar and those that are non-polar.  

Scheme 1-2 

PdL

R X

LPd

R

X

LPd

X

R'

R

R'

R'

R

HX +

olefin insertion

oxidative

addition

! elimination/

reductive

elimination

 

1.1.4 Olefin Metathesis and Metal Alkylidenes 

 Olefin metathesis represents an unusual transformation in chemistry as it 

requires the cleavage of the very strong C=C double bond in the olefin.
31

   The 

breaking of the C=C double bond of an olefin generates carbene (RHC:) 

fragments which are exchanged between olefins.  Yves Chauvin, Robert H. 

Grubbs and Richard R. Schrock were awarded the Nobel Prize in Chemistry in 

2005  “for the development of the metathesis method in organic synthesis".  Olefin 

metathesis is a valuable technology for the industrial production of olefins or the 

further conversion of olefins, as was described in the SHOP process.  Metathesis 

is used in the production of bulk chemicals, specialty plastics and for fine 

chemical and pharmaceutical applications.
25

  

There are two main groups of organometallic catalysts for olefin 

metathesis, as shown in the representative examples in Chart 1-1.  The Grubbs 

catalysts are Ru-based,
31a,32

 and have evolved such that replacement of a 

phosphine ligand in the first generation catalyst by an N-heterocyclic carbene 
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(NHC) generates the second generation catalyst.
33

 Schrock catalysts are Mo- or 

W-based and are often used for asymmetric applications.
31i,34

!Although there are 

obvious differences between both types of catalysts, both contain a terminal 

alkylidene (=CRR’) moiety, crucial for metathesis reactivity. 

Ru

N N
R R

Cl

Cl

P(Cy)3

Ph

Mo
O

O

F3C CF3

F3C

F3C

N

iPriPr

Me

Ph

Me

Grubbs catalyst (2nd generation) Schrock catalyst

Ru

P(Cy)3

Cl

Cl

P(Cy)3

Ph

Grubbs catalyst (1st generation)  

Chart 1-1.  Olefin metathesis catalysts 

The mechanism for olefin metathesis was correctly proposed by Hérisson 

and Chauvin in the early 1970’s.
35

  This mechanism, shown in Scheme 1-3, 

describes the formation of a metallacyclobutane from the 2+2 cycloaddition of the 

terminal alkylidene and the incoming olefin, which can either cleave reversibly to 

give the original reactants or, by cleavage of the original M–C and C–C bonds, 

generate a new olefin and a different alkylidene.
25

 

Scheme 1-3 

M CHR1

R2HC CHR3

+

M CHR1

R2HC CHR3

M CHR1

R2HC CHR3

M

CHR2

CHR1

CHR3

+

 

As noted earlier, the terminal alkylidene moiety is critical in olefin 

metathesis reactions.  Furthermore, metal complexes containing terminal 
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alkylidenes find many applications outside of metathesis reactions and are active 

in cyclopropanation reactions,
36

 and the oligomerization of alkynes.
37

  The 

majority of metal alkylidenes studied are of the form LnM=CRR’ in which the 

alkylidene is terminal and bound to a single metal, much like those in the 

metathesis catalysts.
38

 Complexes in which the alkylidene ligand bridges two 

metal centres,
39

 have been much less studied and they differ from their terminal 

counterparts in that the bridging alkylidene has an approximately tetrahedral 

geometry and is formally saturated.  As a result, bridging alkylidenes are expected 

to be less reactive than terminal unsaturated alkylidenes.  Nonetheless, bridging 

alkylidenes have displayed interesting reactivity, particularly involving C–C bond 

formation with a variety of substrates.
40

  The prototypical alkylidene – the 

methylene (CH2) group which bridges adjacent metals on the catalyst surface – 

has also been implicated as the essential surface-bound species involved in 

carbon–carbon chain growth in Fischer-Tropsch chemistry.
41

  

1.1.5 Fischer-Tropsch (FT) Chemistry 

One fascinating example of C–C bond formation involves the conversion 

of two of the simplest molecules, CO and H2 into a range of hydrocarbon products 

having uses as fuels and chemical feedstocks such as !-olefins, oxygenated 

hydrocarbons and alkanes, as shown below in Eq. 1-11.  The component 

feedstock gases, CO and H2 (syngas), required for FT chemistry are produced by 

the gasification of coal or the reforming of methane.  The combination of these 

processes (syngas production and FT) are energy intensive and therefore the 

process is expensive.  For FT chemistry to be economically viable, the cost of 

coal or natural gas must be low enough to offset the high cost of gasification.  

H2 + CO CnH2n + +CmH2m+2 oxygenates (Eq. 1-11)  

Sabatier and Senderens first reported, in 1902, that passing syngas over a 

nickel catalyst produced methane.
42

 In 1923 Franz Fischer and Hans Tropsch in 

Germany reported the synthesis of linear aliphatic hydrocarbons at atmospheric 

pressure at 200–300 °C, by passing syngas over an iron or cobalt catalyst.
43

   In 

these initial papers by Fischer and Tropsch, the reaction was described as the 
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initial formation of surface carbides, which were reduced by hydrogen to give 

surface-bound methylene groups (µ-CH2), which then polymerized to the 

hydrocarbon products (Scheme 1-4). 

Scheme 1-4 

!!

H2
C

!!

H2
C

"Polymerisation von Methylene Gruppen"
 

The production of liquid petrochemicals synthesized with FT technology 

began in 1936, and it was used by Germany for the large-scale production of 

diesel fuel during World War II.
44

  The economic feasibility of FT chemistry is 

directly related to the price of crude oil, which currently is the main source of 

liquid fuels.  In the late 1940’s, the limited amount of known oil reserves 

worldwide resulted in the prediction that the price would rise; however, massive 

deposits of crude oil were found in the Middle East, keeping the cost of oil from 

rising as many had anticipated.
44

  This also slowed down further development of 

the FT process as a viable energy source.   However, in the 1970’s, the oil 

embargo placed on South Africa prompted the need for an alternate fuel supply, 

and interest in FT research was rekindled in this country.  Currently, the price of 

crude oil is high enough for FT chemistry to be a viable technology for the 

production of fuels, as the cost of feedstocks (methane or coal) is still relatively 

low.  Furthermore, with the depletion of conventional crude oil reserves and the 

abundance of coal and natural gas (see Table 1-1),
44

 the increased usage of these 

abundant carbon reserves is inevitable. 

Table 1-1.  World reserves of “carbon” relative to oil 

Source Reserves, oil equivalent 

Crude Oil 1.0 

Tar Sands 0.7 

Shale Oil 1.2 

Natural Gas 1.5 

Coal 26 
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Classical FT chemistry often leads to the production of many different 

products, although the prominent products include !-olefins and aliphatic 

hydrocarbons.  Small variations in catalyst, pressure, and temperature have 

profound impacts on product distribution.  For example, a high temperature 

process (300 – 350 °C) with Fe-based catalysts is used for the production of 

gasoline and linear, low molecular mass olefins.  The low temperature process 

(200 – 240 °C) with an Fe or Co catalyst is used for the production of high 

molecular mass linear waxes.
45

  The mechanism of how C–C chain growth occurs 

in FT chemistry in not well understood, but mechanistic elucidation could allow 

for the tailoring of catalysts, conditions, and product distribution through rational 

design.  

The first step in FT chemistry is the transformation of chemisorbed CO 

into a surface carbide to be hydrogenated, as was confirmed through surface 

studies (including labelling studies),
46

 and organometallic models.
47

  Although 

currently there is general agreement that the formation of a carbide species, 

followed by hydrogenation are the initial steps in the generation of hydrocarbons 

by FT chemistry, there is much less agreement on the important steps that result in 

the coupling of the CH2 fragments.  For example, Brady and Pettit discovered that 

passing CH2N2 and an inert gas over Ni, Pd, Fe, Co, Ru and Cu surfaces, only 

resulted in the decomposition of the CH2N2 to N2 and ethylene.
41c

  They 

concluded that the simple reaction of µ-CH2 groups was dimerization instead of 

polymerization.  Interestingly, when H2 was mixed with CH2N2, a range of 

hydrocarbon products, similar to the FT distribution, was observed over the same 

catalysts, suggesting that the original Fischer and Tropsch proposal of methylene 

oligomerization couldn’t be correct.   

Brady and Pettit proposed a different mechanism for chain propagation 

involving the migration of alkyl groups onto µ-CH2 groups (Scheme 1-5).
41c,d

 

Initiation occurs by migration of a methyl group (formed from the hydrogenation 

of surface-bound methylenes) onto a µ-CH2 group to generate an ethyl group.  

Chain growth then occurs by migration of the ethyl fragment onto another µ-CH2 
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group and continues, generating higher homologues, until reductive elimination 

occurs with a surface hydride to generate a linear alkane, or "-hydride elimination 

occurs to yield an !-olefin.   

Scheme 1-5 

!!

H2
CC

H3

!!

CH2

H3C

!!

H2
C

!!
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H2C

CH3

!!

CH2

H2C

R

H2C CHR

CH3CH2R

Reductive
Elimination

!-Hydride
Elimination  

Another inconsistency with the original mechanism is shown in a study of 

the statistics of product distribution. Anderson-Schulz-Flory (ASF) chain-length 

statistics imply that sequential chain propagation steps result in the hydrocarbon 

chain growing one carbon at a time, and that chain propagation and termination 

occur with probabilities independent of the length of the growing chain.
48

  FT 

chemistry, if it occurs as originally proposed, should follow these chain-length 

statistics.  Graphically, a plot of the log (W/N) (W = mass fraction and N = carbon 

number) versus N should give a straight line (dashed line, Figure 1-1).  The mass 

fraction (W) decreases consistently as the number of carbons increases and, as 

such, the major product is the C1 fragment (methane) followed by C2 (ethane and 

ethylene), then C3 hydrocarbons, and so on.  As is shown, deviations from the 

ASF distribution of products occur when analyzing FT products (solid line, Figure 

1-1). 
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Figure 1-1. A representative Anderson-Schulz-Flory plot for CO 

hydrogenation.  The dashed line represents the theoretical plot for 

the polymerization of C1 species; solid line represents the 

experimentally observed values based on a Rh/Ce/SiO2 catalyst at 

200 °C, 1 atm, CO:H2 (1:2).
49

 

The mechanism proposed by Brady and Pettit, like the original chain 

growth proposal, still failed to explain the anomalously low production of C2 

hydrocarbons.  FT chemistry also results in the formation of a small amount of 

branched hydrocarbons, but the original proposal did not address the formation of 

such products.  In a later proposal by Dry,
41h,50

 chain propagation occurs by the 

coupling of a surface-bound C2 fragment (olefin) with a µ-CH2 to generate a C3 

fragment, that isomerizes to a fragment that can be viewed as an adsorbed methyl-

substituted C2 olefinic fragment (propene), which is then available for further 

coupling (Scheme 1-6).
41h,50

 The subsequently added CH2 groups add to the less 

hindered side of the olefinic growing chain and therefore desorption results in the 

formation of an !-olefin.  This mechanism can also explain the lower than 

expected C2 hydrocarbon production in in FT chemistry and the deviation from 

ASF statistics, because the C2 surface-bound fragment has two metal–carbon 

bonds that are the same, and not hindered by steric effects at one end like those of 
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the C3 and higher homologues (fragments).  This means that the chain growth will 

occur at a rapid rate to form higher carbon fragments, relative to desorption.  

Scheme 1-6 
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 Dry’s mechanism was also consistent with an earlier study by Brady and 

Pettit who used an Fe2(CO)8(µ-CH2) complex to investigate how ethylene coupled 

to a µ-CH2 group, as shown in Scheme 1-7.
51

 Presumably the loss of a CO ligand

Scheme 1-7 

(OC)4Fe Fe(CO)4

H2
C

H2C CH2
H2C CHCH3 + 2C2H4Fe(CO)4  

results in the generation of unsaturation required for the ethylene to bind to an Fe 

centre.  This presumably is followed by ethylene insertion into the Fe–CH2 bond 

to generate a bridging 1,3-propylene unit that undergoes "-hydride elimination to 

generate an allyl-hydride complex followed by reductive elimination to generate 

propylene.  The proposed intermediates in this reaction were never observed;
51

 

however, they do share a striking resemblance to the first steps of initiation and 

chain propagation of the Dry mechanism.  

The FT process is obviously a heterogeneous process that has been 

investigated using heterogeneous metal surfaces as well as homogeneous metal 

complexes. As will be discussed, organometallic chemistry plays a significant role 

in investigating chain propagation for C–C bond formation in FT chemistry.  
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1.2 Heterogeneous vs. Homogeneous Catalysts 

Although most of the processes discussed above are homogeneous, in 

which the catalysts are well-defined metal complexes dissolved in a solvent, many 

of the catalysts in industry are heterogeneous (such as in FT chemistry), in which 

the catalysts (generally a solid) and the reactants (usually liquids or gases) are in a 

different phase.  Heterogeneous catalysts have the advantages of reasonable and 

even high activity, can be removed by simple physical methods such as filtration, 

do not contaminate the product, and are generally robust. Disadvantages of 

heterogeneous catalysts include harsh conditions (high reaction temperatures and 

pressures) in order to achieve high activities that are often necessary and the lack 

of selectivity, owing to the presence of many different types of active sites on a 

metal surface.  Furthermore, the study of catalyst mechanisms in order to bring 

about rational improvement in catalyst design is difficult.  The development and 

study of heterogeneous catalysts, regardless of whether or not a transition metal is 

involved, in often done empirically by employing a combinatorial or high-

throughput approach in which multiple catalysts, conditions, and substrates can be 

tested and compared.
52

 Despite the obvious differences when comparing a soluble 

homogeneous metal complex to a heterogeneous catalyst, the same fundamental 

molecular transformations occur in both systems,
53

 as proposed by E. L. 

Muetterties. 

As noted, a variety of industrially catalyzed processes rely mainly on the 

use of heterogeneous catalysts.  For example, the synthesis of ammonia is 

catalyzed over a heterogeneous Fe catalyst.
54

 Petrochemical reforming processes 

including gasoline reforming (Pt/Re or Pt/Ir), hydrodesulfurization (using Co/Mo 

or Ni/Mo), and hydrocracking (Ni/Mo or Ni/W) all utilize heterogeneous 

catalysts.
55

  Interestingly these last few catalysts contain two different metals, 

with presumably different properties.  

Homogeneous systems are often used as models for heterogeneous 

catalysts,
53a

 and provide a number of advantages including solubility in organic 

solvents, the ease of catalyst modification, and the availability of standard 
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techniques for product characterization. The homogeneous catalysts discussed 

earlier are amenable to rational design by altering the steric and/or electronic 

properties of the catalyst.  For example, the substitution of a P(Cy)3 ligand in 

Grubbs’ 1
st
 generation catalyst for an NHC ligand (2

nd
 generation) generates a 

more active catalyst that is more tolerable to moisture and air.
23

  Also, in the 

SHOP process, the substituents on the P,O chelating ligand in the nickel catalysts 

can be changed to dramatically affect the product distribution of 

oligomers/polymers.
24b

  

The facile tunability of homogeneous catalysts is also demonstrated with 

[RhCl(PPh3)3], which was reported independently by three different groups in 

1965,
56

 and its use as a highly active hydrogenation catalyst was studied 

extensively by Wilkinson,
10,57

 and is therefore often referred to as Wilkinson’s 

catalyst. The ligand system of this complex is amenable to rational design and 

was demonstrated with the synthesis of “Rh(diene)L2
+
” catalysts first developed 

by Schrock and Osborn in 1979.
58

  By evolving the ligand system, Schrock and 

Osborn were able to achieve the selective hydrogenation of alkynes to cis-

olefins,
59

 and dienes to monoenes.
60

  The most important application of this work, 

however, is asymmetric catalysis.
61

 Some monometallic complexes have 

applicability as homogeneous catalysts, but these complexes are not generally 

reasonable models for surface catalysis because they lack a key component – an 

adjacent metal centre.   

1.3 Surface Models and Multinuclear Complexes 

1.3.1 Polynuclear Complexes 

In the 1970’s E. L. Muetterties made two bold assertions: that discrete 

metal cluster compounds were reasonable models for metal surfaces; and that 

surface chemistry was coordination chemistry, and the manipulation of organic 

molecules on a surface was organometallic chemistry.
62

 Clusters, having a 

number of adjacent metal centres provided an approximation to a portion of a 

metal surface, and in the presence of organic substrates could be effective models 

for the interaction of these substrates with the surface.  However, in spite of the 
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relative ease of studying the reactivity of clusters under homogeneous conditions 

compared to heterogeneous reactions involving surfaces, the poor solubility of 

clusters and the presence of multiple metal centres still made it difficult to obtain 

detailed mechanistic information about the reactions involved.  For these reasons 

there has been considerable interest in the organometallic chemistry of the 

relatively simple binuclear complexes.  These complexes are relatively easy to 

study, while still having adjacent metals to allow the influence of these adjacent 

metals on substrate activation to be determined.  

1.3.2 Bimetallic Complexes and Metal-Metal Cooperativity 

 Whether or not bimetallic complexes are effective models for surface 

catalysts, the availability of a second metal centre provides possible reactivity 

enhancement, or the possibility of metal-metal cooperativity which can give rise 

to reactivity enhancement compared to mononuclear systems.  One of the best 

known examples of this was reported by Stanley and coworkers in 1993,
63

 in 

which a dirhodium complex, [Rh2((Et2PCH2CH2)(Ph)PCH2P(Ph)(CH2CH2PEt2))-

(nbd)2][BF4]2 (nbd = norbornadiene), was shown to be a more effective 

hydroformylation catalyst (Chart 1-2), than closely comparable mononuclear 

systems.  If the two metals could not get into close proximity, rate enhancement 

ceased, as was shown by synthesizing tetraphosphine ligands in which the central 

methylene bridge was replaced by larger spacers.  With larger spacers, each Rh 

centre of the catalyst acted as an individual monomeric catalyst with poor activity 

and selectivity.   

Et2P P

Rh

P PEt2

Rh

Ph
Ph

 

Chart 1-2.  Stanley’s bimetallic hydroformylation catalyst 
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 Another interesting example of bimetallic cooperativity (albeit not 

catalytic) involves a diiridium system that has been shown to bind fluoroolefins in 

two coordination modes:  terminally on Ir or in a bridging position between both 

Ir centres.
64

 Upon addition of a fluoride ion abstractor to a mixture of isomers at –

40 °C, only the isomer with the bridging fluoroolefin reacts, while the other 

isomer remains unchanged,
65

 as shown in Scheme 1-8.  This observation was the 

Scheme 1-8 
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first clear documentation of the enhanced reactivity of a bridging fluoroolefin 

over the terminal #2
 binding mode, attributed to cooperativity of the adjacent 

metal centres in substrate activation.  It was later shown, that bridging 

trifluoroethylene or 1,1-difluoroethylene could be activated (even at low 

temperature) by water (Scheme 1-9, following page).
66

  

These examples, once again, illustrate how two adjacent metal centres can 

cooperate to facilitate the transformation of substrates.  The bridging binding 

mode between two metal centres appears conducive to molecular transformations 

and activations, both on surfaces and in bimetallic complexes.  
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Scheme 1-9 
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1.3.3 Homogeneous Organometallic Complexes as Models for FT Chain-

Growth 

  As noted earlier, there is general agreement that the first steps in FT 

chemistry involve the transformation of adsorbed CO to suface-bound carbides 

followed by H2 reduction to µ-CH2 groups bridging adjacent metals.  This 

transformation of CO to CH2 has been modeled in a bimetallic [Ru2(Cp)2(CO)4] 

(Cp = #5
-C5H5) complex by Akita and coworkers.

67
  The addition of primary or 

secondary silanes to a toluene solution of the compound results in deoxygenative 

reduction to the bis(µ-CH2) product [Ru2(Cp)2(CO)2(µ-CH2)2] over 2 weeks, as 

shown in Scheme 1-10.
67

   

Scheme 1-10 
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 Most of the interest in the FT process by organometallic chemists has 

centred on the chain-propagating steps.  Maitlis investigated FT-related C–C 

couplings using the decomposition of a [Cp*Rh(µ-CH2)(Me)]2 (Cp* = C5Me5) 

system to generate propylene, either thermally or with the addition of one-electron 

oxidants (Scheme 1-11).
41f,68

  Interestingly, a series of 
2
H- and 

13
C-labelling

Scheme 1-11 
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studies suggested that the simple coupling of C1 fragments was probably not 

occurring but instead suggested the intermediacy of a $-vinyl species, which then 

migrates to a µ-CH2 group to generate an allyl group. In the Maitlis proposal, 

initiation of chain growth starts by coupling of a surface-bound methyne (µ-CH) 

and a µ-CH2 to generate a surface-bound alkenyl group (Scheme 1-12).
41f,68f

  This 

Scheme 1-12 

!!

H2
C

H
C

!!

CH

H2C

!!

H2
C

!!

CH2

HC

CH2

!!

CH

HC

CH3

!!

CH

HC

R

HH2C CHR

 



! 22 

alkenyl group can then migrate onto a µ-CH2 group on the surface to give an allyl.  

Rearrangement via a 1,3-hydride shift results in isomerization to a substituted 

alkenyl unit and the migration onto another µ-CH2 group can occur.  Reductive 

elimination of the growing alkenyl fragment with a surface-bound hydride results 

in the linear olefin.  In this mechanistic proposal, the initial formation of the vinyl 

species differs from the chain propagation steps, which would explain the 

anomalous C2 production in FT chemistry according to ASF statistics. 

The involvement of a vinyl moiety in carbon chain growth found support 

in subsequent studies is which $-vinyl ligands were coupled to µ-CH2 groups to 

give an allylic complex in the presence of a one-electron oxidant (Ag
+
) and 

acetonitrile (CH3CN) as shown in Scheme 1-13.
69

 

Scheme 1-13 
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 Although each mechanistic proposal discussed herein for chain growth in 

FT chemistry (Fischer-Tropsch, Brady-Pettit, Dry, Maitlis)
41

 is different in terms 

of the nature of the hydrocarbyl fragment that couples to the hydrogenated CO on 

the catalyst surface, all four proposals illustrate the importance of the µ-CH2 

functionality.  Of particular interest to this thesis is the use of bimetallic, CH2-

bridged complexes containing group 8 and 9 metal centres to model the FT 

process.  As previously mentioned, the FT product distribution differs, when, for 

example, Fe or Co is used as the catalytic metal.
45

  This observation coupled with 

the possibility of metal–metal cooperativity discussed above, suggests that a 

bimetallic group 8/9 catalyst may have a substantial impact in FT chemistry, and 

an increase is activity and selectivity has been reported with such mixed-metal 

catalysts.
70

  Studies have shown that a supported group 8/9 Co/Ru bimetallic 
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catalyst has increased activity and selectivity in the hydrogenation of CO than do 

samples incorporating only one metal, even when highly dispersed.
71

  Similar 

results have been shown with SiO2-supported Fe/Rh, and Fe/Ir clusters derived 

from metal–carbonyl clusters.
72

 These aforementioned heterogeneous, mixed-

metal catalysts show rate and selectivity enhancement over the single-metal 

catalysts, however, little is known about the role of each different metal in the FT 

process.   

1.3.4 Methylene-Bridged Bimetallic Complexes 

 The bridging methylene group is pivotal to much of the research presented 

in this thesis. It has been shown that complexes in which the alkylidene unit 

bridges pairs of metal centres,
39

 although not as reactive as the unsaturated 

terminal groups, nevertheless display interesting reactivity.  The first, stable CH2-

bridged complex was reported by Herrmann and coworkers in 1975.
73

  Treatment 

MnCp(CO)2(THF) with CH2N2 resulted in the generation of Mn2(Cp)2(CO)4(µ-

CH2) (Cp = #5
–C5H5), as shown in Scheme 1-14.  Herrmann and coworkers also

Scheme 1-14 

Mn

C

C

THFO

O

CH2N2

N2

Mn

C

C

C

O

O

Mn

C

C

O

O

H H

2

 

synthesized an analogous Rh2 complex, again by reaction of the precursor with 

CH2N2, and were able to obtain the first crystal structure determination of a 

methylene-bridged organometallic compound, which confirmed the distorted 

tetrahedral geometry at the bridging carbon.
74

 The cases described above both 

have metal–metal bonds, but it is not a necessity.  The first CH2-bridged complex 

without a metal–metal bond was prepared using the same CH2N2 method 

described above wherein the CH2 group inserts into a Pt–Pt bond (Scheme 1-

15).
75

  The bridging diphosphine in this case is important for maintaining the 

integrity of the complex by providing a rigid scaffold that holds the Pt centres
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Scheme 1-15 
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close enough to support the CH2 group in the bridging position.  Methylene-

bridged complexes can also be synthesized by the double oxidative addition of a 

dihalogenomethane, as first reported by Balch and coworkers in 1981.
76

  

Throughout this thesis the preparation of µ-CH2 complexes will follow the CH2N2 

method as opposed to the double oxidative addition route.    

1.3.5 Carbon–Carbon Coupling Using Methylene-Bridged Complexes 

 The chemistry of CH2-bridged complexes obviously focuses heavily on 

the coupling of the CH2 unit with other ligands, often resulting in C–C bond 

formation and various coordination modes of the resultant hydrocarbyl 

fragment.
77

  Unsaturated substrates such as alkynes,
40c,51b,78

 cumulenes,
79

 and 

olefins,
51a,80

 are particularly reactive with bridging methylene groups. Knox and 

coworkers studied the reactivity of [Ru2(Cp)2(CO)2(NCCH3)(µ-CH2)] with a 

variety of unsaturated fragments (Scheme 1-16),
40a,79a,81

 noting that, for this 
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system, facile coupling only occurred with the ligands that supplied more than 

two %-electrons.  The coupling between the µ-CH2 and propadiene (allene resulted 

in a µ-trimethylenemethane moiety, which is believed to proceed through an 

unobserved, C3-bridged intermediate generated by cumulene insertion into the 

Ru–CH2 bond. 

 The putative intermediates in these C–C coupling processes were of 

interest to our group. Diphosphine-bridged systems of the Rh/Ru,
82

 Ir/Ru,
83

 and 

Rh/Os
84

 combinations, containing bridging methylene groups were synthesized by 

the conventional method of the addition of CH2N2 at low temperatures (Scheme 

1-17).
85

 Althought the Rh/Ru and Ir/Ru systems yielded the same products over a

Scheme 1-17 
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range of temperatures, up to ambient, the Rh/Os system requires low-temperature 

addition since at higher temperatures, CH2 coupling (Scheme 1-18), occurred in

Scheme 1-18 
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which up to four CH2 groups can be coupled,
84

 resulting in the generation of 

either allyl and methyl, or butanediyl groups.  The facile coupling of CH2 groups 

suggests that our late-metal diphosphine-bridged systems may indeed prove 

valuable in modelling chemistry related to the FT process discussed above.  

Labelling studies involving this Rh/Os system implicated the involvement of 

bridging C3- and C4-hydrocarbyl intermediates.  These putative hydrocarbyl 

intermediates remained elusive, as in the aforementioned Knox example,
40a

 but a 

stepwise incorporation of CH2 groups was proposed. In attempts to model these 

intermediates, the addition of unsaturated substrates to [RhM’(CO)3(µ-

CH2)(dppm)2][X] (M’ = Os, Ru, X = BF4, CF3SO3) complexes was studied, in 

hopes of generating C3-bridged complexes.  In the reaction of both compounds 

with alkynes, the C3-hydrocarbyl bridged complexes, as shown in Scheme 1-19, 

were successfully synthesized.
78d,78k

 The addition of another “CH2” equivalent to 

the C3-bridged Rh/Os complex generated a 5-membered rhodacycle, in which the 

4-carbon hydrocarbyl fragment moved out of the bridging site to a chelating 

position on Rh.
78k

 Using allene as the unsaturated substrate in the Rh/Os
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and Rh/Ru systems discussed above, gave results resembling those reported by 

Knox with the generation of a µ-trimethylenemethane moiety,
40a

 but having the 

#3
-bound fragment bound exclusively to the group 9 metal.   

 Reaction of [RhOs(CO)3(µ-CH2)(dppm)2][X] (X = BF4, CF3SO3) with 1,1-

dimethylallene generated the C3-bridged intermediate, which at ambient 

temperature generated 4-methyl-1,3-pentadiene (Scheme 1-20).
79c

  The analogous 

Rh/Ru system also appeared to yield a C3-bridged fragment with 1,1-

dimethylallene, although in this case migration of the hydrocarbyl fragment to a 

CO ligand occurred, generating the corresponding acyl-bridged product.
79c

  These 

differences in reactivity are obviously due to the substitution of the group 8 metal 

centre (Os vs. Ru), as the reaction conditions and ancillary ligands are identical.  

Although such results can often be rationalized on the basis of the different metals 

used, the exact roles of each metal in these transformations remain to be 

determined.  Developing a detailed understanding of the roles of the different 

metals and metal combinations will lead to an improved understanding of how 

metal–metal cooperativity can be used in organometallic chemistry ultimately 

leading to advances in catalyst development, including the move towards more 

function-directed catalysts.  
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1.4 Goals of This Thesis 

 It is obvious that until the roles of the adjacent metals centres in the 

processes discussed herein are elucidated, the full benefits imparted by these 

heterobimetallic complexes, will not be exploited.  It has for years been the 

contention of the Cowie group that in order to develop an understanding of the 

roles of the different metals in mixed-metal complexes, combinations of all 

metals involved need to be investigated.  This is particularly true since the 

adjacent metal can significantly influence the reactivity at the other metal. 

Although the Rh/M’ (M’ = Os, Ru) combinations of µ-CH2 complexes have been 

studied in detail and appear to function as useful models for the initial C–C bond 

coupling in FT chemistry, related systems involving Ir as the group 9 metal centre 

have been less studied.  The potential benefits of changing to Ir include stronger 

metal–carbon bonds between the 3
rd

 row Ir and the growing hydrocarbyl 

fragment.  Although C3-bridged complexes of Rh/Os and Rh/Ru have been 

isolated using alkynes as the C2 fragment source, there have been no higher 

hydrocarbyl complexes observed in which the growing fragment bridges both 

metal centres.  The implementation of Ir may promote the retention of the 

hydrocarbyl fragment at this metal and could allow for the additional growth of 

the hydrocarbyl fragment, which appears to happen only in the bridging 

position.
84

 By incorporating Os as the accompanying group 8 metal, this pair of 

3
rd

 row metals, each having very strong M–C bonds, could optimize the 

possibility of retaining the bridging hydrocarbyl fragment. 

In the work presented in this thesis, the focus is to generate Ir/M (M = Ru, 

Os) binuclear complexes in which the adjacent metals are held together by a 

linker ligand such that the metal–metal cooperativity, as mentioned above, can be 

exploited (Chart 1-3).  Bis(diphenylphosphino)methane, or dppm, is a suitable 

ligand for the synthesis of bimetallic complexes wherein the role of the phosphine 

is to prevent dissociation of the bimetallic system into its monomeric components, 

while still being flexible enough to allow the formation and cleavage of metal–

metal bonds.
86

 This ligand also provides an added NMR handle available for
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Chart 1-3 

M M'

P P

P P

P P Ph2PCH2PPh2=

M/M' = Group 8/9 Metals  

characterization, especially of non-isolable, labile intermediates, by providing 

information regarding the symmetry and connectivity within the bimetallic 

complex.  The softer, late metals in low oxidation states tend to bind strongly to 

the phosphorus donor atoms, and this ligand system is relatively inert to the 

transformations occurring at the metal centres.  Previous work in our group, 

however, has illustrated that the deprotonation of a methylene proton of the dppm 

backbone can occur,
87

 and there has also been a recent case of dppm lability from 

a Rh centre.
88

 In previous studies with Rh as the group 9 metal centre, the 

different metal environments could be distinguished by NMR.  This thesis, 

however, focuses on Ir/M (M = Ru, Os) complexes, in which neither metal is 

observed in NMR studies, providing an additional challenge.   

 By studying the methylene-bridged systems of Ir/Ru, and Ir/Os (generated 

by CH2N2) and their reactivity with unsaturated substrates, we seek to provide 

information, that together with the extensive information already available on the 

Rh/M’ systems discussed above, can help to elucidate the roles of the adjacent 

metals in these transformations, especially those relating to FT chemistry and C–

C chain growth.  We are also curious about the effect of replacing the group 9 

metal with Ir, as this 3
rd

 row metal has a greater tendency to undergo oxidative 

addition, particularly of C–H bonds.  This reaction pathway could provide 

interesting competition to the C–C chain growth studied herein. 
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Chapter 2:  Facile Carbon-Carbon Bond Formation and Multiple 

Carbon-Hydrogen Bond Activations Promoted by Methylene-

Bridged Iridium/Ruthenium Complexes
*
 

 

2.1 Introduction 

 Transition-metal complexes containing alkylidene groups (LnM=CRR’) 

have displayed a rich chemistry in carbon–carbon bond formation, including 

cyclopropanations,1 olefin metathesis,2 and the oligomerization of alkynes.3 Most 

alkylidenes studied are of the form LnM=CRR’, where the alkylidene moiety is 

terminally bound to a metal centre.4 Bimetallic complexes, in which the 

alkylidene moiety bridges two metal centres, have been much less studied and are 

expected to be less reactive, owing to the formal saturation of these bridging units.  

Nevertheless, bridging alkylidene units have also shown interesting reactivity.5  In 

particular, the prototypical alkylidene unit, the methylene (-CH2-) group, has been 

proposed to play a key role as a surface bound species in the sequential carbon–

carbon bond formation that occurs in the Fischer-Tropsch (FT) process.6 In FT 

chemistry, the surface bound methylene groups are presumably bound in a 

bridging arrangement between a pair of adjacent metals and as such the chemistry 

of this bridging group should parallel that observed in methylene-bridged 

binuclear complexes.5a,5c,6f,7 Consequently, these well-defined methylene-bridged 

complexes can serve as useful models for heterogeneous FT chemistry, in keeping 

with the surface-cluster analogy initially proposed by E.L. Muetterties.8 

 As part of a study, the long-term goal of which is to determine the roles of 

the different metals in mixed-metal FT catalysts,9 we have investigated the 

chemistry of methylene-bridged complexes involving the Rh/Ru,7g,h,10 Ir/Ru,7i 

Rh/Os,7e,f,10 and Ir/Os11 metal combinations.  It is our contention that to fully 

understand the roles of the different metals and metal combinations in this 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"!A version of this chapter has been published.  MacDougall, T. J.; Trepanier, S. 
J.; Dutton, J. L.; Ferguson, M. J.; McDonald, R.; Cowie, M.  Organometallics 

2011 , 30, 5882.!
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chemistry, a careful comparison of different, but related combinations of metals is 

necessary. The Rh/Os system was found to be particularly reactive, coupling up to 

four methylene units to generate either allyl and methyl or butanediyl fragments at 

the metal centres,7e,f mimicking aspects of FT reactivity. In this study we 

proposed that the key (although unobserved) intermediates in the methylene-

coupling transformations were hydrocarbyl-bridged units, and that the stepwise 

addition of methylene groups occurred by insertion into the Rh–C bond of these 

bridging fragments.  In order to learn more about the reactivity of these bridging 

hydrocarbyl groups and the roles played by the different metals in the growth of 

the carbon-carbon chain, we have investigated the stepwise coupling of methylene 

groups with a variety of unsaturated substrates.5c,7a,7d,7h,10-12  

 In the study described herein we focus our investigation on methylene-

bridged complexes involving the Ir/Ru metal combination, and their coupling with 

cumulenes.  By implementing a third-row, group 9 metal, we sought to utilize the 

greater Ir–C bond strengths (compared to Rh in previous studies) in order to retain 

the growing hydrocarbyl fragments while utilizing the labile environment at 

ruthenium to allow for substrate transformations.  We were also curious about the 

effect of replacing Rh by the less labile Ir centre on the insertion reactions and 

about the greater tendency of this 3rd-row metal to undergo oxidative addition, 

particularly of C–H bonds, in competition with carbon–carbon chain growth.  

2.2    Results, Compound Characterization, and Discussion 

2.2.1    Carbon-Carbon Bond Formation 

2.2.1.1  Alkyl Cumulenes 

The methylene-bridged complex, [IrRu(CO)4(µ-CH2)(dppm)2][BF4] (1), 

reacts with either 1,1-dimethylallene or 1,2-butadiene (methylallene) at ambient 

temperature to generate the corresponding iridacycle-containing products, 

[IrRu(CO)4(!
1:!1-Me2C=CCH2CH2)(dppm)2][BF4] (2) or [IrRu(CO)4(!

1:!1-

MeCH=CCH2CH2)(dppm)2][BF4] (3), respectively, as outlined in Scheme 2-1.  

The reaction with the mono-substituted allene, methylallene, occurs 



 42 

approximately twice as fast as with the disubstituted, 1,1-dimethylallene, 

presumably owing to inhibition resulting from the larger steric bulk of the

Scheme 2-1 
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disubstituted cumulene.  In compound 3 , two isomers are possible, depending on 

whether the methyl group appears trans or cis to Ir.  The trans arrangement, 

determined by an X-ray study of the related compound 5  (vide infra), is favoured 

by steric arguments allowing the methyl group to avoid the adjacent carbonyl 

ligand.  

Both compounds 2  and 3  give rise to two resonances in the 31P{1H} NMR 

spectrum at approximately ! 26 and ! –14, consistent with the inequivalence of 

both ends of the bridging diphosphines, as shown in Figure 2-1 for 2 .  As is 

usually observed,7i,13 and as demonstrated for all compounds in this chapter as 

well as the following chapter (vide infra), the Ru-bound phosphorus resonances in 

both complexes appear downfield from the resonances due to the Ir-bound ends.  

The 1H NMR spectra of 2 and 3 display two resonances for the dppm-methylene 

protons, a result of the absence of front-back symmetry about the IrRuP4 plane, 

and display mutual two-bond coupling of ca. 15 Hz.  The Ir-bound methylene 

(CH2) protons appear as triplets of triplets (2 : ! 0.98, 3 : ! 1.19), with three-bond 



 43 

coupling to the Ir-bound 31P nuclei and the adjacent CH2 protons with an 

 

Figure 2-1.  31
P{

1
H} NMR spectrum of [IrRu(CO)4(!

1
:!1

-Me2C=CCH2CH2)-

(dppm)2][BF4] (2) in CD2Cl2. 

average coupling of 9.9 Hz and 7.3 Hz, respectively.  The CH2 protons on the 

carbon " to Ir appear as triplets at ! 2.15 (2) and ! 1.61 (3).  The two methyl 

groups in 2  appear as broad singlets at ! 1.44 and ! 0.90 in the 1H NMR spectrum 

while for 3  the single methyl group appears as a broad doublet at ! 0.90, 

displaying coupling of 5.8 Hz to the geminal proton, which in turn appears as a 

broad quartet at ! 4.96.  All 31P{1H}, 1H and 13C{1H} NMR and IR data for all of 

the compounds in this chapter are given in the Experimental section.   

In compound 2 , prepared from [IrRu(13CO)4(µ-13CH2)(dppm)2][BF4],  the 

single Ir-bound carbonyl ligand appears in the 13C{1H} NMR spectrum as a broad 

triplet at ! 182.1, with resolvable coupling to only the Ir-bound ends of the 

diphosphines (2
JCP = 8.7 Hz), while the Ir-bound carbon of the methylene group 

resonates at ! –17.8 (2
JCP = 6.3 Hz) as a broad triplet.  Two Ru-bound carbonyls 

appear as doublets of triplets at ! 212.7 and ! 207.3, in which the large two-bond 

13C–13C coupling of 28.6 Hz suggests a mutually trans arrangement (the semi-

bridging carbonyl is presumably the one at characteristically lower field), and the 

third Ru-bound CO appears at ! 188.7. The 13C{1H} NMR spectrum of 3  is 

closely comparable to 2 with the terminal carbonyl resonances at ! 208.8, ! 190.6, 

and ! 180.8 and the semi-bridging carbonyl resonance at ! 209.6.  The 13CH2 

group of the iridacycle resonates characteristically upfield at ! –19.9 in 3 .  
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Attempts to obtain suitable single crystals of 2  and 3  have been 

unsuccessful; however, replacement of a Ru-bound carbonyl ligand in both 

compounds by an acetonitrile ligand either in refluxing acetonitrile, or by 

decarbonylation with trimethylamine N-oxide (TMNO) in acetonitrile yields the 

respective products, [IrRu(CO)3(NCCH3)(!
1:!1-Me2C=CCH2CH2)(dppm)2][BF4] 

(4) and [IrRu(CO)3(NCCH3)(!
1:!1-MeCH=CCH2CH2)(dppm)2][BF4] (5 ; see 

Scheme 2-1), both of which yielded X-ray quality crystals.  The structure 

determination of [IrRu(CO)3(NCCH3)(!
1:!1-Me2C=CCH2CH2)(dppm)2][BF4] (4), 

as shown for the complex cation in Figure 2-2, verifies the proposed geometry in 

which the hydrocarbyl group is chelating on Ir.  Although this hydrocarbyl moiety 

and the Ir-bound carbonyl ligand are disordered as explained in the Experimental 

section, refinement of the disordered model proceeded well.  Selected bond 

lengths and angles for both disordered forms are presented in Table 2-1. 

 

Figure 2-2.  Perspective view of the complex cation of 

[IrRu(CO)3(NCCH3)(!
1
:!1

-Me2C=CCH2CH2)(dppm)2][BF4] (4).  

Only the major disordered form (75% occupancy) is shown.  

Thermal ellipsoids are shown at the 20% probability level except 

for hydrogens, which are omitted for the phenyl groups but are 

shown arbitrarily small for the others. 
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Within the iridacycle moiety the parameters are as expected.  The 

essentially trigonal planar arrangements of C(6A) and C(7A) together with their 

short separation (1.36(1) Å) are consistent with the olefinic formulation.  

Although the Ir–Ru separation (3.0006(3) Å) is long for a single bond between

Table 2-1.  Selected Bond Lengths and Angles for the Both 

Disordered Forms of Compound 4 

 (a) Distance (Å)a 

atom 1 atom 2 distance atom 1 atom 2 distance 
Ir Ru 3.0006(3) Ru N 2.184(3) 
Ir C1 2.455(4) C4A C5A 1.43(1) 
Ir C3A 1.905(7) C4B C5B 1.50(1) 
Ir C3B 1.94(3) C5A C6A 1.50(1) 
Ir C4A 2.11(1) C5B C6B 1.60(2) 
Ir C4B 2.21(3) C6A C7A 1.36(1) 
Ir C6A 2.116(6) C6B C7B 1.335(8) 
Ir C6B 2.19(2) C7A C8A 1.52(1) 

Ru C1 1.883(4) C7B C8B 1.50(1) 
Ru C2 1.864(4) C7A C9A 1.51(1) 
C1 O1 1.184(4) C7B C9B 1.50(1) 

 

(b) Angles (deg)a 

atom 

1 

atom 2 atom 3 angle atom 1 atom 

2 

atom 3 angle 
Ru C1 O1 151.7(3) Ir C6A C7A 137.0(8) 
Ir C1 O1 121.8(3) Ir C6B C7B 145(1) 
Ir C4A C5A 99.9(6) C6A C7A C8A 126.0(8) 
Ir C4B C5B 97(2) C6B C7B C8B 119.4(6) 

C4A C5A C6A 97.5(6) C6A C7A C9A 122(1) 
C4B C5B C6B 99(2) C6B C7B C9B 119.5(6) 
C5A C6A C7A 125.6(8) C3A Ir C6A 98.5(3) 
C5B C6B C7B 118(1) C3B Ir C6B 93.4(9) 

Ir C6A C5A 97.4(4) C4A Ir C6A 62.7(3) 
Ir C6B C5B 97(1) C4B Ir C6B 66.3(8) 

aThe disordered groups are labelled “A” and “B” 

these metals, one is proposed on the basis of electron counting, and this distance 

is slightly shorter than the non-bonding P–P distance of ca. 3.05 Å, suggesting a 

mutual attraction of the metals.  Earlier in Scheme 2-1 we represented this as a 
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dative Ru!Ir bond, in keeping with the favoured coordinatively saturated 

Ir(III)/Ru(0) oxidation-state assignment; also viable is an Ir(II)/Ru(I) formulation 

that would require a conventional Ir–Ru bond.   

