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Abstract 

This thesis is presented in two parts.  The first part describes the synthesis of tertiary 

phosphine compounds with alkyne functionalised pendant arms (for example, I).  The 

reactions of these mixed phosphine/alkyne donor ligands with various tungsten, 

rhodium and nickel sources, were investigated, in an attempt to synthesize new 

organometallic cages such as II. 
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The second part describes the synthesis of novel Group VI transition metal complexes 

containing 6-amino-1,4-diazacycloheptane ligands (for example III).   The 

spectroscopic, structural and chemical properties of these complexes were evaluated and 

compared to other N3-donor macrocyclic metal complexes (such as 1,3,5-

triazacyclohexane and 1,4,7-triazacyclononane metal complexes). 
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Glossary 
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viii 

 

 

 



Chapter 1 Introduction                                                                                                     1 

Chapter 1 Introduction  

1.1 Organometallic caged metal complexes  

1.1.1 Introduction 

Transition metal complexes are used for numerous electro-catalytic applications ranging 

from surface modified electrodes and sensors to investigations into the role of metals in 

biologically important processes, particularly enzymatic processes.  Changing the 

ancillary ligands surrounding a metal can alter the electrochemical properties of the 

metal. The motive behind altering the ligands depends largely on the application 

envisaged, but generally the stability of the system is a primary concern.  The choice of 

ligands presents an interesting problem because the system is not static - the ligands 

must be able to stabilise the metal in multiple oxidation states. Often the use of 

sterically bulky ligands can shield the metal from nucleophilic and electrophilic attack, 

but such ligands are often adversely affected by a change in the oxidation state.  It 

follows that the encapsulation of the metal within a closed organic cage framework 

would shield the metal from attack and at the same time should maintain the integrity of 

the metal coordination sphere when the oxidation state of the encapsulated metal is 

altered. 

 

There are a number of examples of metals encapsulated into an organic cage 

framework.  Firstly, there are many guest/host systems where the organic framework 

and metal are held together by intermolecular interactions.1 Typically, both the 

geometric and electronic factors combine to allow an organic macrocycle to bind ionic 

substrates, for example crown ethers binding to alkali metal cations (e.g. 1),2,3 or 

molecular substrates, for example cyclodextrins encapsulating ferrocene.4  Secondly, 
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there are systems in which the metal is bonded to part of the surrounding framework via 

a covalent or dative bond, such as in coordination cage complexes (e.g. 2)5 and 

organometallic cage complexes (e.g. 3).6 It is organometallic cages that are of interest in 

this current project. 
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For the purpose of this work, Organometallic Cages are defined as metal complexes that 

contain two coordinating moieties linked by bridges, so that the metal centre is fully 

encapsulated within an organic framework.  Known organometallic cages include the 

triply-bridged ferrocenophane 3,6 the doubly-bridged cobalt complex 4,7 and the 

chromium complex 5.8 Organometallic cages typically contain metals in low oxidation 

states. This feature distinguishes organometallic cages from coordination cages (e.g. 2),5 

where the metal is typically in a high oxidation state, and coordinated by nitrogen, 

oxygen or sulfur.  

 

(CH2)n(CH2)n tBu

tBu

Co Cr
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Organometallic cages have enhanced stability compared to non-caged analogues 

(Figure 1.1).  The organometallic cage (η12-[2.2]paracyclophane)chromium (6) 

undergoes two reversible oxidations at room temperature whereas for its non-caged 
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counterpart, bis(η6-benzene)chromium (7), the second oxidation is irreversible (due to 

decomposition) even at low temperatures.9 Similarly the caged rhodium complex 8 

undergoes a quasi-reversible oxidation, whereas its non-caged counterpart 9 only 

undergoes an irreversible oxidation under the same conditions, presumably due to 

decomposition of the oxidised form of 9.10 Despite their advantage of increased 

stability, research into organometallic cages has been limited by the difficulties 

associated with the synthesis of organometallic cage compounds. 
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Figure 1.1 The effect of encapsulation on stability during redox transformations 

 

1.1.2 Synthetic methods 

There are very few examples of organometallic cages reported in the literature, 

presumably due to the difficulties associated with their syntheses.  A number of 

synthetic methodologies have been investigated, but they are generally tedious and low 

yielding. These include: adding straps to metallocenes; the co-condensation of a metal 

with a preformed organic paracyclophane; the ring closure of complexes bearing 

‘half-bridges’; and the preparation of organometallic cages via an intramolecular 

cycloaddition reaction.  
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1.1.2.1 The addition of bridges to metallocenes 

The synthesis of multi-bridged metallocene complexes by the addition of bridges to a 

sandwich complex has been well documented, especially in the case of ferrocene 

(Scheme 1.1).6,11,12 The addition of each bridge is a multi-step process, with the 

synthesis becoming progressively more difficult with each successive bridge.6,13 For 

example, the triply-bridged [33]ferrocenophane 3 has been synthesized from 

1,1'-trimethyleneferrocene via a 14 step process and in an overall yield of 3.4 %,6 while 

superferrocenophane (the ferroceneophane having five tetramethylene bridges linking 

the cyclopentadienyl rings) was obtained from a 25 step sequence in an overall yield of 

0.6 %.11,12 
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Fe
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14 steps

Fe
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Scheme 1.1 

 

1.1.2.2 The co-condensation of a metal with a pre-formed organic cage 

The co-condensation of chromium atoms with paracyclophanes (e.g. 10) has lead to the 

synthesis of a number of doubly-bridged complexes (e.g. 5 and 6).  Thus, Elschenbroich 

et al. synthesized (η12–[2.2]paracyclophane)chromium(0) (6) in 0.4 % yield,14 and 

Koray et al.  synthesized (η12-[3.3]paracyclophane)chromium(0) (5), also in 0.4 % 
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yield.8 This method, although only involving a single step, is impractical as a result of 

the low yield, the specialist equipment required and problems associated with 

performing the procedure on a larger scale. 
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1.1.2.3 The ring closure of complexes bearing ‘half bridges’ 

Organometallic cages have been synthesized from metal complexes that contain 

suitably functionalised pendant arms.  Lambert et al. reported the synthesis of 12 using 

ring closing alkene metathesis of the functionalised bis(pyridine) complex 11 (Scheme 

1.2).15  Alkene and alkyne metathesis has also been used by Gladysz and coworkers to 

synthesize a series of singly-, doubly- and triply-bridged complexes (e.g. 13, 14 and 15, 

resp.) of various metals (Re, Rh, Pt, Pd, Fe and Ru).16-21 It should be noted, however, 

that the cavity sizes of the resulting complexes are quite large, with the smallest bridge 

length being 10 carbon atoms (giving 25-27 bond macrocycles). 
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Another type of ring-closing process was also used by Elschenbroich et al. in the 

synthesis of a paracyclophane chromium complex 16 (Scheme 1.3).22 The precursor, a 

bis(disilyl-η6-arene)chromium (17), was formed by co-condensation of chromium 

atoms with 1,4–bis(chlorodimethylsilyl)benzene.  A dechlorinative coupling was then 

employed to complete the bridges, producing 16 in a 3.5 % yield. 
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Scheme 1.3 

 

1.1.2.4 The cycloaddition method 

The use of intramolecular cycloaddition reactions on a metal centre is another approach 

to the synthesis of organometallic cages.  This methodology was first investigated by 

Gladysz et al. who attempted to synthesize the hexa-bridged bis(benzene)chromium(0) 

complex 19 by the co-condensation of chromium with the cyclic diyne 18 (Scheme 

1.4).23 It was envisaged that a sequence of two cyclotrimerisation reactions would yield 

the desired cage complex 19, however, only the benzene derivative 20, the product of a 

single cyclotrimerisation, could be detected and isolated. 
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Scheme 1.4 

 
In 2001, Gleiter and coworkers successfully synthesized a series of doubly bridged 

organometallic cages via an intramolecular [2+2] cycloaddition reaction.7  Initially, the 

complexes 21a-c were formed by reacting the alkyne functionalised cyclopentadiene 

ligand with a cobalt source (Scheme 1.5).  The isolated complexes were then heated in 

cyclooctane, with each complex undergoing an intramolecular [2+2] cycloaddition to 

give a coordinated cyclobutadiene ring (22a-c and 23).  Since this initial success Gleiter 

and coworkers have reported a number of interesting doubly-bridged organometallic 

cages complex with cobalt and rhodium centres.24,25  The reported yields vary from as 

high as 39 % down to only 2%.   A general review of this work is conveniently 

presented in a book written by Gleiter on Modern Cyclophane Chemistry, this book also 

reviews caged ferrocene complexes as well as other cage complexes.26 
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Scheme 1.5 

 
There have been sporadic reports of cage complexes being formed through an 

intramolecular cyclisation reaction. Brown and coworkers synthesized the caged 

rhodium complex 8 (50 % yield) via an intramolecular [2+2+1] cycloaddition reaction 

involving two alkynes and carbon monoxide.10   A similar metal-mediated cyclisation 

involving the Ru-mediated cyclisation of the alkyne substituents of 

4,7,10-trithiatrideca-2,11-diyne to give the macrocycle 24 (75 %) was reported by Hill 

et al.27  The authors noted that 2,8-decadiyne failed to cyclise under similar conditions 

suggesting that coordination of the thioether to Ru plays a crucial role in the reaction.  It 

seems reasonable to assume that the success of all of the systems discussed above relies, 

in part, on the coordination of the “core unit” (the core unit being cyclopentadiene, 

TACN, thioether units). 
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To date there have been no reports of an intramolecular [2+2+2] cyclotrimerisation 

reaction to give a tethered benzene ring (cf to the cyclobutadiene and cyclopentadienone 
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rings). If successful such a cyclotrimerisation reaction would yield a fully encapsulated 

triply-bridged organometallic cage.  The aim of this project is to synthesize novel 

phosphine ligands containing alkyne functional groups that may be used in an attempt 

to achieve a metal-mediated intramolecular cyclotrimerisation reaction. As discussed 

above, the coordination of the “core unit” will play an important role. In the ligand 

targeted in this project, the trivalent phosphorus centre serves as the core unit. 

 

1.2 Chemistry of the 6-amino-1,4-diazacycloheptane system 

1.2.1 Introduction 

There has been a considerable amount of research into the coordination chemistry of 

tridentate N3-donor ligands with cyclic backbones that are restricted to a facial 

coordination mode.28-31  The compounds range from systems where all three of the 

nitrogen donor atoms are part of the ring system, such as 1,3,5-triazacyclohexane 

(TACH, e.g. 25) and 1,4,7-triazacyclononane (TACN, e.g. 26), to systems that have a 

cyclic-backbone with three pendant nitrogen groups, such as 

cis,cis-1,3,5-cyclohexanetriamine (27).28  Recently, there have been a number of reports 

relating to analogues based on 6-amino-1,4-diazacycloheptane (ADACH, e.g. 28), 

where two of the nitrogen donor atoms are part of the cyclic backbone and the third is in 

a pendant group. 
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Analogues and derivatives of the 6-amino-1,4-diazacycloheptane (ADACH) system 

have been investigated for their use in catalysts and in biomedical applications.  Aime 
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and coworkers reported the use of 29, a 6-methyl-N,N′,N″,N″-tetraacetic acid derivative 

of ADACH, as a Gd chelator with potential application as MRI contrast agents.32-34  Sc 

and Y complexes of ligands based on the 6-amino-1,4-diazacycloheptane core have 

been investigated for their ability to catalyse the polymerisation of ethylene35,36 and the 

dimerisation of (hetero)aromatic terminal alkynes.37  A dinuclear copper(II) 

hydroxo-bridged complex 30 was used as a bio-mimic and shown to have 

oxidoreductase and hydrolase activities.38  There have also been investigations into the 

coordination chemistry of ADACH derivatives with various metals such as CuII, ZnII, 

CdII and CoII, reported by Romba et al.,28 and NiII and a mixed FeIIIZnII systems, 

reported by Peralta et al.39 Peralta et al. suggested that transition metal complexes based 

on the 6-amino-1,4-diazacycloheptane core may have similar structural and 

physiochemical properties to complexes based on the well-studied 

1,4,7-triazacyclononane core.39 
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1.2.2 Synthesis of 6-amino-1,4-diazacycloheptane compounds 

The synthesis of 6-amino-1,4-diazacycloheptane (31) was reported by Romba et al. in 

2006, as part of a study into a series of tridentate N3-donor ligands with cyclic 

backbones.28  The procedure was based on a similar approach to the general synthesis of 

1,4,7-TACN compounds, using tosylate protected polyamines and ring closing using a 

dialkylating agent.31 To synthesize ADACH, ethylenediamine was tosylated and the 



Chapter 1 Introduction                                                                                                     11 

resulting ditosylate reacted with 2,3-dibromo-1-propanol to give 32 (Scheme 1.6).  

Presumably the ring closure reaction involves an epoxide intermediate, since the 

replacement of  2,3-dibromo-1-propanol by 1,3-dibromo-2-propanol resulted in the 

same final product, a seven membered diazacycloheptane ring with a pendant hydroxyl 

group in the C6 position.40 The hydroxyl group was then converted to an azido group 

(33), which could be reduced to give the diazepine with a pendant amine group (34), 

and finally the tosylate groups are removed using concentrated hydrobromic acid.28  

This method gave 6-amino-1,4-diazacycloheptane (31) in an overall yield of 22 %, 

which is comparable to the yields observed in the 1,4,7-triazacyclononane synthesis (ca. 

20 %).41 
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Scheme 1.6 
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Aime et al. used an alternative synthetic approach to form an ADACH derivative that 

had a pendant methyl group at the C6 position (35).33 The procedure used was 

considerably simpler and much higher yielding then the approach used by Romba et al. 

in Scheme 1.6 above.  Aime et al. were able to form the core diazacycloheptane that 

had a pendant nitro group from an acyclic precursor in a single step, using a simple 

condensation reaction (a ring-closing nitro-Mannich reaction).  Condensation of 

N,N′-dibenzyl ethylenediamine (36) with nitroethane and formaldehyde gave the 

dibenzyl derivative of 37 (Scheme 1.7).33  The pendant nitro group of 37 was then be 

reduced to the desired amino group with concurrent removal of the benzyl groups by 

hydrogen gas in the presence of palladium on carbon (Scheme 1.7).  The overall yield 

of 35 across the two-steps was reported to be 89 %, which is a significant improvement 

on the yield reported Romba et al. using the procedure discussed previously (ca. 23 

%).28 
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Scheme 1.7 

 
Due to its simple and high yielding nature the synthetic route proposed by Aime et al. 

has become the method of choice for the synthesis of the ADACH core unit.  Since the 

original report in 2004 a few different derivatives have been reported in the literature.  

Aime et al. demonstrated that it is possible to functionalise 35, to make the tetraacetic 

acid derivative 29,33 and later reported the synthesis of 38 using 1-nitrooctadecane 

instead of nitroethane in the condensation reaction.34  There have also been two reports 

describing functionalisation of the pendant amino group of 35 by reacting it with 
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various aldehydes to give imines.38,39  Another group has used the nitro-Mannich 

approach to synthesize the dimethyl derivative 39 by simply starting with 

N,N′-dimethyl ethylenediamine instead of the dibenzyl precursor (36) in the initial 

condensation reaction.35  Ge et al. have expanded this work by further functionalising 

the pendant amine, through the formation of imines, mono-methylation and mono-

silylation.36,37 
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1.2.3 Coordination chemistry of 6-amino-1,4-diazacycloheptane 

Interest in the ADACH system stems from its ability to act as a tridentate facial capping 

ligand.  Ligands based on this core can form complexes with a variety of metals; to date 

complexes have been reported with Gd, Sc, Y, NiII, CuII, CoII, CdII, ZnII and FeIII.33-39  

As mentioned previously (section 1.2.1, p 10), the complexes based on the ADACH 

core may be structurally and physiochemically similar to the complexes formed by 

1,4,7-triazacyclonone ligands.39  A comparison between the NiII complexes 40 and 41 

has shown that this suggestion may be correct, since the complexes have comparable 

geometries, bonds length and general reactivity.39  Unfortunately, however, the limited 

number of metal complexes based on the 6-amino-1,4-diazacycloheptane (ADACH) 

system means it is not possible, at this stage, to draw a general conclusion about the 

similarities and differences between complexes based on this system and those based on  

TACN.  To date the 6-amino-1,4-diazacycloheptane complexes have been limited to a 

few rare earth elements and a few transition metals with oxidation states of II or III. 
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There is a considerable body of work on metal complexes based on 

1,4,7-triazacyclononane derivatives coordinated to transition metals in low oxidation 

states.42,43  To date, however,  there have been no reports of ligands based on the 

6-amino-1,4-diazacycloheptane core forming coordination complexes with transition 

metals in low oxidation states.   The aim of this project is to investigate the coordination 

chemistry of this class of ligands with the group VI transition metals (Cr, Mo, W) in the 

zero oxidation state.    The resulting group VI transition metal complexes will be 

directly compared to similar 1,4,7-triazacyclononane complexes as well as other related 

complexes having facially coordinating N3-donor ligands.   

 

1.3 Research objective for this work 

The aim of this project was to investigate the coordination chemistry of novel, 

polydentate ligands.  Two ligand systems were investigated, the first being a mixed 

phosphorus/alkyne system (e.g. 42) and the second system being ligands based on a 

6-amino-6-methyl-1,4-diazacycloheptane core (e.g. 43).  This thesis is therefore 

presented in two parts, Chapter 2 and Chapter 3 relate to the synthesis of the 

phosphorus/alkyne ligands and an investigation in to their coordination chemistry, and 

Chapter 4 and Chapter 5 cover the synthesis of the AMDACH ligands and their metal 

complexes, respectively. 
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The first objective of this work was the synthesis of ligands that contain a trivalent 

phosphorus core as well as alkyne functional groups. The coordination chemistry of the 

novel mixed-donor ligands would also be investigated.  The overall aim of this part of 

the project was to achieve coordination of both the phosphine centre and the alkynes to 

the same metal, with the alkynes potentially orientated to undergo an intramolecular 

cyclotrimerisation reaction (Scheme 1.8).  For simplicity, Scheme 1.8 shows the three 

alkynes coordinated simultaneously, but cyclotrimerisation reactions typically occur in 

several steps and a tris(alkyne) intermediate is not necessarily involved.44-48 
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Scheme 1.8 

 
The second aim of this work was to investigate the synthesis and chemistry of metal 

complexes based on a 6-amino-6-methyl-1,4-diazacycloheptane core.  The complexes 

of interest were group VI metal tricarbonyl complexes (e.g. 44) because there is a large 

body of literature relating to the synthesis of facially capped “M(CO)3” complexes (M = 
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Cr, Mo, W) of other nitrogen macrocyclic ligands (e.g. 45 and 46). The synthetic 

procedures reported for related fac-L3M(CO)3 complexes were investigated to ascertain 

their applicability to the ADACH system.  The resulting complexes were then studied 

structurally (using X-ray crystallography, NMR spectroscopy and IR spectroscopy) and 

their reactivity investigated.  The structural and chemical properties of the 

6-amino-6-methyl-1,4-diazacycloheptane complexes were compared to those of related  

“M(CO)3” adducts of triazamacrocycle. 
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Chapter 2 Mixed Phosphine/Alkyne Donor Ligands 

2.1 Introduction 

The first step of this project was to synthesize a number of tertiary phosphorus 

compounds that incorporate an alkyne functional group. The two mixed donor targets of 

interest are both phosphine compounds, one with a single alkyne functional group (47) 

and the other with three alkyne functional groups (48).  A number of factors were taken 

into consideration when deciding on the target compounds; the key points are outlined 

below. 

 
Ph2P

47

P
3

48  

 
The ultimate aim is to use these mixed donor ligands to form chelate complexes, as such 

the orientation of the alkyne groups with respect to the metal will be extremely 

important. The length of the hydrocarbon bridge between the phosphorus atom and 

alkyne group will largely determine the orientation of the alkyne.  In the chelation 

complex 50 the first bond from the central core angles downward so a bridge length of 

three carbon atoms allows for the suitable orientation of the alkyne group.49   In 

complex 51 a bridge length of four carbon atoms was found to be sufficient (Figure 

2.1).50  For the phosphine system, exemplified by 52, the first bond from the phosphorus 

core is predicted to be angled upwards so a bridge length of five carbon should allow 

for the suitable orientation of the intramolecularly coordinated alkynes.  This rationale 

is in line with the work of Hartwell and co-workers, where complexes of 3-

butenylphosphine (two carbon bridge), such as 49, have the phosphorus bound in an 

axial position and the three alkenes bound in equatorial positions.51,52  This type of 

configuration would not be conducive to the intramolecular cycloadditon reactions. 
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Figure 2.1 The effect of bridge-length on chelation 

 
To avoid problems associated with the acidic nature of terminal alkynyl protons the 

target alkyne compounds, 47 and 48, are internal alkynes with terminal methyl groups.  

The methyl group was selected in preference to other groups, as it is relatively small 

and should not interfere with the intramolecular coordination and cyclotrimerisation of 

the alkyne. This is demonstrated independently by Hill et al.27 and Baker et al.,10 both 

groups reporting intramolecular cyclisation reactions of methyl-terminated alkynes. 

There are also reports in the literature of phenyl-terminated alkynes53,54 and  t-butyl-

terminated alkynes7,24,25,55 undergoing intramolecular cyclisation reactions. 

 

 The synthesis of tertiary phosphines is well documented with a number of books and 

reviews being dedicated to the topic.56-58 There are a few general approaches to the 

formation of P-C bonds, such as: (i) reaction of an electrophilic phosphorus halide or 

ester with a nucleophilic organometallic reagent, such as a Grignard reagent or 

organolithium reagent (Scheme 2.1a); (ii) reaction of a phosphorus nucleophile, such as 

a metal-phosphide, with an organic electrophile, such as an organohalide (Scheme 
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2.1b); and (iii) a Michaelis-Arbusov reaction involving the reaction of a phosphorus 

ester with an alkyl or aryl halide to give a phosphonate that can then be reduced to give 

a primary phosphine (Scheme 2.1c).  The challenge for this project was to find methods 

that are compatible with unsaturated functional groups, such as alkynes. 
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PX3 3 R-M
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c) P(OR)3 (RO)2PR'

O
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reductionR'-X
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Scheme 2.1 

 
There are a few reports pertaining to the synthesis of tertiary phosphines bearing 

unsaturated functional groups, such as 53-57.  Douglass et al. reported the synthesis of 

the primary phosphine 53; an Arbusov reaction was used to form an alkenyl 

phosphonate that was then reduced to give the primary phosphine.59 Hartwell and 

coworkers have reported various phosphines with alkene functional groups, including 

alkenyl diphenylphosphines (e.g. 54) and trialkenylphosphines (e.g. 55), which were all 

formed using a Grignard reagent and electrophilic phosphorus source.51,60,61 Winter 

synthesized a mono-alkynyl phosphine, 56, and a bis-alkynyl phosphine, 57, using a 

lithiotolan and chloro(diphenyl)phosphine and dichloro(phenyl)phosphine, 

respectively.53,54 More recently, Gladysz and coworkers have reported the synthesis of 

various phosphines bearing alkene or alkyne functional groups; they used secondary 

metal phosphides to form mono-functionalised compounds (e.g. 54)19,62 and the 

Grignard route to form tri-functionalised compounds (e.g. 55).18 
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Both of the common synthetic procedures will be investigated, the electrophilic 

phosphorus source with an organometallic reagent approach and the nucleophilic 

phosphorus source with an organic electrophile.  Both approaches require the pendant 

alkyne groups to be made in advance and include a suitable leaving group so that it can 

be incorporated into the phosphine compounds. 

 

2.2 Alkyne Precursors 

The isolation of suitable alkyne precursors was the first step in synthesizing the desired 

phosphine ligands.  The target compounds were 1-chloro-6-octyne (58), 

1-bromo-6-octyne (59) and 1-iodo-6-octyne (60), which are all internal alkyne 

compounds with a halide leaving group.  Terminal alkynes, as discussed previously, can 

be problematic due to the acidity of the alkynyl proton and also because of unfavourable 

reactions with some metals.  The length of the carbon chain connecting the alkyne and 

leaving group was important since the chain would eventually be required to form a 

bridge if the final alkyne functionalized phosphine compounds act as chelating ligands. 

As discussed previously, it is hoped a five carbon chain will be long enough to allow for 

coordination of the phosphine and alkyne groups in an almost axial-axial arrangement 

around the metal.  The choice of leaving group affects the ease in which the P-C bond 

could be formed, leading to the desired alkyne functionalised phosphine compounds.  

Halides are the most extensively used leaving group in the literature and were the focus 
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of this work, the bromide compound 59 being of particular interest (this is mainly due to 

literature precedence relating to the synthesis of Grignard reagents, and will be 

discussed below in Section 2.4). 

 
IBrCl

58 59 60  

 
While the main target compound was 1-bromo-6-octyne (59), the chloro- and iodo-

derivatives (58 and 60, respectively) were also prepared to give more options when 

synthesizing the tertiary phosphine compounds.  It was proposed that all three of the 

compounds could be synthesized from a common starting material, 1-chloro-6-heptyne 

(61, Scheme 2.2).  The alkyne could then be methylated to give 1-chloro-6-octyne (58), 

which could then be transformed into the bromide 59 and iodide 60 using halogen 

exchange reactions. It would also be possible to convert the bromide 59 to the iodide 60 

if necessary. 

 

Cl

58

Cl

61

X

 59 X = Br
 60 X = I

methylation halogen exchange

 

Scheme 2.2 

 

2.2.1 Synthesis of the alkyne precursors 

The synthesis of 1-chloro-6-heptyne (61) proved more difficult then first anticipated, 

due to problems with the first synthetic pathway attempted (Scheme 2.3).  

Tetrahydropyran was ring opened with acetyl chloride and a Lewis acid to give the 

acetate 62.63,64 Cleavage of the acetate group under acidic conditions yielded the alcohol 
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6363,65 that was then brominated using phosphorus tribromide.63 It was hoped that the 

bromide in the mixed halide 64 would be more reactive then the chloride and thus allow 

for a single alkyne group to be added upon treatment of 64 with sodium acetylide in 

liquid ammonia.66  Although each reaction step did yield primarily the desired 

compound, many of the intermediate compounds had very similar boiling points, 

making it extremely difficult to purify the various compounds.  This was particularly 

the case when attempting to separate 1-bromo-5-chloropentane (64) and 

1-chloro-6-heptyne (61) — multiple fractional distillations and packed-column 

distillations were attempted but the alkyne 61 was never obtained in a pure form.  

Attempts to push the reaction between 1-bromo-5-chloropentane (64) and sodium 

acetylide to completion (to give 61) were also unsuccessful. 
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Scheme 2.3 

 
An alternative synthetic pathway, using 5-chloropentyl benzenesulfonate (65) as the key 

intermediate, was investigated (Scheme 2.4).67 This pathway is more efficient compared 

to Scheme 2.3 above, however 5-chloropentyl benzenesulfonate (65) cannot be distilled 

due to its high boiling point and had to be purified using rapid silica gel filtration (ethyl 

acetate/hexanes).  The reaction between 65 and sodium acetylide could not be pushed to 

completion but the desired product, 1-chloro-6-heptyne (61), could be isolated via a 

simple distillation.  It is worth noting that the benzenesulfonate group was used instead 
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of the more typical tosylate group68 as it was reported by Brayshaw that the sodium 

acetylide reacted with the acidic methyl protons on the tosylate group instead of doing 

the expected nucleophilic displacement reaction.67 
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Scheme 2.4 

 
The pure terminal alkyne, 1-chloro-6-heptyne (61) was used to synthesize the three 

main alkynes required for this project (Scheme 2.5). The terminal alkyne was 

methylated using n-butyllithium and methyl iodide to give 1-chloro-6-octyne (58) in 

high yields.  It was essential that the product be isolated promptly to avoid a side 

reaction occurring in which the chloride (58) was converted to the corresponding iodide 

(60)—31% of the chloride was converted to the iodide after only 12 h when the reaction 

mixture was left to stand at room temperature. The 1-chloro-6-octyne (58) could be 

converted to 1-bromo-6-octyne (59) by treatment with tetrabutylammonium bromide in 

ethyl bromide at elevated temperatures in a sealed flask.69  Attempts to use a more 

benign solvent, THF, rather then ethyl bromide, did not yield any 59.  A standard 

Finkelstein reaction using sodium iodide in acetone was used to convert the chloride 58 

into 1-iodo-6-octyne (60).70  All of the internal alkynes were obtained in good yields 

and could be purified by distillation under reduced pressure if necessary. 
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2.3 Synthesis of a phosphine with a single alkyne functional group 

The first class of ligand investigated was a tertiary phosphine with one alkyne-

functionalised pendant arm. The compound, 6-octynyldiphenylphosphine (47), was of 

interest for two main reasons: firstly, it has only one alkyne group (which may make the 

investigation into the coordination of the phosphine and alkyne centre to a metal easier 

to study), and secondly, it has two sterically bulky phenyl groups (which should make 

the phosphine relatively easy to work with). 

 

The synthesis of monoalkylated diarylphosphine compounds has been extensively 

reviewed and there are well-developed synthetic methodologies in the literature.56,58 A 

few different methods were investigated in an attempt to synthesize 

6-octynyldiphenylphosphine (47) including: reaction of diphenylphosphine (Ph2PH) 

directly with an alkyl halide (Scheme 2.6a); alkylkation of a metal phosphide, where 

the metal phosphide is formed by reaction of Ph2PH with a base (Scheme 2.6b); and 

alkylkation of a metal phosphide where the metal phosphide is formed by reaction of 

triphenylphosphine with an alkali metal (Scheme 2.6c).  Another possible approach is 

to use an Arbusov reaction to form an alkyne-functionalised phosphonate, which can 

then be reduced to a primary phosphine and further alkylated as required. Primary 

phosphines are extremely sensitive to oxidation and are often highly pyrophoric, so the 

Arbusov route was less appealing than the approaches shown in Scheme 2.6.  
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Scheme 2.6 

 
The first method investigated was the quaternisation reaction between 

diphenylphosphine and a 1-halo-6-octyne (Scheme 2.6a, above).  Reaction of either 

1-bromo-6-octyne (59) or 1-iodo-6-octyne (60) with Ph2PH under various conditions 

resulted in no reaction or complicated mixtures, as indicated by 31P{1H} NMR 

spectroscopy. This route was abandoned and attention shifted to the alternative routes, 

Scheme 2.6b and c. 

 

Treatment of diphenylphosphine with n-butyllithium in THF solution resulted in 

formation of lithium diphenylphosphide, as indicated by a bright red colour. Alkylation 

of the diphenylphosphide ion with either 1-bromo-6-octyne (59) or 1-iodo-6-octyne (60) 

gave the target compound 47 (Scheme 2.7). This route (via lithium diphenylphosphide) 

proved to be more convenient than an alternative route, in which potassium t-butoxide 

was used to deprotonate the diphenylphosphine to form potassium diphenylphosphide. 

The monoalkynyl phosphine (47) could be purified using chromatography under an 

inert atmosphere (basic alumina column, 1:1 by volume dichloromethane/hexane) 

giving an overall yield of 72 %.  
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Scheme 2.7 

 
The 31P{1H} NMR spectrum of 47 (Figure 2.2) shows a sharp singlet at δ -15.0, which 

is in the range of chemical shifts exhibited by related alkyl diarylphosphine compounds 

such as ethyldiphenylphosphine and n-butyldiphenylphosphine (δ -12.0 and -17.1, 

resp.).71  The 1H spectrum clearly shows the aromatic groups and the sharp triplet at δ 

1.57 (5JH8, H5 = 2.6 Hz) typically seen in compounds containing a methyl alkyne.  A 

common impurity in 47, when made using diphenylphosphine and butyllithium, is 

diphenylphosphine oxide (δP 25.9 ppm).72,73  The diphenylphosphine, initially 

synthesized from triphenylphosphine, is very prone to oxidation and must be handled 

under stringent anaerobic conditions.  Unfortunately, small amounts of adventitious 

oxygen results in trace amounts of this oxide contaminant in 47, making it necessary to 

purify 47 using chromatography. 
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Figure 2.2 1H and 31P{1H} NMR spectra of 47 in d6-benzene. Astericks (*) mark 

solvent impurities (dichloromethane and hexanes) and hashes (#) mark the 

residual NMR solvent signal. 

  
To avoid the problems associated with oxidation of diphenylphosphine the 

diphenylphosphide ion could be formed in situ using route c (see Scheme 2.6c, above). 