The X-ray structure of 5  as shown in Figure 2-3 displays a very similar 

structure to that of 4 , including a similar disorder. As suggested, earlier, the 

mutually trans arrangement of the methyl substituent and Ir across the olefinic 

bond in 5  is favoured over the cis arrangement, by placing the methyl

 

 

Figure 2-3.  Perspective view of the complex cation of 

[IrRu(CO)3(NCCH3)(!
1
:!1

-MeCH=CCH2CH2)(dppm)2][BF4] (5).  

Only the major disordered form (60 % occupancy) is shown.  

Thermal ellipsoids are as described in Figure 2-2.  

group in a less crowded environment, avoiding the adjacent carbonyl ligand. This 

is seen clearly in a comparison of the Ir–C(6A)–C(7A) (137.0(8)° in 4  and 

130.8(9)° in 5) and C(3A)–Ir–C(6A) (90.7(4)° in 4  and 98.5 (3)° in 5). Both of 

the angles are 6 – 8° larger for the dimethyl species, owing to repulsion between 

the methyl and carbonyl groups.  The angles of the disordered forms of both 4  and 

5  illustrate the same trend for the Ir–C(6B)–C(7B) (145(1)° in 4  and 134(1)° in 5) 



 47 

and C(3B)–Ir–C(6B) (93.4(9)° in 4  and 87.7(7)° in 5).  Structurally, 5  is very 

similar in all aspects to that of 4 , and select bond lengths and angles can be found 

in Table 2-2.  

Table 2-2.  Selected Bond Lengths and Angles for the Both 

Disordered Forms of Compound 5 

 (a) Distance (Å)a 

atom 1 atom 2 distance atom 1 atom 2 distance 
Ir Ru 2.9864(3) Ru N 2.167(3) 
Ir C1 2.453(4) C3A O3A 1.116(9) 
Ir C3A 1.903(7) C3B O3B 1.05(2) 
Ir C3B 1.94(2) C4A C5A 1.42(2) 
Ir C4A 2.08(1) C4B C5B 1.40(2) 
Ir C4B 2.10(2) C5A C6A 1.52(2) 
Ir C6A 2.11(1) C5B C6B 1.53(2) 
Ir C6B 2.15(2) C6A C7A 1.38(1) 

Ru C1 1.904(4) C6B C7B 1.40(2) 
Ru C2 1.857(4) C7A C8A 1.44(2) 
C1 O1 1.183(5) C7B C8B 1.41(3) 

 

(b) Angles (deg)a 

atom 

1 

atom 2 atom 3 angle atom 1 atom 

2 

atom 3 angle 
Ir C1 O1 123.0(3) Ir C6B C5B 100.1(9) 

Ru C1 O1 151.5(4) Ir C6A C7A 130.8(9) 
Ir C4A C5A 103.3(8) Ir C6B C7B 134(1) 
Ir C4B C5B 107(1) C6A C7A C8A 124(1) 

C4A C5A C6A 95.2(9) C6B C7B C8B 135(2) 
C4B C5B C6B 93(1) C3A Ir C6A 90.7(4) 
C5A C6A C7A 131(1) C3B Ir C6B 87.7(7) 
C5B C6B C7B 126(1) C4A Ir C6A 62.5(5) 

Ir C6A C5A 98.5(6) C4B Ir C6B 59.9(6) 
aThe disordered groups are labelled “A” and “B” 

We have considered three mechanistic possibilities for the observed 

coupling of the cumulenes and the µ-CH2 group of 1 .  The most obvious 

possibility involves initial cumulene coordination at Ir with subsequent insertion 

into the Ir–CH2 bond to give the hydrocarbyl-bridged product, shown in structure 

B  (Scheme 2-2).  Bridged structures analogous to structure B  are well 
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documented for related alkyne insertions.7h,11-12 Coordination at the saturated Ir 

centre in 1  is made possible by the incipient unsaturation at this metal, by 

movement of the bridging CO to Ru, concomitant with Ir–Ru bond cleavage 

(structure A).  Migration of the resulting µ-!1:!1-hydrocarbyl fragment in B  to a 

chelating position on Ir is presumably the result of the greater Ir–C bond strength
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compared to Ru–C.14 However, one troublesome aspect of this proposal is that the 

reaction of 1  with cumulenes occurs more readily than for its Rh/Ru and Rh/Os 

congeners which were generally unreactive unless promoted by carbonyl 

removal.10 We had expected the opposite on the basis of the generally lower 

lability of Ir species compared to the Rh analogues.  Certainly, we have 

previously shown that nucleophilic displacement of a CO by PMe3 is significantly 

slower for 1  than for the Rh/Ru and Rh/Os species.15 

 We therefore considered alternate mechanisms that did not involve prior 

cumulene coordination.  In this context, we proposed direct nucleophilic attack of 

the µ-CH2 group on the cumulene.  The CH2 group is nucleophilic, as the addition 

of triflic acid (HOTf) to a solution of [IrRu(CO)4(µ-CH2)(dppm)2]
+ results in 

protonation of the methylene to generate the dicationic methyl complex, 

[IrRu(CH3)(CO)4(dppm)2]
2+, even at –80 °C.13  However, if nucleophilic attack 
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does occur at the cumulene, this should result in nucleophilic attack at the central 

carbon
16 which would not give the observed product.   

Inspection of the structure for 1 ,7i in which the Ir–CH2 bond (2.05(1) Å) is 

significantly shorter than Ru–CH2 (2.31(1) Å), suggests a third possibility, which 

also does not require prior cumulene coordination.  This weaker Ru–CH2 

interaction may be readily cleaved giving rise to an unobserved minor species 

having a terminal methylene group on Ir.  Coupling of this Ir=CH2 moiety and the 

cumulene could then occur via 2 + 2 cycloaddition.  Such a possibility would give 

the iridacycle directly, without the involvement of a hydrocarbyl-bridged 

intermediate. 

 Although, as noted, the [RhM(CO)4(µ-CH2)(dppm)2]
+ (M = Ru ,Os) 

congeners were unreactive towards most cumulenes investigated, their tricarbonyl 

analogues reacted readily to give µ-!1-#3-CH2C(CH2)CHR groups,10 having a 

very different geometry than observed in the present study.  These different 

outcomes are a result of coupling of the µ-CH2 group with either the central 

carbon or the terminal CH2 group of the cumulene.  Coupling to the central carbon 

would give the µ-!1-#3-geometry in the previous study, while coupling at the 

unsubstituted end would give the iridacycles in this study.  It is not clear why this 

difference occurs, although the tricarbonyl species will be stronger nucleophiles 

than their tetracarbonyl analogues and as noted, such attack would be favoured at 

the central carbon.  In attempts to carry out a comparison with the chemistry of 

the above tricarbonyl species of Rh/Ru and Rh/Os, we attempted the removal of a 

carbonyl from 1 , either in the presence of cumulene or in its absence, followed by 

cumulene addition, under a range of conditions.  All attempts resulted in complex 

mixtures of unidentified products.  Failure to prepare this methylene-bridged 

tricarbonyl species had previously been noted.7i  

2.2.1.2  1,1-Difluoroallene  

The addition of 1,1-difluoroallene to a solution of 1  in an NMR tube 

equipped with a J. Young valve results in its conversion, over a 24 h period to a 

3:1 mixture of [IrRu(CO)4(!
1:!1-F2C=CCH2CH2)(dppm)2][BF4] (6) and 
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[IrRu(CO)3(!
1:!1-F2C=CCH2CH2CO)(dppm)2][BF4] (7), respectively, and 

allowing this mixture to stand for an additional 36 h period results in complete 

conversion to 7 (Scheme 2-3). 
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The formation of 6  parallels that of 2  and 3  and all three products have 

similar NMR parameters. Compound 6  gives rise to two resonances in the 

31P{1H} NMR spectrum at ! 24.8 and ! –14.8, as does compound 7  at ! 21.3 and 

! –9.3.  The slow conversion of 6  to 7  can be monitored by 31P{1H} spectroscopy, 

as shown in Figure 2-4.  The Ir-bound CH2 group resonates at ! 0.87 as a broad 

multiplet in the 1H NMR spectrum; displaying coupling to both the Ir- bound 31P 

nuclei and the adjacent CH2 protons (3
JHP = 8.7 Hz, 3

JHH = 6.8 Hz).  This can be 

confirmed by selectively decoupled 1H{31P} NMR experiments as well as by a 

proton correlation NMR experiment (gCOSY).  The other CH2 group appears at ! 

2.05 as a broad triplet, showing resolvable coupling to only the adjacent CH2 

protons.  The resonances for the CO ligands in the 13C{1H} NMR spectrum are 

similar to those of 2  and 3 , while the original methylene carbon of 1  now appears 

at ! –19.6.  The 19F NMR spectrum shows two signals for the pair of geminal 
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fluorines, at ! –80.6 and ! –94.4 displaying mutual coupling of 84.2 Hz 

characteristic of two-bond fluorine-fluorine coupling.17
 

 

 

Figure 2-4.  31
P{

1
H} NMR spectra of a mixture of 6  and 7  at 24 h and 60 h in 

CD2Cl2.   

 

The 13C{1H} NMR spectrum of compound 6 (13CO and 13CH2-enriched) 

gives resonances for the terminal CO’s at ! 195.9, ! 191.7, and ! 178.7, a 

resonance for the semi-bridging CO at ! 211.2, and a resonance for the 13CH2 

group at ! –19.6.  The 13C{1H} NMR spectrum of compound 7 (13CO and 13CH2-

enriched) is different from that of 6 , as it displays a distinctive18 low-field 
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resonance for the acyl carbon at ! 274.8, as a doublet of triplets, with coupling to 

the adjacent methylene carbon observed at ! 44.7 (1
JCC = 24.0 Hz) and to the Ir-

bound phosphorus nuclei (2
JCP = 7.3 Hz).  The acyl CO stretch also appears at 

characteristically low frequency (1705 cm–1) in the IR spectrum, as confirmed by 

the isotope shift observed in the 13CO-enriched sample (1677 cm–1).   All CO 

ligands observed in the 13C{1H} NMR spectrum (! 212.6, ! 186.8, and ! 176.7) 

are shown by selective 31P-decoupling experiments to be Ru-bound.  The 1H 

NMR spectrum of a non-enriched sample of 7  is as expected, although now 

neither set of CH2 protons (! 2.79, ! 0.91) shows resolvable coupling to the Ir-

bound 31P nuclei, and only show mutual three-bond coupling of 7.6 Hz.  The 19F 

NMR signals shift slightly downfield from those of 6 , to ! –78.7 and ! –79.3, and 

display mutual coupling of 70.8 Hz.   

 

Figure 2-5.  19
F NMR spectrum of 7  in CD2Cl2. 

The migration of one end of the 1,1-difluorobutenyl moiety to a carbonyl 

group generates a more favourable, less strained 5-membered metallacycle.  

Presumably this migration occurs for the fluoro-substituted species, but not for the 

methyl-substituted analogues (2  and 3) owing to the electron-withdrawing effects 

of the fluorocarbyl unit, which leaves the carbonyl groups more electrophilic and 

more prone to migratory insertion, as a consequence of less back donation from 

Ir; this is evident in the higher frequency carbonyl stretches observed for 6  
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(between 1999 and 2074 cm–1) compared to 2  (between 1945 and 2048 cm–1).  

Although the fluorovinyl group is adjacent to the Ir-bound CO in 6 , migratory 

insertion of these groups does not occur owing to the stronger Ir–fluorovinyl bond 

and to the lower nucleophilicity of the vinyl carbon (a function of both fluoro-

substitution and the sp2 hybridization of the $-carbon); instead migration of the 

more nucleophilic “CH2” end to the adjacent semi-bridging carbonyl occurs, 

accompanied by slight rearrangements to give 7 . 

2.2.1.3  Allene   

The reaction of 1  with allene differs from the reactions involving the 

substituted cumulenes, noted above, in that no complex containing a hydrocarbyl 

moiety is observed in this case.  Instead, the only products observed, over a wide 

temperature range, from –80 °C to ambient temperature, are the known 

tetracarbonyl complex, [IrRu(CO)4(dppm)2][BF4]
7i and 1,3-butadiene.  Clearly, 

butadiene is a product of coupling of the C3 fragment (allene) with the methylene 

group of 1 .  We suggest that the formation of 1,3-butadiene results from a 

sequence of insertion, "-hydride elimination and reductive elimination steps, as 

outlined in Scheme 2-4.  We rule out an iridacycle intermediate, such as observed 

in compounds 2  – 6 , since "-hydride elimination should not occur readily from a 

strained and inflexible 4-membered metallacycle.19  On the other hand, C3- 

bridged units have been shown to be flexible to rotation about the metal-metal 

axis7h,11-12 giving more opportunity for "-elimination.  The required 1,2-H shift 

that converts the bridging 2,4-butenediyl moiety to 1,3-butadiene is suggested to 

occur by "-hydride elimination (step 2) followed by reductive elimination of 

butadiene (step 3), although the exact nature of the proposed dienyl/hydride 

intermediate is not known.  It is not clear why the reaction of with allene yields 

1,3-butadiene, while the reactions involving the substituted allenes give 

metallacyclic products, but may suggest different mechanisms for cumulene 

incorporation. 
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2.2.2 Multiple  Carbon–Hydrogen Bond Activations 

The iridacyclic product (2) reacts further in the presence of excess 1,1-

dimethylallene to give two products, [IrRu(CO)3(!
1-C(CH2CH3)=C(CH3)2)(µ-

!1:#2-C"CC(CH3)=CH2)-(dppm)2][BF4] (8) and [IrRu(CO)3(!
1-

C(CH2CH3)=C(CH3)2)(µ-!1:#2-C"CCH(CH3)2)(dppm)2][BF4] (9), in an 

approximate 3:1 ratio, as outlined in Scheme 2-5.  This product ratio appears to be 

highly dependent on reaction conditions, and ratios as high as 20:1 of these
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respective species have been obtained, without any obvious change in conditions.  

The reaction of 1  with excess 1,1-dimethylallene yields the same mixture of 8  and 

9 over a 24 h period at ambient temperature, through the presumed intermediacy 

of 2 .   Compound 8  is the result of the activation of three C–H bonds within the 

second equiv of dimethylallene and loss of a CO ligand; in addition to the 

activation of both geminal C–H bonds, activation of a methyl C–H bond has also 

occurred.  Two of the hydrogens resulting from this triple C–H bond activation 

are lost as H2, while the third has been eliminated with the “methylene end” of the 

iridacycle resulting in the formation of an Ir-bound !1-alkenyl moiety.  The minor 

product (9) has also resulted from CO loss and activation of the pair of geminal 

C–H bonds in the second equiv of dimethylallene.  In this case one of the 

hydrogens is again transferred to the iridacycle to give the identical alkenyl group, 

while the other is transferred to the %-carbon of the transformed cumulene 

fragment.  Although 8  is related to 9  by the cleavage of two C–H bonds and H2 

loss, 9  is not an intermediate in the formation of 8 ; leaving this product mixture 

for extended periods or warming to 40 °C does not result in the conversion of 9  to 

8 .  Furthermore, H2 addition to 8  does not generate 9 , instead leaving 8  unreacted. 

Complexes 8  and 9  have very similar 31P{1H} resonances (! 18.9 and ! –

18.8 (8), ! 18.7 and ! –19.3 (9)), and the resonances for the Ru-bound 31P nuclei 

actually overlap slightly, as shown in Figure 2-6. Both complexes also have

 

 

Figure 2-6.  31
P{

1
H} NMR spectrum of compounds 8  and 9  in CD2Cl2. 
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similar 13C{1H} NMR spectra, and 13C{31P} experiments confirm that each 

complex has one CO on Ir (! 182.0 (8), ! 188.7 (9) and two on Ru (! 207.8 and ! 

199.4 (8), ! 208.6 and ! 200.4 (9)).  1H NMR spectra are also consistent with the 

structures proposed. In compound 8 , the geminal olefinic protons appear at ! 4.49 

and ! 4.10 as broad singlets, while distinct features of 9  include the presence of a 

septet at ! 2.63 (3
JHH = 7.2 Hz), for the isopropyl proton, and the pair of isopropyl 

methyl groups as a corresponding doublet at ! 0.64.  

 An X-ray structure determination of 8-CF3SO3, in which the 

tetrafluoroborate anion has been exchanged with triflate, confirms the 

connectivity proposed for this product, the complex cation of which is shown in 

Figure 2-7.  Within the alkynyl moiety, there is a 1:1 disorder between two 

positions for carbons numbered 11 through 14, as described in the Experimental 

Section.  Selected bond lengths and angles for both disordered forms of 8-

CF3SO3 are presented in Table 2-3. 

!

Figure 2-7.  Perspective view of the complex cation of [IrRu(CO)3(!
1
-

C(CH2CH3)=C(CH3)2)(µ-!1
:#2

–C!CC(CH3)=CH2)(dppm)2]-

[CF3SO3] (8-CF3SO3), showing the atom labelling scheme.  

Thermal parameters are as described in Figure 2-2. 
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Within the Ir-bound !1-alkenyl fragment, the C(4)–C(5) bond length of 

1.341(4) Å is typical of a double bond,20 while C(4)–C(6) (1.542(4) Å) 

corresponds to a single bond.20-21 Within the vinylalkynyl moiety, the C(10)–

C(11) bond lengths of 1.263(9) and 1.292(9) Å (for the two disordered forms) are 

intermediate between a triple and a double bond,20-21 as a result of its #2-

interaction with Ru.  The C(12)–C(13) bond lengths (1.37(1), 1.36(1) Å) are 

somewhat longer than expected for a double bond while C(12)–C(14) (1.42(3), 

1.47(2) Å) is shorter than expected for a single bond,20-21 presumably a 

consequence of the disorder. 

 

Table 2-3.  Selected Bond Lengths and Angles for Both Disordered 

Forms of Compound 8-CF3SO3 

(a) Distance (Å)a 

atom 1 atom 2 distance atom 1 atom 2 distance 
Ir Ru 2.9687(3) C10 C11A 1.263(9) 
Ir C4 2.138(2) C10 C11B 1.292(9) 
Ir C10 1.992(3) C11A C12A 1.47(1) 

Ru C10 2.263(2) C11B C12B 1.47(1) 
Ru C11A 2.357(8) C12A C13A 1.37(1) 
C4 C5 1.341(4) C12B C13B 1.36(1) 
C4 C6 1.542(4) C12A C14A 1.42(3) 
C5 C8 1.513(4) C12B C14B 1.47(2) 
C5 C9 1.509(5)    

 

(b) Angles (deg)a 

atom 

1 

atom 2 atom 3 angle atom 1 atom 

2 

atom 3 angle 
Ir C4 C5 129.1(2) C10 C11A C12A 151.3(7) 
Ir C4 C6 112.9(2) C10 C11B C12B 150.5(8) 

C4 C5 C8 122.6(3) C11A C12A C13A 121.8(7) 
C4 C5 C9 126.5(3) C11B C12B C13B 122.1(8) 
Ir C10 C11A 160.9(4) C11A C12A C14A 114(1) 
Ir C10 C11B 159.5(4) C11B C12B C14B 117(1) 

aThe disordered groups are labelled “A” and “B” 

 The failure of compounds 8  and 9  to interconvert by H2 loss/gain indicates 

that they are generated by competing pathways; however, we have no other 
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mechanistic information about the formation of these species, since no 

intermediates were detected in low-temperature NMR studies.  Low-temperature 

studies of the reaction of 2  with a three-fold excess of 1,1-dimethylallene in the 

presence of trimethylamine N-oxide (TMNO) indicate the rapid formation of 8  

and 9  at temperatures as low as –20 °C, demonstrating that the rate determining 

step in this transformation involves the loss of a carbonyl from 2 .  Although no 

intermediates were identified, we assume that geminal C–H activation results 

from dimethylallene coordination through the unsubstituted end at one metal 

(presumably accompanied by CO loss), followed by stepwise C–H activation 

involving the adjacent metal, and accompanying hydrogen transfer to the 

iridacyclic group.  However, the stages at which H-transfer to the %-carbon to 

yield 9  and H-abstraction from the methyl carbon to give 8  occur are not known.   

 In hopes of observing species that might model intermediates in the above 

transformations, we have investigated the stepwise reactions of 1  with different 

combinations of cumulenes.  We first investigated the reactions of 2  (obtained 

from 1  and 1,1-dimethylallene) with either allene or 1,1-difluoroallene, neither of 

which can yield analogues of the “triple C–H activation product”, owing to the 

absence of the alkyl substituent necessary for the “third” activation, but which 

might instead yield analogues of 9 .  In keeping with this assumption, the reaction 

of 2  with allene yields only one product, [IrRu(CO)3(!
1-C(CH2CH3)=C(CH3)2)(µ-

!1:#2-C"CCH3)(dppm)2][BF4] (10) – the result of double geminal C–H activation 

of allene accompanied by H-transfer to both the iridacycle and to the %-carbon of 

the transformed C3-fragment, to give the propynyl-bridged product, shown in 

Scheme 2-6.  The spectral data for 10  very much resemble that of 9 , apart from 

the methyl or isopropyl substituents on the respective alkynyl groups. 

Scheme 2-6 
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An X-ray structure determination of 10 , as shown for the complex cation 

in Figure 2-8, verifies the connectivity proposed.  Selected bond lengths and 

angles for 10  appear in Table 2-4, and an ORTEP diagram of an alternate view 

that includes all phenyl rings is shown in Figure 2-9.  The structural parameters 

for 10 very much resemble those of 8 , in which the C(5)–C(6) distance

 

Figure 2-8.  Perspective view of the complex cation of [IrRu(CO)3(!
1
-

C(CH2CH3)=C(CH3)2)(µ-!1
:#2

–C!CCH3)(dppm)2][BF4] (10), 

showing the atom labeling scheme.  Only the ipso carbons of the 

phenyl rings are shown.  Thermal parameters are as described in 

Figure 2-2. 

 

of 1.341(7) Å is as expected for a double bond and C(17)–C(18) (1.250(6) Å) 

corresponds to a triple bond that is somewhat elongated by the #2-interaction with 

Ru.20-21  This latter interaction also leads to deviations in the Ir–C(17)–C(18) and 

C(17)–C(18)–C(19) angles from linearity.  Within the Ir-bound alkenyl fragment 

the trigonal planar geometries at C(6) and C(5) are consistent with the olefinic 

formulation. 
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Table 2-4.  Selected Bond Lengths and Angles of Compound 10 

(a) Distance (Å) 

atom 1 atom 2 distance atom 1 atom 2 distance 
Ir Ru 2.9419(3) C5 C6 1.341(7) 
Ir C6 2.136(4) C5 C9 1.518(6) 
Ir C17 2.003(4) C6 C7 1.534(6) 

Ru C17 2.275(4) C17 C18 1.250(6) 
Ru C18 2.348(4) C18 C19 1.486(6) 
C4 C5 1.513(8)    

 

(b) Angles (deg) 

atom 

1 

atom 2 atom 3 angle atom 1 atom 

2 

atom 3 angle 
C4 C5 C6 127.2(4) Ir C6 C7 112.8(3) 
C4 C5 C9 111.1(5) Ir C17 C18 164.2(3) 
C6 C5 C9 121.8(5) C17 C18 C19 156.5(4) 
Ir C6 C5 127.1(3)     

 

 

 

Figure 2-9.  Alternate view of the complex cation of [IrRu(CO)3(!
1
-

C(CH2CH3)=C(CH3)2)(µ-!1
:#2

–C!CCH3)(dppm)2][BF4] (10), 

with all phenyl carbons.  Thermal parameters are as described in 

Figure 2-2. 
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Efforts to react complex 2  with 1,1-difluoroallene were unsuccessful; even 

the exposure of 2  to 10 equiv of the gaseous cumulene over 48 h at slightly 

elevated temperatures gave no reaction. The electronic difference imparted by the 

fluorine substituents, although remote from the expected C–H activation sites is 

apparently sufficient to hinder the reactivity observed with the other cumulenes.  

It may be that the electronegative fluorines result in strengthening of the distal C–

H bonds22 enough to deactivate this cumulene to C–H bond cleavage. 

In the reaction of 2  with methylallene, both pathways, observed in the 

reaction with 1,1-dimethylallene, are again accessible, yielding both 

[IrRu(CO)3(!
1-C(CH2CH3)=C(CH3)2)(µ-!1:#2-C"CCH2CH3)(dppm)2][BF4] (11) 

and [IrRu(CO)3(!
1-C(CH2CH3)=C(CH3)2)(µ-!1:#2-C"CCH=CH2)(dppm)2][BF4] 

(12)  in a 3:2 ratio, as shown earlier in Scheme 2-5.  In this case, however, the 

major product is the double C–H activation product 11  in which the hydrogens 

resulting from geminal activation have migrated to the iridacycle, yielding the 

alkenyl group and to the %-carbon of the activated allene.  The lower proportion of 

the “methyl activated” product (12) compared to the dimethylallene reaction may, 

in part, reflect the statistical differences, having only one methyl group available 

in the present case, as opposed to two.   Again, the interconversion of the two 

products (11  and 12) by H2 loss or addition does not occur.   The NMR spectral 

parameters are in agreement with those of compounds 9  and 8 , respectively, and 

are fully consistent with the structures shown. 

 Unfortunately, the X-ray structure determination of 11  revealed that it was 

badly disordered, so although the gross geometry was obvious, severe disorder of 

the bridging butynyl group did not allow its unambiguous identification.  

Nevertheless, the spectroscopy for this species is unambiguous, particularly 

regarding the ethyl substituent on the bridging alkynyl group.  In the 1H NMR 

spectrum this ethyl substituent resonates at ! 2.57 and ! 0.58 with mutual three-

bond coupling of 7.3 Hz.  The assignment of these resonances as such can be 

confirmed by 2D NMR spectroscopy (gCOSY). 

Surprisingly, reversing the addition of methylallene and 1,1-

dimethylallene by reacting 3  with dimethylallene did not yield the expected two 
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products analogous to those described above, but instead gave a mix of several 

unidentified products under a range of reaction conditions.  One of these products 

(28 % yield) was identified as the product of the reaction of dimethylallene with 

[IrRu(CO)4(dppm)2][BF4], as will be described in the subsequent chapter.23 The 

same reactivity pattern is observed with the addition of allene to 3 , in which one 

of the products (40 % yield) was identified as the product of allene addition to 

[IrRu(CO)4(dppm)2][BF4].
23 This reactivity pattern demonstrates the instability of 

compound 3  towards loss of the hydrocarbyl fragment under the reaction 

conditions.  This also suggests that the tetracarbonyl complex, 

[IrRu(CO)4(dppm)2]
+, is active in multiple C–H bond activation processes as well 

as the methylene-bridged Ir/Ru complex discussed in this chapter.  

2.3 Conclusions 

In the reaction of [IrRu(CO)4(µ-CH2)(dppm)2][BF4] (1) with 1 equiv of 

the cumulenes studied there are two substantially different outcomes. With the 

substituted allenes, 1,1-dimethylallene, methylallene, and 1,1-difluoroallene the 

initial product obtained in each case is an iridacycle-containing species resulting 

from coupling of the µ-CH2 group and the unsubstituted end of the cumulene, 

while for allene itself no hydrocarbyl product is observed and instead the organic 

moiety resulting from allene/methylene coupling is eliminated as 1,3-butadiene.  

As discussed earlier, we consider two mechanisms for coupling of the methylene 

and cumulene groups to be viable.  It is possible that the differing outcomes for 

the substituted and unsubstituted allenes arise due to these two different 

mechanisms (although we can offer no rationalization for why substituted and 

unsubstituted allenes should favour one mechanism over the other). 

It is also possible that all cumulenes react via the same coupling 

mechanism to yield the same type of bridged intermediate (structure B , Scheme 

2-2) and that the pathway followed is a consequence of the differing competitive 

rates of migration of the bridged unit to a chelating geometry on Ir and the "-H 

elimination/reductive elimination pathway generating the 1,3-butadiene (Scheme 

2-4).  If this were the case, the methyl-substituted allenes could be less stable in 
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the bridging position, owing to their larger steric bulk and resulting steric 

repulsions with the µ-dppm groups, favouring migration to Ir, while the 

electronegative fluorine substituents in 1,1-difluoroallene strengthen the C–H 

bonds within this molecule, making C–H activation unfavourable with respect to 

chelate formation.  Such a rationale would explain why the electronically different 

cumulenes (methyl- or fluorine-substituted) have similar outcomes.  Although this 

study did not succeed in shedding light on this question, a study of the related 

Ir/Os system (which is presented in Chapters 4 and 5), containing strong Ir–C and 

Os–C bonds, may succeed in allowing a hydrocarbyl-bridged species to be 

observed and therefore may offer helpful insights. 

The subsequent reactivities of the chelated product of methylene and 1,1-

dimethylallene coupling, namely [IrRu(CO)4(!
1:!1-Me2C=CCH2CH2)(dppm)2]

+ 

(2), with methylallene, allene, or additional 1,1-dimethylallene were surprising 

and for each added cumulene appear to proceed in much the same way. All 

proceed by activation of two geminal C–H bonds of the cumulene followed by 

transfer of the resulting hydrogens to the existing iridacycle, yielding a !1-alkenyl 

group, and to the %-carbon of the activated cumulene, giving a bridging alkynyl 

group.  When methyl substituents are present on the added cumulene a second 

parthway is competitive, in which one hydrogen from geminal activation is again 

transferred to the iridacycle.  However, in this case, C–H activation of one of the 

methyl substituents also occurs, accompanied by H2 loss, yielding a bridging 

vinylalkynyl group.  Unfortunately, we were unable to obtain mechanistic 

information about these interesting transformations and additional studies are 

underway in hopes of resolving this issue.  

 As anticipated, the Ir/Ru metal combination has resulted in reactivity not 

seen with the other metal combinations.  In particular, the lability of Ru combined 

with the greater bond strengths involving Ir have combined to yield the iridacyclic 

products, not previously seen with the other metal combinations.10,24 In addition, 

the tendency for low-valent Ir to undergo C–H activation is clearly evident in this 

study.  Other aspects of reactivity, related to the relatively simple concept of 

carbonyl lability is not so easily rationalized, and appears not to depend on one 
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metal alone (for example in the comparison of Rh/Ru and Ir/Ru systems) but 

instead appears to depend on subtle influences of the adjacent metals.  A full 

understanding of these and other observations must await additional studies 

needed to establish the mechanistic details of these transformations. 

2.4 Experimental Section  

2.4.1 General Comments   

All solvents were dried using appropriate desiccants (given in Appendix 

II), distilled before use, and stored under a nitrogen atmosphere.  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.  The 1,2-butadiene (methylallene) 

was purchased from Organic Technologies, allene from Matrix Scientific, and 

1,1-dimethylallene from Aldrich. The trimethylamine N-oxide dihydrate was also 

purchased from Aldrich and was dried according to the literature procedure.25 

Diazomethane was generated from Diazald,™ which was purchased from Aldrich, 

as was the 13C-enriched Diazald. 13C-enriched N-Methyl-N-nitroso-p-

toluenesulfonamide was also prepared by using a modified version of the 

procedure for synthesizing the 14C-enriched radio-labelled analogue.26 The 13CO 

was purchased from Isotech, Inc.  Compound 1 , [IrRu(CO)4(µ-

CH2)(dppm)2][BF4], was prepared by the literature procedure,7i with the exception 

that [Ir(CO)(dppm)2][Cl]27 was used instead of [IrCl(dppm)2] in the synthesis.  

Complete multinuclear NMR characterization for 1  is presented in Table 2-5. 

 1,1-Difluoroallene was prepared using a modification of the published 

procedures,24,28
 in which a solution of 100 µL of 2-bromo-3,3,3-trifluoro-1-

propene (purchased from Aldrich) in 3 mL of diethyl ether was cooled to –90 °C 

in an acetone/liquid N2 bath.  To this was added dropwise 385 µL of a 2.5 M 

solution of n-butyllithium in hexanes (purchased from Aldrich), followed by 

stirring of the solution at this temperature for 30 min.  The –90 °C bath was 

replaced by an acetonitrile/CO2(s) bath (ca. –40 °C) and the solution was stirred for 
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15 min.  The solution was then slowly warmed over 15 min to –20 °C, resulting in 

the evolution of 1,1-difluoroallene gas. 

 The 1H and 31P{1H} NMR spectra were recorded on a Varian Inova 400 

spectrometer operating at 399.9 and 161.8 MHz, respectively.  All low-

temperature spectra and the heteronuclear decoupling experiments (13C{1H} and 
13C{1H,31P}) were recorded on a Varian Unity spectrometer operating at 161.9 

MHz for 13C, 202.3 MHz for 31P, and 499.8 MHz for 1H.  Infrared spectra were 

recorded in CH2Cl2 solution on a Nicolet Avatar 370 DTGS spectrometer.  Mass 

spectrometry was performed on a Micromass ZabSpec TOF spectrometer by the 

mass spectrometry facility of this department, and elemental analyses were also 

carried out in the departmental facility. 

2.4.2 Preparation of Compounds 

 Spectroscopic data for the compounds are presented in Table 2-5. 

(a) [IrRu(CO)4(!1
:!1

-Me2C=CCH2CH2)(dppm)2][BF4] (2) .  

Compound 1 ,  [IrRu(CO)4(µ-CH2)(dppm)2][BF4] (100 mg, 0.078 mmol) 

was dissolved in 20 mL of CH2Cl2, affording a bright yellow/orange 

solution.  To this solution was added 1,1-dimethylallene by micro-syringe 

(23 µL, 0.24 mmol).  The reaction was stirred under an argon atmosphere 

at ambient temperature for 48 h, darkening to orange upon stirring.  After 

stirring, the solution volume was reduced to 5 mL and to this was added 30 

mL of diethyl ether to precipitate a yellow/orange solid that was washed 

with 2 x 5 mL of diethyl ether and dried in vacuo (90 % yield).  HRMS: 

m/z calcd for C60H54IrO4P4Ru (M+), 1257.1640; found, 1257.1631 (M+).  

Anal. Calcd for BC60.41Cl0.82F4H54.82IrO4P4Ru (2#0.41 CH2Cl2):  C, 52.66; 

H, 4.01.  Found:  C, 52.51; H, 4.05.  1H NMR spectroscopy in CD3CN 

confirmed the presence of dichloromethane of crystallization. 

(b) [IrRu(CO)4(!1
:!1

-MeCH=CCH2CH2)(dppm)2][BF4] (3) .  Under 

an argon atmosphere, methylallene was passed through a stirred 

yellow/orange solution of 1  (100 mg, 0.078 mmol) in 20 mL of CH2Cl2 for
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1 min at a rate of approximately 0.1 mL/s and the solution was left to stir 

under a methylallene atmosphere for 24 h at ambient temperature.  Upon 

stirring, the solution darkened slightly to orange. After 24 h, the solvent 

volume was reduced to 5 mL and the addition of 30 mL of diethyl ether 

precipitated a yellow solid that was washed with 2 x 5 mL of diethyl ether 

and dried in vacuo (94 % yield).  HRMS:  m/z calcd for C58H52IrO3P4Ru 

(M+ – CO), 1215.1493; found, 1215.1534 (M+ – CO).  Anal. Calcd for 

BC59F4H52IrO4P4Ru:  C, 53.32; H, 3.94.  Found:  C, 53.46; H, 3.87. 

(c) [IrRu(CO)3(NCCH3)(!1
:!1

-Me2C=CCH2CH2)(dppm)2][BF4] (4) .  

Method iCompound 2  (50 mg, 0.037 mmol) was dissolved in 0.6 mL of 

CD3CN in an NMR tube to afford an orange/yellow solution.  To the NMR 

tube was added trimethylamine N-oxide (2.8 mg, 0.037 mmol) dissolved 

in 0.2 mL of CD3CN, and the solution darkened. Compound 4 was 

identified as the only phosphorus-containing product by 31P{1H} 

spectroscopy.  This product was not stable unless in the presence of 

CH3CN or CD3CN, and therefore, in order to obtain suitable 1H NMR data 

the reaction was carried out in CD3CN; as such, no 1H NMR resonance is 

reported for the coordinated solvent molecule.  Compound 4  was 

characterized by NMR spectroscopy and X-ray crystallography.  Although 

after many attempts a single crystal was grown suitable for X-ray analysis, 

solid samples, suitable for elemental analysis could not be obtained. 

(d) [IrRu(CO)3(NCCH3)(!1
:!1

-MeCH=CCH2CH2)(dppm)2][BF4]     

(5) .  Compound 3  (50 mg, 0.038 mmol) was dissolved in 0.6 mL of 

CD3CN in an NMR tube to afford an orange/yellow solution.  To the NMR 

tube was added trimethylamine N-oxide (2.8 mg, 0.038 mmol) dissolved 

in 0.2 mL of CD3CN, and the solution darkened. Compound 5  was 

identified as the only phosphorus-containing product by 31P{1H} NMR 

spectroscopy.  This product was not stable unless in the presence of 

CH3CN or CD3CN, and therefore, in order to obtain suitable 1H NMR data 

the reaction was carried out in CD3CN; as such, no 1H NMR resonance is 
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reported for the coordinated solvent molecule.  Compound 5  was 

characterized by NMR spectroscopy and X-ray crystallography.  Although 

a single crystal was grown suitable for X-ray analysis, solid samples, 

suitable for elemental analysis could not be obtained.  

 (e) [IrRu(CO)4(!1
:!1

-F2C=CCH2CH2)(dppm)2][BF4] (6) and 

[IrRu(CO)3(!1
:!1

-F2C=CCH2CH2CO)(dppm)2][BF4] (7).   

Compound 1  (50 mg, 0.039 mmol) was dissolved in 0.7 mL of CD2Cl2 in 

an NMR tube fitted with a J. Young valve.  The solution was cooled to –

78 °C and the headspace was evacuated and replaced with 1,1-

difluoroallene, generated as described above.  The NMR tube was warmed 

over 30 min to ambient temperature and left to react for 24 h after which 

time compounds 1 , 6 , and 7  were all present in the 31P{1H} NMR 

spectrum in a 2:2:1 ratio.  Compound 6  could not be isolated from 1  and 7  

at any point during the reaction; however, heating the reaction at 35 °C for 

another 24 h, or leaving the reaction at ambient temperature for 36 h, 

resulted in complete conversion to 7 .  The addition of 15 mL of diethyl 

ether and 5 mL of pentane precipitated a yellow-orange solid that was 

washed with 2 x 5 mL of diethyl ether and was dried in vacuo (80 % yield). 

HRMS:  m/z calcd for 7 :  C58H48F2IrO4P4Ru (M+), 1265.1143; found, 

1265.1138 (M+).  Anal. Calcd for BC58F6H48IrO4P4Ru:  C, 51.56; H, 3.58.  

Found:  C, 51.47; H, 3.80. 19F NMR for 6  (CD2Cl2): & –80.6 (bd, 1F, 2
JFF 

= 84.2 Hz), ! –94.4 (bd, 1F, 2
JFF = 84.2 Hz); for 7  (CD2Cl2): & –78.7 (bd, 

1F, 2JFF = 70.8 Hz), ! –79.3 (bd, 1F, 2JFF = 70.8 Hz). 

(f) Reaction of 1 with allene. Under an argon atmosphere, allene was 

passed through a stirring yellow/orange solution of 1  (40 mg, 0.031 mmol) 

in 5 mL of CH2Cl2 for 1 min at a rate of approximately 0.1 mL/s and the 

solution was left to stir under an allene atmosphere for 24 h at ambient 

temperature.  Upon stirring, the solution darkened slightly to orange. After 

24 h, the gases present in the headspace of the flask were condensed into 

an NMR tube containing CD2Cl2 at –78 °C and the 1H NMR spectrum 
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determined the presence of 1,3-butadiene.  1H NMR data for 1,3-butadiene 

(in CD2Cl2): ! 6.27 (dd, 2H, 3
JHHtrans = 16.6 Hz, 3

JHHcis = 9.8 Hz), ! 5.03 

(dd, 2H, 3
JHHtrans = 16.6 Hz, 2

JHHgem = 1.8 Hz), ! 4.84 (dd, 2H, 3
JHHcis = 9.8 

Hz, 2JHHgem = 1.8 Hz).  The solvent volume of the orange solution was then 

reduced to 2 mL and the addition of 30 mL of diethyl ether precipitated a 

yellow solid that was washed with 2 x 5 mL of diethyl ether and dried in 

vacuo (28 % yield). The solid product was identified as the known species, 

[IrRu(CO)4(dppm)2][BF4] by NMR.7i  

(g)  [IrRu(CO)3(!1
-C(CH2CH3)=C(CH3)2)(µ-!1

:#2
-C!C-

C(CH3)=CH2)(dppm)2][BF4] (8) and [IrRu(CO)3(!1
-C-

(CH2CH3)=C(CH3)2)(µ-!1
:#2

-C!CCH(CH3)2)(dppm)2][BF4] (9).  

 Method (i) .  Compound 2  (50 mg, 0.037 mmol) was dissolved in 10 mL 

of CH2Cl2 affording an orange solution.  To this stirred solution was added 

freshly distilled 1,1-dimethylallene by micro-syringe (50 equiv, 1.9 mmol, 

182 µL), and the stirring was continued under an argon atmosphere at 

ambient temperature for 16 h, during which time the solution turned darker 

orange.  The solution volume was reduced to 5 mL and the yellow/orange 

solid was precipitated by the addition of 30 mL of diethyl ether and 15 mL 

of pentane and washed with 3 x 5 mL of diethyl ether. The 31P{1H} NMR 

spectrum of the isolated product revealed a 3:1 mixture of phosphorus-

containing products 8  and 9 , respectively.  Method (ii).    Compound 1  

(50 mg, 0.039 mmol) was dissolved in 20 mL of CH2Cl2, affording a 

yellow/orange solution.  To this stirred solution was added freshly distilled 

1,1-dimethylallene (100 equiv, 3.9 mmol, 382 µL) via syringe.  This 

solution was left to stir for 24 h under an argon atmosphere at ambient 

temperature, during which time the solution darkened to deep orange.  

After 24 h, the solution volume was reduced to 5 mL and the addition of 

30 mL of diethyl ether and 20 mL of pentane precipitated a yellow/orange 

solid that was washed with 3 x 5 mL of diethyl ether and was dried in 

vacuo (ca. 85 % yield).  The 31P{1H} NMR spectrum of the isolated 
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product revealed the same 3:1 ratio of 8  and 9 , noted above.  HRMS:  m/z 

calcd for 8 :  C64H60IrO3P4Ru (M+), 1295.2160; found, 1295.2196 (M+).  

Due to the isotope pattern overlap in the HRMS, only compound 8  could 

be identified.  Elemental analysis was performed only on compound 8  as 

sufficient quantities of only this compound could be separated by 

crystallization from the mixture of 8  and 9  from CH2Cl2/Et2O. Anal. Calcd 

for BC64F4H60IrO3P4Ru:  C, 55.66; H, 4.37.  Found:  C, 55.53; H, 4.38.  

Compound 9  was characterized by NMR spectroscopy. 