Triphenylphosphine was reacted with sodium to form sodium diphenylphosphide and 

phenyl sodium (Scheme 2.8),74 the phenyl sodium byproduct was quenched with solid 

ammonium chloride, leaving a clear, bright orange coloured solution of sodium 

diphenylphosphide, made opaque by suspended sodium chloride.  A solution of 

1-chloro-6-octyne (58) in THF was added and the reaction mixture was allowed to 

warm to room temperature overnight, with evaporation of the liquid ammonia.  The 

resulting THF mixture was filtered (Schlenk apparatus) to remove the sodium chloride 

and the solvent was removed under reduced pressure.  The resulting crude oil (67 %) 
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contained, primarily, the desired phosphine (47), however it also sometimes contained 

unreacted triphenylphosphine, as indicated by 31P NMR spectroscopy. 
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Scheme 2.8 

 
Analogous methods were used to synthesize 6-heptynyldiphenylphosphine (66, 82% 

yield) and 4-pentynyldiphenylphosphine (67, 74 % yield), from 1-chloro-6-heptyne and 

1-iodo-4-pentyne respectively. Both terminal alkynes were isolated in high yields, and 

in sufficient purity to be used without further purification but they could, if necessary, 

be further purified by column chromatography. 
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Ph2P
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2.4 Synthesis of tri(6-octynyl)phosphine 

Gladysz and coworkers have reported a number of phosphine compounds with terminal 

alkene and alkyne functional groups. 16-19   The trialkylphosphines were prepared using 

a suitable Grignard reagent and an electrophilic phosphorus source, for example 

1-bromo-5-hexene (68) was used to prepare 5-hexenylmagnesium bromide (69), which 

was reacted with phosphorus trichloride to give 55 (Scheme 2.9).18  The aim of this 

section was to investigate the synthesis of  tri(6-octynyl)phosphine (48), a 

trialkylphosphine incorporating three alkyne functional groups, using a similar Grignard 

approach. 
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Scheme 2.9 

 
It should be possible to synthesize the desired tri(6-octynyl)phosphine using 

6-octynylmagnesium bromide (70) and an electrophilic phosphorus source.  The 

required Grignard reagent, 70, has been reported previously by Fürstner et al. for use in 

an epoxide ring opening reaction.75  The Grignard reagent 70 was prepared by reaction 

of 1-bromo-6-octyne (59) and magnesium in THF (Scheme 2.10), following methods 

similar to those reported in the literature by Fürstner et al.75 and by Gladysz and 

coworkers for 7-octenylmagnesium bromide (69).18  When PCl3 was slowly added to 

solutions containing 70 and excess magnesium (in all cases the PCl3 was added to the 

Grignard reagent, not vice versa), in line with the procedure reported for the synthesis 

of tri(7-octenyl)phosphine,18 the results were variable. Yields of 48 were disappointing 

(typically less then 15%) and the phosphine was invariably contaminated with 

substantial amounts of the Wurtz-coupling by-product, 2,14-hexadecadiyne, which was 

identified by GCMS. Numerous experiments with different sources of magnesium 

(powder, flakes, chips) and methods for initiation (iodine or 1,2-dibromoethane) did not 

significantly improve the yield of 48 or the amount of Wurtz by-product formed. 
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The effect of solvent (ether or THF) on the reaction sequence leading to 48 was 

investigated. The Grignard reagent 70 could be formed in either solvent, as indicated by 
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recovery of the carboxylic acid 71 (Scheme 2.11) in yields of 51 % (ether) and 44 % 

(THF) after solutions of the Grignard reagent prepared in each solvent were quenched 

with dry ice. When 70 was reacted with PCl3, however, the desired 

tri(6-octynyl)phosphine was only obtained when the solvent was THF. When ether was 

used, a low-melting waxy solid was obtained, and 31P NMR spectroscopy indicated this 

solid did not contain any of the desired phosphine.  

 
BrMg + CO2 (s)

HO

O

7170  

Scheme 2.11 

 
In the experiments to synthesize 48 described above, the Grignard reagent was not 

separated from excess magnesium before the addition of phosphorus trichloride.  

However, it is commonplace for the Grignard reagent to be separated from the excess 

magnesium prior to use of the Grignard reagent. To test whether excess magnesium was 

having an adverse effect on the yield of 48, a solution containing 70 was separated from 

excess magnesium by cannula-transfer into a separate flask, prior to addition of PCl3. 

Surprisingly, none of the desired phosphine 48 was recovered from the reaction 

mixture. This result raised the interesting question of whether the excess magnesium in 

some way facilitated the reaction of 70 with PCl3, or whether the result was simply a 

consequence of the Grignard reagent decomposing during the cannula-transfer process.   

 

To test the hypothesis, a stock solution of the Grignard reagent 70 was prepared, and 

two aliquots, each one third of the stock solution, were transferred via cannula into 

separate flasks. One flask contained fresh magnesium powder and the other flask did 

not; the remaining stock solution in the original flask (which contained excess, 

unreacted magnesium) was kept as a control sample. PCl3 was then added to each of the 
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three flasks and the mixtures were left to stir overnight. Each mixture was then 

quenched with degassed aqueous ammonium chloride, and the organic layer was 

separated and analysed by 31P NMR spectroscopy (performed on the non-deuterated 

samples, so little information could be gained from the 1H spectra). The desired 

phosphine 48 was detected in the organic layers obtained from the flasks that contained 

magnesium, but no phosphine was present in the organic layer obtained from the flask 

that did not contain excess magnesium. This experiment indicates that the cannula-

transfer process did not have an adverse affect on the Grignard reagent, but that the 

reaction of the Grignard reagent with phosphorus trichloride was in some way 

facilitated by the presence of excess magnesium. The mechanism via which excess 

magnesium influences the reaction of the Grignard reagent with PCl3 is unknown.  

There are numerous reports of a variety of different additives catalyzing Grignard 

reactions,76 however the effect of elemental magnesium on Grignard reactions does not 

appear to have been reported.  It has been suggested that the excess magnesium may 

result in a shift in the Schlenk equilibrium that results in the Grignard reagent being 

more reactive, however an experiment was performed where the excess magnesium was 

replace with an excess of anhydrous magnesium bromide, which should in theory result 

in a similar shift in the equilibrium, but the reaction failed to yield any of the desired 

phosphine, 48. 

 

The investigation of various conditions discussed above resulted in a few minor 

improvements in the yield of tri(6-octynyl)phosphine, but ultimately the formation of 

2,14-hexadecadiyne could not be avoided. It was possible to purify 

tri(6-octynyl)phosphine using column chromatography under an inert atmosphere but 

the phosphine is basic and was therefore prone to irreversibly binding to the 

chromatography media.  Three media were investigated—silica, neutral alumina and 
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basic alumina—and it was found that maximum recovery was achieved using basic 

alumina. Attempts to increase the basicity of the alumina by using triethylamine or 

pyridine as a co-solvent lead to a decrease in the purity of the recovered material.  

Although it was possible, in some cases, to isolate pure 48 using basic alumina and 

dichloromethane/hexanes as the eluant, results were highly variable. Often the 

phosphine was never recovered from the column even after stripping the column with 

highly polar solvents. Consequently, the highest isolated yield of pure 

tri(6-octynyl)phosphine (48) was only 12 %.  The 1H spectrum (Figure 2.3) shows the 

atypical H8 signal, a triplet at δ 1.60 (5JH8, H5 = 2.6 Hz), the 13C{1H} spectrum also 

clearly shows the presence of the alkyne group (ca δ 75.7 and 79.4) as well as CH2 

signals with phosphorus-carbon coupling consistent with 48.  The 31P{1H} signal at δ 

-31.5 is also consistent with a trialkylphosphine (e.g. tri(n-octyl)phosphine δ -31.8; 

tri(n-butyl)phosphine δ -32.3).71 

 



Chapter 2 Phosphorus Ligands                                                                                        33 

 

Figure 2.3 1H, 31P{1H} and 13C{1H} NMR spectra of 48 in d6-benzene. Asterisks 

(*) solvent impurities (dichloromethane and hexanes) and hashes (#) mark the 

residual NMR solvent signal. 

 
Due to the problems experienced with the synthesis of 48, alternative routes were 

explored.  Berlin et al. reported that it is possible to synthesize trialkylphosphines from 

a Grignard reagent and triphenyl phosphite, instead of PCl3.77-80 Two reactions were 

performed to explore the reaction of 70 with an alternative phosphorus electrophile, 

P(OPh)3 (Scheme 2.12). Both reactions where performed in THF, one in the presence of 
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excess magnesium and one without.  In each case only trace quantities of 48 could be 

detected (31P{1H} NMR, δP = -31.3 ppm) with the major signal in each spectrum being 

at δP 183.7, which is consistent with the formation of 6-octynyl diphenylphosphonite 

(72).  Review of the chemical shifts of related systems such as butyl 

dimethylphosphonite, BuP(OMe)2, (δP 187.6) and methyl diphenylphosphonite, 

MeP(OPh)2, (δP 178.5) supports this conclusion.81  Both reactions were gently heated 

and monitored using 31P{1H} NMR spectroscopy but little change to the compositions 

were observed.  This result is not unexpected as P(OPh)3 is less reactive then PCl3; even 

after 36 h there was only approximately 10 % of 48, based on the 31P{1H} spectrum. 
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Chapter 3 Phosphine/alkyne Metal Complexation Studies 

3.1 Introduction 

Mixed donor ligand systems provide an interesting array of coordination chemistry. The 

mixed phosphine/alkyne system can coordinate either through the phosphorus atom, 

which is primarily a sigma-donor, or through the alkyne moiety, which is a pi-donor.  

Both phosphine-metal complexes and alkyne-metal complexes have been extensively 

studied and reported in the literature. Less common are reports of mixed systems 

involving both phosphine and alkyne donors. Such mixed systems are the focus of the 

current investigation with the ultimate aim being coordination of both the phosphine 

and alkyne groups of ligands such as 47 and 48 to the same metal (Scheme 3.1). 

Tungsten (Section 3.2) and rhodium (Section 3.3) were the primary focus of this study. 

Both metals have literature precedents for the coordination to phosphines and alkynes as 

well as sporadic reports involving mixed phosphine/alkyne or phosphine/alkene 

complexes (specific examples will be discussed later).  Other metals were also 

superficially investigated including nickel (a short review of this study is given in 

Section 3.4), copper, iridium, and iron, but they were abandoned early on due to a 

number of issues including difficulties in characterisation and access to suitable starting 

materials, but these metals could be investigated in future work. 
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Scheme 3.1 

3.2 Tungsten Complexation Studies 

The tungsten complexation studies can be broken into two sections – one focused on 

octahedral d6 complexes (subsections 3.2.1 and 3.2.2) of the general formula {P3WL3} 

(e.g. 73) and the other on the tetrahedral d6 complexes (subsection 3.2.3) such as 74. 
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3.2.1 Octahedral d6 Tungsten(0) complexes: Formation of P3W(CO)3 

There are a number of trisphosphine tungsten tricarbonyl complexes (“P3W(CO)3”) 

reported in the literature.82-84 These types of complexes can be formed either directly 

from tungsten hexacarbonyl (Scheme 3.2a) or indirectly using a reactive intermediate 

with a labile “W(CO)3” fragment (Scheme 3.2b).82,85 Although there is a plethora of 

literature precedents for the synthesis of “P3W(CO)3” there are few reports of the 

coordination of mixed donor ligands such as phosphine/alkyne ligands.  The first step is 

therefore to investigate the synthesis of “P3W(CO)3”  complexes with the mixed 

phosphine/alkyne donor ligands. 
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Scheme 3.2 

 
There are two isomers possible for P3W(CO)3 complexes (facial, e.g. 75,  and 

meridional, e.g. 76). For the current project the facial geometry is required if the 

complex is going to serve as a precursor to an organometallic cage complex. The 

instability of bulky triphosphine complexes of the group VI transition metals is well 

documented and in many cases it is not possible to form the fac-triphosphine 

complex.86-88 In the case of tri(isopropyl)phosphine and tri(cyclohexyl)phosphine only 

the di-phosphine tungsten complex could be isolated, even with a large excess of the 

phosphine.86,89,90 There is the added problem that once the triphosphine complex has 

been formed it can be unstable in solution.  Bowden et al. found that in solution 

M(CO)3(PPh3)3 (M = W, Mo) decomposed in the matter of hours to give the 

tetracarbonyl complex M(CO)4(PPh3)2.87 The current system based on 

6-octynyldiphenylphosphine (47) has two bulky phenyl groups that may make it 

difficult to form the desired triphosphine complex 75 and once formed the complex may 

be unstable in solution, particularly at elevated temperatures. 
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The first step in this part of the project was to investigate routes to achieve coordination 

of the phosphorus atom of the novel mixed phosphine/alkyne donor ligand 47 to 

tungsten.  A number of small-scale experiments were performed in deuterated solvents 

and monitored using 1H and 31P NMR spectroscopy. As 183W is spin ½ with a natural 

abundance of 14.83 % it should be possible to detect phosphorus-tungsten complexation 

using 31P{1H} NMR spectroscopy and identifying signals with 183W satellites.  

Furthermore, a lot of work has been done on the relationship between the nature of the 

phosphorus-tungsten bond and the 31P-183W coupling constant (1JW,P in Hz), so that the 

coupling constants of the satellites may be used to tentatively identify species in 

solution.91,92 The electronegativity of the R group attached to phosphorus can also affect 

the P-W coupling constant,93,94 so comparisons will be restricted to phosphine 

complexes containing similar R groups to 47.  It has also been reported that the 31P 

chemical shift of the complexed phosphorus ligand relates more to the nature of the 

phosphorus ligand (which relates to the nature of the attached R groups) than on the 

nature of the complex,94 and so the chemical shift of a signal cannot be used to 

determine the nature of the phosphorus-tungsten complex. As such, conclusions made 

about the nature of various phosphine-tungsten complexes formed in this investigation 

are based only on the 31P-183W coupling constant and not on the 31P chemical shifts. 
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A general review of various papers relating to tungsten-phosphine complexes and their 

31P NMR spectra provides an overview of the expected 1JW,P ranges for complexes of 

the type [P]nW(CO)6-n (n = 1-3).  The complexes of the general formula [P]W(CO)5 and 

cis-[P]2W(CO)4 give singlets with 183W satellites in the 31P{1H} NMR spectra with very 

similar 1JW,P coupling constants, for example (PBu3)W(CO)5 has 1JW,P = 227 Hz91,95 

compared to cis-(PBu3)2W(CO)4 where 1JW,P = 224-226 Hz.91,96  Even the complexes of 

mixed alkyl/aryl phosphine, PMe2Ph, have very similar 1JW,P values (cf 

(PMe2Ph)W(CO)5 1JW,P = 230 Hz96 vs cis-(PMe2Ph)2W(CO)4 1JW,P = 225 Hz).95,96 These 

results indicate that differentiating between [P]W(CO)5 and cis-[P]2W(CO)4 will be 

difficult using P-W coupling constants alone.  The trans-[P]2W(CO)3 type complexes 

also give singlets with 183W satellites but they have significantly larger 1JW,P values, 

with trans-(PBu3)2W(CO)4 
1JW,P = 260-270 Hz92,97,98 and trans-(PPh2Bu)2W(CO)4 

1JW,P 

= 275 Hz.92  The two tri-substituted complexes, fac-[P]3W(CO)3 and mer-[P]3W(CO)3, 

are readily distinguishable with the facial complexes displaying a singlet with 1JW,P 

values in the range of 209-218 Hz,88,91,96,99,100 which is much smaller then other P-W 

interactions.  The 31P{1H} spectra of the meridional complexes have two signals, a 

triplet and a doublet (ratio of 1:2, resp.) due to 31P-31P coupling (2JP,P 23-61 Hz); each 

signal also has 183W satellites, the two phosphorus nuclei trans to each other have 

higher 1JW,P values of around 251-302 Hz and the phosphorus nucleus trans to a 

carbonyl group has 1JW,P values in the range of 180-234 Hz.101-104 

 

The first method attempted for the synthesis of a tungsten complex, with the novel 

mixed donor ligand, was the direct approach from tungsten hexacarbonyl using either 

photolysis or thermolysis (Scheme 3.3). A solution of 6-octynyldiphenylphosphine (47, 

0.02 mmol) in d6-benzene was added to a stirred solution of tungsten hexacarbonyl 
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(0.007 mmol) in d6-benzene, the reaction mixture was stirred at room temperature 

before being transferred into a quartz NMR tube.  After 20 minutes at room temperature 

no reaction had occurred with the 31P NMR spectrum showing only one signal at δ -15.0 

ppm due to free ligand 47 (Figure 3.1a).     The reaction mixture was frozen with liquid 

nitrogen and the head-space evacuated (0.01 mmHg) and the flask sealed, the sample 

was then allowed to thaw and was irradiated using a UV lamp (short wave, 254 nm) to 

assist in the removal of the carbonyl groups.  After 2 h a number of new signals were 

present in the 31P NMR spectrum, the signals at δ 9.8 (s, 183W satellites, JP,W = 238 Hz) 

and δ 9.4 (s, 183W satellites, JP,W = 231 Hz) both had visible tungsten satellites 

indicating, that they were due to P-W complexes (Figure 3.1b). Based on the coupling 

constant of the 183W satellites these species may be the monophosphine and cis-

disphosphine complexes, however the signals are quite weak and the species were not 

isolated so it remains unclear as to their true nature.  The remaining signals, at δ 16 and 

32, were too small to detect any 183W satellites, the signal at δ 32 is consistent with the 

phosphine oxide 77 (a test reaction was performed where a sample of 47 was oxidised, 

the resulting phosphine oxide had a 31P chemical shift of δ 30).  After a further four 

hours of UV irradiation the proportion of the two major W-P signals varied with the 

signal at δ 9.37 now almost twice that of the signal at δ 9.76 (based tentatively on the 

integrals), although there was still a considerable amount of free 47 present in the 

sample (Figure 3.1c).  
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Scheme 3.3 
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Figure 3.1 31P{1H} NMR spectra (243 MHz, d6-benzene):  

a) a freshly prepared solution of 47 and W(CO)6;  

b) solution from (a) after irradiation for 2 h; and  

c) solution from (b) after a further 4 h irradiation. 

 
The direct reaction of W(CO)6 with 47 using thermolysis was also investigated.  A 20 % 

excess of 47 was added to W(CO)6 in d6-benzene and the reaction mixture then heated 

in a sealed tube at 65 °C for 2 h.  To encourage the removal of carbon monoxide the 

sample had been frozen using liquid N2 and the headspace evacuated (0.01 mmHg) 

before being sealed.  The sample was analysed and showed only free, uncoordinated 

phosphine (47) so the sample was left in a nitrogen filled glove box for 36 h (room 

temperature) then heated again for a further 6h.  The 31P{1H} NMR spectrum (Figure 

3.2) shows very small signals at δ 32, 16 and 9 ppm, which were also seen in the 

previous experiment (Figure 3.1, above). The signal at δ 32 is believed to be due to the 

oxide 77 and the signals around δ 9 are consistent with traces amounts of the P-W 

complexes identified in Figure 3.1 but the signals are too small to identify any 183W 

satellites. The nature of the species giving rise to the signal at δ 16 is unknown, the 

signal is observed under various reaction conditions and does not appear to have 183W 
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satellites and as such is unlikely to be from a P-W complex.  Both of the direct 

approaches, photolysis and thermolysis, were exceedingly slow and even after hours to 

days very little of the phosphine (47) had reacted with W(CO)6.  Due to the sensitive 

nature of the free ligand a faster reaction that did not involve extended heating times, 

would be preferable. 

 

 

Figure 3.2 31P{1H} NMR spectrum (243 MHz, d6-benzene) of a solution of 47 

with W(CO)6 after heating (8 h, total) and standing at room temperature (36 h). 

 
To expedite the formation of the desired trisphosphine complex 75 the indirect approach 

was considered.  The indirect approach involves synthesizing an intermediate that 

contains a reactive fac-W(CO)3 fragment.  The intermediates of interest to this project 

are the trisnitrile complexes, for example 78, and the Me3TACH complex 79.  The 

intermediates were prepared from tungsten hexacarbonyl using literature 

procedures.105,106 The attempt to use trispropionitrile tungsten tricarbonyl (78) resulted 

in a complicated mixture.  A solution of 78 in d6-acetone was added to a solution of 47 

(molar ratio of 1:3, resp.) and the yellow solution was analysed using 31P{1H} NMR 

spectroscopy.  Eight signals in the range expected for the tungsten-phosphine 
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complexes and a significant amount of free ligand 47 were detected.  The number of 

signals increased after the sample was heated and due to the complex nature of the 

mixture and the small scale (less then 10 mg) it was decided to not attempt a separation.  

Instead, the use of the Me3TACH intermediate was investigated and this proved to be a 

more promising approach.  A preliminary experiment in which 79 was treated with an 

excess of 47 (molar ratio of 1:4, resp.) resulted in a sample that showed only one P-W 

signal in the 31P NMR spectrum at δ 7.4 ppm (JP-W = 216 Hz). 
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As the current system is based on a sterically demanding phosphine (47) it was unclear 

whether the preferred tungsten-phosphine complex would be the diphosphine or the 

triphosphine complex.  Using (Me3TACH)W(CO)3 (79) as the labile fac-W(CO)3 

source, a titration experiment was performed to ascertain the stoichiometry of the 

product.  The ratio of 47 to 79 was altered stepwise from 1:1 to 4:1 and the reaction 

followed using 31P{1H} NMR spectroscopy (Figure 3.3a). It was found that two 

phosphine-tungsten complexes formed during the course of this experiment, one at δ 

21.3 ppm (JP-W = 224 Hz) and another at δ 7.4 ppm (JP-W = 216 Hz).  As more of the 

phosphine was added the signal at 21.3 ppm diminished and finally only the signal at 

7.4 ppm remained and a new signal appeared (δ -15.0) for the uncoordinated phosphine. 
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Figure 3.3 31P{1H} NMR spectra (202 MHz, d6-acetone) of a solution of 79 with 

the gradual addition of 47, with the tungsten:phosphine molar ratio varying from: 

a) 1:1 ratio of 79 to 47;  

 b) 1:2 ratio of 79  to 47;  

c) 1:3 ratio of 79 to 47; 

d) 1:4 ratio of 79 to 47. 

 
Based on the stoichiometry and an examination of the 31P-183W coupling, it is possible 

to tentatively assign the 31P NMR signals seen in Figure 3.3, above. The first signal 

observed in the 31P NMR spectra is at δ 21.3 ppm and has a 31P-183W coupling of 224 

Hz, the species giving rise to this signal is tentatively assigned as the diphosphine 

complex 80 (where L = acetone).  The second signal in the 31P NMR spectra at δ 7.4 

(1JP,W = 216 Hz) has a 31P-183W coupling consistent with a facial {P3W(CO)3} complex 

(eg. fac-(Bu3P)3W(CO)3 1JP,W = 211 Hz).91  The signal at δ 7.4 is believed to be due to 

the facial complex 75, with the assignment being confirmed by isolating the complex 
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and further characterisation.  A detailed discussion of the evidence supporting the 

assignment of the two signals observed in the 31P NMR spectra is given below. 
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Upon addition of one mole equivalence of 47 to the labile W(CO)3 source (79) a sharp 

singlet with tungsten satellites is observed in the 31P NMR spectrum at δ 21.3 (1JP,W = 

224 Hz). As the phosphine ligand is displacing the tridentate Me3TACH ligand, an 

intermediate with only one or two coordinated phosphines will likely have coordinated 

solvent molecules (eg 80 or 81) filling the remaining sites (in this case d6-acetone was 

the solvent). When the phosphine ligands have a bulky R group (eg. iPr or Cy) they are 

reported to form complexes with the general structure [P]2W(CO)3 (eg. 82).89  

Originally, complexes of this type were believed to be five coordinated in the solid 

state, however Butts et al. found that they are actually six coordinated with the final site 

being occupied by an agostic C-H bond of the phosphine.107 In solution, (iPr3P)2W(CO)3 

and (Cy3P)2W(CO)3 are found to reversibly bind ligands, such as a coordinating solvent 

molecules.89,90,107,108  It is therefore unlikely that the intermediate in the current system 

exists as a five coordinate species in solution, leading to the conclusion that the 

intermediate has one of the metal coordination sites filled by a solvent molecule.  As 

discussed earlier (p 39) the 183W-31P coupling can provide information about the nature 

of the W-P complex.  The species giving rise to the signal at δ 21.32  (in Figure 3.3) 

has a coupling of 1JP,W = 224 Hz, this is comparable to the cis-diphosphine complexes 

such as cis-(BuPh2P)2W(CO)4 (ca. 1JW-P = 238 Hz)101 but is significantly different than 
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the coupling reported for (iPr3P)2W(CO)3 (in d6-acetone ca. 1JW-P = 260 Hz)88. As 

discussed previously cis-“P2W” species have a smaller 183W-31P coupling then trans-

“P2W” species (220-230 Hz for the cis-isomer vs 240-275 Hz for the trans-

isomer)88,93,109 suggesting that the intermediate 80 has the two phosphine ligands 

coordinated cis to each other.  Mono-phosphine complexes such as (BuPh2P)W(CO)5 

(1JW-P = 250 Hz) have larger 183W-31P coupling,93,97,98 however no reports have been 

found of  31P NMR data relating to [P]L2W(CO)3 complexes (where P = tertiary 

phosphine, L = acetone or other small molecule) and as such it is not possible to 

completely discount the possibility that the species giving rise to the signal at δ 21.3 

might be 81 but based on the stoichiometry it seems unlikely. 
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The second signal that forms in the reaction between 47 and 79 is at δ 7.4 ppm, this 

signal increases as the ratio of phosphine to tungsten is increased from 1:1 to 3:1, when 

the ratio is 4:1 the signal is the only remaining tungsten-phosphine complex.  The 

tungsten satellites have a coupling constant of 1JW-P = 216 Hz which is consistent with 

the desired fac-[P]3W(CO)3 complex (cf. fac-(Bu3P)3W(CO)3 1JP,W = 211 Hz).91 As 

discussed previously (p 39), there is a distinct difference between the 183W-31P coupling 

constants for facial tri-phosphine tungsten complexes compared to all the other possible 

types of W-P complexes (211-218 Hz vs 224-280 Hz, resp.). The 1JW-P value suggests 

that the signal at δ 7.4 ppm is the tri-phosphine complex 75, this conclusion was 
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confirmed by repeating the reaction on a preparative scale and then isolating and fully 

characterising the complex. 

 

Tris(6-octynyldiphenylphosphine)tungsten(0) tricabonyl (75) was synthesized on a 

preparative scale from (Me3TACH)W(CO)3 (79) in dry THF at room temperature 

(Scheme 3.4). The reaction at room temperature was complete within 30 minutes based 

on the 31P NMR spectrum. The reaction can also be performed in dry ether but is 

considerably slower, taking days to react completely due to the insolubility of 79 in 

ether.  A number of different purification methods were attempted including 

recrystallisation, sublimation and column chromatography. It was found that after 

adsorbing the reaction mixture onto activated neutral alumina and placing it on a short 

column of alumina, the tungsten complex could be extracted off using pentane.  The 

pure complex crystallised from the pentane after a few weeks at -15 °C as a white solid, 

which was collected in air, dried in vacuo and then stored under nitrogen.  The reaction 

is quantitative based on the NMR spectrum but only a small amount of purified 

complex could be isolated during the chromatograph procedure, resulting in a low yield 

(13 %). 
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Scheme 3.4 

 
The 31P NMR spectrum of 75 in d6-acetone had one major signal (Figure 3.4) at δ 7.4 

ppm (1JW-P = 216 Hz).  The 1H NMR spectrum shows a triplet at δ 1.70 (5JH5,H8 = 2.5 
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Hz) consistent with an alkynyl methyl group.  Unlike the case for the free ligand 47, in 

the 1H NMR spectrum of 75 the CH2 signals from the chain are mostly not overlapping.  

The mass spectrum showed a molecular weight of 1151, with an isotopic distribution 

consistent with the presence of tungsten, confirming the P3W(CO)3 structure. 

 

 

Figure 3.4 NMR Spectra (d6-acetone) of 75. Asterisks (*) mark the residual 

acetone signal, and hashes (#) mark solvent impurities.  
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In an attempt to increase the yield of this reaction the column used to purify the 

complex (to remove the excess 47) was stripped with dichloromethane.  Unfortunately, 

all of these samples contain a second tungsten complex that shows a 31P NMR signal at 

δ 21.3 ppm that is tentatively assigned as a di(phosphine) complex (either 81 or 82) as 

well as a 31P NMR signal at δ -15, which is consistent with free phosphine 47.  The 

presence of free 47 and a di-substituted complex may indicate that the triphosphine 

complex 75 is susceptible to decomposition.  This may account for the low yields of the 

purified complex and the difficulties associated with isolating the pure complex. 

 

The facial [P]3W(CO)3 complex 75 could be a precursor for an organometallic cage 

type complex. Conversion of 75 into a cage type complex would require the alkyne 

functional groups to displace the remaining carbonyl ligands and to then undergo a 

cyclisation reaction.  The next step of the project was therefore to investigate the 

reactivity of the alkyne groups in 75. A discussion of this investigation is presented in 

Section 1.2.2 below.  As an aside, to see if the procedure developed for the synthesis of 

75 was transferable to other related phosphine ligands the reaction was repeated using 

66, which contains a terminal alkyne instead of an internal alkyne (Scheme 3.5). 
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Scheme 3.5 

 
An excess of the ligand 66 was added dropwise to a solution of 79 in THF with the hope 

of forming the facial complex 83 (Scheme 3.5).  The reaction mixture was stirred at 
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room temperature overnight and then absorbed on to activated neutral alumina and 

placed on a short plug of alumina, the column was eluted with pentane, 50/50 

pentane/dichloromethane and finally dichloromethane.  The three fractions were 

concentrated in vacuo and then analysed using NMR spectroscopy.  The pentane wash 

contained only excess phosphine (66), the other two washings both contained a mixture 

of various phosphine compounds (Figure 3.5).  Apart from the excess phosphine the 

major species is a large singlet with 183W satellites, the chemical shift (δ 6.9) and 

coupling constant of the satellites (1JP,W = 219 Hz) being similar to those for 75, which 

suggests that the major product is again a fac-[P]3W(CO)3 complex, 83.  Unfortunately, 

as can be seen in Figure 3.5, the fractions collected still contained excess 66. 

 

 

Figure 3.5 31P{1H} NMR spectrum (243 MHz, d6-benzene) of the crude residue 

from the reaction of 66 with (Me3TACH)W(CO)3 (78) in dry THF after passing 

through a small plug of alumina. 

 
An attempt to purify 83 using column chromatography (alumina, hexane/ 

dichloromethane) appears to have resulted in the complex isomerising to the mer-isomer 

(Scheme 3.6). The 31P NMR spectrum of the isolated residue (Figure 3.6) shows a 



Chapter 3 Phosphine/alkyne complexation studies                                                        51 

doublet at δ 14.4 (2JP,P = 15 Hz, 1JW,P = 275 Hz) and a triplet at δ 9.1 (2JP,P = 15 Hz, 

1JW,P = 219 Hz) plus a small amount of the starting complex 83 (δ 6.8, 1JW,P = 219 Hz); 

uncoordinated phosphine 66 (δ -15.8); and the corresponding phosphine oxide (δ 15.0).  

The 31P splitting patterns and the coupling constants for the 183W satellites are both 

consistent with the mer-isomer 84.  This isomerisation was not observed for the 

analogous complex 75, and it was not determined if this was due to a difference 

between the complexes or an unaccounted for difference in the chromatography 

process. It has been reported that complexes of this type undergo rapid acid catalysed 

isomerisation reactions so it is possible that acidic residues in the chromatography 

media or the dichloromethane may have caused the conversion from the fac- to mer-

isomer.102  
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Figure 3.6 31P{1H} NMR spectrum (243 MHz, d6-benzene) of 84 with trace 

amounts of the facial complex 83 and uncoordinated phosphine 66. 

 
In summary, it was found that it is possible to synthesize tungsten-phosphine complex 

of the general formula [P]3W(CO)3 in the presence of alkyne functional groups.  Using a 

labile source of the “W(CO)3” it is possible to form a facial complex rapidly at room 

temperature.  The fac-[P]3W(CO)3 complexes were found to be somewhat sensitive on 

chromatographic media (silica and alumina), in the case of 75 it was possible to isolate 

the complex but the yields were low and there was evidence of decomposition to the 

diphosphine complex.  It was found that the related complex 83 isomerised giving the 

mer-isomer 84.  It may be possible to isolate 83 using fractional recystallisation 

procedures, however these studies have not been undertaken as part of this project. 

 

3.2.2 Octahedral d6 Tungsten(0) Complexes: Study of alkyne coordination 

The next step in the project was to use the facial triphosphine tungsten complex 75 to 

investigate intramolecular alkyne coordination (Scheme 3.7 step I) and possible 
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intramolecular cycloaddition reactions (Scheme 3.7 step II).  This would require the 

removal of at least one of the ancillary carbonyl groups from 75 to provide a vacant 

coordination site for an alkyne group.  A number of methods have been reported for the 

removal of carbonyl groups from Group VI transition metal complexes, including 

thermolysis,110,111 photolysis,112,113 and chemical removal (for example oxidative 

decarboxylation or changing the oxidation state of the metal).114,115 
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Scheme 3.7 

 
There are many variables in this system that are not easily controlled and that may 

interfere with the coordination of the alkyne groups.  Depending on the relative strength 

of the phosphine ligands or the carbonyl ligands, the phosphines may be removed 

preferentially.  The chain length between the phosphine and alkyne may be too long or 

too short to allow for the alkyne to be suitably positioned to coordinate and the metal 

centre may be overcrowded preventing coordination of the sterically bulky internal 

alkyne.   Finally, tungsten has been shown to facilitate alkyne oligomerisation or 

polymerisation reactions116,117 so the alkyne functional groups may react 

intermolecularly to form oligomers instead of intramolecularly to form the desired 

chelation complex.   As there are so many unknowns associated with this type of mixed 

phosphine/alkyne donor system a series of NMR scale experiments were performed to 

probe the reactivity of 75. 
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When an alkyne pi-coordinates to a metal a change in the electron distribution between 

the two alkyne carbon atoms results (reduction in the bond order due to pi bonding to 

both carbon atoms of the alkyne),49 which can substantially change the chemical shift 

and coupling interactions of the associated alkynyl protons and carbon atoms.  It is 

found that long range four and five bond 1H-1H coupling (Figure 3.7) occurs through an 

uncoordinated alkyne with a coupling of around 2.5 Hz in both cases.  In the spectrum 

of 47 (Figure 2.2, p 27) the alkynyl methyl signal is a triplet with a coupling of 5JH,H = 

2.6 Hz, this five-bond coupling between the methyl group and CH2 group is consistent 

with the related literature values.49,50 It is expected that upon coordination of the alkyne, 

this coupling will become smaller or be removed completely. In the case of 51, 

coordination of the tethered alkyne resulted in significant reduction in the four bond 

H6/H4 coupling constant (ca 2.6 Hz to 1.0 Hz) and a downfield shift of the alkynyl 

proton, H6, from δ 1.70 to 12.03 ppm.50 183W satellites were also observed for the 

alkynyl proton (JW,H = 5.0 Hz). The alkynyl carbon signals, C6 and C5, also shift from δ 

83.7 and 59.4 to δ 209.0 and 184.9, respectively.  These changes were comparable to 

those seen for the related non-chelating complexes, such as 85.118 
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Figure 3.7* 

                                                

* Upon coordination of the alkynyl group a change in the electron distributions occurs that 

results in a deviation in the bond angle from ~180°,(41) Brown, D. H. PhD Thesis, The 

University of Western Australia, 2001(49) Baker, M. V.; Brown, D. H.; Somers, N.; 

White, A. H. Organometallics 2001, 20, 2161-2166. the pictures representing 51 and 81 

has been drawn to depict this deviation in the bond angle 
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Photolysis and thermolysis were the first methods employed in an effort to promote 

intramolecular alkyne coordination.  A sample of 75 in d6-acetone was heated at 50 °C 

for four hours.  After this time, the 1H NMR spectrum showed a new triplet overlapping 

with the alkynyl methyl signal, and there was also a change in the 31P NMR spectrum, 

with a new signal appearing at δ 9.5 ppm (1JP,W = 231 Hz).  A similar phosphorus signal 

has been observed previously (Section 3.2.1, Figure 3.1) and was tentatively assigned 

as a P2W(CO)4 complex, formed in this case through the decomposition of 75.  These 

results suggest that the new compound formed in the thermolysis experiment was a new 

tungsten phosphine, but not one involving coordination of the alkyne to the W centre 

since the chemical shift and five-bond coupling constant associated with the 

CH3C≡CCH2- group remaining unchanged.  Heating the sample for a further nine hours 

at 50 °C made no difference to the composition or nature of the mixture seen after four 

hours of heating.   