(h) [IrRu(CO)3(!1
-C(CH2CH3)=C(CH3)2)(µ-!1

:#2
-C!CCH3)-

(dppm)2][BF4] (10).  Under an argon atmosphere, allene was passed 

through a stirring yellow/orange solution of 2  (40 mg, 0.030 mmol) in 5 

mL of CH2Cl2 for 1 min at a rate of approximately 0.1 mL/s and the 

solution was left to stir under an allene atmosphere for 24 h at ambient 

temperature.  Upon stirring, the solution darkened to orange. After 24 h, 

the solvent volume was reduced to 2 mL and the addition of 30 mL of 

diethyl ether precipitated a yellow solid that was washed with 2 x 5 mL of 

diethyl ether and dried in vacuo (90 % yield).  HRMS:  m/z calcd for 10 :  

C62H58IrO3P4Ru (M+), 1269.2004; found, 1269.2005 (M+).  Anal. Calcd 

for BC64Cl4F4H62IrO3P4Ru (10•2CH2Cl2):  C, 50.41; H, 4.10.  Found:  C, 

50.79; H, 4.08.  The incorporation of 2 equiv of CH2Cl2 was supported by 

the X-ray crystal structure analysis. 

(i)  [IrRu(CO)3(!1
-C(CH2CH3)=C(CH3)2)(µ-!1

:#2
-C!CCH2CH3)-

(dppm)2][BF4] (11) and [IrRu(CO)3(!1
-C(CH2CH3)=C(CH3)2)-

(µ-!1
:#2

-C!CCH=CH2)(dppm)2][BF4] (12).  Under an argon 

atmosphere, methylallene was passed through a stirred yellow/orange 

solution of 2  (50 mg, 0.037 mmol) in 10 mL of CH2Cl2 for 1 min at a rate 

of approximately 0.1 mL/s and the solution was left to stir under a 

methylallene atmosphere for 24 h at ambient temperature.  Upon stirring, 

the solution darkened slightly to orange. After 24 h, the solvent volume 

was reduced to 5 mL and the addition of 30 mL of diethyl ether and 30 mL 
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of pentane precipitated a yellow solid that was washed with 2 x 5 mL of 

diethyl ether and dried in vacuo (ca. 87 % yield). The 31P{1H} NMR 

spectrum of the isolated product revealed the presence of 11  and 12  in a 

3:2 ratio.  HRMS:  m/z calcd for 11 :  C63H60IrO3P4Ru (M+), 1293.2160; 

found, 1283.2159 (M+).  Due to the isotope pattern overlap in the HRMS, 

only compound 11  could be identified.  We were unable to obtain 

elemental analyses of either 11  or 12 , owing to our failure to separate 

them in sufficient quantity.    

(j) Attempted reaction of 2 with 1,1-difluoroallene.  Compound 2  

(30 mg, 0.022mmol) was dissolved in 0.7 mL of CD2Cl2 in an NMR tube 

fitted with a J. Young valve to afford a dark orange solution.  The solution 

was cooled to –78 °C and the argon headspace was evacuated and replaced 

with 1,1-difluoroallene (prepared as described above, but using 200 µL of 

2-bromo-3,3,3-trifluoro-1-propene and 770 µL of 2.5 M n-butyllithium in 

hexanes).  The NMR tube was warmed over 30 min to ambient 

temperature and then left to react at 35 °C for 48 h.  No new product was 

observed in the 31P{1H} NMR spectrum, nor was the concentration of 1,1-

difluoroallene decreased (as determined by integration of the 1H NMR 

spectrum).  

2.4.3    X-ray Structure Determinations 

2.4.3.1  General 

 Crystals were grown via slow diffusion of diethyl ether into an 

acetonitrile/dichloromethane solution of the compound (4, 5), diffusion of diethyl 

ether into a dichloromethane solution of the compound (8-CF3SO3), or diffusion 

of diethyl ether/pentane into a dichloromethane solution of the compound (10).  

Data were collected using a Bruker SMART 1000 CCD detector/PLATFORM 

diffractometer with the crystals cooled to –80 ºC (4,  5,  8-CF3SO3) or with a 

Bruker APEX-II CCD detector/D8 diffractometer29 with the crystals cooled to –

100 °C (10); all data were collected using Mo K$ radiation (' = 0.71073 Å).  The 

data were corrected for absorption through Gaussian integration from indexing of 
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the crystal faces.  Structures were solved using direct methods (SHELXS–97
30

) (4 , 

5, 10), or Patterson search/structure expansion (DIRDIF-99
31

) (8-CF3SO3).  

Refinements were completed using the program SHELXL-97.30 Hydrogen atoms 

attached to carbons were assigned positions based on the sp2 or sp3 hybridization 

geometries of their attached carbons, and were given thermal parameters 20 % 

greater than those of their parent atoms.  See Appendix III.1 for a listing of 

crystallographic experimental data for all structures in this chapter. 

2.4.3.2    Special Refinement Conditions 

(i) Compound 4 : Attempts to refine peaks of residual electron density as 

diethyl ether oxygen or carbon atoms were unsuccessful.  The data were corrected 

for disordered electron density through use of the SQUEEZE procedure32 as 

implemented in PLATON.33  A total solvent-accessible void volume of 513 Å3 

with a total electron count of 103 (consistent with two molecules of solvent 

diethyl ether) was found in the unit cell.  The B–F and F…F distances within the 

disordered tetrafluoroborate ion were restrained to be 1.35(1) and 2.20(1) Å, 

respectively.  The Ir-bound metallacycle and the adjacent carbonyl group were 

disordered over two positions in a 3:1 ratio as shown in Figure 2-10.  There was

!

Figure 2-10.  View of the complex cation of [IrRu(CO)3(NCCH3)(!
2
-

Me2C=CCH2CH2)(dppm)2][BF4] (4) with the dppm ligands and 

hydrogens removed, showing both the major (solid bonds) and 

minor (hollow bonds) contributions involving the disordered 

carbonyl and 2-methylpent-2-ene-3,5-diyl groups. 
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also an accompanying disorder of the dppm phenyl rings.  The geometry about 

carbon C7B in the minor part of the disordered 2-methylpent-2-ene-3,5-diyl 

fragment had the following distance restraints imposed during refinement:  C7B–

C8B and C7B–C9B, 1.50(1) Å; C8B…C9B, 2.60(1) Å; C6B–C8B and C6B–C9B, 

2.45(1) Å.    

(ii) Compound 5 : Attempts to refine peaks of residual electron density as 

solvent diethyl ether oxygen or carbon atoms were unsuccessful.  The data were 

corrected for disordered electron density through use of the SQUEEZE 

procedure32 as implemented in PLATON.33  A total solvent-accessible void 

volume of 538.4 Å3 with a total electron count of 105 (consistent with two 

molecules of solvent diethyl ether) was found in the unit cell.  The Ir-bound 

metallacycle and the adjacent carbonyl group were disordered over two positions 

in a 3:2 ratio as shown in Figure 2-11, very similar to the disorder observed in 10 . 

 

Figure 2-11.  View of the complex cation of [IrRu(CO)3(NCCH3)(!
2
-

MeCH=CCH2CH2)(dppm)2][BF4] (5) with the dppm 

ligands and hydrogens removed, showing both the major 

(solid bonds) and minor (hollow bonds) contributions 

involving the disordered carbonyl and pent-2-ene-3,5-diyl 

groups. 
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(iii) 8-CF3SO3:  Attempts to refine peaks of residual electron density as 

solvent dichloromethane chlorine or carbon atoms were unsuccessful.  The data 

were corrected for disordered electron density through use of the SQUEEZE 

procedure32 as implemented in PLATON.
33

  A total solvent-accessible void 

volume of 325.4 Å3 with a total electron count of 121 was found in the unit cell, 

consistent with three molecules of solvent dichloromethane in the cell, or 1.5 

molecules of dichloromethane per formula unit of the complex ion.  The bridging 

alkynyl moiety was disordered over two positions as shown in Figure 2-12.  An 

idealized geometry was imposed upon the "–2-methylbut-1-en-3-ynyl ligand by 

constraining the disordered parts of the ligand to planarity (i.e. requiring the sets 

of atoms [C11A, C12A, C13A, C14A] and [C11B, C12B, C13B, C14B] to each 

form a tetrahedron with a volume of no more than 0.002 Å3). 

 

 

 

Figure 2-12.  View of the complex cation of [IrRu(CO)3(!
1
-

C(CH2CH3)=C(CH3)2)(µ-!1
:#2

-CCC(CH3)=CH2)(dppm)2][BF4] 

(8) with the dppm ligands removed, showing both contributions 

involving the disordered alkynyl moiety. 
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Chapter 3:  Geminal Carbon–Hydrogen Bond Activation in 

Cumulenes Promoted by Adjacent Iridium/Ruthenium Centres
*
 

 

3.1 Introduction 

 The activation of carbon–hydrogen bonds by late transition metal 

complexes is an important transformation in organometallic chemistry,1 

facilitating the selective conversion of inexpensive but relatively unreactive 

hydrocarbon feedstocks into value-added compounds.  The target substrates for 

C–H bond activation are often alkanes, the major constituents of petroleum and 

natural gas, owing to the challenges presented by these inert molecules, for which 

there are few practical ways for their direct conversion into more useful 

products.1b
 The activation of vinylic C–H bonds has also attracted considerable 

attention for the development of stoichiometric carbon–carbon bond forming 

reactions.1d,2 Alkenes are among the most abundant and commonly used organic 

feedstocks in industrial processes and have uses in carbon–carbon bond formation 

reactions by direct coupling of olefins with other unsaturated ligands and even 

alkyl groups, which often requires facile C–H bond activation of vinylic C–H 

bonds.1d,2a,2h,2j,3  

The activation of a single C–H bond in a range of organic substrates is a 

much studied transformation involving monometallic complexes.1-2 To achieve 

this single activation the generation of a highly reactive, coordinatively 

unsaturated species capable of performing the activation is often necessary.  

These species are often generated by ligand loss through photolysis,2b,c,2j,4 

thermolysis,2a,2j,4b,5 or by hydrogen removal from a polyhydride precursor using 

sacrificial hydrogen acceptors.6 The simultaneous activation of two or more C–H 

bonds is a much less studied process,2e,6b,7 and, not surprisingly, presents a more 

challenging goal, particularly at a single metal centre. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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 One strategy for the simultaneous activation of multiple C–H bonds 

involves the use of binuclear complexes having a pair of adjacent metals, which 

allows the oxidation of both metals by the substrate and can provide the necessary 

coordination sites for substrate activation.  One transformation that is relatively 

rare, even in bimetallic complexes, is the activation of two C–H bonds on the 

same carbon atom.  In the reported cases, most involve alkyl C–H bonds of non-

innocent ancillary ligands or involve substrates that have a heteroatom capable of 

coordination before activation occurs.8 There are very few reports of the geminal 

C–H bond activation of hydrocarbon substrates such as !-olefins that do not 

contain heteroatoms.2e,6b,7 Of the few reports of activation of a pair of geminal C–

H bonds in olefins, only one has been reported at a single metal.7a 

 Although the reactivity of multimetal systems is fundamentally no 

different than that involving single metal centres, the availability of adjacent 

metals can offer pathways not available to monometallic systems.  So although it 

has been shown that olefin C–H bond activation does not require prior " 

coordination,2c,9 one can envision that in binuclear complexes prior " coordination 

at one metal can orient the olefin favourably for subsequent C–H activation by the 

adjacent metal (structures A  and B , Chart 3-1).6a Following the first C–H 

activation by one metal, one can envision participation of the adjacent metal in the 

second C–H activation process through an intermediate such as D , leading to the 

vinylidene dihydride product (E). 
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Previous studies from our group have demonstrated the geminal C–H bond 

activation of butadiene by the cationic diiridium complex, 

[Ir2(CH3)(CO)2(dppm)2][CF3SO3].
2e The observation, at low-temperature, of a 

butadiene adduct in which this diolefin binds through each olefinic group to a 

different metal centre, combined with the lack of reactivity with 2-methyl-1,3-

butadiene or either cis- or trans-1,3-pentadiene, in which substitution at one 

olefinic bond presumably inhibits binding of that unit, suggested the involvement 

of both metals in the activation process.  Additional support for this proposal 

came from the attempted activation of ethylene with this complex, for which only 

a "-adduct was observed.10 Although the same diiridium species also reacts 

readily with cumulenes, demonstrating a number of binding modes for these 

groups (including bridging modes), C–H bond activation of these substrates was 

not observed.11 

 Multiple C–H bond activations involving a series of cumulenes have 

been observed in reactions with [IrRu(CO)4(µ-CH2)(dppm)2]
+,12 as discussed in 

Chapter 2. However, two equivalents of cumulene were required; while the first 

equivalent inserted into the Ir–CH2 bond to give a metallacycle, C–H bond 

activation occurred only with the second equivalent.  Furthermore, two activation 

modes involving the cumulenes were observed; both modes involved activation of 

a pair of geminal C–H bonds, while for methyl-substituted cumulenes (1,2-

butadiene and 1,1-dimethylallene) the activation of a methyl C–H bond was also 

observed.  In order to obtain a better understanding of the roles of the different 

metals in these facile multiple C–H activation processes we have extended this 

study to include [IrRu(CO)4(dppm)2]
+ (13), anticipating that in the absence of the 

bridging CH2 group involved in allene insertion in the previous study,12 C–H bond 

activation might occur upon addition of only one equivalent of the allene.  In 

addition, in this report we also extend the range of !-olefins investigated to 

include a few monoolefins and conjugated dienes. 
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3.2 Results and Compound Characterization 

3.2.1 Activation of Propadiene and 1,2-Butadiene 

 The tetracarbonyl precursor, [IrRu(CO)4(dppm)2][BF4] (13), reacts with 

propadiene (allene) and 1,2-butadiene (methylallene) at ambient temperature to 

generate the alkylvinylidene-bridged products, [IrRu(CO)4(µ-

C=C(H)R)(dppm)2][BF4] (R = CH3 (14); C2H5 (15)), respectively, within 24 h 

(Scheme 4-1).  Both products have resulted from the activation of a pair of
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geminal, olefinic C–H bonds, accompanied by migration of one hydrogen to each 

of the #- and $-carbons of the cumulene.  Complex 14  can also be formed by the 

more conventional route involving the addition of propyne to a solution of 13 , 

requiring 8 h at ambient temperature.  Presumably 15  can be generated 

analogously by reaction of 13  with 1-butyne, although this reaction was not 

attempted.  

Complexes 14  and 15  display the expected two resonances in the 31P{1H} 

NMR spectrum (at approximately ! 29 and ! –1), consistent with the chemical 

inequivalence of both ends of the diphosphines.  Although identification of these 

resonances is somewhat equivocal, with neither metal showing coupling to the 31P 

nuclei, we assign them on the basis that the Ir-bound diphosphine ends are 

observed at higher field than those bound to Ru, as is often the case.12-13 

Furthermore, this assignment is consistent with the 13C{1H} NMR spectrum, with 

accompanying selective 31P decoupling which establishes that the pair of 13C 

resonances at ca. ! 195 and ! 193 in both compounds, correspond to terminal 
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carbonyls that couple to the Ru-bound 31P nuclei, while the carbonyl at ca. ! 182 

is coupled to the Ir-bound 31P nuclei.  The bridging carbonyl, at ca. ! 209, 

displays coupling to both sets of 31P nuclei, and in 13CO-enriched samples, 

couples to the Ru-bound carbonyl at ca. ! 193 with mutual two-bond coupling of 

approximately 25 Hz, typical of a trans arrangement.  The above assignment 

places the additional carbonyl on Ru, as established by the X-ray structure 

determination (vide infra). 

In the 1H NMR spectra of 14 and 15 , two signals represent the chemically 

inequivalent CH2 protons of the dppm ligands (14 :  ! 4.01, ! 3.04, 15 :  ! 4.19, 

! 3.12), indicating the absence of “front-back” symmetry about the IrRuP4 plane, 

consistent with the vinylidene group lying on one side of this plane.  The protons 

of the newly formed methyl group of 14  appear at ! 0.78 as a doublet of triplets 

of triplets, coupling to the vinylic proton (6.4 Hz), while also displaying long-

range coupling to both sets of 31P nuclei (ca. 2 Hz).  In compound 15  the ethyl 

moiety displays 1H resonances at ! 1.06 and ! 0.36, having mutual three-bond 

coupling of 7.5 Hz.  As expected, the vinylidene proton of 14  and 15  resonates 

downfield near ! 7, coupling to both sets 31P nuclei (ca. 1.3 Hz) as well as to other 

protons of the vinylidene fragment. 

An X-ray structure determination of 14-CF3SO3, in which the 

tetrafluoroborate anion has been exchanged by a triflate anion, confirms the 

proposed connectivity, the complex cation of which is shown in Figure 3-1. 

Selected bond lengths and angles for 14-CF3SO3 appear in Table 3-1.  As is 

usually the case, the dppm ligands bridge both metals in a mutually trans 

arrangement.  Although the Ir–Ru separation of 2.9282(5) Å is longer than 

expected for a bond between these metals, it is somewhat shorter than the 

intraligand P–P separations of ca. 3.05, consistent with a mutual attraction of the 

metals.  The Ir–C(5)–Ru angle of 88.4(2)° is acute for an sp2 carbon (again 

suggesting the presence of a metal–metal bond), resulting in larger than expected 

Ir–C(5)–C(6) and Ru–C(5)–C(6) angles (141.4(4)° and 130.2(4)°, respectively).  

The asymmetry in these angles appears to result from repulsion of the methyl
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Figure 3-1.  Perspective view of the complex cation of [IrRu(CO)4(µ-

C=C(H)CH3)(dppm)2][CF3SO3]
 
 (14-CF3SO3).  Thermal ellipsoids 

are shown at the 20 % probability level except for hydrogens, 

which are shown artificially small.  

Table 3-1.  Selected Bond Lengths and Angles for Compound 14-

CF3SO3 

 (a) Distance (Å) 

atom 1 atom 2 distance atom 1 atom 2 distance 
Ir Ru 2.9282(5) Ru C(4) 1.907(5) 
Ir C(1) 1.886(6) Ru C(5) 2.141(5) 
Ir C(2) 1.998(5) C(1) O(1) 1.156(6) 
Ir C(5) 2.060(5) C(4) O(4) 1.143(6) 

Ru C(2) 2.178(5) C(5) C(6) 1.337(6) 
Ru C(3) 1.947(5) C(6) C(7) 1.471(7) 

(b) Angles (deg) 

atom 

1 

atom 2 atom 3 angle atom 1 atom 

2 

atom 3 angle 
Ir C(2) O(2) 134.4(4) Ir C(5) Ru 88.4(2) 
Ir C(2) Ru 88.9(2) Ru C(5) C(6) 130.2(4) 

Ru C(2) O(2) 136.6(4) C(5) C(6) C(7) 126.6(5) 
Ir C(5) C(6) 141.4(4) C(1) Ir C(5) 168.8(2) 
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substituent on the vinylidene ligand with the dppm phenyl groups.  Within the 

vinylidene bridge, the C(5)–C(6) distance of 1.337(6) Å is typical of a double 

bond,14 while C(6)–C(7) (1.471(7) Å) is typical of a single bond between sp2 and 

sp3 carbons.14-15 The C(5)–C(6)–C(7) angle (126.6(5)°) is also typical of sp2 

hybridization at C(6). 

3.2.2 Activation of 1,1-Dimethylallene 

 Complex 13  also reacts with the disubstituted 1,1-dimethylallene at 

ambient temperature over 48 h to give [IrRu(CO)4(µ-

C=C(H)C(CH3)=CH2)(dppm)2][BF4] (16), having a bridging 3-methyl-1,3-

butadienylidene fragment, as shown in Scheme 3-2.  This product has resulted

Scheme 3-2 
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from the activation of three C–H bonds – the two geminal C–H bonds of the 

cumulene, much as observed in 14  and 15 , and one C–H bond of a methyl group.  

The longer reaction time compared to the above cumulenes appears to be due to 

the larger steric bulk of this disubstituted allene. In these C–H bond activations, 

one hydrogen is transferred to the #-carbon while the other two are lost as H2. 
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All spectral parameters for 16 , apart from those of the vinylvinylidene 

fragment, are closely comparable to those of 14  and 15 .  For this bridging 

hydrocarbyl group, four signals appear in the 1H NMR spectrum (see Scheme 3-2 

(inset) for the proton labelling): two doublets of multiplets at ! 4.74 (Ha) and 

! 4.49 (Hb), a broad multiplet at ! 7.91 (Hc), and a multiplet at ! 0.46 (CH3).  A 

2D 1H correlation experiment shows unresolved spin-spin coupling between Hc 

and the methyl protons, which in turn show coupling to both Ha and Hb.  Protons 

Ha and Hb show mutual two-bond coupling of 2.4 Hz, and NOESY experiments 

reveal strong NOE’s between Ha and Hb, between Ha and the methyl protons, and 

between Hb and Hc.  

An X-ray structure determination of 16-CF3SO3, verifies the above 

formulation, as shown for the complex cation in Figure 3-2.  Selected bond

 
 

(a) (b) 

Figure 3-2 . (a) Perspective view of the complex cation of [IrRu(CO)4(µ-

C=C(H)C(CH3)=CH2)(dppm)2][CF3SO3] (16-CF3SO3). Thermal ellipsoids 

are as described in Figure 3-1.  Only the ipso carbon atoms of the dppm 

phenyl groups are shown. (b) Alternate view of the equatorial plane of the 

complex cation of 16-CF3SO3, in which the dppm ligands above and 

below the plane of the drawing are omitted for clarity. 
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lengths and angles for 16-CF3SO3 appear in Table 3-2. A crystallographic mirror plane 

lies in the equatorial plane of the metals, essentially perpendicular to the metal-

diphosphine vectors.  Although Ru and its bound groups are ordered about this plane, the 

Ir-side of the complex is disordered on either side of this plane, as shown and described 

in the Experimental section.  The elongated thermal ellipsoid for C(9) appears to disguise 

a disorder involving this atom.  However, a simple disorder of this atom above and below 

the mirror plane is inconsistent with the well-behaved ellipsoids of the adjacent carbon 

atoms and may be a consequence of our inability to fully account for the disorder. 

Table 3-2.  Selected Bond Lengths and Angles for Compound 16-CF3SO3 

 (a) Distance (Å) 

atom 1 atom 2 distance atom 1 atom 2 distance 
Ir Ru 2.9553(6) Ru C(4) 2.166(8) 
Ir C(1) 1.88(1) Ru C(5) 2.158(7) 
Ir C(4) 2.051(7) C(5) C(6) 1.35(1) 
Ir C(5) 2.061(8) C(6) C(7) 1.45(1) 

Ru C(2) 1.946(7) C(7) C(8) 1.47(1) 
Ru C(3) 1.925(7) C(7) C(9) 1.24(2) 

 

(b) Angles (deg) 

atom 

1 

atom 2 atom 3 angle atom 1 atom 

2 

atom 3 angle 
Ir C(4) Ru 88.9(3) C(5) C(6) C(7) 130.1(7) 
Ir C(5) C(6) 141.5(5) C(6) C(7) C(8) 124.4(7) 
Ir C(5) Ru 88.9(3) C(6) C(7) C(9) 117.3(9) 

Ru C(5) C(6) 129.1(5) C(8) C(7) C(9) 118.3(9) 
 

The geometry of 16  closely resembles that of 14 .  Again, the Ir–Ru bond 

(2.9553(6) Å) is long, although is still shorter than the intraligand P–P separations.  

Within the vinylidene fragment the C(5)–C(6), and C(7)–C(9) bond lengths are typical of 

double bonds (1.35(1) Å and 1.24(2) Å, respectively; the latter is anomalously short 

owing to the disorder).14 The vinylidene unit is unsymmetrically bound, being more 

strongly bound to Ir (Ir–C(5) = 2.061(8) Å, Ru–C(5) = 2.158(7) Å), and is also tilted 

towards Ru (Ir–C(5)–C(6) = 141.5(5)°, Ru–C(5)–C(6) = 129.1(5)°), much as described 
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for 14 .  This tilting presumably minimizes repulsions between the vinylidene methyl 

substituent and the phenyl rings 1 and 5. 

Compound 16  can be viewed as resulting from the geminal activation of both C–

H bonds at the unsubstituted end of 2-methyl-1,3-butadiene, with the accompanying loss 

of H2; however attempts to generate 16  by reaction of 13  with this substrate does not 

occur in the presence of 100 equiv of the substrate over several days, even when carried 

out at slightly elevated temperatures (Scheme 3-2).  The sterically less encumbered diene, 

1,3-butadiene also does not react with compound 13 , under similar conditions.  This is 

somewhat surprising given the double C–H activation of 1,3-butadiene by the similar 

compound [Ir2(CH3)(CO)2(dppm)2][CF3SO3]
2e but supports our previous proposal that 

this butadiene activation by the Ir2 compound required prior coordination of both double 

bonds – one at each metal.  In compound 13  the saturation at Ru and the greater steric 

crowding at this metal presumably does not allow such a coordination mode. 

In a previous study discussed in Chapter 2, involving the related methylene-

bridged complex, [IrRu(CO)4(µ-CH2)(dppm)2][BF4], reaction with 1 equiv of 1,1-

dimethylallene proceeded without C–H bond activation to give a metallacyclic product 

resulting from coupling of the cumulene and the methylene group.12 However, reaction of 

this intermediate with either a second equiv of 1,1-dimethylallene or with methylallene 

resulted in a triple C–H activation of the added cumulene accompanied by H2 loss, 

analogous to that described above for 16 .  In both of these previous triple C–H bond 

activations, a second product was also observed that involved activation of the pair of 

geminal C–H bonds without additional activation of the methyl group.  In the current 

study with 1,1-dimethylallene we see no evidence of such a double C–H activation 

product which would have a structure as shown for F (dppm groups omitted), in which
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the hydrogens resulting from C–H activation have been transferred to the #- and $-

carbons, exactly as observed in compounds 14  and 15 .  In this context it is also 

surprising that none of the triple C–H activation product was observed in the reaction of 

13  with methylallene; such a product would have a structure shown as G (dppm groups 

omitted), fully analogous to 16 . 

3.2.3 Reaction with 1,1-Difluoroallene 

Compound 13  also reacts immediately with 1,1-difluoroallene at ambient 

temperature to generate the adduct, [IrRu(CO)4(µ-%1:%1-F2C=C–CH2)(dppm)2][BF4] (17) 

which converts to the isomer 17a over a period of 24 h at ambient temperature (Scheme 

3-3). Once all of 17  has been converted to 17a, this isomer starts to decompose if left in 

solution at temperatures greater than –20 °C for more than 4 h.  Attempts to isolate both 

17  and 17a independently at low temperatures failed and only decomposition resulted.  

For these reasons both 17  and 17a were characterized by multinuclear NMR 

spectroscopy (31P{1H}, 1H, 19F, 13C{1H}, and 13C{1H, 31P}) at –20 ºC. 
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Both 17  and 17a display very similar 31P{1H} NMR spectra (17 :  ! 26.6 and ! –

18.4, 17a:  ! 25.5 and ! –20.8) and also have very similar 1H NMR parameters.  An 

important 1H resonance for the differentiation between the two is the signal for the 

protons of the 1,1-difluoroallene ligand. For both isomers this resonance appears as a 

broad triplet, resulting from coupling of these protons to a pair of adjacent 31P nuclei (17 :  
3
JHP = 6.9 Hz, 17a:  3

JHP = 9.1 Hz).  The appearance of a single resonance for both 

products defines that this allene is bound via the “C=CH2” end.  These isomers differ 

primarily in the orientation of the allene ligand.  Selective decoupling of the Ru-bound 
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31P nuclei in 17  results in a collapse of the allene CH2 signal to a broad singlet, indicating 

that this moiety is adjacent to Ru, whereas the decoupling of the Ir-bound 31P nuclei in 

17a results in a collapse of the CH2 resonance to a singlet, confirming the opposite allene 

alignment as shown in Scheme 3-3.  Binding of the 1,1-difluoroallene ligand through the 

“C=CH2” end is further supported by the appearance of two resonances in the 19F NMR 

spectrum for both 17  and 17a, demonstrating their chemical inequivalence as 

diagrammed in Scheme 3-3.  The mutual two-bond coupling between these fluorines 

(58.6 Hz (17) and 66.5 Hz (17a)) is typical.11,16 Binding of 1,1-difluoroallene through 

the hydrogen-substituted double bond is its typical binding mode.11,17 

The difference in orientation of the difluoroallene ligands in isomers 17  and 17a 

is accompanied by subtle differences in the carbonyl ligand geometries. In compound 17 , 

two carbonyls are bound to each metal, as determined by 13C{1H} NMR experiments 

employing selective 31P-decoupling; those at ! 182.2 and ! 159.0 couple only to the Ir-

bound 31P nuclei, so are presumably bound to this metal, while those at ! 199.3 and 

! 197.8 couple only to the Ru-bound 31P nuclei.  In 17a, the carbonyls at ! 176.5 and 

! 158.7 again couple only to the Ir-bound 31P nuclei, while that at ! 195.5 is bound 

exclusively to Ru.  However, in this case, the fourth carbonyl at ! 205.1 couples strongly 

to the Ru-bound 31P nuclei (2
JCP = 8.4 Hz) while also coupling weakly to the Ir-bound 31P 

nuclei (2
JCP = 2.9 Hz), indicating a ‘semi-bridging’ arrangement as shown in Scheme 3-3.  

Although no semi-bridging interaction of an Ir-bound carbonyl with Ru is shown for 

compound 17 , the carbonyl at significantly lower field is presumed to be adjacent to 

Ru,12-13 and may be interacting weakly with this metal.  The semi-bridging CO 

arrangement in 17a involves the metal that is bound to the more electron rich “CH2” end 

of the difluoroallene ligand, and is more capable of " back donating to a semi-bridging 

carbonyl. 

No evidence of C–H activation involving the 1,1-difluoroallene ligand is observed 

upon warming above ambient temperature, suggesting that the µ-%1:%1
 arrangement may 

not be conducive to C–H activation of these groups. 
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3.2.4 C–H Bond Activation in Monoolefins 

Unlike the reaction of 13  with the cumulenes, described above, no reaction of 13  

is observed with ethylene or propylene, even with greater than 10 equiv of substrate at 

temperatures between –78 °C and ambient, after two days. However, at low-temperature 

in the presence of trimethylamine N-oxide (TMNO), the vinyl hydride products 

[IrRuH(CO)3(µ-%1:&2-C(H)=CHR)(dppm)2][BF4] (R = H (18), CH3 (19)), shown in 

Scheme 3-4, are observed.  No reaction is observed at temperatures below –40 °C, owing 

to the limited solubility of TMNO at this temperature; however, warming to –20 °C 

generates the products 18  and 19  within 3 h. 
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Both products have distinctive 31P{1H} NMR spectra that are 

characteristic of an ABCD spin system in which all 31P nuclei are chemically 

inequivalent – a result of the orientation of the µ-%1:&2-vinyl fragment – which 

leads to inequivalence of the 31P nuclei above and below the Ir–Ru equatorial 

plane, combined with the inequivalence at each metal.  In the 31P{1H} NMR 

spectra of 18  and 19 , the large mutual two-bond P–P coupling of at least 250 Hz 

observed for each 31P resonance confirms the mutually trans orientation of both 

dppm groups at each metal. The 31P{1H} NMR spectrum of 18  is given on the 

following page as Figure 3-3.  The lack of symmetry in compounds 18  and 19  

also gives rise to four signals ranging from ca. ! 2.7 to ! 5.5 in the 1H NMR 

spectrum representing the four inequivalent methylene protons of the dppm 

ligands.  The proton attached to the !-carbon of the vinyl unit appears 

characteristically downfield in both cases at ca. ! 7 and couples to the trans proton 

(3
JHH > 10 Hz), and in compound 18  also displays coupling  (7.1 Hz) to the cis 
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proton in the vinyl fragment.  The pair of geminal protons on the #-carbon of the 

vinyl unit display mutual two-bond coupling of 2.7 Hz. In 19 , no coupling is 

observed involving the methyl protons. Both 18 and 19  have characteristically

 

Figure 3-3.  31
P{

1
H} NMR spectrum of a mixture of [IrRuH(CO)3(µ-%1:&2-

C(H)=CH2)(dppm)2][BF4] (18) and [IrRu(CO)4(dppm)2][BF4] (13) in 

CD2Cl2 at –20 °C.  The four 
31

P signals for 18 are labelled A , B, C, and D. 

upfield hydride resonances (! –9.57  (18) and ! –9.95  (19)), coupling to both of the 

inequivalent Ir-bound 31P nuclei.  If compound 18  is generated from 13C2-ethylene, the 

carbons of the vinyl moiety appear at ! 139.7 (!-carbon) and 65.7 (#-carbon) in the 

13C{1H} NMR spectrum, displaying mutual one-bond coupling of 39.7 Hz, intermediate 

between that of ethylene and ethane (67.6 and 34.6 Hz),18 consistent with the &2-

coordination to Ru.  Selective 31P decoupling supports the binding mode shown in 

Scheme 3-4, as the signal for the !-carbon sharpens noticeably upon the decoupling of 

the Ir-bound 31P nuclei, although the coupling is not resolved.  There is also noticeable 

sharpening of the !-proton signal upon decoupling of the same Ir-bound 31P nuclei, 

although it is more difficult to observe as this signal is partially obscured by the phenyl 

protons. 

The need for TMNO to initiate these reactions indicates that they proceed through 

the tricarbonyl species [IrRu(CO)3(dppm)2][BF4] (20).  Surprisingly, warming the 

solutions of 18  and 19  to 0 °C does not bring about the anticipated activation of the 

second C–H bond to give the expected vinylidene-bridged dihydride (See Chart 3-1) and 

instead the olefin is lost upon warming via reductive elimination of the vinyl and hydride 
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moieties.  Compound 20  subsequently decomposes in solution at ambient temperature 

over the period of one hour. 

The addition of ethylene to compound 20 at –78 °C generates what we assume to 

be an ethylene adduct, in which the ethylene appears to be bound to the Ir centre.  The 

signals for the 31P nuclei are broad in the 31P NMR spectrum, but the Ir-bound 31P signal 

is particulary broad, spanning almost 500 Hz at –78 °C, suggesting fluxionality at this 

metal, possibly due to the reversible coordination of the olefin.  In the 1H NMR spectrum 

at this temperature a very broad signal, typical for an Ir-bound ethylene group19 is 

observed at ca. ! 1.2 and one broad signal for the dppm methylene protons appears at ! 

4.06.  Although the complex appears to have three carbonyls, the breadth of these 

resonances does not allow us to determine their arrangement in this product, therefore 

complete characterization by NMR was not possible.  Warming this solution to –20 °C 

results in the conversion of this assumed ethylene adduct into 18  over a 3 h period. 

Although we were unable to generate the vinylidene dihydride product from the 

geminal activation of ethylene, we attempted its synthesis by an indirect method by 

reaction of a preformed vinylidene product with H2.  This targeted vinylidene complex, 

[IrRu(CO)4(µ-C=CH2)(dppm)2][BF4] (21), is readily generated by reaction of 13  with 

acetylene, as shown in  Scheme 3-5.  For 21 , the vinylidene protons appear at 

Scheme 3-5 
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! 6.72 and ! 5.54 (2
JHH = 2.6 Hz) in the 1H NMR spectrum, and the X-ray 

structure determination of the triflate salt is shown for the complex cation in 

Figure 3-4.  Selected bond lengths and angles for 21-CF3SO3 appear in Table 3-

3.  The geometry of 21-CF3SO3 closely resembles that of 14-CF3SO3 and 16-

CF3SO3 in all aspects; the Ir–Ru separation of 2.9278(3) Å is the shortest in the 

series of compounds explored in this chapter although it remains larger than most 

such distances,13 and the C(5)–C(6) bond length is again typical of a double bond 

(1.309(5) Å).14 The asymmetry of the vinylidene unit is shown in the Ir–C(5)–

C(6) and Ru–C(5)–C(6) angles (138.6(3)° and 133.1(3)° respectively) and the Ir–

C(5) and Ru–C(5) bond lengths (2.050(3) Å and 2.151(3) Å). In this case the 

asymmetry is not a function of an unsymmetrical substitution pattern on the 

vinylidene but presumably reflects the greater crowding at Ru, which dictates the 

orientations of the dppm phenyl groups and their interactions with the vinylidene 

ligand. 

 

Figure 3-4.  Perspective view of the complex cation of [IrRu(CO)4(µ-

C=CH2)(dppm)2][CF3SO3] (21-CF3SO3).  Thermal ellipsoids are as 

described in Figure 3-1. 
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Table 3-3.  Selected Bond Lengths and Angles for Compound 21-

CF3SO3 

 (a) Distance (Å) 

atom 1 atom 2 distance atom 1 atom 2 distance 
Ir Ru 2.9278(3) 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) C(5) C(6) 1.309(5) 

Ru C(2) 2.194(3)    
 

(b) Angles (deg) 

atom 

1 

atom 2 atom 3 angle atom 1 atom 

2 

atom 3 angle 
Ir C(2) Ru 88.5(1) Ru C(5) C(6) 133.1(3) 
Ir C(5) Ru 88.3(1) C(1) Ir C(5) 166.9(2) 
Ir C(5) C(6) 138.6(3)     

 

Attempts to displace a carbonyl in 21  by reaction with H2 to give the 

targeted vinylidene-bridged dihydride did not succeed, with no reaction being 

observed at ambient temperature.  In the absence of H2, CO removal by the 

addition of TMNO at –20 °C results in the formation of the acetylide hydride 

complex, [IrRu(H)(CO)3(µ-!1:"2-C!CH)(dppm)2][BF4] (22), in which the 

acetylide moiety is #-bound to Ir, while "2-bound to Ru; the addition of CO 

regenerates 21 . Compound 22  was characterized by multinuclear NMR 

spectroscopy at –20 °C.  In the 1H NMR spectrum the hydride appears at ! –9.63 

with coupling to only the Ir-bound 31P nuclei (2
JHP = 11.1 Hz) while the acetylide 

proton appears as a broad singlet (ca. 10 Hz wide at half-height) at ! 3.77.  

Selective 31P-decoupling experiments suggest coupling to only the Ir-bound 31P 

nuclei.  The orientation of the acetylide moiety is somewhat ambiguous since the 

weak coupling of the acetylide hydrogen to the Ir-bound phosphines could occur 

either via four-bond coupling through the #-framework (as shown in Scheme 3-5) 

or via the $ interaction if the acetylide were #-bound to Ru.  We represent the 

binding of this moiety as shown in Scheme 3-5, with the acetylide terminally 
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bound to Ir, as was the case for a similar Ir/Ru propynyl complex for which an X-

ray structure was obtained and which displayed similar coupling to only the Ir-

bound 
31

P nuclei.
12

 Three signals are observed in the 
13

C{
1
H} NMR spectrum for 

the carbonyl ligands.  The Ru-bound carbonyls appear at ! 207.3 and ! 198.6, 

with the Ir-bound CO at ! 177.7; each carbonyl couples only to the pair of 

adjacent 
31

P nuclei.  Addition of H2 to the solution of 22  at –20 °C, in hopes of 

observing the vinylidene dihydride target, gives no reaction, and warming to 

ambient temperature in the presence of H2 results in the slow appearance of the 

known dihydride-bridged complex [IrRu(CO)3(µ-H)2(dppm)2][BF4]
13a

 (see 

Scheme 3-5).  Within 2 h at ambient temperature, all of 22  has converted to this 

dihydride with the concomitant elimination of ethylene, as confirmed by 
1
H NMR.  

This dihydride product can easily be converted back to [IrRu(CO)4(dppm)2][BF4] 

(13) by a CO purge overnight.
13a

 

3.2.5 Mechanistic Insights into the Geminal Activation of Olefinic 

C–H Bonds 

Low-temperature investigations of the reaction of 13  with cumulenes did 

not yield additional mechanistic information.  However, the tricarbonyl complex 

20  was used to investigate cumulene reactivity at –20 °C.  Compound 20 , 

generated in situ at –20 °C, reacts with allene at this temperature to give the 

allenyl hydride product, [IrRu(H)(CO)3(µ-!1
:"2

-CH=C=CH2)(dppm)2][BF4] (23), 

analogous to 18  and 19 , within 1 h, as shown in Scheme 3-6. Compound 23  was 

characterized by multinuclear NMR spectroscopy at –20 °C. 
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As was the case for compounds 18  and 19 , the 
31

P{
1
H} spectrum of 23  

displays four signals (! 45.0,  ! 23.7,  ! 3.8, and ! –12.7), with mutual two bond 

P–P couplings between pairs of resonances of greater than 250 Hz, indicating a 

trans arrangement of the dppm ligands.  In the 
1
H NMR spectrum, the hydride 

appears at ! –9.96 as a multiplet, with resolvable coupling to the Ir-bound 
31

P 

nuclei (17.1 Hz).  The three protons for the allenyl fragment are observed at ! 

6.79, ! 4.88, and ! 4.57, with the latter two showing unresolved two-bond 

geminal H–H coupling, as confirmed by 2D NMR correlation studies.  On the 

basis of 
13

C{
1
H} NMR spectra with accompanying selective 

31
P-decoupling, the 

two downfield carbonyls (! 205.2 and ! 196.2) are identified as bound to Ru, with 

the upfield carbonyl (! 178.1) bound to Ir.  Warming the solution above –20 °C 

results in the formation of many unidentified products, unless the solution is 

quickly purged with CO and left to react overnight, after which time complex 14  

can be identified by 
31

P{
1
H} NMR  (ca. 50 %) along with decomposition products.  

Apart from the formation of the final product (14) in low yield, no additional 

intermediates in its formation could be identified. 

Our failure to bring about the second C–H bond activation by converting 

the alkenyl and allenyl hydrides (18 , 19  and 23) into the corresponding 

vinylidene and allenylidene dihydride products indicates that the conversion of 

the allenes to vinylidene products, noted above, does not proceed by a sequential 

pair of C–H activation steps.  A clue to the nature of the steps that followed the 

first C–H activation came from a previous study
12

 in which the conversion of a 

number of allenes into alkynyl-bridged products was observed. Furthermore, 

binuclear alkynyl hydride species are known to transform into vinylidene-bridged 

products in the conversion from alkynes,
20

 suggesting these as viable 

intermediates.  The propynyl hydride complex, [IrRu(H)(CO)3(µ-!1
:"2

-

C!CCH3)(dppm)2][BF4] (24), can be generated by removal of a carbonyl from 

the methyl vinylidene-bridged [IrRu(CO)4(µ-C=C(H)CH3)(dppm)2][BF4] (14), as 

shown in Scheme 3-7, much as was observed upon carbonyl removal from the 

species 21  (see Scheme 3-5).  The addition of CO to 24 also results in 
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reformation of 14 (80% of 
31

P-containing products) along with some 

decomposition products, clearly demonstrating the reversible interconversion 

between alkynyl hydride and vinylidene species.  The conversion of the 

vinylidene to alkynyl hydride occurs to alleviate the coordinative unsaturation

Scheme 3-7 
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upon CO loss, by converting a dianionic four-electron donor vinylidene into a pair 

of monoanionic donors that together donate six-electrons.  Compound 24  is 

unstable in solution, decomposing within 1h at ambient temperature, so is 

unstable to workup, even at low temperature.  To further support the alkynyl 

formulation for 24 , the addition of propyne to a solution of the tricarbonyl 

complex [IrRu(CO)3(dppm)2][BF4] (20) at 0 °C results in the facile generation of 

24 . This reaction, along with the similar reaction discussed earlier (see Scheme 3-

5), suggests that the CO ligand that is lost in the first C–H bond activation process 

subsequently recoordinates, generating the vinylidene complexes from the alkynyl 

hydride intermediates. 

Compound 24 was characterized by multinuclear NMR spectroscopy at 

0 °C.  The 
31

P{
1
H} NMR spectrum displays two resonances at ! 32.6 and ! –9.9. 