 

A sample of 75 in d6-acetone was irradiated with visible light (using a high powered 

tungsten lamp) for four hours then a further five hours.   No change was seen in either 

the 31P{1H} NMR spectrum or the 1H NMR spectrum.   Irradiating the sample with UV 

light (short wave, 254 nm) for four hours was also unsuccessful, with no signals in the 

1H or 13C NMR spectra consistent with an alkyne coordinated to the tungsten core. 

 

Another way to promote the dissociation of carbonyl groups is through an oxidative 

decarboxylation reaction. The carbonyl group can be oxidised to carbon dioxide using 

an amine N-oxide or hydroxylamine compound leaving a free coordination site on the 

metal.114,119,120 Thus, the phosphine complex 75 was treated with 

N-methylmorpholine N-oxide (86) in d6-acetone (Scheme 3.8). When the reaction 

mixture contained equimolar amounts of 75 and 86 a new signal was detected in the 
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31P{1H} NMR spectrum at δ 29.9 ppm. The new signal did not have 183W satellites.  

The signal may be phosphine oxide 77, previously the signal for the oxide has been 

observed at around δ 30 ppm (in d6-acetone), the small difference in the shift may be 

due to the presence of 4-methylmorpholine in the current sample. Successive amounts 

of 86 were added to the reaction mixture and the sample re-analysed after each addition. 

The 31P{1H} spectrum showed an increase in the signal at δ 29.9 ppm compared to the 

signal at δ 7.4 ppm (assigned as 75).  It is however interesting to note that there is no 

new signal corresponding to a P2W(CO)3 species suggesting that all three phosphine 

ligands are reacting. No bubbles were observed over the course of the reaction, further 

suggesting that the carbonyl ligands were not reacting. 
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Scheme 3.8 

 
The effect of changing the oxidation state of the metal and the introduction of a halide 

ligand on the dissociation of CO were also investigated.  Metal carbonyl complexes 

have been found to act as bases and undergo addition reactions with Lewis acids.  There 

are numerous reports of Group VI metal carbonyl complexes undergoing oxidative 

addition reaction in the presence of halogens such as bromine and iodide.121  This 

approach has also been reported in the literature for cyclopentadienyl tungsten systems, 

which lead to the intramolecular coordination of a pendant alkyne group (Scheme 

3.9).50,67 The current system is significantly different from the cyclopentadiene system, 

however, the addition of iodine to 75 was still investigated. Solid iodine was added to a 
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solution of 75 in d6-acetone, the reaction mixture was stirred at room temperature for 

approximately five minutes then transferred to an NMR tube for analysis.  
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Scheme 3.9 

 
There were four signals present in the 31P{1H} spectrum, the major signal at δ 6.9 (1JW, P 

= 217 Hz) was attributed to unreacted 75 but there was also a new signal at δ -5.5 with 

183W satellites (1JW, P = 243 Hz) and signals at δ 31.0 and 23.5 ppm that were both 

singlets that did not appear to have 183W satellites (Figure 3.8a). The signal at δ 31.0 is 

likely to be phosphine oxide 77, arising from decomposition of the 75 and oxidation of 

phosphine ligands by adventitious oxygen (as seen in previous experiment in trace 

amounts for example in Figure 3.1, p 41).  The signal at δ -5.5 may be an iodotungsten 

phosphine complex but it was only a very minor species (less then 8 % based tentatively 

on the integrals) in the reaction mixture.  The reaction mixture was returned to a 

nitrogen filled glove box and more iodine was added, the sample was then re-analysed 

(Figure 3.8b). The mixture now contained almost equal amounts of unreacted 75 (δ 7.4 

ppm) and the compound responsible for the signal at δ 23.5 ppm.  The signal at δ 23.5 

did not have satellites indicating that the species is not a phosphine-tungsten complex. 
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Figure 3.8 31P{1H} NMR spectra (202 MHz, d6-acetone) a mixture of 75 with iodine: 

a) after the addition of I2 (molar ratio of 75:I2 of 1:2); 

b) after the addition of more I2 (molar ratio of 75:I2 of 1:3); 

 
It is possible that the signal may be due to the decomposition of 75 and formation of the 

iodophosphonium salt 87.  The reaction of tertiary phosphines (R3P) with two mole 

equivalents of I2 has been reported to form [R3PI]+I3
- compounds.122-124  Cross et al. 

reported the 31P NMR spectra of a range of compounds with this general structure, with 

the chemical shifts depending largely on the nature of the R group on the phosphine, for 

example [Ph2EtPI]I3 has a signal at δ 57.9 and [iBu3PI]I3 has a signal at δ 9.1.124  When 

a sample of 47 in d6-acetone is reacted with an excess of iodine (at room temperature) 

the brown coloured solution contains a signal in the 31P NMR spectrum at δ 56.4 ppm.  

This is consistent with the chemical shift reported for [Ph2EtPI]I3 and is clearly much 

further downfield field then the signal observed in Figure 3.8, above.  Unfortunately, 

the reaction mixture of 75 and iodine began to show signs of decomposition with a 

brown film being deposited on the inside of the tube. In addition, the 1H NMR spectrum 

became increasingly complicated (the number of signal increased dramatically) and the 

signal to noise ratio in the 1H and 31P NMR spectra greatly deteriorated.  It was 

concluded that neither a tungsten-iodide or a tungsten-alkyne complex formed in any 

appreciable quantity and it seems unlikely that the species giving rise to the signal at δ 

23.5 is due to 87 (it is unclear if it is possible to form the iodophosphonium salts with 
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an iodide counter anion rather then a triiodide anion; or whether this would affect the 

chemical shift of the phosphorus nucleus). It is also possible that the I3
- species is 

reacting in some way with the alkyne moieties, but due to the decomposition of the 

sample no direct evidence of this was seen in the 1H NMR spectrum. 
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In all of the attempts outlined above, there was no conclusive evidence, based on the 

NMR spectra, to suggest that an intramolecular alkyne-tungsten complex had formed.  

It proved difficult to displace the ancillary carbonyl ligands on the tungsten centre.  

Using harsh conditions, such as prolonged heating, resulted in the decomposition of the 

complex.  The attempts to remove carbonyl groups using oxidation 

(N-methylmorpholine N-oxide and iodine) resulted in the oxidation of the phosphine 

ligands rather then the carbonyl ligands or tungsten.  A possible reason for the 

preferential reaction of the phosphine groups over the carbonyl groups may be that the 

bulky phosphine ligands may make the complex unstable due to steric crowding on a 

single face of the metal. The propensity of the phosphine ligands to be removed in 

preference to the carbonyls brings into question the suitability of this type of P3W(CO)3 

complex as a precursor to the organometallic cage complex. Some of the problems 

encountered might be addressed by altering the structure of the ligand, for example by 

having smaller groups on the phosphine (Me2PR or H2PR, where R = 6-octynyl) or 

using a metal with more labile ancillary ligands.  It would also be interesting to look at 

analogues with shorter bridge lengths between the phosphorus atom and alkyne group 

as well as terminal alkynes that may be more reactive. 
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3.2.3 Tetrahedral d6 Tungsten(0) Complexes 

Alkynes are known to be variable electron donors, and there are reports of alkynes 

acting as two-, three- and four-electron donor ligands.115,125-130 Tungsten has been 

reported to form interesting tetrahedral tris(alkyne) complexes, such as 

tris(diphenylacetylene)tungsten(0) carbonyl (88), in which the alkyne ligands act as 

four-electron donors.  The complex 88 was synthesized by reacting either W(CO)6 or  

(CH3CN)3W(CO)3 with a large excess of a diphenylacetylene (Scheme 3.10).128,131 

Alternatively, Baker et al. found it was possible to synthesize 88 from 

(Me3TACH)W(CO)3 (79) using only a small excess of the alkyne.88 Complexes with 

other alkynes, such as 3-hexyne,131 methylphenylacetylene,131 phenylacetylene,132 and 

ditolylacetylene,133,134 have also been reported but complexes containing small, terminal 

alkyne ligands are reported to be unstable at room temperature.131 The carbonyl group 

in 88 can be displaced by other donor ligands, such as acetonitrile (89),135 

triphenylphosphine,134,135 methyldiphenylphosphine,134 dimethylphenylphosphine,132 

trimethylphosphine,134 and κ1-bound dppm and dppf.134,135 
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Scheme 3.10 

 
An interesting development in this field was made in 1992 when Yeh et al. reported that 

when 88 is reacted with diphenylacetylene, under rather harsh conditions (neat, sealed 
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tube under vacuum at 120 °C, 25 minutes) a cycloaddition reaction occurs yielding a 

coordinated η4-cyclobutadiene (Scheme 3.11).136 Yeh and coworkers have gone on to 

report other alkyne-alkyne coupling reactions,137-139 as well as to show that the 

cyclobutadiene group in 90 is derived from one coordinated and one added 

diphenylacetylene (ascertained using 13C labeled diphenylacetylene).139 The current 

mixed phosphine-alkyne system opens up the interesting potential to expands this 

chemistry by investigating whether a tethered alkyne will cyclise with the coordinated 

alkyne. The first step would be to form the phosphine complexes and if it is possible to 

isolate such complexes, to then investigate any reactions involving the tethered alkyne. 
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Scheme 3.11 

 
The synthesis of the required starting complex, 88, was initially attempted using the 

mild procedure reported by Baker et al.88 This reaction involved heating 

(Me3TACH)W(CO)3 (79) with an excess of diphenylacetylene in acetone (Scheme 

3.12).  To isolate the product, the mixture was adsorbed onto neutral alumina, which 

was then extracted with benzene.  Unfortunately, only a small amount of the desired 

complex was isolated.  The synthesis of 88 was also attempted using the procedure 

reported by Tate et al. involving refluxing an ethanolic solution of (CH3CN)3W(CO)3, 

and diphenylacetylene.131 A yellow coloured precipitate formed; it was collected and 

dried under reduced pressure giving 88 (20 %) of sufficient purity for further 

experimentation.  Some of the carbonyl complex was then converted into an acetonitrile 
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solvate 89 (40 %) using an oxidative decarboxylation reaction with 

trimethylamine-N-oxide.135 
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A number of reactions were attempted to displace the axial ligand (carbonyl or 

acetonitrile) with one of the current phosphine ligands. When 

6-octynyldiphenylphosphine (47) was mixed with the carbonyl complex 83 in 

d6-benzene (Scheme 3.13) no reaction was observed, even after heating at 50 °C for 

three hours.  The 31P{1H} NMR spectrum showed only one signal at δ -15 for free 47 

and the 1H NMR spectrum showed a clean mixture of the signals from 47 and the 

aromatic signals from 88, with no new signals in the spectrum to suggest any reaction 

involving the alkyne group.  It was thought that perhaps the bulk of 47 interfered with 

the reaction, so an attempt was made to see if trialkylphosphine 48 would displace the 

more labile acetonitrile group of 89 (Scheme 3.13).  This experiment showed three new 

signals in the 31P{1H} NMR spectrum (Figure 3.9) but the major signal was at δ -32, 

consistent with free 48.  The new 31P NMR signals at δ 42, 26 and 12 did not appear to 

have 183W satellites and although the signals at δ 42 may be due to 48 oxidising to give 

a phosphine oxide (due to adventitious oxygen), however an experiment to positively 

identify the phosphine oxide has not been performed, the nature of the remaining two 

signals is not known. 
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Figure 3.9 31P{1H} NMR Spectrum (243 MHz, d6-benzene) of a mixture of 48 

and 89, after heating for 3 h at 50 °C. 

 

3.3 Rhodium Complexation Studies 

Rhodium has been reported to form some interesting mixed donor complexes, including 

mixed phosphine/olefin complexes and phosphine/arene complexes.  Clark and 

coworkers reported a series of rhodium(I) and rhodium(III) complexes with phosphine-

olefin chelates such, 91 and 92, the complexes being used to investigate the nature of 

metal-olefin bonding.51,52 Phosphine/arene chelation complexes have also been 

reported; including 93 and 94.140  The complexes reported to date tend to have an 

apical-equatorial arrangement in terms of the chelating donor groups (eg 91 has the 



64 

phosphine bound in an apical position with the olefins equatorial), which may be due to 

the relatively short bridge lengths between the phosphine and other coordinating groups 

(c.a. 2-3 carbon atoms long). Longer bridge lengths may allow for the formation of an 

apical-apical arrangement, which would be better suited for intramolecular 

cycloaddition reactions. 
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Rhodium(I) complexes have been used to catalyse a variety of cycloaddition reactions. 

These include intermolecular cyclotrimerisation reactions of alkynes to give substituted 

benzenes,48,141 as well as cycloaddition reactions of mixed systems such as: the co-

cyclisation of alkynes and nitrile derivatives to give substituted pyridines (Scheme 

3.14);48,142-144 and alkynes and carbonyl groups to give cyclopentadienones.10,24,25  

Interestingly, there are also rare examples of rhodium(I) complexes undergoing 

intramolecular cycloaddition reactions. 
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Scheme 3.14 

 
An early example of a rhodium complex undergoing an intramolecular cycloaddition 

reaction is the work by Winter who reported the formation of a rhodium-cyclobutadiene 

complex (95) by reacting Rh(PPh3)3Cl (Wilkinsons’ catalyst) with the mixed 
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phosphine/alkyne donor ligand 96 (Scheme 3.15).53 Winter later reported the formation 

of a rhodacyclopentadiene complex (97) which reacts with diphenylacetylene to give a 

pi-arene complex (98, Scheme 3.15).54  In each case the metal is not fully encapsulated 

within the organic framework due to the apical/equatorial and all equatorial geometries 

of the complexes 95 and 97, respectively. 
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Scheme 3.15 

 
More recently Baker et al. reported the synthesis of a two-strapped complex 8 through a 

rhodium mediated cyclisation reaction.10  The complex was prepared by initially 

reacting the trialkynyl-TACN 99 with [Rh(CO)2Cl]2 to form the TACN-Rh complex 

100, which upon heating underwent a [2+2+1] cycloaddition reaction involving two 

alkyne groups and one carbonyl group to yield 8, containing a coordinated 

cyclopentadienone ring (Scheme 3.16).  Gleiter and coworkers have also reported 

complexes formed through intramolecular cycloaddition reactions on a rhodium metal 

centre (discussed in detail previously, Section 1.1.2.4).24-26 
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The synthetic approaches reported in the literature will be used as a guide to see if the 

current ligand systems (47 and 48), which have considerably longer bridge lengths 

between the donor groups, will form chelates and potentially undergo a intramolecular 

cycloaddition reactions on the rhodium centre. Gleiter and coworkers used 

tetracarbonyldi-µ-chlorodirhodium(I), [(CO)2RhCl]2, as the metal precursor in both of 

their reported syntheses,24,25 as did Baker et al.10 Winter reported adding the alkyne 

functionalised phosphine ligands dropwise to a refluxing solution of Rh(PPh3)3Cl 

(Wilkinson’s catalyst).53,54 For this project both of these rhodium sources, [(CO)2RhCl]2 

and Rh(PPh3)3Cl, were investigated as well as the related source [(COD)RhCl]2.  

 

The coordination reactions could be followed using NMR as 103Rh is a spin ½ nucleus 

with 100% natural abundance.  The spin-spin coupling between 31P and 103Rh would 

give an indication as to the number of phosphines coordinated, the geometry of the 

complexes, and oxidation state of the metal. 103Rh-13C coupling could provide 

information on the coordination of the alkyne functional groups to the rhodium core. 
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3.3.1 Rhodium(I) Cyclooctadiene based systems 

When a solution of 6-octynyldiphenylphosphine (47) in d6-benzene was reacted with 

[(COD)RhCl]2 at room temperature a bright yellow coloured solution formed instantly.  

The 31P{1H} NMR spectrum (Figure 3.10, below) had only one signal at δ 27.3 (d, 

1JP-Rh = 150 Hz) consistent with the formation of the single monomeric phosphine-

rhodium complex 101 (Scheme 3.17) via the splitting of the chloride bridged dimer. To 

isolate 101, the mixture was applied to a short column of neutral alumina and then 

extracted using dichloromethane; the solvent was then removed under reduced pressure 

giving 101 as a yellow coloured glass (57 %).  Unfortunately attempts to crystallise the 

complex using various solvent-systems were unsuccessful. 
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The 31P{1H} NMR spectrum of 101 contains a doublet at δ 27.3 (1JP-Rh = 150 Hz) 

(Figure 3.10, 31P{1H} NMR spectrum), the chemical shift and 31P-103Rh coupling being 

consistent with literature values reported for related phosphine complexes such as 

(COD)RhCl(PPh3) (δ 31.3, 1JP-Rh = 150-152 Hz)145,146 and (COD)RhCl(PMePh2) (δP 

18.6, 1JP-Rh = 151 Hz).146 The 13C{1H} NMR spectrum (Figure 3.10) showed signals for 

the olefinic carbon atoms of the 1,5-cyclooctadiene ligand are a doublet of doublets (δ 

104.8, 1JC-Rh ~12.8 Hz; 2JC-P ~ 6.4 Hz) and a doublet (δ 69.7, 1JC-Rh ~13.7 Hz), further 

supporting the assigned structure.  The alkynyl carbon signals at δ 79.5 and 75.7 are still 

singlets, indicating that the alkynes are not coordinated to the rhodium centre.  The 

alkynyl methyl signal in the 1H NMR spectrum appears as a triplet at δ 1.6  (5JH-H = 2.6 

Hz) and is unchanged from that of the parent ligand, supporting the conclusion that the 

alkyne groups are not coordinated to the rhodium core. 
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Figure 3.10 NMR spectra of 101 (d6-benzene). Asterisks (*) mark the residual solvent 

signals, and the hash (#) marks the signal due to a trace amount of dichloromethane. 
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Using the same general procedure it was possible to synthesize the analogous 

tri(6-octynyl)phosphine complex. When two molar equivalents of 48 were reacted with 

one equivalent of [(COD)RhCl]2 in either benzene or acetone a single phosphorus 

containing compound was formed (as seen in the 31P NMR spectrum). The complex 102 

was isolated as a yellow coloured glass (36 %) after adsorption onto alumina and 

extraction with dimethoxyethane.  A single peak is observed in the 31P{1H} NMR 

spectrum, a doublet at δ 14.3 (d, 1JP-Rh = 146 Hz) in d6-benzene or δ 15.1 (d, 

1JP-Rh = 145 Hz) in d6-acetone.  The 13C{1H} NMR spectrum of 102 clearly shows that 

the 1,5-cyclooctadiene ligand is still coordinated to the rhodium and also confirms that 

the alkyne groups are not coordinated. 
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Abstracting the chloride from the rhodium complexes 101 and 102 would provide a 

vacant coordination site, which may allow for intramolecular alkyne coordination. 

Potassium or silver hexafluorophosphate (KPF6 and AgPF6, respectively) have been 

showed to remove chloride ions from rhodium complexes.147,148 When 101 was reacted 

with AgPF6 in d6-acetone three signals were observed in the 31P{1H} NMR spectrum 

(Figure 3.11a). The signal at δ 22.6 (d, 1JP-Rh = 148 Hz) is unreacted starting material, 

101, and the signal at δ -142.7 (septet, 1JP-F = 707 Hz) is from the PF6; the remaining 

signal at δ 19.3 (d, 1JP-Rh = 142 Hz) appears to be a new rhodium-phosphine complex 

but it is a very minor signal and unfortunately, the 1H and 13C{1H} NMR spectra 

revealed little about the nature of the new complex. The reaction was left in the dark in 

a nitrogen filled glove box overnight, during which time a considerable amount of 

brown coloured solid formed as a film on the inside of the reaction vessel.  The reaction 
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mixture was filtered and reanalysed (Figure 3.11b) and it was found that the 

composition of the 31P{1H} NMR spectrum had not changed, however there was a slight 

reduction in the signal-to-noise ratio in the 1H NMR spectrum (presumably due to the 

decrease in concentration of the solution because of the formation of the insoluble 

substance). After a few days a significant amount of brown solid had formed again and 

the reaction mixture had to be filtered once more.  The 31P{1H} NMR spectrum (Figure 

3.11c) now contained an additional signal at δ -14.1, the signal is a triplet with a large 

coupling constant of J = 957 Hz, likely the result of 31P-19F coupling.  On closer 

inspection the triplet at δ -14.1 was also present in the proceeding spectra (Figure 3.11a 

and b), with the increase in the intensity of the signal (relative to the signals at around δ 

22 pppm) is probably due to an increase in the concentration of the impurity as a result 

of the precipitation of polymeric materials that were removed from the sample using 

filtration.  A 31P NMR spectrum was run of the AgPF6 used in this experiment, the 

spectrum confirmed that the triplet at δ -14.1 (J = 957 Hz) is due to an impurity in the 

reagent and is not forming as part of the reaction with 101.  At no stage was a shift 

detected in the 1H or 13C resonances associated with the alkyne group, but the formation 

of the brown, insoluble material and broadening in the 31P NMR spectra would suggest 

that the system is polymerising. 

 



Chapter 3 Phosphine/alkyne complexation studies                                                        71 

 

Figure 3.11 31P{1H} NMR Spectrum (243 MHz, d6-acetone) of a solution of 101 

and AgPF6: 

a) after 10 minutes at room temperature; 

b) after filtering the mixture under N2 (reaction time ~ 18 hours); 

c) after filtering the mixture a second time (reaction time ~ 36 hours). 

 
Repeating this reaction with the tri(6-octynyl)phosphine complex 102 with KPF6 (in 

d6-acetone) resulted in a large amount of black precipitate and significant broadening in 

the 1H and 31P{1H} NMR spectra.  When AgPF6 was reacted with 102 in d6-acetone a 

new signal was detected in the 31P{1H} NMR spectrum at δ 0.8 ppm (Figure 3.12) and 

is tentatively assigned to a new silver-phosphine complex.  The signal appears to be a 

doublet or doublets but is actually two overlapping doublets, due to isotopomeric 

complexes containing 107Ag or 109Ag.  The silver-phosphine coupling constants 

observed were 1J107Ag,P = 486 Hz and 1J109Ag,P = 560 Hz, the magnitude of which 

suggests that the complex is bis[tri(6-octynyl)phosphine]silver hexafluorophosphate 

(103).  Alyea et al. reported that the magnitude of the 107Ag-31P coupling constant is 

inversely proportional to the number of ligands on the silver; for the complex 
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[AgLn]PF6 (where L = PPh3) when n=1 the 107Ag-31P coupling constant is 755 Hz, when 

n=2 the 107Ag-31P coupling constant is 507 Hz, and when n=3 the 107Ag-31P coupling 

constant is 319 Hz.149 Once again, upon standing the 1H and 31P{1H} NMR spectra 

broadened and became increasingly noisy (an affect visible in Figure 3.12). The 1H 

NMR spectrum had broadened significantly with the signals for the cyclooctadiene 

ligand barely visible and the CH2 signals for the alkyl chain being broad lumps. It was, 

however, possible to see two overlapping alkyne signals at δ ~ 1.6 (both triplets, with 

5JH,H ~ 2.5 Hz); the signals had broadened slightly. 

 

PAgP

+

33

103  

 

Figure 3.12 31P{1H} NMR spectra (243 MHz, d6-benzene) of: 

a) a sample of 102;  

b) the same sample after addition of AgPF6. 

 
Heating the complexes, 101 and 102, in an attempt to displace the 1,5-cyclooctadiene 

(COD) ligand also resulted in the formation of a brown coloured solid.  Attempts to 

collect and analyze the solid showed no signal in the 31P{1H} NMR spectra and noisy 

1H NMR spectra. The decomposition is probably due to polymerisation of the alkyne 

groups. 
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3.3.2 Rhodium carbonyl systems 

As discussed in the introduction, tetracarbonyldi-µ-chlorodirhodium(I), [(CO)2RhCl]2, 

has been used as the metal precursor for the formation of some novel doubly bridged 

cage complexes.10,24,25  The first step is to form the phosphine rhodium complex and it 

was envisaged that this would proceed in a similar fashion to the rhodium 

cyclooctadiene system. When tri-6-octynylphosphine (48) in d6-benzene was added to a 

solution of [(CO)2RhCl]2 in a 2:1 mole ratio (Scheme 3.18) a dark yellow coloured 

solution formed. 31P{1H} NMR spectroscopy showed the sample to contain a mixture of 

complexes; the spectrum contained two doublets at δ 18.8 (d, 1JP,Rh = 120 Hz) and 17.4 

(d, 1JP,Rh = 117 Hz) (Figure 3.13). The reaction was monitored over a 24 hour period, 

initially the ratio of the signals at δ 18.8 to δ 17.4 was 1:0.5 (based tentatively on the 

integral) but over the course of the reaction time the ratio changed to 1:0.2 (seen in 

Figure 3.13) with the reduction of the signal at δ 17.4. The presence of two signals may 

indicate that 48 has split the Rh dimer to form the cis- complex (cis- with respect to the 

two carbonyl groups), which then isomerizes so the two carbonyl groups are now trans 

to each other, however this will be discussed in greater detail below. 
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Scheme 3.18 
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Figure 3.13 31P{1H} NMR spectrum (243 MHz, d6-benzene) of a mixture of 48 

and [(CO)2RhCl]2 after 24h at room temperature. 

 
Interestingly, when the reaction mixture was heated, concentrated using reduced 

pressure, irradiated with UV light or allowed to stand for extended periods of time at 

room temperature (ca ~ 3 days) two new signals appeared in the 31P{1H} NMR 

spectrum (e.g. Figure 3.14b and c).  These signals at δ 38.3 (d, 1JP-Rh = 166 Hz) and δ 

38.1 (d, 1JP-Rh = 164 Hz) have larger coupling constants than the original signals seen in 

Figure 3.14a (or above in Figure 3.13). There is no evidence in the phosphorus 

spectrum of 31P-31P coupling through the metal so the complexes formed must contain 

only a single phosphine coordinated to each rhodium centre or be symmetrical.  The 1H 

NMR spectrum does contain multiple, overlapping, alkynyl methyl signals (centred 

around δ 1.7) but they all remain at a similar chemical shift to the free ligand and retain 

the same coupling constant (5JH,H  ~ 2.6 Hz) suggesting that the alkyne groups are not 

coordinated to the rhodium centre. 

 



Chapter 3 Phosphine/alkyne complexation studies                                                        75 

 

Figure 3.14 31P{1H} NMR spectrum (243 MHz, d6-benzene) a sample prepared 

from 48 and [(CO)2RhCl]2: 

a) after 20 min at room temperature;  

b) after the sample from (a) concentrated and redissolved; and 

c) after the sample from (b) concentrated and irradiated (UV light). 

 
It would appear that the two original signals at δ 18.8 (1JP-Rh = 120 Hz) and 17.4 (1JP-Rh 

= 117 Hz) and the subsequent signals at 38.3 (d, 1JP-Rh = 166 Hz) and δ 38.1 (d, 1JP-Rh = 

164 Hz) are due to different rhodium-phosphorus complexes rather then the formation 

of a phosphine-rhodium-alkyne complex. The spectra observed may be due to a mixture 

of cis- and trans- mononuclear rhodium complexes (e.g. 104 and 105), dinuclear 

rhodium complexes (e.g. 106, 107 and 108), and potentially a phosphine bridged 

dinuclear complex. 
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The ambiguity about the structure of the products obtained by reacting two equivalents 

of a tertiary phosphine with [Rh(CO)2Cl]2 has been ongoing in the literature.  

Uguagliatti and coworkers reported that reacting two equivalents of triphenylphosphine 

with [Rh(CO)2Cl]2 gives the mono-nuclear complex, trans-[RhCl(CO)2(PPh3).150,151   A 

short time after this original publication, however, the structure was re-evaluated and 

found to be the dinuclear complex 109.152-154 Steele and Stephenson postulated the 

possible routes to the formation of this dinuclear complex,155 due either to splitting of 

the chloride-bridge or through the association of the phosphine with the rhodium centre 

(110) and then the dissociation of the carbonyl groups to give a final mixture of the cis- 

and trans-isomers, 109 and 111 (Scheme 3.19).  It was the latter view adopted by Steele 

and Stephenson however, the proposed intermediates were solely based on the carbonyl 

stretching frequencies in the IR spectrum at room temperature. 
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Scheme 3.19 

 
It was not until 1993 that NMR spectroscopy was employed in this area, Rotonda et al. 

used a combination of 31P{1H} and 13C{1H} (with 13C enriched CO complexes) NMR 

spectroscopy in an attempt to determine if bridge-splitting was involved in the 

formation of the phosphine complexes.156  Their results suggested that there was pre-

association of the phosphines with the rhodium centres to give 110 but that this species 

was highly unstable and transformed into the mono-nuclear cis-[(CO)2RhCl(PPh3)] 

species (112, Scheme 3.20).  They stated that this mono-nuclear cis-complex (112) 

appeared to be quite stable in solution but on standing at room temperature or on the 

removal of the solvent under reduced pressure slowly gave a mixture of 

[Rh2(CO)3(PPh3)µ-(Cl)2] (113) and [RhCl(CO)(PPh3)2] (114). The complexes then react 

further to give the trans- and cis-[(CO)RhCl(PPh3)]2 complexes (109 and 111, resp.), 

which precipitated out of solution driving the equilibrium towards the dinuclear 

disubstituted complexes. Giordano and Rotonda went on to investigate the mechanism 

for the isomerisation between 109 and 111, concluding that the process proceeds via a 

tricoordinated 14-electron fragment [Rh(CO)(PPh3)Cl].157 
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Scheme 3.20 

 
A comparison of the current 31P{1H} NMR data with the data reported for the 

triphenylphosphine reaction may shed some light on the nature of the complexes giving 

rise to each of the current signals. In the Scheme above (Scheme 3.20) the reported 

31P{1H} chemical shift and coupling constant for each complex is given (110, 112-114 

in d8-toluene; 109 and 111 in CDCl3).156  Although some of the chemical shift values 

are very similar to each other, the values were confirmed using 13C{1H} NMR 

spectroscopy on 13C-enriched complexes.  Comparing values in Scheme 3.20 to the 

current system, the first two signals observed when 48 was mixed with [Rh(CO)2Cl]2 

were at δ 18.8 (1JRh,P = 120 Hz) and 17.4 (1JRh,P = 117 Hz).  The coupling constants are 

consistent with the formation of a mononuclear complex analogous to 112, but it is 
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unclear if the second signals is due the formation of the diphosphine complex (e.g. an 

analogue of 114) or the trans-isomer of the Rh(CO)2Cl[P]. It does however appear that 

the first two signals are due to mononuclear rhodium complexes.  Upon heating, UV 

irradiation or concentrating under reduced pressure two new signals appear in the 

31P{1H} spectrum at δ 38.3 (d, 1JP-Rh = 166 Hz) and δ 38.1 (d, 1JP-Rh = 164 Hz). The 

chemical shift and coupling constants are consistent with the di-rhodium complexes 

109, 111 and 113, however it is believed based on the stoichiometry and lack of free 

phosphine in the sample that these species are the trans- and cis-isomers 115 and 116, 

respectively.  An attempt to gain further information on the structure of the species 

present by looking at the carbonyl region in the 13C NMR spectrum was unsuccessful, 

with no CO signal being detected.  This is believed to be due to the low concentration of 

the sample and also because the CO signal is expected to be coupling to both the 

rhodium and phosphorus nuclei, even removing the 13C-31P coupling by running a 

13C{31P, 1H} NMR experiment failed to detected the carbonyl signal. 
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The addition of silver hexafluorophosphate in an attempt to remove the chloride as 

silver chloride, resulted in the formation of a brown amorphous film that was only 

sparingly soluble in organic solvents and by NMR showed broad, noisy signals in the 

1H and 31P{1H} NMR spectra suggesting the complex had polymerised. 
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3.4 Nickel Complexation Studies 

In the 1940s Reppe et al. reported the synthesis of cyclooctatetraene (COT) via a nickel 

halide catalysed cyclotetramerisation of acetylene (Scheme 3.21).158  It was then found 

that using a nickel phosphine complex resulted in a cyclotrimerisation giving a 

convenient route to benzene (Scheme 3.21) or substituted benzene derivatives.159  Since 

this time a vast array of work has been done using nickel and nickel complexes in 

organic synthesis.160,161 Ziegler reported the use of a Ni/Al catalyst in the 

oligomerisation and polymerisation of olefins, Ziegler type catalysts are now being used 

extensively in organic synthesis.162 Nickel has also been shown to catalyse co-

oligomerisation reactions (e.g. alkyne and olefin); the polymerization of butadiene, 

coupling reactions; and carbonylation reactions.160 
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Scheme 3.21 

 
There are many examples in the literature of nickel phosphine complexes (eg. 