In the 
1
H NMR spectrum the hydride appears at ! –9.69 coupling only to the Ir-

bound
 31

P nuclei (
2
JHP = 12.7 Hz), consistent with its terminal binding to this 

metal.  The propynyl protons appear at ! 0.76 and display weak coupling (
5
JHP = 

2.5 Hz) to only the Ir-bound 
31

P nuclei, as previously observed in similar 

compounds.
12

 The 
13

C{
1
H} NMR spectrum is as expected with two resonances for 

the Ru-bound carbonyls (! 208.1 and ! 198.8) and one for the lone carbonyl 

bound to Ir (! 177.5). 
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In attempts to detect an allene adduct prior to the first C–H activation 

product (23), allene was added to a solution of 20  at –78 °C and monitored at this 

temperature by NMR spectroscopy.  At this temperature, the allene adduct, 

[IrRu(CO)4(H2C=C=CH2)(dppm)2][BF4] (25) forms immediately. Surprisingly, 

this adduct has four carbonyl ligands (! 210.8, ! 208.2,  ! 190.3,  ! 186.5), a 

result of CO scavenging from unobserved decomposition products. The use of an 

internal phosphorus standard (bis(triphenylphosphoranylidene) ammonium 

chloride) established a yield of 25  of less than 70 % with no other products 

observed, confirming the decomposition.  NMR spectroscopic characterization of 

25  at –78 °C proceeded much as described above, but was inconclusive regarding 

the allene coordination mode, being consistent with either an !2
-mode on Ir or a 

bridging "1
:"1

-mode analogous to 17a, described earlier, in which Ru is bound to 

the central carbon with Ir bound to a terminal CH2 group.  However we do not 

discuss this species further since, in addition to the unresolved bonding ambiguity, 

this adduct is not an intermediate in the formation of 23 , since warming to –60 °C 

results in allene loss and regeneration of 13 .  Interestingly, this adduct cannot be 

prepared directly from the addition of allene to the tetracarbonyl complex 13  at –

78 °C, suggesting that allene coordination requires initial (reversible) loss of a 

carbonyl ligand. 

 Adducts resembling compound 25  can be prepared by the addition of the 

alkyl cumulenes and 1,1-difluoroallene to a solution of 20  at –78 °C, with the 1,1-

difluoroallene being generated as described in the Experimental section.  As with 

25 , the alkyl cumulenes dissociate from the tetracarbonyl complexes at 

temperatures from –40 °C to ambient temperature, resulting in the reformation of 

[IrRu(CO)4(dppm)2]
+
 (13) and decomposition products, while the 1,1-

difluoroallene adduct generated, compound 17 , merely isomerizes to 17a, as 

described earlier. 

3.3 Discussion and Conclusions 

 As was observed for the related diiridium complex, 

[Ir2(CH3)(CO)2(dppm)2]
+
, studied previously,

2e
 the mixed-metal complex, 
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[IrRu(CO)4(dppm)2]
+
 (13), is capable of double, geminal activation of select !-

olefins under ambient conditions.  However, the reactivities of these two 

complexes in this chemistry are somewhat orthogonal; whereas the Ir2 complex 

was only observed to undergo double C–H activation with 1,3-butadiene, and 

yielded only adducts with cumulenes, the Ir/Ru species is unreactive towards 

butadiene, while readily undergoing C–H activation with allene, methylallene, 

and 1,1-dimethylallene.  Both the Ir2 complex and compound 13  are unreactive 

towards the monoolefins, ethylene and propylene, although removal of a carbonyl 

ligand from 13  in the presence of these olefins at –20 °C results in activation of a 

single C–H bond to give the vinyl hydride products, [IrRuH(CO)3(µ-"1
:#2

-

CH=CHR)(dppm)2]
+
 (R = H, CH3).  Suprisingly however, warming these vinyl-

bridged species does not result in activation of the second C–H bond, but results 

in olefin loss.  

The failure of these vinyl hydride species, formed by single C–H 

activation of ethylene and propylene following CO loss from 13 , to undergo the 

second C–H activation to give the corresponding vinylidene hydride, combined 

with the failure of the allenyl hydride (23 , see Scheme 3-6) to proceed to the 

allenylidene dihydride, suggests that the transformation from allene to vinylidene 

does not proceed by this route followed by subsequent transfers of the hydrides to 

the unsaturated hydrocarbyl fragment.  Instead, these data, combined with the 

facile reversible conversion of vinylidene to alkynyl hydride upon the respective 

loss or gain of CO suggests that a route through an alkynyl hydride is feasible.  

This suggestion also finds support in our previous study,
12

 in which double C–H 

activation of cumulenes yielded alkynyl-bridged products. 

We therefore propose the sequence of transformations shown in Scheme 

3-8, recognizing that a number of significant questions remain unanswered.  

Reaction of [IrRu(CO)4(dppm)2]
+
 (13) with allene and methylallene results in loss 

of a carbonyl accompanied by activation of one of the geminal C–H bonds, 

yielding the corresponding allenyl ligands shown for compound 23 .  The next 

important step involves a 1,3-hydrogen shift to give the propynyl hydride (24) or 
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butynyl hydride species.  How this proposed metal-promoted shift occurs is not 

known.  Recombination of CO results in the transformation of the alkynyl hydride 

to the vinylidene, as observed for the reversible transformations of 14  to 24  

(Scheme 3-7) and 21  to 22  (Scheme 3-5). 
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It seems clear that although [Ir2(CH3)(CO)2(dppm)2]
+
 and 

[IrRu(CO)4(dppm)2]
+
 are both capable of geminal C–H activation in olefins, each 

achieves this by a different mechanism.  We suggest that the previously studied 

diiridium species
2e

 effects this double C–H activation by a mechanism related to 

that shown in Chart 3-1, in which the pair of metals bring about the stepwise 

activation of the adjacent C–H bonds.  In a recent study, the related species, 

[Ir2(CO)3(µ-H)(depm)2]
+
 (depm = Et2PCH2PEt2), has been shown to bring about 

geminal C–H activation in a number of a-olefins, and is proposed to proceed in 

the same manner.
21

 In contrast, the current Ir/Ru species is believed to effect 

double C–H activation in the allenes studied by a more complicated sequence as 

described above, proceeding through an alkynyl hydride species.  On this basis it 

is hardly surprising that this Ir/Ru complex is unable to doubly activate 

monoolefins or conjugated olefins, which are unable to readily access an alkynyl 

intermediate.  Interestingly, the primary reactivity in both systems (Ir2 or Ir/Ru) 
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occurs at the same group 9 metal centre (Ir), and the significant differences in 

reactivity for the two classes of compounds, with regards to geminal C–H 

activation, indicates that changing one metal from group 9 to group 8 can have a 

profound influence on the chemistry. 

The last major question that remains unanswered is how the third C–H 

activation, involving a methyl group in 1,1-dimethylallene occurs.  Related to this 

question, we do not understand why in this study the single methyl group in 

methylallene does not also undergo the analogous third C–H activation to give the 

vinyl vinylidene-bridged structure, shown earlier as structure G, although this 

latter issue may just reflect a significantly slower rate involving activation of the 

third C–H bond. 

3.4 Experimental Section 

3.4.1 General Comments  

 All solvents were dried using appropriate desiccants (given in Appendix 

II), distilled before use, and stored under a nitrogen atmosphere.  Reactions were 

performed under an argon atmosphere using standard Schlenk techniques unless 

otherwise noted.  The following reagents were purchased from the suppliers given 

in parentheses:  triruthenium dodecacarbonyl and ammonium hexachloroiridate 

(IV) (Strem Chemicals), propylene, and propyne (Praxair), 1,2-butadiene 

(Organic Technologies), propadiene (Matrix Scientific), 1,1-dimethylallene and 

1,3-butadiene (Aldrich), ethylene and acetylene (Matheson), isoprene (Alfa 

Aesar), 
13

C2-ethylene (Cambridge Isotopes), and 
13

CO (Isotech, Inc).
 
 The 

trimethylamine N-oxide dihydrate was purchased from Aldrich and was dried 

according to the literature procedure.
22

  Compound 13 , [IrRu(CO)4(dppm)2][BF4], 

was prepared by the literature procedure,
13a

 except that [Ir(CO)(dppm)2][Cl]
23

 was 

substituted for [IrCl(dppm)2] in the original synthesis.  

 1,1-Difluoroallene was prepared using a modification of the published 

procedures,
11,24

 in which a solution of 100 µL of 2-bromo-3,3,3-trifluoro-1-

propene (Aldrich) in 3 mL of diethyl ether was cooled to –90 °C in an 

acetone/liquid N2 bath.  To this was added dropwise 385 µL of a 2.5 M solution of 
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n-butyllithium in hexanes (Aldrich), followed by stirring of the solution at this 

temperature for 30 min.  The –90 °C bath was replaced by an acetonitrile/CO2(s) 

bath (ca. –40 °C) and the solution was stirred for 15 min.  The solution was then 

slowly warmed over 15 min to –20 °C, resulting in the evolution of 1,1-

difluoroallene gas. 

 
The 

1
H NMR and 

31
P{

1
H} NMR spectra were recorded on a Varian 

Inova 400 spectrometer operating at 399.9 MHz and 161.9 MHz, respectively.  

All low temperature spectra and the heteronuclear decoupling experiments 

(
13

C{
1
H} and 

13
C{

1
H,

31
P}) were recorded on a Varian Unity spectrometer 

operating at 161.9 MHz for 
13

C, 202.3 MHz for 
31

P, and 499.8 MHz for 
1
H.  

Infrared spectra were recorded in CH2Cl2 solution on a Nicolet Avatar 370 DTGS 

spectrometer.  Mass Spectrometry was performed on a Micromass ZabSpec TOF 

spectrometer by the mass spectrometry facility of this department, and elemental 

analyses were also carried out in the departmental facility. 

3.4.2 Preparation of Compounds 

 Spectroscopic data for the compounds are presented in Table 3-4. 

(a) [IrRu(CO)4(µ-C=C(H)CH3)(dppm)2][BF4] (14).  Method i.  A 

stirred yellow solution of compound 13  (100 mg, 0.079 mmol) in 5 mL of 

CH2Cl2 was saturated with propadiene (allene) gas and left to stir under an 

atmosphere of the gas.  No colour change was noted, but after 16 h of 

stirring at ambient temperature, the 
31

P{
1
H} NMR spectrum revealed 

compound 14  as the only phosphorus-containing product. After reduction 

of the solvent volume by 50 %, addition of 20 mL of diethyl ether 

followed by 20 mL of pentane resulted in the precipitation of a yellow 

solid that was washed with 3 x 10 mL of diethyl ether and dried in vacuo 

(85 % yield). HRMS:  m/z calcd for C56H48IrO3P4Ru (M
+
 – CO), 

1186.1218; found, 1186.1221 (M
+
 – CO).  Elemental analyses for 14-

CF3SO3, obtained from 14  by tetrafluoroborate anion exchange for a 

triflate ion.  Anal. Calcd for C62.5ClF3H59IrO8P4RuS: C, 50.73; H, 4.02. 

Found: C, 50.31; H, 3.73. The inclusion of one equiv of diethyl ether and
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 0.5 equiv of dichloromethane was confirmed by X-ray crystal structure 

analysis. Method ii.   A stirred yellow solution of compound 13  (100 mg, 

0.079 mmol) in 5 mL of CH2Cl2 was saturated with propyne gas, and left 

to stir under a propyne atmosphere. No colour change was noted, but after 

8 h of stirring at ambient temperature, the 
31

P{
1
H} NMR spectum revealed 

compound 14  as the only phosphorus-containing product. After reduction 

of the solvent volume by 50%, the addition of 20 mL of diethyl ether 

followed by 20 mL of pentane resulted in the precipitation of a yellow 

solid that was rinsed with 3 x 10 mL of diethyl ether and dried in vacuo. 

(b)  [IrRu(CO)4(µ-C=C(H)CH2CH3)(dppm)2][BF4] (15) .  A stirred 

yellow solution of 13  (92 mg, 0.073 mmol) in 5 mL of CH2Cl2 was 

saturated with 1,2-butadiene (methylallene) gas and was left to stir under 

an atmosphere of the gas for 24 h, after which time the colour had 

darkened to deep orange. Slow addition of 50 mL of pentane resulted in 

the precipitation of an orange solid that was rinsed with 2 x 5 mL of 

pentane and dried in vacuo (80 % yield). HRMS:  m/z calcd for 

C58H50IrO4P4Ru (M
+
), 1229.1327; found, 1229.1331 (M

+
).  Elemental 

analyses were carried out on 15-CF3SO3.  Anal. Calcd for 

C59F3H50IrO7P4RuS: C, 51.38; H, 3.63. Found: C, 51.03; H, 3.98. 

(c) [IrRu(CO)4(µ-C=C(H)C(CH3)=CH2)(dppm)2][BF4] (16).   

Compound 13  (73 mg, 0.058 mmol) was dissolved in 4 mL of 1:1 

CH2Cl2/THF to afford a yellow slurry.  To this yellow slurry was added 

100 µL of 1,1-dimethylallene (1.0 mmol, 18 equiv) by micro-syringe.  The 

solution was left to stir under Ar for 48 h at ambient temperature.  

Addition of 20 mL of diethyl ether followed by 40 mL of pentane resulted 

in the precipitation of a yellow solid that was rinsed with 3 x 10 mL of 

diethyl ether and dried in vacuo (88 % yield).  HRMS:  m/z calcd for 

C59H50IrO4P4Ru (M
+
), 1241.1327; found, 1241.1327 (M

+
).  Elemental 

analyses were carried out on 16-CF3SO3.  Anal. Calcd for 

C60F3H50IrO7P4RuS: C, 51.87; H, 3.63. Found: C, 51.41; H, 3.96.  
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(d) [IrRu(CO)4(µ-!1
:!1

-F2C=C–CH2)(dppm)2][BF4]  (17) and 

[IrRu(CO)4(µ-!1
:!1

-H2C–C=CF2)(dppm)2][BF4] (17a).  

Compound 13  (50 mg, 0.040 mmol) was partially dissolved in 0.7 mL of 

CD2Cl2 in an NMR tube fitted with a J. Young valve to afford a yellow 

slurry.  The NMR tube was cooled to –78 °C and the 1,1-difluoroallene, 

generated as described above, was condensed into the tube.  Warming the 

NMR tube to ambient temperature over 20 min revealed, by 
31

P NMR, the 

formation of the 1,1-difluoroallene adduct, [IrRu(CO)4(µ-!1
:!1

-F2C=C–

CH2)(dppm)2][BF4] (17), which was characterized by  multinuclear NMR 

at –20 °C.  Warming 17  to ambient temperature resulted in the formation 

of the isomer [IrRu(CO)4(µ-!1
:!1

-H2C–C=CF2)(dppm)2][BF4] (17a) 

within 24 h, which was also characterized by multinuclear NMR at –20 °C.  

At temperatures above –20 °C compound 17a decomposed within 4 h.  

19
F NMR of 17  (–20 °C): ! –72.2 (bd, 1F, 

2
JFF = 58.6 Hz), ! –91.6 (bd, 1F, 

2
JFF = 58.6 Hz). 

19
F NMR of 17a (–20 °C):  ! –68.7 (bd, 1F, 

2
JFF = 66.5 

Hz), ! –94.3 (bd, 1F, 
2
JFF = 66.5 Hz).  No HRMS or elemental analyses 

could be obtained for either of these products due to their instability at 

ambient temperature.  

(e) [IrRuH(CO)3(µ-!1
:"2

-C(H)=CH2)(dppm)2][BF4] (18) .  A mixture 

of anhydrous trimethylamine N-oxide (TMNO) (0.75 equiv, 2.0 mg, 0.027 

mmol) that was dried according to the literature procedure,
22

 and 

compound 13  (45 mg, 0.036 mmol) was partially dissolved in 0.7 mL of 

CD2Cl2 in an NMR tube fitted with a J. Young valve to afford a yellow 

slurry, and was quickly cooled to –78 °C.  The argon headspace of the 

NMR tube was then evacuated at –78 °C, filled with ethylene gas (6 mL 

via gastight syringe), warmed to –20 °C and left to react at this 

temperature for 2 h.  The sample was inserted into an NMR probe which 

had been precooled to –20 °C (in previous experiments, no new species 

were observed below –20 °C).  At –20 °C compound 18 was observed in 

a 3:1 ratio with compound 13  (based on integration of the 
31

P{
1
H} NMR 
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resonances).  Less than 1 equiv of TMNO was used as compound 18  

decomposed readily in the presence of excess TMNO. Compound 18  

could not be isolated and purified due to instability at ambient temperature, 

so its characterization was based on multinuclear NMR spectroscopy at –

20 °C.  

(f) [IrRuH(CO)3(µ-!1
:"2

-C(H)=C(H)CH3)(dppm)2][BF4] (19).   A 

mixture of anhydrous TMNO (0.75 equiv, 2.0 mg, 0.027 mmol) and 

compound 13  (45 mg, 0.036 mmol) was partially dissolved in 0.7 mL of 

CD2Cl2 in an NMR tube fitted with a J. Young valve to afford a yellow 

slurry, and was quickly cooled to –78 °C.  The argon headspace of the 

NMR tube was then evacuated at –78 °C, filled with propylene gas (6 mL, 

via gastight syringe), warmed to –20 °C and left to react at that 

temperature for 2 h.  The sample was inserted into an NMR probe which 

had been precooled to –20 °C, (below which, no new species were 

observed).  At –20 °C compound 19 formed in a 3:1 ratio with compound 

13 .  Less than 1 equiv of TMNO was used as compound 19  decomposed 

readily in the presence of excess TMNO.  Compound 19  could not be 

isolated or purified due to its instability at ambient temperature, so 

characterization was based on multinuclear NMR spectroscopy at –20 °C.  

(g) [IrRu(CO)3(dppm)2][BF4] (20).  Compound 13  (50 mg, 0.040 

mmol) was dissolved in 5 mL of CH2Cl2 to afford a yellow solution.  

Anhydrous TMNO (1.0 equiv, 0.040 mmol, 3.0 mg) was dissolved in 1 

mL of CH2Cl2 in an NMR tube affording a clear, colourless solution.  The 

TMNO solution was transferred dropwise, via cannula, to the Schlenk 

flask containing the stirring yellow solution of 13 and the solution turned 

orange immediately.  The addition of 30 mL of diethyl ether followed by 

20 mL of pentane resulted in the precipitation of an orange solid that was 

washed with 3 x 10 mL of diethyl ether and dried in vacuo (67 % yield).  

Owing to the instability of 20  (even as a solid product), its 

characterization was based on multinuclear NMR spectroscopy at  –80 °C.  
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(h) [IrRu(CO)4(µ-C=CH2)(dppm)2][BF4] (21).  A stirred yellow 

solution of 13 (100 mg, 0.079 mmol) in 5 mL of CH2Cl2.was saturated 

with acetylene gas and left to stir under an atmosphere of the gas for 4 h, 

resulting in a colour change to orange.  The addition of 20 mL of diethyl 

ether followed by 40 mL of pentane resulted in the precipitation an orange 

solid that was washed with 3 x 10 mL of diethyl ether and dried in vacuo 

(90 % yield). HRMS: m/z calcd for C56H46IrO4P4Ru (M
+
), 1201.1014; 

found, 1201.1049 (M
+
).  Elemental analyses were done using 21-CF3SO3, 

in which the tetrafluoroborate anion had been exchanged for triflate.  Anal. 

Calcd for C57.5ClF3H51IrO7P4RuS: 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.  

(i) [IrRu(H)(CO)3(µ-!1
:"2

-C!CH)(dppm)2][BF4] (22). Compound 

21  (50 mg, 0.039 mmol) was dissolved in 0.5 mL of CD2Cl2 in an NMR 

tube to afford an orange solution and cooled to 0 °C.  To this solution was 

added anhydrous TMNO  (1 equiv, 0.039 mmol, 2.9 mg) as a solution in 

CD2Cl2, resulting in no obvious colour change. The reaction was left for 1 

h at –20 °C after which time the sample was inserted into an NMR 

spectrometer precooled to –20 °C. Compound 22  was the only 

phosphorus-containing product observed and was characterized by 

multinuclear NMR spectroscopy at –20 °C, as the compound was only 

stable in solution at lower than ambient temperatures and decomposed 

upon attempted work up.  

(j) [IrRu(H)(CO)3(µ-!1
:"2

-CH=C=CH2)(dppm)2][BF4] (23).  A 

mixture of anhydrous TMNO (0.75 equiv, 2.0 mg, 0.027 mmol) and 

compound 13  (45 mg, 0.036 mmol) was partially dissolved in 0.7 mL of 

CD2Cl2 in an NMR tube fitted with a J. Young valve to afford a yellow 

slurry, and was quickly cooled to –20 °C.  The argon headspace of the 

NMR tube was then evacuated at –20 °C, filled with allene gas (6 mL, via 

gastight syringe), and left to react at that temperature for 1 h.  The sample 
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was inserted into an NMR probe which had been precooled to –20 °C, 

(below which, no new species were observed).  At –20 °C up to 67 % of 

the phosphorus-containing products were assigned to 23 . Less than 1 

equiv of TMNO was used as compound 23  decomposed readily in the 

presence of excess TMNO.  Compound 23  could not be isolated or 

purified due to its instability at ambient temperature, so its characterization 

was based on multinuclear NMR spectroscopy at –20 °C.  

(k) [IrRu(H)(CO)3(µ-!1:"2-C!CCH3)(dppm)2][BF4] (24).  Method 

i.   Compound 14  (30 mg, 0.023 mmol) was dissolved in 0.5 mL of 

CD2Cl2 in an NMR tube to afford a yellow/orange solution and cooled to 

0 °C.  To this solution was added anhydrous TMNO  (1 equiv, 0.023 mmol, 

1.7 mg) as a solution in CD2Cl2, resulting in no obvious colour change. 

The reaction was left for 1 h at 0 °C after which time the sample was 

inserted into an NMR spectrometer precooled to 0 °C. Compound 24  was 

the only phosphorus-containing product and was characterized by 

multinuclear NMR spectroscopy at 0 °C, as the compound was only stable 

in solution at lower than ambient temperatures, decomposing upon 

attempted work up.  Method ii.   Compound 20  (25 mg, 0.020 mmol) 

was dissolved in 0.7 mL of CD2Cl2 in an NMR tube.  The NMR tube was 

cooled to 0 °C and the solution was purged with propyne for 1 min and left 

to react at 0 °C for 1 h, after which time the sample was placed in a 

precooled NMR spectrometer.  Compound 24  was the only phosphorus-

containing product identified by 
31

P{
1
H} NMR at that temperature.  

(l) Variable temperature NMR study of [IrRu(CO)3(dppm)2][BF4] 

(20) and allene: generation of [IrRu(CO)4(H2C=C=CH2)-

(dppm)2][BF4] (25).   Compound 20  (27 mg, 0.022 mmol) was 

dissolved in 0.7 mL of CD2Cl2 in an NMR tube equipped with a J. Young 

valve to afford an orange solution.  The tube was quickly cooled to –78 °C 

and the headspace of the tube was evacuated and allene gas was added (5 

mL via gastight syringe).  The sample was placed into the NMR 
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spectrometer precooled to –78 °C.  At this temperature, the entire sample 

had converted to the allene adduct, [IrRu(CO)4(!
2-

H2C=C=CH2)(dppm)2][BF4] (25), by scavenging a CO ligand from 

decomposition of one-third of compound 20 , as determined by integration 

of the 31P resonances using a 31P standard, 

bis(triphenylphosphoranylidene) ammonium chloride .  At temperatures as 

low as –60 °C the weakly bound allene dissociated from the complex, 

leaving only the tetracarbonyl complex [IrRu(CO)4(dppm)2]
+ (13).13a  

(m) Attempted reaction of 1 with 2-methyl-1,3-butadiene.  

Compound 13  (20 mg, 0.016 mmol) was dissolved in 0.5 mL CD2Cl2 in 

an NMR tube.  To the yellow solution was added 151 µL of 2-methyl-1,3-

butadiene (100 equiv, 1.51 mmol) by micro-syringe.  The solution was left 

to react at ambient temperature for one week and after this time the 31P 

NMR spectrum revealed compound 13  as the only phosphorus-containing 

product.  Slightly elevated temperatures did not result in any reaction. 

3.4.3   X-ray Structure Determinations 

3.4.3.1 General 

Crystals were grown via slow diffusion of diethyl ether into a 

dichloromethane solution of the compound (14-CF3SO3, 21-CF3SO3) or by 

diffusion of pentane into a tetrahydrofuran solution of the compound (16-

CF3SO3).  Data were collected using a Bruker SMART 1000 CCD 

detector/PLATFORM diffactometer with the crystals cooled to –80 ºC (14-

CF3SO3, 21-CF3SO3) or with a Bruker APEX II CCD detector/D8 

diffractometer25 with the crystals cooled to –100 °C (16-CF3SO3); all data were 

collected using Mo K" radiation (# = 0.71073 Å).  The data were corrected for 

absorption via a multi-scan method (14-CF3SO3, 21-CF3SO3) or through 

Gaussian integration from indexing of the crystal faces (16-CF3SO3).  Structures 

were solved using direct methods (SHELXS–97)
26

 and least-squares refinements 

were completed using the program SHELXL-97.
26

 Hydrogen atoms attached to 

carbons were assigned positions based on the sp2 or sp3
 hybridization geometries 
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of their attached carbons, and were given thermal parameters 20 % greater than 

those of their parent atoms.  See Appendix III.2 for a listing of crystallographic 

experimental data for all structures in this chapter. 

3.4.3.1 Special Refinement Conditions 

i) Compound 14-CF3SO3: Attempts to refine peaks of residual electron 

density as solvent dichloromethane or diethyl ether molecules were unsuccessful.  

The data were corrected for disordered electron density through use of the 

SQUEEZE procedure27
 as implemented in PLATON.

28 A total solvent-accessible 

void volume of 1885 Å3 with a total electron count of 685 (consistent with one 

equivalent of diethyl ether and 0.5 equivalents of dichloromethane per unit of the 

complex cation) was found in the unit cell.  Bond distances and angles within the 

minor (25 %) orientation of the disordered triflate were restrained during 

refinement to be equal to the corresponding values within the major orientation by 

use of the SHELXL-97
26

 SAME instruction. 

(ii) Compound 16-CF3SO3: Attempts to refine peaks of residual electron 

density as disordered or partial-occupancy solvent tetrahydrofuran carbon or 

oxygen atoms were unsuccessful.  The data were corrected for disordered electron 

density through use of the SQUEEZE
27 procedure as implemented in PLATON.

28 

A total solvent-accessible void volume of 1715.9 Å3 with a total electron count of 

566 (consistent with 14 molecules of tetrahydrofuran, or 3.5 molecules per 

formula unit of the IrRu complex) was found in the unit cell.  A crystallographic 

mirror plane perpendicular to the metal phosphorus vectors contains the Ru atom.  

However, the iridium position is disordered on either side of this mirror plane.  As 

a result of this disorder involving the Ir position the ligands attached to this metal 

are similarly disordered above and below the mirror plane, as shown in Figure 3-5.  

Twinning was not detected in this crystal. 
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Figure 3-5. View of the complex cation of [IrRu(CO)4(µ-

C=C(H)C(CH3)=CH2)(dppm)2][CF3SO3] (16-CF3SO3),  showing 

the disorder across the mirror plane that predominately affects the 

Ir half of the cation.  One disordered molecule is connected by 

solid bonds while the other is connected by open bonds. 

(iii) 21-CF3SO3: 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 was defined with two sets of equally-abundant (25 % 

occupancy) positions ({S(2A), F(94A), F(95A), F(96A), O(94A), O(95A), 

O(96A), 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.  At the same site is located a solvent 

dichloromethane molecule (refined with an occupancy factor of 50 %) to which 

the following restraints were applied: 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 
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crystallographic twofold rotational axis [3/4, y, 0], were refined with an 

occupancy factor of 50 % and with no geometric restraints applied.)    
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Chapter 4:  Alkyne/Methylene Coupling at Adjacent 

Iridium/Osmium Centres: Facile Carbon–Carbon and Carbon–

Oxygen Bond Formation
*
 

 

4.1 Introduction 

Continuing with the investigation of the methylene-bridged 

bis(diphosphine) complexes of Ir/M (M = Ru, Os), this chapter describes forays 

into the relatively unexamined Ir/Os metal combination.  In the previous chapters, 

it has been demonstrated that the introduction of Ir to the bimetallic complex often 

leads to C–H bond activation reactions as well as C–C bond formation, however, 

the disparity between the Ir–C and Ru–C bond strengths often results in the 

hydrocarbyl fragment not bridging the complex, but chelating on the iridium 

centre.1 The search for the metal combination that will allow for the careful study 

of hydrocarbyl-bridged fragments important for processes such as the Fischer-

Tropsch (FT) chemistry,2 then continues. Exploiting the greater bond strengths 

involving these third-row metals (Ir/Os), we hoped might stabilize species not 

observed with the other metal combinations, allowing us to study them in greater 

detail in terms of possible involvement in carbon-carbon chain growth in FT 

chemistry.2-3 

Changing the group 8 metal to Ru appears to have provided a more labile 

metal centre as the adjacent Ir participated in multiple C–H bond activations.1  

Considering that only the Rh/Os4 combination demonstrated incorporation of up 

to four methylene groups, the next logical system was Ir/Os.  In this chapter, we 

outline our attempts to generate C3- and C4-bridged hydrocarbyl fragments, by 

reactions of either the methylene-bridged (C1) complexes [IrOs(CO)n(µ-

CH2)(dppm)2][X] (n = 3, 4; R = CF3, CO2Me; X = BF4, CF3SO3) with alkynes, or 

by reaction of the alkyne-bridged (C2) precursors [IrOs(CO)n(µ-!1:!1-

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"!A version of this chapter has been published.  MacDougall, T. J.; Llamazares, 
A.; Kuhnert, O.; Ferguson, M. J.; McDonald, R.; Cowie, M.  Organometallics 

2011 , 30, 952. 
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RC=CR)(dppm)2][CF3SO3] (n = 3, 4; R = CF3, CO2Me) with diazomethane.  The 

reactivity of this system is also compared to the related work involving the other 

metal combinations.4-5 

4.2 Results and Compound Characterization 

4.2.1 Methylene-Bridged Precursor 

The precursor methylene-bridged complex, [IrOs(CO)4(µ-

CH2)(dppm)2][CF3SO3] (28), is readily prepared by reaction of either 

[IrOs(CO)5(dppm)2][CF3SO3] (26) or [IrOs(CO)4(dppm)2][CF3SO3] (27) with 

diazomethane at ambient temperature (see Scheme 4-1).  One carbonyl in 

compound 26  is labile and readily lost in the reaction, generating the identical 

product as in the reaction of 27 , under identical conditions.  Both reactions 

proceed instantly, even at –78 °C.  No incorporation of additional methylene 

groups is observed when the reaction is carried out at ambient temperature. 
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Complex 28  produces the expected pattern in the 31P{1H} NMR spectrum, 

characteristic of an AA’BB’ spin system, corresponding to the Ir- and Os-bound 

ends of the diphosphines.  With both resonances (! –5.5 and ! –6.5) so close in 
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chemical shift, as shown in Figure 4-1, which resonance corresponds to the Ir- or 

Os-bound ends of the diphosphines is not clear. 

 

Figure 4-1.  31
P{

1
H} NMR spectrum of [IrOs(CO)4(µ-CH2)(dppm)2][CF3SO3] 

(28) in CD2Cl2 

Through the use of 13C{1H,31P} NMR techniques in which the phosphorus 

resonances are selectively decoupled, we can determine that two carbonyls 

display spin-spin coupling with each end of the disphosphine units, so are 

attached two to each metal, but we are unable to identify which set of 31P 

resonances is which.  The two 13C resonances at ! 185.1 and ! 178.2 correspond 

to the carbonyls on one metal while those at ! 181.7 and ! 170.0 correspond to the 

carbonyls on the other; all carbonyls appear to be terminally bound as supported 

by the IR spectrum in which all carbonyl bands fall in the region above 1900 cm-1.  

A 13CH2-enriched sample of 28  shows the µ-CH2 carbon in the 13C{1H} NMR 

spectrum at ! 46.6 as a very broad multiplet displaying couplings of 9.0 Hz and 

8.2 Hz to the chemically inequivalent 31P nuclei.  In the 1H NMR spectrum of 28 , 

two signals at ! 4.77 and ! 3.36 represent the chemically inequivalent CH2 

protons of the dppm ligands, indicating the absence of “front-back” symmetry on 

either side of the IrOsP4 plane.  These protons display mutual two-bond coupling 

of 14.0 Hz.  The protons of the newly introduced methylene bridge appear as a 
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multiplet at ! 4.75.  Due to the overlap in the 1H NMR spectrum between the 

methylene protons of the dppm ligands and the newly introduced methylene group 

protons, a 2D HSQC NMR experiment was used to correlate the carbon signal at 

! 46.6 to the proton signal at ! 4.75. 

An X-ray structure determination of 28 , as shown for the complex cation 

in Figure 4-2, verifies the bridging arrangement of the methylene group and the 

symmetrical ligand arrangement having two carbonyls on each metal.  Selected 

bond lengths and angles are presented in Table 4-1.  

  

(a) (b) 

Figure 4-2 .  (a) Perspective view of the complex cation of [IrOs(CO)4(µ-

CH2)(dppm)2][CF3SO3] (28).  Thermal ellipsoids are shown at the 

20 % probability level except for hydrogens, which are shown 

artificially small. Only the ipso carbons of the phenyl rings are 

shown.  (b) Same as (a), with all phenyl carbons shown. 

 

As is typical with these A-frame-like complexes, the dppm ligands bridge 

both metals in a mutually trans arrangement. The Ir–Os separation of 2.8345(1) Å 

is consistent with a metal–metal bond and is significantly shorter than the 

intraligand P–P separation of ca. 3.00 Å, indicating compression along the Ir–Os 
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axis due to mutual attraction of the metals.  The geometry at both metals is a 

distorted octahedron in which the distortion in the equatorial plane arises from the 

acute angles formed by the introduction of the methylene bridge (C(5)–Ir–Os = 

48.82(5)° and C(5)–Os–Ir = 48.32(5)°).  There is no significant twisting around 

the metal-metal axis in the complex cation, resulting in an eclipsed conformation 

of both metals.  Torsion angles relating the eclipsed ligands are between ca. 3° 

and 6°. The disorder of the metals, noted in the Experimental section presumably 

gives rise to a slight, unresolved disorder of the carbonyl ligands which probably 

gives rise to the somewhat elongated thermal ellipsoids for C(2)O(2) and 

C(3)O(3).  

Table 4-1.  Selected Bond Lengths and Angles for Compound 28 

(a) Distance (Å) 

atom 1 atom 2 distance atom 1 atom 2 distance 

Ir Os 2.8345(1) Os C(4) 1.881(2) 

Ir C(1) 1.887(2) Os C(5) 2.150(2) 

Ir C(2) 1.919(3) C(2) O(2) 1.139(3) 

Ir C(5) 2.134(2) C(3) C(3) 1.144(3) 

Os C(3) 1.919(3) 

 

(b) Angles (deg) 

atom 

1 

atom 2 atom 3 angle atom 1 atom 2 atom 3 angle 

Ir C(2) O(2) 177.3(3) Os Ir C(2) 97.50(10) 

Os C(3) O(3) 177.8(3) Ir Os C(3) 95.64(10) 

Ir C(5) Os 82.86(7) Ir Os C(4) 158.63(7) 

C(5) Ir Os 48.82(5) C(5) Os Ir 48.32(5) 

Os Ir C(1) 157.74(7)     

 

The structure of 28  differs significantly from those of its congeners, 

involving the Rh/Ru, Rh/Os, and Ir/Ru combinations of metals which all have a 

carbonyl ligand in a site bridging the metals. The absence of a bridging carbonyl 

in the Ir/Os species (28) is consistent with the lower tendency of third-row metals 
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to support bridging carbonyl ligands.6  As such, compound 28  more closely 

resembles the mono-phosphine analogues [MM’(PMe3)(CO)3(µ-CH2)(dppm)2]
+ 

(MM’ = RhRu,5a RhOs,4b IrRu5c), which also have two terminal ligands on each 

metal. 

The bonding in 28  can be described by either of the valence-bond 

formulations shown in Chart 4-1.  In the Ir(II)/Os(I) formulation the metals are 

connected by a conventional metal–metal bond, while in the Ir(I)/Os(II) 

formulation the coordinatively saturated Ir centre forms a dative bond to Os to 

give the latter its favoured 18e– configuration.  We favour this latter description, 

in keeping with the preferred oxidation states of these metals. 

Chart 4-1 
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4.2.2 C3-Bridged Species from [IrOs(CO)x(µ-CH2)(dppm)2]-

[CF3SO3] (x = 3 or 4)    

The addition of dimethyl acetylenedicarboxylate (DMAD) to the 

methylene-bridged tetracarbonyl complex [IrOs(CO)4(µ-CH2)(dppm)2][CF3SO3] 

(28) under ambient conditions results in the insertion of the alkyne into the Ir–

CH2 bond yielding [IrOs(CO)4(µ-!1:!1-C(CO2CH3)=C(CO2CH3)CH2)(dppm)2]-

[CF3SO3] (30) and [IrOs(CO)3(µ-!1:!1-C(CO2CH3)=C(CO2CH3)CH2)(dppm)2]-

[CF3SO3] (31), (Scheme 4-2), in a 7:3 ratio, as shown in the 31P{1H} NMR 

spectrum in Figure 4-3.  The fourth carbonyl ligand of 30  is readily displaced 

under an argon purge, converting it to 31 , while addition of CO(g) to the 30/31  

mix yields only 30 . 
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Scheme 4-2 
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Unlike the facile reaction with DMAD, hexafluorobutyne (HFB) does not 

react with 28  at ambient temperature.  However, decarbonylation of 28  by 

reaction with sublimed anhydrous trimethylamine N-oxide (TMNO) generates the 

unstable complex [IrOs(CO)3(µ-CH2)(dppm)2][CF3SO3] (29), which undergoes 

facile alkyne insertion of either DMAD or HFB to generate [IrOs(CO)3(µ-!1:!1-

C(R)=C(R)CH2)(dppm)2][CF3SO3] (R = CO2Me (31) or CF3 (32), respectively, 

 

Figure 4-3.  31
P{

1
H} NMR spectrum of [IrOs(CO)4(µ-!

1
:!

1
-

C(CO2CH3)=C(CO2CH3)CH2)(dppm)2][CF3SO3] (30) and 

[IrOs(CO)3(µ-!
1
:!

1
-C(CO2CH3)=C(CO2CH3)CH2)(dppm)2]-

[CF3SO3] (31) in CD2Cl2.  
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see Scheme 4-2). The presence of adventitious water, present in unsublimed 

TMNO, results in the formation of unwanted hydroxide-containing byproducts. 

In the case of compounds 30 , 31 , and 32 , their unsymmetrical carbonyl 

distribution allows the 31P resonances to be identified as Ir- or Os-bound on the 

basis of 13C NMR experiments employing selective 31P-decoupling, since 

coupling is only observed between adjacent 31P and 13C moieties.  The metal 

having the greater number of carbonyls is identified as Os on the basis of its 

greater tendency to be coordinatively saturated.  The structures shown in Scheme 

4-2 are assigned on the basis of these experiments.  A 13CO-enriched sample of 

30  displays four terminal CO resonances in the 13C{1H} NMR spectrum at ! 

184.4, ! 177.8, and ! 160.0, corresponding to the Os-bound CO ligands with 

coupling to the Os-bound phosphorus nuclei of between 5.5 Hz and 7.0 Hz, while 

one at ! 174.8, corresponds to the sole Ir-bound CO, displaying 10.4 Hz coupling 

to the Ir-bound phosphorus atoms.  A 13CH2-enriched sample of 30  shows the Os-

bound CH2 carbon in the 13C{1H} NMR spectrum at approximately ! 47 as a very 

broad multiplet.  This multiplet sharpens noticeably (as seen in line width at 50 % 

peak height) upon decoupling of the Os-bound phosphorus signal at ! –18.7, but 

shows no effect upon decoupling the Ir-bound phosphorus signal.  In the 1H NMR 

spectrum of 30 , two signals at ! 5.13 and ! 4.86 represent the chemically 

inequivalent CH2 protons of the dppm ligands, while the Os-bound CH2 protons 

appear as a triplet at ! 2.20 with 11.1 Hz coupling to only the two phosphorus 

nuclei bound to this metal.  The absence of coupling of these µ-CH2 protons to the 

Ir-bound phosphorus nuclei is consistent with alkyne insertion into the Ir–CH2 

bond. In addition to the above resonances, compound 30  displays two separate 

resonances for the CH3 groups of the inserted DMAD molecule at ! 2.38 and ! 

1.29.   

For compounds 31  and 32 , 13CO-enriched samples each display two 

resonances at ca. ! 185 and ! 180 corresponding to the Os-bound CO ligands 

showing coupling to only the Os-bound phosphorus atoms of ca. 9.4 Hz, while 

one at ca. ! 168 corresponds to the Ir-bound CO, coupling to only the Ir-bound 
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phosphorus atoms (2
JCP = 9.5 Hz).  Again, a 13CH2-enriched sample of 31  and 32  

shows the Os-bound CH2 carbons in the 13C{1H} NMR spectrum as broad 

multiplets at ! 10.3 and ! 8.0, respectively.  In the 1H NMR spectra of 31 , the Os-

bound CH2 protons appear as a triplet at ! 1.53 with 11.4 Hz coupling to the Os-

bound 31P nuclei, while in 32  these protons appear as a more complex triplet of 

quartets at ! 1.86 with 8.9 Hz coupling to phosphorus as well as coupling of 2.5 

Hz to one CF3 group.  As above, the absence of coupling between these CH2 

protons and the Ir-bound phosphorus nuclei is consistent with alkyne insertion 

into the Ir–CH2 bond.  ln the case of compound 32 , the 19F NMR spectrum 

displays two resonances for the CF3 groups of the inserted HFB group, as shown 

in Figure 4-4. 

 

Figure 4-4.  Select regions of the 
19

F NMR spectrum of [IrOs(CO)3(µ-!
1
:!

1
-

C(CF3)=C(CF3)CH2)(dppm)2][CF3SO3] (32) in CD2Cl2. 

An X-ray structure determination of 32 , shown for the complex cation in 

Figure 4-5, verifies that alkyne insertion into the Ir–CH2 bond has occurred as was 

proposed based on the above spectroscopic studies. Selected bond lengths and 

angles are presented in Table 4-2.  The geometry at Os is shown to be a rather 

undistorted octahedron while that at Ir is best described as a tetragonal pyramid in 

which the axial site corresponds to the Ir–Os bond.  Although the nature of the 

metal-metal bond (2.7910(7) Å) and the corresponding oxidation states of the 

metals can be ambiguous in such complexes, we again favour an Ir(I)/Os(II) 
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formulation in which the occupied dz2 orbital of the square planar Ir forms a 

dative bond to Os, as is shown in Scheme 4-2.  Although the dppm ligands occupy 

the typical bridging positions, close-to-mutually trans at both metals, they are 

significantly twisted with respect to each other, resulting in a staggered 

conformation at both metals, in which the torsion angles about the Ir–Os bond 

range from 23.48(3)° to 28.09(3)°. 

  

(a) (b) 

Figure 4-5 .  (a) Perspective view of the complex cation of  [IrOs(CO)3(µ-!
1
:!