Ni(PPh3)4),163-165 nickel phosphine/olefin complexes (eg. 117),163,166,167 and nickel 

phosphine/alkyne complexes (eg. 118).163,167-173 Pörschke and coworkers worked 

extensively with mixed phosphine/olefin (eg 117);166 phosphine/acetylene (eg. 

119);166,167 phosphine/olefin/acetylene (eg. 118);166 and diphosphine/acetylene systems 

(eg 120 and 121).  Bartik et al. expanded the work on mixed phosphine/acetylene 

complexes, synthesizing and characterising complexes with the general formula 

L2Ni(XC≡CY) (where L = PCy3, PPh3, P(O-o-Tol)3; X = Ph, Me; Y = Me, Et, i-Pr, t-

Bu, H, SiMe3, SiPh3).173 
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In 1994 Pörschke and coworkers reported a fascinating complex 122, which was 

synthesized by cyclotrimerisation of acetylene in the presence of 123 (Scheme 3.22).174  

As a solid 122 was found to melt with decomposition at 83 °C and is unstable in 

solution above -30 °C. The 31P{1H} NMR spectrum has two signals at δ 53.4 and 19.1 

with an AX splitting pattern (2JP,P = 37 Hz) due to the diphosphine ligand acting as a 

η1-donor and making the 31P nuclei non-equivalent.  Other nickel(0) systems with both 

phosphine and arene ligands have also been reported, but in those cases the arene 

ligands have been η2- or η4-bound.175,176 
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It was envisaged that if a monophosphine nickel complex could be formed with 

tri(6-octynyl)phosphine (48), the three tethered alkyne groups might undergo an 

intramolecular cyclotrimerisation reaction, similar to that seen in Scheme 3.22, to give a 

caged complex.  Reaction of 48 with Ni(COD)2 (124) in d6-benzene (Scheme 3.23) 

resulted in the formation of a brown coloured solution. When analysed by 31P{1H} 

NMR spectroscopy two signals where observed at δ 19.6 and 15.5 ppm (Figure 3.15), 
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both signals are doublets with a coupling of 2JP,P = 31 Hz. This result was observed 

regardless of whether the molar ratio of Ni/P was 1:1 or 1:2.  The 1H NMR spectra 

showed the presence of both free and coordinated 1,5-cyclooctadiene with singlets at δ 

5.6 (free COD) and δ 4.3 (consistent with COD coordinated to nickel).177 
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Figure 3.15 31P{1H} NMR spectrum (243 MHz, d6-benzene) of a sample 

containing a mixture of 48 and Ni(COD)2 (124). 

 
The magnitude of the observed coupling interaction (ca. 2JP,P = 31 Hz) is consistent 

with phosphorus-phosphorus coupling through a nickel centre.  Bennett et al. reported 

31P-Ni-31P coupling of 2JP,P = 27 Hz for complex 125 (note the signals in that case being 

triplets),178 which is similar to reported values for phosphine/acetylene nickel 
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complexes such as (PPh3)2Ni(PhC≡CR) (R = Me, 2JP,P = 27.1 Hz; R = Et, 2JP,P = 28.4 

Hz)173 and [(iPr3P)(Me3P)Ni(HC≡CH)] (2JP,P = 23.1 Hz).166 There are however, reports 

of P-M-P coupling interaction as large as 65 Hz as reported by Acosta-Ramírez et al. 

for the complexes 126 (2JP,P = 52 Hz) and 127 (2JP,P = 65 Hz).179  There was also 

evidence in the 1H NMR spectra that some of the 1,5-cyclooctadiene ligand had 

remained coordinated, which would tend to suggest that the complex being formed has 

the general structure [P]2Ni(COD). Such a complex would be expected to contain 

symmetry making the two phosphorus centres equivalent and giving rise to a singlet 

instead of two doublets in the 31P{1H} NMR spectra. The inequivalency observed might 

be due to local distortion around the nickel atom due to steric interaction between the 

alkyl chains of 48. 
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The reaction mixtures all turned brown after 15-20 minutes and in many cases a black 

precipitate formed along with extensive line broadening in the 31P and 1H NMR spectra.  

After samples were allowed to stand at room temperature overnight nickel mirrors 

deposited on the inside of the glass containers.  This suggests that the complex is 

decomposing to give colloidal nickel and either the alkynes are polymerising or a 

paramagnetic nickel species is forming causing line broadening in the NMR spectra (the 

former is more likely). The complex formed could not be isolated, however this may be 

due to the work being performed between 0 °C and room temperature while most of the 

complexes reported by Pörschke and coworkers were isolated and characterised 

between -30 and -80 °C.166 Greaves et al. did note that while it was possible to isolate 
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(Ph3P)2Ni(PhC≡CPh) that attempts to make and isolate the analogous trialkyphosphine 

complexes were unsuccessful, with the complexes decomposing.168  An attempt was 

made to perform the reaction at -78 °C, however the NMR spectroscopic analysis had to 

be performed at -10 to 0 °C (it was not permitted to cool the probe below this 

temperature and unfortunately it was the only probe available that was suitable for 

dilute 31P NMR spectroscopy).  

 

It is also possible to form nickel-phosphine complexes using an in situ reduction of 

Ni(II) in the presence of the phosphine.163  The reducing agent selected for this 

experiment was di-iso-butylaluminium hydride (DIBAL-H), however this reagent had 

been purchased as a solution in dichloromethane which had to be removed before 

proceeding.  A solution of DIBAL-H in dry THF was added to a solution of 48, also in 

dry THF, and this mixture was then added dropwise to a stirred suspension of nickel(II) 

acetylacetonate in THF.  The reaction mixture initially turned an orange colour and 

gradually darkened into deep red colour, with no visible sign of a precipitate.  The 

reaction mixture was transferred to an NMR tube and analysed. The 31P{1H} NMR 

spectrum (243 MHz) contained no sharp signals, but did appear to have a large, broad 

lump between δ 20 – 100 ppm that was barely visible through the noise.  It is likely that 

a paramagnetic nickel(II) species is still present in the sample which is broadening any 

signals in the 31P or 1H NMR spectra. 

 

Attempts were also made to synthesize (ttt-cyclododecatriene)nickel(0) (128), as it has 

been shown to form pseudo-tetrahedral phosphine complexes such as 129.180  This 

nickel complex (128) is sometimes referred to as “naked nickel” due to its reactive 

nature and thermal instability.  It has been reported that it is possible to synthesize 128 

using triethylaluminium in the presence of butadiene (butadiene acts as a colloidal 
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nickel scavenger, as the decomposition is auto-catalytic),181-183 di-iso-butylaluminium 

hydride (DIBAL-H),184 and samarium iodide.185  The novel samarium iodide approach 

was attempted previously and was found to give a red powder that did not match the 

spectroscopic or physical properties reported for 128.186 Triethylaluminium was not 

available at the time this study was undertaken so the reaction was attempted using 

DIBAL-H. 
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As discussed previously the DIBAL-H was purchased as a solution in dichloromethane; 

as a result the solution had to be concentrated under reduced pressure and then 

dissolved in dry ether. This process was repeated three times to ensure all of the 

dichloromethane was removed.    The DIBAL-H solution in ether was added dropwise 

to a cold (-78 °C) suspension of nickel acetylacetonate and ttt-1,5,9-cyclododecatriene 

in dry ether.  The paper reports that the reaction mixture is filtered at -78 °C, 

unfortunately the specialty glassware required for such a procedure was not available, 

instead the reaction was allowed to warm to -10 °C then filtered using a cannula 

filtration.  The resulting mixture contained a large amount of fine, black precipitate that 

was believed to be colloidal nickel.  At this point it was decided that due to the thermal 

stability of nickel(0) complex and the lack of suitable equipment for preparing, isolating 

and characterising compounds at these temperatures the attempt to form a nickel(0) 

complex of 48 was abandoned. 
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Chapter 4 Derivatives of 6-amino-1,4-diazacycloheptane 

4.1 Introduction 

A classical approach to the synthesis of cyclic polyamines involves reacting a 

bis(toluenesulfonamido) species (e.g. 130) with a ditosylate (e.g. 131) to form the 

tosylated cyclic amine (e.g. 132, Scheme 4.1a).30,187  This is typically the procedure 

used to synthesize  1,4,7-triazacyclononane.42,188,189  Another common approach to the 

synthesis of cyclic polyamines is based on condensation reactions between amines and 

monocarbonyl compounds.30,187  This method can lead to large cyclic polyamines in a 

single step.  For example, the reaction of [Co(en)3]3+ (133) with formaldehyde and a 

nucleophile (e.g. CH3NO2, NH3) results in the formation of various sarcophagine 

complexes (e.g. 2, 134 and 135, Scheme 4.1b).190,191 

 

Co

NH

NH

Nx

N

Nx

Ts

Ts

Ts

O x

N

O x

Ts

Ts

Ts

-

-

+

Nx

N

Nx

Ts

Ts

Ts

x

N

x

Ts

x  = (CH2)n

a)

b)

Z

NH HN

NH

Z

HN

Co

H2
N

N
H2

H2
N

H2
N

N
H2

N
H2

6 CH2O, 2 H3Z

z = N, C-CH3, C-NO2

130 131 132

3+

133

    2  z = N
134  z = C-CH3

135  z = C-NO2  

Scheme 4.1 

 
The 6-amino-1,4-diazacycloheptane (ADACH) core has been synthesized using both 

the classical approach and the condensation approach to cyclic polyamines (see Section 
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1.2.2, pp 10-13).  Using the classical approach Romba et al. synthesized 31 in an overall 

yield of 22 % in six steps.28  Using the condensation approach Aime et al. synthesized 

35 in only two steps and in an overall yield of 85 %.33  The condensation approach 

appears to be simplest and most efficient approach to the synthesis of the ADACH core.  

The condensation approach allows for a number of simple modifications to give a 

number of different derivatives.  It is this approach that will be investigated as part of 

this work. 
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4.1.1 The formation of the 1,4-diazacycloheptane (DACH) ring 

The synthetic procedure devised by Aime et al. is a two step process, the first step is to 

form the 1,4-diazacycloheptane ring and the second is to form the pendant amine 

group.32,33  The ring formation involved the reaction of the acetic acid salt of 

N,N´-dibenzylethylenediamine (36-2AcOH) with formaldehyde (from 

paraformaldehyde) and nitroethane (Scheme 4.2).  This reaction is an example of a 

nitro-Mannich reaction and results in the formation of 37, a 1,4-diazacycloheptane 

derivative with a pendant nitro group. 
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This type of ring closing condensation reaction has been discussed in detail by Sargeson 

and co-workers,191 in the formation of nitrogen containing macrocycles, and their 

studies allow a mechanism for the synthesis of the 1,4-diazacycloheptane core to be 

proposed (Scheme 4.3). The diamine may react with formaldehyde to give an imine 

136, which in turn may react with nitroethane to form the intermediate 138. The 

intermediate 138 may also be formed by reaction of the diamine with the “active olefin” 

137, which would be formed by reaction of formaldehyde with nitroethane in the 

presence of a base. Sargeson and coworkers found evidence for both types of reaction 

between diamines, monocarbonyl compounds and nitroethane, and the actual 

mechanism that leads to the intermediate 138 is not known.  The amine in the 

intermediate 138 can undergo condensation with a second molecule of formaldehyde, 

and subsequent cyclisation results in the formation of 140. The intermediate 138 may 

also undergo an addition reaction with formaldehyde, at the acidic site adjacent to the 

nitro group, but the addition product, 139, cannot undergo cyclisation to form the 

diazacycloheptane system. The condensation reaction yields a 1,4-diazacycloheptane 

ring (eg. 140) with a pendant nitro group, which can be reduced to an amine to give the 

desired ADACH motif. 
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Scheme 4.3 

 

4.1.2 The reduction of the nitro-group to give the pendant amine group 

The reduction of aromatic nitro compounds to amines has been extensively studied, but 

there has been considerably less work on the reduction of aliphatic nitro compounds.  

Mechanistic information associated with the reduction of aliphatic nitro compounds is 

limited to the identification of intermediates and general kinetic information.  The 

reduction is believed to proceed via a nitroso and/or hydroxylamine intermediate 

(Scheme 4.4),192-194 and it is possible that a given reaction may involve only one of the 

proposed intermediates rather than both.  A number of by-products that may form via 

coupling reactions between the nitroso and hydroxylamine intermediates or between the 

hydroxylamine intermediate and the final amine compound have also been identified. 
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Scheme 4.4 

 
The reduction of aliphatic nitro groups tends to be more difficult then aromatic nitro 

groups.  As such an array of different approaches to the nitro group reduction have been 

reported, each with various pros and cons.  A convenient list of some of the approaches 

is presented in the book - Larock’s Comprehensive Organic Transformations,195 a brief 

summary of the most common approaches is listed below: 

• the use of a heterogeneous metal catalyst (e.g. Raney nickel, Pd/C, Pt) and a 

hydrogen source (typically hydrogen gas or in the case of catalytic transfer 

hydrogenation a hydrogen source such as formic acid, hydrazine, formate 

salts or phosphinic acid); 

• dissolving metal reduction, typically using zinc, tin, magnesium or iron and 

an acid (e.g. hydrochloric acid, acetic acid, citric acid); and, 

• hydride reductions, by reducing agents such as lithium aluminum hydride 

and sodium cyanoborohydride or sodium borohydride in the presence of a 

metal catalyst (e.g. nickel(II) chloride, cobalt salts). 
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To date there appears to be only three reports relating to the reduction of the nitro group 

pendant to a 1,4-diazacycloheptane ring. Aime et al. first reported the synthesis of 

6-amino-6-methyl-1,4-diazacycloheptane (35) via a procedure in which the nitro group 

of 37 was reduced with concurrent reductive debenzylation, using Pd/C and hydrogen 

gas under high pressure (28 atm) conditions (Scheme 4.5a).33  The same group later 

reported the synthesis of 38 via catalytic transfer hydrogenation using Pd/C and 

ammonium formate (Scheme 4.5b).34  Likewise, Ge et al. used Raney nickel and high 

pressure hydrogen gas (5 atm) to reduce 141 to the desired amino compound 39 

(Scheme 4.5c).35 All three methods are based on the use of a heterogeneous metal 

catalyst.  The aim of this Section is to investigate alternative reduction methodologies, 

to expand the variety of routes to 6-amino-6-methyl-1,4-diazacycloheptane and thus 

facilitate the synthesis of new functionalised AMDACH systems. 
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PhPh
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MeOH
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MeOH

N N CH3H3C

NH2
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N N
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Scheme 4.5 
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4.2 Synthesis of 6-amino-6-methyl-1,4-diazacycloheptane derivatives 

4.2.1 The formation of the 1,4-diazacycloheptane ring 

N N

NO2

37

PhPh N N CH3H3C

NO2

141  

 
This study extended the work already reported on the synthesis of the dibenzyl, 37, and 

dimethyl, 141, derivatives of AMDACH.  The first step was the formation of the 

diazepine ring using the nitro-Mannich reaction.  The syntheses of 3733 and 14135 have 

both been reported, but minor modifications were made to the reported procedures to 

either improve the yield or to simplify the experimental procedures. 

 

Only minor changes were made to the synthesis of the dibenzyl derivative (Scheme 

4.6).  Due to its commercial availability N,N´-dibenzylethylenediamine (36) was used 

instead of acetic acid salt as reported.33   The resulting change to the pH of the reaction 

mixture was found to have no adverse affect on the course of the reaction.  Aqueous 

formaldehyde was also substituted for paraformaldehyde in this reaction.   

 
N N

NO2

+ 2 CH2O+EtNO2

37

EtOH

!
N N

H H

PhPh
PhPh

36  

Scheme 4.6 

 
Aime et al. reported that on completion of the reaction the solvent was removed and the 

residue partitioned between dichloromethane and saturated aqueous sodium carbonate 

solution.  The organic extract was then dried and the solvent was removed to give 37 as 
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a crude oil that was further purified using silica column chromatography.  When this 

procedure was repeated in the present study, the product was typically isolated as an oil 

that became a waxy solid after standing for hours or days at room temperature.  An 

alternative isolation procedure was developed in which the crude reaction mixture was 

concentrated in vacuo to give an orange coloured oil (~ 6 g).  Pentane (100 ml) was 

added to the oil and the mixture was stirred for 15 minutes before filtering to remove 

the insoluble orange coloured substance. When the filtrate was stored at 4 °C overnight, 

the product, 37, crystallised as colourless needles.  Using this isolation procedure it was 

possible to recover 37 in 72 % yield.  The crystals were analytically pure and of 

sufficient quality for study by X-ray diffraction. 

 

The synthesis of the dimethyl derivative 141 was reported by Ge et al. and involved 

reaction of N,N´-dimethylethylenediamine (142) with nitroethane and formaldehyde 

(Scheme 4.7).35  The desired product, 141, was isolated in 61 % yield.  This procedure 

was done without a solvent and the reaction is exothermic so the temperature had to be 

carefully controlled.  In the present study, in an attempt to improve the yield, the 

reaction was repeated using ethanol as the solvent and then either heating the mixture to 

reflux for 15 minutes or leaving the mixture at room temperature overnight.  The 

solvent was removed and the residue subjected to fractional distillation under reduced 

pressure, giving 141 as a pale yellow coloured liquid.  Using this procedure it was 

possible to synthesize 141 in yields of 74-81 % depending on the scale of the reaction. 

 
N N

CH3H3C

NO2

+ 2 CH2O+EtNO2

141

N N
CH3H3C

H H

142  

Scheme 4.7 
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4.2.2 Reduction of the pendant nitro group to the desired amine group 

Once the diazepine ring has been formed the final step was to reduce the pendant nitro 

group to an amine group to give the desired ADACH core.  As discussed in the Section 

4.1.2, the only reported methods for reducing the pendant nitro group of either 37 or 

141 used heterogeneous metal catalysts and a hydrogen source.  It would be useful to 

extend the previous studies by investigating other reduction methodologies, in particular 

methods that do not require the use of molecular hydrogen at high pressure.  Of primary 

interest to this project was determining if the nitro group reduction could be achieved 

using a hydride reducing agent. 

 

The hydride reduction method was found to be successful in the reduction of nitro 

group of the dimethyl derivative 141.  The nitro compound 141 was dissolved in dry 

THF and solid LiAlH4 was added portionwise over approximately 15 minutes (Scheme 

4.8).  The mixture was refluxed for 24 h before an extra portion of LiAlH4 was added 

and heating was continued for another 24 h (this extra addition of LiAlH4 significantly 

increased the final yield).  The reaction mixture was quenched with water and saturated 

aqueous sodium hydroxide solution and the organic layer separated.  The organic 

extract was dried (MgSO4) and the solvent was removed in vacuo giving a crude residue 

that was distilled under reduced pressure (20 mmHg) to give the desired amine 39 (67 

% yield). 

 
N N CH3H3C

NO2

141

N N CH3H3C

NH2

39

excess LiAlH4

dry THF

48 h
 

Scheme 4.8 
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The use of LiAlH4 to reduce the nitro compound 141 routinely yielded a crude residue 

that was a mixture of a colourless oil and a white solid.  When a large excess of LiAlH4 

(typically, 8:1 mole ratio LiAlH4:141) was used with vigorous heating for 48h the 

residue is primarily the oil, which was identified by NMR spectroscopy and mass 

spectrometry as the amine 39.  If less reducing agent was used or the reaction was not 

heated for an extended period of time the isolated residue contained a lot more of the 

white solid. The solid was finally identified as the hydroxylamine compound 145 using 

X-ray crystallography.196 This was not an unexpected finding as hydroxylamines are 

often formed as intermediates in the reduction of nitro compounds.192 It was possible to 

stop the reaction at the hydroxylamine stage by using only three equivalents of LiAlH4 

and performing the reaction at room temperature (Scheme 4.9).  The crude 

hydroxylamine was obtained as an oil that solidified on standing and was then 

recystallised from ether/hexanes to give pure 145 (39 %).  

 
N N CH3H3C

NO2

141

N N CH3H3C

NH(OH)

145

3 eq. LiAlH4

dry THF

 

Scheme 4.9 

 
It appears that the reduction of the nitro group proceeded via two steps, firstly giving 

the hydroxylamine and then reacting further to give the amine group.  The first step 

occurs readily, even at room temperature, but the second step required an excess of 

LiAlH4 and extended periods of heating.  This may account for some of the problems 

encountered with the reduction of the nitro group of the dibenzyl compound 37.  The 

reaction of 37 with lithium aluminium hydride in dry THF (Scheme 4.10) at room 

temperature lead to the isolation of a slightly tan coloured oil.  An analysis of the oil 

using NMR spectroscopy (1H and 13C{1H}) showed it was a mixture of compounds.   It 
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appears that the compounds still contain benzyl groups (it is known that LiAlH4 can be 

used to remove benzyl groups from amines but it does not appear to be the case in this 

reaction) and based on the result of the dimethyl compound 141 it is possible that the 

mixture is the amine and hydroxylamine compounds 143 and 144, respectively.  

Attempts to separate components of the mixture using fractional distillation under 

reduced pressure lead to decomposition (there was a colour change and a significant 

increase in the number of signals in the 1H NMR spectrum) of the sample and attempts 

to purify the compound using silica column chromatography gave the same results 

(decomposition).  

 
N N

NO2

37

PhPh N N

NH2

PhPh N N

NH(OH)

144

PhPhexcess LiAlH4

dry THF, rt

143

+

 

Scheme 4.10 

 
All of the attempts to push the reaction to the amine 143 by heating the reaction mixture 

resulted in the decomposition of the sample. It appeared by 1H NMR that a complicated 

mixture of the amine, hydroxylamine and debenzylated compounds had formed.  Aime 

and coworkers, have also noted the susceptibility of the dibenzyl system to heat.197  

Allowing the reaction to stir at room temperature for 3-4 days had little effect on the 

composition of the isolated crude oil.  An IR spectrum of the isolated crude oil showed 

no peak at 3300 cm-1 but there was a broad signal at 3231 cm-1.  Amines typically give a 

broad signal at around νN-H 3300 cm-1 compared to hydroxylamine compound that come 

at lower, at around νN-H 3250 cm-1 and also have a N-O stretch at νN-O 894-896 cm-1.198 

The IR spectrum for the crude product, from the reduction of 37, had a broad signal at 

3231 cm-1 and a small, sharp signal at 865 cm-1 but the sample appears to be a mixture 

of compounds and so the results are inconclusive.  Based on the knowledge gained in 
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the nitro group reduction of the dimethyl compound 141 it is likely that the primary 

compound formed in the reduction of 37 is the hydroxylamine, but it has not been 

isolated in a pure from.   

 

The reduction of the dibenzyl derivative 37 proved to be difficult, and a number of 

different potential methods were investigated.  Attempts to reduce the nitro group using 

Pd/C and ammonium formate (Scheme 4.11) resulted in a complicated mixture. This 

method had been reported to successfully reduce the nitro group of the dibenzyl 

derivative of 6-nitro-6-heptaadecyl-1,4-diazacycloheptane, with concurrent 

debenzylation of the ring amines.34 A personal communication with the authors of that 

paper stated that their attempts to use this method with 

6-nitro-6-methyl-1,4-diazacycloheptane derivative, 37, were also unsuccessful.197 

 
N N

NO2

37

PhPh
10% Pd/C, NH4CO2H

MeOH

N N

NH2

143

PhPh

 

Scheme 4.11 

 
Repeating the above procedure using Pt/C instead of Pd/C was marginally more 

successful.  The reaction mixture was stirred at room temperature overnight and then 

gently heated for four days.  The mixture was filtered and the solvent was removed 

under reduced pressure, giving a yellow coloured oil.  The 1H NMR spectrum showed 

that the oil was a mixture of two compounds.  The major species (~78 % of the mixture) 

was identified as the starting material, 37.  The NMR signals of the minor species (~ 22 

% of the mixture) were consistent with a reduced compound but it was unclear whether 

it is the fully reduced amine 143 or the intermediate hydroxylamine 144.  Again, 

attempts to push this reaction with higher temperatures and longer reaction times 
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resulted in complicated mixtures (due presumably to the decomposition of the starting 

nitro compound, 37), and using platinum oxide instead of Pt/C gave no reaction. 

 

In an attempt to understand the platinum catalysed reaction it was repeated using the 

dimethyl derivative 141. A reaction of 141 with hydrogen gas (1 atm) in the presence of 

Pt/C catalyst gave, after filtration and concentration under reduced pressure, an oil 

which by 1H NMR spectroscopy contained approximately 25 % of the hydroxylamine 

compound 145 with the remainder being starting material.  It is possible that with 

extended reaction times, elevated temperature or higher pressure this method would be 

an alternative to the Raney nickel approach reported by Ge et al.35  Surprisingly, using 

Pt/C and ammonium formate did not yield either the hydroxylamine (145) or amine 

(39), even after 4 days at reflux. 

 

The use of lithium aluminum hydride appears to be a viable alternative to the use of a 

metal catalyst and high pressure hydrogen gas.  It is possible to successfully reduce the 

pendant nitro group of 141 to an amine to give the desired compound 39. It is also 

possible using a modification of this procedure to isolate the intermediate 

hydroxylamine, 145.  The reduction of the dibenzyl derivative 37 was more difficult 

with only a crude oil being isolated that is tentatively assigned as the hydroxylamine 

144.  Attempts to purify this compound, even under an inert atmosphere, have been 

unsuccessful, as have attempts to push this reaction to give the amine 143. 

 



100 

4.3 Characterisation of the AMDACH derivatives 

4.3.1 Spectroscopic properties of AMDACH derivatives 

The nitro compounds 3733 and 14135 and the amine 3935 are literature compounds. The 

spectroscopic data obtained for these compounds during the present study is consistent 

with data provided in the literature.  There is however, some ambiguity in the literature 

as to the assignment of the NMR spectra.  Shown below, in Figure 4.1, is a three 

dimensional representation of 141 with the plane of symmetry dissecting the C2-C3 

bond.  This symmetry element makes the carbon C2 and C3 equivalent, and likewise C5 

and C7 are equivalent.  It is also clear from this figure that the protons on the ring can 

be in an axial or equatorial position, giving rise to H2/3 axial and H2/3 equatorial 

environments with a AA′XX′ spin system (likewise, there are H5/7 axial and H5/7 

equatorial environments). 
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Figure 4.1 Side view: shows the axial and equatorial protons of the 1,4-

diazacycloheptane ring.  Perpendicular to the plane of the ring view: shows the 

plane of symmetry dissects the C2 and C3 bond and cuts through the middle of 

the CH3, NO2 and C6 groups. 

 
The 1H NMR spectra of the DACH derivatives are consistent with their structure; the 

spectrum of 141 is shown in Figure 4.2a.  The 1H NMR spectrum shows the axial and 

equatorial protons of H5/7 appear as a simple AB pattern but they are actually a second 
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order AA′BB′ system (due to the magnetic inequivalency present in the structure). 

Likewise, the axial and equatorial protons H2/3 are second order AA′XX′ multiplets.  

The 13C{1H} spectrum (Figure 4.2b) confirms the symmetry with one signal for C2/C3 

and one signal for C5/7, it is also interesting to note the downfield position of the C6 

signal (δ 92 ppm). 

 

 

Figure 4.2 1H and 13C{1H} NMR spectra (CDCl3) of 141. Asterisks (*) mark 

water impurity from the solvent and hashes (#) mark the residual solvent. 

 
The dimethyl derivative, 37, has a similar 1H NMR spectrum to 141 (Figure 4.2, above) 

except it does not contain aromatic or benzylic signals and instead has a singlet at δ 2.31 

(integrates for 6H) for the N-methyl protons.  The 13C{1H} NMR spectrum is also 
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similar with the carbon nuclei as part of the ring coming in approximately the same 

chemical shifts as 141 with the N-methyl signal coming at δ 47.7 ppm.  Upon reduction 

of the nitro compound to the novel hydroxylamine compound 145, new signals appear 

in the 1H NMR spectrum (Figure 4.3) at δ 6.87 and 5.23, both are broad singlets and are 

assigned as the NH and OH protons. A large shift is observed in the position of the C6 

signal in the 13C{1H} NMR spectrum (Figure 4.3), in the nitro compound 37 the signal 

is downfield at δ 91.1 compared to in the hydroxylamine compound where it comes at δ 

59.8. The fully reduced amine derivative 39, has a C6 signal at δ 52.4, a slight upfield 

shift from the hydroxylamine.  The remaining signals in the 13C{1H} spectra do not 

change significantly when the nitro group in reduced to the hydroxylamine or amine.  

Due to the very similar spectral properties of the hydroxylamine 145 and amine 39, 

great care must be taken to ensure the compounds are correctly identified and assigned. 
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Figure 4.3 1H and 13C{1H} NMR spectra (d6-dmso) of 145. Asterisks (*) mark 

residual water from the solvent and hashes (#) mark the residual NMR solvent 

signal. 
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4.3.2 Crystal structure of 1,4-dibenyl-6-methyl-6-nitro-1,4-diazacycloheptane  

The crystal structure of the dibenzyl derivative 37 was obtained (Figure 4.4) using 

crystals grown from ether/hexanes at 4 °C.  There is one crystallographically distinct 

molecule and no solvent molecules in the crystal lattice. A crystal structure of the 

hydroxylamine 145 was also obtained (Figure 4.5), with the crystals being grown by 

Ryan Duncan.196  It was found that 145 forms a H-bonded dimer from the –OH proton 

of one molecule to the –NH nitrogen of the neighbouring molecule and vice versa, as 

shown in Figure 4.5b. 

 

 

Figure 4.4 ORTEP representation of 37 

 

Figure 4.5 ORTEP representation of 145 of a single molecule and the H-bound dimer 

 
The two compounds, 37 and 145, have comparable bond lengths and angles (Table 

4.1).  The only discernible difference being the bond length of 1.539 Å between C6-

NO2 in 37 and a length of 1.483 Å between C6-NH(OH) in 145, this difference may be 
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due to the different electron withdrawing/donating effects of a nitro group compared to 

a hydroxylamine group, respectively.  

 
Table 4.1 Selected bond lengths (Å) and angles (°) for 37 and 145 

 
N N

NO2

2 3

5
6

7

PhPh

37  

N N CH3H3C

NH(OH)

2 3

5
67

145  

av. ring C-N 1.465 1.470 

av. ring C-C 1.518 1.512 

C6-{N}1 1.538 1.483 

C6-CH3 1.527 1.516 

N1-R2 1.477 1.463 

N4-R 1.471 1.462 

C5-C6-{N} 109.17 111.13 

C7-C6-CH3 111.75 110.66 

CH3-C6-{N} 104.76 109.76 
 
1) for 37 {N} = -NO2 and for 142 {N} = -NH(OH); 2) for 37 R = -CH2Ph 

and for 145 R = -CH3. 
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Chapter 5 Metal Complexes of 6-amino-6-methyl-1,4-

diazacycloheptane derivatives 

5.1 Synthesis of metal complexes of AMDACH derivatives 

The class of complex of interest for this work is the facially capped N3-bound complex 

with a M(CO)3 (M = Cr, Mo, W) fragment.  This class of compounds has been reported 

for both the TACN and TACH systems and would allow for a direct comparison to the 

new AMDACH system.88,106,199,200 147  There are two common approaches to the 

synthesis of fac-{N3}M(CO)3 complexes:85 

• The direct approach: reacting the N3 ligand with M(CO)6 (M = Cr, Mo, W) 

under thermal or photochemical conditions; and 

• The ligand substitution approach: using a L3M(CO)3 complex (M = Cr, Mo, 

W; L3 = (CH3CN)3, (C2H5CN)3, cycloheptadiene,  1,3,5-trimethyl-1,3,5-

triazacyclohexane) as a labile source of the required “M(CO)3” fragment, 

with the N3 ligands displacing the labile auxiliary ligands. 

Both approaches were investigated with the new 

6-amino-6-methyl-1,4-diazacycloheptane (AMDACH) system and the resulting 

complexes were fully characterised and their reactivity investigated.  

 

5.1.1 Synthesis of dimethyl-AMDACH metal complexes 

The direct approach involved refluxing M(CO)6 (M = Cr, Mo,W) with the AMDACH 

ligand 39 in an appropriate solvent (e.g. Scheme 5.1). The advantage of this approach is 

that the product generally precipitates out of the reaction mixture and can be isolated by 

simple filtration.  It is also a one step procedure, which minimizes exposure to air, thus 

reducing the risk of the complex decomposing. Disadvantages of this approach are the 
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high temperatures and long reaction times occasionally required, which may result in 

decomposition of the ligand or complex.  This approach is also complicated by the 

M(CO)6 subliming out of the reaction mixture, making it difficult to control the 

stoichiometry and also posing a safety hazard as there is a risk of blocking the 

condenser causing a pressure build up.105,106  Slowly increasing the temperature at the 

start of the experiment and carefully monitoring during the experiment can avoid this 

problem. 
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NH2
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M
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N
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N
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147  M = Mo

148  M = W

39

 

Scheme 5.1 

 
The direct method was investigated with the ligand 39 (Scheme 5.1), and successfully 

yielded two of the desired (Me2AMDACH)M(CO)3 complexes (147 M = Mo; 148 M = 

W).  The reaction had to be carried out with the careful exclusion of oxygen.  The 

reaction vessel charged with the metal hexacarbonyl was carefully degassed by purging 

with a high flow of nitrogen gas and the solvent and ligand were degassed using three 

freeze-pump-thaw cycles.  The choice of solvent was found to have a large effect on the 

overall yield of the reaction.  This is believed to be due to different reflux temperatures 

as well as the solubility of the final complex in the solvent.  When THF (bp = 69 °C) 

was used as the solvent to synthesize 148 a yellow coloured precipitate formed with a 

final yield of 20 %, but when xylenes (bp = 110°C) was used the yield increased to 40 

%.  The same trend was observed for the Mo analogue, 147, with a 44 % yield in THF 

and 88 % yield in xylenes.   For the Cr complex, 146, it was found that the complex is 
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soluble in THF, which made the work up complicated. When the Cr reaction was 

repeated in xylenes the reaction mixture turned black and none of the desired complex 

(146) was isolated. 

 

The indirect approach was also investigated using (RCN)3M(CO)3 (R = CH3 or C2H5; M 

= Mo, W) as the labile source of the “M(CO)3” fragment (Scheme 5.2). The 

trisacetonitrile or trispropionitrile intermediates were synthesized by refluxing M(CO)6  

(M = Mo, W) in either acetonitrile or propionitrile (Scheme 5.2a).110 The reaction 

mixtures were reduced to dryness under high vacuum, leaving bright yellow coloured 

solids. Dry THF was then added followed by Me2AMDACH 39 (Scheme 5.2b).  The 

reaction mixture was stirred at room temperature for 12-24 h, during which a fine 

precipitate formed.  The solvent was decanted and the solid was washed, then dried in 

vacuo. Using this procedure the Mo derivative 147 was isolated in 26 % yield and the 

W derivative 148 in a 36 % yield. 
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Scheme 5.2 

 
The indirect approach was also used to synthesize the chromium complex 146 but a 

different source of the labile “M(CO)3” fragment was used.  It was found that the 

reaction of acetonitrile or propionitrile with Cr(CO)6 was very sensitive to oxidation. To 

avoid this problem, the Cr complex 146 was synthesized from (Me2TACH)Cr(CO)3 

(Scheme 5.3).106  The reaction was performed in a nitrogen filled glovebox at room 

temperature.  The reaction was stirred for 3 h, then filtered and the solvent removed 
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under reduced pressure.  The solid residue was triturated with ethyl acetate and then 

washed with hexane, giving 146 as a tan coloured powder (37 %).  It is interesting to 

note that the Me2AMDACH ligand readily displaces the Me3TACH ligand, suggesting 

that the AMDACH system is a stronger donor than the TACH system. 
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Scheme 5.3 

 
As the dibenzyl AMDACH derivative was not isolated in a pure form, and as there was 

still debate as to whether the isolated material was the hydroxylamine 144 or the amine 

143, the synthesis of the metal complex could not be investigated directly.  Instead a 

new approach was investigated, which involved reducing the nitro group of 37 in situ 

(see Section 5.1.3, below). 

 

5.1.2 Hydroxylamine intermediate to the amine complex 

It was found serendipitously that the dimethyl hydroxylamine derivative 145 reacts with 

W(CO)6 to give the (Me2AMDACH)W(CO)3 adduct 148 and a gas, presumably carbon 

dioxide, instead of the expected hydroxylamine complex 149 (Scheme 5.4).196 There 

are a number of reports relating to the use of carbon monoxide in reduction reactions; 

including the metal catalysed reduction of N-O species.114,201-203  A general review on 

the reduction of aromatic nitro groups to amines, isocyanates, carbamates and ureas was 

published in 1996 and provides a good overview of the area.203 
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Scheme 5.4 

 
It is believed that the metal-catalysed reduction of nitro groups with carbon monoxide 

involves the deoxygenation of the nitro group to form a nitrene complex (an example of 

a proposed mechanism is given in Scheme 5.5).201,203,204 The nitrene can then either 

abstract a proton, typically from water or ethanol, to form the amine or it can react 

further with carbon monoxide to give an isocyanate which can then react with water to 

give a carbamic acid that can then give the amine.  A number of different metals have 

been used to catalyse the reduction of nitro groups, including: Ru, 205-208 Fe,201,205,206,209 

Os,205,206 Pd,210,211 Rh,212-215 Se,216,217 Cu,218 Au,219 and Group VI metals (Cr, Mo, 

W).204,220-222 There have also been reports of molybdenum hexacarbonyl being used to 

reduce aromatic nitro compounds to amines221,222 and M(CO)6 (M = Cr, Mo, W) to 

reduce hydroxylamines to amines with subsequent coordination of the amine to the 

metal centre.220  The work by Maksakov and coworkers is particularly interesting as it is 

closely related to the current hydroxylamine system. 
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Scheme 5.5 

 
The reaction of hydroxylamine 145 with Mo(CO)6, W(CO)6 or (CH3CN)3W(CO)3 all 

gave the same result (Scheme 5.6); the reduction of the hydroxylamine to an amine and 

isolation of the N3-bound complexes 147 and 148, respectively.  All of the reactions 

were performed in dry THF or acetonitrile and upon mixing of 145 with the metal 

source bubbles were seen within seconds.  The reactions were monitored using 1H and 

13C{1H} NMR spectroscopy with the spectra being identical to those of authentic 

samples of 147 and 148 (isolated from reactions of the free amine 39 and the 

appropriate M(CO)6 source).  In one case, crystals suitable for X-ray crystallography 

were isolated from the reaction mixture.196   The structure clearly showed the presence 

of the amine, and was identical to the structure produced from the alternative synthetic 

approach (free amine approach).  
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N N

NH(OH)

+ [M]

THF or CH3CN

!

M

OC

N NH2

CO

N

CO

147 M = Mo
148 M = W

145

[M] = Mo(CO)6, W(CO)6, or

        (CH3CN)3W(CO)3  

Scheme 5.6 

 
This type of reaction sequence, reduction and subsequent coordination of the amine, is 

rare.  It is interesting that this reaction proceeds rapidly, even when there is only a 

limited supply of carbon monoxide (as is the case in the (CH3CN)3W(CO)3 reaction). 

Even more interestingly, there is no clear proton source in the reaction investigated as 

part of this project. In the literature these reduction reactions are typically done in the 

presence of water or ethanol,203 in the current system the reaction of 145 proceeds in dry 

THF or CH3CN.  The reaction of the nitro compound 37 with Mo(CO)6 in refluxing dry 

THF (Scheme 5.7) failed to give any trace of the amine complex 150.  This lead to the 

belief that the proton on the hydroxyl group of the hydroxylamine may be involved in 

the reaction, with the proton being transferred from the oxygen to the nitrogen in either 

an intermolecular or intermolecular fashion.  

N N

NO2

37

PhPh Mo(CO)6

dry THF
Mo

OC

N
NH2

CO

N

CO

Ph

Ph

150  

Scheme 5.7 

Very little mechanistic data is available for the reduction of hydroxylamines with metal 

carbonyl complexes. There is one report by Maksakov and Ershova suggesting the 

reaction proceeds via a similar deoxygenation reaction (Scheme 5.8) as the proposed 

nitro group reduction (Scheme 5.5, above).220  In the report M(CO)6 (M = Cr, Mo, W) 
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was reacted with NH2OH in a mixture of THF/alcohol (presumably ethanol)  and 

through a proposed four-centred intramolecular rearrangement the hydroxylamine is 

reduced to an amine and carbon dioxide is produced (Scheme 5.8).  Unfortunately, the 

paper does not explicitly indicate where the proton required to form the amine comes 

from. The proton could conceivably come from the alcohol solvent or from the 

hydroxylamine itself (the hydroxyl proton in the proposed mechanism is not directly 

accounted for).  In the current system the solvent was vigorously dried and although 

proton abstraction from the solvent cannot be ruled out, it seems plausible that the 

proton required to form the amine comes from the hydroxyl group (through either an 

intramolecular or intermolecular transfer).  

M(CO)6 + H2NOH
(OC)5M

H2N OH

C O

M(CO)5(NH3)

#
(OC)5M

H2N OH

C O

[M(CO)5]

#

+ NH3 + CO2  

Scheme 5.8 

The above hypothesis about the proton source in the reaction of the hydroxylamine 145 

with a metal carbonyl complex has yet to be tested.  However, it may be possible to test 

this theory by labeling the hydroxyl group with deuterium and monitoring the reaction 

using NMR spectroscopy.  This approach could be problematic using the current system 

because a compound with the general structure R-NH(OD) (R = alkyl or aryl group) 

might undergo exchange of the NH and OD prior to the reaction, effectively scrambling  

the results; however it might be possible using compounds with the general structure 

R2N(OD). A reaction of R2N(OD) with M(CO)6 would form (CO)5M(NR2H) if the 

proton source is the solvent or (CO)5M(NR2D) is the proton is transferred from the 

hydroxyl group to the nitrogen (conversely, using a deuterated solvent and R2N(OH) 

would provide further evidence to support what the proton source is). 
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5.1.3 Synthesis of dibenzyl-AMDACH metal complexes 

As an extension to the investigation into the interesting decarboxylation reduction 

reaction, it was theorized that it might be possible to prepare complexes of the dibenzyl 

AMDACH using a one-pot method from the nitro compound 37.  As discussed 

previously (Section 4.2.2, pp 95-99) the reduction of 37 was difficult and the pure 

amine was not isolated, there was also debate about whether the crude material isolated 

was the hydroxylamine or amine.  It was found in the investigation of the dimethyl 

system the reduction of the nitro group to the hydroxylamine group with LiAlH4 

preceded rapidly, even at room temperature, but the second reduction to the amine was 

more difficult.  It was thought that it might be possible to devise a one-pot synthesis of 

the (Bn2AMDACH)M(CO)3 complexes (151, 150 and 152) using a combination of 

LiAlH4 (to reduce the nitro to the hydroxylamine) and M(CO)6 (to reduce the 

hydroxylamine to the amine, and form the final complex). 

Cr

OC

N
NH2

CO

N

CO

Ph

Ph

Mo

OC

N
NH2

CO

N

CO

Ph

Ph

W

OC

N
NH2

CO

N

CO

Ph

Ph

151 150 152  

The nitro compound 37 was treated with LiAlH4 (a molar ratio of 1:3, resp.) in dry THF 

to form the hydroxylamine in situ and then a metal hexacarbonyl was added and the 

mixture was stirred at room temperature or heated to reflux (Scheme 5.9).  The products 

were isolated from the reaction mixture by first quenching any remaining LiAlHx 

species (x = 1-4) with methanol and then removing the solvent in vacuo.  The remaining 

crude residue was extracted with dichloromethane, filtered and the solvent removed to 

give the complexes as yellow coloured solids.  This method successfully yielded the Cr 

complex 151 and Mo complex 150, both in 13 % yield.  For the Mo system, when the 
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reaction mixture was refluxed for 3 h before quenching the reaction the yield increased 

to 26 %.  The reaction also appeared to work for the W derivative 152, but the complex 

has a propensity to form an oil rather then a solid and is difficult to isolate.  Thus, 

although this method did successfully yield the desired amine complexes, the yields 

were low and the work-up procedure was messy. Perhaps this method would give better 

results if excess LiAlHx salts were quenched and removed by filtration before addition 

of the metal hexacarbonyl. 

N N

NO2

37

PhPh 3 eq LiAlH4

THF

N N

NH(OH)

144

PhPh M(CO)6

M

OC

N NH2

CO

N

CO

Ph

Ph

151  M = Cr

150  M = Mo

152  M = W  

Scheme 5.9 

A test reaction was performed to see if the yield of the reaction could be improved by 

removing the lithium and aluminium salts prior to adding the metal hexacarbonyl.  The 

reduction to the hydroxylamine, was performed as above – LiAlH4 was added to a 

solution of Bn2AMDACH (37) in dry THF. An exothermic reaction occurred and the 

mixture was then allowed to stir at room temperature overnight before being quenched 

with saturated aqueous sodium hydroxide solution.  The mixture was filtered and the 

solvent was removed under reduced pressure (0.01 mm Hg) to give a colourless oil.   

Degassed xylenes was added followed by the rapid addition of solid Cr(CO)6.  The 

reaction mixture turned bright yellow in colour and was then gently refluxed for 3 h and 

then left at room temperature overnight.  The resulting bright, yellow coloured 

precipitate was collected under nitrogen and dried to give (Bn2AMDACH)Cr(CO)3 

(151) in a 48% yield.  The reaction was also used to synthesize the W derivative, 152, 

giving a tan coloured solid (52 %). 
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5.2 Characterisation 

5.2.1 NMR spectroscopy 

Representative 1H and 13C NMR spectra for (Me2AMDACH)Mo(CO)3 147 are 

provided in Figures 5.1 The appearance of the spectra is consistent with the complexes 

having an effective plane of symmetry running through C6 and dissecting the bond 

between C2 and C3 (as per the discussion in Section 4.3.1, pp 100-103).  This 

symmetry makes C2 equivalent to C3 and makes C5 equivalent to C7.  Within each 

CH2 group of the diazacycloheptane ring, the axial and equatorial positions are 

inequivalent, and thus the H2/3 protons give rise to two signals in the 1H NMR 

spectrum, one for the axial protons and one for the equatorial protons, and the H5/7 

protons behave likewise. Interestingly, in addition to the signals expected for the 

Me2AMDACH ligand, the 13C NMR spectrum shows two signals in the carbonyl 

region, corresponding to the two inequivalent carbonyl environments. The fact that two 

carbonyl signals are seen indicates that the coordination environment about the metal is 

rigid on the NMR timescale, i.e., that the CO ligand trans to the NH2 group and the CO 

ligands trans to the nitrogen atoms of the diazacycloheptane ring are not exchanging 

environments. 

 

Representative 1H and 13C NMR spectra for (Bn2AMDACH)Mo(CO)3 150 are 

provided in Figure 5.2.  The 1H NMR spectrum is analogous to that of 

(Me2AMDACH)Mo(CO)3.  While the benzylic CH2 groups are equivalent, the 

environments for the two hydrogen atoms within each benzylic CH2 group are 

inequivalent, so the benzylic protons appear as an AB pattern. 
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Figure 5.1 NMR Spectra of 147 in d6-acetone. Asterisks (*) mark water 

impurities from the solvent and hashes (#) mark the residual solvent signals. 
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Figure 5.2 NMR spectra of 150 in CD2Cl2. Asterisks (*) mark water impurities 

from the solvent and hashes (#) mark the residual solvent signals. 
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Assignments of 1H and 13C NMR signals were made by consideration of results from 

HMBS, HSQC, and NOESY spectra. NMR spectral data for (Me2AMDACH)M(CO)3 

and (Bn2AMDACH)M(CO)3 complexes are summarized in Tables 5.1 (1H NMR data) 

and 5.2 (13C{1H} NMR data).  Full assignment of the spectra was only possible with the 

aid of various 2D NMR techniques.  Most significantly it was possible to positively 

assign the axial and equatorial protons of the ring using selective NOESY experiments 

(Figure 5.3). Each signal in the proton spectrum was selectively irradiated to determine 

the NOE interactions (through space interactions) present in the molecule, this 

information allowed for the axial and equatorial protons to be positively assigned.  

Figure 5.3 is presented in two parts – the first is a series of pictures with arrow 

indicating the through space interaction observed in the experiment, and the second is 

the 1H NMR spectra obtained. 
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Figure 5.3 Selective NOE irradiation experiment of 148. In the first section the 

carbonyl groups have been omitted for clarity and the labels (a) and (e) refers to axial 

and equatorial, respectively. Note: 1 the correlation to H2/3 (a) is not seen as the signal 

is too close to the irradiation frequency; 2 the correlation to N-CH3 is not seen as the 

signal is too close to the irradiation frequency; and 3 due to overlap between the signals 

for H2/3(e) and NH2, when this region is irradiated a correlation is also seen with the 

CH3 signal, this is due to a through space interaction between NH2 and CH3 not because 

an interaction between H2/3 (e) and CH3. 
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5.2.2 Crystal structures of 6-amino-1,4-diazepine metal complexes 

X-Ray diffraction studies were undertaken for single crystals of the Me2AMDACH 

complexes, (Me2AMDACH)Cr(CO)3 (146), (Me2AMDACH)Mo(CO)3 (147), 

(Me2AMDACH)W(CO)3 (148); as well two of the Bn2AMDACH complexes, 

(Bn2AMDACH)Cr(CO)3 (151), and (Bn2AMDACH)W(CO)3 (152).  Unfortunately, 

suitable crystals of (Bn2AMDACH)Mo(CO)3 (150) have yet to be obtained and as such 

X-ray diffraction studies of this complex could not be performed.    

 

The structures obtained for 146, 147, 148, 151, and 152 confirm the assignment of the 

complexes as mononuclear neutral molecules with a facial configuration (see Figures 

5.6 to 5.10 at the end of this section for ORTEP representations of the structures, pp 

128-132).  The unit cell of each structure contains one crystallographically distinct 

molecule, with the exception of the tungsten complex 148, which contained two. In the 

structure of (Bn2AMDACH)Cr(CO)3.CH2Cl2 (151) the primary amine is hydrogen 

bonded to a dichloromethane molecule (Cl…HN = 2.75 Å) as well as to the oxygen atom 

of a carbonyl group of an adjoining molecule (CO…HN = 2.27 Å), giving H-bonded 

dimer (Figure 5.4). The diazacycloheptane ring in each structure adopts a twisted 

pseudo-chair conformation.  The complexes all exhibit a trigonally distorted octahedral 

geometry about the metal atom.  Selected metal geometries (bond lengths and angles) 

are presented below in Table 5.3 with Figure 5.5 showing the atom labels. 
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Figure 5.4 ORTEP representation of the 151 H-bonded dimer. 

 

Figure 5.5 Representative structure for the (R2AMDACH)M(CO)3 complexes 

with atom labels. The hydrogen atoms and R-groups on the ring nitrogen atoms 

have been omitted for clarity. 
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Table 5.3: Selected geometries of (R2AMDACH)M(CO)3 complexes (see Figure 1.4 
above for atom labels) 
 

 146 147 148 151 152 
Bond lengths (Å) 

M-N1 2.1520(9) 2.2947(10) 2.269(2) 2.1365(13) 2.261(4) 
M-N3 2.2041(10) 2.3344(10) 2.312(3) 2.2219(12) 2.342(4) 
M-N6 2.1892(10) 2.3241(11) 2.302(3) 2.2253(12) 2.354(4) 
M-C111 1.8156(12) 1.9245(12) 1.922(3) 1.8022(16) 1.921(5) 
M-C121 1.8158(12) 1.9317(13) 1.918(3) 1.8157(17) 1.941(6) 
M-C131 1.7990(12) 1.9165(13) 1.922(3) 1.8239(16) 1.931(5) 
av C-O 1.1758(15) 1.179(2) 1.183(4) 1.177(2) 1.178(6) 

Bond angles (degrees) 

N6-M-N3 74.10(4) 70.50(5) 70.15(11) 73.61(4) 69.71(14) 
N6-M-N1 77.94(4) 74.43(4) 74.37(9) 80.65(5) 75.78(15) 
N3-M-N1 80.36(4) 77.10(4) 76.76(9) 77.68(5) 74.27(15) 
C111-M-C121 83.65(5) 82.47(5) 85.02(14) 83.43(7) 82.9(2) 
C111-M-C131 82.96(5) 82.79(5) 84.24(13) 85.46(7) 86.1(2) 
C121-M-C131 82.26(5) 83.80(5) 83.49(14) 84.36(7) 87.3(2) 
C-M-N (range) 174.77-

95.70 
173.83-
97.63 

173.12-
97.00 

175.56-
95.50 

171.94-
95.33 

M-C111-O111 172.46(10) 175.40(11) 176.3(3) 173.88(13) 178.4(4) 
M-C121-O121 171.66(11) 174.94(12) 176.0(3) 173.27(14) 174.0(4) 
M-C131-O131 172.83(10) 174.72(12) 176.7(3) 175.31(16) 178.4(4) 

 

 

Due to the strain associated with the ring structure, the N-M-N bond angles are distorted 

from the ideal octahedral angle, the chromium complexes 146 and 151 have an average 

of N-M-N bond angle of 77.17º (Table 5.3).   The average N-M-N angle for the 

molybdenum and tungsten complexes (147, 148 and 152) is 73.45°, which is more acute 

then the average chromium angle presumably due to the change in atomic radius going 

from chromium to molybdenum. A similar effect has been observed in the crystal 

structures of (tBu3TACH)M(CO)3 (M = Cr, Mo, W), with the chromium complex 

having an average N-M-N angle of 63.3º compared to molybdenum (59.5º) and tungsten 

(59.8º).223 The change in atomic radius likewise makes the average M-N bond length in 

the molybdenum and tungsten complexes (2.31 Å) longer then the average N-M bond 

lengths in the chromium complexes (1.19 Å). 
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The metal carbonyl M-C-O bond angle deviates from the ideal 180º in all of the 

structures.  This may be due to steric interactions between the carbonyl ligands and 

parts of the substituted diazacycloheptane ligands.  In each structure the M-C-O angle 

for carbonyl (C121-O121) trans to the primary amine has the largest deviation from 

linearity with the oxygen pushing away from the AMDACH ligand.  This deviation may 

be because it interacts with both benzylic carbon atoms and part of the diazepine ring (it 

dissects the NCH2-CH2N bond).  The two chromium complexes, 146 and 151, have the 

greatest average C-O deviation, possibly due to the smaller atomic radius of chromium 

compared to tungsten and molybdenum leading to greater steric interactions between 

the CO and AMDACH ligands.199 However, it is not clear whether the deviation from 

linearity in any of the structures is significant or may in fact be due to intermolecular 

interactions due to packing in the crystal lattice.224 

 

The two 6-amino-1,4-diazacycloheptane systems investigated contain one primary 

amine donor and two tertiary amine donors.  The M-N(primary) bond lengths (Table 

5.3 M-N1) are consistently shorter than the M-N(tertiary) bond lengths (Table 5.3 M-

N3 and M-N6), this difference is particularly pronounced in the dibenzyl system where 

the average difference between the bond lengths is 0.09 Å (the dimethyl system has an 

average difference of 0.04 Å).  Lawrance and co-workers noted for the molybdenum 

complex 153 that the M-N(primary) bond length (2.287 Å) was 0.05 Å shorter then the 

M-N(secondary) bond length (2.334 Å).225  In the nickel AMDACH complex 40 the M-

N(primary) bond (2.090(2) Å) is shorter then the M-N(secondary) bonds (2.132(2), 

2.119(2) Å).39  Interestingly, this effect is not seen for (dien)Mo(CO)3 (154), Cotton and 

Wing reported that there was no significant difference between the M-N bond lengths 

with the M-N(primary) bond lengths of 2.311 Å and 2.348 Å, and the M-N(secondary) 

bond length of 2.310 Å.224   It  was also observed for the AMDACH complexes, 146, 
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147, 148, 151, and 152 that the M-C distances for the carbonyl ligand (C121) trans to 

the primary amine does not differ significantly from those for the other carbonyl groups 

(Table 5.3 M-C121 bond lengths compared to M-C111 and M-C131), this result 

consistent with the finding of Lawrance and co-workers for the related complex 153.225  

 

NH HN

NH NH
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Mo(CO)3
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A comparison between various {cyclicN3}Mo(CO)3 complexes suggests that the 

6-amino-1,4-diazepine core coordinates in a similar way to the less strained ring 

systems such as triazacyclononane and tet a systems (Table 5.4).  The Mo-N and Mo-C 

bond lengths do not appear to correlate to ring strain with the bond lengths being 

comparable across the series.  The difference is seen when comparing bond angles; the 

N-Mo-N bond angles vary greatly depending on the strain associated with the ring 

system. For the small triazacyclohexane ring, 155, there are 4 bonds in the chelate ring 

and the N-Mo-N bond angle is 59.5º,199 each chelate ring in the Htam complex, 156 also 

contains 4 bonds and as such has an acute N-M-N angle of 57.9º.226  For the larger ring 

systems the N-M-N angle is not as acute for example the tet a complex 157 (79º),227 153 

(74º)225 and triazacyclononane complex 158 (76.9º);228 this is due to the larger chelation 

rings associated with these complex, the smallest chelating ring in each being 5 bonds in 

length and the largest being 9 bonds.  The 6-amino-1,4-diazepine system has three 

chelation rings each 5 bonds in lengths, resulting in an average N-M-N bond angle of 

72.8º. This is consistent with and further supports the claim made by Peralta et al. that 

the 6-amino-1,4-diazepine core mimics the coordination properties of the 

triazacyclononane system.39    
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Table 5.4. Selective comparative geometries for fac-[{cyclicN3}Mo(CO)3] complexes 
 
 155 199 156 226 147* 157 227 153 225 158 228 

 

Bond Lengths (Å) 

Mo-CO 1.919(7) 1.929(8) 1.924(13) 1.903(9) 1.92(2) 1.918(4) 
Mo-N 2.347(8) 2.40(1) 2.318(11) 2.37(3) 2.32(3) 2.369(8) 
       

Bond Angles (degrees) 

N-Mo-N 59.5(1) 57.9(1) 72.8(1) 79(4) 74(1) 76.9(3) 
CO-Mo-CO 85(1) 84(1) 85.7(1) 83(2) 86(2) 84(2) 
N-Mo-CO(trans) 163.5(6) 163.5(5) 171.2(1) 174(2) 172(1) 172(1) 
N-Mo-CO(cis) 107(1) 108.2(6) 100.2(2) 99(5) 100(2) 100(5) 

(* this work) 
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Figure 5.6 ORTEP representation of the molecule 146; projected roughly normal 

to the quasi-three-fold axis. 
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Figure 5.7 ORTEP representation of the molecule in 147; roughly normal to the 

quasi-three-fold axis. 
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Figure 5.8 ORTEP representation of the molecule in 148; (top) down to its quasi-

three-fold axis; (bottom) roughly normal to the quasi-three-fold axis. 
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Figure 5.9 ORTEP representation of the molecule 151; projected roughly normal 

to the quasi-three-fold axis. 
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Figure 5.10 ORTEP representation of the molecule 152; (top) projected down the 

quasi-three-fold axis; and (bottom) projected roughly normal to the quasi-three-

fold axis. 
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IR Spectroscopy 

Solutions of the complexes were analysed using infrared spectroscopy.  Due to the 

air-sensitive nature of these complexes, the solvent acetonitrile was carefully degassed 

and solutions were transferred into the solution cell using a gas-tight syringe.  The 

spectra show two bands (Table 5.5) one centered around 1900 cm-1 (A1 mode) and a 

lower band at around 1760 cm-1 (E mode).  These results are consistent with a facial 

tricarbonyl complex with approximate C3v symmetry.229 The lower energy band for 

facial tricarbonyl complexes is often split or broadened in the solid state (e.g. KBr 

disks) due to a reduction in the local symmetry of the complex,199 but this effect can be 

avoided by recording IR spectra from solutions.230 To allow for a comparison to other 

reported {N3}M(CO)3 complexes, the AMDACH complexes were also analysed as 

solid samples (KBr disks, prepared in a nitrogen filled glovebox) and the data presented 

in parenthesis in Table 5.5. 

 
Table 5.5: ν(CO) (cm-1) for (R2AMDACH)M(CO)3 complexes in solution (CH3CN) 

and as KBr disks (given below in square parenthesis). 

 
Complex ν(CO) (cm-1) 

(Me2AMDACH)Cr(CO)3 (146)      

 

1899.3 (vs), 1763.1 

[1894.6 (vs), 1771.8 (br), 1733.5 (br)] 

(Me2AMDACH)Mo(CO)3 (147) 1901.2 (vs), 1754.9 

[1890.6 (vs), 1731.3 (br)] 

(Me2AMDACH)W(CO)3 (148) 1891.3 (vs), 1751.5 (s) 

[1885.8 (vs), 1720.0 (br)] 

(Bn2AMDACH)Cr(CO)3 (151) 1899.9 (vs), 1760.2 (s) 

[1900.6 (s), 1742.2 (br), 1717.20 (br)] 

(Bn2AMDACH)Mo(CO)3 (150) 1902.5 (vs), 1763.6 (s) 

[1901.3 (s), 1733.8 (br)] 

(Bn2AMDACH)W(CO)3 (152) 1893.0 (vs), 1754.8 (s) 

[1896.2 (s), 1749.8 (br), 1701.5 (br)] 
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The carbonyl stretching frequency can provide insight into the donor-ability of other 

non-carbonyl ligands bound to the metal.  Cotton and Kraihanzel presented two papers 

relating to the effect phosphines231 and amines230 have on the number and frequency of 

the carbonyl stretching modes. In the current system the carbonyl stretching frequencies 

can provide information about the effectiveness of the ligand as a sigma donor, it being 

generally accepted that amines are pure sigma donors with no pi-bonding 

contribution.199   The sigma donor ability will presumably be affected by the ring strain 

associated with the macrocyclic structure, since this structure dictates the orientation of 

the lone pair of electrons on each of the nitrogen donor atoms and therefore their ability 

to overlap with the metal d-orbitals.199   

 

The AMDACH complexes (146-152) have generally lower CO stretching frequencies 

compared to triazacyclohexane metal complexes, but generally higher frequencies 

compared to triazacyclononane complexes as seen in Table 5.6.  This result suggests 

that in the AMDACH complexes the C-O bond is weaker then in the TACH complexes 

but stronger then those in the TACN complexes (a weakening of the C-O bond results 

in lower CO stretching frequencies).  This difference is likely to be due to the sigma-

donor ability of the triazamacrocycle, as a better donor would result in more electron 

density on the metal, which in turn would weaken the C-O bond.  The smaller TACH 

ring has larger strain when coordinated to a metal (eg. (tBu3TACH )Mo(CO)3, N-M-N 

angle = 59.8°)199 compared to the larger TACN ring system (eg. (iPr3TACN)Mo(CO)3, 

N-M-N angle = 76.9°).228  This difference in strain (as indicated by the N-M-N angle) 

results in the TACH system being a less effective sigma-donor then the TACN system.  

The new AMDACH system appears, based on the carbonyl stretching frequencies, to be 

better sigma-donors compared to the TACH systems but weaker donors compared to the 
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TACN systems.  This result is consistent with the strain associated with the complex 

with the AMDACH complexes, for example (Me2AMDACH)Mo(CO)3 (147) has a N-

M-N range of 70.2-75.6° (a range in given as the N-M-N angles differ between ring 

nitrogen and the pendant amine, see Table 5.3, p 126) that is much closer to the angle 

observed in the related TACN molybdenum complex.  This lends further support to 

Peralta’s claim that the AMDACH system has a similar coordination mode to the 

TACN system.39 

 
Table 5.6: νmax/cm-1 (CO) for triazamacrocycle metal complexes (KBr disks) 

Complex Cr Mo W 

[(R3tach)M(CO)3]199 

R = CH3 1907, 1760 (br) 1900, 1785 (sh), 1750 1895, 1772 (sh), 1740 

R = tBu 1901, 1771, 1756 1902, 1778, 1760 1890, 1764, 1746 

[(R2AMDACH)M(CO)3] (this work) 

R = Me 1895, 1772, 1733 (sh) 1891, 1731 (br) 1886, 1720 (br) 

R = Bn 1901, 1742, 1717 1901.3, 1733.8 (br) 1896, 1750, 1701 

[(R3tacn)M(CO)3]121,228 

R = H 1880, 1740-1700 1850, 1740-1700 1840, 1730-1690 

R = iPr 1886, 1750, 1720 1892, 1741, 1720 1881, 1740, 1720 

 

5.3 Reactivity of 6-amino-1,4-diazepine metal complexes 

 
The reactivity of the current AMDACH metal complex was investigated to ascertain if 

the AMDACH ligand could be displaced by a nucleophile.  It was found with group VI 

metal complexes (M = Cr. Mo, W) of R3TACH that with small R-groups (such as Me or 

Et) the TACH ligand could be displaced, but when the R-group was big (Bn, tBu) the 

complexes were inert to displacement.88,199,232  It has also been reported that R3TACN 

complexes are inert to displacement under a variety conditions,42,233  The difference in 
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the lability of the TACH ligands compared to the TACN ligands may be due to the 

increased strain associated with the TACH metal complexes, the TACH also has a 

smaller cone angle to the TACN which, would leave more of the metal exposed to 

incoming ligands.232  To investigate whether the AMDACH ligand was labile in the 

presence of a nucleophile, (Me2AMDACH)Mo(CO)3 (146) was reacted with dmso  and 

triphenylphosphine (Scheme 1.10).  The reactions were monitored using NMR 

spectroscopy. 
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Scheme 5.10 

 
It was found that dissolving 147 in d6-dmso and analysing the resulting solution using 

NMR spectroscopy that there was no evidence of the AMDACH being displaced (no 

peaks in the 1H or 13C{1H} NMR spectra consistent with the free ligand).  The sample 

was then heated at 50 °C for six hours then reanalysed, there was still no evidence in the 

1H NMR spectrum of the dmso displacing the AMDACH ligand from the metal. The 

reaction with PPh3 was also performed, with the 1H and 13C NMR spectra showing no 

signals consistent with free Me2AMDACH in the sample and the 31P NMR spectra 

containing of a single peak at δ -5, which is consistent with free PPh3.  It appears from 

these preliminary results that the AMDACH ligand is more inert to displacement by a 

nucleophile than Me3TACH and may perhaps have reactivity comparable to the TACN 

ligands. 
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As the Mo complex 147 proved inert in the presence of dmso and PPh3 it might be 

possible to oxidise the metal centre without displacing the AMDACH ligand.  It has 

been reported that some TACH and TACN complexes of the Group VI metals (Cr, Mo, 

W) can undergo oxidation reactions to give stable M(II), M(III) and M(VI) complexes.  

Baker et al. reported the oxidation of numerous (R3TACH)M(CO)3 (R = tBu, Bn; M = 

Cr. Mo, W) with SOCl2, Br2, I2, trifluoromethanesulfonic acid, and hydrogen 

peroxide.200  It was decided to briefly investigate the viability of oxidising 147 by 

reacting the complex with iodine (Scheme 5.11).  The reaction was performed in 

chloroform using an excess of iodine, the reaction mixture was stirred at room 

temperature overnight and the triiodide complex 159 was isolated as a brown coloured 

solid (56 %).  The Mo(II) complex 159 was characterised using 1H and 13C{1H} NMR 

spectroscopy in d6-acetone (Figure 5.11). 
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Figure 5.11 1H NMR spectrum (600 MHz) of 159 in d6-acetone. Astericks (*) 

mark residual water and hashes (#) mark the residual solvent signal. 
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Chapter 6 Conclusions and suggestions for further work 

A series of tertiary phosphine compounds bearing pendant alkyne groups were 

synthesized and their coordination chemistry investigated. Synthetic procedures were 

developed for the synthesis of tertiary phosphine compounds that include either one 

alkyne functionalised pendant arm (eg. 47) or three (48).  Interestingly, the synthesis of 

48 from a Grignard reagent and phosphorus trichloride appears to require the presence 

of excess magnesium, this effect does not appear to be reported in the literature and 

requires further investigation.  Two, versatile methods were developed for the synthesis 

of the mono alkyne functionalised class of compounds (eg. 47) using metal phosphide 

precursors.  An extension of this work would be to investigate the synthesis of 

compounds where the phenyl group is replaced with a smaller alkyl group (such as a 

methyl group). 