1
-

C(CF3)=C(CF3)CH2)(dppm)2][CF3SO3] (32).  Thermal ellipsoids 

are as described in Figure 4-2.  Only the ipso carbons of the phenyl 

rings are shown. (b) A lternate view of the complex cation of  

[IrOs(CO)3(µ-!
1
:!

1
-C(CF3)=C(CF3)CH2)(dppm)2][CF3SO3] (32) 

with all phenyl carbons shown.  Thermal ellipsoids are as 

described in Figure 4-2. 

 

Within the bridging C3 fragment the C(6)–C(7) bond length of 1.344(5) Å 

is characteristic of a double bond,7 while C(6)–C(4) (1.512(4) Å) is indicative of a 

single bond between sp2 and sp3 carbons.7-8 All angles within the C3 fragment (Ir–

C(7)–C(6) = 122.3(2)°, C(4)–C(6)–C(7) = 122.1(3)°, and Os–C(4)–C(6) = 

115.5(2)°) are slightly larger than those predicted for undistorted sp2 and sp3 
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angles, and together with the acute the Ir–Os–C(4) and Os–Ir–C(7) angles of 

82.40(9)° and 85.88(9)°, respectively, suggest significant strain within the 

dimetallacyclopentene moiety.  Presumably, the staggered arrangement of the two 

coordination spheres along the metal-metal axis occurs to alleviate further strain; 

an eclipsed conformation, while maintaining the observed metal-metal distance, 

would exacerbate the strain within this moiety.   This structure closely resembles 

those of the related species, [RhM(CO)3(µ-!1:!1-C(CF3)=C(CF3)CH2)(dppm)2]
+ 

(M = Ru,5b Os5d).  An alternate view with all phenyl carbons shown is given in 

Figure 4-5(b). 

Table 4-2.  Selected Bond Lengths and Angles for Compound 32  

(a) Distance (Å) 

atom 1 atom 2 distance atom 1 atom 2 distance 

Ir Os 2.7910(2) Os C(4) 2.185(3) 

Ir C(1) 1.876(4) C(4) C(6) 1.512(4) 

Ir C(7) 2.102(3) C(5) C(6) 1.515(5) 

Os C(2) 1.937(3) C(6) C(7) 1.344(5) 

Os C(3) 1.862(3) C(7) C(8) 1.511(5) 

 

(b) Angles (deg) 

atom 

1 

atom 2 atom 3 angle atom 1 atom 2 atom 3 angle 

Os C(4) C(6) 115.5(2) Ir C(7) C(6) 122.3(2) 

C(4) C(6) C(5) 113.6(3) Ir C(7) C(8) 114.2(2) 

C(4) C(6) C(7) 122.1(3) C(1) Ir C(7) 175.4(1) 

C(5) C(6) C(7) 123.8(3) Os Ir C(7) 85.88(9) 

C(6) C(7) C(8) 123.3(3) Ir Os C(4) 82.40(9) 

 

Compounds 30  and 31  react with a second equiv of CH2N2; however, 

instead of the anticipated insertion into the Ir–C bond of the strained bridging C3 

unit, a new C–O bond is formed to yield [IrOs(CO)3(µ-H)(µ-!1:!1:!1–

CH2OC(OCH3)=CC(CO2CH3)=CH)(dppm)2][CF3SO3] (33), as illustrated in 

Scheme 4-3.   The reactions of compounds 30  and 31  with CH2N2 to generate 33  
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occur readily.  Although 30  requires prior CO loss to generate 31  before reacting 

to form 33 , as shown by 31P{1H} NMR spectroscopy at –78 ºC, the relative rates 

of reaction of 30  and 31  are comparable, attesting to the extreme lability of the 

fourth CO in the former. 
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The defining feature of the 1H NMR spectrum of 33  is the hydride 

resonance at ! –18.9, appearing as a quintet with equal coupling of 8.4 Hz to all 

four phosphorus nuclei of the dppm ligands, confirming its bridging arrangement, 

as shown in Figure 4-6.  The proton of the CH group appears as a triplet at ! 5.10, 

showing coupling to only the Os-bound phosphorus nuclei of 11.2 Hz, while the 

Ir-bound CH2 group appears at ! 4.10, with coupling to only the Ir-bound 

phosphorus nuclei of 10.6 Hz.  The protons of the dppm methylene groups appear 

as two signals at ! 5.10 and ! 4.85 (2
JHH = 13.4 Hz).  

 

Figure 4-6.  1
H NMR spectrum of [IrOs(CO)3(µ-H)(µ-!

1
:!

1
:!

1
–

CH2OC(OCH3)=CC(CO2CH3)=CH)(dppm)2][CF3SO3] (33) in 

CD2Cl2 (hydride resonance inset). 
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In a 13CO-enriched sample of 33  two signals for the three CO ligands 

appear in the 13C{1H} NMR spectrum at ! 184.3 (1C) for the Ir-bound CO 

coupling to only the adjacent phosphorus nuclei (2
JCP = 4.7 Hz), and ! 174.4 (2C, 

coincidentally overlapped) for the two Os-bound CO ligands, coupling to the Os-

bound phosphorus nuclei (2
JCP = 7.4 Hz). In a sample of 31  in which the Os-

bound CH2 group was 13C-enriched, reaction with 12CH2N2 resulted in 13C 

enrichment only at the Os-bound methyne group (Scheme 4-3). This carbon 

appears at ! 115.2 in the 13C{1H} NMR spectrum and is shown by APT to be 

bound to a single proton.  In addition, this proton, noted above, now displays 

coupling to the labelled carbon of 148.0 Hz in the 1H NMR spectrum.  

Experiments in which 13CH2N2 was added to unlabelled 31  gives rise to a 

13C{1H} resonance at ! 60.4.  In the 1H NMR spectrum the added methylene 

resonance appears as a doublet of triplets at ! 4.10 with coupling to the 13C of 

147.2 Hz.  These experiments confirm that C–H activation involves the CH2 

group of the original µ-C3 fragment and not the added CH2 group.  Low 

temperature NMR studies did not yield additional information on the 

transformation of 31  to 33 , since no additional species were observed. 

Although these NMR data clearly established the fate of the original CH2 

group in the precursor 31 , it did not establish how the newly added CH2 group 

was incorporated into the complex.  However, the connectivity was clearly 

established by the X-ray structure determination of 33 , and a representation of the 

complex cation is shown in Figure 4-7.  Clearly shown in this figure are the C3-

bridged unit (C(6)–C(7)–C(8)), in which the original CH2 unit has been converted 

to CH and the bridging hydride, together with the new 5-membered ring involving 

the added methylene group, the carbonyl group of the ester functionality from the 

DMAD, and the Ir centre (Ir–C(4)–O(4)–C(5)–C(6)).   Selected bond lengths and 

angles are presented in Table 4-3. 
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Figure 4-7. Perspective view of the complex cation of [IrOs(CO)3(µ-H)(µ-

!
1
:!

1
:!

1
CH2OC(OCH3)=CC(CO2CH3)=CH)(dppm)2][CF3SO3] 

(33).  Only the ipso carbons of the phenyl rings are shown.  

Thermal ellipsoids are as described in Figure 4-2. 

 

Both metals display a pseudo-octahedral geometry, with all angles 

between adjacent groups of approximately 90°.    The most significant distortions 

from octahedral geometries result from the non-linearity of the P(1)–Ir–P(3) 

(172.13(3)°) and P(2)–Os–P(4) (158.81(4)°) units of the diphosphines, which are 

bent towards the bridging hydrocarbyl fragment.  This bending occurs to 

minimize contacts between the almost vertical dppm phenyl rings on the same 

face as the bridging hydride, and the carbonyl ligands, and is aided by the phenyl 

group orientations on the opposite face which lie almost parallel to the bridging 

“C3” moiety (Figure 4-8).  One carbonyl on Os lies opposite the bridging hydride 

ligand and another is trans to the methyne carbon of the C3-bridging unit.  
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!

Figure 4-8 !! Perspective view of the complex cation of [IrOs(CO)3(µ-H)(µ-

!
1
:!

1
:!

1
CH2OC(OCH3)=CC(CO2CH3)=CH)(dppm)2][CF3SO3]  

(33).  Thermal ellipsoids are as described in Figure 4-2. 

 Within the bridging hydrocarbyl fragment the bond lengths are most 

consistent with the canonical form shown in Scheme 4-3 in which the C(5)–C(6) 

and C(7)–C(8) bonds (1.348(6) and 1.344(6) Å) are typical of double bonds, while 

C(6)–C(7), a double bond in the precursor (31), has now lengthened to 1.464(5) 

Å, typical of a single bond between sp2 hydridized carbons.7  The length of the 

newly formed C(4)–O(4) bond (1.447(5) Å), and the C(5)–O(4) bond (1.349 (5) 

Å), are as expected, with the latter being typical for an enol ester.7  The 

unsymmetrical metal-hydride distances (Ir–H(1) = 1.61(5) Å,  Os–H(1) = 1.84(5) 

Å) suggest a stronger interaction with Ir, although the uncertainties in accurately 

defining the hydrogen position by X-ray methods leaves this interpretation in 

some doubt, and certainly the equal spin–spin coupling of the hydride to both 

ends of the diphosphines in the 1H NMR spectrum is suggestive of a close-to-

symmetric hydride bridge in solution.  Incorporation of the hydride bridge results 

in a substantial lengthening of the metal-metal separation to 3.2956(3) Å from 
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approximately 2.8 Å in the precursor (estimated from the analogous species 32), 

as expected for a 3-centre 2-electron interaction. 

Table 4-3.  Selected Bond Lengths and Angles for Compound 33 

(a) Distance (Å) 

atom 1 atom 2 distance atom 1 atom 2 distance 

Ir C(1) 1.904(4) O(4) C(5) 1.349(5) 

Ir C(4) 2.128(4) C(5) C(6) 1.348(6) 

Ir C(6) 2.101(4) C(6) C(7) 1.464(5) 

Ir H(1) 1.61(5) C(7) C(8) 1.344(6) 

Os C(2) 1.938(4) C(7) C(9) 1.497(6) 

Os C(3) 1.879(4) C(9) O(6) 1.201(5) 

Os C(8) 2.115(4) C(9) O(7) 1.347(6) 

Os H(1) 1.84(5) O(7) C(20) 1.455(6) 

C(4) O(4) 1.447(5)    

 

(b) Angle (deg) 

atom 1 atom 2 atom 3 angle atom 1 atom 2 atom 3 angle 

O(4) C(5) C(6) 122.7(4) Ir H(1) Os 145(4) 

O(4) C(5) C(6) 122.7(4) C(1) Ir C(4) 89.21(18) 

 C(5) C(6) C(7) 120.8(4) C(4) Ir C(6) 77.86(16) 

C(6) C(7) C(8) 125.1(4) C(4) O(4) C(5) 113.1(3) 

C(7) C(8) Os 129.1(3) C(5) O(5) C(10) 115.0(4) 

 

In a previous study on the related Rh/Os system we had reported the 

conversion of the C3-bridged species, [RhOs(CO)3(µ-!1:!1-RC=C(R)CH2)-

(dppm)2]
+ (R =  CO2Me), to the C4-bridged product by methylene insertion into 

the Rh–carbon bond of the bridging hydrocarbyl fragment, and had been surprised 

that the HFB analogue (R = CF3) had not reacted similarly.5d  We now find that 

the former proposal of methylene insertion into the Rh–hydrocarbyl bond had 

been in error, as is unambiguously shown in the current study, for which the 

spectroscopy matches very closely to that in the Rh/Os study.  
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The hexafluorobutyne-containing analogue (32) also reacts with 

diazomethane, but in this case, yields a very different product, [IrOs(CO)3(µ-

!
1:!1-CH2C(CF3)=C(CF3)CH2)(dppm)2][CF3SO3] (34), which is only stable at 

temperatures below –20 ºC; upon warming to ambient temperature quantitative 

regeneration of 32  occurs, also generating ethylene, as seen in the 1H NMR 

spectrum (Scheme 4-4). 
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Compound 34  appears to be the originally anticipated product, in which 

methylene insertion into the Ir–C bond of the C3-bridged fragment has occurred.  

Both hydrocarbyl methylene groups of 34  appear in the 1H NMR spectrum at ! 

4.01 and ! 2.27.  The former resonance appears as a triplet (see Figure 4-9) for 

which selective decoupling of the Ir-bound 31P resonances leads to its collapse to 

a singlet, while no effect is seen in the other resonance.  The second CH2 signal 

appears as a multiplet, which simplifies to a poorly resolved quartet, displaying 

coupling to the adjacent CF3 group (4
JHF = 2.5 Hz) upon decoupling the Os-bound 

31P nuclei; decoupling of these 31P nuclei leads to no noticeable change in the 

other CH2 resonance.  The small fluorine-hydrogen coupling noted is typical of 

what we would expect from 4-bond coupling9 and indicates that the C3 unit of the 

precursor (32) has remained intact. 
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1H

1H{31P sel} @ -7.5ppm

1H{31P sel} @ -16.0ppm

4.05 4.00 3.95 2.30 2.25 ppm2.20

 

Figure 4-9 . Select regions of the 
1
H and 

1
H{

31
P} NMR spectra showing the 

resonances for the two CH2 groups of the C4-bridge of compound 

34 in CD2Cl2. 

In a 13CO-enriched sample of 34  three resonances are observed in the 

13C{1H} NMR spectrum at ! 187.9, ! 184.0, and ! 178.0.  The two upfield 

resonances each appear as triplets having ca. 9 Hz coupling to different pairs of 

phosphorus nuclei; the one at ! 184.0 couples to the Ir-bound ends of the 

diphosphines while the one at ! 178.0 displays coupling to the Os ends.  The 

slightly downfield 13CO resonance displays ca. 8 Hz coupling to the Os-bound 31P 

nuclei, but sharpens slightly upon 31P decoupling at the Ir end suggesting a weak 

semi-bridging interaction.  When all carbonyls and both methylene groups are 
13C-enriched this low-field carbonyl resonance shows ca. 15 Hz coupling to the 

Os-bound methylene group, suggesting a mutually trans arrangement; however, 

no 13C–13C coupling is observed for the Ir-bound methylene group and the 

carbonyl resonating at ! 184.0, suggesting at least some deviation from a rigorous 

trans arrangement.   
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Using bis(triphenylphosphoranylidene)ammonium chloride as an internal 

phosphorus standard, it is evident that all of 34  is transformed back to the C3-

bridged species (32) via loss of the CH2 unit (Scheme 4-4).  The methylene unit 

lost from 32  is observed as ethylene in the 1H NMR spectrum at ! 5.41.  The 

conversion of 34  to 32  occurs even in the absence of excess diazomethane, so 

incorporation of an additional CH2 group is not necessary and does not precede 

ethylene formation.  

4.2.3 C2-Bridged Species   

Attempts to obtain isomers of 31  and 32 , having an “Ir–CH2–(alkyne)–

Os” core led us to investigate CH2 insertion into alkyne-bridged Ir/Os species, on 

the assumption that CH2 insertion into the Ir–alkyne bond would occur.  The 

alkyne-bridged precursors, [IrOs(CO)4(µ-RC=CR)(dppm)2][CF3SO3] (R = 

CO2Me (35), CF3 (36)), were obtained by addition of the respective alkynes to 

the tetracarbonyl complex [IrOs(CO)4(dppm)2][CF3SO3] (27) (Scheme 4-5). 
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Again, the 31P resonances are not readily identified as Ir- or Os-bound 

without the 13C{31P} experiments which establish that the 13CO resonances at ! 

180.0  (35) and ! 177.0  (36) correspond to the lone Ir-bound carbonyl in each 

complex while the three other carbonyls in both compounds are terminally bound 

to Os.  The IR spectra of these compounds reveal the CO stretches in the range 
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2075 to 1957 cm-1, offering further support that all are terminally bound. In the 1H 

NMR spectrum the dppm CH2 groups resonate between ca. ! 4.7 and ! 4.2.  In the 

case of 35 , the CH3 protons on the bridging alkyne fragment appear at ! 3.32 and 

! 2.48.  A carbonyl can be removed from both 35  and 36  by the addition of 

TMNO or by refluxing in THF, yielding the C2-bridged tricarbonyl species 

[IrOs(CO)3(µ-!1:!1-C(R)=CR)(dppm)2][CF3SO3] (R = CO2Me (37), CF3 (38)), 

as shown in Scheme 4-5; we propose that loss of an Os-bound CO is accompanied 

by formation of an Ir!Os dative bond.  All spectroscopic parameters are in 

keeping with the A-frame nature of these species as is confirmed by the X-ray 

structure determination of 37 , which shows the bridging !1:!1 arrangement of the 

alkyne (Figure 4-10).  Selected bond lengths and angles are presented in Table 4-

4. 

!

Figure 4-10 . Perspective view of the complex cation of [IrOs(CO)3(µ-!
1
:!

1
-

C(CO2Me)=C(CO2Me))(dppm)2][CF3SO3] (37).  Phenyl hydrogens 

omitted. Thermal ellipsoids are as described in Figure 4-2.   

Complex 37  has a pseudo-octahedral Os centre in which the sixth 

coordination site is occupied by the dative Ir"Os bond from an otherwise square-

planar Ir(I) centre, much as discussed earlier for compound 32 . The Ir–Os bond 

length of 2.8610(6) Å is typical of a single bond, and is significantly shorter than 

the non-bonded P–P distances. The alkyne bridges the two metals almost parallel 

to the metal-metal axis, in which the C(6)–C(7) bond length of 1.345(11) Å is 
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typical of a double bond and the C(5)–C(6)–C(7) and C(6)–C(7)–C(8) angles are 

all near the expected 120°. 

Table 4-4.  Selected Bond Lengths and Angles of Compound 37 

(a) Distance (Å) 

atom 1 atom 2 distance atom 1 atom 2 distance 

Ir Os 2.8610(6) C(6) C(5) 1.516(11) 

Ir C(1) 1.906(9) C(6) C(7) 1.345(11) 

Ir C(6) 2.110(8) C(5) O(5) 1.203(11) 

Os C(2) 1.936(9) C(5) O(4) 1.312(11) 

Os C(3) 1.858(8) O(4) C(4) 1.447(10) 

Os C(7) 2.090(8) C(7) C(8) 1.471(11) 

(b) Angle (deg) 

atom 1 atom 2 atom 3 angle atom 1 atom 2 atom 3 angle 

Ir C(6) C(7) 118.6(6) Os Ir C(6) 64.8(2) 

C(6) C(7) Os 103.5(6) Ir Os C(2) 87.7(3) 

C(1) Ir C(6) 179.1(3) Ir Os C(3) 175.7(3) 

Os Ir C(1) 115.4(2) Ir Os C(7) 72.6(2) 

 

Using the same methodology as discussed previously, diazomethane can 

be used to introduce a CH2 group into the Ir-carbon bond of the “IrOs(µ-

RC=CR)” moiety of 38  to give 39  (Scheme 4-5), as determined by the 8.8 Hz 

coupling between the CH2 protons and the Ir-bound 31P nuclei.  In this case, 

coupling of the CH2 protons and the fluorine nuclei of the adjacent CF3 group is 

not observed in either the 1H or the 19F NMR spectrum, although small couplings 

of 2 Hz or less could be masked by the width of the observed peaks.  The three 

carbonyl ligands are terminally bound as witnessed by their IR stretches in the 

range of 1991 to 1910 cm–1 and in a 13CO-enriched sample of 39  the three 

carbonyl resonances are observed between ! 177.1 and 195.2 in the 13C NMR 

spectrum.  Selective 31P decoupling identifies the downfield resonance as the lone 

Ir-bound carbonyl. In a 13CH2-enriched sample the Ir-bound methylene unit 

appears in the 13C{1H} NMR spectrum at ! 67.8.  Although spin-spin coupling 

between the CH2 unit and the 31P nuclei bound to Ir is not directly observed, 
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owing to the breadth of the signal; sharpening of the peak is observed upon 31P 

decoupling of the Ir-bound 31P nuclei. This C3-bridged product, [IrOs(CO)3(µ-

!
1:!1-CH2(CF3)C=CCF3)(dppm)2][CF3SO3]  (39), does not react with additional 

CH2N2.  Compound 39  is unstable, and warming to ambient temperature results 

in its disappearance, accompanied by quantitative reformation of 38 .  This loss of 

the methylene unit, as ethylene, was also observed upon warming, as was also 

noted in the transformation of 34  to 32 .  

Reaction of the DMAD-bridged species (37) with CH2N2 does not parallel 

the reaction with 38  but instead yields multiple unidentified products, unchanged 

by varying the reaction conditions.  One of the products yielded a single crystal 

from solution; however the badly disordered structure did not refine acceptably.  

Nevertheless, the connectivity determined from the preliminary structure 

determination indicates the formation of a bond between the added methylene 

group and the carbonyl oxygen of the adjacent end of the bridging DMAD group, 

much as observed for compound 34 , suggesting one reason for the divergence in 

the reactivities of 37  and 38 .  

4.3 Discussion 

In many ways, the reactivity of the Ir/Os species, described in this paper, 

parallels that described earlier for the analogous Rh/Ru, Rh/Os, and Ir/Ru 

systems, although significant differences are observed depending on the metal 

combination.  In the generation of the methylene-bridged precursor [IrOs(CO)4(µ-

CH2)(dppm)2]
+ by reaction of [IrOs(CO)4(dppm)2]

+ with diazomethane, the 

reactivity parallels that of the Rh/Ru and Ir/Ru systems, while differing 

substantially from that of the Rh/Os system.  Whereas the three systems, 

[MM’(CO)4(dppm)2]
+ (MM’ = RhRu, IrRu, IrOs) incorporate only a single 

methylene group, irrespective of temperature, the Rh/Os system is much more 

reactive with diazomethane, incorporating up to four methylene groups at 

temperatures above –60 °C, yielding the mono-methylene species, as the 

exclusive product, only at temperatures below this. 
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The structure of [IrOs(CO)4(µ-CH2)(dppm)2]
+ (28), as noted, is very 

different from the structures of its congeners, [MM’(CO)4(µ-CH2)(dppm)2]
+ 

(MM’ = RhRu, RhOs, IrRu).  Whereas these latter three species have 

unsymmetrical structures, having a bridging carbonyl, one terminal CO on Rh or 

Ir and two terminal COs on Ru or Os, as shown for structure A  in Chart 4-2 

(dppm groups not shown), compound 28  has a close-to-symmetric structure 

having two carbonyls on each metal.  Although these different structure types 

should give rise to different reactivity patterns, their reactivities with additional 

diazomethane appears, at first glance, to bear little relationship to their structures, 

recalling that of these four compounds, only the Rh/Os member reacted with 

additional diazomethane.4 
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We had previously rationalized the differing reactivities of the Rh/Ru, 

Rh/Os and Ir/Ru species (having similar structures) on the basis of incipient 

coordinative unsaturation.4b,5c,10 Although both metals in A  are saturated, a 

comparison of the structures of these three compounds showed that the only one 

to react further with diazomethane (Rh/Os) had the bridging carbonyl interacting 

the weakest with the group 9 metal.  This led to the suggestion that this weak Rh–

(µ-CO) interaction was a source of incipient unsaturation being readily displaced 

from Rh by nucleophilic attack at the vacant coordination site, as shown in Chart 

4-2.  This weaker interaction allowed even the weak nucleophile, diazomethane, 

to displace this bridging carbonyl, while presumably for the Rh/Ru and Ir/Ru 

analogues, the stronger interactions of the group 9 metal with the bridging 

carbonyl did not allow diazomethane to displace this CO, resulting in no 

reactivity.  These ideas were supported by the relative rates of substitution of a 
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carbonyl by PMe3 at –25 °C, for which the rates decreased in the order:  rate 

(RhOs) " 30 x rate (RhRu) " 36 x rate (IrRu),10 paralleling the increasing strength 

of the group 9–(µ-CO) interaction. 

We can now extend these ideas to include the lack of reactivity of 28  with 

diazomethane.  As shown in Chart 4-2, compound 28  is again saturated at both 

metals, and the all-terminal-carbonyl arrangement observed should be less able to 

transfer an Ir-bound CO to Os, making it the least susceptible to nucleophilic 

attack at Ir.  Furthermore, although structure A  is formally saturated, it has a 

vacant site opposite the bridging carbonyl and adjacent to the methylene group, 

while compound 28  has no accessible coordination site.  In keeping with this 

logic, 28  is unreactive towards diazomethane. 

In order to test the above idea that Ir/Os should be the least susceptible to 

nucleophilic attack of the series, we compared its reactivity with PMe3 to that of 

the Ir/Ru analogue (the slowest of the previous series).  Under identical conditions 

at ambient temperature, the rate of substitution of a carbonyl in [IrRu(CO)4(µ-

CH2)(dppm)2][CF3SO3], by PMe3 was found to be approximately 1.5 x the rate of 

substitution in 28  (monitored by 31P{1H} NMR spectroscopy) to generate 

[IrOs(CO)3(PMe3)(µ-CH2)(dppm)2][CF3SO3] (40), consistent with the ideas of 

coordinative saturation noted above. 

These structural arguments, however, do not explain the relative 

reactivities of this tetracarbonyl series with dimethyl acetylenedicarboxylate 

(DMAD), nor the failure of hexafluorobutyne (HFB) to react with any of the 

tetracarbonyl precursors.  The most reactive species with diazomethane and PMe3 

(Rh/Os) is unreactive towards DMAD,5d while both the Ir/Os(28) and Rh/Ru 

analogues5b react readily with DMAD at ambient temperature. 

In most studies involving the insertion of unsaturated substrates into a 

metal–CH2 bond of a bridging methylene group, a vacant coordination site, 

adjacent to the bond into which insertion occurs, is assumed.5b,5d,11 Certainly the 

regioselectivity of these insertions in our MM’ series, which always occurs into 

the group 9 metal–CH2 bond,5b,5d is consistent with incipient coordinative 
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unsaturation at this metal, and furthermore, insertion is significantly more facile 

for the tricarbonyl analogues [MM’(CO)3(µ-CH2)(dppm)2]
+ than for the 

tetracarbonyl species.  The reactivity trend in our tetracarbonyl series and in 

particular the facile reactivity of the saturated species 28 with DMAD, which can 

occur without carbonyl loss, suggests that coordinative unsaturation is not 

required to initiate the insertion.  Furthermore, these electron-deficient alkynes are 

not particularly nucleophilic. 

The bridging methylene group in these late-metal species is 

nucleophilic,5d,12 so we suggest that nucleophilic attack of this bridging group at 

the electron-deficient alkynes, HFB and DMAD, may initiate the insertion; this 

reactivity is more in line with the electrophilic nature of both alkynes.  At first 

glance, this proposal seems inconsistent with the higher reactivity noted here and 

elsewhere,5b,5d,13 of DMAD compared to HFB; on the basis of the higher group 

electronegativity of CF3,
14 the opposite would be expected.  However, we suggest 

that the potential for the carboxylate group to offer additional resonance 

stabilization results in DMAD being more electrophilic.  In the tetracarbonyl 

complex 28  the additional carbonyl (compared to 29) lowers the nucleophilicity 

of the complex, lowering its reactivity towards the less electrophilic alkyne, HFB, 

which reacts with 29  but not with 28 .  We do not fully understand what subtle 

factors might give rise to the differences in nucleophilicity of the µ-CH2 group in 

this closely related series. 

 Differences in reactivity between DMAD and HFB, noted above, are even 

more noticeable in the reactions of the C3-bridged species [IrOs(CO)3(µ-!1:!1-

RC=C(R)CH2)(dppm)2]
+ (R = CO2Me (31), CF3(32)) with diazomethane which 

proceed very differently.  Whereas 32  reacts with diazomethane to give the 

anticipated C4-bridged product, shown in Scheme 4-4, compound 31  yields the  

dimetallacycle 33  by C–O bond formation, as shown in Scheme 4-3.  We propose 

that the reaction involving 31  proceeds as outlined in Scheme 4-6, in which the 

carboxylate carbonyl adjacent to the site of diazomethane coordination displaces 

N2 via nucleophilic attack at the coordinated diazomethane, generating the O–CH2 
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bond, leading to the unobserved intermediate C having a terminal olefin moiety as 

shown. Carbon-hydrogen bond activation of the #-olefin moiety could then 

generate the final hydrido-bridged compound 33 . 

Scheme 4-6 
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On this basis, the different reactivity of the HFB-inserted product 32  with 

diazomethane is understandable.  With no adjacent carbonyl functionality, the 

favoured reactivity in this case is the anticipated insertion into the Ir–C(sp2) bonds 

of the “µ-C3” fragment.  The instability of this species, reverting to the precursor 

and ethylene, must result from the more favourable Ir–C(sp2) bond of the 

precursor (32) than the Ir–C(sp3) bond of the product, and 32  is presumably also 

favoured, having the electronegative CF3 group on the #-carbon, which further 

strengthens this Ir–C bond.  We also suggest that the additional strain within the 

6-membered dimetallacycle of 34  further destabilizes this product. 

Our second strategy for yielding C4-bridged species was through double 

methylene insertion into the Ir–C(sp2) bond of alkyne-bridged species.  Although 

this again would lead to replacement of an Ir–C(sp2) bond by a less favourable Ir–

C(sp3) bond, we reasoned that the relief in strain, progressing from a four-
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membered C2-bridged to a five-membered C3-bridged species might favour the 

insertion product.  Certainly this strategy had proven successful for the Rh/Os 

system.  However, in the current Ir/Os system the DMAD-bridged precursor 

yields a mixture of uncharacterized products, while the C3-bridged product 

obtained from the HFB-bridged precursor, namely, [IrOs(CO)3(µ-!1:!1-

CH2(CF3)C=CCF3)(dppm)2][CF3SO3]  (39), is unstable at temperatures above –20 

°C, reverting to the HFB-bridged precursor; unlike the analogous RhOs species,  

compound 39  failed to insert a second methylene group.   

4.4 Conclusions 

The methylene-bridged Ir/Os complex reflects the trend of third row 

metals to tend not to support bridging-carbonyl ligands, and therefore adopts a 

different structure than the other combinations of metals studied previously in our 

group.  The insertion of the alkyne substrates into the Ir–CH2 bond is as expected, 

however, our proposal that the stronger metal–carbon bonds of this system could 

help retain the growing hydrocarbyl fragments does not seem to have come to 

fruition.  Attempts at coupling multiple methylene-groups and adding methylene 

groups to C3-bridges failed.  

Characterization of the Ir/Os complexes described herein relied heavily on 

NMR spectroscopy.  Crystallographically, the one electron difference between the 

two third-row group 8 and 9 metals made it difficult to assign which metal Ir and 

which was Os.  The drive for the Os to be coordinatively saturated helped us to 

assign the metal centres, as did refining crystallographic models in which the 

metals were switched and obtaining higher R-factors for those. 

Besides the reactivity differences observed by changing the metal 

combination, we also observed differences in the reactivity of the organic 

substrates on the basis of different R groups on the alkyne (RC#CR).  The 

carboxylate group of the DMAD alkyne provides a nucleophile to attack 

coordinated diazomethane.  The HFB, however, does not have an ancillary 

reactive functionality and therefore reacts in a relatively predictable fashion for 

these late-metal methylene-bridged complexes. 
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Clearly, the factors involved in the transformations investigated are subtle 

and changes in the metal combination can have a significant effect on reactivity.  

These factors, which are not fully understood, are more complex than in 

monometallic systems, and will need to be understood before the potential of 

mixed-metal systems can be fully utilized. 

4.5 Experimental Section 

4.5.1 General Comments 

All solvents were dried using appropriate desiccants (given in Appendix 

II), distilled before use, and stored under a nitrogen atmosphere.  Reactions were 

performed under an argon atmosphere using standard Schlenk techniques.  

Diazomethane was generated from Diazald,™  which was purchased from 

Aldrich, as was the 13C-enriched Diazald,™ dimethyl acetylenedicarboxylate 

(DMAD) and bis(triphenylphosphoranylidene)-ammonium chloride (PPNCl), 

while the hexafluorobutyne (HFB) was purchased from PCR Inc. 13C-enriched N-

methyl-N-nitroso-p-toluenesulfonamide was prepared by using a modified version 

of the procedure for synthesizing the 14C-enriched radio-labelled analogue.15 

The 1H and 31P{1H} NMR spectra were recorded on a Varian Inova 400 

spectrometer operating at 399.9 and 161.8 MHz, respectively.  All low-

temperature spectra and the heteronuclear decoupling experiments (13C{1H} and 
13C{1H,31P}) were recorded on a Varian Unity spectrometer operating at 161.9 

MHz for 13C, 202.3 MHz for 31P, and 499.8 MHz for 1H.  Infrared spectra were 

recorded in CH2Cl2 solution on a Nicolet Avatar 370 DTGS spectrometer.  Mass 

spectrometry was performed on a Micromass ZabSpec TOF spectrometer by the 

mass spectrometry facility of this department, and elemental analyses were also 

carried out in the departmental facility. 

4.5.2 Preparation of Compounds  

Spectroscopic data for the compounds are presented in Table 4-5.  

(a) [IrOs(CO)5(dppm)2][CF3SO3] (26) and [IrOs(CO)4(dppm)2]-

[CF3SO3] (27).   Compound 26  was prepared according to the published
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procedure16
 with the slight modification described herein.  The protonation 

step to generate [IrOs(CO)3(µ-H)2(dppm)2][X] was carried out using 

HOSO2CF3 (HOTf) instead of  HBF4$Et2O as follows.  A solution of 

HOTf in Et2O (1 equiv in 10 mL of Et2O) was added to an orange solution 

of [IrOs(H)2(CO)3(µ2-!
1:!1:!1-(o-C6H4)PhPCH2PPh2)(dppm)]16 in 

benzene, resulting in the gradual precipitation of a yellow powder.  To 

ensure complete precipitation of the product, excess diethyl ether was 

added.  Furthermore, instead of purging a solution of [IrOs(CO)3(µ-

H)2(dppm)2][CF3SO3] in CH2Cl2, a slurry of the complex in THF and 

CH2Cl2 was purged with CO(g) for 16 h to afford 26 .  Compound 27  was 

prepared by the published procedure,16 using CH2Cl2 as solvent with 

recrystallization from CH2Cl2/diethyl ether. 

(b) IrOs(CO4)(µ-CH2)(dppm)2][CF3SO3] (28).  Method (i).  

Compound 26  (50 mg, 0.035 mmol) was dissolved in 5 mL of CH2Cl2.  

Diazomethane, generated from 200 mg of Diazald,™ was passed through 

the solution at ambient temperature, causing the solution colour to change 

from light yellow to bright yellow.  The solvent was evaporated to 2 mL, 

and 30 mL of diethyl ether was added to precipitate a bright yellow solid.  

This solid was recrystallized from CH2Cl2/diethyl ether, washed with 2 x 5 

mL of diethyl ether, and dried in vacuo (91 % yield). HRMS:  m/z calcd 

for C55H46IrO4OsP4 (M
+), 1279.1585; found, 1279.1585 (M+). Anal. Calcd 

for C59F3H53.5IrO7.75OsP4S (28$0.75 C4H10O):  C, 47.82; H, 3.64.  Found: 

C, 47.83; H, 3.68.  1H NMR spectroscopy in CDCl3 confirmed the 

presence of ether of crystallization.  Method (ii).   Compound 27   (40 

mg, 0.028 mmol) was dissolved in 5 mL of CH2Cl2 and cooled to –78 °C.  

Diazomethane, generated from 200 mg of Diazald,™ was passed through 

the solution, causing a colour change from orange to bright yellow.  The 

solvent was evaporated to 2 mL, and 30 mL of diethyl ether was added to 

precipitate a bright yellow solid, which was recrystallized from 

CH2Cl2/diethyl ether, washed with 2 x 5 mL of diethyl ether, and dried in 

vacuo (92 % yield).  
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(c)  [IrOs(CO)3(µ-CH2)(dppm)2][CF3SO3] (29).  Compound 28  (22 

mg, 0.015 mmol) was dissolved in 5 mL of CH2Cl2, the solution was 

cooled to 0 °C, and anhydrous TMNO (1.74 mg, 0.023 mmol, 1.50 equiv) 

was added, resulting in an immediate colour change from yellow to dark 

red.  The solution was warmed to ambient temperature, the solvent was 

evaporated to 2 mL, and 10 mL of diethyl ether together with 30 mL of 

pentane were added to precipitate a red solid, which was recrystallized 

from CH2Cl2/diethyl ether/pentane (1:3:5), washed with 2 x 5 mL of 

pentane, and dried in vacuo (78 % yield).  HRMS:  m/z calcd for 

C54H46IrO3OsP4 (M+), 1251.1635; found, 1251.1636 (M+).  Due to the 

instability of this compound, satisfactory elemental analyses could not be 

obtained. 

(d) [IrOs(CO)4(µ-!
1
:!

1
-C(CO2CH3)=C(CO2CH3)CH2)(dppm)2]-

[CF3SO3] (30).  Method (i).   Compound 28  (50 mg, 0.035 mmol) 

was dissolved in 10 mL of CH2Cl2, and to it was added dimethyl 

acetylenedicarboxylate (DMAD; 5.5 µL, 0.045 mmol).  The solution was 

stirred at ambient temperature for 3 h, resulting in a gradual colour change 

from yellow to light orange.  The solution was purged with CO(g) for 3 min 

with no resulting colour change.  The solvent was evaporated to 3 mL and 

to it was added 10 mL of diethyl ether and 30 mL of pentane to precipitate 

a light orange solid.  The solid was recrystallized from CH2Cl2/diethyl 

ether/pentane (1:3:5), washed with 2 x 5 mL of pentane, and dried in 

vacuo (90 % yield).  HRMS:  m/z calcd for C60H52IrO7OsP4 (M
+ – CO), 

1393.1902; found, 1393.1902 (M+ – CO).  Anal. Calcd for 

C62F3H52IrO11OsP4S:  C, 47.48; H, 3.34.  Found:  C, 47.69; H, 3.64.  

Method (ii).   Compound 31 (20 mg, 0.013 mmol) was dissolved in 0.7 

mL of CD2Cl2 in an NMR tube to afford an orange solution, which was 

purged by CO(g) for 1 min, resulting in a slight lightening of the solution.  

Conversion of 31 to 30  was monitored by 31P NMR spectroscopy and was 

observed to be quantitative under the CO atmosphere.  
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(e) [IrOs(CO)3(µ-!
1
:!

1
-C(CO2CH3)=C(CO2CH3)CH2)(dppm)2]-

[CF3SO3] (31). Compound 29  (25 mg, 0.018 mmol) was dissolved in 5 

mL of CH2Cl2, and to it was added DMAD (2.6 µL, 0.021 mmol), 

resulting in a colour change from red to yellow.    The solvent was 

evaporated to 2 mL and 10 mL of diethyl ether and 20 mL of pentane were 

added to precipitate a yellow-orange solid.  The solid was recrystallized 

from CH2Cl2/diethyl ether/pentane (1:3:5), washed with 2 x 5 mL of 

pentane, and dried in vacuo (89 % yield). HRMS:  m/z calcd for 

C60H52IrO7OsP4 (M+), 1393.1905; found, 1393.1902 (M+).  Anal. Calcd 

for C61F3H52IrO10OsP4S:  C, 47.56; H, 3.40.  Found:  C, 47.73; H, 3.74. 

(f) [IrOs(CO)3(µ-!
1
:!

1
-C(CF3)=C(CF3)CH2)(dppm)2][CF3SO3] 

(32).  Compound 29  (55 mg, 0.039 mmol) was dissolved in 10 mL of 

CH2Cl2.  Hexafluoro-2-butyne (HFB) was passed vigorously through the 

solution for 2 min, resulting in a colour change from red to orange.  The 

solvent was evaporated to 2 mL and 10 mL of diethyl ether and 20 mL of 

pentane were added to precipitate an orange solid.  The solid was 

recrystallized from CH2Cl2/diethyl ether/pentane (1:3:3), washed with 2 x 

5 mL of pentane, and dried in vacuo (87 % yield).  HRMS:  m/z calcd for 

C59H46F6IrO3OsP4 (M
+), 1413.1539; found, 1413.1541 (M+).  Anal. Calcd 

for C59.25Cl0.5F9H46.5IrO6OsP4S (32$0.25 CH2Cl2):  C, 44.99; H, 2.96.  

Found:  C, 44.80; H, 3.09. 1H NMR spectroscopy in CDCl3 confirmed the 

presence of dichloromethane of crystallization. 19F NMR (in CD2Cl2): ! –

47.0 (quartet, 3F, 
5
JFF = 13.8 Hz), ! –61.7 (quartet of triplets, 3F, 5

JFF = 

13.7 Hz, 4JFH = 2.6 Hz), ! –79.2 (singlet, 3F). 

(g) [IrOs(CO)3(µ-H)(µ-!
1
:!

1
:!

1
CH2OC(OCH3)=CC-

(CO2CH3)=CH)(dppm)2][CF3SO3] (33).  An orange solution of 31  

(34 mg, 0.023 mmol) in 5 mL of CH2Cl2 was cooled to –78 °C. 

Diazomethane, generated from 200 mg of Diazald,™ was passed through 

the solution at this temperature, resulting in no observable colour change.  

The solution was slowly warmed to ambient temperature, the solvent was 
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evaporated to 2 mL and to it was added 10 mL of diethyl ether and 20 mL 

of pentane to precipitate a light orange solid, which was recrystallized 

from CH2Cl2/diethyl ether/pentane (1:3:5) and dried in vacuo (86 % yield).  

HRMS:  m/z calcd for C61H54IrO7OsP4 (M+), 1407.2061; found, 

1407.2059 (M+).  Anal. Calcd for C62F3H54IrO10OsP4S:  C, 47.90; H, 3.50.  

Found:  C, 47.85; H, 3.91.  

(h) [IrOs(CO)3(µ-!
1
:!

1
-CH2C(CF3)=C(CF3)CH2)(dppm)2][CF3SO3] 

(34).   An orange solution of 32  (40 mg, 0.026 mmol) in 5 mL of CH2Cl2 

was cooled to –78 °C.  Diazomethane, generated from 200 mg of 

Diazald,™ was passed through the solution at this temperature, resulting 

in a colour change from orange to yellow.  The solution was kept at –78 

°C and the product was characterized by low-temperature NMR since it 

was not stable upon warming to ambient temperature. 19F NMR (–78 °C in 

CD2Cl2):  ! –49.9 (quartet of triplets, 3F, 5
JFF = 15.8 Hz, 4

JFH = 2.6 Hz), ! 

–59.8 (quartet of triplets, 3F, 5
JFF = 16.5 Hz, 4

JFH = 1.3 Hz), ! –79.6 

(singlet, 3F). 

(i) [IrOs(CO)4(µ-!
1
:!

1
-C(CO2CH3)=C(CO2CH3))(dppm)2]-

[CF3SO3] (35).  A solution of DMAD (4.5 µL, 0.036 mmol) in 5 mL of 

CH2Cl2 was cooled to –78 °C and was added dropwise via cannula over 30 

min to a solution of compound 27  (51 mg, 0.036 mmol) in 5 mL of 

CH2Cl2 at –78 °C.  The mixture was stirred at this temperature for 30 min 

and then slowly warmed to ambient temperature.  After an additional 2 h 

of stirring the solvent was evaporated to 2 mL, and to it was added 10 mL 

of diethyl ether and 20 mL of pentane to precipitate a light orange solid.  

The solid was recrystallized from CH2Cl2/pentane, washed with 2 x 5 mL 

of pentane, and dried in vacuo (75 % yield).  HRMS:  m/z calcd for 

C59H50IrO7OsP4 (M+ – CO), 1379.1741; found, 1379.1746 (M+ – CO).  

Anal. Calcd for C61F3H50IrO11OsP4S:  C, 47.13; H, 3.24.  Found:  C, 

46.87; H, 3.06. 
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(j) [IrOs(CO)4(µ-!
1
:!