 

P

48

Ph2P

47  

 
The coordination chemistry of these mixed phosphorous/alkyne donor ligands with 

tungsten, rhodium and nickel was investigated.  It was found that it was possible to 

form metal-phosphorus complexes, such as 75 and 102, in the presence of the 

unsaturated groups.  Unfortunately, all attempts to form a chelate complex through the 

coordination of the tethered alkyne were unsuccessful. 
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A new procedure for the synthesis of 6-amino-6-methyl-1,4-diazacycloheptane 

derivatives (eg. 39) was developed.  The synthesis of the core 1,4-diazacycloheptane 

ring with a pendant nitro group (eg. 37) was refined, with changes to the literature 

protocols to improve the yields and isolation procedures.  A number of different 

methods were investigated to reduce the nitro group to the desired amine group, and a 

synthesis developed based on the hydride reducing agent, lithium aluminium hydride.  

The approach also resulted in the isolation of the hydroxylamine 145, a novel 

compound that proved to be very interesting when reacted with metal carbonyl 

complexes. 

 
N N

NO2

PhPh N N CH3H3C

NH2

N N CH3H3C

NH(OH)

14537 39  

Various triaza-macrocyclic complexes of the group VI transition metals (chromium, 

molybdenum, tungsten) were synthesized (such as 146 and 150).  A number of different 

methods were investigated to synthesize complexes with a “M(CO)3” fragment (M = 

Cr, Mo, W) and the resulting complexes studied using NMR spectroscopy, X-ray 

crystallography and IR spectroscopy.  The complexes were found to coordinate in a 

mode similar to that of the related 1,4,7-triazacyclonone ligands. As the synthesis of the 

AMDACH ligands is typically easier then the TACN ligands, this new system may be a 

useful alternative to the TACN. 
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Surprisingly, when the hydroxylamine 145 was reacted with a metal carbonyl complex 

(M(CO)6 or (CH3CN)3M(CO)3) an oxidative decarboxylation reaction (Scheme 6.1) 

occurred resulting in the reduction of the hydroxylamine group to amine and 

coordination of the triaza-macrocycle to the metal.  This type of reduction is believed to 

involve deoxygenation of the N-O bond and is well known in the literature. However, 

the current system is particularly interesting as it proceeds under anhydrous conditions 

in polar organic solvents such as THF, typically this type of reaction has only been 

reported in solvents such as water or ethanol.  This discovery resulted in the 

development of a new approach to the synthesis of the pendant nitro groups with the 

synthesis of complexes such as 150 through the in situ reduction of the nitro group to 

the hydroxylamine using lithium aluminium hydride and then the reduction of 

hydroxylamine to the amine using metal hexacarbonyl (Cr, Mo, W), with concurrent 

coordination of the triaza-macrocycle.  A further investigation into the kinetics and 

mechanism of this interesting reduction reaction is still required. 
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Chapter 7 Experimental 

7.1 General Procedures 

Nuclear magnetic resonance spectroscopy was performed using Bruker AV-600 (600.1 

MHz for 1H, 150.9 MHz for 13C, 242.7 MHz for 31P), Bruker AV–500 (500.1 MHz for 

1H, 125.8 MHz for 13C, 202.5 MHz for 31P) or Bruker ARX-300 (300.1 MHz for 1H, 

75.5 MHz for 13C) spectrometers at ambient temperature.  1H spectra were calibrated 

using residual solvent peaks234 and 31P spectra were calibrated using an external 

solution of 85 % phosphoric acid.  Mass spectra were obtained by Dr A. Reeder using a 

VG Autospec Mass Spectrometer; fast atom bombardment (FAB) with a cesium ion 

source and a m-nitrobenzyl alcohol matrix was employed. 

 

All organometallic and phosphorus compounds were prepared and handled under a N2 

atmosphere.  All procedures were performed using standard Schlenk techniques or 

carried out in a nitrogen filled dry box.  Solvents were re-distilled prior to use, except 

dimethylsulfoxide, which was used as received.  Solvents involved in water sensitive 

operations were dried by the appropriate method.235 Solvents required for air-sensitive 

procedures were deoxygenated by distilling under nitrogen, bubbling nitrogen through 

the solvent or by at least three freeze-pump-thaw cycles. Deuterated solvents for NMR 

spectroscopy were obtain from Cambridge Isotopes Lab; the NMR solvents used for 

sensitive reactions were degassed and stored over molecule sieves.  Chromagraphic 

separations (rapid suction filtration (RSF), column chromatography, or flash 

chromatography) were performed on Merck silica gel (40–63 µm), Aldrich basic 

Alumina (act 1) or Aldrich neutral Alumina (act 1) with the eluants indicated. 
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7.2 Materials 

7.2.1 General Materials 

Tetrahydropyran (99 %, Lancaster), acetyl chloride, zinc chloride (Purum, Fluka), 

p-toluenesulfonic acid (BDH), sodium hydrogencarbonate, phosphorus tribromide 

(Fluka), benzenesulfonyl chloride (AG, Fluka), sodium, hydrochloric acid, butyllithium 

(2.5 M in hexanes, Aldrich), methyl iodide (BDH), sodium thiosulfate, 

tetrabutylammonium bromide (Fluka), ethyl bromide (Fluka), sodium iodide (Fluka), 

magnesium flakes (Aldrich), ammonium chloride, ammonia gas, triphenylphosphine 

(Fluka), N-methyl morpholine-N-oxide (Fluka), iodine, di-iso-butylaluminum hydride 

(1.0 M in dichloromethane, Aldrich), ttt-1,5,9-cyclododecatriene (Aldrich), sodium 

hydroxide, aqueous formaldehyde (37 %, Ajax), N,N′-dimethyl ethylenediamine (85 %, 

Aldrich), N,N′-dibenzylic ethylenediamine (Aldrich), nitroethane (Fluka), lithium 

aluminium hydride (95 %, Aldrich), potassium hexafluorophosphate (Aldrich) and 

silver hexafluorophosphate were used as received.  Acetylene was purified by the 

passage through three traps (H2SO4 (conc), calcium chloride, dry ice/acetone).  

Phosphorus trichloride was fractionally distilled and stored under nitrogen. Magnesium 

sulfate pentahydrate was dried in a furnace  (400 °C) overnight. 

 

7.2.2 Specialty Reagents 

Bis(acetylacetonate)nickel(II) (technical grade, Aldrich), bis(1,5-

cyclooctadiene)nickel(0) (Aldrich), chromium hexacarbonyl (Aldrich), molybdenum 

hexacarbonyl (Pressure Chemical Company), and tungsten hexacarbonyl (Aldrich) were 

all used as received.  Diphenylphosphine was prepared previously by Dr James Hickey, 

1-chloro-4-pentyne was prepared by Dr Simon Brayshaw and 1,3,5-trimethyl-1,3,5-

triazacyclohexane chromium tricarbonyl was prepared by Dr David Brown.  Professor 
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George Koutsantonis kindly donated tetracarbonydi-µ-chlorodirhodium(I). The 

following complexes were prepared using literature procedures: 1,3,5-trimethyl-1,3,5-

triazacyclohexane tungsten tricarbonyl;88,106 di-(µ-chloro)bis(1,5-

cyclooctadiene)dirhodium(I);236 tri(diphenylacetylene)tungsten carbonyl;128 and 

tri(diphenylacetylene)tungsten acetonitrile.139 

 

7.3 Mixed phosphine/alkyne ligands and metal complexation 

7.3.1 1-chloropentyl acetate (62)63 

Cl O

O
1

2

3

4

5

 

Tetrahydropyran (40.0 ml, 35.2 g, 0.41 mol) was added to a stirred mixture of acetyl 

chloride (27.0 ml, 29.8 g, 0.38 mol) and freshly fused zinc chloride (6.0 g).  The 

reaction was exothermic and the mixture rapidly changed colour from colourless to 

black.  The mixture was heated (90-100 °C) for 2 h then allowed to cool to room 

temperature.  The black mixture was diluted with ether (25 ml) and washed with water 

(4 x 50 ml), saturated sodium hydrogencarbonate solution (4 x 30 ml) and dried 

(MgSO4).  The volatile components were removed in vacuo giving 62 as a pale, yellow 

oil (50.3 g, 75 %), used without further purification. 

 
1H NMR (300.1 MHz, CDCl3): δ 4.04 (t, 3JH,H = 6.5 Hz, 2H, H1 or H5); 3.52 (t, 2JH,H = 

6.6 Hz, H1 or H5); 2.02 (s, 3H, CH3); 1.77 (m, 2H, CH2); 1.63 (m, 2H, CH2); 1.48 (m, 

2H, CH2). 

13C{1H} NMR (75.5 MHz, CDCl3): δ 171.1 (CO); 64.1 (C1 or C5); 44.7 (C1 or C5); 

32.0 (CH2): 27.8 (CH2); 23.2 (CH2); 20.9 (CH3). 
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7.3.2 1-chloropentanol (63)63 

Cl OH
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A mixture of 1-chloropentyl acetate (62, 50.3 g, 0.30 mol) and p-toluenesulfonic acid 

(0.75 g) in dry methanol (50 ml) was heated to reflux with the distillation of the 

methylacetate/methanol azeotrope.  The distillation was continued until approximately 

30 ml of liquid had distilled then more methanol (50 ml) was added and heating 

continued.  This was repeated twice more to ensure that all of the acetate 62 had been 

converted to the alcohol 63; the reaction was monitored using 1H NMR spectroscopy.  

Once all of the acetate had reacted the mixture was diluted with ether (50 ml) and 

washed with saturated sodium hydrogencarbonate solution (25 mL) and water (3 x 35 

ml).  The organic extract was dried (MgSO4), filtered and the solvent removed in vacuo.  

The resultant black residue was fractionally distilled under reduced pressure (1 mmHg) 

giving 63 as a yellow liquid (18.0 g, 48 %, bp1.0 70-76°C). 

 
1H NMR (300.1 MHz, CDCl3): δ 3.56 (t, 3JH,H = 6.2 Hz, 2H, H1 or H5); 3.49 (t, 3JH,H = 

6.6 Hz, 2H, H1 or H5); 1.97 (br s, 1H, OH); 1.77 (m, 2H, CH2); 1.56-1.41 (m, 4H, 2 x 

CH2). 

13C{1H} NMR (75.5 MHz, CDCl3): δ 62.5 (C1 or C5); 44.9 (C1 or C5); 32.2 (CH2); 

31.8 (CH2); 23.1 (CH2).  

 

Note: the OH signal in the proton spectrum shifts depending on the concentration of 63 

and the presence of acid impurities in the solvent. 
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7.3.3 1-bromo-5-bromopentane (64)63 

Cl Br

1

2

3

4

5

 

1-chloropentanol (8.26 g, 0.067 mol) was carefully added dropwise to cold (~0 °C, ice 

bath) phosphorus tribromide (3.50 ml, 9.97 g, 0.037 mol).  The resulting light orange 

mixture was heated (80-90 °C) for 1.5 h then left at room temperature overnight without 

stirring.  The mixture separated into a slightly orange liquid and a viscous orange oil.  

The liquid was decanted then washed with water (6 x 5 ml) then dried (MgSO4), filtered 

and the solvent removed to give 64 as a yellow liquid (7.6 g, 61 %), used without 

further purification. 

 
1H NMR (300.1 MHz, CDCl3): δ 3.55 (t, 3JH,H = 6.5 Hz, 2H, H1 or H5); 3.42 (t, 3JH,H = 

6.7 Hz, 2H, H1 or H5); 1.95-1.75 (m, 4H, CH2); 1.65-1.50 (m, 2H, CH2). 

13C{1H} NMR (75.5 MHz, CDCl3): δ 44.6; 33.3; 31.9; 31.6; 25.5. 

 

7.3.4 1-chloropentylbenzene sulfonate (65) 

Cl OSO2Ph
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A suspension of benzenesulfonyl chloride (101.90 g, 0.577 mol) and freshly fused zinc 

chloride (7.91 g) in tetrahydropyran (67.30 g, 0.781 mol) was heated to 95 °C for 7 h.  

The cloudy pink mixture was allowed to stir overnight at room temperature and was 

then diluted with water (150 ml).  The biphasic mixture was then extracted with ether (3 

x 50 ml) and the combined organic extracts washed with brine (2 x 50 ml), saturated 

hydrogencarbonate solution (50 ml) and brine (50 ml) again.  The ethereal solution was 

dried (MgSO4), filtered and the solvent removed in vacuo. The crude oil was purified 

using RSF (hexanes/ethyl acetate) and yielded 65 as a colourless oil (98 g, 48 %). 



150 

 
1H NMR (300.1 MHz, C6D6): δ 7.91 (m, 2H, ArH); 7.66 (m, 1H, ArH); 7.56 (m, 2H, 

ArH); 4.06 (t, 3JH1, H2 = 6.3 Hz, 2H, H1); 3.48 (t, 3JH5, H4 = 6.5 Hz, 2H, H5); 1.77-1.61 

(m, 4H, 2 x CH2); 1.52-1.41 (m, 2H, CH2). 

13C{1H} NMR (75.5 MHz, CDCl3): δ 136.0 (ArC); 133.8 (ArCH); 129.3 (ArCH); 127.8 

(ArCH); 70.5 (C5); 44.6 (C1); 31.7 (CH2); 28.1 (CH2); 22.8 (CH2). 

 

7.3.5 1-chloro-6-heptyne (61) 

Cl

1

2

3

4

5
6

7

 

A solution of 5-chloropentyl benzenesulfonate (65, 40.19 g, 0.153 mol) in ether (30 ml) 

was added to a stirred suspension of sodium acetylide, formed from bubbling acetylene 

through a solution of sodium (4.18 g, 0.182 mol) in liquid ammonia (120 ml).  The 

resulting mixture was allowed to reflux overnight with evaporation of the ammonia.  

The resultant white, solid residue was washed with ether (150 ml) and then dissolved in 

water, which was then extracted with ether (3 x 50 ml).  The combined organic extracts 

were washed with brine (50 ml), dilute hydrochloric acid (2 M, 40 ml) and saturated 

sodium hydrogencarbonate solution (50 ml).  The ethereal solution was dried (MgSO4), 

filtered and the solvent removed in vacuo, with the resulting oil distilled under reduced 

pressure (40 mmHg) to give 61 as a colourless liquid (9.9 g, 50 %, bp40 85-89 °C, lit 

bp33 78-80 °C).237 

 
1H NMR (300.1 MHz, CDCl3): δ 3.54 (t, 3JH1,H2 = 6.7 Hz, 2H, H1); 2.21 (m, 2H, H5); 

1.95 (t, 4JH7, H5 = 2.7 Hz, 1H, H7); 1.79 (m, 2H, CH2); 1.56 (m, 4H, 2 x CH2). 

13C{1H} NMR (75.5 MHz, CDCl3): δ 84.1 (C6 or C7); 68.4 (C6 or C7); 44.8 (C1); 32.0 

(CH2); 27.6 (CH2); 25.9 (CH2); 18.2 (CH2).  

This NMR data is consistent with the literature.238 
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7.3.6 1-chloro-6-octyne (58) 

Cl
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Butyllithium (2.5 M, 9.60 ml, 24.0 mmol) was added dropwise to a cold (-45 °C, dry 

ice/acetone bath) solution of 7-chloro-1-heptyne (2.36 g, 18.1 mmol) in dry THF (40 

ml).  The solution was stirred at -45 °C for 15 minutes and then at 0 °C for 15 minutes 

before methyl iodide (11.0 mL, 174.7 mmol) was added slowly dropwise.  The resulting 

solution was kept at 0 °C for 30 minutes and then at room temperature for 30 minutes.  

The solution was poured into "wet" ether (40 ml) and then washed with saturated 

sodium thiosulfate solution (2 x 30 ml) and brine (30 ml).  The organic solution was 

dried (MgSO4), filtered and the solvent removed in vacuo to give 8-chloro-2-octyne 

(2.53 g, 96 %) as a colourless oil, and was used without further purification. 

 
1H NMR (300.1 MHz, CDCl3): δ 3.50 (t, 3JH1,H2 = 6.7 Hz, 2H, H1); 2.10 (m, 2H, H5); 

1.73 (t, 5JH8,H5 = 2.6 Hz, 3H, H8); 1.75-1.70 (m, overlapping, 2H, CH2); 1.55-1.40 (m, 

4H, 2 x CH2). 

13C{1H} (75.5 MHz, CDCl3): δ 78.7 (C6 or C7); 75.6 (C6 or C7); 44.8 (C1); 32.1 

(CH2); 28.2 (CH2); 26.0 (CH2); 18.5 (CH2); 3.3 (CH3). 

 

7.3.7 1-bromo-6-octyne (59) 
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A solution of 1-chloro-6-octyne (58, 0.31 g, 2.2 mmol) and tetrabutylammonium 

bromide (0.73 g, 2.3 mmol) in ethyl bromide (4.8 ml) was heated to 78 °C in a sealed 

flask, fitted with a screw cap, for 23 h (behind a safety shield).  The solution was 

allowed to cool to room temperature and the solvent removed in vacuo.  The solid 
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residue was extracted with boiling light petrol (6 x 10 mL).  The combined organic 

extracts were dried (MgSO4), filtered and the solvent removed in vacuo to give 59 as a 

pale yellow liquid (0.32 g, 77 %). Used without further purification. 

 
1H NMR (500.1 MHz, C6D6): δ 2.88 (t, 3JH1,H2 = 6.9 Hz, 2H, H1); 1.95 (m, 2H, H5); 

1.57 (t, 5JH8,H5 = 2.6 Hz, 3H, H8); 1.44-1.37 (m, 2H, CH2); 1.22 (m, 4H, 2 x CH2). 

13C{1H} NMR (125.8 MHz, C6D6): δ 79.1 (C6 or C7); 75.9 (C6 or C7); 33.4 (CH2); 

32.5 (CH2) 28.4 (CH2); 27.6 (CH2); 18.9 (CH2); 3.4 (C8). 

 

7.3.8 1-iodo-6-octyne (60)239 
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A mixture of 1-chloro-6-octyne (58, 0.95 g, 6.6 mmol) and sodium iodide (15.6 g, 104.3 

mmol) in acetone (50 ml) was gently refluxed for 2 days.  The mixture was allowed to 

cool to room temperature then diluted with water (30 ml) and extracted with pentane (4 

x 25 ml).  The combined organic extracts were washed with sodium thiosulfate solution 

(10 % aqueous solution, 2 x 25 ml) and then dried (MgSO4), filtered and the solvent 

removed under reduced pressure (20 mmHg) to give 60 as a colourless liquid (0.82 g, 

53 %). 

 
1H NMR (300.1 MHz, CDCl3): δ 3.19 (t, 3JH1,H2 = 7.0 Hz, 2H, H1); 2.14 (m, 2H, H5); 

1.82 (m, 2H, CH2); 1.78 (t, 3JH8,H5 = 2.5 Hz, 3H, H8); 1.53-1.45 (m, 4H, 2 x CH2). 

13C{1H} NMR (75.5 MHz, CDCl3): δ 78.7 (C6 or C7); 75.7 (C6 or C7); 33.0 (CH2); 

29.6 (CH2); 27.8 (CH2); 18.5 (CH2); 6.7 (CH2); 3.4 (CH3). 
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7.3.9 tri-6-octynylphosphine 48 
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Magnesium flakes (0.65 g, 27 mmol) were finely ground and then stirred under nitrogen 

for 3 h.  Dry THF (15 ml) was added followed by the slow dropwise addition of 

1-bromo-6-octyne (59, 2.72 g, 14.4 mmol).  The cloudy mixture was then stirred at 

room temperature for 2 h.  A solution of phosphorus trichloride (417 µl, 0.66 g, 4.78 

mmol) in THF (3 ml) was added over a 15 minute period, the reaction was exothermic 

and the solution turned grey.  The mixture was then stirred overnight at room 

temperature then quenched with saturated ammonium chloride solution (20 ml) 

resulting in a biphasic mixture. The organic layer was separated and the solvent 

removed under reduced pressure (1 mmHg).  The orange residue was dissolved in 

benzene and filtered through a plug of basic alumina.  The crude residue was then 

purified using column chromatography (basic alumina, hexanes/dichloromethane) 

giving the phosphine 48 as a colourless oil (199 mg, 12 %). 

 
1H NMR (500.1 MHz, C6D6): δ 2.11 (m, 6H, H5); 1.60 (t, 5JH8, H5 = 2.6 Hz, 9H, H8); 

1.5-1.4 (m, 12H, H3 and H4); 1.4-1.3 (m, 6H, H2); 1.26-1.20 (m, 6H, H1). 

13C{1H} NMR (125.8 MHz, C6D6): δ 79.4 (C6); 75.7 (C7); 31.1 (d, 3JC,P = 10.7 Hz, 

C3); 29.3 (C4); 27.9 (d, 1JC,P = 14.1 Hz, C1); 26.1 (d, 2JC,P = 13.7 Hz, C2); 19.1 (C5); 

3.5 (C8).  

31P{1H} NMR (202.5 MHz, C6D6): δ -31.5 (s). 
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7.3.10 6-octynyldiphenylphosphine (47) 
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Method 1: A solution of diphenylphosphine (0.59 g, 3.11 mmol) in dry THF (14 ml) 

was cooled to 0 °C (ice bath).  Butyllithium (2.1 M, 1.53 ml, 3.22 mmol) was then 

added dropwise with stirring and the resulting clear, orange solution was stirred at 0 °C 

for 20 minutes.  A solution of 1-bromo-6-octyne (59, 0.64 g, 3.3 mmol) in THF (4 ml) 

was then added dropwise using a cannula transfer under nitrogen.  The light yellow 

solution was stirred at 0 °C for 20 minutes and then at room temperature overnight.  The 

solvent was removed under reduced pressure (1 mmHg) and the residue dissolved in 

benzene (10 ml) and filtered through a plug of basic alumina and the solvent removed 

again in vacuo.  The crude oil was purified using flash chromatography (hexanes/ 

dichloromethane) under an inert atmosphere to give 47 as a colourless oil (0.66 g, 

72 %).  

 

Method 2:  Dry ammonia (80 mL) was condensed into a flask containing dry THF (20 

ml) at -78 °C under nitrogen.  Small portions of sodium metal (0.60 g, 26.1 mmol) were 

added cautiously over 15 minutes and the resulting blue solutions stirred at -78 °C for 

1 h. Solid triphenylphosphine (3.26 g, 12.4 mmol) was added and the mixture stirred for 

another 3 h.  The cloudy orange solution was then partially quenched with ammonium 

chloride (0.67 g, 12.5 mmol), to remove the phenylsodium.  The clear, orange solution 

was then refluxed at -33 °C for 1 h before a solution of 1-chloro-6-octyne (58, 1.96 g, 

13.5 mmol) in dry THF (20 ml) was added dropwise over 20 minutes.  The solution 

lightened in colour and was then stirred overnight with evaporation of the ammonia.  

The resulting mixture was filtered under nitrogen (using Schlenk techniques) through 
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celite and the volatile components removed in vacuo to give 47 as a colourless oil (2.44 

g, 67 %).  Used without further purification. 

 
1H NMR (600.1 MHz, C6D6): δ 7.44-7.42 (m, 4H, ArH); 7.11-7.06 (m, 6H, ArH); 2.01 

(m, 2H, H5); 1.90 (m, 2H, H1); 1.57 (t, 5JH8,H5 = 2.5 Hz, 3H, H8); 1.41-1.39 (m, 4H, 2 x 

CH2); 1.33 (m, 2H, CH2). 

13C{1H} NMR (150.9 MHz, C6D6): δ 140.0 (d, 1JC,P = 14.9 Hz, ArC); 133.2 (d, 2JC,P = 

18.6 Hz, ArCH); 79.4 (C6 or C7); 75.7 (C6 or C7); 30.7 (d, JC, P = 12.8 Hz, C1 or C2); 

29.0 (C5); 28.5 (d, JC,P = 12.6 Hz, C1 or C2); 26.0 (d, JC,P = 16.6 Hz, C3); 19.0 (C4); 

3.4 (C8). [note: some aromatic carbon signals are obscured by the residual solvent 

signal] 

31P{1H} NMR (242.7 MHz, C6D6): δ -15.0 

 

7.3.11 6-heptynyldiphenylphosphine (66) 
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Dry ammonia (100 ml) was condensed into a flask containing dry THF (20 ml) at 

-78 °C under nitrogen.  Small portions of sodium metal (1.55 g, 67.4 mmol) were added 

cautiously over 15 minutes and the resulting blue solutions stirred at -78 °C for 1 h. 

Solid triphenylphosphine (8.02 g, 30.6 mmol) was added and the mixture stirred for 

another 3h.  The cloudy orange solution was then partially quenched with ammonium 

chloride (1.63 g, 30.5 mmol), to remove the phenylsodium.  The clear, orange solution 

was then refluxed at -33 °C for 2.5 h before a solution of 1-chloro-6-heptyne (61, 4.47 

g, 34.4 mmol) in dry THF (20 ml) was added dropwise over approximately 15 minutes.  

The solution lightened in colour and was stirred overnight with evaporation of the 

ammonia.  The resulting mixture was Schlenk filtered through celite and the solvent and 
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residual alkyne was removed in vacuo to give 66 as a colourless oil (7.04 g, 82 %). 

Used without further purification. 

 
1H NMR (600.1 MHz, C6D6): δ 7.44-7.41 (m, 4H, ArH); 7.11-7.06 (m, 6H, ArH); 1.88-

1.85 (m, 4H, 2 x CH2); 1.77 (t, 4JH7,H5 = 2.6 Hz, 1H, H7); 1.35-1.29 (m, 4H, 2 x CH2); 

1.22 (m, 2H, CH2).  

31P{1H} NMR (242.9 MHz, C6D6): δ -14.8  

 

7.3.12 4-pentynyldiphenylphosphine (67) 
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Dry ammonia (50 ml) was condensed into a flask containing dry THF (20 ml) at -78 °C 

under nitrogen.  Small portions of sodium metal (0.43 g, 19 mmol) were added 

cautiously over 15 minutes and the resulting blue solution stirred at -78 °C for 1 h. Solid 

triphenylphosphine (2.25 g, 8.58 mmol) was added and the mixture stirred for another 

3h.  The cloudy orange solution was then partially quenched with ammonium chloride 

(0.46 g, 8.6 mmol), to remove the phenylsodium.  The clear, orange solution was then 

refluxed at -33 °C for 2.5 h before a solution of 1-chloro-4-pentyne (1.0 ml, 0.97 g, 9.5 

mmol) in dry THF (15 ml) was added dropwise over approximately 15 minutes.  The 

solution lightened in colour and was then stirred overnight with evaporation of the 

ammonia.  The resulting mixture was Schlenk filtered through celite and the solvent and 

residual alkyne were removed in vacuo to give 67 as a colourless oil (1.81 g, 84 %). 

 
1H NMR (600.1 MHz, C6D6): δ 7.42-7.36 (m, ArH); 7.10-7.02 (m, ArH); 2.22-1.97 (m, 

4H, 2 x CH2); 1.74 (t, 4JH5,H3 = 2.5 Hz, 1H, H5); 1.57-1.50 (m, 2H, CH2).   

31P{1H} NMR (242.9 MHz, C6D6): δ -16.6 (s)  



Chapter 7 Experimental                                                                                                157 

 

7.3.13 tris(6-octynyldiphenylphosphine)tungsten(0) tricarbonyl (75) 
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A solution of 6-octynyldiphenylphosphine (47, 36.2 mg, 0.123 mmol) in dry THF (2 

ml) was added dropwise to a stirred suspension of (Me3TACH)W(CO)3 (79, 6.6 mg, 

0.017 mmol) in THF (2 ml).  The reaction was stirred at room temperature for 3 h 

before activated neutral alumina was added and the solvent removed under reduced 

pressure (0.1 mmHg).  The resulting yellow powder was then extracted with hexanes (3 

x 10 ml) and the combined organic solution then concentrated by half.  The hexanes 

solution was placed in a freezer (-24 °C) overnight giving 75 as a colourless, crystalline 

solid (2.5 mg, 13 %). 

 
1H NMR (600.1 MHz, d6-acetone): δ 7.34 (m, 6H, ArH); 7.22 (br m, 12H, ArH); 7.09 

(br m, 12H, ArH); 2.20-2.15 (m, 6H, H1); 1.96 (m, 6H, H5); 1.70 (t, 5JH8, H5 = 2.6 Hz, 

9H, H8); 1.29-1.25 (m, 12H, H2, H3, or H4); 1.09 (m, 6H, H2, H3 or H4). 

13C{1H} NMR (150.9 MHz, d6-benzene): δ 211.7 (m, CO); 138.1-137.9 (m, ArC); 

133.7-133.6 (m, ArCH); 79.5 (C6 or 7); 75.5 (C6 or 7); 35.3-35.1 (m, C1); 30.5 (m, 

C2); 24.7 (C3); 29.0 (C5); 18.9 (C4); 3.5 (C8). [note: some of the aromatic signals are 

obscured by the residual solvent signal. The multiplicity seen is due to coupling to the 

phosphorus nuclei and is second order in nature.]   

31P{1H} NMR (242.7 MHz, d6-acetone): δ 7.39 (s, 183W satellites 1JP,W = 216 Hz) 

Mass Spectrum (FAB): calculated average mass: 1151.0, found: 1150. Isotopic 

distribution: 1148 (35 %); 1149 (55 %); 1150 (100 %); 1151 (49 %); 1152 (95 %); 1153 

(48 %); 1154 (23 %); 1155 (8 %). 
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7.3.14 tris(6-heptynyldiphenylphosphine)tungsten(0) tricarbonyl (83) 
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A solution of 6-heptynyldiphenylphosphine (66, 0.52 g, 1.85 mmol) in THF (10 ml) 

was added to a stirred suspension of (Me3TACH)W(CO)3 (0.12 g, 0.31 mmol) in THF 

(10 ml).  The mixture was stirred at room temperature overnight giving a clear, yellow 

solution.  Neutral alumina was added and the solvent removed in vacuo and then 

extracted with pentane (50 ml), pentane/dichloromethane (1:1, 50 ml) and straight 

dichloromethane (50 ml).  The pentane extract contained free phosphine (66), the other 

two extracts both contained a mixture of a phosphine tungsten complex 83 and free 66.  

Attempts to purify the complex using column chromatography under nitrogen resulted 

in the complex isomerising to the mer-isomer 84. 

 
fac-complex 83 - 31P{1H} NMR (242.7 MHz, d6-benzene): δ 6.9 (s, 183W satellites, 1JP,W 

= 219 Hz) 

mer-complex 84 -  31P{1H} NMR (242.7 MHz, d6-benzene): δ 14.4 (d, 2JP,P = 15 Hz, 

183W satellites, 1JP,W = 275 Hz, 2P); 9.12 (t, 2JP,P = 15 Hz, 183W satellites, 1JW,P = 219 

Hz, 1P).  

 

7.3.15 Tungsten-phosphine NMR experiments involving 75 

The following are general experimental procedures for the reactions discussed in 

Section 3.2.2 (pp 54-59).  
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Thermolysis or photolysis reactions: A solution of tris(6-octynyldiphenylphosphine)- 

tungsten(0) tricarbonyl (75) (typically 10-15 mg in 0.8 ml of solvent) was made at room 

temperature in a nitrogen filled glovebox. The solution was transferred into an NMR 

tube (either with a glass tube for thermolysis and a quartz tube for photolysis) and 

sealed (either a with a rubber septum or screw cap).  The solution was then analysed 

using NMR spectroscopy (1H and 31P) then heated or irradiated (UV light, short wave, 

254 nm) for a period of time before being reanalysed. 

 

Oxidative decarboxylation reaction:  A stock solution of N-methyl morpholine-N-oxide 

(0.079 mmol) in d6-acetone (1.00 ml) was made in a nitrogen filled glovebox.  The 

stock solution was added in 250 µl portions (three additions in total) to a solution of 75 

(0.019 mmol) in d6-acetone (0.5 ml). After each addition the sample was analysed using 

1H and 31P NMR spectroscopy (note, for the 31P NMR experiments the receive gain was 

set to 9195.2 and the number of scans to 256 in each case to allow for a direct 

comparison between the spectra). 

 

Oxidation of tungsten from W(0) to W(II) reaction: A solution of iodine (0.022 mmol) 

in d6-acetone (0.2 ml) was added dropwise to a solution of 75 (0.011 mmol) in 

d6-acetone (0.5 ml) at room temperature (in a nitrogen filled glovebox).  The reaction 

mixture initially turned brown but over a few minutes lightened to a yellow/green 

colour.  The sample was place in a glass NMR tube and analysed using 1H and 31P 

NMR spectroscopy.  The solution was taken back into the glovebox and poured into a 

vial containing solid iodine (0.013 mmol) and the sample was then reanalysed. 
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7.3.16 Tungsten-phosphine NMR experiments involving (PhC≡CPh)3W(L) 

The following are general experimental procedures for the reactions discussed in 

Section 3.2.3 (pp 60-63). The starting materials, (PhC≡CPh)3W(CO) (88) and 

(PhC≡CPh)3W(NCCH3) (89), were made according to the literature procedures.88,131,135 

 

With 6-octynyldiphenylphosphine (47): A solution of 47 (7.8 mmol) in d6-benzene was 

added dropwise to a solution of 88 (4.0 mmol) in d6-benzene at room temperature (in a 

nitrogen filled glovebox).  The reaction mixture was transferred into a glass NMR tube 

and analysed (1H and 31P NMR spectroscopy).  The sample was then heated at 50 °C for 

3 h and was analysed again. 