1
-C(CF3)=C(CF3))(dppm)2][CF3SO3] (36).  

An orange solution of 27  (60 mg, 0.043 mmol) in 10 mL of CH2Cl2 was 

cooled to –78 °C.  The argon headspace of the flask was evacuated and 

replaced with a slight overpressure of HFB.  The reaction was stirred at –

78 °C for 1 h and then slowly warmed to ambient temperature and stirred 

for 12 h, resulting in a gradual colour change to yellow.  The solvent was 

evaporated to 2 mL, and to it was added 20 mL of pentane to precipitate a 

light orange solid, which was recrystallized from CH2Cl2/pentane, washed 

with 2 x 5 mL of pentane, and dried in vacuo (94 % yield).  HRMS:  m/z 

calcd for C57H44F6IrO3OsP4 (M
+ – CO), 1399.1382; found, 1399.1384 (M+ 

– CO).  Anal. Calcd for C59.175Cl0.35F9H44.35IrO7OsP4S (36!0.175CH2Cl2):  

C, 44.30; H, 2.83.  Found:  C, 44.09; H, 2.76.  1H NMR spectroscopy in 

CDCl3 confirmed the presence of dichloromethane of crystallization.  19F 

NMR (in CD2Cl2):  ! –52.7 (quartet, 3F, 5
JFF = 13.6 Hz), ! –53.1 (quartet, 

3F, 5JFF = 13.6 Hz), ! –79.3 (singlet, 3F).  

(k) [IrOs(CO)3(µ-!
1
:!

1
-C(CO2CH3)=C(CO2CH3))(dppm)2]-

[CF3SO3] (37).  A solution of anhydrous TMNO (0.023 mmol, 1.7 mg) 

in 3 mL of CH2Cl2 was added dropwise over a period of 30 min to a 

stirred solution of 35  (30 mg, 0.019 mmol) in 5 mL of CH2Cl2, resulting 

in a gradual darkening of the solution.  The solvent was evaporated to 2 

mL, and to it was added 10 mL of diethyl ether and 20 mL of pentane to 

precipitate an orange solid, which was recrystallized from CH2Cl2/diethyl 

ether/pentane (1:3:5), washed with 2 x 3 mL of pentane and dried in vacuo 

(86 % yield).  HRMS:  m/z calcd for C59H50IrO7OsP4 (M+), 1379.1746; 

found, 1379.1739 (M+).  Anal. Calcd for C60F3H50IrO10OsP4S:  C, 47.21; 

H, 3.30.  Found: C, 47.20; H, 3.44. 

(l) [IrOs(CO)3(µ-!
1
:!

1
-C(CF3)=C(CF3))(dppm)2][CF3SO3] (38).  

Compound 36 (40 mg, 0.026 mmol) was dissolved in 3 mL of CH2Cl2, 

and to the solution was added dropwise over a period of 30 min anhydrous 

TMNO (2.3 mg, 0.031 mmol) in 2 mL of CH2Cl2, resulting in a gradual 
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colour change from orange to dark orange-red.  The solvent was 

evaporated to 2 mL, and to it was added 20 mL of diethyl ether to 

precipitate an orange solid.  The solid was recrystallized from 

CH2Cl2/diethyl ether, washed with 2 x 3 mL of diethyl ether and dried in 

vacuo (82 % yield).  HRMS:  m/z calcd for C57H44F6IrO3OsP4 (M+), 

1399.1384; found, 1399.1394 (M+).  Anal. Calcd for C58F9H44IrO6OsP4S:  

C, 45.05; H, 2.87.  Found:  C, 45.18; H, 2.97.  19F NMR (in CD2Cl2): ! –

45.9 (quartet, 3F, 5JFF = 11.2 Hz), ! –51.2 (quartet, 3F, 5JFF = 11.2 Hz), ! –

79.3 (singlet, 3F). 

(m) [IrOs(CO)3(µ-!
1
:!

1
-CH2C(CF3)=C(CF3))(dppm)2][CF3SO3] 

(39). A dark orange solution of 38 (33 mg, 0.021 mmol) in 5 mL of 

CH2Cl2 was cooled to –78 °C.  Diazomethane generated from 200 mg of 

Diazald,™ was passed through the solution at low-temperature, resulting 

in a colour change to yellow. This compound was stable in solution at 

low-temperature only, and was characterized by NMR at –78 °C. 19F NMR 

(–78 °C):  ! –51.5 (quartet, 3F, 5JFF = 16.6 Hz), ! –52.2 (quartet of triplets, 

3F, 5JFF = 16.6 Hz, 4JFH = 2.5 Hz), ! –79.2 (singlet, 3F). 

(n) [IrOs(CO)3(PMe3)(µ-CH2)(dppm)2][CF3SO3] (40).   Compound 

28  (100 mg, 0.070 mmol) was dissolved in 5 mL of CH2Cl2, and to the 

solution was added neat PMe3 (14.5 µL, 0.140 mmol).  The solution was 

stirred at ambient temperature for 6 h, resulting in a lightening of the 

solution. The solvent was evaporated to 2 mL, and to it was added 10 mL 

of diethyl ether and 20 mL of pentane to precipitate a light yellow solid, 

which was recrystallized from CH2Cl2/diethyl ether/pentane (1:3:5) and 

dried in vacuo (91 % yield). Anal. Calcd for C58F3H55IrO6OsP5S:  C, 

47.25; H, 3.76.  Found:  C, 47.80; H, 3.79. 

(o)  Relative Rates for the Reactions of 28 and [IrRu(CO)4(µ-

CH2)(dppm)2][CF3SO3] with PMe3.  Compound 28  (30 mg, 0.021 

mmol) was dissolved in 0.7 mL of CD2Cl2 in an NMR tube.  

[IrRu(CO)4(µ-CH2)(dppm)2][CF3SO3] (1-CF3SO3) (28 mg, 0.021 mmol) 
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was dissolved in 0.7 mL of CD2Cl2 in an NMR tube to yield a solution of 

identical concentration to that of 28  in CD2Cl2.  To both tubes was added 

neat PMe3 (4.4 µL, 0.042 mmol) simultaneously (t = 0 h).  The reaction 

was monitored each hour (including t = 0 h) by 31P{1H} spectroscopy, 

monitoring the relative rates of conversions of 28  and the Ir/Ru analogue 

to their corresponding PMe3-substitution products.   

4.5.3    X-ray Structure Determinations 

4.5.3.1  General 

Crystals were grown by slow diffusion of diethyl ether into an acetonitrile 

solution of the compound (28) or diffusion of diethyl ether into a CH2Cl2 solution 

of the compound (32 , 33-BF4, 37-BF4).  Data were collected using a Bruker 

APEX-II CCD detector/D8 diffractometer17 with the crystals cooled to –100 °C 

(28 , 32 , 33-BF4) or using an Enraf-Nonius CAD4 diffractometer17 with the 

crystals cooled to –50 °C (37-BF4); all data were collected using Mo K# 

radiation (" = 0.71073 Å).  The data were corrected for absorption through 

Gaussian integration from indexing of the crystal faces (28 , 33-BF4, 37-BF4) or 

through use of a multiscan model (SADABS17) (32).  Structures were solved 

using Patterson search/structure expansion (DIRDIF-200818) (28), direct 

methods/structure expansion (SIR9719) (32), or direct methods (SHELXS-9720) 

(33-BF4, 37-BF4).  Refinements were completed using the program SHELXL-

97.20   

Hydrogen atoms attached to carbons were assigned positions based on the 

sp2 or sp3 hybridization geometries of their attached carbons and were given 

thermal parameters 20 % greater than those of their parent atoms (the hydrido 

ligand of 33-BF4 was located from a difference Fourier map and was assigned a 

fixed isotropic displacement parameter while its coordinates were freely refined).  

See Appendix III.3 for a listing of crystallographic experimental data for all 

structures within this chapter. 
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4.5.3.2   Special Refinement Conditions    

(i) Compound 28 :  The metals were found to be equally disordered over 

both positions, so each was refined as 50 % Ir and 50 % Os, sharing each site.  (ii) 

Compound 32 : The Cl–C and Cl...Cl distances within the disordered solvent 

dichloromethane molecules were restrained to be 1.80(1) and 2.80(1) Å, 

respectively.   

(iii) Compound 33-BF4: Restraints were applied to achieve idealized 

geometries within the two conformers of the disordered tetrafluoroborate ion; F–B 

distances were constrained to be equal (within 0.03 Å) during refinement, as were 

the F...F distances of F–B–F angles.   

(iv) Compound 37-BF4: Restraints were applied to distances within the 

two conformers of the disordered tetrafluoroborate ion in the same manner as for 

33-BF4 above.  The Cl–C distances within the disordered solvent 

dichloromethane molecule were constrained to be equal (within 0.03 Å) during 

refinement, as were the Cl...Cl distances within each disordered moiety.   

(v) Assignments of metal centres in complexes 32 , 33-BF4, 37-BF4:  

For each of the complexes in which the metals have dissimilar coordination 

environments, the final models were tested by switching the identities of the metal 

atom centres (Ir for Os and vice versa) and refining these to completion.  In each 

case, the final indices became subtly but noticeably worse for the ‘reversed-

metals’ models (32 : from R1 = 0.0262, wR2 = 0.0674 to R1 = 0.0264, wR2 = 

0.0691; 33-BF4: from R1 = 0.0299, wR2 = 0.0792 to R1 = 0.0306, wR2 = 0.0806; 

37-BF4: from R1 = 0.0458, wR2 = 0.1489 to R1 = 0.0460, wR2 = 0.1498).  For 

33-BF4, the position of the hydrido ligand (H(1)) could not be freely refined after 

reversing the identities of the metals, and that model would only converge after 

distance restraints were applied (d(Ir–H(1)) = 1.61(1) Å; d(Os–H(1)) = 1.85(1) Å) 

that were based on the distances observed for the freely-refined hydrido ligand of 

the original model. 
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Chapter 5:  Reactions of Iridium/Osmium Complexes with 

Cumulenes:  A Comparative Study 

 

5.1 Introduction 

 The use of methylene-bridged heterobimetallic complexes by the Cowie 

group to model the formation of carbon–carbon bonds occurring on a metal 

surface in the Fischer-Tropsch (FT) reaction, as described in Chapters 2 and 4, has 

met with mixed success.1  Among the successes, a study from our group involving 

the Rh/Os metal combination demonstrated the facile coupling of diazomethane-

generated methylene units to generate either butanediyl or allyl and methyl 

fragments at the bimetallic core, which under H2 subsequently underwent 

hydrogenolysis to yield the respective products, n-butane, propene, and 

methane,1a,b giving a sampling of FT-type products.  The intermediates in C–C 

bond formation are proposed to involve the stepwise incorporation of methylene 

units to yield bridging ethylene and propanediyl groups before the pathway 

diverges to generate the allyl and methyl or butanediyl fragments.  The 

propanediyl-bridged fragment appears to be a pivotal intermediate in this 

methylene coupling transformation.  Such species have been observed2 and are 

proposed as unstable intermediates in the coupling of ethylene with a methylene 

group to yield propene.3  In our studies, the addition of ethylene to the “M’(µ-

CH2)M” (M’ = Ir, Rh; M = Ru, Os) complexes also did not yield the targeted 

propanediyl species, owing to the facile elimination of propene.1a,b,1f  We 

therefore investigated the stepwise coupling of methylene groups with a variety of 

unsaturated substrates,1c,1e,1g,4 that could lead to C3-bridged fragments analogous 

to the propanediyl fragments.  Although the insertion of alkynes to generate C3-

bridged fragments works well, unsaturation is present within the C3-bridge, that is 

not present in the actual propanediyl targets.  We therefore sought to model the 

propanediyl fragment more closely by using cumulenes as unsaturated fragments, 

in hopes of generating insertion products in which the unsaturation remains exo to 

the C3-bridge, more accurately representing the saturated propanediyl moiety. 
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However, we found that the methylene-bridged Rh/M (M = Ru, Os) combinations 

tend to generate rearranged products with cumulenes, often generating bridging 

!1:"3 trimethylenemethane fragments or their substituted analogues instead of the 

targeted C3-bridged species, that are !1-bound from each end of the C3 unit to a 

different metal.  As described earlier in Chapter 2, the addition of cumulenes to 

methylene-bridged Ir/Ru complexes results in Ir-based metallacycles in which the 

resulting C3-based hydrocarbyl fragment is chelating on Ir, presumably a result of 

the greater Ir–C bonds strengths.  Subsequent reactions of these iridacycle 

products with additional cumulene resulted in two or more C–H bond activations 

within the added cumulene, reactivity that was also observed with 

[IrRu(CO)4(dppm)2]
+, as described in Chapter 3.  The current study focuses on the 

Ir/Os metal combination, having strong M–C bonds at both metal centres, which 

we anticipated might be conducive to retention of the bridging C3 fragments.  

 In this chapter, we report the reactions of allene, methylallene, and 1,1-

dimethylallene with [IrOs(CO)3(µ-CH2)(dppm)2]
+ in further attempts to generate 

models for propanediyl-bridged intermediates, and to compare the reactivity with 

that of the Rh/Ru, Rh/Os and Ir/Ru metal combinations  We hoped that by 

investigating this series of cumulenes using the Ir/Os metal combination we could 

gain more information regarding the roles of the different metals in C–C bond 

formation.  We also sought to compare the reactivity of [IrOs(CO)4(dppm)2]
+ to 

the analogous Ir/Ru system, anticipating that this study could yield additional 

information on the roles of the different metals in the unexpected multiple C–H 

bond activations observed with the Ir/Ru system. 

5.2   Results and Compound Characterization 

5.2.1   Reactivity of [IrOs(CO)3(µ-CH2)(dppm)2]
+
 with Cumulenes 

5.2.1.1 Allene 

 The methylene-bridged tetracarbonyl complex  [IrOs(CO)4(µ-

CH2)(dppm)2][BF4] (28-BF4) reacts over a 20 h period with propadiene (allene) 

to generate an equilibrium mix of two isomers of [IrOs(CO)3(µ-"3:!1-
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C(CH2)3)(dppm)2][BF4] (41/41a), in an approximate 4:3 ratio (Scheme 5-1), 

accompanied by CO loss.  If the same reaction is carried out using the methylene-

bridged tricarbonyl analogue, [IrOs(CO)3(µ-CH2)(dppm)2][BF4] (29-BF4), the 

identical two isomers are obtained within 10 h.  In all subsequent reactions the 

methylene-bridged tricarbonyl (29) is used in order to take advantage of the 

shorter reaction times.  The assignment of the spectroscopic data for compounds 

41  and 41a to the structures shown in Scheme 5-1 is based on NMR methods, 

and differentiating between the two compounds is challenging since neither metal 

displays coupling to the NMR active nuclei in the compounds (31P, 13C, 1H) and 

the chemical shifts for the respective nuclei bound to these metals are in 

approximately the same regions of the spectra.  
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Each isomer displays two resonances in the 31P{1H} NMR spectrum 

(shown in Figure 5-1), consistent with an AA’BB’ spin system, in which the ends 

of the diphosphines bound to the different metals are inequivalent, (41 :  ! –9.5, 

! –27.2; 41a:  ! –7.3 and ! –19.2).  Assignment of the observed NMR resonances 

to 41 /41a is accomplished by NMR experiments involving heteronuclear 

decoupling (31P, 13C, 1H), and on literature precedent with analogous mononuclear 

Ir and Os complexes, as explained in what follows.  The two downfield signals 

represent the 31P nuclei bound to the metal with the !1- bound methylene in both 
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isomers, while the upfield signals represent the 31P nuclei of the metal with the "3-

allyl-type interaction. In the 1H NMR spectrum the CH2 protons of the dppm 

ligands appear at ! 5.04 and ! 4.06 (41) and ! 5.62 and ! 4.94 (41a), with an 

average mutual two-bond coupling of 15.5 Hz.  The protons from the "3-allyl-type 

interaction appear at ! 2.72 and ! 1.94 in 41 , and ! 3.55 and ! 1.29 in 41a.  These 

data are consistent with known allyl complexes of complexes of Os5 and Ir6 in 

which the Ir-bound allyl group protons resonate at lower field than those on the

 

Figure 5-1.  
31

P{
1
H} NMR spectrum of 41/41a in CD2Cl2. 

Os-bound group. Interestingly, the CH2 protons of the !1-bound methylene group 

appear at very different chemical shifts in 41  (! 1.74, 3
JHP(!–9.5) = 10.7 Hz) and 

41a (! 4.35 3
JHP(!–7.3) = 4.8 Hz), which aid in the identification of each isomer, on 

the basis that Os-bound CH2 protons have been shown to appear downfield of Ir-

bound CH2 protons in similar complexes.1g Proton spin-saturation-transfer 

experiments also support the presence of the equilibrium as proposed above, in 

which irradiating the CH2 proton resonance at ! 1.74 in 41  results in a decrease in 

intensity of the CH2 proton resonance at ! 4.35, and vice versa.  In a 13CH2-

enriched sample of 41 /41a, the 13C{1H} NMR spectrum has one broad signal for 

the labeled carbon of the !1-methylene in both isomers, however, scrambling of 

the *CH2 label is also observed over the other two equivalent methylene groups of 

the trimethylenemethane, the signal for which appears at ! 64.4, consistent with 
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the exchange process suggested above. 13C NMR experiments with selective 1H 

and 31P decoupling confirm that the metal with the "3-allyl-type interaction has 

one carbonyl bound to it, while the other metal has two, consistent with the 

changing hapticity of the trimethylenemethane ligand with respect to the two 

metals being accompanied by migration of a carbonyl from metal to metal.   In 

this way, each metal maintains an 18e– configuration. 

An X-ray structure determination of 41 /41a, in which the 

tetrafluoroborate has been exchanged with triflate, is shown, for the complex 

cation in Figure 5-2, and confirms the µ-"3:!1 trimethylenemethane moiety and 

Figure 5-2.  (a) Perspective view of the complex cation of [IrOs(CO)3(µ-"3
:!1

-

C(CH2)3)(dppm)2][CF3SO3]  (41/41a-CF3SO3).  Thermal ellipsoids 

are shown at the 20 % probability level except for hydrogens, 

which are omitted for the phenyl groups but are shown arbitrarily 

small for the others.  Note that the atoms Ir(A) and Os(A) are 

refined as a combination of 50 % Ir and 50 % Os, so the alternate 

conformation (41a), comprised of Ir(B) and Os(B), is equally 

abundant.  (b) A lternate view of the cation of 41/41a-CF3SO3 with 

only the ipso carbons of the phenyl rings shown. 

  

(a) (b) 
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the carbonyl arrangement suggested above.  Differentiating the two metals using 

crystallographic methods is difficult, owing to their similar X-ray scattering 

amplitudes, and refining this structure with both possibilities of metal assignments, 

does not suggest a preferred isomer.  However, refinement is marginally better 

when each metal site is refined as 50 % Ir and 50 % Os, suggesting a disordered 

mix of isomers. Dissolving the crystals used for X-ray analysis showed the 

presence of both isomers in the same 4:3 ratio.   Furthermore, as noted, both 

metals have saturated 18e– configurations in both isomers so the metals cannot be 

distinguished on the basis of their electronic preferences.  

The Ir–Os separation of 2.9162(4) Å, is somewhat shorter than the 

intraligand P–P distances of ca. 3.09 Å, suggesting a metal–metal bonding 

interaction resulting in compression along the axis of the metals. However, the 

nature of the metal–metal bond and the corresponding metal oxidation states are 

uncertain.  In the formulations shown in Scheme 5-1, an Ir(I)/Os(II) formulation is 

accompanied by a dative Ir!Os bond, although an alternate formulation has an 

Ir(II)/Os(I) formulation and a conventional Ir–Os bond.  We favour the former 

description since it corresponds to the favoured oxidation states of the metals. 

Compounds 41  and 41a differ in the binding of the trimethylenemethane moiety 

and the carbonyl ligands.  In 41  the trimethylenemethane unit is bound in a !1 

manner to Os while "3-bound to Ir, while in 41a it has the opposite arrangement. 

In both cases, the metal centre with the !1-bound ligand has two CO ligands 

bound to it while the metal with the "3-bound ligand has only one.  

The geometry about the monocarbonyl end, Ir(A)/Os(B), is a slightly 

distorted trigonal bipyramid while the dicarbonyl end, (Os(A)/Ir(B)) is a distorted 

octahedron. Within the trimethylenemethane moiety, the C(4)–C(7) bond length 

(1.456(9) Å) is shorter than expected for a single bond, while the C(4)–C(5) and 

C(4)–C(6) bond lengths (1.437(8) Å and 1.449(8) Å respectively) are intermediate 

between double and single bonds, as expected for an "3-allyl group.7 These bond 

lengths are consistent with the reported bond lengths for other metal-bound 

trimethylenemethane units.8 The C(6)–C(4)–C(5) angle of 124.1(6)° is as 
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expected for an sp2 hybridized carbon.  The bridging diphosphines have a cis 

arrangement at the metal bound to the "3-allylic fragment (P(1)–Ir(A)–P(3) = 

112.69(5)°)  and a trans arrangement at the other ((P(2)–Os(A)–P(4) = 174.91(5)°; 

see Figure 5-2(b)), as seen in a number of such compounds.1c,6b  

Table 5-1.  Selected Bond Lengths and Angles for Compound 

41/41a-CF3SO3 

(a) Distance (Å) 

atom 1 atom 2 distance atom 1 atom 2 distance 

Ir(A) Os(A) 2.9162(4) Os(A) C(7) 2.202(6) 

Ir(A) C(4) 2.278(6) C(4) C(5) 1.437(8) 

Ir(A) C(5) 2.233(6) C(4) C(6) 1.449(8) 

Ir(A) C(6) 2.219(6) C(4) C(7) 1.456(9) 

(b) Angles (deg) 

atom 1 atom 2 atom 3 angle atom 1 atom 2 atom 3 angle 

C(6) C(4) C(5) 124.1(6) Os(A) Ir(A) C(6) 86.2(2) 

Os(A) C(7) C(4) 99.6(4) P(1) Ir(A) P(3) 112.69(5) 

Os(A) Ir(A) C(4) 64.8(2) Ir(A) Os(A) C(7) 77.1(2) 

Os(A) Ir(A) C(5) 85.4(2) P(2) Os(A) P(4) 174.91(5) 

 

Attempts to observe intermediates in the formation of 41 /41a by the 

addition of allene to a CH2Cl2 solution of 29-BF4 at –78 °C resulted in the 

observation of several compounds at this temperature, for which the peaks in the 
31P{1H} NMR spectrum were broad and overlapping, preventing their 

characterization.  Upon warming to +10 °C, the formation of 41 /41a is observed 

in small amounts (ca. 10 %) along with the aforementioned unidentified species, 

and warming to ambient temperature results in complete conversion to 41 /41a 

within 10 h. 

5.2.1.2  Methylallene 

 Compound 29  also reacts with 1,2-butadiene (methylallene) over a 10 h 

period, generating two isomers of [IrOs(CO)3(µ-"3:!1-C(CHCH3)(CH2)2)-

(dppm)2][CF3SO3] (42 /42a) in a 1:1 ratio, as shown in Scheme 5-2.  In this case 
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isomers 42 and 42a have the same orientation of the hydrocarbyl fragment and 

positions of the CO ligands, and differ only in the orientation of the methyl group 

of the "3-allyl-type moiety, being either syn or anti to the Os-bound CH2 group.  

Scheme 5-2 
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The 31P{1H} NMR spectrum of compounds 42  and 42a contains 8 

resonances, representing the four chemically inequivalent 31P nuclei for both 

isomers.  These resonances are often overlapping, making the differentiation of 

42  and 42a difficult.  The 1H NMR spectrum for 42 /42a consists of eight 

resonances for the dppm CH2 protons and three signals for the four CH2 protons 

of the "3-allyl moiety of both isomers (! 5.20, ! 3.79, ! 2.90) in a 1:1:2 ratio, the 

last being an overlapping resonance for the two olefinic anti protons of the two 

isomers.  The methyl groups of the two isomers appear at ! 1.60 and ! 1.10 and 

their adjacent protons at ! 3.12 and ! 4.69, respectively, while there are two 

overlapping signals for the four protons for the Os-bound CH2 protons at ! 1.84 

and ! 1.80.  The chemical shift of these CH2 protons supports the orientation of 

the "3-allyl-type moiety, as shown in Scheme 5-2; the signal for these protons 

would be expected near ! 4, for the reverse orientation.1g Previous work on 1-

methyl-substituted allyl groups bound to rhodium9 reports syn protons adjacent to 

methyl groups appearing between ! 4.06 and ! 5.19 and anti protons adjacent to 

methyl groups appearing upfield between ! 3.25 and ! 3.65. This information 

suggests that the methyl resonance at ! 1.60 corresponds to the methyl group 

being syn, and the resonance at ! 1.10 corresponds to the anti isomer with respect 

to the !1-CH2 group.  The 13C{1H} NMR spectrum displays five CO resonances 

(! 185.4, ! 177.9, ! 177.0,  ! 171.0, and ! 162.1) in a 2:1:1:1:1 ratio, consistent 
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with each isomer having three carbonyls; however, the overlap in the 31P{1H} 

NMR spectrum prevents the use of selective 31P-decoupling experiments to 

accurately assign the carbonyls to a specific isomer or metal.  A sample of 

compounds 42 /42a, prepared from 13CH2-enriched 29  displays only one signal at 

! –9.5 in the 13C{1H} NMR spectrum, consistent with this group remaining on Os. 

5.2.1.3  1,1-Dimethylallene 

The methylene-bridged compound, 29 , also reacts with excess 1,1-

dimethylallene at ambient temperature over an 8 h period to form a µ-"3:!1 adduct, 

[IrOs(CO)3(µ-"3:!1-CH2CCMe2)(dppm)2][CF3SO3] (43), as shown in Scheme 5-3.  

The 31P{1H} NMR spectrum of 43  displays four resonances characteristic of an 

ABCD spin system in which all four 31P nuclei are chemically inequivalent (see 

Figure 5-3 for labelling).  The two-bond PA–PC coupling constant is 254.9 Hz,

Scheme 5-3 
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typical for 31P nuclei in a mutually trans arrangement while the smaller PB–PD 

coupling constant of 23.7 Hz suggests a cis arrangement.  Intraligand two-bond 

PA–PB coupling (2
JPP = 64.6 Hz) and PC–PD coupling (2

JPP = 53.1 Hz) is also 

observed, as well as three-bond PA–PD coupling (3
JPP = 14.0 Hz) and PB–PC 

coupling (3
JPP = 7.6 Hz).  A simulation of the 31P{1H} NMR spectrum with the 
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coupling constants observed confirms the labeling scheme proposed (Figure 5-3).    

The 1H NMR spectrum is as expected for the formulation shown, with four 

Ir Os

PB

PA

PD

PC

 

Figure 5-3.  
31

P{
1
H} NMR spectrum of 43 in CD2Cl2 

signals for the dppm CH2 protons (! 4.70, ! 4.65, ! 3.81 and ! 3.24), two signals 

for the methyl groups (! 1.68 and ! 1.63), and two signals for the two CH2 

protons of the "3-allyl group (! 3.97 (syn), ! 2.17 (anti)).  The chemical shifts of 

the allylic protons are indicative of an "3-allyl-type interaction with Ir, in which 

the allylic protons have shown to resonate downfield to those of Os "3-allylic 

protons (ca. ! 2 and ! 1, for syn and anti, respectively).5-6   The 13C{1H} NMR 

spectrum displays three resonances for the three carbonyls (! 186.9, ! 178.0, ! 
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173.9).  A crystal structure determination of an analogous complex generated 

from allene (vide infra) has the "3-allyl interaction at Ir and has similar allylic 

proton shifts in the 1H NMR spectrum, also supporting the orientation of 43  as 

shown in Scheme 5-3. 

 Surprisingly, this product contains the dimethylallene moiety without the 

original metal-bridged “CH2” group of compound 29 .  A clue regarding the fate 

of this “CH2” group is the presence of 4-methyl-1,3-pentadiene, the additional 

product of this reaction, which has resulted from coupling of the cumulene with 

the methylene group of 29 , accompanied by a 1,2-hydrogen shift, as has 

previously been reported.1c,1h  The diene compound was characterized by 1H 

NMR spectroscopy.  In the reaction of a 13CH2-enriched sample of 29  with 

dimethylallene, the terminal CH2 group in this pentadiene product appears at ! 

115.1.  We propose that the formation of 4-methyl-1,3-pentadiene results from a 

sequence of cumulene insertion, #-hydride elimination, and reductive elimination 

steps, much as proposed earlier for the elimination of 1,3-butadiene in the Ir/Ru 

system, as discussed in Chapter 2. 

The reaction of compound 29  with 1,1-difluoroallene yielded several 

unidentified products, even when carried out at low temperature.  This result is 

slightly puzzling, as this substrate reacted cleanly with the analogous methylene-

bridged Ir/Ru complex,1h inserting into the Ir–CH2 bond to generate an Ir-chelate, 

similar to the alkylcumulenes, although over time, alkyl migration to a carbonyl 

group generated an acyl compound. 

5.2.2   Reactivity of [IrOs(CO)4(dppm)2][BF4] with Cumulenes 

The proposal above that the µ-"3:!1-1,1-dimethylallene adduct resulted 

from cumulene attack on the tricarbonyl species, [IrOs(CO)3(dppm)2]
+, suggested 

that such species could be generated for the other cumulenes by CO loss from 

[IrOs(CO)4(dppm)2]
+  (27).  The highly reactive tricarbonyl, [IrOs(CO)3(dppm)2]

+, 

is unstable and decomposes immediately in solution, therefore investigations 

focused on the reactions of  [IrOs(CO)4(dppm)2]
+  (27) with cumulenes. 
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5.2.2.1  Allene and Methylallene 

The tetracarbonyl complex [IrOs(CO)4(dppm)2][BF4]  (27-BF4) reacts 

with allene and methylallene, at ambient temperature over 4 h to generate the 

corresponding tricarbonyl µ-"3:!1-cumulene adducts [IrOs(CO)3(µ-"3:!1-

CH2CCH2)(dppm)2][BF4] (44), and [IrOs(CO)3(µ-"3:!1-CH2CCHCH3)-

(dppm)2][BF4] (45), respectively, in which the cumulene is bound !1 to one metal 

by the central carbon, and "3 to the adjacent metal, as shown in Scheme 5-4.  If a 

carbonyl is removed from [IrOs(CO)4(dppm)2][BF4]  (27-BF4) using TMNO,  in 

the presence of allene or methylallene, the same products are formed immediately. 
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The 31P{1H} NMR spectrum of compound 44 displays two resonances at 

! –7.4 and ! –19.3 consistent with the chemical inequivalence of the Ir- and Os-

bound ends of the diphosphines, while 45  displays three resonances at ! –7.3, ! –

16.8, and ! –19.9, in a 2:1:1 ratio, with the higher intensity signal resulting from 

coincidental overlap of the resonances of two of the four inequivalent 31P nuclei.  

As noted earlier, the 31P–31P coupling constants are again consistent with a 

cis/trans arrangement of disphosphines at the different metals.  The 1H NMR 

spectrum of 44  displays two resonances for the dppm CH2 protons at ! 5.61 and ! 

4.96 (2
JHH = 15.1 Hz) and the resonances for the allene protons appear at ! 4.35 

and ! 3.55.  The 1H NMR parameters for the syn (! 4.35) and anti (! 3.55) protons 

are similar to that observed in a diiridium complex for which a crystal structure 

confirming this binding mode was obtained.6b   The 1H NMR spectrum of 45  has 

four dppm CH2 proton signals (! 5.64, ! 5.57, ! 5.05, and ! 4.84), two signals for 

the syn and anti CH2 protons of the allene (! 5.20 and ! 3.79, respectively), one 
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signal for the proton adjacent to the methyl group (! 4.61) and one signal for the 

methyl protons (! 1.09), with the latter two showing mutual three-bond coupling 

of 6.1 Hz. These data suggest that the methyl group is in an anti position on the 

allylic portion of the ligand,1c,6b,9 and the chemical shifts of the olefinic CH2 

protons of the allene suggest an "3-Ir binding mode.6   The 13C{1H} spectrum of a 

13CO-enriched sample of 44  confirms the loss of a carbonyl ligand with only 

three signals observed  (! 185.9, ! 178.0, and ! 171.7), with the two downfield 

signals coupling to the set of 31P nuclei at ! –7.4, and the upfield signal coupling 

to the other set of 31P nuclei at ! –19.3.  In a 13CO-enriched sample of 45 , the 

carbonyl resonances appear at ! 185.9, ! 178.3 and ! 171.5; here the two 

downfield carbonyls show coupling to the 31P nuclei at ! –7.3, while the upfield 

carbonyl couples to the 31P nuclei at ! –16.0 and ! –19.9. 

An X-ray structure determination of 44  verifies the geometry proposed 

above, in which the hydrocarbyl fragment is bound !1 to Os and "3 to Ir. The 

complex cation of compound 44  is shown in Figure 5-4. Within the bridging

 

Figure 5-4.  (a) Perspective view of the complex cation of [IrOs(CO)3(µ-"3
:!1

-

H2CCCH2)(dppm)2][BF4] (44).  Thermal ellipsoids are as in Figure 

5-2.  (b) A lternate view of the cation of 44 with only the ipso 

carbons of the phenyl rings shown. 

  

(a) (b) 
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allene group the C(4)–C(5) and C(5)–C(6) bond lengths (1.431(6) Å and 1.430(6) 

Å respectively) and C(4)–C(5)–C(6) angle of 106.7(4)° are typical of an "3-bound 

allyl.6b,7,10  Selected bond lengths and angles are presented in Table 5-2.  Although 

not common, similar bridging allene coordination has been reported.6b,11 The allyl 

fragment is essentially equidistant from both metal centres (Ir–C(5) = 2.115(4) Å, 

Os–C(5) = 2.120(4) Å), and the Ir–Os separation of 2.8407(2) Å indicates 

compression along the Ir–Os axis compared to the intraligand P–P separations of 

ca. 3.07 Å.  The P(1)–Ir–P(3) angle of 111.80(4)° is acute, being bent away from 

the "3-allyl moiety in a cis arrangement while the almost linear P(2)–Os–P(4) 

angle (170.34(4)°), indicates a trans arrangement at the Os, as illustrated in Figure 

5-4(b). 

Table 5-2.  Selected Bond Lengths and Angles for Compound 44 

(a) Distance (Å) 

atom 1 atom 2 distance atom 1 atom 2 distance 

Ir Os 2.8407(2) Os C(2) 1.919(4) 

Ir C(1) 1.897(4) Os C(3) 1.873(4) 

Ir C(4) 2.230(4) Os C(5) 2.120(4) 

Ir C(5) 2.115(4) C(4) C(5) 1.431(6) 

Ir C(6) 2.218(4) C(5) C(6) 1.430(6) 

 

(b) Angles (deg) 

atom 1 atom 2 atom 3 angle atom 1 atom 2 atom 3 angle 

C(4) C(5) C(6) 106.7(4) Os Ir C(6) 74.9(1) 

Os C(5) C(4) 119.6(3) P(1) Ir P(3) 111.80(4) 

Os C(5) C(6) 121.5(3) Ir Os C(5) 47.8(1) 

Os Ir C(4) 74.0(1) P(2) Os P(4) 170.34(4) 

Os Ir C(5) 47.9(1)     

 

5.2.2.2  1,1-Dimethylallene 

Compound 27  also reacts with excess 1,1-dimethylallene at ambient 

temperature over 12 h, in this case, giving a very different product, [IrOs(CO)4(µ-
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C=C(H)C(CH3)=CH2)(dppm)2][CF3SO3] (46), having a bridging 3-methyl-1,3-

butadienylidene fragment, as shown in Scheme 5-5, resulting from the activation

Scheme 5-5 
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of three C–H bonds – the two geminal C–H bonds of the cumulene, and one C–H 

bond of a methyl group, with the concomitant evolution of H2.  This reactivity is 

reminiscent of that observed in the related Ir/Ru system (see Chapter 3). 

The 31P{1H} NMR spectrum of 46  displays two signals, at ! –5.2 and ! –

9.2, ruling out the formation of a µ-"3:!1 binding mode, as observed for the other 

alkylcumulenes, which is expected to give rise to four different 31P environments.  

Four signals for the vinylvinylidene fragment appear in the 1H NMR spectrum:  

the methyl group is observed at ! 0.41, the lone proton on the #-carbon resonates 

at ! 8.01, and the two geminal protons can be observed at ! 4.69 and ! 4.46.  The 

data obtained from the 13C{1H} NMR spectrum support the carbonyl arrangement 

shown in Scheme 5-5 in which three carbonyls (! 194.9, ! 175.5, ! 171.8) are 

bound to one metal (Os) and one carbonyl (! 179.9) is bound to the other (Ir).  

Although the most downfield chemical shift is suggestive of a semi-bridging 

interaction, there is no resolvable coupling observed between it and the Ir-bound 
31P nuclei. This carbonyl arrangement is not surprising, given the decreased 

tendency for third-row metals to support bridging carbonyls.12  Two of the Os-

bound carbonyls show mutual two-bond coupling of 26.2 Hz, indicative of a trans 

arrangement, as shown in Scheme 5-5. 
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Compound 46  can be viewed as resulting from the geminal activation of 

both C–H bonds at the unsubstituted end of 2-methyl-1,3-butadiene, with the 

accompanying loss of H2; however attempts to generate 46  by reaction of 27  with 

this substrate does not occur in the presence of 100 equiv of the substrate over 

several days, even when carried out at slightly elevated temperatures. The Ir/Ru 

analogue also did not react with this substrate.13  

If the reaction of 27  with 1,1-dimethylallene is attempted in the presence 

of the decarbonylating agent, TMNO, the resultant product immediately obtained 

is [IrOs(CO)3(µ-"3:!1-CH2CCMe2)(dppm)2][CF3SO3] (43), the same product 

observed earlier in the reaction of the methylene-bridged complex, 29 , with 

excess 1,1-dimethylallene. 

5.2.2.3  1,1-Difluoroallene 

Compound 27  also reacts with 1,1-difluoroallene within 1 h at ambient 

temperature to form the adduct, [IrOs(CO)4(µ-!1:!1-

F2C=C=CH2)(dppm)2][CF3SO3] (47) in which the fluoroallene bridges both 

metals (Scheme 5-6).  The 31P{1H} NMR spectrum displays the expected

Scheme 5-6 
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two resonances, at ! –12.0 and ! –19.5.  In the 1H NMR spectrum, the dppm CH2 

protons appear at ! 4.79 and ! 4.46 while the CH2 protons of the cumulene ligand 

appear as a triplet at ! 1.55, coupling to the 31P nuclei at ! –12.0 (3
JHP = 11.8 Hz). 

The observation of one allene CH2 resonance is consistent with binding through 

this end of the cumulene, as is typically observed.6b,13-14 The upfield chemical 

shift of the CH2 protons also suggests that they are adjacent to Os and not Ir,1g the 

latter of which characteristically resonate downfield at ca. ! 4. Binding of the 1,1-

difluoroallene through the “C=CH2” end is confirmed in the 19F NMR spectrum 
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by the pair of resonances at ! –74.3 and ! –92.2 for the two chemically 

inequivalent fluorines with mutual two-bond coupling of 60.4 Hz, which is typical 

for such an arrangement.6b,15 A 13CO-enriched sample of 47  displays four 

resonances in the 13C{1H} NMR spectrum at ! 183.4, 180.2, 177.5, and 154.2, and 

selective 31P-decoupling experiments determine that two carbonyls are bound 

terminally to each metal. 

 An X-ray structure determination of 47  confirms the proposed 

connectivity in which the protons of the difluoroallene ligand are adjacent to the 

Os, as shown in Figure 5-5.  Within the bridging fluoroallene unit, the C(5)–C(6)!

bond length of 1.511(4) Å is typical of a single bond between an sp2 and sp3 

carbon.7 The C(5)–C(7) bond length (1.298(4) Å) is short for a double bond 

between two sp2 carbons,7 however the electron withdrawing ability of the 

fluorines may account for the contraction of this bond.  The geometry at each 

metal is a distorted octahedron with two terminal carbonyl ligands. 

 

Figure 5-5.  Perspective view of the complex cation of [IrOs(CO)4(µ-!1
:!1

-

F2C=C=CH2)(dppm)2][CF3SO3] (47).  Thermal ellipsoids are as 

shown in Figure 5-2. 
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Table 5-3.  Selected Bond Lengths and Angles for Compound 47  

(a) Distance (Å) 

atom 1 atom 2 distance atom 1 atom 2 distance 

Ir Os 2.9095(2) Os C(4) 1.887(3) 

Ir C(1) 1.931(3) Os C(6) 2.219(3) 

Ir C(2) 1.902(3) C(5) C(6) 1.511(4) 

Ir C(5) 2.111(3) C(5) C(7) 1.298(4) 

Os C(3) 1.921(3) F(1) C(7) 1.346(3) 

 

(b) Angles (deg) 

atom 1 atom 2 atom 3 angle atom 1 atom 2 atom 3 angle 

C(6) C(5) C(7) 121.5(3) Os Ir C(5) 71.48(8) 

Ir C(5) C(6) 112.1(2) P(1) Ir P(3) 164.70(2) 

Ir C(5) C(7) 126.4(2) Ir Os C(4) 156.84(9) 

F(1) C(7) F(2) 106.6(2) Ir Os C(6) 70.77(7) 

Os Ir C(1) 173.24(9) P(2) Os P(4) 174.23(2) 

 

Rearrangement of the bridging fluoroallene to a µ-"3:!1 hydrocarbyl 

fragment, as was observed with allene and methylallene, is never observed, with 

the fluoroallene moiety remaining intact upon heating to 40 °C for 8 h, after 

which time, decomposition occurred.  The "3-allyl binding mode has only been 

reported for 1,1-difluoroallene in two multimetallic systems.14,16 

5.3 Discussion 

The reactions of the methylene-bridged compound [IrOs(CO)3(µ-

CH2)(dppm)2]
+ (29) and the tetracarbonyl complex [IrOs(CO)4(dppm)2]

+ (27) 

with cumulenes as described in this chapter, display a surprising diversity in 

comparison to the related reactions of the other group 8/group 9 metal 

combinations (Rh/Ru and Rh/Os,1c and Ir/Ru1h,13).  Although the Rh-based 

systems displayed many differences in reactivity compared to the Ir/Ru system, 

the current Ir/Os system compounds studied demonstrate essentially all of the 

diverse reactions observed in the previous three metal combinations.   
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5.3.1 Reactivity of  [IrOs(CO)3(µ-CH2)(dppm)2]
+ with Cumulenes.    

As was discussed in Chapter 4, [IrOs(CO)4(µ-CH2)(dppm)2]
+ (28) has a 

different structure than the analogous species involving the Rh/Ru, Rh/Os, and 

Ir/Ru combinations of metals,1g in that all carbonyls are terminal, being 

symmetrically distributed – two on each metal.  In contrast, all the other metal 

combinations have two terminal carbonyls on the group 8 metal, one bridging, 

and the fourth on the group 9 metal.  The bridging carbonyl in these latter systems 

provides incipient unsaturation at the group 9 metal centre, by moving to the 

terminal position on the group 8 metal upon the introduction of nucleophiles and 

unsaturated substrates at the other metal.  Without this incipient unsaturation in 

[IrOs(CO)4(µ-CH2)(dppm)2]
+ (28), the reactions with unsaturated substrates take 

much longer to complete, therefore we investigated the reactivity of cumulenes 

with the tricarbonyl analogue, [IrOs(CO)3(µ-CH2)(dppm)2]
+ (29), as a 

comparison to the other metal systems. 

As part of our strategy to generate bridging C3 hydrocarbyl fragments we 

anticipated that the insertion of the cumulene substrate into the Ir–C bond could 

occur in one of two ways, as shown in Scheme 5-7.  We propose that cumulene 

insertion into the Ir–CH2 bond occurs to generate either structure B  or D , 

depending on the cumulene orientation upon coordination at one metal. Neither 

insertion product B  nor D  is observed in this study, although structure B  was 

observed in one study involving the Rh/Os metal combination.1c  In spite of our 

failure to observe these species, the rearranged products provide insight into the 

initial coordination mode and insertion pathways.   
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Reaction of the methylene-bridged tricarbonyl, [IrOs(CO)3(µ-

CH2)(dppm)2]
+ (29)  with allene and methylallene results in the formation of the 

µ-"3:!1 complexes, [IrOs(CO)3(µ-"3:!1-C(CH2)3)(dppm)2][BF4] (41 /41a), and 

[IrOs(CO)3(µ-"3:!1-C(CHCH3)(CH2)2)(dppm)2][CF3SO3] (42/42a), respectively.  

The generation of trimethylenemethane complexes (as in 41 /41a) has been 

documented in mononuclear8a-c,8e,17 and binuclear systems in which the the µ-"3-

!1 binding mode has been observed and characterized.1c,4a,8d,18 Transformation of 

insertion product D  to the µ-"3:!1 binding mode is hardly surprising, representing 

the transformation of a !1-allylic moiety (relative to both metal centres), to an "3-

allyl bridging mode at one end of the trimethylenemethane unit.  The greater 

stability of the "3-allylic binding mode is well documented.19
  The equilibrium 

between isomers 41 and 41a is unusual, in which the "3:!1 hapticity of the 

trimethylenemethane group alternates from metal to metal accompanied by 

migration of a carbonyl from one metal to the other, such that the metal that is !1-

bound to the hydrocarbyl fragment has the additional carbonyl, as shown in 

Scheme 5-1.  The rearrangement of the trimethylenemethane moiety has been 

confirmed by labelling studies in which the 13CH2 group of the 13CH2-labelled 

precursor 29  becomes incorporated into the other two methylene positions upon 

allene insertion. This scrambling process can be rationalized by a series of "3:!1 

to !1:!1 to "3:!1 transformations as shown in Scheme 5-8 (showing only part of 

the scrambling process). 
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Unlike the isomers 41  and 41a, the isomers, [IrOs(CO)3(µ-"3:!1-

C(CHCH3)(CH2)2)(dppm)2][CF3SO3] (42/42a), resulting from methylallene 

addition to 29 , are static, displaying only the coordination analogous to 41  in 

which "3-binding of the trimethylenemethane type unit is bound to Ir.  As a 

consequence, no 13CH2 scrambling is observed in this case, as this label remains 

!1-bound to Os. The isomerization in this case results from syn/anti positioning of 

the methyl substituent on the allylic portion of the ligand. 

The failure of 42/42a to reverse hapticity from metal-to-metal as 

observed for 41/41a is somewhat puzzling, since the introduction of a single 

methyl substituent would not appear to introduce unusual steric demands.  

However, it may be that the hapticity exchange, combined with carbonyl 

migration from metal-to-metal and the concomitant realignment of the 

diphosphines from mutually cis to mutually trans, is inhibited by the additional 

substituent on the trimethylenemethane ligand. 

The generation of a µ-"3:!1-trimethylenemethane fragment was also 

observed upon reaction of allene with the methylene-bridged Rh/Ru and Rh/Os 

analogues.  However, in these systems facile carbonyl loss occurred from Rh 

generating a coordinatively unsaturated “("3-allyl)RhP2-type” fragment.  The 

failure of this system to undergo the !1/"3 isomerization observed for 41  and 41a 

can be rationalized on the basis that the !1:!1 intermediate, analogous to that 

shown in Scheme 5-8, introduces additional coordinative unsaturation to an 

already unsaturated system, which is probably unfavourable. 

The reactivity observed between [IrOs(CO)3(µ-CH2)(dppm)2]
+ (29) and 

allene is markedly different from that observed for the related Ir/Ru complex, 

[IrRu(CO)4(µ-CH2)(dppm)2]
+ (1), which reacts to generate 1,3-butadiene through 

allene-methylene coupling.1h  The loss of this diene fragment suggests that 

coordination of the cumulene and subsequent insertion into the Ir–CH2 bond 

occurs via structures similar to A  and B  (Scheme 5-7), instead of through 

intermediates C and D , possibly attributable to a more crowded environment in 

the Ir/Ru complexes due to retention of a fourth carbonyl ligand.  The #-
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hydrogens present in this binding mode provide a route to the common 

decomposition pathway for propanediyl species,3 through #-H elimination, to 

yield 1,3-butadiene.  The greater steric crowding in [IrRu(CO)4(µ-CH2)(dppm)2]
+ 

(1) is again evident in its reaction with methylallene, which again inserts via 

intermediates A  and B , although in this case, the hydrocarbyl fragment migrates 

to the chelating position on Ir, instead of undergoing the 1,2-hydrogen shift. 

The reaction of  [IrOs(CO)3(µ-CH2)(dppm)2]
+ (29) with 1,1-

dimethylallene appears to proceed much as it does in the Rh/Os system,1c in 

which the dimethylallene couples with the methylene group (structures A  and B , 

Scheme 5-7) and is lost as 4-methyl-1,3-pentadiene, presumably through the 

aforementioned #-H elimination and reductive elimination steps.  In the current 

study, the “IrOs(CO)3
+” fragment remaining after elimination of the pentadiene  

immediately reacts with any excess 1,1-dimethylallene to generate a µ-"3:!1 

complex, [IrOs(CO)3(µ-"3:!1-CH2CCMe2)(dppm)2][CF3SO3] (43).   In contrast, 

the same reaction with [IrRu(CO)4(µ-CH2)(dppm)2]
+ (1) again favours the 

formation of an Ir-chelate.1h  In this case, the steric crowding at the metals due to 

the retention of a fourth carbonyl (unlike the tricarbonyl Ir/Os and Rh/Os species) 

is not conducive to the flexibility required for #-H elimination, and presumably 

deactivates the system to insertion into the #-C–H bond, favouring instead other 

pathways. 

In all reactions of [IrRu(CO)4(µ-CH2)(dppm)2]
+ (1)  with cumulenes, 

subsequent C–H bond activations upon incorporation of a second cumulene are 

observed, in which up to three C–H bonds can be activated.1h  No evidence of C–

H activation with [IrOs(CO)3(µ-CH2)(dppm)2]
+ (29) is observed.  Multiple C–H 

bond activations of cumulenes were also observed with [IrRu(CO)4(dppm)2]
+ 

(13),13 as discussed in Chapter 3, so we sought to gain information on how these 

multiple activations occurred using the Ir/Os metal combination.  
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5.3.2 Reactivity of [IrOs(CO)4(dppm)2]
+ 

with Cumulenes.  

The addition of allene and methylallene to the tetracarbonyl complex 

[IrOs(CO)4(dppm)2]
+  (27) results in the formation of the cumulene-bridged 

complexes, [IrOs(CO)3(µ-"3:!1-C(CH2)2)(dppm)2][BF4] (44)  and [IrOs(CO)3(µ-

"3:!1-C(CH2)(CHCH3))(dppm)2][BF4]  (45) , respectively, analogous to 43 , 

yielding the "3:!1 complexes with the loss of a carbonyl ligand.  This coordination 

mode of allene and methylallene has been documented in related Ir2 

complexes,6b,20 and other multimetallic systems.11 We assume that cumulene 

coordination on Ir leads to migration to the bridging position between both metals, 

such that the central carbon of the cumulene is bound to Os.  Conversion of this 

!1-allylic moiety on Ir to an "3-mode at this metal yields the observed "3:!1 

coordination mode.  

This reactivity with allene and methylallene observed with Ir/Os is 

completely different than that observed in the with the analogous 

[IrRu(CO)4(dppm)2]
+  (13), in which two geminal C–H bond activations occur to 

generate the corresponding vinylidene-bridged complexes [IrRu(CO)4(µ-

C=CHR)(dppm)2]
+ (R = CH3 (14), C2H5 (15)), respectively, as described in 

Chapter 2.  We assume that the strong M–C bonds in the Ir/Os species favours 

retention of the bridging hydrocarbyl unit and does not allow the activation of C–

H bonds.  Although the site of primary reactivity in these complexes is the group 

9 metal for both combinations, the influence of the adjacent group 8 metal is again 

clearly displayed. 

It is only when [IrOs(CO)4(dppm)2]
+  (27) is reacted with 1,1-

dimethylallene that similarities between the Ir/Os and Ir/Ru systems are seen.  In 

both cases, a triple C–H activation product is observed; two geminal C–H bonds 

as well as one methyl C–H bond are activated with concomitant loss of H2.  It is 

interesting that the C–H activating behavior of Ir/Os is only seen with the 

disubstituted cumulene.  The influence of steric crowding in dictating the 

reactivity of the cumulenes is clearly seen in the differing reactivities of 

[IrOs(CO)4(dppm)2]
+  (27) and “[IrOs(CO)3(dppm)2]

+” (generated in situ as 
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shown in Scheme 5-3) with 1,1-dimethylallene.  While the tetracarbonyl complex 

results in C–H activation, the tricarbonyl complex yields the "3:!1-adduct, much 

as observed for allene and methylallene.  Attempts to activate the C–H bonds of 

monoolefins and 1,3-butadiene with [IrOs(CO)4(dppm)2]
+  (27) were unsuccessful, 

although the formation of a double orthometallated Ir/Os species was observed 

(see Appendix I).  This suggests that the triple C–H activation product generated 

with Ir/Os proceeds by a mechanism similar to the Ir/Ru system, as discussed in 

Chapter 3, where C–H activation is followed by hydrogen migrations through an 

alkynyl hydride intermediate, to generate the vinylvinylidene-bridged product.   

Interestingly, the 1,1-difluorallene adduct of [IrOs(CO)4(dppm)2]
+  (27), 

namely [IrOs(CO)4(µ-!1:!1-F2C=C=CH2)(dppm)2][CF3SO3] (47), displays the µ-

!1:!1-binding mode as proposed above, except that the binding is reversed, with 

the central carbon of the cumulene bound to Ir instead of to Os.  In this case, 

however, rearrangement to the µ-"3:!1-mode is not observed and the 18e–/18e– 

count is maintained by retention of all four carbonyls.  Presumably, the failure of 

this complex to transform into the µ-"3:!1-binding mode, is related to the poor 

donor ability of the "3-allyl moiety having electronegative fluorines attached, and 

its consequent inability to displace a carbonyl. In all cases,6b,13 when the fluoro 

cumulene bridges the metals, no C–H activation is observed, suggesting that 

either the µ-!1-!1 arrangement is not conducive to C–H activation, or the 

electronegative fluorine substituents cause the distal C–H bonds to be 

strengthened,21 making them more resistant to cleavage.  This is the only ligand 

investigated in this chapter to react similarly with three different metal 

combinations. 

5.4 Conclusions 

 Our attempts to obtain better models for propanediyl species (when 

compared to the Rh/Os and Rh/Ru combinations) did not proceed as anticipated in 

this study, with the dominant theme of the reactivity being the formation of µ-

"3:!1 binding modes – both for the products of coupling with the µ-CH2 group 

and for the cumulene adducts themselves.  In the case of the coupling products, 
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this is apparently the result of the lower steric demands of the tricarbonyl 

precursor leading to intermediate D , which as a !1-allyl group, readily rearranges 

to the "3-binding mode.  In the most bulky cumulene studied, 1,1-dimethylallene, 

the alternate intermediate B  apparently results, but is unstable to #-H elimination 

and subsequent liberation of 4-methyl-1,3-pentadiene occurs.  Here the tendency 

of the third-row metals for #-H elimination is evident.  The surprising difference 

in reactivity of the Ir/Os compared to that of Ir/Ru, wherein the latter system 

displayed facile multiple C–H bond activations, while the former favoured the 

"3:!1 binding, is puzzling, but presumably is related to the stronger binding of the 

cumulene to Os (than to Ru), hence the stronger tendency of these groups to 

bridge the metals, where cleavage of the terminal C–H bonds of the cumulene is 

not favourable.   

5.5 Experimental Section 

5.5.1 General Comments 

 All solvents were dried using appropriate desiccants (given in Appendix 

II), distilled before use, and stored under a nitrogen atmosphere.  Reactions were 

performed under an argon atmosphere using standard Schlenk techniques unless 

otherwise noted.  Diazomethane was generated from Diazald,™ which was 

purchased from Aldrich, as was the 13C-enriched Diazald.  13C-enriched N-

Methyl-N-nitroso-p-toluenesulfonamide was also prepared by using a modified 

version of the procedure for synthesizing the 14C-enriched radio-labeled 

analogue.22 The trimethylamine N-oxide dihydrate was also purchased from 

Aldrich and was dried according to the literature procedure,23 and the 13CO was 

purchased from Cambridge Isotopes.  The methylene-bridged complex 

[IrOs(CO)3(µ-CH2)(dppm)2]
+ (29) and the tetracarbonyl complex 

[IrOs(CO)4(dppm)2]
+ (27) were prepared according to published procedure.1g  

The 1,2-butadiene (methylallene) was purchased from Organic 

Technologies, allene from Matrix Scientific, 1,1-dimethylallene, 1,3-butadiene, 

and propylene from Aldrich, ethylene from Matheson, and isoprene (2-methyl-

1,3-butadiene) from Alfa Aesar.  1,1-Difluoroallene was prepared using a 
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modification of the published procedures,6b,24 in which a solution of 100 µL of 2-

bromo-3,3,3-trifluoro-1-propene (purchased from Aldrich) in 3 mL of diethyl 

ether was cooled to –90 °C in an acetone/liquid N2 bath.  To this was added 

dropwise 385 µL of a 2.5 M solution of n-butyllithium in hexanes (purchased 

from Aldrich), followed by stirring of the solution at this temperature for 30 min.  

The –90 °C bath was replaced by an acetonitrile/CO2(s) bath (ca. –40 °C) and the 

solution was stirred for 15 min.  The solution was then slowly warmed over 15 

min to –20 °C, resulting in the evolution of 1,1-difluoroallene gas. 

The 1H and 31P{1H} NMR spectra were recorded on a Varian Inova 400 

spectrometer operating at 399.9 and 161.8 MHz, respectively.  All low-

temperature spectra and the heteronuclear decoupling experiments (13C{1H} and 
13C{1H,31P}) were recorded on a Varian Unity spectrometer operating at 161.9 

MHz for 13C, 202.3 MHz for 31P, and 499.8 MHz for 1H.  Mass spectrometry was 

performed on a Micromass ZabSpec TOF spectrometer by the mass spectrometry 

facility of this department, and elemental analyses were also carried out in the 

departmental facility. 

5.5.2 Preparation of Compounds  

Spectroscopic data for the compounds are presented in Table 5-4.  

(a) [IrOs(CO)3(µ-"3
:!1

-C(CH2)3)(dppm)2][BF4] (41/41a).  Under an 

argon atmosphere, allene was passed through a stirred red solution of 29-

BF4 (42 mg, 0.031 mmol) in 10 mL of CH2Cl2 for 1 min at a rate of 

approximately 0.1 mL/s, resulting in an immediate colour change of the 

solution to yellow. The solution was left to stir under an allene atmosphere 

for 10 h after which time 30 mL of diethyl ether and 10 mL of pentane 

were added to a yellow/orange solution to precipitate a light yellow solid.  

This solid was recrystallized from CH2Cl2/diethyl ether, washed with 2 x 5 

mL of diethyl ether, and dried in vacuo (85 % yield).  HRMS:  m/z calcd  

for C58H50IrO3OsP4 (M+), 1291.1949; found, 1291.1941 (M+).  Anal.
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Calcd for C58F3H50IrO6OsP4S (41/41a-CF3SO3):  C, 48.43; H, 3.50. 

Found:  C, 48.14; H, 3.61.    

(b)  [IrOs(CO)3(µ-"3
:!1

-C(CHCH3)(CH2)2)(dppm)2][CF3SO3] 

(42/42a).   Under an argon atmosphere, 1,2-butadiene (methylallene) was 

passed through a stirred red solution of 29  (33 mg, 0.024 mmol) in 10 mL 

of CH2Cl2 for 1 min at a rate of approximately 0.1 mL/s, resulting in an 

immediate colour change of the solution yellow. The solution was left to 

stir under a methylallene atmosphere for 10 h, after which time 30 mL of 

diethyl ether and 10 mL of pentane were added to a yellow/orange 

solution to precipitate a light yellow solid.  This solid was recrystallized 

from CH2Cl2/diethylether, washed with 2 x 5 mL of diethyl ether, and 

dried in vacuo (83 % yield).  HRMS:  m/z calcd for C59H52IrO3OsP4 (M
+), 

1215.1493; found, 1215.1534 (M+).  Anal. Calcd for C59F3H52IrO6OsP4S:  

C, 48.79; H, 3.61.  Found:  C, 48.58; H, 3.96.  

 (c) [IrOs(CO)3(µ-"3
:!1

-CH2CCMe2)(dppm)2][CF3SO3] (43).  

Compound 29  (47 mg, 0.034 mmol) was dissolved in 10 mL of CH2Cl2 to 

afford a red solution to which was added 1,1-dimethylallene (1.2 equiv, 

0.042 mmol, 4.1 µL).  The solution turned light yellow immediately and 

then darkened to a yellow-orange colour within 5 min.  The solution was 

left to stir under an argon atmosphere for 8 h, after which time 30 mL of 

diethyl ether and 10 mL of pentane were added to the orange solution to 

precipitate a light orange solid.  This solid was recrystallized from 

CH2Cl2/diethyl ether, washed with 2 x 5 mL of diethyl ether, and dried in 

vacuo (86 % yield). HRMS:  m/z calcd for C58H52IrO3OsP4 (M+), 

1305.2105; found, 1305.2085 (M+).  Anal. Calcd for C59F3H52IrO6OsP4S 

(43•0.61 CH2Cl2):  C, 47.60; H, 3.57.  Found:  C, 47.31; H, 3.70.  1H 

NMR spectroscopy in CDCl3 confirmed the presence of dichloromethane 

of crystallization.  The gas formed from the reaction was condensed into 

another NMR tube and characterized by 1H NMR. 1H NMR data for 4-

methyl-1,3-pentadiene (+27 °C in CD2Cl2):  1.77 (b, 6H), 4.94 (dd, 1H, 
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3
JHH = 9.9 Hz, 2JHH = 1.9 Hz), 5.09 (dd, 1H, 3JHH = 16.5 Hz, 2JHH = 1.9 Hz), 

5.92 (m, 1H), 6.44 (dd, 1H, 3JHH = 16.5 Hz, 3JHH = 9.9 Hz) 

(d)  [IrOs(CO)3(µ-"3
:!1

-CH2CCH2)(dppm)2][BF4] (44).  Under an 

argon atmosphere, allene was passed through a stirred yellow/orange 

solution of compound 27-BF4 (39 mg, 0.029 mmol) in 10 mL of CH2Cl2 

for 1 min at a rate of approximately 0.1 mL/s.  The solution was left to stir 

under an allene atmosphere for 4 h at ambient temperature, during which 

time the solution lightened to yellow. After stirring, the solution volume 

was reduced to 3 mL and to this was added 30 mL of diethyl ether to 

precipitate a yellow solid that was washed with 2 x 5 mL of diethyl ether 

and dried in vacuo (88% yield).  HRMS:  m/z calcd for C56H48IrO3OsP4 

(M+), 1277.1792; found, 1277.1770 (M+).  Anal. Calcd for 

BC56F4H48IrO3OsP4:  C, 49.38; H, 3.55.  Found:  C, 48.98; H, 3.64.    

(e) [IrOs(CO)3(µ-"3
:!1

-CH2CCHCH3)(dppm)2][BF4]  (45).  Under 

an argon atmosphere, methylallene gas was passed through a stirring 

yellow/orange solution of compound 27-BF4 (33 mg, 0.024 mmol) in 5 

mL of CH2Cl2 for 1 min at a rate of approximately 0.1 mL/s.  The solution 

was left to stir under a methylallene atmosphere for 4 h at ambient 

temperature, during which time the solution lightened to yellow.  After 

stirring, the solution volume was reduced to 2 mL and to this was added 

30 mL of diethyl ether to precipitate a yellow solid that was washed with 2 

x 5 mL of diethyl ether and dried in vacuo (85 % yield). HRMS:  m/z 

calcd for C57H50IrO3OsP4 (M
+), 1291.1949; found, 1291.1929 (M+).  Anal. 

Calcd for BC57F4H50IrO3OsP4:  C, 49.75; H, 3.66.  Found:  C, 49.52; H, 

3.74.    

(f) [IrOs(CO)4(µ-C=C(H)C(CH3)=CH2)(dppm)2][CF3SO3] (46).   

Compound 27  (39 mg, 0.028 mmol) was dissolved in 5 mL of CH2Cl2 to 

afford a yellow/orange solution to which was added 1,1-dimethylallene 

(10 equiv, 0.29 mmol, 28.4 µL) by microsyringe.  The solution was left to 

stir at ambient temperature for 12 h, after which time the solution had 
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lightened to yellow.  The solvent volume was reduced to 3 mL and 30 mL 

of diethyl ether was added to precipitate a light yellow solid that was 

washed with 2 x 5 mL of diethyl ether, and dried in vacuo (82 % yield).  

HRMS:  m/z calcd for C59H50IrO4OsP4 (M+), 1331.1898; found, 

1331.1883 (M+).  Anal. Calcd for BC59F4H50IrO4OsP4:  C, 50.04; H, 3.56.  

Found:  C, 50.02; H, 3.67.    

(g)   [IrOs(CO)4(µ$!
1
:!1

-CF2=C=CH2)(dppm)2][CF3SO3] (47).  

Compound 27  (35 mg, 0.025 mmol) was dissolved in 0.7 mL of CD2Cl2 in 

an NMR tube fitted with a J. Young valve to afford an orange/yellow 

solution.  The solution was cooled to –78 °C and the headspace was 

evacuated and replaced with 1,1-difluoroallene, generated as described 

above.  The NMR tube was warmed over 30 min to ambient temperature 

and left to react at ambient temperature for 1 h, after which time 20 mL of 

diethyl ether and 5 mL of pentane were added to the yellow solution to 

precipitate a light yellow solid.  This solid was recrystallized from 

CH2Cl2/diethyl ether, washed with 2 x 5 mL of diethyl ether, and dried in 

vacuo (90 % yield).  19F NMR of 47  (+27 °C in CD2Cl2):  ! –74.3 (bd, 1F, 

2
JFF = 60.4 Hz), ! –92.2 (bd, 1F, 2

JFF = 60.4 Hz).  HRMS:  m/z calcd for 

C57F2H46IrO4OsP4 (M
+), 1341.1553; found, 1341.1560 (M+).  Anal. Calcd 

for C58F5H46IrO7OsP4S:  C, 46.80; H, 3.12.  Found:  C, 46.82; H, 3.22. 

(h) Reaction of [IrOs(CO)4(dppm)2][CF3SO3] (27) with 2-methyl-

1,3-butadiene.   To a stirring yellow/orange solution of 27  (24 mg, 0.018 

mmol) was added 2-methyl-1,3-butadiene (100 equiv, 0.18 mmol, 180 µL) 

by microsyringe.  The solution was left to react at ambient temperature for 

one week and after this time the 31P{1H} NMR spectrum revealed 

compound 27  as the only phosphorus-containing product.  Slightly 

elevated temperatures did not result in a reaction. 
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5.5.3  X-ray Structure Determinations 

5.5.3.1  General 

Crystals were grown via layered-solvent slow diffusion using the 

following solvent systems: CH2Cl2/pentane (41), acetonitrile/Et2O (44), 

CH2Cl2/Et2O (47).  Data were collected using a Bruker APEX II CCD 

detector/D8 diffactometer25 (41 , 44) or with a Bruker APEX II CCD detector/ 

PLATFORM diffractometer25 (47); all data were collected using Mo K%!radiation 

(& = 0.71073 Å) and with the crystals cooled to –100 °C.  The data were corrected 

for absorption via a multi-scan method (41) or through Gaussian integration from 

indexing of the crystal faces (44 , 47).  Structures were solved using Patterson 

search/structure expansion (DIRDIF-2008
26) (41 , 47) or direct methods 

(SHELXS–97
27), and least-squares refinements were completed using the 

program SHELXL-97.27  Hydrogen atoms attached to carbons were assigned 

positions based on the sp2 or sp3 hybridization geometries of their attached 

carbons, and were given thermal parameters 20 % greater than those of their 

parent atoms.   See Appendix III.4 for a listing of crystallographic experimental 

data for all structures in this chapter. 

5.5.3.2  Special Refinement Conditions 

(i) 41 : The metal atom positions were each refined as a combination of 

50 % Ir and 50%  Os sharing the same site.  The Cl–C distances (d(Cl(1S)–C(1S), 

d(Cl(2S)–C(1S)) within the disordered solvent CH2Cl2 molecule were restrained 

to be 1.75(1) Å during refinement.   

(ii) 47 : The Cl–C distances within the minor (30 %) component of the 

disordered solvent CH2Cl2 molecule were restrained during refinement: d(Cl(3S)–

C(2S)) = d(Cl(4S)–C(2S)) = 1.75(1) Å.   

(iii) For each of the complexes in which the metals have dissimilar 

coordination environments, the final models were tested by switching the 

identities of the metal atom centres (Ir for Os and vice versa) and refining these to 

completion.  In each case, the final indices became subtly but noticeably worse for 
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the “reversed-metals” models (44 :  from R1 = 0.0289, wR2 = 0.0619 to R1 = 

0.0293, wR2 = 0.0639; 47:  from R1 = 0.0204, wR2 = 0.0564 to R1 = 0.0207, wR2 

= 0.0577).   
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Chapter 6:  Conclusions and Final Remarks 

 

6.1 Foundations for Thesis Goals 

 The surface cluster analogy by E. L. Muetterties,
1
 suggested that metal 

clusters, having adjacent metal centres, could be effective models for the reactions 

of substrates on a metal surface.  However, the inherent insolubility and the 

complexity of multiple metal centres present in clusters made it difficult to obtain 

detailed mechanistic information about the transformations studied. For these 

reasons the smaller and easier to study bimetallic complexes – the simplest 

compounds with adjacent metals – have been widely used to obtain information 

regarding the roles of adjacent metals in substrate transformations.  

One of the ongoing interests in the Cowie group is the Fischer-Tropsch 

(FT) process in which syngas (CO + H2) is converted to linear hydrocarbons over 

a late-metal catalyst.  Although the mechanism for carbon–carbon chain growth in 

this system remains poorly understood, there is general agreement on the 

importance of surface bound methylene-groups (presumably bridging pairs of 

adjacent metals on the surface) in the process.
2
 Most of the recent proposals for 

chain growth have been inspired by studies involving well characterized 

transition-metal complexes, particularly those involving methylene-bridged 

binuclear complexes.
2f,3

 Owing to our group’s additional interest in 

heterobimetallic complexes, containing pairs of different metals, and the recent 

interest in the use of FT catalysts incorporating combinations of group 8 and 9 

metals,
3k-m,4

 we became interested in the use of well-defined mixed-metal 

complexes, bridged by a methylene group, in order to elucidate the roles of the 

different metals in chemistry involving this C1 fragment.  The Rh/Os combination 

was particularly successful in demonstrating reactivity that was reminiscent of FT 

chemistry, showing temperature-dependent coupling of methylene groups by 

[RhOs(CO)4(dppm)2][CF3SO3] to yield either C1 and C3, or C4 fragments bound 

to the metals (see Scheme 1-18).
3l,m

  Labelling studies (
13

C and 
2
H) suggested the 

sequential insertion of methylene groups into the Rh–C bond of bridging 
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hydrocarbyl fragments, with the reaction pathways diverging to either C1 and C3, 

or C4 fragments after the formation of the C3-bridged fragment.   

Species containing the C3-bridged hydrocarbyl fragment in this system 

were not observed so studies involving the coupling of unsaturated C2 units 

(olefins, alkynes) and a bridging methylene group were initiated both with this 

system,
3l,5

 and with different metal combinations.
4h,5a,6

 Although the Rh/Os and 

Rh/Ru systems were heavily studied, the analogous Ir/Ru system had received 

little attention at the time this work was initiated and the Ir/Os system had not 

been studied.  We proposed that a full understanding of the roles of the different 

metals could not be gained without information from each of the metal 

combinations.   

6.2 Ir/Ru Complexes 

 The methylene-bridged complex, [IrRu(CO)4(µ-CH2)(dppm)2]
+ 

(1),
4h

 

unfortunately, did not display methylene coupling as observed in the analogous 

Rh/Os system, presumably owing to the stronger Ir–C bonds. In order to model 

FT chemistry and C3-bridged fragments, we utilized other unsaturated substrates 

capable of insertion into the Ir–CH2 bond to generate these bridged fragments, as 

discussed in Chapter 2.   Cumulenes appeared to be good substrates for this 

modelling, as they had the potential of inserting into the Ir–CH2 bond such that 

the unsaturation remained exo to the C3-bridge, more accurately representing the 

proposed propanediyl-bridged (C3-) intermediate in the Rh/Os example.  In our 

studies of the methylene-bridged Ir/Ru complex, we observed that the addition of 

allene resulted in the generation of free 1,3-butadiene and  [IrRu(CO)4(dppm)2]
+
 

(13), clearly a result of coupling of allene with the methylene group, followed by 

elimination of the C3-bridged species via a series of !-H elimination and reductive 

elimination steps,
7
 a common decomposition route for propanediyl-bridged 

species.
3j,8

 The alkylcumulenes, methylallene and 1,1-dimethylallene,  did give 

rise to isolable C3-containing complexes; however, the hydrocarbyl groups 

resulting from insertion had moved out of the bridging position between both 

metals and was instead chelating at Ir, suggesting that modeling C3-bridged 
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species, at least using cumulenes, would be difficult with this system owing to the 

obvious disparity in the Ir–C and Ru–C bond strengths,
9
 and presumably also a 

consequence of the strain involved in these C3-bridged targets, that favour the 4-

membered metallacycle instead.   

Interestingly, these Ir-chelated complexes of 1,1-dimethylallene react 

further with a second equiv of cumulene, giving rise to unexpected multiple C–H 

bond activations, involving at least the two geminal C–H bonds and, in some 

cases, the accompanying activation of a methyl C–H bond.  These activations 

could be achieved by using different combinations of cumulene substrates to 

generate a variety of complexes that ultimately contained an Ir-bound "1
-alkenyl 

fragment (from the first equiv of cumulene), and a bridging alkynyl group "1
-

bound to Ir and #2
-bound to Ru (from the second equiv of cumulene).  

 The Ir/Ru metal combination was not an effective model system for FT-

type chemistry, as the C–H bond activation products (albeit products of multiple 

C–H bonds) were often observed.  Although this unexpected C–H bond activation 

was not the original goal of this study, the geminal C–H bond activation of olefins, 

as observed in the activation of cumulenes discussed above, is a rare process.
10

  

Of the few examples reported, only one system is monometallic,
10c

 which 

suggests that a pair of adjacent metals is important in this transformation.  The 

demonstration that the Ir/Ru metal combination resulted in facile C–H bond 

activation of geminal pairs of C–H bonds in cumulenes, led us to investigate the 

related complex [IrRu(CO)4(dppm)2]
+ 

(13), in which the absence of a bridging 

methylene group eliminates the possibility of insertion chemistry involving the 

first equiv of the cumulene.  As anticipated, geminal C–H activation of allene, 

methylallene, and 1,1-dimethylallene was readily achieved using this complex.
11

  

However, the activation of monoolefins or conjugated olefins did not occur, 

possibly attributable to necessary precoordination of these substrates prior to 

activation, that was never observed with the Ir/Ru metal coordination.  The 

activation of a single C–H bond in ethylene or propylene could be effected, upon 

removal of a carbonyl but these vinyl hydride products did not undergo 
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subsequent activation of a second C–H bond, leading us to suggest that the 

geminal activation did not involve the sequential C–H activation of the first C–H 

bond at one metal followed by activation of the second at the adjacent metal.  The 

reversible conversion of the final vinylidene-bridged products into alkynyl 

hydride species by carbonyl removal or addition, respectively, suggested instead 

that the observed conversions of cumulenes into vinylidene-bridged species 

occurred by a sequence of carbonyl loss, activation of the first C–H bond, the 

(unobserved) 1,3-hydrogen shift to generate the alkynyl hydride, followed by the 

observed conversion, upon carbonyl addition, to give the vinylidene-bridged 

products.  These geminal activations are in contrast to those observed in related 

Ir2
10a,12

 systems, in which a number of $-olefins react to give the vinylidene-

bridged hydides, presumably by a sequential pair of C–H bond activation steps.  

6.3 Ir/Os Complexes 

 In parallel with the above C–H activation reactions, we returned to the 

insertion chemistry of the bridging methylene group, reasoning that implementing 

a group 8 metal capable of forming stronger M–C bonds with the substrate could 

prevent the chelate formation observed with the Ir/Ru system, and promote 

retention of the hydrocarbyl bridge.  It was with this logic that we chose to 

investigate the Ir/Os combination of two third-row metals, which was relatively 

unexplored in our group. 

As was the case for the Ir/Ru system, the methylene-bridged complex, 

[IrOs(CO)4(µ-CH2)(dppm)2]
+
 (28),

13
 did not react with diazomethane, so no 

subsequent incorporation of methylene groups was observed.  Although no 

methylene coupling was observed, the Ir/Os combination better resembled FT-

type chemistry, as is evident with the insertion chemistry described below.  

Initially, in Chapter 4, we investigated the coupling of symmetric alkynes (HFB 

and DMAD) with the µ-CH2 group of [IrOs(CO)3(µ-CH2)(dppm)2]
+ 

(29) resulting 

in alkyne insertion into the Ir–CH2 bond to generate C3-bridged hydrocarbyl 

fragments, much as observed for the other metal combinations.  Depending on the 

alkyne added to generate the C3-bridge (HFB or DMAD), the addition of excess 
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diazomethane generated either a C4-bridged hydrocarbyl fragment susceptible to 

methylene loss (HFB), or facile formation of a C–O bond between the newly 

introduced methylene group and a carbonyl oxygen from the original alkyne 

(DMAD).  The C4-bridged product from HFB was not isolable, and a methylene 

group was lost at ambient temperature to generate ethylene, and restore the 

stronger Ir–C(sp
2
) bond (compared to Ir–C(sp

3
)).  Our second strategy to generate 

C4-bridged fragments by double methylene insertion into the Ir–C bond of alkyne-

bridged species, succeeded in generating a C3-bridged isomer having an “Ir–CH2–

HFB–Os” core but did not react with a second equiv of diazomethane. 

 The C–C bond formation involving the Ir/Os metal combination with 

cumulenes, is discussed in Chapter 5, in which we set out first to generate 

products resembling the propanediyl-bridged complexes of Rh/Os, and second to 

compare this system with the related Ir/Ru systems.  Reaction of allene and 

methylallene with [IrOs(CO)3(µ-CH2)(dppm)2]
+ 

(29), led to reactivity paralleling 

the Rh-based systems, in which cumulene insertion into the Ir–CH2 bond was 

followed by rearrangement of the hydrocarbyl fragment to a µ-#3
:"1

-

trimethylenemethane moiety.  In the case of allene insertion, the observation of an 

equilibrium mix of two isomers, in which the hapticity of the 

trimethylenemethane moiety reversibly changes from metal to metal (#3
 to "1

), 

accompanied by CO migration to the metal having the "1
-bound CH2 group, 

suggests an exchange process that appears to be the first example of such a 

rearrangement in trimethylenemethane complexes. 

 The addition of 1,1-dimethylallene to 29  resulted in coupling of the 

cumulene with the µ-CH2 group and loss of the resultant organic fragment (4-

methyl-1,3-pentadiene), which suggested a !-H elimination, reductive elimination 

mechanism, as previously observed in similar complexes,
5a

 and in Chapter 2.  The 

resulting “[IrOs(CO)3(dppm)2]
+
” fragment reacted with excess substrate to 

generate a dimethylallene adduct "1
-bound to Os by the central carbon, generating 

a metallaallyl moiety which is #3
-bound to Ir.  Similar complexes could also be 
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generated by the addition of allene and methylallene to [IrOs(CO)4(dppm)2]
+ 

(27), 

by loss of a carbonyl ligand. 

 Surprisingly however, the reaction of dimethylallene with the 

tetracarbonyl species (27) generated a very different product than noted above for 

the tricarbonyl analogue, in which the activation of three C–H bonds (the pair of 

geminal C–H bonds and one of the methyl C–H bonds) was observed, with the 

retention of all CO ligands.  This reactivity was very reminiscent of that described 

in Chapters 2 and 3 for the Ir/Ru system, and in fact represents one of the few 

cases for which the reactivity of the Ir/Ru and Ir/Os systems was similar.  The 

different reactivities of the cumulenes studied is presumably owing to the initial 

coordination of the substrate, which appears to be influenced by sterics.  The 

strong M–C bonds in the Ir/Os system is evident in the stronger tendency for the 

cumulenes to bridge the metals (if sterically favoured) where cleavage of the 

terminal C–H bonds of the cumulene is not favourable.  

This geminal activation observed with Ir/Os led us to attempt the 

activation of C–H bonds in monoolefins and conjugated dienes with 

[IrOs(CO)4(dppm)2]
+ 

(27); however, these attempts were unsuccessful.  The 

propensity for double C–H activation was observed upon leaving 27  for several 

days in solution in which double orthometallation accompanied by H2 loss occurs, 

as described in Appendix I.  

6.4 Roles of Adjacent Metals 

 An important goal of this work was to attempt to elucidate the roles of the 

adjacent metals in the transformations of small molecules.  By changing the group 

9 metal from Rh to Ir, we generated systems with stronger M–C bonds at this 

metal, which was illustrated immediately by the inability for additional 

diazomethane-generated CH2 units to insert into the strong Ir–CH2 bonds of both 

systems studied.  In addition, for reactions requiring CO loss the stronger Ir–CO 

bonds resulted in less labile Ir/Ru and Ir/Os systems.  The Rh–C bond strengths in 

the Rh/Os system appeared to be crucial for the sequential addition of methylene 
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groups, with the weaker Rh–C bonds being sufficiently weak to facilitate CH2 

insertion into the existing Rh–CH2 bond, while also allowing facile migration of 

CO from Rh to Os. By replacing Rh by Ir, methylene insertion into the stronger 

Ir–CH2 bond was no longer favoured, and instead the propensity for low-valent Ir 

to undergo the oxidative addition of C–H bonds often dominated the reactivity of 

the complex.  In spite of the stronger Ir–CH2 bond, insertion of alkynes and 

cumulenes occurred readily, as described above. 

 Interestingly, in spite of the fact that the majority of the chemistry appears 

to occur at the group 9 metal, changing the group 8 metal  (Ir/Ru to Ir/Os) usually 

resulted in very different reactivity.  The multiple C–H bond activations of 

cumulenes occurred widely with the Ir/Ru metal combination, but was only 

observed in one anomalous case (1,1-dimethylallene) in the Ir/Os system.  This is 

presumably related to the stronger binding of the cumulene to Os (than to Ru), 

hence the stronger tendency of these groups to bridge the metals, where cleavage 

of the terminal C–H bonds of the cumulene is not favourable.   

6.5 Future Work and Closing Remarks 

From all of the research involving the Rh/Os and Ir/M (M = Ru, Os) 

complexes, it was obvious that the metal combinations comprised of a second- 

and third-row metal resulted in the most active systems for small molecule 

transformations across two different metals.  Although the methylene-bridged 

Rh/Os, Rh/Ru, and Ir/Os systems could be used to isolate C3-bridged FT-type 

hydrocarbyl intermediates, the Rh/Os combination still represents the best model 

system for this process, owing to its ability to couple of to four methylene groups.  

We certainly have examined a number of methylene-bridged metal combinations, 

which have yielded valuable information about the roles of the different metals in 

small molecule transformations.  The applicability of these complexes as 

bimetallic model FT catalysts, however, is diminished by the realization that these 

metals are not used industrially because of their cost compared to the commonly 

used iron and cobalt catalysts.
14

  Nonetheless, we were able to demonstrate the 

facile C–C bond formation with bridging methylene units, both with other 
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methylene groups and other unsaturated substrates.  As is often seen in chain 

growth mechanisms, we also observed C–H bond activation as a competing 

process for C–C bond formation. 

Ideally this study could be expanded to include other dppm-bridged metal 

combinations, such as Rh/Fe and Co/Ru to more accurately model the commercial 

C–C bond forming processes using FT chemistry.  The Rh/Fe complex, 

[RhFe(CO)4(µ-CH2)(dppm)2]
+
 has been synthesized in the Cowie group;

15
 

however, its reactivity has not been explored.  Both Rh and Fe have been shown 

to be active for the formation of oxygenates in FT chemistry, so complexes 

involving this metal combination may provide a good model for the formation of 

such species.  The dppm ligand binds well to the softer, late metals described in 

this dissertation; however, its increased lability with the lighter metals, such as Co 

and Fe, was demonstrated in the bimetallic compound, [RhCo(CO)3(dppm)2], 

which reversibly undergoes fragmentation into the two mononuclear ions, 

[Rh(CO)(dppm)2]
+
 and Co(CO)4

–
, under an atmosphere of CO.

16
 Exploring these 

combinations could provide us with more accurate FT models than the 

combinations discussed in this dissertation, however we could also attempt to 

expand the scope of our current study by changing the diphosphine ligand. 

The Ir/M (M = Ru, Os) systems would be interesting to investigate with a 

smaller, more basic diphosphine, such as depm (bis(diethylphosphino)methane), 

which has been shown to be and effective ancillary ligand useful in Ir2 chemistry 

for the activation of C–F and C–H bonds.
12,17

  This could allow us to further 

exploit C–H bond activation reactions of these systems both by providing 

additional electron density, and by decreasing the steric demands of the 

diphosphine ligands.  This more basic environment could also help promote the 

cleavage of H2 at the metal centres, and the reductive elimination of the “FT-type” 

organic products, which was not observed in the analogous dppm-bridged Ir/M 

(M = Ru, Os) complexes. 

Elucidating the roles of adjacent metal centres in the transformation of 

small molecules has proven to be a difficult talk.  Nonetheless, it has always been 
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our contention that a variety of different combinations of metals with different 

substrates represents a necessary approach to fully understanding the roles of the 

different metals.  What has become clear is that although the metals directly 

involved in the reactivity obviously play an important role, the adjacent metals 

also play a pivotal role, although being involved more indirectly in substrate 

reactivity.   
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Appendices 

Appendix I 

 

Attempted C–H Bond Activation of Monoolefins with 

[IrOs(CO)4(dppm)2]
+
 

Introduction 

Following up on the attempts to effect the C–H bond activation of 

monoolefins with Ir/Ru, we sought to investigate the applicability of the Ir/Os 

metal combination in such transformations.  The Ir/Ru system, as discussed in 

Chapter 3, failed to activate the C–H bonds of ethylene and propylene unless a 

carbonyl ligand was removed, in which case the activation of a single C–H bond 

to generate a vinyl hydride product was observed at –20 °C, presumably 

activating at the Ir centre.  However, the activation of the second geminal C–H 

bond, did not occur upon warming the solution to ambient temperature.  The Ir/Os 

combination, containing two third-row metals, appeared to be a system capable of 

this double activation. 