 

With tri(6-octynyl)phosphine (48): A solution of 48 (0.01 mmol) in d6-benzene (0.9 ml) 

was added dropwise to a suspension of 89 (0.02 mmol) in d6-benzene (0.1 ml) at room 

temperature (in a nitrogen filled glovebox).  The solid dissolved and the clear, 

colourless solution transferred to a glass NMR tube.  The solution was analysed (1H and 

31P NMR spectroscopy) after 15 minutes, 2 h, 12 h, and 4 days at room temperature. 

 

7.3.17 (6-octynyldiphenylphosphine)rhodium(COD)Cl (101) 
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A solution of 47 (75 mg, 0.26 mmol) in benzene (2 ml) was added drop-wise at room 

temperature to a stirred solution of [(COD)RhCl]2 (63 mg, 0.13 mmol) in benzene (4 

ml).  The clear, yellow solution was stirred at rt overnight then filtered through a plug of 

neutral alumina (most of the yellow colour remained on the alumina).  The neutral 

alumina was extracted with dichloromethane (~ 20 ml) and the yellow solution then 
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evaporated to dryness (in vacuo, 0.01 mmHg) giving 101 as a yellow glass (79 mg, 

57%). 

 
1H NMR (600.1 MHz, d6-benzene): δ 7.67-7.64 (m, ArH, 4H); 7.05-7.02 (m, ArH, 6H); 

5.85 (br m, COD CH, 2H); 3.06 (br m, COD CH, 2H); 2.54 (m, H1, 2H); 2.14 (m, COD 

CH2, 4H); 2.05 (m, H5, 2H); 1.96 (m, H2, 2H); 1.70-1.61 (m, COD CH2, 4H); 1.57 (t, 

5JH,H = 2.52 Hz, H8, 3H); 1.41 (m, H3 and H4, 4H). 

13C{1H) NMR (150.9 MHz, d6-benzene): δ 134.11 (d, ArC, JC-P = 10.3 Hz); 133.62 (d, 

ArC, JC-P = 38.8 Hz); 129.97 (d, ArC, JC-P = 1.7 Hz); 128.47 (ArC, overlapping solvent 

peak); 104.85 (dd, COD C, 1JC-Rh = 12.1 Hz, 2JC-P = 6.5 Hz); 79.48 (s, C6 or 7); 75.67 

(s, C6 or 7); 69.76 (d, J = 13.6 Hz, COD C); 33.32 (s, CH2); 30.89 (d, J = 14.0 Hz, C2); 

29.06 (s, CH2); 28.83 (s, CH2); 28.14 (d, J = 25.3 Hz, C1); 26.22 (s, H3); 19.02 (s, H4); 

3.48 (s, C8); 1.42 (s). 

31P{1H} NMR (242.7 MHz, d6-benzene): δ 27.3 (d, 1JP-Rh = 150 Hz). 

 

 

7.3.18 (tri-6-octynylphosphine)rhodium(COD)Cl (102) 
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A solution of 48 (13.4 mg, 0.037 mmol) in benzene (~ 1.5 ml) was added to a stirred 

solution of [(COD)RhCl]2 (9.2 mg, 0.019 mmol) in benzene (5 ml).  The solution was 

stirred at room temperature for two days, and then filtered through a plug of neutral 

alumina. The neutral alumina was washed with benzene, and then extracted with 

dichloromethane (10 ml) and finally dimethoxyethane (10 ml).  The yellow 

dimethoxyethane extract was taken to dryness under educed pressure giving 102 as a 

bright yellow glass (9 mg, 36 %). 
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1H NMR (600.1 MHz, d6-benzene): δ 5.70 (br m, 2H, COD CH); 3.35 (br m, 2H, COD 

CH); 2.27-2.07 (m, 10H, COD CH2 and H5); 1.84-1.70 (m, 4H, COD CH2); 1.61 (t, 

5JH5,H8 = 2.6 Hz, 9H, H8); 1.55 (m, 6H, H1); 1.50-1.43 (m, 18H, H2,3,4).  

31P{1H} NMR (242.7 MHz, d6-benzene): δ 14.2 (d, 1JP,Rh = 146 Hz) 

 

7.3.19 Rhodium-phosphine NMR experiments involving 101 and 102 

The following are general experimental procedures for the reactions discussed in 

Section 3.3.1 (pp 67-73). All manipulations were carried out in a nitrogen filled 

glovebox. 

 

Chloride abstraction from 101: A solution of AgPF6 (0.02 mmol) in d6-acetone was 

added to a stirred solution of 101 (0.02 mmol) in d6-acetone.  The solution was 

transferred to an NMR tube fitted with a screw cap and analysed (1H, 31P, and 13C NMR 

spectroscopy).  The sample was left at room temperature overnight (covered in foil as 

silver is known to be light sensitive) and a brown, insoluble material formed. The 

reaction mixture was filtered and transferred to a clean NMR tube and reanalysed. After 

a further 24 h, more brown precipitate had formed and the reaction mixture was filtered 

again and analysed. 

 

Chloride abstraction from 102: A suspension of AgPF6 (0.01 mmol) in d6-benzene was 

added to a stirred solution of 102 (0.01 mmol) in d6-benzene.  The colour of the solution 

changed from bright yellow to a darker orange and the reaction mixture allowed to stir 

at room temperature for approximately 5 minutes. The resulting solution was transferred 

to an NMR tube fitted with a screw cap and analysed.  The sample was analysed again 

after 2 h at room temperature with the 1H and 13P NMR spectra being very broad with a 
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poor signal-to-noise ratio. [The same procedure was followed for KPF6 in d6-acetone, 

however a brown precipitate rapidly formed and the 1H and 31P NMR spectra were very 

broad].  

 

7.3.20 Rhodium-phosphine NMR experiments involving [(CO)2RhCl]2 

The following are general experimental procedures for the reactions discussed in 

Section 3.3.2 (pp 73-79). All manipulations were carried out in a nitrogen filled 

glovebox. 

 

With tri(6-octynyl)phosphine (48): A solution of 48 (0.008 mmol) in d6-benzene (0.5 

mL) was added to a solution of [(CO)2RhCl]2 (0.004 mmol) in d6-benzene (0.5 mL) at 

rt.  The solution was transferred to a glass NMR tube fitted with a screw cap.  The 

sample was analysed using 1H and 31P NMR spectroscopy over a 24 h period. 

 

A series of reactions were performed where the above procedure was followed and the 

resulting samples either heated (50 °C for 3 h; in refluxing benzene; and refluxing 

toluene); concentrated under reduced pressure (the volatile components removed using 

reduced pressure (0.05 mmHg) and then the residue redissolved); or irradiated (UV 

light, short wave, 254 nm).  Each reaction was monitored using 1H and 31P NMR 

spectroscopy, with the samples degrading over time due to the formation of brown 

solids (believed to be polymeric in nature).  The addition of AgPF6 to this system 

accelerated the formation of a brown, insoluble material. 
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7.3.21 Nickel-phosphine experiments 

The following are general experimental procedures for the reactions discussed in 

Section 3.4 (pp 80-86).  All manipulations were carried out in a nitrogen filled 

glovebox. 

 

Bis(1,5-cyclooctadiene)nickel(0) reactions: For these experiments two stock solutions 

were prepared, one of the ligand 48 in d6-benzene (39.3 mmol in 1.00 ml) and one of 

Ni(COD)2 in d6-acetone (32.0 mmol in 1.00 ml).  A portion of the phosphine stock 

solution was then added dropwise to a portion of the nickel stock solution 

(48:Ni(COD)2 molar ratios of 1:1 and 2:1 were investigated).  The samples were then 

placed in a glass NMR tube fitted with a screw cap and analysed using 1H and 31P NMR 

spectroscopy.  The samples were stored at room temperature or at 4 °C and reanalysed 

at regular intervals, the analysis was stopped in each case when a considerable amount 

of black polymeric material had formed. 

 

In situ reduction of Ni(II) to Ni(0) reaction: A solution of 48 (0.02 mmol) and di-iso-

butylaluminum hydride (0.06 mmol) in dry THF (1 ml) was added dropwise to a 

suspension of bis(acetylacetonate)nickel(II) in THF (2 ml).  The solution darkened over 

the course of the addition, resulting in the final solution being almost black.  The 

solution (there was no sign of a precipitate at this stage) was transferred to a glass NMR 

tube fitted with a screw cap and analysed (1H and 31P NMR spectroscopy). 

 

Attempted synthesis of (ttt-cyclododecatriene)nickel(0):  A cold (0 °C) solution of di-

iso-butylaluminum hydride (6.0 mmol) in dry ether (8 ml) was added to a cold (-78 °C) 

solution of bis(acetylacetonate)nickel(II) (2.3 mmol) and ttt-1,5,9-cyclododecatriene 

(5.2 mmol) in ether (5 ml).  The solution turned brown over the course of the addition 
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(approximately 30 minutes) and was allowed to warm to 0 °C over 1 h.  A black 

precipitate formed and the attempt to remove the solid using a cannula filtration was 

unsuccessful, the solution was kept at -78 °C for a further 3 h during which time more 

precipitate formed (believed to be colloidal nickel). 

 

7.4 Derivatives and complexes of AMDACH 

7.4.1 1,4,6-trimethyl-6-nitro-1,4-diazacycloheptane (141) 

N N
CH3H3C

NO2

1

2 3

4

5
6

7

 

Aqueous formaldehyde (37 % solution, 5.16 ml, 69.3 mmol) was added dropwise over 

10 minutes to a stirred solution of N,N´-dimethyl ethylenediamine (85 %, 3.6 ml, 2.9 g, 

28 mmol) and nitroethane (2.6 ml, 2.7 g, 36 mmol) in ethanol (25 ml) under nitrogen. 

The reaction was mildly exothermic and the solution turned bright yellow.  The reaction 

mixture was stirred overnight at room temperature and then the volatile components 

removed in vacuo. The orange residue was fractionally distilled under reduced pressure 

(0.1 mmHg) to give 141 as a pale yellow liquid (4.3 g, 81 %) bp0.1 59-64 °C. 

 
1H NMR (500.1 MHz, d6-dmso): δ 3.24 (app. d, splitting = 14.2 Hz, 2H, H5/7 axial or 

equatorial); 2.71 (app. d, splitting = 14.2 Hz, 2H, H5/7 axial or equatorial); 2.55 (m, 2H, 

H2/3 axial or equatorial); 2.47 (m, H2/3 axial or equatorial); 2.31 (s, 6H, N-CH3); 1.42 

(s, 3H, C-CH3).   

13C{1H} NMR (150.9 MHz, d6-dmso): δ 91.1 (C6); 64.5 (CH2); 59.8 (CH2); 47.7 

(N-CH3); 24.3 (CH3). 
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7.4.2 1,4-dibenzyl-6-methyl-6-nitro-1,4-diazacycloheptane (37) 

N N

NO2

PhPh

1
2 3

4

5
6

7

 

A solution of N,N´-dibenzylic ethylenediamine (4.0 ml, 4.1 g, 17 mmol) and nitroethane 

(1.34 ml, 1.40 g, 18.6 mmol) in ethanol (40 ml) was cooled to 0 °C (ice bath).  Aqueous 

formaldehyde (37 % solution, 2.9 ml) was added dropwise over 20 minutes, the solution 

was then stirred at 0 °C for 30 minutes, room temperature for 30 minutes and finally 

gently refluxed for 3 h.  The solution was allowed to cool to room temperature and the 

volatile components removed in vacuo.  The residue was dissolved in dichloromethane 

and filtered through a plug of silica, the solvent was removed in vacuo and the residue 

dissolved in pentane (100 ml).  The pentane solution was cool to 4 °C for 4 h giving the 

product 37 as colourless crystals (4.2 g, 72 %). 

 
1H NMR (600.1 MHz, CDCl3): δ 7.28-7.20 (m, 10H, ArH); 3.72 (app. d, splitting = 

13.2 Hz, 2H, benzylic CH2); 3.59 (app. d, splitting = 13.2 Hz, 2H, benzylic CH2); 3.54 

(app. d, splitting = 14.1 Hz, 2H, H5/7 axial or equatorial); 2.90 (app. d, splitting = 14.1 

Hz, 2H, H5/7 axial or equatorial); 2.57 (m, 2H, H2/3 axial or equatorial); 2.51 (m, 2H, 

H2/3 axial or equatorial); 1.29 (s, 3H, C-CH3). 

13C{1H} NMR (150.9 MHz, CDCl3): δ 139.3 (Ar C); 129.102 (Ar-CH); 128.4 (Ar-CH); 

127.3 (Ar-CH); 91.8 (C6); 64.0 (benzylic CH2); 63.6 (C5/7); 58.4 (C2/3); 24.5 (CH3). 
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7.4.3 6-hydroxylamino-1,4,6-trimethyl-1,4-diazacycloheptane (145) 

N N CH3H3C

NH(OH)

1
2 3

4

5
6

7

 

Solid LiAlH4 (0.66 g, 17 mmol) was added portion wise to a stirred solution of 141 

(0.986 g, 5.27 mmol) in dry THF (150 ml).  The mixture was stirred at room 

temperature overnight then quenched with saturated sodium hydroxide solution (5 ml).  

The mixture was extracted with ether (2 x 80 ml) and the combined ethereal extract 

dried (MgSO4), filtered and the solvent removed in vacuo (20 mmHg).  The resulting 

residue was recrystallised from ether/hexanes giving 145 as a colourless crystalline 

solid (0.36 g, 39 %). 

 
1H NMR (500.1 MHz, d6-dmso): δ 6.87 (br s, 1H, NH or OH); 5.23 (br s, 1H, NH or 

OH); 2.48-2.45 (m, 2H, H2/3 axial or equatorial); 2.40-2.32 (m, 4H, H2/3 axial or 

equatorial and H5/7 equatorial); 2.23 (s, 6H, N-CH3); 2.19 (app. d, splitting = 13.1 Hz, 

2H, H5/7 axial); 0.88 (s, 3H, CH3).  

13C{1H} NMR (125.8 MHz, d6-dmso): δ 65.1 (CH2); 60.2 (CH2); 59.8 (C6); 48.6 (N-

CH3); 22.5 (CH3). 

 

7.4.4 6-amino-1,4,6-trimethyl-1,4-diazacycloheptane (39) 

N N
CH3H3C

NH2

1
2 3

4

5
6

7

 

Lithium aluminium hydride (0.78 g, 20 mmol) was slowly added to a stirred solution of 

141 (0.69 g, 3.7 mmol) in dry THF under nitrogen.  The reaction mixture was refluxed 

for 24 hours and then a further portion of LiAlH4 (0.52 g, 14 mmol) was added.  The 
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mixture was refluxed for a further 48 hours before being quenched with saturated 

sodium hydroxide solution (~5-10 ml).  The mixture was then extracted with ether (3 x 

30 ml) and the combined ethereal extract dried (MgSO4), filtered and the solvent 

removed under reduced pressure (20 mmHg).  The crude residue was fractionally 

distilled under reduced pressure (0.1 mmHg) to give 39 as a colourless liquid (0.39 g, 

67 %). 

 
1H NMR (600.1 MHz, d6-dmso): δ 2.49-2.44 (m, 2H, H5/7 axial or equatorial); 2.40-

2.34 (m, 2H, H5/7 axial or equatorial); 2.31 (app d, splitting = 12.8 Hz, 2H, H2/3 axial 

or equatorial); 2.23 (N-CH3); 2.20 (app d, splitting = 12.8 Hz, H2/3 axial or equatorial); 

0.87 (s, 3H, CH3). * note no NH2 signal is observed due to exchange with water present 

in the deuterated solvent. 

13C{1H} NMR (150.9 MHz, d6-dmso): δ 71.6 (CH2); 60.4 (CH2); 52.4 (C6); 48.7 (N-

CH3); 26.8 (CH3). 

  

7.4.5 (Me2AMDACH)Cr(CO)3  (146) 

2

3 5

6

7

Cr

OC

N
NH2

CO

N

CO  

A solution of 39 (40 mg) in acetonitrile (2 ml) was added to a stirred suspension of 

(Me3TACH)Cr(CO)3 (55 mg) in THF (10 ml).  The solution was stirred at room 

temperature for 3 h then the solvent was removed in vacuo.  The residue was triturated 

with THF (3 x 5 ml) and then dissolved in acetonitrile and filtered through celite.  The 

solvent was removed under reduced pressure (0.1 mmHg) giving 146 as an orange/tan 

solid (22 mg, 37 %). 
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1H NMR (600.1 MHz, CD3CN): δ 3.37 (m, H2/3 equatorial, 2H); 2.88 (br s, NH2, 2H); 

2.82 (s, N-CH3, 6H); 2.66 (m, H2/3 axial, 2H); 2.41 (app d, splitting = 13.2 Hz, H5/7 

equatorial, 2H); 2.22 (app d, splitting = 13.2 Hz, H5/7 axial, 2H); 1.00 (s, CH3, 3H). 

13C{1H} NMR (150.9 MHz, CD3CN): δ 231.7 (CO); 237.1 (CO); 70.9 (CH2); 63.0 

(CH2); 57.1 (C6); 55.5 (N-CH3); 22.5 (CH3). 

IR υCO (cm-1): 1899.3 (vs), 1763.1 (s) (solution in CH3CN) or 1894.6 (vs), 1771.8 (br), 

1733.5 (br) (KBr disk) 

 

7.4.6 (Me2AMDACH)Mo(CO)3 (147) 

2

3 5

6

7

Mo

OC

N
NH2

CO

N

CO  

Method 1: A suspension of Mo(CO)6 (465 mg, 1.75 mmol) in freshly degassed 

acetonitrile (20 ml) was stirred at room temperature for 30 minutes then gently refluxed 

the mixture for 2 days.  The hot solution was filtered through neutral alumina and celite.  

The solvent was removed under reduced pressure (0.1 mmHg) to give 

(CH3CN)xMo(CO)6-x as a yellow solid.  The solid was suspended in dry THF (20 ml) 

and 39 (119 mg, 0.760 mmol) was added.  The reaction was stirred at room temperature 

for 48 h over which time a brown solid precipitated from the reaction.  The solid was 

collected on celite and then dissolved in acetonitrile (20 ml).  The solvent was removed 

in vacuo (0.1 mmHg) giving 147 as a pale yellow solid (66 mg, 26 %)   

 

Method 2: Neat 39 (0.130 g, 0.827 mmol) was added to a suspension of Mo(CO)6 

(0.163 g, 0.613 mmol) in dry THF (3 ml).  The mixture was gently refluxed for 6 days 

then allowed to sit without stirring at room temperature for a further 12 h to allow the 

tan coloured solid to settle.  The supernatant was removed and the solid was washed 
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with pentane (3 x 3 ml), then dissolved in acetonitrile and filtered through celite.  The 

solvent was removed under reduced pressure (0.1 mmHg) giving 147 as a tan solid 

(0.11 g, 40 %). 

 

Method 3: Mo(CO)6 (0.35 g, 1.3 mmol) was added to a stirred solution of 39 (0.42 g, 

2.7 mmol) in xylenes (15 ml) under nitrogen.  The reaction was refluxed for 4 h then 

allowed to cool to room temperature.  The yellow precipitate was collected and washed 

with hexanes (3 x 3 ml), ethyl acetate (2 x 2 ml) and again with hexanes (2 x 2 ml).  The 

solid was dried under reduced pressure (0.01 mmHg) for 1.5 h to give 146 (0.40 g, 88 

%). 

 
1H NMR (600.1 MHz, CD3CN): δ 3.34 (m, 2H, H2/3 equatorial); 3.04 (br s, 2H, NH2); 

2.76 (s, 6H, N-CH3); 2.74 (m, 2H, H2/3 axial); 2.58 (app. d, splitting = 13.6 Hz, 2H, 

H5/7 equatorial); 2.39 (app. d, splitting = 13.6 Hz, 2H, H5/7 axial); 1.06 (s, 3H, 

C-CH3). 

13C{1H} NMR (150.9 MHz, CD3CN): δ 232.3 (CO); 227.8 (CO); 70.9 (CH2); 62.8 

(CH2); 57.8 (C6); 55.3 (N-CH3); 23.3 (CH3). 

IR υCO (cm-1): 1901.2 (vs), 1754.9 (solution in CH3CN) or 1890.6 (vs), 1731.3 (br) 

(KBr disk). 

Microanalysis: Found C, 39.01; H, 5.78; N, 12.46. C11H19MoN3O3 requires C, 39.18; H, 

5.68; N, 12.46. 
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7.4.7 (Me2AMDACH)W(CO)3 (148) 

2

3 5
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7
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OC
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N

CO  

Method 1:  Freshly degassed propionitrile (15 ml) was added via a cannula to W(CO)6 

(0.262 g, 0.744 mmol) under nitrogen.  The mixture was slowly heated to reflux over a 

2 h period and then refluxed for 2 days.  The hot solution was filtered under nitrogen 

through a plug of neutral alumina and celite and the solvent removed in vacuo to give a 

bright yellow solid.  The solid was suspended in dry THF (2 ml) and a degassed 

solution of 39 (97 mg, 0.62 mmol) in THF (4 ml) was added using a cannula transfer.  

The reaction was stirred at room temperature for 10 minutes then left to stand without 

stirring overnight.  A fine yellow microcrystalline solid precipitated from the reaction 

and was collected, washed with THF (4 ml) and hexanes (4 ml) and dried in vacuo 

giving 148 as a yellow solid (94 mg, 36 %). 

 

Method 2:  39 (0.150 g, 0.954 mmol) was added to a suspension of W(CO)6 (0.264 g, 

0.750 mmol) in dry THF (3 ml) under nitrogen.  The solution instantly turned yellow 

and the mixture was gently refluxed for 2 days and then left for 12 h at room 

temperature to allow the fine yellow precipitate to settle.  The supernatant was removed 

using a pipette and the solid triturated with pentane (3 x 3 ml).  The solid residue was 

extracted with acetonitrile (3 x 3 ml) and the combined organic extracts filtered through 

celite.  The solvent was removed in vacuo (0.1 mmHg) giving a yellow solid of 148 (64 

mg, 20 %). 

 

Method 3: W(CO)6 (0.516 g, 1.47 mmol) was added to a stirred solution of 39 (0.51 g, 

3.3 mmol) in xylenes (20 ml).  The mixture was refluxed for 3 h and then stirred at 
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room temperature overnight.  The yellow precipitate was collected under nitrogen and 

washed with hexanes (3 x 2 ml), ethyl acetate (2 x 2 ml) and hexanes (3 x 2 ml) again.  

The bright yellow solid was dried in vacuo (0.01 mmHg) for 3 h giving pure 148 (0.26 

g, 40 %). 

 
1H NMR (600.1 MHz, CD3CN): δ 3.35 (m, 4H, overlap H2/3 equatorial and NH2); 2.94 

(m, 2H, H2/3 axial); 2.88 (s, 6H, N-CH3); 2.62 (app d, splitting = 13.3 Hz, 2H, H5/7 

equatorial); 2.52 (app. d, splitting = 13.3, 2H, H5/7 axial); 1.13 (s, 3H, C-CH3). 

13C{1H} NMR (150.9 MHz, CD3CN): δ 227.0 (CO); 223.8 (CO); 70.9 (C2/3); 63.8 

(C5/7); 59.6 (C6); 56.1 (N-CH3); 22.0 (CH3). 

IR υCO (cm-1): 1891.3 (vs), 1751.5 (s) (solution in CH3CN) or 1885.8 (vs), 1720.0 (br) 

(KBr disk). 

 

7.4.8 (Bn2AMDACH)Cr(CO)3  (151) 
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Method 1: Lithium aluminium hydride (0.31 g, 8.2 mmol) was added portionwise to a 

solution of dibenzylic heterocycle 37 (0.83 g, 2.5 mmol) in dry THF (50 ml) at room 

temperature.  The mixture was stirred at room temperature for 2 h before Cr(CO)6 (1.02 

g, 4.63 mmol) was rapidly added. The mixture rapidly changed colour and was gently 

refluxed for 3 h then stirred at room temperature overnight.  The solvent was removed 

in vacuo and the solid residue extracted with dichloromethane (3 x 20 ml).  The organic 

extracts were filtered through celite and concentrated by half before pentane was added 

to precipitate 151 as a yellow powder (139 mg, 13 %). Crystals suitable for X-ray 
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diffraction were grown through the slow diffusion of pentane into a concentrated 

solution of the complex in dichloromethane. 

 

Method 2: Lithium aluminium hydride (0.24 g, 6.3 mmol) was added portion-wise to a 

solution of dibenzylic heterocycle 37 (0.60 g, 1.8 mmol) in dry THF (10 ml) at room 

temperature overnight. The reaction mixture was quenched with water (3 drops) 

followed by saturated NaOH solution (0.5 ml).  The suspension was filtered through 

celite, the filtrate collected and then the solvent removed under reduced pressure.  

Degassed xylenes (10 ml) was added then solid Cr(CO)6 (0.60 g, 2.7 mmol).  The 

mixture turned yellow and was stirred at room temperature for 30 minutes then gently 

refluxed for 3 h.  The solvent was removed in vacuo and the solid residue extracted with 

dichloromethane (3 x 20 ml).  The organic extracts were filtered through celite and 

concentrated by half before pentane was added to precipitate 151 as a yellow powder 

(0.38 g, 48 %). 

 
1H NMR (600.1 MHz, CD2Cl2): δ 7.38-7.28 (m, ArH, 10H); 4.63 (app. d, splitting 14.1 

Hz, H5/7 equatorial, 2H); 4.41 (app d, splitting = 14.1 Hz, H5/7 axial, 2H); 3.71 (m, 

H2/3 equatorial, 2H); 2.89 (br s, NH2, 2H); 2.74 (app d, splitting = 13.4 Hz, benzylic 

CH2, 2H); 2.41 (m, H2/3 axial, 2H); 1.79 (app d, splitting = 13.4 Hz, benzylic CH2, 

2H); 1.10 (CH3);  

13C{1H} NMR (150.9 MHz, CD2Cl2): δ 235.9 (CO); 230.4 (CO); 133.1 (ArCH); 131.0 

(ArC); 128.5 (ArCH); 128.4 (ArCH); 71.0 (C2/3); 67.4 (C5/7); 58.6 (benzylic CH2); 

56.7 (C6);  23.9 (CH3). 

IR υCO (cm-1): 1899.9 (vs), 1760.2 (s) (solution in CH3CN) or 1900.6 (s), 1742.2 (br), 

1717.20 (br) (KBr disk). 
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Microanalysis: Found C, 53.97; H, 5.39; N, 7.85. C23H27CrN3O3.CH2Cl2 requires C, 

54.35; H, 5.51; N, 7.92. (one molecule of dichloromethane co-crystallises with 151, as 

seen in the crystallographic data). 

 

7.4.9  (Bn2AMDACH)Mo(CO)3 (150) 
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Lithium aluminium hydride (0.23 g, 6.1 mmol) was added portion-wise to a solution of 

37 (0.57 g, 1.7 mmol) in dry THF (20 ml) at room temperature under nitrogen.  The 

mixture was stirred at room temperature for 1.5 h before Mo(CO)6 (0.92 g, 3.5 mmol) 

was rapidly added. The mixture changed colour and was gently refluxed for 3 h and 

then stirred at room temperature overnight.  The solvent was removed in vacuo and the 

solid residue extracted with dichloromethane (150 ml).  The organic extracts were 

combined and filtered through celite and the solvent removed in vacuo. The residue was 

recrystallised using the slow diffusion of pentane into a solution of the residue in 

dichloromethane (15 ml).  The complex 150 precipitated as a yellow powder and was 

dried in vacuo (210 mg, 26 %).  

 
1H NMR (600.1 MHz, CD2Cl2): δ 7.45-7.35 (m, ArH, 10H); 4.49 (app. d, splitting 14.0 

Hz, H5/7 equatorial, 2H); 4.34 (app d, splitting = 14.0 Hz, H5/7 axial, 2H); 3.66 (m, 

H2/3 equatorial, 2H); 2.99 (br s, NH2, 2H); 2.93 (app d, splitting = 13.6 Hz, benzylic 

CH2, 2H); 2.52 (m, H2/3 axial, 2H); 1.97 (app d, splitting = 13.6 Hz, benzylic CH2, 

2H); 1.17 (CH3);  
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13C{1H} NMR (150.9 MHz, CD2Cl2): δ 231.1 (CO); 226.0 (CO); 132.6 (ArC); 131.1 

(ArCH); 128.6 (ArCH); 128.5 (ArCH); 70.5 (C2/3); 67.3 (C5/7); 58.2 (benzylic CH2); 

57.3 (C6);  24.7 (CH3). 

IR υCO (cm-1): 1902.5 (vs), 1763.6 (s) (solution in CH3CN) or 1901.3 (s), 1733.79 (br) 

(KBr disk). 

 

7.4.10  (Bn2AMDACH)W(CO)3 (152) 
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Lithium aluminium hydride (0.32 g, 8.4 mmol) was added portion-wise to a solution of 

dibenzylic heterocycle 37 (0.55 g, 1.6 mmol) in dry THF (50 ml) at room temperature 

for 3 h. The reaction mixture was quenched with water (3 drops) followed by saturated 

NaOH solution (0.5 ml).  The suspension was filtered through celite, the filtrate 

collected and then the solvent removed under reduced pressure.  Degassed xylenes (20 

ml) was added then solid W(CO)6 (0.44 g, 1.2 mmol).  The mixture turned yellow and 

the reaction mixture gently refluxed for 3 h then allowed to stir at room temperature 

overnight.  The mixture was filtered and the filtrate concentrated under reduced pressure 

(0.01 mmHg) to give a dark orange oil.  Hexanes (5 ml) was added followed by 

dichloromethane (just enough to get the oil to dissolve), the solution was then allowed 

to stand overnight at room temperature. The precipitate was collected under nitrogen 

and dried (0.01 mmHg), giving 152 as a yellow/tan coloured solid (0.38 g, 52 %). 

 
1H NMR (600.1 MHz, CD3CN): δ 7.45-7.30 (m, ArH, 10H); 4.44 (app. d, splitting 13.8 

Hz, H5/7 equatorial, 2H); 4.34 (app d, splitting = 13.8 Hz, H5/7 axial, 2H); 3.61 (m, 

H2/3 equatorial, 2H); 3.45 (br s, NH2, 2H); 3.02 (app d, splitting = 13.2 Hz, benzylic 
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CH2, 2H); 2.67 (m, H2/3 axial, 2H); 2.00 (app d, splitting = 13.2 Hz, benzylic CH2, 

2H); 1.11 (CH3);  

13C{1H} NMR (150.9 MHz, CD3CN): δ 226.9 (CO); 223.6 (CO); 134.2 (ArC); 132.3 

(ArCH); 129.4 (ArCH); 129.3 (ArCH); 71.5 (C2/3); 67.3 (C5/7); 60.0 (benzylic CH2); 

59.7 (C6); 22.6 (CH3). 

IR υCO (cm-1): 1893.0 (vs), 1754.8 (s) (solution in CH3CN) or 1896.2 (s), 1749.8 (br), 

1701.5 (br) (KBr disk). 

 

 

7.4.11 (Me2AMDACH)Mo(CO)3I.I3 (159) 
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Iodine (26 mg) was added to a stirred suspension of 150 (15 mg, 0.045 mmol) in 

degassed chloroform (10 ml).  The pale yellow solid dissolved giving a red/purple 

solution.  After 1 h at room temperature a fine brown solid had precipitated from the 

reaction and was collected in air, washed with hexanes (4 x 1.5 ml) and dried in vacuo 

(0.01 mmHg) giving 159 as a brown solid (21.3 mg, 56 %). 

 

1H NMR (600.1 MHz, d6-acetone): δ 5.62 (br s, NH2, 2H); 3.72 (m, H2/3 equatorial or 

axial, 2H); 3.45 (m, H2/3 equatorial or axial, 2H); 3.33 (s, N-CH3, 6H); 3.25 (app d, 

splitting = 13.4 Hz, H5/7 equatorial or axial, 2H); 3.20 (app d, splitting = 13.4 Hz, H5/7 

equatorial or axial, 2H); 1.51 (s, CH3, 3H). 

13C{1H} NMR (150.9 MHz, d6-acetone): δ 71.9 (CH2), 64.7 (CH2), 61.1 (C6), 56.8 (N-

CH3), 20.8 (CH3). 
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7.4.12 Displacement experiments with 150 

The following are general experimental procedures for the reactions discussed in 

Section 5.3 (pp 137-140). All manipulations were carried out in a nitrogen filled 

glovebox.   

 

Two small-scale experiments were performed, the first involving taking 150 (~15 mg) 

and dissolving the solid in d6-dmso, and the second involved adding triphenylphosphine 

to a solution of 150 in d3-acetonitrile.  Both reactions were analysed using NMR 

spectroscopy (1H, 13C and 31P, where relevant) 5 minutes after the initial mixing time, 

and then after heating at 50 °C for 6 h. 
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Appendix A: Crystal structures 

 
A.1 1,4-dibenzyl-6-methyl-6-nitro-1,4-diazacyclohexane (37) 

C20H25N3O2. M = 339.43. Monoclinic, space group I2/a (Z = 8), a = 20.2331(9), b = 

6.0382(3), c = 31.302(2) Å, β = 105.424(5)°, V = 3686.5(4) Å3. Dc = 1.223 g cm-3. 

F(000) = 1456. µMo = 0.08; specimen: 0.22 x 0.12 x 0.12 mm; 2θmax = 60°. 'Tmin/max = 

0.93. Nt = 19932, N = 5008 (Rint = 0.046), No(F>4σ(F)) = 2910; R = 0.042, Rw = 0.076 

(nw = 3). 

 

 

Figure A.1   (upper) Projection roughly down the quasi-three-fold axis; (lower) 

Unit cell projected down the b axis. 
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A.2 6-hydroylamine-1,4,6-trimethyl-1,4-diazacycoheptane (145) 

C8H19N3O. M = 173.26. Monoclinic, space group P21/c (Z = 4), a = 9.2188(5), b = 

7.9374(4), c = 13.1770(7) Å, β = 95.178(5)°, V = 960.27(9) Å3. Dc = 1.198 g cm-3. 