Results and Discussion 

The addition of ethylene and propylene to 27  results in the formation of a 

new compound, [IrOs(CO)4(µ
2-!4-(o-C6H4)PhPCH2PPh(o-C6H4)(dppm)]-

[CF3SO3] (48), together with H2 loss, in 10% yield within 24 h, but requiring 10 d 

for completion at ambient temperature, as shown in Scheme I-1.  Compound 48

Scheme I-1 
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is the double orthometallation product – a result of the activation of two ortho C–

H bonds, one at each metal, of two different phenyl rings of the same dppm 

ligand. 

The 31P{1H} NMR spectrum of 48  displays four resonances at ! –8.7, ! –

22.8, ! –33.2, and ! –38.2, as shown in Figure I-1.  The two downfield signals 

display mutual trans coupling of 242.0 Hz and the two upfield signals display a 

weaker cis coupling of 16.5 Hz.  The 1H NMR spectrum displays the protons for 

the dppm methylene protons at ! 5.69, ! 4.93, ! 4.07, and ! 2.44, and the aryl 

protons in the usual region.  Differentiating between the protons on the 

orthometallated phenyl rings and the protons of the other phenyl rings is not 

possible due to the overlap of peaks in the phenyl region.  The 13C{1H} NMR 

spectrum of a 13CO-enriched sample of 48  displays four carbonyl resonances; the 

pair at ! 184.4 and ! 172.6 are bound to one metal while those at ! 177.4 and ! 

158.8 are bound to the other.  

 

Figure I-1.  
31

P{
1
H} NMR spectrum of 48 in CD2Cl2 

The X-Ray structure determination of [IrOs(CO)4(µ
2-!4-(o-

C6H4)PhPCH2PPh(o-C6H4)(dppm)][CF3SO3] (48), as shown for the complex 

cation in Figure I-2, clearly establishes the double orthometallation in which one 

phenyl ring has orthometallated onto Ir, and another from the same dppm ligand 

has orthometallated onto the Os.  The coordination environment around each 

metal is similar in that each contains two carbonyl ligands as well as the 

orthometallated ligand.  However, the arrangement of the dppm ligands is 
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different at each metal, as the ends of the diphosphines are in a trans arrangement 

at Os and in a cis arrangement at Ir.  Selected bond lengths and angles are given in 

Table I-1.  Both metal centres are bound to one 31P atom from a typical dppm

Figure I-2.  (a) Perspective view of the complex cation of [IrOs(CO)4-(µ
2
-!4

-

(o-C6H4)PhPCH2PPh(o-C6H4)(dppm)][CF3SO3] (48).  Thermal 

ellipsoids are shown at the 20 % probability level except for 

hydrogens, which are shown artificially small. (b) A lternate view 

of the cation of 48 with only the ipso carbons shown for the non-

metallated phenyl rings. 

ligand and one 31P atom that contains a phenyl ring orthometallated on the 

adjacent metal.  The orthometallation causes significant twisting around the 

metal–metal axis, as is obvious by the torsion angles relating the dppm ligands 

being ca. 37 °, the largest deviation from planarity in all of the Ir/Os compounds 

studied in this thesis.  The geometry at both metals is a slightly distorted 

octahedron; at the Ir center, the two 31P nuclei bound to Ir occupy cis positions 

(P(1)–Ir–P(3) = 96.19(3)°), while those bound to Os occupy the more typical trans 

arrangement, although P(2)–Os–P(4) is slightly acute at 166.30(3)°, as shown 

 
 

(a) (b) 
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better in Figure I-2(b), with the distortion owing to the strain imposed by the 

orthometallation. 

Table I-1.  Selected Bond Lengths and Angles for Compound 48  

(a) Distance (Å) 

atom 1 atom 2 distance atom 1 atom 2 distance 

Ir Os 2.8932(2) Ir P(3) 2.3904(8) 

Ir C(1) 1.959(4) Os P(2) 2.3466(8) 

Ir C(2) 1.912(3) Os P(4) 2.3877(8) 

Ir C(32) 2.149(3) Os C(3) 1.924(3) 

Ir C(32) 2.149(3) Os C(4) 1.874(3) 

Ir P(1) 2.3506(8) Os C(12) 2.189(3) 

 

(b) Angles (deg) 

atom 1 atom 2 atom 3 angle atom 1 atom 2 atom 3 angle 

Os Ir P(1) 77.39(2) Ir Os P(2) 78.04(2) 

Os Ir P(3) 91.56(2) Ir Os P(4) 89.17(2) 

Os Ir C(1) 171.81(9) Ir Os C(4) 171.84(11) 

Os Ir C(32) 87.70(9) Ir Os C(12) 88.63(9) 

P(1) Ir P(3) 96.19(3) P(2) Os P(4) 166.30(3) 

 

 The orthometallation itself is not extremely surprising as this reaction 

occurs when the heterobimetallic complex is being prepared from its 

monometallic precursors.1 The orthometallation of dppm ligands has been 

reported for other multimetallic complexes, often requiring heating or refluxing 

conditions.2  Although the orthometallation observed was initially with the 

addition of olefins, the same orthometallation occurs spontaneously in solution 

over 10 d, or by refluxing 27  in THF for 72 h. 

Conclusions 

Although the Ir/Os centre contains low-valent Ir capable of C–H bond 

activation, the activation of monoolefins does not occur with this system.  

However, the potential for this system to undergo double C–H bond activation is 



! 218 

seen in the product obtained in which two ortho C–H bonds from the dppm 

phenyl rings are activated to generate two strong M–C bonds (one on Ir and one 

on Os) with the concomitant loss of H2.  Thus, this metal combination favours 

intramolecular C–H bond activation to the intermolecular activation of 

monoolefins, in contast to the Ir/Ru system.  This system displays the tendency 

for oxidative addition to occur at both Os0 and IrI metal centres.  

Experimental 

All solvents were dried using appropriate desiccants (given in Appendix 

II), distilled before use, and stored under a nitrogen atmosphere.  The 

tetracarbonyl complex [IrOs(CO)4(dppm)2]
+ (27) was prepared according to 

published procedure.3 The propylene was purchased from Aldrich and the 

ethylene from Matheson.  The 1H and 31P{1H} NMR spectra were recorded on a 

Varian Inova 400 spectrometer operating at 399.9 and 161.8 MHz, respectively.  

All low-temperature spectra and the heteronuclear decoupling experiments 

(13C{1H} and 13C{1H,31P}) were recorded on a Varian Unity spectrometer 

operating at 161.9 MHz for 13C, 202.3 MHz for 31P, and 499.8 MHz for 1H.  Mass 

spectrometry was performed on a Micromass ZabSpec TOF spectrometer by the 

mass spectrometry facility of this department, and elemental analyses were also 

carried out in the departmental facility. 

(a) [IrOs(CO)4(µ
2
-!4

-(o-C6H4)PhPCH2PPh(o-C6H4)(dppm)][CF3SO3] 

(48).  Compound 27 (25 mg, 0.018 mmol) was dissolved in 0.7 mL of CD2Cl2 in 

an NMR tube fitted with a J. Young valve.  The NMR tube was cooled to –78 °C 

and the argon headspace was evacuated and replaced by 5 mL of ethylene.  The 

NMR tube was warmed to ambient temperature and after 24 h the appearance of 

48 was confirmed in the 31P{1H} NMR spectrum.  After 10 days, compound 48 

was the only phosphorus-containing product, which could be precipitated as a 

yellow solid by the addition of 20 mL of diethyl ether and 5 mL of pentane.  The 

solid was recrystallized with CH2Cl2/diethyl ether, washed with 2 x 5 mL of 

diethyl ether, and dried in vacuo (86% yield).  HRMS:  m/z calcd for 

C54H42IrO4OsP4 (M+), 1263.1267; found, 1263.1272 (M+).  Anal. Calcd for 
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C55F3H42IrO7OsP4S:  C, 46.84; H, 3.00.  Found:  C, 47.00; H, 3.40.  31P NMR data 

(+27 °C in CD2Cl2): ! –8.7 (ddd, 1P, 2
JPP = 242.0 Hz, 2

JPP = 57.8 Hz, 3
JPP = 12.0 

Hz), ! –22.8 (ddd, 1P, 2
JPP = 242.0 Hz, 2

JPP = 50.4 Hz, 3
JPP = 27.0 Hz), ! –33.2 

(ddd, 1P, 2JPP = 57.8 Hz, 2JPP = 16.5 Hz, 3JPP = 27.0 Hz ), ! –38.2 (ddd, 1P, 2JPP = 

50.4 Hz, 2
JPP = 16.5 Hz, 3

JPP = 12.0 Hz).  1H NMR data (+27 °C in CD2Cl2): ! 

5.70 (dm, 1H, 2
JHH = 14.8 Hz), ! 4.94 (dm, 1H, 2

JHH = 12.7 Hz), ! 4.09 (dm, 1H, 

2
JHH = 14.8 Hz), ! 2.45 (dm, 1H, 2

JHH = 12.7 Hz).  13C NMR data (+27 °C in 

CD2Cl2): ! 184.4 (t, 1C, 2
JCP = 7.0 Hz), ! 177.4 (t, 1C, 2

JCP = 8.2 Hz), ! 172.6 (t, 

1C, 2JCP = 7.5 Hz), ! 158.8 (t, 1C, 2JCP = 6.2 Hz). 

 

X-Ray Structure Determination 

(a) General.   Crystals were grown via layered-solvent slow diffusion using 

CH2Cl2/Et2O.  Data were collected using a Bruker APEX II CCD detector/D8 

diffactometer4 and all data were collected using Mo Ka radiation (l = 0.71073 Å) 

and with the crystal cooled to –100 °C.  The data were corrected for absorption 

through Gaussian integration from indexing of the crystal faces.  Structures were 

solved using Patterson search/structure expansion (DIRDIF-2008)
5, and least-

squares refinements were completed using the program SHELXL-97.6 Hydrogen 

atoms attached to carbons were assigned positions based on the sp2 or sp3 

hybridization geometries of their attached carbons, and were given thermal 

parameters 20 % greater than those of their parent atoms.  See Appendix III.5 for 

a listing of crystallographic experimental data for compound 48 . (b) Special 

Refinement Conditions:  Distances within the minor (25 %) conformer of one 

of the disordered solvent CH2Cl2 molecules were fixed during refinement: 

d(Cl(3S)–C(2S)) = d(Cl(4S)–C(2S)) = 1.75(1) Å; d(Cl(3S)…Cl(4S)) = 2.86(1) Å. 
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Appendix II  Drying Agents/Indicators for Solvents 

 

Solvent   Drying Agent   Indicator  

 

acetonitrile   calcium hydride (CaH)  N/A 

 

benzene   sodium metal (Na)   benzophenone 

 

dichloromethane  phosphorus pentoxide (P2O5)  N/A 

 

diethyl ether   sodium metal (Na)   benzophenone 

 

methanol   magnesium sulphate (MgSO4) N/A 

 

n-pentane   sodium metal (Na)   N/A 

 

tetrahydrofuran  sodium metal (Na)   benzophenone 

!
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Appendix III Crystallographic Experimental Details  

AIII.1  Crystallographic Details for Chapter 2 Compounds  
Table III.1-1 Crystallographic Details for 4!Et2O and 5!Et2O 

 4!Et2O  5!Et2O 

A.  Crystal Data   

formula C65H67BF4IrNO4P4Ru  C64H65BF4IrNO4P4Ru 
formula weight 1430.16 1416.13 
crystal dimensions (mm) 0.26 x 0.14 x 0.09 0.54 x 0.30 x 0.22 
crystal system triclinic triclinic 
space group P !1 (No. 2) P !1  (No. 2) 
unit cell parametersa   

     a (Å) 12.6752(7) 12.6893(11) 
     b (Å) 15.0112(9) 14.9289(13) 
     c (Å) 19.2987(11) 19.3173(16) 
     ! (deg) 67.2482(9) 67.1788(12) 
     " (deg) 84.5581(10) 84.9075(14) 
     # (deg) 68.1660(9) 68.7623(12) 
     V (Å3) 3138.2(3) 3138.2(5) 
     Z 2 2 
$calcd (g cm-3) 1.514 1.499 
µ (mm-1) 2.519 4.519 

B.  Data Collection and Refinement Conditions 

diffractometer Bruker PLATFORM/SMART 1000 CCDb 
radiation (! [Å]) graphite-monochromated Mo K! (0.71073) 
temperature (oC) –80 –80 
scan type " scans (0.3°) (25 s 

exposures) 
" scans (0.3°) (20 s exposures) 

2%max (deg) 52.78 52.86 
total data collected 24341 (–15 " h " 15, –18 " k 

" 18, –24 " l " 24) 
24242 (–15 " h " 15, –18 " k " 

18, –24 " l " 24) 
independent reflections  12757 (Rint = 0.0292) 12822 (Rint = 0.0210) 
number of observed reflections 
(NO) 

10937 [Fo
2 # 2#(Fo

2)] 11625 [ Fo
2 # 2#(Fo

2)] 

range of transmission factors 0.8050–0.5604 0.6073–0.3433 
data/restraints/parameters 12757/25c/712 12822 /0/712 
goodness-of-fit (S)d [all data] 1.045 [ Fo

2 # –3# (Fo
2)] 1.050 [ Fo

2 # –3# (Fo
2)] 

final R indicese
   

 R1 [ Fo
2 # 2#(Fo

2) 0.0331 0.0339 

 wR2 [ Fo
2 # -3#(Fo

2)]  0.0856 0.0931 
largest diff peak and hole (e Å-3) 1.640 and –1.007 1.440 and –1.035 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
a Obtained from least-squares refinement of 6516 reflections with 4.56° < 2$ < 52.64° (4!Et2O) or 6869 
reflections with 4.90° < 2$ < 52.84° (5!Et2O). 
b Programs for diffractometer operation, data collection, data reduction and absorption correction were those 
supplied by Bruker. 
c The B–F and F…F distances within the disordered BF4 ion were restrained to be 1.35(1) and 2.20(1) Å, 
respectively.  The geometry about C7B in the minor part of the disordered 2-methylpen-2-ene-3,5-diyl 
fragment had the following distance restraints during refinement:  C7B–C8B and C7B–C9B, 1.50(1) Å; 
C8B…C9B, 2.60(1) Å; C6B–C8B and C6B–C9B, 2.45(1) Å.   
d S = [%w(Fo

2 – Fc
2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w = [&2(Fo

2) + 
(0.0472P)2]-1 (4!Et2O) or w = [&2(Fo

2) + (0.0529P)2 + 3.4151P]-1 (5!Et2O) where P = [Max(Fo
2, 0) + 

2Fc
2]/3).  

e R1 = %!!Fo! - !Fc!!/%!Fo!; wR2 = [%w(Fo
2 – Fc

2)2/%w(Fo
4)]1/2. 
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Table III.1-2 Crystallographic Details for 8-CF3SO3!1.5CH2Cl2 and 10!2CH2Cl2 

 8-CF3SO3!1.5CH2Cl2 10!2CH2Cl2 
A.  Crystal Data   

formula C66.5H63Cl3F3IrO6P4RuS C64H62BCl4F4IrO3P4Ru 
formula weight 1570.73 1524.90 
crystal dimensions (mm) 0.69 x 0.59 x 0.46 0.45 x 0.31 x 0.31 
crystal system triclinic triclinic 

space group P !1 (No. 2) P !1 (No. 2) 
unit cell parametersa    

     a (Å) 12.5683(8) 12.4286(6) 
     b (Å) 12.8768(8) 15.0216(7) 
     c (Å) 20.1977(13) 18.6676(8) 
     ! (deg) 99.4872(9) 95.2809(5) 
     " (deg) 90.1385(9) 100.1560(5) 
     # (deg) 94.0337(9) 112.2561(5) 
     V (Å3) 3215.8(4) 3126.4(2) 
     Z 2 2 
$calcd (g cm-3) 1.622 1.620 
µ (mm-1) 2.618 2.698 

B.  Data Collection and Refinement Conditions 

diffractometer Bruker PLATFORM/SMART 1000 CCDb 
radiation (! [Å]) graphite-monochromated Mo K! (0.71073) 
temperature (oC) –80 –100 
scan type & scans (0.3°) (15 s exposures) & scans (0.3°) (20 s exposures) 
2%max (deg) 52.76 55.12 
total data collected 25718 (–15 " h " 15, –15 " k " 

15, –25 " l " 25) 
28261 (–16 " h " 16, –19 " k " 

19, –24 " l " 24) 
independ reflns (Rint) 13107 (Rint = 0.0155) 14387 (Rint = 0.0127) 
number of observed reflections 
(NO) 

12141 [ Fo
2 # 2'(Fo

2)] 13492 [ Fo
2 # 2'(Fo

2)] 

range of transmission factors 0.3788–0.2652 0.4923–0.3738 
data/restraints/parameters 13107/2c/986 14387 0/742 
goodness-of-fit (S)d 1.049 [ Fo

2 # –3'(Fo
2)] 1.047 [ Fo

2 # –3' (Fo
2)] 

final R indicese
   

 R1 [ Fo
2 # 2s(Fo

2) 0.0227 0.0345 
 wR2 [ Fo

2 # -3s(Fo
2)]  0.0611 0.0964 

largest diff peak and hole (e Å-3) 1.618 and –0.652 2.520 and –1.668 

 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
" !Obtained from least-squares refinement of 7275 reflections with 4.74° < 2$ < 52.74° (8-

CF3SO3!1.5CH2Cl2) or 9841 reflections with 4.70° < 2$ < 55.12° (10!2CH2Cl2).!
#!Programs for diffractometer operation, data collection, data reduction and absorption correction were those 
supplied by Bruker. 
$!An idealized geometry was imposed upon the µ-2-methylbut-1-en-3-ynyl ligand by constraining the 
disordered parts of the ligand to planarity (ie. Requiring the sets of atoms [C11A, C12A, C13A, C14A] and 
[C11B, C12B, C13B, C14B] to each form a tetrahedron with a volume of no more than 0.002 Å3

!

%!S = [%w(Fo
2 – Fc

2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w = [&2(Fo
2) + 

(0.0354P)2 + 1.7780P]-1 (8-CF3SO3!1.5CH2Cl2) or w = [&2(Fo
2) + (0.0485P)2 + 9.0044P]-1 (10!2CH2Cl2) 

where P = [Max(Fo
2, 0) + 2Fc

2]1/3).!
&!R1 = %!!Fo! - !Fc!!/%!Fo!; wR2 = [%w(Fo

2 – Fc
2)2/%w(Fo

4)]1/2.!
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AIII.2 Crystallographic Details for Chapter 3 Compounds   
Table III.2-1 Crystallographic Details for 14-CF3SO3!0.5CH2Cl2!Et2O and 16-CF3SO3!3.5THF 

 14-CF3SO3!0.5CH2Cl2!Et2O 16-CF3SO3!3.5THF 
A.  Crystal Data   
formula C62.5H59ClF3IrO8P4RuS C74H78F3IrO10.5P4RuS 
formula weight 1461.23 1641.57 
crystal dimensions (mm) 0.32 x 0.24 x 0.15 0.44 x 0.43 x 0.29 
crystal system monoclinic orthorhombic 
space group C2/c (No. 15) Pnma (No. 62) 
unit cell parametersa   
     a (Å) 34.714(3) 18.5564(13) 
     b (Å) 17.3092(14) 15.2146(10) 
     c (Å) 20.5712(17) 24.4022(16) 
     ' (deg)   
     ( (deg) 96.598(2)  
     ) (deg)   
     V (Å3) 12278.8(18) 6889.4(8) 
     Z 8 4 
*calcd (g cm-3) 1.601 1.583 
µ (mm-1) 2.656 2.340 

B.  Data Collection and Refinement Conditions 

diffractometer Bruker PLATFORM/SMART 
1000 CCDb 

Bruker D8/APEX II CCDb 

radiation (! [Å]) graphite-monochromated Mo K! (0.71073) 
temperature (oC) –80 –100 
scan type " scans (0.3°) (20 s exposures) " scans (0.3°) (20 s exposures) 
2%max (deg) 52.78 55.08 
total data collected 46539 (–43 " h " 43, –21 " k " 

21, –25 " l " 25) 
58677 (–24 " h " 24, –19 " k " 

19, –31 " l " 31) 
independent reflections  12566 (Rint = 0.0531) 8238 (Rint = 0.0273) 
number of observed reflections 
(NO) 

8816 [Fo
2 # 2#(Fo

2)] 7294 [ Fo
2 # 2#(Fo

2)] 

range of transmission factors 0.6915–0.4837 0.5462–0.4237 
data/restraints/parameters 12566/19c/704 8239 /0/505 
goodness-of-fit (S)d 1.003 [ Fo

2 # –3# (Fo
2)] 1.131 [all data] 

final R indicese
   

 R1 [ Fo
2 # 2#(Fo

2) 0.0416 0.0608 

 wR2 [ Fo
2 # -3#(Fo

2)]  0.1103 0.1379 
largest diff peak and hole (e Å-3) 1.849 and –1.137 2.007 and –3.122 

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
a  Obtained from least-squares refinement of 5502 reflections with 4.87° < 2$ < 52.49° (14-

CF3SO3!0.5CH2Cl2!Et2O) or 9605 reflections with 4.80° < 2$ < 55.06° (16-CF3SO3!3.5THF). 
b Programs for diffractometer operation, data collection, data reduction and absorption correction were those 
supplied by Bruker. 
c  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. 
d S = [%w(Fo

2 – Fc
2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w = [&2(Fo

2) + 
(0.0645P)2]-1 (14-CF3SO3!0.5CH2Cl2!Et2O) or w = [&2(Fo

2) + (0.0338P)2 + 42.5779sP]-1 (16-

CF3SO3!3.5THF) where P = [Max(Fo
2, 0) + 2Fc

2]/3).  
e R1 = %!!Fo! - !Fc!!/%!Fo!; wR2 = [%w(Fo

2 – Fc
2)2/%w(Fo

4)]1/2. 
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Table III.2-2 Crystallographic Details for 21-CF3SO3!0.5CH2Cl2 

 21-CF3SO3!0.5CH2Cl2 

A.  Crystal Data  
formula C57.5H47ClF3IrO7P4RuS 
formula weight 1391.61 
crystal dimensions (mm) 0.38 x 0.38 x 0.11 
crystal system monoclinic 
space group I2/a (an alternate setting of C2/c [No. 15]) 
unit cell parametersa  
     a (Å) 17.5797(11) 
     b (Å) 23.6325(15) 
     c (Å) 26.4280(17) 
     ' (deg)  
     ( (deg) 95.2753 
     ) (deg)  
     V (Å3) 10933.1(12) 
     Z 8 
*calcd (g cm-3) 1.691 
µ (mm-1) 2.975 

B.  Data Collection and Refinement Conditions 

diffractometer Bruker PLATFORM/SMART 1000 CCDb 
radiation (! [Å]) graphite-monochromated Mo K! (0.71073) 
temperature (oC) –80 
scan type " scans (0.3°) (20 s exposures) 
2%max (deg) 54.90 
total data collected 45746 (–22 " h " 22, –30 " k " 30, –34 " l " 34) 
independent reflections  12470 (Rint = 0.0308) 
number of observed reflections (NO) 10108 [Fo

2 # 2#(Fo
2)] 

range of transmission factors 0.7355–0.3977 
data/restraints/parameters 12470/29c/737 
goodness-of-fit (S)d 1.122 [ Fo

2 # –3# (Fo
2)] 

final R indicese
  

 R1 [ Fo
2 # 2#(Fo

2) 0.0303 

 wR2 [ Fo
2 # -3#(Fo

2)]  0.0911 
largest diff peak and hole (e Å-3) 1.478 and –0.864 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
a Obtained from least-squares refinement of 7473 reflections with 4.36° < 2$ < 54.86°. 
b Programs for diffractometer operation, data collection, data reduction and absorption correction were those 
supplied by Bruker. 
c  The triflate ion was determined to be disordered over two different sites.  Atone of these (at approximate 
crystal coordinates [0.38, 0.46, 0.52]) the triflate ion was defined with two sets of equally-abundant (25% 
occupancy) positions ({S(2A), F(94A), F(95A), F(96A), O(94A), O(95A), O(96A), 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.  At the same site is located a solvent dichloromethane molecules (refined 
with an occupancy factor of 50%) to which the following restraints were applied:  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. 
d S = [%w(Fo

2 – Fc
2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w = [&2(Fo

2) + 
(0.0505P)2 + 12.4433P]-1 where P = [Max(Fo

2, 0) + 2Fc
2]/3).  

e R1 = %!!Fo! - !Fc!!/%!Fo!; wR2 = [%w(Fo
2 – Fc

2)2/%w(Fo
4)]1/2. 
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AIII.3   Crystallographic Details for Chapter 4 Compounds  
Table III.3-1 Crystallographic Experimental Details for 28!3.5CH3CN and 32!1.5CH2Cl2 

 28 !3.5CH3CN 32!1.5CH2Cl2 
A.  Crystal Data   
formula C63H56.5F3IrN3.5O7OsP4S C60.5H49Cl3F9IrO6OsP4S 
formula weight 1569.96 1687.69 
crystal dimensions (mm) 0.48 x 0.38 x 0.31 0.48 x 0.25 x 0.10 
crystal system triclinic monoclinic 
space group 

P !1 (No. 2) 
P21/n (an alternate setting of 

P21/c [No. 14]) 
unit cell parametersa   
     a (Å) 11.2757(4) 12.4449(9) 
     b (Å) 13.0139(4) 19.1398(14) 
     c (Å) 21.2552(7) 25.8758(19) 
     ' (deg) 91.0983(3)  
     ( (deg) 99.1756(3) 97.6740(10) 
     ) (deg) 91.4100(3)  
     V (Å3) 3077.32(18) 6108.2(8) 
     Z 2 4 
*calcd (g cm-3) 1.694 1.835 
µ (mm-1) 4.425 4.603 

B.  Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 
radiation (! [Å]) graphite-monochromated Mo K! (0.71073) 
temperature (oC) –100 –100 
scan type " scans (0.3°) (10 s exposures) " scans (0.3°) (20 s exposures) 
2%max (deg) 55.00 55.02 
total data collected 27615 (–14 " h " 14, –16 " k " 

16, –27 " l " 27) 
52376 (–16 " h " 16, –24 " k " 

24, –33 " l " 33) 
independent reflections  14048 (Rint = 0.0104) 13998 (Rint = 0.0249) 
number of observed reflections 
(NO) 

13394 [Fo
2 # 2#(Fo

2)] 12854 [ Fo
2 # 2#(Fo

2)] 

range of transmission factors 0.3408–0.2233 0.6299–0.2074 
data/restraints/parameters 14048/0/751 13998 /12c/808 
goodness-of-fit (S)d 1.067 [all data] 1.056 [ Fo

2 # –3# (Fo
2)] 

final R indicese
   

 R1 [ Fo
2 # 2#(Fo

2) 0.0176 0.0262 

 wR2 [ Fo
2 # -3#(Fo

2)]  0.0452 0.0674 
largest diff peak and hole (e Å-3) 0.804 and –0.658 2.583 and –1.039 

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
a Obtained from least-squares refinement of 9802 reflections with 4.40° < 2$ < 55.00° (28!3.5CH3CN) or 
9860 reflections with 4.54° < 2$ < 55.02° (32!1.5CH2Cl2). 
b Programs for diffractometer operation, data collection, data reduction and absorption correction were those 
supplied by Bruker. 
c The Cl–C and Cl…Cl distances of the disordered solvent dichloromethane molecules were restrained to be 
1.80(1) and 2.80(1) Å, respectively.  
d S = [%w(Fo

2 – Fc
2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w = [&2(Fo

2) + 
(0.0203P)2 + 3.2425P]-1 (28!3.5CH3CN) or w = [&2(Fo

2) + (0.0328P)2 + 13.5179P]-1 (32!1.5CH2Cl2) where 
P = [Max(Fo

2, 0) + 2Fc
2]/3).  

e R1 = %!!Fo! - !Fc!!/%!Fo!; wR2 = [%w(Fo
2 – Fc

2)2/%w(Fo
4)]1/2. 
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!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"!Obtained from least-squares refinement of 9814 reflections with 4.40° < 2$ < 55.08° (33-BF4) or 24 
reflections with 20.38° < 2$ < 23.92° (37-BF4!2CH2Cl2).!
#!Programs for diffractometer operation and data collection were those supplied by Enraf-Nonius.  The data 
were reduced using the program XCAD4 (Harms, K,; Wocadlo, S.  University of Marburg, 1995).  Absorption 
corrections were applied using programs of the SHELXTL system (Bruker, 2008). !
c F–B distances were constrained to be equal (within 0.03 Å) during refinement as were the F…F distances of 
F–B–F angles.  
%!Cl–C distances were constrained to be equal (within 0.03Å) during refinement as were the Cl…Cl distances 
of Cl–C–Cl angles. 
&!S = [%w(Fo

2 – Fc
2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w = [&2(Fo

2) + 
(0.0382P)2 + 10.1474P]-1 (33-BF4) or w = [&2(Fo

2) + (0.1052P)2 + 2.9618P]-1 (37-BF4!2CH2Cl2) where P = 
[Max(Fo

2, 0) + 2Fc
2]1/3). 

Table III.3-2 Crystallographic Details for 33-BF4 and 37-BF4!2CH2Cl2 

 33-BF4 37-BF4!2CH2Cl2 
A.  Crystal Data   

formula C61H54BF4IrO7OsP4 C61H54BCl4F4IrO7OsP4 
formula weight 1492.13 1633.93 
crystal dimensions (mm) 0.65 x 0.17 x 0.12 0.61 x 0.26 x 0.14 
crystal system triclinic triclinic 

space group P !1 (No. 2) P !1 (No. 2) 
unit cell parametersa    

     a (Å) 11.3495(7) 11.5146(14) 
     b (Å) 13.8540(9) 14.703(2) 
     c (Å) 19.5589(12) 19.180(3) 
     ! (deg) 97.5953(7) 87.307(13) 
     " (deg) 90.3465(7) 76.756(13) 
     # (deg) 111.6572(7) 84.880(10) 
     V (Å3) 2828.2(3) 3147.0(8) 
     Z 2 2 
$calcd (g cm-3) 1.752 1.724 
µ (mm-1) 4.774 4.463 

B.  Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb Enraf-Nonius CAD4b 
radiation (! [Å]) graphite-monochromated Mo K! (0.71073) 
temperature (oC) –100 –50 
scan type 

& scans (0.3°) (20 s exposures) 
%-2% scans ([0.8 + 

0.34tanq] 
2%max (deg) 55.08 49.92 
total data collected 24859 (–14 " h " 14, –17 " k " 17, 

–25 " l " 25) 
11386 (–13 " h " 13, –17 " 

k " 17, 0 " l " 22) 
independ reflns (Rint) 12821 (Rint = 0.0146) 11013 (Rint = 0.0439) 
number of observed reflections 
(NO) 

11661 [ Fo
2 # 2'(Fo

2)] 8501 [ Fo
2 # 2'(Fo

2)] 

range of transmission factors 0.6074–0.1446 0.5738–0.1716 
data/restraintsc/parameters 12821/20/706 11013 /25d/731 
goodness-of-fit (S)e 1.038 [ Fo

2 # –3'(Fo
2)] 1.047 [ Fo

2 # –3' (Fo
2)] 

final R indicese
   

 R1 [ Fo
2 # 2s(Fo

2) 0.0299 0.0458 
 wR2 [ Fo

2 # -3s(Fo
2)]  0.0792 0.1489 

largest diff peak and hole (e Å-3) 6.753 and –1.860 2.732 and –2.065 
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AIII.4   Crystallographic Details for Chapter 5 Compounds  
Table III.4-1 Crystallographic Details for 41!2CH2Cl2and 44!0.5Et2O 

 41!2CH2Cl2 44!0.5Et2O 
A.  Crystal Data   

formula C60H54Cl4F3IrO6OsP4S C58H53BF4IrO3.50OsP4 
formula weight 1608.17 1399.09 
crystal dimensions (mm) 0.75 x 0.16 x 0.05 0.22 x 0.13 x 0.07 
crystal system triclinic triclinic 

space group P !1 (No. 2) P !1 (No. 2) 
unit cell parametersa    

     a (Å) 11.4554(10) 12.7514(5) 
     b (Å) 12.7418(11) 13.2551(5) 
     c (Å) 23.037(2) 17.0522(7) 
     ! (deg) 98.8679(12) 79.0395(5) 
     " (deg) 96.8074(12) 78.3979(4) 
     # (deg) 112.3778(11) 68.9294(4) 
     V (Å3) 3013.8(5) 2612.54(18) 
     Z 2 2 
$calcd (g cm-3) 1.772 1.779 
µ (mm-1) 4.689 5.157 

B.  Data Collection and Refinement Conditions 

diffractometer 
Bruker PLATFORM/APEX II 

CCDb 
Bruker D8/APEX II CCDb 

radiation (! [Å]) graphite-monochromated Mo K! (0.71073) 
temperature (oC) –100 –100 
scan type 

& scans (0.3°) (15 s exposures) 
& scans (0.3°) (20 s 

exposures) 
2%max (deg) 55.16 55.16 
total data collected 26054 (–14 " h " 14, –16 " k " 

16, –29 " l " 29) 
23300 (–16 " h " 16, –17 " k 

" 17, –22 " l " 22) 
independ reflns (Rint) 13777 (Rint = 0.0451) 11938 (Rint = 0.0336) 
number of observed reflections 
(NO) 

10820 [Fo
2 # 2'(Fo

2)] 9358 [Fo
2 # 2'(Fo

2)] 

range of transmission factors 0.8062–0.1259 0.7173–0.3966 
data/restraints/parameters 13777/2c/743 11938 /0/651 
goodness-of-fit (S)d 1.048 [all data] 1.007 [all data] 
final R indicese

   
 R1 [ Fo

2 # 2s(Fo
2) 0.0452 0.0289 

 wR2 [ Fo
2 # -3s(Fo

2)]  0.0971 0.0619 
largest diff peak and hole (e Å-3) 2.819 and –2.442 0.800 and –0.996 

 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"!Obtained from least-squares refinement of 9962 reflections with 4.32° < 2$ < 55.02° (41!2CH2Cl2) or 9849 
reflections with 4.38° < 2$ < 52.00° (44!0.5Et2O).!
#!Programs for diffractometer operation, data collection, data reduction, and absorption correction were those 
supplied by Bruker. !
$!'(&!Cl–C distances (d(Cl(1S)–C(1S), d(Cl(2S)–C(1S)) within the disordered solvent CH2Cl2 molecule were 
restrained to be 1.75(1) Å. 
%!S = [%w(Fo

2 – Fc
2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w = [&2(Fo

2) + 
(0.0163P)2 + 19.8901P]-1 (41!2CH2Cl2) or w = [&2(Fo

2) + (0.0189P)2 + 2.7555P]-1 (44!0.5Et2O) where P = 
[Max(Fo

2, 0) + 2Fc
2]1/3). 



!

!

229 

Table III.4-2 Crystallographic Details for 47!CH2Cl2 

 47!CH2Cl2 
A.  Crystal Data  

formula C59H48Cl2F5IrO7OsP4S 
formula weight 1573.21 
crystal dimensions (mm) 0.40 x 0.35 x 0.22 
crystal system monoclinic 

space group P21/n (an alternate setting of P21/c [No. 14]) 
unit cell parametersa   

     a (Å) 16.6500(5) 
     b (Å) 18.0975(6) 
     c (Å) 19.5586(6) 
     ! (deg)  
     " (deg) 90.0824(4) 
     # (deg)  

     V (Å3) 5893.5(3) 
     Z 4 
$calcd (g cm-3) 1.773 
µ (mm-1) 4.712 

B.  Data Collection and Refinement Conditions 

diffractometer Bruker PLATFORM/APEX II CCDb 
radiation (! [Å]) graphite-monochromated Mo K! (0.71073) 
temperature (oC) –100 
scan type + scans (0.3°) (15 s exposures) 
2%max (deg) 55.10 
total data collected 52294 (–21 " h " 21, –23 " k " 23, –25 " l " 

25) 
independ reflns (Rint) 13586 (Rint = 0.0195) 
number of observed reflections 
(NO) 

12373 [Fo
2 # 2&(Fo

2)] 

range of transmission factors 0.4251–0.2538 
data/restraints/parameters 13586/2c/727 
goodness-of-fit (S)d 1.041 [all data] 
final R indicese

  

 R1 [ Fo
2 # 2s(Fo

2) 0.0204 
 wR2 [ Fo

2 # -3s(Fo
2)]  0.0564 

largest diff peak and hole (e Å-3) 1.601 and –1.171 

 

 

 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
a Obtained from least-squares refinement of 9987 reflections with 4.50° < 2$ < 46.24°. 
b Programs for diffractometer operation, data collection, data reduction, and absorption correction were those 
supplied by Bruker. 
c The Cl–C distances within the minor (30 %) component of the disordered CH2Cl2 molecule were restrained 
during refinement:  d(Cl(3S)–C(2S)) = d(Cl(4S)–C(2S)) = 1.75(1) Å. 
d S = [%w(Fo

2 – Fc
2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w = [&2(Fo

2) + 
(0.0278P)2 + 8.1187P]-1 where P = [Max(Fo

2, 0) + 2Fc
2]1/3). 

e!R1 = %!!Fo! - !Fc!!/%!Fo!; wR2 = [%w(Fo
2 – Fc

2)2/%w(Fo
4)]1/2.!



!

!

230 

AIII.5  Crystallographic Details for Appendix I  
Table III.5-1 Crystallographic Details for 48!1.5CH2Cl2 

 48!1.5CH2Cl2 
A.  Crystal Data  

formula C56.5H55Cl3F3IrO7OsP4S 
formula weight 1537.61 
crystal dimensions (mm) 0.29 x 0.16 x 0.08 
crystal system monoclinic 
space group P21/n (an alternate setting of P21/c [No. 14]) 
unit cell parametersa  

     a (Å) 11.2276(5) 
     b (Å) 30.8259(13) 
     c (Å) 16.2456(7) 
     ' (deg)  
     ( (deg) 94.9072(5) 
     ) (deg)  
     V (Å3) 5602.0(4) 
     Z 4 
*calcd (g cm-3) 1.823 
µ (mm-1) 4.996 

B.  Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 
radiation (! [Å]) graphite-monochromated Mo K! (0.71073) 
temperature (oC) –100 
scan type & scans (0.3°) (20 s exposures) 
2%max (deg) 52.86 
total data collected 44532 (–14 " h " 14, –38 " k " 38, –20 " l " 

20) 
independent reflections  11509 (Rint = 0.0365) 
number of observed reflections 
(NO) 

9947 [Fo
2 # 2'(Fo

2)] 

range of transmission factors 0.6907–0.3213 
data/restraints/parameters 11509 /3c/713 
goodness-of-fit (S)d 1.022 [all data] 
final R indicese

  

 R1 [ Fo
2 # 2#(Fo

2) 0.0227 

 wR2 [ Fo
2 # -3#(Fo

2)]  0.0521 
largest diff peak and hole (e Å-3) 1.478 and –0.864 

 

 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
a Obtained from least-squares refinement of 9877 reflections with 4.50° < 2$ < 52.84° 
b Programs for diffractometer operation, data collection, data reduction, and absorption correction were those 
supplied by Bruker.  
c Distances within the minor (25 %) conformer of one of the disordered solvent CH2Cl2 molecules were fixed 
during refinement: d(Cl(3S)–C(2S) = d(Cl(4S)–C(2S)) = 1.75(1) Å; d(Cl(3S)…Cl(4S)) = 2.86(1) Å. 
d S = [%w(Fo

2 – Fc
2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w = [&2(Fo

2) + 
(0.0214P)2 + 6.4964P]-1  where P = [Max(Fo

2, 0) + 2Fc
2]/3).  

e R1 = %!!Fo! - !Fc!!/%!Fo!; wR2 = [%w(Fo
2 – Fc

2)2/%w(Fo
4)]1/2. 
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Appendix IV Crystallographic Data 

 

The crystallographic information files (CIFs), structure reports and checkCIF 

reports for all of the structure discussed in Chapters 2-5 and Appendix II can be 

obtained free of charge by contacting either Dr. Robert McDonald or Dr. Michael 

Ferguson at the address listed below and quoting the internal reference number(s) 

for the appropriate compound(s), provided in chart form below: 

 

X-Ray Crystallography Laboratory (Chemistry East Room E3-13) 

Department of Chemistry, University of Alberta 

11227 Saskatchewan Drive 

Edmonton, AB, Canada, T6G 2G2  

Tel.: 1-780-492-2485 

Fax.: 1-780-492-8231 

Email: bob.mcdonald@ualberta.ca 

 michael.ferguson@ualberta.ca 

 

Table IV.1  Chapter 2 Crystallographic Reference Numbers  

Compound Number Internal Reference Number 

4 COW0412 

5 COW0415 

8-CF3SO3 COW0514 

10 COW1122 

 

Table IV.2  Chapter 3 Crystallographic Reference Numbers  

Compound Number Internal Reference Number 

14-CF3SO3 COW0323 

16-CF3SO3 COW1034 

21-CF3SO3 COW0816 
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Table IV.3  Chapter 4 Crystallographic Reference Numbers  

Compound Number Internal Reference Number 

28 COW1030 

32 COW0827 

33-BF4 COW0832 

37-BF4 COW9521 

 

Table IV.4  Chapter 5 Crystallographic Reference Numbers  

Compound Number Internal Reference Number 

41 COW1124 

44 COW1145 

47 COW1144 

 

Table IV.5  Appendix I Crystallographic Reference Numbers  

Compound Number Internal Reference Number 

48 COW0848 
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AV.1  Chapters 1 and 6 

Martin Cowie assisted with all revising and editing. 

 

AV.2  Chapter 2 

Steven Trepanier first prepared and characterized the Ir-chelate complexes, 

[IrRu(CO)4($
1:$1-Me2C=CCH2CH2)(dppm)2]

+ (2) and [IrRu(CO)4($
1:$1-

MeCH=CCH2CH2)(dppm)2]
+ (3), and obtained crystal structures of the carbonyl 

substituted products [IrRu(CO)3(NCCH3)($
1:$1-Me2C=CCH2CH2)(dppm)2]

+ (4) 

and [IrRu(CO)3(NCCH3)($
1:$1-MeCH=CCH2CH2)(dppm)2]

+ (5). Jason Dutton 

obtained a crystal of the triple C–H activation product, [IrRu(CO)3($
1-

C(CH2CH3)=C(CH3)2)(µ-$1:%2-C,CC(CH3)=CH2)(dppm)2]
+ (8), and Jason and 

Steven initiated the studies into the triple activation products.  Michael J. 

Ferguson and Robert McDonald completed all crystal structure determinations 

and Martin Cowie assisted with supervising the project, editing and revising. 

 

AV.3  Chapter 3 

Steven Trepanier and Rahul Samant initiated the studies of [IrRu(CO)4(dppm)2]
+ 

(13) with unsaturated substrates;  Steve obtained a crystal of [IrRu(CO)4(µ-

C=C(H)CH3)(dppm)2]
+ (14) while Rahul obtained a crystal of [IrRu(CO)4(µ-

C=CH2(dppm)2]
+ (21).  Michael J. Ferguson and Robert McDonald completed all 

crystal structure determinations and Martin Cowie assisted with supervising the 

project, editing and revising. 
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AV.4  Chapter 4  

Angela Llamazares and Oliver Kuhnert initiated studies of the 

[IrOs(CO)4(dppm)2]+ (27) with alkynes, and Angela obtained a crystal of 

[IrOs(CO)3(µ-$1:$1-C(CO2Me)=CCO2Me)(dppm)2]
+ (37).  Michael J. Ferguson 

and Robert McDonald completed all crystal structure determinations and Martin 

Cowie assisted with supervising the project, editing and revising. 

 

AV.5  Chapter 5 

Michael J. Ferguson and Robert McDonald completed all crystal structure 

determinations and Martin Cowie assisted with supervising the project, editing 

and revising. 

 

 

 

 

 