F(000) = 384. µMo = 0.081; specimen: 0.23 x 0.14 x 0.090 mm; 2θmax = 62°. 'Tmin/max = 

0.99. Nt = 11412, N = 2965 (Rint = 0.052), No(F>4σ(F)) = 1404; R = 0.048, Rw = 0.11 

(nw = 0). 

 

 

Figure A.2 (upper left) Projection roughly down the quasi-three-fold axis; (upper 

right) H-bonded dimer, projected roughly down the quasi-three-fold axis; (lower) 

Unit cell projected down the b axis. 
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A.3 (Me2AMDACH)Cr(CO)3 (146) 

C11H19CrN3O3. M = 293.29. Monoclinic, space group P21/c (Z = 8), a = 8.1515(3), b = 

13.0227(4), c = 25.3452(8) Å, β = 91.092(3)°, V = 2690.02(15) Å3. Dc = 1.448 g cm-3. 

F(000) = 1232. µMo = 0.855; specimen: 0.23 x 0.21 x 0.07 mm; 2θmax = 82°. 'Tmin/max = 

0. 0.94. Nt = 90651, N = 17246 (Rint = 0.073), No(F>4σ(F)) = 7968; R = 0.038, Rw = 

0.065 (nw = 4). 

 

 

Figure A.3  (upper) upper) Projection roughly perpendicular the quasi-three-fold 

axis; (lower) Unit cell projected down the a axis. 
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A.4 (Me2AMDACH)Mo(CO)3 (147) 

C11H19MoN3O3. M = 674.46. Monoclinic, space group P21/c (Z = 4), a = 8.24280(10), b 

= 13.24540(10), c = 25.5637(2) Å, β = 90.5530(10)°, V = 2790.89(5) Å3. Dc = 1.605 g 

cm-3. F(000) = 1376. µMo = 0.944; specimen: 0.26 x 0.25 x 0.19 mm; 2θmax = 82°. 

'Tmin/max = 0.95. Nt = 121970, N = 18068 (Rint = 0.033), No(F>4σ(F)) = 12774; R = 

0.029, Rw = 0.067 (nw = 3). 

 

 

 
Figure A.4  (upper) upper) Projection roughly perpendicular the quasi-three-fold 

axis; (lower) Unit cell projected down the a axis. 
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A.5 (Me2AMDACH)W(CO)3 (148) 

C11H19WN3O3. M = 425.14. Monoclinic, space group P21/c (Z = 8), a = 8.1366(2), b = 

13.2930(3), c = 25.6000(6) Å, β = 90.298(2)°, V = 2768.85(11) Å3. Dc = 2.04 g cm-3. 

F(000) = 1632. µMo = 8.348 mm-1; specimen: 0.31 x 0.05 x 0.05 mm; 2θmax = 81°. 

'Tmin/max = 0.55. Nt = 83349, N = 17728 (Rint = 0.071), No(F>4σ(F)) = 8875; R = 0.034, 

Rw = 0.051 (nw = 5). 

 

 

Figure A.5  (upper) upper) Projection roughly perpendicular the quasi-three-fold 

axis; (lower) Unit cell projected down the a axis. 
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A.6 (Bn2AMDACH)Cr(CO)3.CH2Cl2 (150) 

C24H29CrCl2N3O3. M = 530.4. Monoclinic, space group P21/n (Z = 4), a = 9.6955(2), b 

= 21.1971(3), c = 12.6381(3) Å, β = 109.205(2)°, V = 2452.79(9) Å3. Dc = 1.436 g cm-3. 

F(000) = 1104. µMo = 0.715 mm-1; specimen: 0.37 x 0.24 x 0.11 mm; 2θmax = 68°. 

'Tmin/max = 0.98. Nt = 28156, N = 9703 (Rint = 0.026), No(F>4σ(F)) = 6985; R = 0.049, 

Rw = 0.13 (nw = 1). 

 

 

Figure A.6 upper left) Projection roughly perpendicular the quasi-three-fold axis; 

(upper right) H-bonded dimer, projected roughly down the quasi-three-fold axis; 

(lower) Unit cell projected down the a axis. 
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A.7 (Bn2AMDACH)W(CO)3.CH3CN (151) 

C25H30WN4O3. M = 618.38 Monoclinic, space group P21/n (Z = 4), a = 9.1659(2), b = 

21.4919(5), c = 12.7126(3) Å, β = 104.709(2)°, V = 2422.22(10) Å3. Dc = 1.696 g cm-3. 

F(000) = 1224. µMo = 4.803 mm-1; specimen: 0.27 x 0.1 x 0.04 mm; 2θmax = 65°. 

'Tmin/max = 0.53. Nt = 35786, N = 8324 (Rint = 0.074), No(F>4σ(F)) = 4824; R = 0.040, 

Rw = 0.087 (nw = 1). 

 

 

Figure A.7  (upper) upper) Projection roughly perpendicular the quasi-three-fold 

axis; (lower) Unit cell projected down the a axis. 
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A.1  1,4-dibenzyl-6-methyl-6-nitro-1,4-diazacyclohexane (37) 

Bond Distances (Å) 

N1 C2                      1.4652(15)   C21 C26                     1.3925(17) 

N1 C7                      1.4657(15)   C22 C23                     1.3855(18) 

N1 C10                    1.4773(15)   C23 C24                     1.3780(18) 

C10 C11                   1.5052(18)   C24 C25                     1.3851(18) 

C11 C16                   1.3887(18)   C25 C26                     1.3856(17) 

C11 C12                   1.3923(17)   C3 N4                        1.4608(16) 

C12 C13                   1.3839(18)   N4 C5                        1.4679(15) 

C13 C14                   1.3833(19)   C5 C6                        1.5124(16) 

C14 C15                   1.377(2)   C6 C61                      1.5269(16) 

C15 C16                   1.3850(19)   C6 C7                        1.5285(17) 

C2 C3                       1.5128(17)   C6 N6                        1.5376(16) 

C20 N4                     1.4713(15)   N6 O62                      1.2133(13) 

C20 C21                   1.5053(17)   N6 O61                      1.2273(13) 

C21 C22                   1.3900(17)  

 

Bond Angles (º) 

 C2 N1 C7                   110.34(10)  C23 C24 C25                  119.65(12) 

 C2 N1 C10                 110.43(10)  C24 C25 C26                  120.16(12) 

 C7 N1 C10                 110.21(9)  C25 C26 C21                  120.71(12) 

 N1 C10 C11               111.83(10)  N4 C3 C2                       114.67(10) 

 C16 C11 C12             118.37(12)  C3 N4 C5                       110.62(10) 

 C16 C11 C10             121.32(12)  C3 N4 C20                     110.66(10) 

 C12 C11 C10             120.28(11)  C5 N4 C20                     111.36(9) 

 C13 C12 C11             120.99(12)  N4 C5 C6                       112.62(10) 

 C12 C13 C14             119.73(13)  C5 C6 C61                     110.74(10) 

 C15 C14 C13             119.97(13)  C5 C6 C7                      113.67(10) 

 C14 C15 C16             120.22(13)  C61 C6 C7                     111.74(10) 

 C15 C16 C11             120.69(13)  C5 C6 N6                      109.17(10) 

 N1 C2 C3                  114.25(10)  C61 C6 N6                    104.76(10) 

 N4 C20 C21               112.44(10)  C7 C6 N6                      106.24(9) 

 C22 C21 C26             118.33(11)  O62 N6 O61                 122.87(11) 

 C22 C21 C20             121.29(11)  O62 N6 C6                   119.87(11) 

 C26 C21 C20             120.34(11)  O61 N6 C6                   117.16(10) 

 C23 C22 C21               120.92(12)  N1 C7 C6                    111.17(10) 
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 C24 C23 C22               120.20(12)  

 

A.2  6-hydroylamine-1,4,6-trimethyl-1,4-diazacycoheptane (145) 

Bond Distances (Å) 

 C1 N1                           1.483(2)   N3 C3                           1.463(2) 

 C1 C11                         1.516(2)  N3 C4                           1.4659(19) 

 C1 C7                           1.530(2)  C4 C5                           1.512(2) 

 C1 C2                           1.533(2)  C5 N6                           1.4732(18) 

 O1 N1                           1.4585(16)   N6 C6                           1.462(2) 

 N1 H1N                         0.886(17)  N6 C7                           1.4704(18) 

 C2 N3                           1.4719(18)  

 

Bond Angles (º) 

 N1 C1 C11                  109.76(12)  C3 N3 C4                      109.03(12)  

 N1 C1 C7                   103.90(12)  C3 N3 C2                      109.91(12)  

 C11 C1 C7                 110.66(13)  C4 N3 C2                      109.88(12) 

 N1 C1 C2                   111.13(12)  N3 C4 C5                      115.05(12)  

 C11 C1 C2                 108.86(12)  N6 C5 C4                      115.05(12)  

 C7 C1 C2                   112.46(12)  C6 N6 C7                      110.64(12) 

 O1 N1 C1                  109.04(11)  C6 N6 C5                      109.13(12) 

 O1 N1 H1N                105.8(11)   C7 N6 C5                      110.51(12)  

 C1 N1 H1N                104.5(11)  N6 C7 C1                      113.37(12) 

 N3 C2 C1                  114.32(12)   

 

A.3  (Me2AMDACH)Cr(CO)3 (146) 

Bond Distances (Å) 

 Cr1 C131                    1.7990(12)  N13 C13                        1.4713(16) 

 Cr1 C111                    1.8156(12)  N13 C14                        1.5015(17) 

 Cr1 C121                    1.8158(12)  C14 C15                        1.518(2) 

 Cr1 N11                      2.1520(9)  C15 N16                        1.4728(16) 

 Cr1 N16                      2.1892(10)  N16 C16                        1.4860(17) 

 Cr1 N13                      2.2041(10)  N16 C17                        1.4921(15) 

 Cr2 C211                    1.8085(11)  C21 N21                        1.4813(14) 

 Cr2 C231                    1.8101(12)  C21 C22                        1.5193(16) 
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 Cr2 C221                    1.8314(12)  C21 C27                        1.5202(15) 

 Cr2 N21                      2.1337(9)  C21 C2                          1.5244(16) 

 Cr2 N26                      2.2152(9)  C22 N23                        1.4915(15) 

 Cr2 N23                      2.2173(10)  C23 N23                        1.4754(15) 

 C111 O111                  1.1672(15)  N23 C24                        1.4816(15) 

 C121 O121                  1.1799(15)  C24 C25                        1.5230(18) 

 C131 O131                  1.1803(15)  C25 N26                        1.4888(15) 

 C11 N11                      1.4843(14)  C26 N26                        1.4787(15) 

 C11 C12                      1.5183(16)  N26 C27                        1.4892(15) 

 C11 C17                      1.5235(16)  C211 O211                    1.1791(14) 

 C11 C1                        1.5276(16)  C221 O221                    1.1677(15) 

 C12 N13                       1.4940(15)  C231 O231                    1.1772(14) 

 

Bond Angles (º) 

 C131 Cr1 C111               82.96(5)   C13 N13 C12                  108.29(10) 

 C131 Cr1 C121               82.26(5)  C13 N13 C14                  108.33(10) 

 C111 Cr1 C121               83.65(5)  C12 N13 C14                  110.14(9) 

 C131 Cr1 N11                 98.56(5)  C13 N13 Cr1                   116.98(8) 

 C111 Cr1 N11                100.00(5)  C12 N13 Cr1                   106.63(6) 

 C121 Cr1 N11                176.32(5)  C14 N13 Cr1                   106.38(8) 

 C131 Cr1 N16                100.81(5)  N13 C14 C15                  113.10(10) 

 C111 Cr1 N16                175.90(5)  N16 C15 C14                  110.77(10) 

 C121 Cr1 N16                98.38(5)  C15 N16 C16                  109.07(10) 

 N11 Cr1 N16                  77.94(4)  C15 N16 C17                  110.07(10) 

 C131 Cr1 N13                174.91(5)  C16 N16 C17                  109.71(9) 

 C111 Cr1 N13                102.12(4)  C15 N16 Cr1                   104.60(7) 

 C121 Cr1 N13                98.51(4)  C16 N16 Cr1                   113.73(8) 

 N11 Cr1 N13                  80.36(4)  C17 N16 Cr1                   109.54(7) 

 N16 Cr1 N13                  74.10(4)  N16 C17 C11                   111.13(9) 

 C211 Cr2 C231               87.85(5)  N21 C21 C22                   105.41(9) 

 C211 Cr2 C221               85.53(5)  N21 C21 C27                   104.59(9) 

 C231 Cr2 C221               83.61(5)  C22 C21 C27                   113.08(9)  

 C211 Cr2 N21                 99.69(4)   N21 C21 C2                     112.85(9)  

 C231 Cr2 N21                 96.25(4)   C22 C21 C2                     110.24(9)  

 C221 Cr2 N21                 174.77(4)  C27 C21 C2                     110.50(9)  

 C211 Cr2 N26                 170.90(4)  C21 N21 Cr2                    104.69(6) 

 C231 Cr2 N26                 101.25(4)  N23 C22 C21                    111.13(9) 
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 C221 Cr2 N26               95.70(4)   C23 N23 C24                   108.14(9)  

 N21 Cr2 N26                 79.18(3)  C23 N23 C22                   108.16(9) 

 C211 Cr2 N23               97.24(4)  C24 N23 C22                   110.64(9) 

 C231 Cr2 N23               173.10(4)  C23 N23 Cr2                   116.73(7) 

 C221 Cr2 N23               101.38(5)   C24 N23 Cr2                   104.37(7) 

 N21 Cr2 N23                 78.35(4)   C22 N23 Cr2                   108.73(7)  

 N26 Cr2 N23                 73.67(3)  N23 C24 C25                  112.17(9)  

 O111 C111 Cr1             172.46(10)  N26 C25 C24                  112.55(9)  

 O121 C121 Cr1             171.66(10)  C26 N26 C25                  107.97(9) 

 O131 C131 Cr1             172.83(10)   C26 N26 C27                  108.63(9) 

 N11 C11 C12                 104.64(9)   C25 N26 C27                  110.26(9)  

 N11 C11 C17                 104.70(9)   C26 N26 Cr2                   116.13(7)  

 C12 C11 C17                 113.59(9)   C25 N26 Cr2                   106.12(7)  

 N11 C11 C1                   113.77(9)  C27 N26 Cr2                   107.67(6)  

 C12 C11 C1                   110.63(9)   N26 C27 C21                  111.17(9)  

 C17 C11 C1                   109.41(9)   O211 C211 Cr2               176.21(10)  

 C11 N11 Cr1                  103.57(6)   O221 C221 Cr2               172.29(11)  

 N13 C12 C11                 111.20(9)   O231 C231 Cr2               176.32(10)  

 

A.4  (Me2AMDACH)Mo(CO)3 (147) 

Bond Distances (Å) 

 Mo1 C131                     1.9165(13)  N13 C13                         1.479(2) 

 Mo1 C111                     1.9245(12)  N13 C14                         1.503(2) 

 Mo1 C121                     1.9317(13)  C14 C15                         1.524(3) 

 Mo1 N11                       2.2947(10)  C15 N16                         1.470(2) 

 Mo1 N16                       2.3241(11)  N16 C16                         1.488(2) 

 Mo1 N13                       2.3344(10)  N16 C17                         1.4923(16) 

 Mo2 C231                     1.9219(11)  C21 N21                        1.4871(14) 

 Mo2 C211                     1.9222(11)  C21 C27                        1.5163(16) 

 Mo2 C221                     1.9554(13)  C21 C22                        1.5249(16) 

 Mo2 N21                       2.2733(10)  C21 C2                          1.5298(16) 

 Mo2 N23                       2.3457(10)  C22 N23                        1.4927(16) 

 Mo2 N26                       2.3502(10)  C23 N23                        1.4856(16) 

 C111 O111                   1.1759(16)  N23 C24                        1.4811(17) 

 C121 O121                   1.1794(16)  C24 C25                        1.524(2) 

 C131 O131                   1.1809(16)  C25 N26                        1.4921(16) 
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 C11 N11                       1.4909(14)  C26 N26                        1.4799(16) 

 C11 C12                      1.5209(17)  N26 C27                         1.4889(15) 

 C11 C1                        1.5246(16)  C211 O211                     1.1804(14) 

 C11 C17                      1.5285(16)  C221 O221                     1.1666(16) 

 C12 N13                      1.4934(17)  C231 O231                     1.1792(14) 

 

Bond Angles (º) 

 C131 Mo1 C111             82.79(5)  C13 N13 C12                  108.50(12) 

 C131 Mo1 C121             82.47(5)  C13 N13 C14                  108.27(13) 

 C111 Mo1 C121             83.80(5)  C12 N13 C14                  110.15(10) 

 C131 Mo1 N11               99.99(5)  C13 N13 Mo1                  116.13(8) 

 C111 Mo1 N11               102.55(5)  C12 N13 Mo1                  106.72(7) 

 C121 Mo1 N11               173.39(4)  C14 N13 Mo1                  107.01(9)  

 C131 Mo1 N16               103.59(5)  N13 C14 C15                  113.51(12) 

 C111 Mo1 N16               173.26(5)  N16 C15 C14                  111.50(12) 

 C121 Mo1 N16               99.06(5)  C15 N16 C16                  109.02(13) 

 N11 Mo1 N16                 74.43(4)  C15 N16 C17                  110.34(12) 

 C131 Mo1 N13               173.88(5)  C16 N16 C17                  110.00(11) 

 C111 Mo1 N13               103.05(5)  C15 N16 Mo1                  103.89(9) 

 C121 Mo1 N13               99.85(5)  C16 N16 Mo1                  113.10(10) 

 N11 Mo1 N13                 77.10(4)  C17 N16 Mo1                  110.33(7) 

 N16 Mo1 N13                 70.50(5)  N16 C17 C11                  112.20(10) 

 C231 Mo2 C211              88.15(5)  N21 C21 C27                  105.38(9) 

 C231 Mo2 C221              83.73(5)  N21 C21 C22                  105.87(9) 

 C211 Mo2 C221              85.17(5)  C27 C21 C22                  113.83(10) 

 C231 Mo2 N21               97.63(4)  N21 C21 C2                    112.09(9) 

 C211 Mo2 N21               100.87(4)  C27 C21 C2                    109.93(9) 

 C221 Mo2 N21               173.83(4)  C22 C21 C2                    109.66(9) 

 C231 Mo2 N23               170.84(4)  C21 N21 Mo2                  105.01(6) 

 C211 Mo2 N23               98.75(4)  N23 C22 C21                  112.24(9) 

 C221 Mo2 N23               102.76(4)  C24 N23 C23                  108.24(10) 

 N21 Mo2 N23                75.24(3)  C24 N23 C22                  110.67(10) 

 C231 Mo2 N26              102.72(4)  C23 N23 C22                  108.10(10) 

 C211 Mo2 N26              168.87(4)  C24 N23 Mo2                  104.65(7) 

 C221 Mo2 N26              98.24(4)   C23 N23 Mo2                  116.04(7) 

 N21 Mo2 N26                75.59(3)  C22 N23 Mo2                  109.09(7) 

 N23 Mo2 N26                70.19(4)  N23 C24 C25                  112.96(10) 
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 O111 C111 Mo1            175.40(11)  N26 C25 C24                  113.46(10) 

 O121 C121 Mo1            174.94(12)   C26 N26 C27                  108.80(9) 

 O131 C131 Mo1           174.72(12)  C26 N26 C25                  108.02(10) 

 N11 C11 C12               105.15(9)  C27 N26 C25                  110.32(9) 

 N11 C11 C1                 112.89(9)  C26 N26 Mo2                  115.51(7) 

 C12 C11 C1                 110.36(10)  C27 N26 Mo2                  108.18(7)  

 N11 C11 C17               105.41(9)  C25 N26 Mo2                  105.95(7) 

 C12 C11 C17               114.04(10)  N26 C27 C21                  112.22(9) 

 C1 C11 C17                 108.93(10)  O211 C211 Mo2              177.26(11) 

 C11 N11 Mo1               103.88(6)  O221 C221 Mo2              174.69(12) 

 N13 C12 C11               112.31(10)  O231 C231 Mo2              178.52(11)  

 

 

A.5  (Me2AMDACH)W(CO)3 (148) 

Bond Distances (Å) 

 W1 C121                         1.918(3)   N13 C13                          1.477(5)  

 W1 C131                         1.922(3)   N13 C14                          1.505(5)  

 W1 C111                         1.922(3)   C14 C15                          1.496(7) 

 W1 N11                           2.269(2)  C15 N16                          1.467(5) 

 W1 N16                           2.302(3)   N16 C17                          1.485(4) 

 W1 N13                           2.312(3)   N16 C16                          1.493(5) 

 W2 C231                         1.919(3)   C21 N21                          1.486(3) 

 W2 C211                         1.922(3)  C21 C27                          1.509(4) 

 W2 C221                         1.946(3)   C21 C22                          1.521(4) 

 W2 N21                           2.253(2)   C21 C2                            1.524(4) 

 W2 N23                           2.331(2)   C22 N23                          1.499(4)  

 W2 N26                           2.337(2)  C23 N23                          1.488(4) 

 C111 O111                      1.169(3)   N23 C24                          1.477(4)  

 C121 O121                      1.200(4)   C24 C25                          1.524(5)  

 C131 O131                      1.179(4)   C25 N26                          1.493(4)  

 C11 N11                          1.496(3)  C26 N26                          1.480(4)  

 C11 C12                          1.515(4)   N26 C27                          1.490(4)  

 C11 C1                            1.523(4)  C211 O211                      1.184(3) 

 C11 C17                          1.525(4)  C221 O221                      1.177(4) 

 C12 N13                          1.502(4)  C231 O231                      1.186(3) 
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Bond Angles (º) 

 C121 W1 C131               83.49(14)   C13 N13 C12                      107.3(3)  

 C121 W1 C111               85.02(14)   C13 N13 C14                      108.3(3)  

 C131 W1 C111               84.24(13)   C12 N13 C14                      110.1(2)  

 C121 W1 N11                 172.11(12)   C13 N13 W1                       116.21(19)  

 C131 W1 N11                98.90(11)   C12 N13 W1                       107.81(17)  

 C111 W1 N11                102.68(11)   C14 N13 W1                       107.1(2)  

 C121 W1 N16                97.76(12)   C15 C14 N13                      112.7(3)  

 C131 W1 N16                104.09(13)   N16 C15 C14                      112.4(3)  

 C111 W1 N16                171.44(11)   C15 N16 C17                      110.0(3)  

 N11 W1 N16                  74.37(9)   C15 N16 C16                      109.4(3)  

 C121 W1 N13                100.17(12)   C17 N16 C16                      108.9(3)  

 C131 W1 N13                173.45(12)   C15 N16 W1                       104.7(2)  

 C111 W1 N13                101.43(11)   C17 N16 W1                       111.07(17)  

 N11 W1 N13                  76.76(9)   C16 N16 W1                       112.7(2)  

 N16 W1 N13                  70.15(11)   N16 C17 C11                      111.8(2)  

 C231 W2 C211               89.44(11)   N21 C21 C27                      105.3(2)  

 C231 W2 C221               84.41(13)   N21 C21 C22                      105.1(2)  

 C211 W2 C221               86.01(12)   C27 C21 C22                      113.9(3)  

 C231 W2 N21                 97.10(11)   N21 C21 C2                        112.0(2)  

 C211 W2 N21                 100.69(10)   C27 C21 C2                        110.4(2)  

 C221 W2 N21                 173.13(10)   C22 C21 C2                        109.9(2)  

 C231 W2 N23                 169.93(10)   C21 N21 W2                       106.01(16)  

 C211 W2 N23                 98.30(10)   N23 C22 C21                      111.8(2) 

 C221 W2 N23                 102.47(11)   C24 N23 C23                      107.8(3)  

 N21 W2 N23                   75.21(8)   C24 N23 C22                      110.9(2)  

 C231 W2 N26                 102.17(10)   C23 N23 C22                      107.5(3)  

 C211 W2 N26                 168.03(10)   C24 N23 W2                       105.82(19)  

 C221 W2 N2                   97.88(10)   C23 N23 W2                       115.64(18) 

 N21 W2 N26                   75.25(8)   C22 N23 W2                       109.23(16)  

 N23 W2 N26                   69.84(8)   N23 C24 C25                      112.2(2)  

 O111 C111 W1               176.3(3)   N26 C25 C24                      113.2(3) 

 O121 C121 W1               176.0(3)   C26 N26 C27                      108.8(2)  

 O131 C131 W1               176.7(3)   C26 N26 C25                      107.6(3)  

 N11 C11 C12                  104.6(2)   C27 N26 C25                      110.5(2)  
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 N11 C11 C1                    113.1(2)   C26 N26 W2                       115.16(17)  

 C12 C11 C1                    110.9(3)   C27 N26 W2                       108.94(17)  

 N11 C11 C17                  104.5(2)   C25 N26 W2                       105.90(18)  

 C12 C11 C17                   114.1(3)   N26 C27 C21                          111.8(2)  

 C1 C11 C17                     109.4(2)   O211 C211 W2                       176.1(2)  

 C11 N11 W1                   105.04(16)   O221 C221 W2                       175.6(3)  

 N13 C12 C11                  111.8(2)   O231 C231 W2                       178.8(3)  

 

 

A.6  (Bn2AMDACH)Cr(CO)3.CH2Cl2 (150) 

Bond Distances (Å) 

 Cr1 C111                     1.8022(16)   C31 C32                             1.400(2)  

 Cr1 C121                     1.8157(17)   C32 C33                             1.394(2)  

 Cr1 C131                     1.8239(16)   C33 C34                             1.383(2)  

 Cr1 N1                         2.1365(13)   C34 C35                             1.387(2)  

 Cr1 N3                         2.2219(12)   C35 C36                             1.395(2)  

 Cr1 N6                         2.2253(12)   C4 C5                                 1.532(2)  

 C111 O111                   1.1825(19)  C5 N6                                 1.4926(19)  

 C121 O121                   1.171(2)   N6 C7                                 1.4906(19)  

 C131 O131                   1.178(2)   N6 C60                               1.4982(18)  

 C0 C1                           1.531(2)  C60 C61                              1.519(2)  

 C1 N1                           1.4798(19)   C61 C66                              1.394(2)  

 C1 C7                           1.527(2)  C61 C62                              1.400(2)  

 C1 C2                           1.530(2)   C62 C63                              1.394(2)  

 C2 N3                           1.4946(19)   C63 C64                              1.379(3) 

 N3 C4                           1.4815(19)   C64 C65                              1.384(3)  

 N3 C30                          1.498(2)   C65 C66                              1.389(2) 

 C30 C31                        1.515(2)   Cl1 C01                               1.753(3)  

 C31 C36                        1.396(2)   Cl2 C01                               1.781(3)  

 

 

 

Bond Angles (º) 

 C111 Cr1 C121                83.43(7)   C2 N3 Cr1                          108.58(9)  
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 C111 Cr1 C131                85.46(7)   C30 N3 Cr1                        110.97(9)  

 C121 Cr1 C131                84.36(7)   N3 C30 C31                        117.53(12)  

 C111 Cr1 N1                   100.12(6)   C36 C31 C32                      118.40(14)  

 C121 Cr1 N1                   175.56(6)   C36 C31 C30                      122.50(14)  

 C131 Cr1 N1                   98.53(7)   C32 C31 C30                      119.00(14) 

 C111 Cr1 N3                   99.77(6)   C33 C32 C31                      120.70(16)  

 C121 Cr1 N3                   99.15(6)   C34 C33 C32                 120.22(16)  

 C131 Cr1 N3                   173.97(6)   C33 C34 C35                 119.75(15)  

 N1 Cr1 N3                       77.68(5)   C34 C35 C36                 120.24(16)  

 C111 Cr1 N6                   173.08(6)   C35 C36 C31                 120.60(15)  

 C121 Cr1 N6                   95.50(6)   N3 C4 C5                      111.03(12)  

 C131 Cr1 N6                   101.26(6)   N6 C5 C4                      112.56(12)  

 N1 Cr1 N6                       80.65(5)   C7 N6 C5                      110.29(11)  

 N3 Cr1 N6                       73.61(4)   C7 N6 C60                    111.53(12)  

 O111 C111 Cr1               173.88(13)   C5 N6 C60                    109.67(11)  

 O121 C121 Cr1               173.27(14)   C7 N6 Cr1                     106.10(9)  

 O131 C131 Cr1               175.31(16)   C5 N6 Cr1                     108.01(9)  

 N1 C1 C7                       105.25(12)  C60 N6 Cr1                   111.13(8)  

 N1 C1 C2                       104.68(12)   N6 C60 C61                  118.35(11)  

 C7 C1 C2                       113.69(13)   C66 C61 C62                117.93(15)  

 N1 C1 C0                       113.25(13)   C66 C61 C60                122.10(14)  

 C7 C1 C0                       110.39(13)   C62 C61 C60                119.76(14)  

 C2 C1 C0                       109.47(12)   C63 C62 C61                120.71(16)  

 C1 N1 Cr1                      104.04(9)   C64 C63 C62                120.37(17)  

 N3 C2 C1                       111.43(12)   C63 C64 C65                119.61(16)  

 C4 N3 C2                       109.73(11)   C64 C65 C66                120.25(17)  

 C4 N3 C30                     111.83(12)   C65 C66 C61                121.12(16)  

 C2 N3 C30                     111.44(11)   N6 C7 C1                     110.42(12)  

 C4 N3 Cr1                      104.00(8)   Cl1 C01 Cl2                  110.71(13)  

 
 
 
 
 
 
 
 
 
H-Bond data  [Å and °]. 
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____________________________________________________________________________ 

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

____________________________________________________________________________ 

 N(1)-H(1A)...Cl(2) 0.92 2.75 3.6631(15) 172.8 

 N(1)-H(1B)...O(111)1 0.92 2.27 3.1290(17) 154.8 

____________________________________________________________________________ 

Symmetry transformations used to generate equivalent atoms:   1 1-x,-y,1-z  

 
 

A.7  (Bn2AMDACH)W(CO)3.CH3CN (151) 

Bond Distances (Å) 

 W1 C111                         1.921(5)  C31 C36                              1.427(7) 

 W1 C131                         1.931(5)  C32 C33                              1.388(7) 

 W1 C121                         1.942(6)  C33 C34                              1.368(7) 

 W1 N1                             2.261(4)  C34 C35                              1.399(7) 

 W1 N3                             2.342(4)  C35 C36                              1.355(7) 

 W1 N6                             2.354(4)  C4 C5                                 1.538(7) 

 C111 O111                      1.178(6)  C5 N6                                 1.481(6) 

 C121 O121                      1.177(6)  N6 C7                                 1.494(7) 

 C131 O131                      1.180(6)  N6 C60                               1.514(6) 

 C0 C1                              1.535(7)  C60 C61                              1.515(7) 

 C1 N1                              1.493(6)  C61 C62                              1.387(7) 

 C1 C2                              1.518(7)  C61 C66                              1.392(8) 

 C1 C7                              1.535(7)  C62 C63                              1.401(8) 

 C2 N3                              1.470(6)  C63 C64                              1.364(8) 

 N3 C4                              1.464(6)  C64 C65                              1.388(9) 

 N3 C30                            1.508(6)  C65 C66                              1.382(7) 

 C30 C31                          1.505(7)  N01 C01                              1.141(8) 

 C31 C32                          1.387(7)  C01 C02                              1.442(9) 

 

 

 

 

Bond Angles (º) 
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 C111 W1 C131               86.1(2)  C2 N3 W1                          109.9(3) 

 C111 W1 C121               82.9(2)  C30 N3 W1                        108.0(3) 

 C131 W1 C121               87.3(2)  C31 C30 N3                       116.5(4) 

 C111 W1 N1                  99.01(18)  C32 C31 C36                     116.4(4) 

 C131 W1 N1                  103.01(18)  C32 C31 C30                     119.8(5) 

 C121 W1 N1                  169.58(18)  C36 C31 C30                     123.6(4) 

 C111 W1 N3                  103.13(17)  C31 C32 C33                     121.4(5) 

 C131 W1 N3                  170.68(18)  C34 C33 C32                     121.0(5) 

 C121 W1 N3                  95.32(18)  C33 C34 C35                     118.8(5) 

 N1 W1 N3                      74.27(15)  C36 C35 C34                     120.6(5) 

 C111 W1 N6                  171.95(17)  C35 C36 C31                     121.7(5) 

 C131 W1 N6                  101.02(17)  N3 C4 C5                          111.5(4) 

 C121 W1 N6                  101.14(18)  N6 C5 C4                          113.2(4) 

 N1 W1 N6                      75.78(15)  C5 N6 C7                          110.4(4) 

 N3 W1 N6                      69.71(14)  C5 N6 C60                        111.7(4) 

 O111 C111 W1               178.4(4)  C7 N6 C60                        110.4(4) 

 O121 C121 W1               174.0(4)   C5 N6 W1                         107.4(3) 

 O131 C131 W1               178.4(4)  C7 N6 W1                         108.1(3) 

 N1 C1 C2                       105.2(4)  C60 N6 W1                       108.7(3) 

 N1 C1 C0                       111.5(4)  N6 C60 C61                      117.6(4) 

 C2 C1 C0                        111.0(4)  C62 C61 C66                     119.2(5) 

 N1 C1 C7                        104.3(4)  C62 C61 C60                     119.8(5) 

 C2 C1 C7                        114.4(4)  C66 C61 C60                     120.9(5) 

 C0 C1 C7                        110.1(4)  C61 C62 C63                     120.1(6) 

 C1 N1 W1                       105.8(3)  C64 C63 C62                     120.1(6) 

 N3 C2 C1                        113.3(4)  C63 C64 C65                     120.0(5) 

 C4 N3 C2                        110.9(4)  C66 C65 C64                     120.3(5) 

 C4 N3 C30                      112.1(4)  C65 C66 C61                     120.1(5) 

 C2 N3 C30                      111.9(4)  N6 C7 C1                          110.3(4)  

 C4 N3 W1                       103.8(3)  N01 C01 C02                     177.8(7) 
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